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1.
Higgs

HIGGS BOSON PRODUCTION AND PROPERTIES AT THE TEVATRON
Boris Tuchming
(for the CDF and DØ Collaborations)
Irfu/SPP, CEA Saclay,
91191 Gif-Sur-Yvette, France

We present the searches for the Standard Model Higgs boson, using the full Run II dataset of
the Fermilab Tevatron pp̄ collider, collected with the CDF and DØ detectors. A significant
excess of events is observed, consistent with the presence of a Standard Model Higgs boson
of mass 125 GeV. We also present tests of different spin/parity hypotheses, performed in the
V H → V bb̄ channels at DØ, and new searches in invisible modes conducted at CDF.

1

Introduction

Now that the Higgs boson of mass mH = 125 GeV has been discovered in 2012 by the ATLAS
and CMS Collaborations at LHC 1,2 , a new era of measurement has started. The Run II of the
√
Tevatron pp̄ collider at s = 1.96 TeV started in 2001 and ended in 2011. Over a decade, the
results of the Tevatron collaborations, CDF and DØ, have been a bridge between the search era
and the measurement era. They provided the first post-LEP constraints on the Standard Model
(SM) Higgs boson mass 3,4 , as well as the evidence that Higgs bosons couple to b-quarks 5 .
This proceedings summarizes the combined results from the Tevatron collaborations (see
Refs. 6,7,8 and references therein) using the full Run II dataset which corresponds to ∼ 10 fb−1
of pp̄ collisions per experiment. Recent studies on spin/parity and invisible modes are also
presented.
2

Search channels and strategy

Within the SM, the branching ratios and the production cross-sections as a function of the
Higgs boson mass are well known. Over the mass range 90 < MH < 200 GeV, the dominant
production process is the gluon-gluon fusion gg → H (950 fb for MH = 125 GeV), followed
by the associated production with a weak vector boson pp̄ → W H, pp̄ → ZH (respectively
130 fb and 79 fb for MH = 125 GeV). The main decay modes are H → bb̄ (58% for MH =
125 GeV) and H → W + W − (22% for MH = 125 GeV), so that the most sensitive signatures
are: i) one lepton + E
/T + two b-jets (mainly W H → `νbb̄), ii) no lepton + E
/T + two b-jets

(mainly ZH → ν ν̄bb̄), iii) two leptons + two b-jets (ZH → `+ `− bb̄), and iv) two leptons +
E
/T (H → W + W − → `+ ν`− ν̄). Thus, the Higgs physics at Tevatron mainly relies on b-tagging
efficiency, good dijet mass resolution, high-pT lepton acceptance, good modeling of the E
/T , and
good modeling of the V +jet background (where V = W or Z). The Tevatron sensitivity to
V H → V bb̄ is complementary to the LHC main discovery channels (H → γγ, H → ZZ).
The main sensitivity is given by the four channels presented above, but many other signatures are also considered to bring additional sensitivity and test the agreement with the
SM expectations. For examples, Tevatron experiments have also looked for diphoton events
(H → γγ), associated production with top-quark pairs (tt̄H), lepton + E
/T + dijet signatures
(from H → W W ), trilepton signatures (e.g. from W H → W W W ), same charge dilepton signatures (e.g. from W H → W W W ), quadrilepton signatures (e.g. from ZH → `+ `− W W ), and
tau-based signatures (e.g. from W H → q q̄τ + τ − ).
Over the course of Run II, CDF and DØ have followed the same strategy to optimize the
analyses and improve their sensitivity:
• Acceptance is maximized by lowering kinematic requirements on leptons, by including
different lepton reconstruction categories, by accepting events from all possible triggers,
and by optimizing object identification with sophisticated multivariate (MVA) techniques
(e.g. b-tagging).
• MVA techniques are widely used to maximize use of available information. Using a MVA
as a final discriminant typically provides 25% more sensitivity than just using a single
kinematic discriminant such as the dijet mass for the V H → V bb̄ channels. Dedicated
MVA are also trained to split analyses into subchannels enhanced or enriched in specific
backgrounds.
• The various channels are split into subchannels according to jet multiplicity, lepton flavor
or lepton quality, and b-tagging content. Using subchannels with different signal-overbackground ratio (s/b) maximizes discriminating power, allows sensitivity to different signal production modes, and provides more handles and lever-arm to control backgrounds
and systematic uncertainties.
• The data are employed as much as possible. Instrumental backgrounds, such as jets or
photons faking leptons, charge mismeasurements, and tail of E
/T resolution are measured in
dedicated control samples. Background enriched samples are also employed to check modeling of specific background processes. Eventually, the same analysis techniques, namely
the same kind of MVA, the same subchannels, and the same treatment of systematic
uncertainties are employed to measure production rates of known SM candles such as
pp̄ → W + W − → `+ ν`− ν̄, or V Z → V bb̄. For example, the combined CDF+DØ measured
cross section σ(W W + W Z) = 3.0 ± 0.6 stat ± 0.7 syst pb−1 is in agreement with SM
prediction of 4.4 ± 0.3 pb−1 .
3
3.1

Higgs boson studies
Search for Standard Model Higgs boson

The results from the different search channels are combined with a log-likelihood ratio (LLR)
testing the signal-plus-background over the background-only hypothesis as a function of the
Higgs boson mass. The background p-value arising from this test is shown in Fig. 1(a). A
significant signal-like excess in the mass range between 115 and 140 GeV is observed. The
background p-value of that excess corresponds to 3.0 standard deviation (s.d.) for MH =
125 GeV. That excess arises from both CDF (2.0 s.d.) and DØ (1.7 s.d) data. The LLR test
statistic is also employed to derive limits at 95% C.L. on the Higgs boson production measured
in units of the expected SM production. The limits are shown in Fig. 1(b). The combined
CDF and DØ results almost reaches the exclusion sensitivity over the full range [90, 185] GeV.

(a) Background p-value as a function of the Higgs boson mass hypothesis.

(b) Limits on the SM Higgs boson production as a
function of the Higgs boson mass hypothesis.

Figure 1 – CDF and DØ combined results.

Because of the excess observed in the low mass region, the actual observed exclusion ranges are:
[90, 109] GeV and [149, 182] GeV, which is smaller than expected.
3.2

Measurement of production rates

The SM search channels can be separately combined to measure the yield in the different modes:
H → bb̄, H → τ + τ − , H → W + W − , and H → γγ. The best fits to the data are summarized in
Table 1. Relative to the SM expectation, the overall production rate R = 1.44+0.59
−0.56 is measured
for MH = 125 GeV. The modes with sizable signal-like excesses relative to the background-only
hypothesis are V H → V bb̄ and H → W + W − , as expected from the SM Higgs boson. The
most sensitive channel is V H → V bb̄ with a fitted production rate of R = 1.6 ± 0.7. This
result is competitive with respect to the measurements of R(V H → V bb̄) = 0.2 ± 0.6 and
R(V H → V bb̄) = 1.0 ± 0.5 obtained respectively by the ATLAS 9 and CMS 10 Collaborations.
3.3

Measurement of couplings to fermions and bosons

Assuming a SM-like Higgs particle of 125 GeV, the SM couplings to fermions and vector bosons
are scaled by respectively κf , κW , and κZ , accounting also for the overall scaling of the total
width. A fit to the data is performed by scaling properly the contributions from the different
production and decay modes, and 2-dimension and 1-dimension posterior density probability are
obtained for the coupling scale factors. The 1-dimension constraints on the coupling scale factors

Table 1: Best fit to the data of the Higgs boson production (in unit of the SM Higgs boson production), assuming
MH = 125 GeV, for the different channels and their combination.

CDF 6

DØ 7

CDF+DØ 8

Rfit (H → W + W − )

0.00+1.78
−0.00

1.90+1.63
−1.52

0.94+0.85
−0.83

Rfit (V H → V bb̄)

1.72+0.92
−0.87

1.23+1.24
−1.17

1.59+0.69
−0.72

Rfit (H → γγ)

7.81+4.61
−4.42

4.20+4.60
−4.20

5.97+3.39
−3.12

Rfit (H → τ + τ − )

0.00+8.44
−0.00

3.96+4.11
−3.38

1.68+2.28
−1.68

Rfit (tt̄H → tt̄bb̄)

9.49+6.60
−6.28

–

–

Rfit (combined SM)

1.54+0.77
−0.73

1.40+0.92
−0.88

1.44+0.59
−0.56

are: i) assuming κW = κf = 1, the best-fit value is κZ = ±1.05+0.45
−0.55 ; ii) assuming κZ = κf = 1,
the best-fit 68% confidence intervals are defined by κW = −1.27+0.46
−0.29 and 1.04 < κW < 1.51;
+1.59
iii) assuming κW = κZ = 1, the best-fit value is κf = −2.64−1.30 ; iv) and by letting κf floating
with a flat prior, the custodial symmetry is tested and the best fit value for the ratio λW Z = κκW
Z
reads λW Z = 1.24+2.34
.
All
these
results
are
in
agreement
with
the
SM
expectations
within
their
−0.42
uncertainties.
3.4

Spin and parity tests

The tests are based on the property that spin and parity of a particle affects the shape of the
excitation
√ curve near the production threshold. Thus, the spectra of the effective center-of mass
energy, ŝ, of V H → V bb̄ events are expected to be quite different under different spin and
parity hypotheses (0− , 0+ , or 2+ ) for H 11 . This property is exploited by DØ to re-analyze the
data samples from the V H → V bb̄ SM Higgs channels 12 . DØ uses as discriminant observable
the overall mass (or transverse mass for final states with neutrinos) of the candidate events. The
signal sensitivity is enhanced by splitting the samples into low and high purity regions, according
to the dijet invariant mass (ZH channels) or the SM MVA discriminant output (W H channel).
The results are obtained assuming the production times branching fraction (σ ×Br) of 1.23×SM
(DØ best fit value for H → bb̄): i) a 0+ hypothesis is favored over a 0− and 2+ signal at the
99.9% and 99.5%, respectively; ii) a mixture of 0− and 0+ signals is excluded at 95% C.L. for
fractions of 0− signal higher than 0.67; iii) a mixture of 2+ and 0+ signals is excluded at 95%
C.L. for fractions of 2+ signal higher than 0.57.
3.5

Search for invisible decays

CDF exploits the Z → `+ `− + large E
/T signature to search for ZH where H decays to undetected
13
products . The absence of excess in the data allows to set a limit of σ × Br > 90 fb for invisible
modes for mH = 125 GeV. A 100% branching fraction to invisible particles is excluded if
MH < 120 GeV.
4

Conclusion

The final combined results of CDF and DØ exhibits a 3.0 s.d. evidence for the production of the
SM Higgs boson. Within their respective uncertainties, the measurements of production rates
and couplings show good agreement with the SM expectations. Recent analyses of spin and
parity properties and recent searches for invisible decays also exhibit consistency with the SM.
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STUDY OF HIGGS PRODUCTION IN BOSONIC DECAY CHANNELS AT
THE LHC
T. CUHADAR DONSZELMANN
(On behalf of the ATLAS and CMS Collaborations.)
Department of Physics and Astronomy, The University of Sheffield,
Sheffield S3 7RH, United Kingdom
The latest results on Higgs decays to dibosons studied by the ATLAS and CMS collaborations
using the full RunI luminosity at the Large Hadron Collider, are reviewed.

1

Introduction

In 2012, the ATLAS 1 and CMS 2 collaborations reported the discovery of a new Standard
Model (SM) Higgs-like particle through its decays into dibosons 3,4 : H → γγ, H → ZZ ∗ and
H → W W . In these proceedings, updated results on the observed resonance using the full RunI
data sample as well as results of new searches H → Zγ and H → γ ∗ γ, are presented.
Higgs boson production in proton–proton collisions at the Large Hadron Collider (LHC) 5
is dominated by the gluon fusion mechanism, gg → H, a process dominated by top and bottom
triangle loops. The second most dominant process is vector boson fusion (VBF), which is about
one order of magnitude smaller than the gluon fusion. The associated Higgs production (VH),
qq → (W/Z)H, and the Higgs-strahlung (ttH), gg, qq → ttH, are the other main processes.
The Higgs production cross sections and branching fractions vary as functions of the Higgs
√
boson mass, mH , hypothesis 6 . At mH = 125.5 GeV, the cross section values at s = 8 (7) TeV
are 19.12 (15.01) pb for gluon fusion, 1.57 (1.22) pb for VBF, 1.11 (0.90) pb for VH and 0.13
(0.09) pb for ttH. At the same Higgs mass, the branching fractions are Br(H → W W ) = 22.3%,
Br(H → ZZ ∗ ) = 2.76%, Br(H → γγ) = 0.23% and Br(H → Zγ) = 0.16%.
The results presented in these proceedings are based on data samples collected in 2011 at
√
√
s = 7 TeV and in 2012 at s = 8 TeV. The corresponding integrated luminosities are about
5 fb−1 and 20 fb−1 , respectively.
2

H → γγ

The H → γγ decay proceeds via loops, therefore it is very sensitive to the physics beyond the SM.
The signature of this decay is to reconstruct two isolated and high-pT (transverse momentum)
photons.
The main backgrounds originate from the continuum γγ production and from smaller contributions of γ + jet and dijet processes. In order to measure the diphoton invariant mass,
mγγ , the energies of both photons and the production vertex of the diphoton system should
be known precisely. The mγγ distribution after all selection using the combined 7 TeV and 8
TeV data is shown in Fig. 1 for ATLAS (left) and CMS (right). The ATLAS data shows a
maximum deviation from the background-only hypothesis at mH = 126.5 GeV with an observed

Figure 1 – Invariant mass distribution of diphoton candidates after for the combined 7 TeV and 8 TeV data:
ATLAS (left), CMS (right). The result of a fit to the data with SM Higgs boson signal (at mH = 126.8(125) GeV
ATLAS (CMS)) and background is shown. The background subtracted data is displayed in the bottom pannel of
ATLAS plot.

(expected) significance of 7.4σ (4.3σ) and a signal strength µ = σ/σSM = 1.55+0.33
−0.23 at the
measured mass. The CMS data exhibits the largest signal-like fluctuation at mH = 125 GeV
+0.28
.
with an observed (expected) significance of 3.2σ (4.3σ) and signal strength of µ = 0.78−0.26
The value of Higgs mass is measured by fitting the mass spectra and the values obtained are:
mH = 126.8 ± 0.2(stat) ± 0.7(syst) (ATLAS) 7,8 and mH = 125.4 ± 0.5(stat) ± 0.6(syst) (CMS) 9 .
3

H → ZZ ∗

The H → ZZ ∗ → 4` (` = e, µ) channel is very clean due to fully reconstructable final states:
4e, 2e2µ, 2µ2e and 4µ and the low expected SM backgrounds. The two opposite-charge, sameflavour and isolated leptons which give an invariant mass closest to the Z boson mass make
the leading Z candidate, while the other two opposite-charge, same-flavour and isolated leptons
make the Z ∗ candidate.

Figure 2 – Four-lepton invariant mass distributions for the selected candidates in 7 TeV and 8 TeV data: ATLAS
(left) and CMS (right). The estimated backgrounds from SM ZZ ∗ ,Z+jets and tt are superimposed on the data.
The expected SM Higgs boson signal at mH = 124.3 (126) GeV for ATLAS (CMS) is shown as well. The inset in
CMS distribution shows the low mass region after subtracting the ZZ background.

The dominant background is due to the continuum (Z (∗) /γ ∗ )(Z (∗) /γ ∗ ) process. Smaller
contributions arise from Z +jets and tt production. The four-lepton invariant mass distributions
are displayed in Fig 2 for combined 7 TeV and 8 TeV data. The data is compared to the expected
Higgs signal at mH = 124.3 (126) GeV for ATLAS (CMS) where the maximum deviation

from the background-only hypothesis is observed. The observed (expected) peak significances
observed are 6.6σ (4.4σ) for ATLAS and 6.8σ (6.7σ) for CMS. Fits to mass spectra result in
+0.5
7,10 and m
mH = 124.3+0.6
H = 125.6 ± 0.4(stat) ± 0.2(syst)
−0.5 (stat)−0.3 (syst) GeV (ATLAS)
11
(CMS) .

4

H → WW

S/(S+B) weighted events / bin

The H → W W → `ν`ν (` = e, µ) has large decay rate but, due to the neutrinos in the
final state, a narrow peak cannot be observed. The signature of this channel is two oppositely
charged leptons and a large missing transverse momentum. The dominant backgrounds come
from continuum W W , tt and W t, which can be controlled by classifying the events with respect
to jet multiplicity. The discriminating variable mT (transverse mass) is used to fit the combined 7
TeV and 8 TeV data and extract the signal strength. Fig. 3 shows the mT distribution for events
with jet multiplicity less than two. For mH = 125.5 GeV an observed (expected) significance
of 3.8σ (3.8σ) is reported by ATLAS 12 . CMS 13 reports an observed (expected) significance of
4.3σ (5.8σ) at mH = 125.6 GeV, with signal strength of σ/σSM = 0.72+0.20
−0.18 .

200

4.9 fb-1 (7 TeV) + 19.4 fb-1 (8 TeV)

CMS

data - backgrounds
H → WW

150

mH = 125 GeV
eµ 0/1-jet

bkg uncertainty

100
50
0
-50

50

100

150

200

250
mT [GeV]

Figure 3 – Transverse mass distributions for selected events summed over all lepton flavors in the final state with
0 or 1 jets. The background subrtacted events are shown in the lower panel for ATLAS (left). The backgroundsubtracted mT distribution in the eµ final state for the 0 and 1 jet categories are illustrated by CMS (right).

5

H → Zγ

Similar to H → γγ, this decay is also sensitive to physics beyond the SM. The search is performed in the Higgs mass range of 120-160 GeV with the Z boson decaying into ee or µµ
pairs. All particles in the final state are required to be isolated and have high pT . The dominant background originates from the irreducible SM Zγ process. The reducible background is
mostly due to Z + jets production. The invariant mass of ``γ is used as discriminating variable.
Both ATLAS and CMS collaborations have not observed any excess over the large background.
The ATLAS result 14 on the observed (expected) limit is 11 (9) times the SM prediction at
mH = 125.5 GeV. The CMS result on the observed (expected) limit at mH = 125 GeV is within
one order of magnitude of the SM prediction. The exclusion limits are shown in Fig. 4.

Figure 4 – Exclusion limits on the cross section of a SM Higgs boson decaying into Z+γ as a function of mH :
ATLAS (left) and CMS (right).

6

H → γ∗γ

A new search for H → γ ∗ γ → µµγ with dimuon mass below 20 GeV has been performed by
√
CMS at s = 8 TeV 16 . No excess has been found in the 120-150 GeV µµγ mass range. The
observed limit for mH = 125 GeV is about ten times the SM cross section times the branching
fraction.
7

Conclusions

ATLAS and CMS have updated their measurements of SM Higgs boson decays into dibosons
using the full LHC RunI data corresponding to an integrated luminosity of about 25 fb−1 . All
measurements are consistent with the SM expectations. The LHC upgrade for RunII at higher
center-of-mass energy is in progress. In RunII, the Higgs properties will be measured with higher
accuracy and the physics searches will greatly be extended.
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Combinations of Results of Higgs production in all decay channels at LHC.
Biagio Di Micco (on behalf of the ATLAS and CMS Collaborations.)
Università degli Studi Roma Tre, Dipartimento di Matematica e Fisica,
I.N.F.N. sezione di Roma Tre,
Via della Vasca Navale 84, 00146- Roma, Italy

This work describes the present status of the Higgs production measurements in all decay
channels at LHC. The decay channels H → bb̄ and H → τ τ have been recently analysed by
the ATLAS experiment and combined for the first time with the di-boson channels: H → γγ,
H → W W and H → ZZ. Updated results on the measurement of the couplings of the
Higgs bosons to fermions and bosons are shown and they are compared to the available CMS
coupling results. Recent results from CMS, not included in the combination of all channels,
on the H → τ τ , H → bb̄ , H → W W and H → ZZ decays are also shown for comparison.
The impact of the ATLAS coupling results on the simplified-MSSM model is shown.

1

Introduction

The discovery of the Higgs1 boson of the Standard Model (SM), responsible of the electroweak
symmetry breaking, has been announced by the ATLAS 2,3 and CMS 4,5 collaborations in 2012.
Since then, the focus of the experimental studies in the Higgs field has been the determination of
the properties of the Higgs boson such as its spin and parity 6,7 and the couplings to vector and
fermion particles. ATLAS has published the first combination of the di-boson decay channels
γγ, ZZ and W W 8 while preliminary H → τ τ 9 and H → bb̄ 10 results have been reported.
In this work the combination of the di-boson channels with the fermionic ones in the ATLAS
experiment is reported for the first time using the full 8 TeV dataset 11 , while the CMS combined
results have been shown at the Moriond 2013 conference 12 and they have not been updated.
New CMS results on the W W 13 , ZZ 14 , τ τ 15 and bb̄ 16 channels have been published and they
will be summarised here. Moreover a combination of all decay channels for the search of the
Higgs in association with a pair of top quarks has been performed by CMS and it is summarised.
2

The Higgs boson mass.

The Higgs mass has been measured by both ATLAS and CMS experiments using the high mass
resolution H → γγ and H → 4l channels. The most recent γγ, ZZ combined mass from ATLAS

8

and CMS 12 are:
mγγ+4l
(ATLAS) = 125.5 ± 0.2stat. +0.5
−0.6 sys. GeV
H

mγγ+4l
(CMS) = 125.7 ± 0.3stat. ± 0.3 sys. GeV,
H

they average to the value mH = 125.6 with an error of about 350 M eV (private average, not
endorsed by experiments) corresponding to a Higgs self coupling λ = 0.1301 ± 0.0007. Such
value, when the measured top mass is also taken into account, produces an almost vanishing
λ17 at the Plank Mass scale Mpl = 1.22 × 1019 GeV via the renormalisation group equations,
circumstance that is producing many theoretical speculations 18,19,20,21 .
3

Signal yield in the γγ, W W , ZZ, τ τ and bb̄ channels.

In the analysis of the Higgs boson decay channel, it is now an established practice from both
ATLAS and CMS experiments to quote the results using the µ definition. The µ value is
technically defined as a multiplicative factor to the signal yield in each region of the phase
space that has been analysed. Because the Monte Carlo signal samples are normalised to the
SM expected yield, and theoretical uncertainties on the signal yield are included directly in
the fitting procedure, µ can be interpreted as the ratio between the observed cross section
and the expected SM cross section: µ = σobs. /σSM . When combining several channels and/or
production mechanisms, the SM branching fraction and ratio of production mechanism cross
sections is assumed. In Table 1 we summarise the present status of the µ measurements from
the ATLAS and CMS experiments.
Table 1: µ values for the different decay channels measured by the ATLAS and CMS experiments. The first two
columns show the available ATLAS and CMS combined results, while the third column shows the CMS results (
not yet combined), they can refer to slightly different mass values.

ATLAS 11 comb.

CMS 12 comb.

mH = 125.5 GeV

mH = 125.7 GeV
0.77 ± 0.27

-

0.92 ± 0.28

0.93+0.29
−0.25

(mH = 125.6) 14

0.68 ± 0.20

0.72+0.20
−0.18

(mH = 125.6) 13

1.15 ± 0.62

1.0 ± 0.5

(mH = 125.0) 16

H → ττ

1.57+0.33
−0.28
1.44+0.4
−0.35
1.00+0.32
−0.29
+0.7
0.2−0.6
1.4+0.5
−0.4

1.10 ± 0.41

0.78 ± 0.27

(mH = 125.0) 15

combined

1.30+0.18
−0.17

0.80 ± 0.14

-

µ
H → γγ
∗

H → ZZ → 4l
H → W W ∗ → lνlν
W, ZH → bb̄

CMS update

The ATLAS combined µ is higher than the SM prediction at 1.8 σ while the CMS value is
1.4 σ below. Both ATLAS and CMS have established the decay in the W W , ZZ, γγ and τ τ
final state, the last at 4.1 σ from ATLAS and 3.2 σ from CMS, while ATLAS doesn’t have any
hint of H → bb̄ decay and CMS a 2.1 σ hint. The fit has been performed also disentangling the
gluon fusion production mode from the vector boson fusion mode, the latter has been observed
at 4.1 σ by ATLAS and 3.2 σ by CMS.
4

Coupling fit and BSM interpretation.

The µ values shown in Table 1 can be expressed as a function of the couplings of the Higgs
boson to vectors and fermions. The ratio of the observed couplings to the SM expectation
is conventionally indicated by kV for vectors and kF for fermions. The fit result is shown in
Figure 1. Only the γγ decay channel is sensitive to the relative sign of kV and kF , due to the
presence of both the W loop and top loop in the decay amplitude, while the other channels
show a symmetric picture with respect to the kF = 0 axis. Both ATLAS and CMS data are

compatible with the SM expectation: kV = 1, kF = 1. Another important quantity is the
ratio of the Higgs couplings to up type fermions and down type fermions λdu . The up-type
fermion coupling is determined by the coupling to the top quark in the gg → H production
process while the down-type fermion coupling is given by the bb̄ and τ τ decay channels. ATLAS
finds λdu ∈ [−1.24, −0.81] ∪ [0.78, 1.15] @68 % C.L., while the preliminary CMS result 12 is
15 as shown in
λdu = 1.29+0.31
−0.29 using Moriond 2013 results. The µτ τ value has been updated
Table 1, therefore λdu is expected to change when the CMS coupling results will be updated with
the last measurements. The coupling fit can be used to put indirect constraints 22 on Beyond
Standard Model theories (BSM). One of the most interesting model is that from L. Maiani et
al. 23 that we define as simplified-MSSM model. In this model the measured Higgs mass is used
to parametrise the SUSY radiative corrections. The model further assumes that the stop gives
negligible contribution to the gg → H and H → γγ loops, that the light Higgs cannot decay in
lighter SUSY particles and that the ratio of couplings between down-type fermions is the same
as in the Standard Model. The couplings to vectors, up-type and down-type fermions can be
expressed as a function of the CP-odd SUSY Higgs mass mA , and the ratio of the VEV of the
two Higgs SUSY doublets tan β. This allows to produce the constraint shown in Figure 2-left.
The model is excluded in a broad range of tan β for mA > 400 GeV and for mA up to 1 TeV at
small tan β.

tan β

Figure 1 – Allowed region for the modification of the couplings to vectors and fermions ( kV ,kF ). Left: ATLAS11 ,
right: CMS12 .
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Figure 2 – Left: ATLAS excluded region in the mA , tanβ plane of the simplified SUSY model21 . Right: CMS
results for the tt̄H signal strength in several decay channels and their combination25 .

5

The tt̄H production mode.

The tt̄H production mode is important to establish directly the coupling of the Higgs boson to
the top quark. The value of such coupling is already determined indirectly by the measurement
of the gg → H cross section, but new physics entering in the gg loop could alter the total
gg production rate. Therefore having an independent direct measurement of the top coupling
increases the sensitivity to new physics models. The tt̄H process has been published in the
decay channel H → bb̄ by CMS 24 and preliminary results from ATLAS are available 25 . Updated
preliminary results from CMS including Higgs decays to γγ, bb̄, τ τ , 4l, 3l and Same-Sign 2l are
available 26 and shown in Figure 2-right.
b̄ (ATLAS) = 1.7 ± 1.4 at m
In the bb̄ decay channel ATLAS finds µbtt̄H
H = 125 GeV while
+1.9
b
b̄
CMS finds µtt̄H (CMS) = 1.0−2.0 at mH = 125.7 GeV. The combined value of the µtt̄H signal
strength from CMS is µtt̄H (CMS) = 2.5+1.1
−1.0 corresponding to a 2.75 σ signal hint.
6

Conclusions

Updated results from ATLAS on the combination of all channels have been reported and compared to the available CMS results. Moreover the tt̄H search results from both ATLAS and CMS
have been shown. The Higgs signal is now established in the γγ, W W , ZZ and τ τ channels,
there are hints of the decay to H → bb̄ and of the tt̄H production mode from CMS data. The
measured Higgs couplings are compatible with the Standard Model expectations. First BSM
interpretations of the coupling results from the ATLAS experiment are available showing strong
sensitivity to new physics models.
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Beyond the Standard Model Higgs searches at LHC

P. Meridiani on behalf of the ATLAS and CMS collaborations
Istituto Nazionale di Fisica Nucleare, Roma, P.le Aldo Moro 2, 00185 Roma, Italy
The discovery of a Higgs boson with mass around 125 GeV opens the possibility to study
in detail the electro-weak symmetry breaking mechanism and unveil new physics beyond
the Standard Model. Two directions are being followed: measurements of the Higgs boson
properties, couplings, mass, spin and parity, and direct quest for an extended Higgs sector, i.e.
additional neutral or charged Higgs bosons. The current status of these studies is presented,
focussing in particular on the direct searches for rare or invisible Higgs decays or additional
Higgs bosons. The results are based on the analysis of the proton-proton collisions at 7 and
8 TeV center-of-mass energy at the LHC by the ATLAS and CMS collaborations

1

Introduction

The discovery of a Higgs boson by the ATLAS and CMS collaborations with a mass around 125
GeV 1, 2 represents a historical milestone in the understanding of the electro-weak (EW) symmetry
breaking mechanism. The “hierarchy problem”, concerning the naturalness of the Higgs boson
mass, the nature of dark matter, and other open questions that the Standard Model (SM) is not
able to answer, motivate the possible existence of additional new particles or interactions.
LHC data allows to study with increasing precision the Higgs boson couplings to fermions and
bosons, and to look for rare or forbidden decays of the SM Higgs boson. Any discrepancy will
unveil physics beyond the Standard Model (BSM) and give new search directions for the detection
of new particles. Several BSM theories have been proposed in the last 20-30 years, which are still to
be ruled out by the current experimental constraints. Just to give few examples, it is still possible
that the discovered Higgs boson is part of an extended Higgs sector, with additional charged or
neutral (CP-even or odd) Higgs bosons, or that the Higgs boson is not an elementary particle,
representing instead a pseudo-Goldstone boson of a new strong interaction at energies beyond
the TeV scale (little or composite Higgs). In most BSM scenarios, the couplings of the Higgs
boson are expected to show discrepancies with respect to the SM ones; the current experimental
constraints still allow discrepancies within 20-30% of SM expected values 3 . The measurements of
the Higgs couplings represent then a complementary path to direct searches for BSM physics. The
ATLAS collaboration has indeed released in time for this conference a nice set of interpretation
results which can be inferred from the Higgs measurements of production rates and decays 4 .
In particular, indirect limits are set for several BSM theories: composite Higgs, an additional
EW singlet, an additional EW doublet, a simplified Minimal Super-Symmetric Standard Model
(MSSM), and a Higgs portal to dark matter.
In the rest, we will focus on the current status of the direct searches for BSM physics in the
Higgs sector.

2

Rare Higgs decays searches

The observed value of the Higgs mass, 125 GeV, allows to explore several final states for the
Higgs boson decays, already with the statistics provided by the LHC Run I data. No significant
discrepancy with the SM expected rates has been reported yet for any of the measured final states.
There is clearly interest to look for decays which have either very small expected branching
ratios, like h → (Z/γ ∗ )γ or h → µ+ µ− , or are completely forbidden in the SM, like lepton flavour
violating decays, h → (µ/e)τ . These decays can be enhanced by a significant factor by new or
modified tree-level couplings of the Higgs boson.
The search for the decay h → (Z/γ ∗ → l+ l− )γ has been performed looking at the invariant
mass distribution of l+ l− γ system, with invariant mass of the l+ l− system either in the proximity
of the Z peak 5, 6 or below 20 GeV (“Dalitz decay”) 7 . These analyses have similar sensitivities,
and are able to exclude at 95% CL a signal ≈ 10 times higher then the SM expected value. Also
for H → µ+ µ− 95% CL limits are reported for values ≈ 7 − 10 times higher then the SM expected
rate 8, 9 .
3

Invisible Higgs decays searches

Some extensions of the SM allow a Higgs boson to decay to a pair of stable or long-lived particles,
escaping direct detection: an interesting case is represented by the decay in a pair of dark matter
(DM) particle candidates (h → χχ). Associate Higgs production with a Z boson or vector boson
fusion production mechanism, provide experimentally viable solutions to directly study Higgs boson
decays to invisible particles. In addition, an indirect limit on the invisible branching ratio comes
from the combination of all the decay rate measurements, which is able, under certain assumptions,
to constrain the total width of the Higgs boson.
The current best direct searches set limits at 95% CL on the Higgs invisible branching BR(h →
inv) < 60 − 70% 10, 11 , while the current indirect limits are about BR(h → inv) < 50 − 60% 12, 13 .
Both ATLAS and CMS interpret their invisible BR limits in terms of DM−nucleon scattering
cross section, within the context of the Higgs-portal DM scenario 14 . Within the constraints of
such a scenario, these results in general provide the strongest available limits for the low-mass dark
matter candidates.
4

EW singlet searches

The simplest extension to the SM Higgs sector is represented by the addition of an EW singlet
to the doublet Higgs field. This class of models can provide a possible dark matter candidate 15 .
Mixing of the EW singlet with the Higgs field, leads to modifications of the Higgs couplings, which
get all reduced by a common scale factor.
The most sensitive channels used so far to look for a neutral heavy mass CP-even Higgs boson
are the di-boson final states, WW and ZZ. In particular, it is possible to recast the searches for a
SM high mass Higgs boson using a different signal hypothesis: the natural width of the resonance
is expected to be significantly smaller in this case then the SM one for the same Higgs mass. The
most updated and sensitive single channel analysis is the CMS search for H → ZZ → 2l2ν 16 .
Both experiments are completing at the moment the analysis on the full 7+8 TeV dataset for the
other W W and ZZ final states towards the final Run I analysis. Strong indirect limit in this model
can be inferred from the overall Higgs strength modifier 4 .
5

2HDM searches

Another possible extension of the SM Higgs sector is the addition of a doublet field, a class of
models termed “Two-Higgs-Doublet Models” (2HDM) 17 . A concrete example of these models is
realised in the Minimal Supersymmetric Standard Model: one field couples only to up-type quarks,
while the other only to down-type quarks and leptons (so called type II 2HDM models). More
generally four types of 2HDM models can be derived satisfying flavour changing neutral current

constraints. 2HDMs predict the existence of five Higgs bosons: two neutral CP-even bosons h and
H, one neutral CP-odd boson A, and two charged bosons H ± .
2HDM models are described by six parameters: four Higgs boson masses (mh , mH , mA , and
mH ± ), tanβ, and the mixing angle α of the two neutral, CP-even Higgs states. A particularly
interesting region of the phase space is the so-called “decoupling limit” where the h couplings
result to be very close to the SM expected value. This is achieved either for very high mH ,mA
values or in the region cos(β − α) ≈ 0.
Particularly sensitive search channels for the neutral 2HDM Higgs bosons are represented by
H → hh or similarly A → Zh, when these decay modes are kinematically accessible. CMS
has performed this search exploiting several final states combinations for the light Higgs boson
(W W, ZZ, τ τ, bb, γγ) and for the Z boson (ll, qq, νν) 18 . This search is excluding a large region of
the 2HDM phase space.
For very heavy mH values, 2HDM models can also be searched exploiting cascade decays,
involving lighter charged and neutral Higgs bosons (e.g. H → W ± H ∓ (→ W ∓ h(→ bb)). ATLAS
has released a first example of this search: the analysis is not yet sensitive to exclude any region
of the 2HDM models 19 .
Indirect limits can also be inferred for this class of models 4 .
6

MSSM searches

Supersymmetry provides means to solve the Higgs mass “hierarchy” problem. In many supersymmetric model realisations with R-parity, a candidate for a dark matter particle is provided too. In
the Higgs sector, the MSSM, is a realisation of a type II 2HDM model.
The most relevant neutral MSSM Higgs bosons production mechanism is the gluon-fusion
process for small and moderate values of tanβ. At large values of tanβ, instead the b-associated
production becomes the dominant contribution. The phase space of the MSSM is particularly
large, so in general simplified or benchmark models are used for an easier interpretation of the
results: in particular, after the Higgs discovery it is possible to profit from the knowledge of mh
to restrict the parameters phase space 20, 21 .
Indirect limits on the MSSM phase space have been presented in a simplified MSSM model
by ATLAS. In this model, h couplings are parametrised only as a function of mA and tanβ: the
current data allows to exclude the region mA < 400 GeV at 95% CL 4 .
The most sensitive searches for the MSSM Higgs sector are performed in the di-τ final state
for the neutral Higgs bosons, Φ(H, A) → τ τ , and in the H ± → τ ν decay channel for the charged
Higgs bosons.
6.1

Φ → ττ

For large tanβ the branching ratio of the neutral MSSM Higgs bosons to tau leptons is enhanced,
making the search in the di-τ final state particularly attractive.
The most updated result in this channel is the CMS one 22 , including all the Run I 7+8 TeV
dataset. With respect to the SM Higgs boson di-τ final state analysis, the search includes special
event categories where the Higgs boson is produced in association with a b-quark jet. No excess
is observed in the tau-pair invariant-mass spectrum. Exclusion limits are obtained in the mmax
h
scenario 23 . Also model independent upper limits on the cross section times branching ratio for
the gluon-fusion and the b-associated Higgs production modes are set.
6.2

H± → τ ν

For light charged Higgs bosons (mH ± < mtop ), the tt̄ → bW bH ± production mode is dominant,
while for heavy charged Higgs bosons, associated production tH ± is dominant. Already from
small tanβ values the light charged Higgs bosons decay mainly via H ± → τ ν, but this decay can
still be sizeable in the high mass charged Higgs scenario. The most updated results are reported
by the ATLAS collaboration 24 . Interpretation in the mmax
scenario 23 is able to exclude for
h
mH ± < 160GeV a vast region of the phase space.

7

NMSSM searches

The Next to Minimal Super-Symmetric Standard Model (NMSSM) extends the MSSM by an
additional gauge singlet field under a new U(1)PQ symmetry in the Higgs sector of the superpotential 25 . This allows to naturally generate the mass parameter µ term of the MSSM Higgs
super potential at the EW scale. With respect to the MSSM, the Higgs sector consists of an
additional CP-even boson and an additional CP-odd boson. In the NMSSM it is still possible to
have bosons lighter then the discovered Higgs boson, so decays like h1,2 → 2a1 represent a possible
search strategy. Depending on the a1 mass, preferential decays in a pair of γ,µ,τ or b are possible.
The most updated results are reported by the CMS collaboration in the search for h1,2 → 2a1 → 4µ
final state 26 . Additional channels are being studied by both collaborations and will be reported
in the future.
8

Conclusions and prospects

The current status of the searches for BSM physics in the Higgs sector is reported. Most of the
results are based on the full statistics of the LHC Run I data, although some additional analyses are
being performed by both collaborations and will be reported in the future. No evidence for BSM
physics has been reported so far, but significantly improved precision and sensitivity is expected
to be achieved in the future LHC Run II analyses that will be based on the higher center-of-mass
proton-proton collision energy data.
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MEASUREMENTS OF THE HIGGS BOSON PROPERTIES AT THE LHC
NICOLA DE FILIPPIS
Department of Physics ”M. Merlin”, Politecnico and INFN Bari,
Via Orabona 4, 70122 Bari, Italy
on behalf of the ATLAS and CMS Collaborations

The properties of the Higgs boson candidate, whose discovery was announced in July 2012 by
ATLAS and CMS collaborations, have been measured by using data collected by ATLAS and
√
CMS experiment from pp collisions at the LHC at the center-of-mass energy of s = 7 TeV
in 2011 and 8 TeV in 2012. The recents results concerning the measurement of the Higgs
boson mass, the spin-parity are reported both from ATLAS and CMS. The first direct and
the indirect constraints on the total Higgs width from CMS are described.

1

Introduction

The discovery of a new particle with a mass of about 125 GeV in July 2012 by the ATLAS 1 and
CMS 2 collaborations at the LHC, the confirmation of that in 2013 3 and the first measurements
of its properties 4,6,5,7 shed light on the existence of a Higgs boson such as the one predicted
by the BEH mechanism 8,9,10,11,12,13 within the Standard Model (SM) 14,15,16 . That discovery
brought to the Nobel prize awarded in October 2013 to the theorists P. Higgs and F. Englert
that elaborated the BEH mechanism to give masses to fermions and gauge bosons and predicted
the existence of a scalar particle.
The excellent performance of the LHC machine and of the ATLAS and CMS detectors made
the two experiments able to collect data corresponding to an integrated luminosity of about
5 fb−1 at a collision energy of 7 TeV in 2011 and about 20 fb−1 at 8 TeV in 2012.
The most sensitive channels for the discovery of the SM Higgs boson at the LHC and the
measurements of its properties are the H → ZZ → 4l (with l = e, µ) and the H → γγ because
of the clean final states (but with very different level of signal to background ratio) and the
possibility to reconstruct the mass of the Higgs boson with the highest resolution. Indeed, even
if the branching fraction of the H → ZZ decay mode is only 2.6% at mH = 125 GeV 17 and for the
subsequent decay of the Z boson in leptons the branching fraction is about 3.3% for each lepton
flavour, the H → ZZ → 4l decay channel provides a clear signature of four well isolated and
identified leptons coming from the primary vertex of the interaction; leptons are then coupled
in two pairs with opposite-sign and same-flavor.

The experimental search for the SM Higgs boson in the H → ZZ → 4l channel was extremely
demanding in terms of the efficiency for lepton reconstruction and identification, especially at
low transverse momentum, where the background from jets reconstructed as leptons could not
be neglected. Discrimination between the signal and the ZZ background was reached by using
an angular analysis based on a matrix element likelihood approach 2 .
The search for the SM Higgs boson in the H → γγ decay mode was also quite challenging since
the branching fraction of the H → γγ decay mode is very small compared to other final states,
about 0.23% at mH = 125 GeV; neverthless the signature of the final state is very clear, with two
well reconstructed, identified, isolated and high transverse energy photons. The H → γγ analysis
relied on the performance of the vertex identification, the photon reconstruction, identification
and isolation; several categories of events were defined based on the signal to background ratio,
the resolution and production modes.
Results for the H → ZZ → 4l and H → γγ analyses were derived in terms of the distribution
of the relevant observables and the number of observed and expected events after the full selection. The statistical approach for the hypotheses tests was based on constructing a likelihood
ratio function, according to the methodology described in Reference 18 . Systematic uncertainties and their correlations were modeled by the introduction of nuisance parameters with their
expected distributions.
2

Higgs boson mass measurement and spin-parity results

The measurement of the mass of the discovered boson in the H → ZZ → 4l channel relied largely
on the maximization of the efficiency for low transverse momentum leptons and on the precise
calibration of the lepton transverse momentum scale and resolution.
In the case of H → γγ channel the mass measurement depended largely both on the possibility to maintain a good mass-resolution in high pile-up regime (from both the energy and
the direction contribution) and on the understanding of the electron/photon extrapolation for
energy-scale (depending on the material, the shower description, etc).
Once the two most sensitive channels were combined the best fit values for the mass of the
discovered boson and their uncertainties, derived by the ATLAS 19 and CMS 20 collaborations
were those reported in the Table 1; they were consistent each other within the uncertainties.
Table 1: Mass values measured by ATLAS and CMS after combining H → ZZ → 4l and H → γγ analyses.

Measured mass (GeV)

ATLAS
125.5 ± 0.2(stat.) +0.5
−0.6 (syst.)

CMS
125.7 ± 0.3(stat.) ± 0.3(syst.)

Both ATLAS and CMS collaborations used a similar approach to probe the spin of the
discovered particle; the angular distributions of the decay products of the particle can in fact
give information about its spin and parity 17 . Test of spin and parity hypotheses were performed
by using the same statistical approach mentioned previously.
First the compatibility of data with the 0+ hypothesis for the SM Higgs was tested. Then
alternative hypotheses were tested assuming the most general scattering amplitude for different
spin and parity combinations.
So far tests were done with the H → ZZ → 4l, H → γγ and H → WW → 2l2ν analyses. The
combination of the results from those three channels has been performed by the ATLAS collaboration 21 . The expected and observed confidence level for alternative spin–parity hypotheses
assuming a 0+ signal are reported in Figure 1 (left); for the spin-2 hypothesis, the results for the
22 with minimal couplings, are shown.
specific 2+
m model with a Kaluza Klein graviton-like particle
All the results were then converted in number of one-side Gaussian standard deviations, σ.
CMS used the H → ZZ → 4l analysis to test several spin/parity hypotheses corresponding
to pure states expected in different models other than the SM 23 . The list of models tested is

reported in Table 2 together with the corresponding exclusion in terms of number of σ and the
confidence level values.
Table 2: List of models used with the CMS H → ZZ → 4l analysis of the spin and parity hypotheses corresponding
to the pure states of the type noted. The observed separation quotes consistency of the observation with the J P
model. The last column quotes the CLs value for the J P model.

J P model
0−
0+
h
1−
1−
1+
1+
2+
m
2+
m
2+
m
2+
b
2+
h
2−
h

J P production
any
any
q q̄ → X
any
q q̄ → X
any
gg → X
q q̄ → X
any
gg → X
gg → X
gg → X

Obs. J P
+3.8σ
+2.1σ
+4.7σ
+4.9σ
+4.1σ
+4.8σ
+3.0σ
+3.8σ
+3.4σ
+3.4σ
+2.0σ
+3.2σ

CLs
0.05%
4.5%
0.002%
0.001%
0.02%
0.004%
0.9%
0.2%
0.7%
0.5%
2.3%
0.09%

From the Table 2 it can be concluded that CMS data disfavored the pure pseudo-scalar
hypothesis over the pure scalar one at more than 3σ level. A strong exclusion was observed also
for models predicting a spin-1 resonance. Moreover graviton-like resonances were excluded at
more than 3σ.
3

Constraint on the Higgs boson total width

The SM prediction for the Higgs boson width at mH = 125 GeV is ΓH = 4.15 MeV. A direct
measurement of the width of the narrow resonance discovered at the LHC is heavily limited by
the experimental resolution which is of the order of 1 GeV so upper limits on the value of the
width were derived by a likelihood scan for different SM Higgs decay width hypotheses by using
the data collected by CMS in 2011 and 2012; an upper limit of 6.9 GeV at a 95% confidence
level was derived with the H → γγ analysis 24 and 3.4 GeV with the H → ZZ → 4l analysis 7 .
A new method proposed in Reference 25 has been recently used to derive an indirect constraint
on the Higgs width; it uses the Higgs off-shell production and decay to two Z bosons away from
the resonance peak 26 . In fact, given that the ratio of the off-shell cross section above 2mZ to
the on-shell signal is sizable and of the order of 8%, it can be shown that integrating the cross
section in a small region around mH and above 2mZ , the on-peak and the off-peak cross sections
are respectively:
on−shell
σgg→H→ZZ
∼

2 g2
2 g2
gggH
gggH
HZZ
HZZ
off−shell
and σgg→H→ZZ
∼
.
mH ΓH
(2mZ )2

(1)

Therefore, according to Eq. (1), a measurement of the relative off-shell and on-shell production in the H → ZZ channel provides direct information on ΓH .
The H → ZZ → 4l and the H → ZZ → 2l2ν channels were considered, the former for the very
clean final state and the latter for the high branching fraction; for both channels the analysis
was based on the same event selection described in References 23,27 .
The main background to H → ZZ production comes from the qq̄ → ZZ (dominant) and
gg → ZZ events; the interference between the signal gg → H → ZZ and the background gg → ZZ
is significant at high mZZ and was properly modeled 26,28 and taken into account for the two

Figure 1 – (left) Expected (blue triangles/dashed lines) and observed (black circles/solid lines) confidence level
for alternative spin/parity hypotheses assuming a 0+ signal, as obtained by combining the ATLAS H → ZZ → 4l,
H → γγ and H → WW → 2l2ν analyses. The green band represents the 68%CLs expected exclusion range for a
signal with assumed 0+ . For the spin-2 hypothesis, the results for the specific 2+
m model, are shown. On the right
y-axis, the corresponding numbers of Gaussian standard deviations are given, using the one-sided convention.
(right) Likelihood scan versus the ΓH variable for spin/parity test hypothesis as derived by using the CMS
H → ZZ → 4l analysis. Different colors refer to: combination of 4l low-mass and high-mass (ochre), combination
of 4l low-mass and 2l2ν high-mass (Sienna) and combination of 4l low-mass and both channels at high-mass
(blue). Solid lines represent observed limits, while dashed lines are the expected.

analyses. A discriminant based on a matrix element likelihood approach 2 was developed to
discriminate qq̄ → 4l from gg → ZZ events in the four-lepton channel.
A simultaneous maximum likelihood fit to the measured distributions of the discriminating
variables, for both the channels, near the resonance peak and above the Z-boson pair production
threshold was performed and the scans of the negative log-likelihood as a function of ΓH are
shown in Figure 1 (right). The combination of the two channels led to an observed (expected)
upper limit on the Higgs boson total width of ΓH < 22 MeV(33 MeV) at a 95% confidence level,
which is 5.4 (8.0) times the expected value in the SM at the measured mass.
4

Conclusions

Data collected by CMS and ATLAS collaboration in 2011 and 2012 Run I data proved the
existence of a Higgs boson such as the one expected by the BEH mechanism in the SM. The
mass of the boson has been measured precisely with the H → ZZ → 4l and H → γγ analyses.
Data disfavored all alternative spin hypotheses tested other than 0+ at more than 3σ level.
A new experimental constraint on Higgs boson total width was derived by the CMS collaboration, measuring the ratio between the off-shell and the on-shell production rate with the
H → ZZ → 4l and H → ZZ → 2l2ν analyses; the observed (expected) upper limit on the Higgs
boson total width amounted to ΓH < 22 MeV(33 MeV) at a 95% confidence level, which is 5.4
(8.0) times the expected value in the SM at the measured mass.
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STABILITY OF THE EW VACUUM, HIGGS BOSON, AND NEW PHYSICS a
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The possibility that the Standard Model (SM) is valid up to the Planck scale MP , i.e. that
new physics occurs only around MP , is nowadays largely explored. For a metastable EW
vacuum, we show that new physics interactions can have a great impact on its lifetime, and,
differently from previous analyses, they cannot be neglected. Therefore, contrary to usual
believes, the stability phase diagram of the SM depends on new physics. This has far reaching
consequences. Beyond SM theories can be tested against their prediction for the stability of
the EW vacuum. Moreover, despite of some recent claims, higher precision measurements of
the top and Higgs masses cannot provide any definite answer on the SM stability properties.
Finally, doubts on Higgs inflation scenarios, all based on results obtained neglecting new
physics interactions, are also cast.

1

Stability phase diagram (new physics neglected)

The Higgs effective potential Vef f (φ) bends down for values of φ larger than v, the location of
the electroweak (EW) minimum (an instability due to top loop-corrections), and develops a new
(2)
minimum at φmin >> v. Depending on Standard Model (SM) parameters, in particular on the
top and Higgs masses, Mt and MH , the second minimum can be higher or lower than the EW
one. In the first case the EW vacuum is stable, in the second one it is metastable and we have
to consider its lifetime τ .
While several different scenarios for Beyond Standard Model (BSM) physics are considered,
the possibility for the SM to be valid up to the Planck scale MP , meaning that new physics
only occurs at scales around MP , is not excluded and is the object of several investigations. In
the usual analysis, it is argued that new physics interactions at MP have no impact on the EW
vacuum stability properties, and their presence is neglected2,3,4,5 .
Under this assumption, the stability phase diagram of the SM in the MH −Mt plane turns out
as shown in the left panel of fig.1. The plane is divided into three different sectors. An absolute
(2)
(2)
stability region, where Vef f (v) < Vef f (φmin ), a metastability region, where Vef f (φmin ) < Vef f (v),
(2)
but τ > TU , and an instability region, where Vef f (φmin ) < Vef f (v) and τ < TU , where TU is the
a

based on work done in collaboration with E. Messina1

age of the universe. The dashed line separates the stability and the metastability sectors and is
(2)
obtained for MH and Mt such that Vef f (v) = Vef f (φmin ). The dashed-dotted line separates the
metastability and the instability regions and is obtained for MH and Mt such that τ = TU .
For Mt ∼ 173.1 GeV and MH ∼ 126 GeV, the SM lies within the metastability region (black
dot in the left panel of fig.1). This observation leads to the so called metastability scenario, that
consists of the following proposal. Even though the EW vacuum is not the absolute minimum
of Vef f (φ), if τ > TU , our universe may well be sitting on such a metastable (false) vacuum.
There is another observation related to the position of the SM “point” in this figure. When
the errors (not shown in fig.1) in the determination of MH and Mt are taken into account, it
turns out that within 2.5-3 σ, the SM could be sitting on the dashed line, i.e. it could reach the
stability region. This case is named “critical”, as λ at MP would reach the value λ(MP ) ∼ 0,
and also the beta function would be, β(λ(MP )) ∼ 0. This “near-criticality” is considered by
some authors the most important message from the experimental data on the Higgs boson5 .
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Figure 1 – Left panel: Stability phase diagram obtained neglecting the presence of new interactions at the Planck
scale. The MH − Mt plane is divided in three sectors, stability, metastability, and instability regions (see text).
new
The dot indicates MH ∼ 126 GeV and Mt ∼ 173.1 GeV. Right panel: Effective potential Vef
f (φ) (red line) in
6
8
the presence of the higher dimension operators φ and φ , with λ6 = −2 and λ8 = 2.1. For comparison, the blue
line is for Vef f (φ) (λ6 = 0 and λ8 = 0).

The above analysis, however, has some caveats. For the central values Mt ∼ 173.1 GeV
(2)
and MH ∼ 126 GeV, for instance, the new minimum forms at φmin much larger than MP ,
(2)
φmin ∼ 1031 GeV ! Despite of these (quite untrastable) results, it is argued that new physics at
the Planck scale should stabilize the potential, bringing the new minimum around MP , and that
the computation of τ can be performed with the unmodified potential Vef f (φ), as the impact of
new physics interactions should be negligible.
Moreover, as the instability of the effective potential occurs for very large values of φ, Vef f (φ)
λ
(φ)
is well approximated by keeping only the quartic term6 , Vef f (φ) ∼ ef 4f φ4 , where λef f (φ)
depends on φ essentially as the running quartic coupling λ(µ) depends on the running scale µ.
For large values of µ, λ(µ) becomes negative and almost constant. Therefore, τ is computed by
considering first the bounce solution to the euclidean equation of motion for the potential λ4 φ4
with negative λ, and then taking into account the fluctuations around the bounce7,8 .
In the following we show that new physics interactions at the Planck scale can dramatically
change the lifetime of the metastable EW vacuum from τ >> TU to τ << TU .
2

Lifetime of the EW vacuum and new physics

The tunnelling rate Γ, inverse lifetime time τ , is given by7,8 (for the sake of simplicity, we write
the formula with the contribution of the scalar sector of the SM only, the inclusion of the other
contributions being straightforward)
 −1/2

1
S[φb ]2 det0 −∂ 2 + V 00 (φb )
Γ = = TU3
τ
4π 2
det [−∂ 2 + V 00 (v)]


e−S[φb ]

(1)

√
where φb (r) is the O(4) bounce solution to theeuclidean equation of motion (r = xµ xµ ), S[φb ]
the action for the bounce, and −∂ 2 + V 00 (φb ) the fluctuation operator around the bounce (V 00
0
is the second derivative of V with respect to φ). The prime in the det means that the zero
2
b]
comes from the translational zero modes.
modes are excluded, and S[φ
4π 2
New physics interactions at the Planck scale appear as higher order operators multiplied by
appropriate inverse powers of MP . In order to study the possible impact of new physics at MP ,
we now add to the SM Higgs potential two higher dimension operators φ6 and φ8 ,
λ 4 λ6 φ6
λ 8 φ8
φ +
+
.
2
4
6 MP
8 MP4

V (φ) =

(2)

new (φ) (red line) for a specific
In the right panel of fig.1, the resulting effective potential Vef
f
example with natural values of λ6 and λ8 , λ6 = −2 and λ8 = 2.1, is plotted. For comparison, we
also plot Vef f (φ) (blue line). This example is well suited for our analysis. First of all, we have
explicitly realized the stabilization of the effective potential around the Planck scale through the
action of new physics operators as required in2 (see above). At the same time, we have a “bona
fide” potential that we can use to check whether or not the usual assumption2,3,4,5 that in the
evaluation of the EW vacuum lifetime new physics interactions can be neglected is correct. As
we shall see, they cannot be neglected and the stability phase diagram of fig.1 has to be revised.
With λ6 = 0 and λ8 = 0, the euclidean equation of motion for the bounce can be solved
analytically and we have

s
(1)
φb (r)

=

2
2R
,
2
|λ| r + R2

(3)
(1)

2

8π
R being the size of the bounce. The action is degenerate with R, S[φb ] = 3|λ|
, the degeneracy
being lifted by quantum fluctuations. The latters select only one bounce with given size, R1 .
With MH ∼ 126 GeV and Mt ∼ 173.1 GeV, R1 ∼ 8 × 10−18 GeV −1 .
With λ6 6= 0 and λ8 6= 0, the euclidean equation of motion cannot be solved analytically.
(2)
However, we can easily find the bounce numerically. Let us call φb (r) this solution. Due to
the presence of the higher order terms, the degeneracy in this case is lifted already at the tree
level, and the size is R2 ∼ 5.06
MP . For our scopes, it is important to note that, for R >> 1/MP ,
(1)

the bounce φb (r) is also an approximate solution of the theory with non vanishing λ6 and λ8 .
If, according to the usual analysis, we now neglect the new physics interactions and compute
the EW vacuum lifetime with λ6 = 0 and λ8 = 0, the tunnelling rate Γ0 turns out to be
1
1
Γ0 =
=
τ0
TU
(1)

where S[φb ] =

8 π2
3|λ| ,

"

(1)

#

h
i
S[φb ]2 TU4 −S[φ(1) ]
−∆S1
b
e
×
e
,
4
4π 2 RM

(4)

R1 and TU are as before, and ∆S1 is the loop contribution.
(2)

If, on the contrary, we take into account φ6 and φ8 , both φb (r) and the quasi solution
(1)
φb (r) have to be considered, and for Γnp we get (np= new physics),
Γnp

1
=
τnp

(1)

#

(2)

#

"

=

1
TU

h
i
S[φb ]2 TU4 −S[φ(1) ]
−∆S1
b
e
×
e
4
4π 2 R1

"

+

1
TU

h
i
S[φb ]2 TU4 −S[φ(2) ]
−∆S2
b
e
×
e
.
4π 2 R2 4
(1)

(5)

(2)

Inserting the obtained numerical values, S[φb ] ∼ 1833 , S[φb ] ∼ 82 , R1 ∼ 8 × 10−18 GeV −1 ,
and R2 ∼ M5P , even neglecting, for a moment, the one-loop ∆Si contributions, we find from
Eq. (4) (where λ6 = 0, λ8 = 0) and from Eq. (5) (where λ6 = −2, λ8 = 2.1)
τ0 ∼ 10555 TU

,

τnp ∼ 10−208 TU .

(6)

Needless to say, Eq. (6) clearly shows that new physics interactions at the Planck scale can
have a dramatic impact on the EW vacuum lifetime. Moreover, from Eqs. (5) we see that the
(1)
(2)
contribution to τnp coming from φb is exponentially suppressed. It is the bounce φb , the one
that we miss when we switch off the new physics interactions, that dominates!
The reason for such an impact of new physics on τnp is easy to understand. New physics
interactions appear in terms of higher dimensional operators, and we could naively expect their
contribution to be suppressed. However, the tunnelling is a non-perturbative phenomenon. We
first compute the bounce (tree level) and then the quantum fluctuations (loop corrections) on
the top of it. The suppression in terms of inverse MP powers (power counting theorem) concerns
the loop corrections, not the selection of the saddle point (tree level). The latter is intrinsically
non-perturbative. In Eq.(2) we have a new potential, and then a new saddle point.
The inclusion of the ∆Si does not change the above results significantly. For completeness,
we write the values of τ0 and τnp with the ∆Si included : τ0 ∼ 10588 , τnp ∼ 10−189 .
3

Phenomenological consequences and conclusions

The lifetime of the EW vacuum, as we have seen, strongly depends on new physics, and the
stability phase diagram of fig.1 has to be revised. From the phenomenological point of view, this
poses constraints on theories beyond the SM. Any acceptable U V completion of the SM should
not provide for τ results of the kind obtained in the above example. In other words, our analysis
provides a “BSM stability test”: a BSM theory is acceptable if it provides either a stable EW
vacuum or a metastable one, with lifetime larger than the age of the universe. In the past it was
thought that, given MH and Mt , the stability, metastability or instability of the EW vacuum
could be established with no reference to the specific UV completion of the SM (stability phase
diagram of fig.1). Clearly, our analysis can be repeated even when the new physics scale lies
below the Planck scale (GUT scale, for instance).
The “near-criticality” suggestion5 , λ(MP ) ∼ 0 and β(λ(MP )) ∼ 0, is also very much challenged by our results. The inclusion of new physics interactions can easily screw up these
relations. The same is true for the Higgs inflation scenario of 9 , heavily based on the validity
of the SM up to the Planck scale and on the criticality assumption10 . Other Higgs inflation
scenarios, based on the possibility for the SM Higgs potential to develop a minimum at energies
∼ 1016 GeV, where inflation could have started in a metastable state11 , are also subject, for the
same reasons, to the same criticisms.
Finally, precision measurements of the top mass, that according to the phase diagram in
fig.1 should tell us whether or not the SM moves towards the stability line (the above discussed
criticality), cannot give any answer to this question. As it should be clear by now, the knowledge
of Mt and MH is not sufficient to decide of the EW vacuum stability status.
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Study of Higgs Production in Fermionic Decay Channels at the LHC

Rebecca Lane
Imperial College London, Blackett Laboratory, Prince Consort Road, London
An overview of recent results in studies of fermionic interactions of the Higgs boson is presented. Results from both the ATLAS and CMS experiments are included. The various
√
analyses use close to 5 fb−1 of data from proton-proton collisions at s = 7 TeV from the
√
2011 run and 20 fb−1 of data at s = 8 TeV from the 2012 run of the LHC. New limits are
set on the cross-section times branching ratio for the cases of a Higgs decaying to muons and
electrons, whilst the first evidence for 125 GeV Higgs decaying to taus is seen. In addition,
the first hints for Higgs decaying to bottom quarks and Higgs production in association with
top quarks are presented.

1

Introduction

In July 2012, the discovery of a new boson with properties consistent with the Higgs boson of
the Standard Model (SM) and a mass of around 125 GeV was announced 1,2 by the ATLAS 3
and CMS 4 collaborations. This discovery was made in the bosonic decay channels of H → γγ,
H → ZZ and H → WW. At that time, the fermionic decay channels were not sensitive enough
to make a conclusive statement about whether or not we see the same particle decaying in these
channels. Establishing that this 125 GeV boson decays to fermions remains a crucial part of
establishing whether or not we have discovered the Higgs boson of the SM.
With the addition of new data since July 2012, the decay channels with the highest Higgs
branching ratios into fermions, H → bb and H → τ τ , are reaching SM sensitivity. Within
the SM, the branching ratio for H → µµ is significantly lower than H → τ τ because of the
dependence of the Higgs coupling on mass. As such the branching ratio H → ee is much
lower still. These channels are not close to SM sensitivity with the current dataset; however,
confirming the absense of an excess of events is important to confirm the non-universality of the
Higgs coupling to leptons and agreement with the SM Higgs predictions.
These analyses make use of the various Higgs production modes predicted in the SM; gluongluon fusion, vector-boson fusion (VBF) and associated production, including production in
association with a W, Z or tt. Of particular interest is ttH, since studying this is the only way
to directly probe the top-Higgs Yukawa coupling. In this case, any Higgs final states with a high
enough branching fraction can be included. Results with H → γγ, H → bb, H → τ τ and H →
multileptons (which includes the leptonic decays of ZZ , WW and τ τ ) are included.

s = 7 TeV, L = 5.0 fb-1; s = 8 TeV, L = 19.5 fb-1
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Figure 1 – The values of the fitted signal strength for all the different channels and the combination in the CMS
ttH analysis. The vertical line indicates the SM prediction.

2
2.1

ttH Production
ttH, H → bb

Both ATLAS 5 and CMS 6 study ttH production with a final state of H → bb. Events are
characterised by a high (b-tagged) jet multiplicity, with 2 b-jets expected from the top decays
and 2 b-jets from the Higgs. Events are split into dileptonic events where both tops decay
leptonically and single leptonic events where one decays leptonically and one hadronically. CMS
additionally includes a tau channel, whose final state includes two hadronic taus for the decay
H → τ τ in place of H → bb. The largest background is from real tt production with jets.
Events are further split according to their different numbers of jets and b-tagged jets. This allows
the selection of signal events in which one b-jet might have fallen outside of the acceptance of
the analysis, and to keep events dominated by the different backgrounds.
In the signal sensitive events, both CMS and ATLAS use multivariate techniques to separate
signal from background. The result of a simultaneous fit of the multivariate distribution in all
categories shows a small excess of events in both the ATLAS and CMS analyses, consistent with
both the background-only and signal-plus-background hypotheses.

2.2

ttH Combination

CMS combines the ttH, H → bb result from the previous section with results from other final
states, including H → γγ 7 and H → multileptons 8 . The combined expected limit on crosssection times branching ratio is 1.8 times the SM prediction. The corresponding observed limit
is 4.3, which corresponds to a deviation from the background-only hypothesis of 2.7σ. The value
for the fitted signal strength compared to the SM prediction is 2.5+1.0
−1.1 . Figure 1 shows this value
for all the channels separately and the combination.

3

VH, H → bb

The backgrounds are too high to study direct H → bb, and therefore the signature provided
by associated production is used. Both ATLAS 9 and CMS 10 split events depending on the
final state of their associated W or Z boson; 0 lepton events from Z(νν)H, 1 lepton events from
W(lν)H and 2 lepton events from Z(ll)H, where l=e,µ. The CMS analysis also includes events
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Figure 2 – Mass of the candidate b-jet pair with all backgrounds subtracted except diboson. The plots are shown
for ATLAS (left) and CMS (right).

with W(τ ν)H, where τ =1 prong hadronic tau. Events are further separated using the pT of the
vector boson. The main backgrounds include vector-boson plus jets, top and diboson.
In ATLAS, the mass of the candidate b-jet pair, mbb , is constructed and fitted to extract signal.
In CMS, this same method is used as a cross-check to a more sensitive BDT approach. Both
analyses are additionally validated by searching for the irreducible VZ(bb) with the H(bb)
process used as background, to check the agreement with the SM prediction of this process.
Figure 2 shows the mbb distribution for both ATLAS and CMS, where all backgrounds have
been subtracted except for the diboson background. The plots show that the data are consistent
with an excess from the diboson process and a small additional excess from the VH process.
In the CMS case, the BDT analysis yields an excess of events with a significance of 2.1σ, with
a best fit signal strength of 1.0 ± 0.5.

4

H → ττ

H → τ τ events are separated using the final states of the two taus. There is a total of 6 possible
final states, since each tau can decay into e + neutrinos, µ + neutrinos or hadronically. Both
ATLAS 11 and CMS 12 use further categorisation of events using the jet properties. Events with
1 jet are sensitive to the gluon-fusion production mode, whereas events with 2 jets can be used
to target VBF. Events outside of this selection are used to define control regions.
The largest backgrounds are from irreducible Z → τ τ , W with a jet which fakes a hadronic tau
and QCD multijet. These backgrounds are estimated using data-driven methods.
ATLAS uses a BDT approach, trained and validated separately in each channel and category
before being fit simultaneously to extract signal. CMS uses the ditau mass at the discriminating
variable. Both ATLAS and CMS see an excess of events over the background prediction. Figure
3 shows this excess characterised in a similar way for the two experiments, where events are
collected together in bins of similar signal to background ratio.
For ATLAS, the best fit signal strength is 1.4+0.5
−0.4 , and for CMS 0.78 ± 0.27. The signficance of
the excess is 4.1σ (3.2σ) observed (expected) for ATLAS and 3.2σ (3.7σ) observed (expected)
for CMS. This is direct evidence for H → τ τ .

5

H → µµ and H → ee

Both ATLAS 13 and CMS 14 study H → µµ, using an analytic fit to the mµµ distribution in data.
The technique searches for a narrow peak from H → µµ on top of a steep falling background
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Figure 3 – Data compared with background and signal prediction for the H → τ τ analysis of ATLAS (left)
and CMS (right). The events are arranged into bins with similar expected signal to background ratio. Both
experiments see an excess of events consistent with the prediction from a 125 GeV Higgs.

from Drell-Yan. No excess of events over the background is observed by either ATLAS or CMS.
Upper limits on cross-section times branching ratio are 9.8 (8.2) observed (expected) for ATLAS
and 7.4 (5.1) observed (expected) for CMS.
CMS also looks at H → ee. This is yet less sensitive than H → µµ. No excess of events over
the background prediction is seen, and an upper limit on cross-section times branching ratio of
0.038 pb is set. This compares to the equivalent value of 0.034 pb for H → µµ. Thus these
searches provide evidence for the lepton flavour non-universality of the Higgs coupling.
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MEASURING THE SPIN AND PARITY OF A RESONANCE IN THE γγ
DECAY CHANNEL
WILCO J. DEN DUNNEN
Inst. for Theoretical Physics, Universität Tübingen, Auf der Morgenstelle 14, 72076 Tübingen, Germany
We present a way to determine the spin and parity of a resonance produced through gluon
fusion with a decay to a γγ pair based on the transverse momentum and Collins-Soper φ
distribution. This method also allows one to distinguish between various non-minimal coupling
spin-2 scenarios and can be used in parallel to the ‘standard’ method based on the polar angle
θ.

1

Introduction

In July 2012 the ATLAS and CMS collaborations announced the discovery of a new resonance 1,2
in their search for the Standard Model (SM) Higgs boson. Decays of this resonance to ZZ 3,5
and γγ 3 have been established at over 5 sigma, whereas strong evidence (∼ 4σ) exists for a
decay to W W 3,6 . Besides these channels, first measurements of the decay to τ τ (3σ) 7 and to
bb (2σ) 8 have now also been published.
Measurements of the spin of the resonance exclude a minimal coupling spin-2 resonance
produced through gluon fusion in the ZZ channel at approximately 2σ 5 . The same scenario is
excluded at almost 3σ in the γγ channel 3 and at 2σ in the W W channel 3 . Exclusions in the
remaining channels or of non-minimal coupling spin-2 scenarios have not yet been presented.
Regarding the parity of the resonance, the option of a pseudoscalar in the ZZ channel has
been excluded at approximately 2.5σ 3 , whereas in the W W channel this can only be done at 1σ 6 .
In the γγ channel no parity determination can be made using conventional methods 9,10,11,12,13
as the hard scattering gg → h → γγ, which is characterized by only one single angle θ, is
independent of the parity of h.
We will discuss here a method to determine both the parity of a resonance in the γγ channel 14 and to distinguish between various spin-2 coupling scenarios that could not be distinguished on the basis of the θ distribution alone 15 . As we will show, various spin-2 scenarios
can be distinguished on the basis of the Collins-Soper φ distribution, whereas the parity of the
resonance manifests itself through the transverse momentum distribution. The effects on the
transverse momentum distribution are small, but the effect on the φ distribution, for various
spin-2 scenarios, is large enough to be measurable with the currently recorded data set.
The underlying principle of these methods relies on the fact that gluons are linearly polarized in the direction of their transverse momentum when entering the hard scattering. This
polarization can be generated perturbatively, but it can also have a non-perturbative (intrinsic)
component. It was realized that the perturbatively generated polarization forces one to modify
the standard (quark initiated) Drell-Yan qT -resummation procedure 16,17 and its effects on SM
Higgs boson production have since been taken into account 18,19,20,21 . We will employ Transverse
Momentum Dependent (TMD) factorization to systematically take into account both pertur-

bative and non-perturbative gluon polarization and calculate the effect on arbitrary colorless
spin-0 and spin-2 boson production.
2

The pp → X0,2 X → γγX differential cross section in TMD factorization

Within TMD factorization the full pp → X0,2 X → γγX cross section, for a gluon fusion initiated
process, is split into a partonic gg → γγ cross section and two TMD gluon correlators that
describe the distribution of gluons inside the proton as a function of their longitudinal and
transverse momentum. More specifically, the differential cross section is written as 22,23,24 ,
Z
dσ
ρσ
∝ d2 pT d2 kT δ 2 (pT + kT − qT )Mµρ (Mνσ )∗ Φµν
(1)
g (x1 , pT , ζ1 , µ) Φg (x2 , kT , ζ2 , µ),
4
d qdΩ
with the longitudinal momentum fractions x1 = q · P2 /P1 · P2 and x2 = q · P1 /P1 · P2 , q the
momentum of the photon pair, M the gg → γγ partonic hard scattering matrix element and Φ
the following gluon TMD correlator in an unpolarized proton,
Z

E

d(ξ · P ) d2 ξT i(xP +pT )·ξ D
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p
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F
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a
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2
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g
2
=−
+ gTµν T 2 h⊥
gTµν f1g (x, p2T , ζ, µ) −
(2)
1 (x, pT , ζ, µ) ,
2
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2Mp
with p2T = −p2T and gTµν = g µν − P µ P 0ν /P ·P 0 − P 0µ P ν /P ·P 0 , where P and P 0 are the momenta
n[–]
of the colliding protons and Mp their mass. The gauge link U[0,ξ] for this process arises from
initial state interactions. It runs from 0 to ξ via minus infinity along the direction n, which is a
time-like dimensionless four-vector with no transverse components such that ζ 2 = (2n·P )2 /n2 .
With the appropriate choice of ζ and µ, the usual soft factors in Eqs. (1) and (2) are absorbed
into the TMD correlators 22,24 and the hard part is free of large logs. The second line of Eq. (2)
contains the parametrization 25 of the leading twist contributions to the TMD correlator, where
g
f1g is the unpolarized gluon distribution and h⊥
the linearly polarized gluon distribution.
1
The general structure of the differential cross section follows from Eq. (1) and (2) and can
be written as 26
i
i
h
h
dσ
g ⊥g
⊥g ⊥g
g g
∝ F1 C [f1 f1 ] + F2 C w2 h1 h1 + F3 C w3 f1 h1 + (x1 ↔ x2 ) cos(2φ)
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4
4
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1
1
up to corrections that are q2T /Q2 suppressed at small qT . The cross section is differential in
Q, Y and qT , which are the invariant mass, rapidity and transverse momentum of the pair in
the lab frame and in the Collins-Soper angles θ and φ. The latter two are defined as the polar
and azimuthal angle in the Collins-Soper frame 27 , which is the diphoton rest frame with the
x̂ẑ-plane spanned by the 3-momenta of the colliding protons and the x̂-axis set by their bisector.
The convolution C is defined as
Z
Z
2
C[w f g] ≡ d pT d2 kT δ 2 (pT + kT − qT )w(pT , kT ) f (x1 , p2T ) g(x2 , k2T ),
(4)
in which the longitudinal
p momentum fractions are given in the aforementioned kinematical
±Y
variables by x1,2 = e
(Q2 + q2T )/s. The weights in the convolutions are defined as
2(kT ·pT )2 − k2T p2T
q2T k2T − 2(qT ·kT )2
,
w
≡
,
3
4Mp4
2Mp2 q2T
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w4 ≡ 2
−
−
.
2Mp2
Mp2 q2T
4Mp4
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(5)

Using the following parametrization of the X0,2 γγ interaction vertex,
V [X0 → V µ (q1 )V ν (q2 )] = a1 q 2 g µν + a3 q1 q2 µν ,
 q̃ α q̃ β
1
,
V [X2αβ → V µ (q1 )V ν (q2 )] = c1 q 2 g µα g νβ + c2 q 2 g µν + c5 q1 q2 µν
2
q2

(6)

where q ≡ q1 + q2 and q̃ ≡ q1 − q2 , one finds for a spin-0 boson up to a constant factor
F1 = (4|a1 |2 + |a3 |2 )2 ,

F2 = (4|a1 |2 + |a3 |2 )(4|a1 |2 − |a3 |2 ),

(7)

and for a spin-2 boson


2
F1 = 18A+ |c1 |2 sin4 θ + A+ 1 − 6 cos2 θ + 9 cos4 θ + 9|c1 |4 1 + 6 cos2 θ + cos4 θ ,

F2 = 9 A− |c1 |2 sin4 θ + A− A+ 1 − 6 cos2 θ + 9 cos4 θ ,


F3 = 6 B − A+ (3 cos2 θ − 1) + 3|c1 |2 (cos2 θ + 1) sin2 θ,


F30 = 12 Re(c1 c∗5 ) A+ (3 cos2 θ − 1) + 3|c1 |2 (cos2 θ + 1) sin2 θ,


F4 = 18 |c1 |2 B + + 2|c5 |2 sin4 θ,

(8)

where we have defined A± ≡ |c1 + 4c2 |2 ± 4|c5 |2 , B ± ≡ |c1 + 2c2 |2 ± 4|c2 |2 .
3

Numerical results

⊥g
2
2 g
To make numerical predictions h⊥g
1 will be expressed as h1 = P 2Mp /pT f1 , where the degree
of polarization P will be calculated as described in an earlier publication 28 . For f1g we use the
same Ansatz as described before 15,29 . Plots are made for the benchmark scenarios commonly
+
used in the literature 11 , to which we add 2+
h0 , 2h00 and 2CPV . The scenarios are summarized in
Table 1.

Table 1: Various spin, parity and coupling scenarios.

a1
a3
c1
c2
c5

0+
1
0
-

0−
0
1
-

2+
m
1
− 14
0

2+
h
0
1
0

2+
h0
1
1
0

2+
h00
1
− 23
0

2−
h
0
0
1

2CPV
1
0
5

In Figure 1 we show our predictions for the qT2 and CS φ distributions. Even parity states
have an enhanced cross section at small qT with respect to negative parity states, but the
difference is small with a large uncertainty. Including evolution of the distributions we come to
the same conclusion 30 . To lower the uncertainty, a measurement of the TMDs could be made
in a different process, e.g., C even quarkonium production 31 or C odd quarkonium production
in association with a photon 32 .
The effects are larger on the CS φ distribution: various spin-2 coupling scenarios produce
non-isotropic φ distributions with a modulation of up to 25%. The 2CPV benchmark scenario
displays a characteristic asymmetric φ distribution in the forward region that can only be caused
by a CP -violating coupling.
4

Conclusions

We have calculated the qT2 and CS angle φ distribution in the process pp → X0,2 X → γγX
using TMD factorization. The qT2 distribution depends on the parity of the resonance, but numerical predictions show that the difference is relatively small with a large uncertainty. The
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Figure 1 – Plot of the qT2 distribution at Y = 0 (left), the φ distribution at Y = 0 (center), and the φ distribution
at Y = 1 (right), all at θ = π/2 for a 125 GeV resonance at a center of mass energy of 8 TeV. The shaded area is
due to the uncertainty in the degree of polarization.

CS φ distribution, on the other hand, shows large modulations, up to 25%, for various spin-2
scenarios, making this a realistic observable to discrimante between spin-0 and various spin-2 scanarios. This work was supported by the German Bundesministerium für Bildung und Forschung
(BMBF), grant no. 05P12VTCTG.
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NNLO QCD CORRECTIONS FOR HIGGS BOSON PRODUCTION
IN ASSOCIATION WITH A W BOSON AT THE LHC
G. FERRERA
Dipartimento di Fisica, Università di Milano and INFN, Sezione di Milano, I-20133 Milan, Italy
We consider QCD corrections to Standard Model Higgs boson production in association with
a W boson in hadron collisions. We present a fully exclusive perturbative computation at
next-to-next-to-leading order (NNLO) including the decay of the Higgs boson into a bb̄ pair
at next-to-leading order (NLO). We consider the selection cuts that are typically applied in
the LHC experimental analysis, and we compare perturbative fixed-order results with NLO
parton shower predictions. We comment on such a comparison and we show some illustrative
numerical results.

1

Introduction

The investigation of the origin of the electroweak symmetry breaking is one of the main goal for
physics study at the Large Hadron Collider (LHC). For the above reason it is of primary importance to compare the theoretical predictions for the production of the Standard Model (SM)
Higgs boson 1 with the experimental data collected by the ATLAS and CMS Collaborations 2 .
One of the most important Higgs boson H production mechanism is in association with a
vector gauge boson V (V = W ± , Z), with the Higgs boson decaying into a bottom-antibottom
pair (H → bb̄) and the vector boson decaying leptonically (V → l1 l2 ).
Due to the complicated experimental selection cuts required by this process, it is essential
to have accurate theoretical prediction at the level of differential distributions. High precision
demands in particular the computation of the higher-order QCD radiative corrections. The
next-to-leading order (NLO) QCD corrections to VH production are the same as those of the
Drell–Yan process while at next-to-next-to-leading order (NNLO) the QCD corrections differ
from those to the Drell–Yan process by contributions where the Higgs boson couples to the
gluons through a heavy-quark loop.
We present the calculation of the NNLO Drell–Yan-like QCD radiative correction for WH
production 3 performed using the qT subtraction method 4,5 . The NNLO contribution that we
neglected have been shown in 6 to give a marginal contribution (around 1% for mH ' 125 GeV).
Our fully-differential computation includes finite-width effects, the decay of the Higgs boson
into a bb̄ pair at next-to-leading order (NLO) QCD, and the leptonic decay of the W boson
with its spin correlations. We consider the selection cuts that are typically applied in the LHC
experimental analysis, comparing the perturbative fixed-order results with the NLO parton
shower predictions of the MC@NLO generator 7 .
2

Phenomenological results

In the following we present an illustrative selection of numerical results for WH production at
√
the LHC at s = 8 and 14 TeV. We consider a SM Higgs boson with mass mH = 125 GeV and

Figure 1 – Left panel: Transverse-momentum distribution of the b-jet pair computed at NLO with LO decay
(red dot-dashes), NLO with NLO decay (blue solid), NNLO with NLO decay (cyan dashes) and with MC@NLO
(magenta dots). The inset plot shows the region around pbb
T ∼ 160 GeV. Right panel: The same distributions
normalized to the full NLO result.

width ΓH = 4.070 MeV 8 , we use the so called Gµ scheme for the electroweak couplings and the
NNPDF2.3 parton distribution function set 9 with αS (mZ ) = 0.118. We compute the H → bb̄
decay in NLO QCD including the effects of the non-vanishing b mass and we normalize the Hbb̄
Yukawa coupling such that BR(H → bb̄) = 0.578 8 : this means that the prediction for the total
cross-section of a completely inclusive quantity is insensitive to the higher-order corrections to
the H → bb̄ decay. In the fixed order calculations the central values of the renormalization
and factorization scales are fixed to the value µR = µF = mW + mH while the central value of
the renormalization scale for the H → bb̄ coupling is set to the value µr = mH . In the parton
shower simulation the central scale is the default MC@NLO scale: the transverse mass of the
WH system. The scale uncertainty band is obtained as follows: we vary µF = µR and (in the
fixed order case) independently µr by a factor of two around their central value.
We start the presentation of our results by considering WH production at the LHC at
√
s = 8 TeV. We implement the following kinematical cuts 10 : the charged lepton is required to
have transverse momentum plT > 20 GeV and pseudorapidity |ηl | < 2.4; the missing transverse
momentum of the event is required to be pνT > 35 GeV. The W boson must have a transverse
momentum pW
T > 160 GeV and is required to be almost back-to-back with the Higgs boson
candidate (the azimuthal separation of the W boson with the bb̄ pair must fulfil |∆φW,bb | > 3).
Jets are reconstructed with the anti-kT algorithm with R = 0.4 11 . We also require events with
exactly two (R) separated b-jets each with pbT > 30 GeV and |ηb | < 2.5. In the fixed-order
calculation a jet is considered a b-jet if it contains at least one b-quark while in the MC@NLO
simulation we require that, after hadronization, the jet contains at least one B-hadron.
In Fig. 1 (left panel) we show the predictions for the transverse-momentum distribution of
the b-jet pair pbTb̄ at various level of fixed-order perturbative accuracy and from MC@NLO. In the
right panel of Fig. 1 we plot the pT distributions normalized to the full NLO result (i.e. including
NLO corrections to the H → bb̄ decay), with their scale uncertainty band. We observe from Fig. 1
that the hardest spectrum is the NLO one (with LO H → bb̄ decay) and that the inclusion of the
NLO corrections to the H → bb̄ decay makes the spectrum softer and reduces the accepted cross
section by 12%. The inclusion of the NLO corrections produces instabilities of Sudakov type 12
around the LO kinematical boundary pTbb̄ > 160 GeV. To solve these perturbative instabilities an
all-order resummation of the soft-gluon contributions is needed, however the effects of soft-gluon

Figure 2 – Left panel: Transverse-momentum distribution of the fat jet computed at NLO with LO decay (red dotdashes), NLO with NLO decay (blue solid), NNLO with NLO decay (cyan dashes) and with MC@NLO (magenta
dots). Right panel: The same distribution normalized to the full NLO result.

resummation can be mimicked by considering a more inclusive observable with a larger size of
the bins around the critical point (see the dashed line in the inset plot of Fig. 1). The effect of
the NNLO corrections for the production is not negligible: the spectrum becomes softer and the
accepted cross section is further reduced by 9%.
Comparing the fixed order predictions to the MC@NLO result we observe that the effect of
the shower is quantitative very similar to the effect of the NNLO corrections for the production
plus NLO for the Higgs boson decay. As expected, the shower algorithm permits a more reliable
description of the region around the LO kinematical boundary: the MC@NLO prediction has
a smooth behaviour, without the instabilities of the fixed order case.
The NLO scale uncertainties are O(±10%) in the region pT <
∼ 200 GeV and then decrease
to O(±5%) or smaller for higher values of pT . From Fig. 1 (right panel) we conclude that
the inclusion of NLO corrections to the Higgs boson decay is important to obtain a reliable
shape of the pT spectrum. Nevertheless the MC@NLO prediction, even if it does not include
the full NLO corrections to the decay, describes the shape of the spectrum rather well. The
NNLO uncertainty band is larger than the NLO one, being at the ±7 − 8% level and marginally
overlaps with the latter, while the NNLO and MC@NLO results are perfectly compatible within
the uncertainties.
√
We now consider the case of WH production at the LHC with s = 14 TeV. We follow the
selection strategy of Ref. 13 : the Higgs boson is selected at large transverse momenta through
its decay into a collimated bb̄ pair. We require the charged lepton to have plT > 30 GeV and
|ηl | < 2.5, and the missing transverse momentum of the event to fulfil pmiss
> 30 GeV. We also
T
require the W boson to have pW
>
200
GeV.
Jets
are
reconstructed
with
the
Cambridge/Aachen
T
algorithm 14 , with R = 1.2. One of the jets (fat jet) must have pJT > 200 GeV and |ηJ | < 2.5
and must contain the bb̄ pair. In the MC@NLO simulation, the fat jet is required to contain
two B hadrons. We also apply a veto on further light jets with pjT > 20 GeV and |ηj | < 5.
Our results for the pT distribution of the Higgs boson candidate in this boosted scenario
are reported in Fig. 2. First of all we observe that the effect of NLO corrections for the decay
√
is much smaller compared with the results of the s = 8 TeV analysis, and essentially it is
negligible for pT >
∼ 300 GeV. This is not unexpected: the (boosted) fat jet is essentially inclusive
over QCD radiation and the impact of the QCD corrections to the decay is well accounted for
by the inclusive QCD corrected H → bb̄ branching ratio. The NLO scale uncertainty is about
±10% at pT >
∼ 200 GeV, and it increases to about ±20% at pT ∼ 500 GeV. We also note that

the MC@NLO prediction is in good agreement as well with the complete NLO result. The
NNLO result is smaller than NLO by about 16%, and it is at the border of the band from scale
variations. The NNLO scale uncertainty band overlaps with the NLO band, and is smaller in
√
size. In summary, our results on the boosted scenario at s = 14 TeV show that the shape of the
H pT spectrum is rather stable, with uncertainties at the few percent level. The normalization
of the accepted cross section has instead larger uncertainties with respect to the analysis at
√
s = 8 TeV. From Fig. 2 we estimate that these uncertainties are at the 10 − 15% level.
3

Conclusions

We have studied the effect of QCD radiative corrections on the associated production of the
Higgs boson with a W boson in hadronic collisions, followed by the W → lνl and the H → bb̄
decays. We performed a QCD calculation that includes the contributions up to NNLO for the
WH production and up to NLO for the H → bb̄ decay. Our computation is implemented in a
parton level Monte Carlo numerical program that allows us to apply arbitrary kinematical cuts
on the W and H decay products and on the accompanying QCD radiation.
We have compared the effects of the QCD radiative corrections at various level of accuracy
with the results obtained with the MC@NLO event generator. We find that, in the analysis at
√
s = 8 TeV, the NLO corrections to the H → bb̄ decay can be important to obtain a reliable
pT spectrum of the Higgs boson, but that the final state radiation is well accounted for by the
Monte Carlo parton shower.
√
In the boosted analysis at s = 14 TeV with a jet veto the perturbative uncertainties are
more sizeable. NNLO corrections to the production process decrease the cross section by an
amount which depend on the detail of the applied cuts while they have a mild effect on the
shape of the Higgs boson pT spectrum.
In summary, even if the effect of higher orders QCD corrections at the level of inclusive cross
sections is modest, the impact on the accepted cross section and on the kinematical distributions
can be quite important, in particular when severe selection cuts are applied, as it typically
happens in Higgs boson analysis at the LHC.
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Higgs Boson with Multiple Jets

Tuomas Hapola
Institute for Particle Physics Phenomenology, Department of Physics,
Durham University, DH1 3LE, United Kingdom
The High Energy Jets (HEJ) framework accounts for large logarithms arising from the wide
angle hard gluon emissions. The resummation in HEJ is based on an approximation to allow fast evaluation for arbitrary multiplicity. The approximation is motivated by the high
energy limit and as such captures the leading logarithmic corrections in large invariant mass
between the partons. These corrections are important when there is a large separation in
rapidity between the produced jets. This situation arises in a Higgs boson plus jets analysis.
Furthermore, HEJ includes matching to full tree level accuracy up to four jets. This talk will
introduce the HEJ framework and discuss advances in the formal accuracy attained within
HEJ, and the application to predictions for the production of Higgs boson plus jets.

1

Introduction

The most characteristic aspect of analysis at hadron colliders is the impact by the abundant
production of jets. Understanding high multiplicity jet production is vital for many Beyond
Standard Model searches and precision QCD measurements. Moreover, jets can be a useful tool
in the measurements trying to establish the properties of the Higgs boson.
In order to access the Higgs boson couplings, different production processes need to be
separated. Weak boson fusion (WBF), where the Higgs boson is radiated from a t-channel W
or Z boson, is characterised by the two tagging jets. This same topology can also arise from the
higher order QCD corrections to gluon fusion (GF). In order to measure the WBF cross section,
and get handle on the Higgs couplings to weak gauge bosons, the background from GF must be
known. In addition, GF can be used to study the CP -structure of the Higgs boson couplings to
heavy fermions. The interference between GF and WBF is shown to be negligible 1 making it
justifiable to consider them separately. Here we are interested in describing the Higgs plus two
or more jets arising from GF.
The main difference between the two processes is due to colour structures. In the GF case,
the two jets are colour connected and effectively form a colour dipole. This is not the case for
WBF, making these two processes to have a very different radiation pattern. This also suggests
that GF is similar to W boson production in association with at least two jets. The dominant
contributions to both processes are due to t-channel colour octet exchange.
Describing multi-jet processes is challenging for many reasons. For example, there are many
different scales involved and the higher order perturbative corrections can be large. The High
Energy Jets (HEJ) formalism provides an all order description of multi-jet processes which is
motivated by the high energy limit.

2

High Energy Jets framework

In the intermediate momentum region where the momentum transfer, Q, is much smaller than
the centre of mass energy, but in the perturbative region, the production of a large number of
partons is relevant. In this momentum range the series expansion parameter will be accompanied
by a large logarithm, and the effective expansion parameter can be of order one, αs log(s/Q) ∼
O(1). Thus one should take into account all orders in the effective expansion parameter. A
multitude of real emission channels will then cause the abundant production of partons.
In order to do the resummation, a suitable limit is needed which allows 2 → n matrix
elements to be written in a simple form. In the high energy limit, or multi-regge kinematic
(MRK) limit,
y1  y2  · · ·  yn ,
|k⊥i | ∼ |k⊥j |,
∀i, j,
(1)
where yi , ki are rapidities and momenta of the outgoing quarks and gluons, the QCD matrix
elements can be written in a simple t-channel factorised form. This form is maintained also
after the inclusion of virtual corrections to next-to-leading logarithmic accuracy in s/t. The
t-channel factorisation is a consequence of gluon reggeazation and Regge theory which says that
the asymptotic form of the amplitude is given by the t-channel exchange of the particle with
the highest spin.
The MRK limit restricts only the asymptotic form of the amplitude. The sub-leading logarithms are not systematically included in HEJ but the form of these sub-leading contributions
is constrained by requiring Lorentz invariance and gauge invariance throughout all the phase
space. The HEJ matrix elements for the process XY → Xg · · · gY , X, Y ∈ {quark, gluon}, can
be written as3,4
1

2

|MXY →Xg···gY | =
n−2
Y
i=1

−g 2 C

A

ti ti+1

2

4(NC2 − 1)

||SXY →XY ||

V µ (qi , qi+1 )Vµ (qi , qi+1 )

1
g CX
t1



! n−2
Y
j=i

2



2

g CY

h

1



tn−1
i

exp ω 0 (qj )(yj−1 − yj ) ,

(2)

where q1 = pa − p1 , qi+1 = qi − pi , ti = qi2 and
||SXY →XY ||2 =

X
helicities

|j µ (p1 , pa )jµ (pn , pb )|2 .

(3)

The exponential terms encode the finite reminder left from the cancellation of real and virtual
poles. The exact forms of the ω 0 and the effective gluon emission vertex Vµ (p, q) are given in
Ref. 3 . The colour factor CX(Y ) takes a value CA or CF depending if the X(Y ) is a gluon or a
quark respectively.
The inclusion of Higgs emission is done by replacing ||SXY →XY ||2 with 3,5
2

H
2
||SXY
→XY ||

where

=

X
helicities

g µρ H
g σν
jµ (p1 , pa ) 2 Vρσ
(qH1 , qH2 ) 2 jν (pn , pb ) ,
qH1
qH2

(4)

αs µν
(g p · q − pν q µ )
(5)
6πv
is the effective gluon-gluon-Higgs coupling in the infinite top-mass limit. The qH1 and qH2 are
the t-channel momenta on either side of the Higgs in the rapidity ordered chain. In the left panel
of Fig. 1, the full qQ → qghQ LO matrix element is compared to LO MRK and LO HEJ matrix
elements, substantiating the effect from the modelling of sub-leading contributions included in
HEJ.
Outside the high energy limit, the final state configurations other than those captured by
the Eq. 2 do not vanish anymore. In HEJ these processes are added at tree level accuracy up
VHµν (p, q) =

1.6 1e 22
1.4
1.2

|M|2
256ŝ2 π5

1.0
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MadGraph
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Figure 1 – Left: Comparison between the full, MRK and HEJ leading order matrix elements. Right: Pictorial
representation of the HEJ matrix element.
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Figure 2 – Differential cross section as a function of ∆φ2 .

to four jets. Furthermore the resummed configurations are matched to tree level accuracy up to
four jets.
Sample plot for the production of a Higgs boson with at least two jets are shown in Fig. 2.
The variable φ2 is the azimuthal angle between the vector sum of jets forward and jets backward
of the Higgs boson. The shape of the distribution is sensitive to the CP-structure of the ggHcoupling 8 . The two peaks in the middle are due to would be collinear divergences regulated by
the jet definition.
3

Comparisons

As was mentioned in the introduction, the Higgs boson production in association with more
than two jets is expected to have a similar radiation pattern as the W boson production in
association with more than two jets. There is plenty of data for W plus multiple jets which can
be used to test the approximation taken in HEJ. The extension to HEJ framework to include
the production of W boson is described in 6 . In the left panel of Fig. 3 HEJ is compared against
the D0 data 9 with other generators with different approaches. The figure shows the average
number of jets as a function of the rapidity separation between the most forward and backward
jet. This variable is relevant for jet veto studies. The logarithms included in HEJ becomes
more important with increasing rapidity separation. A good agreement between HEJ and data
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Figure 3 – Left: The average number of jets as a function of the rapidity difference between the most forward and
backward jet. Right: Cross section as a function of the invariant mass of the most forward and backward jets

Recently different generators describing the Higgs boson plus multi-jet production were
compared in the Les Houches SM working group report7 . In the right panel of Fig. 3 is the
differential cross section as a function of the invariant mass of the most forward and backward
jets. The description given by HEJ agrees with the other generators at low invariant masses.
The difference seen at large invariant masses is expected since the logarithms included in HEJ
become important, but are not systematically included in the other frameworks.
The data from LHC will soon allow to test the different descriptions of the Higgs boson
plus multi-jet processes. Further work is needed to understand the differences between the
descriptions and extract the maximum amount of information from the data.
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JetVHeto: Higgs without jets
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We describe here the resummation of large logarithms that appear in exclusive Higgs crosssections, with a veto on the presence of jets, both in the large top-mass limit and when
finite mass effects are taken into account. We also present the efficiency-method to assign
uncertainties to exclusive cross-sections.

1

Why jet-vetoes

After the Higgs discovery the focus of current experimental analyses at ATLAS and CMS is
to measure its properties. These studies need accurate theory predictions for the Standard
Model (SM) Higgs production cross-section including a reliable estimate of the associated theory
uncertainty. The channel where the Higgs boson decays into W W is particularly important
for spin and coupling measurements, but it is plagued by a very large background from top
production. The zero-jet bin has the lowest contamination of the W bosons coming from top pair
production, hence a veto on additional jets is a very effective way of reducing the background.
The quantity of interest becomes then the exclusive zero-jet Higgs cross-section, i.e. the crosssection for events with no jets above a given pt,veto , which in general depends on the jet-definition
(jet-algorithm, radius R and threshold pt,veto ).
Many searches and studies carried out at the LHC benefit from analyzing exclusive jet-bins
since in general a veto on extra jets is widely used to suppress background from colored particles.
In the following I will focus on the Higgs case, but methods here presented have more general
scope. I will also discuss improved predictions for Higgs production in the presence of a jet veto
when finite-mass effects are taken into account, and a generic procedure to assess theory errors
for exclusive cross-sections.

2

Resummation

In the presence of a tight jet-veto a resummation is required. There are two ways to see this.
One can inspect the explicit O(αs ) calculation, which has the form
σ0−jet ≈ σ0

α s CA
1+2
π

Z

!

dω dθ2
[Θ(pt,veto − ωθ) − 1]
ω θ2

≈ σ0

2CA αs 2 mH
1−
+ ...
ln
π
pt,veto

!

.

(1)
This result comes about because a tight veto on QCD radiation partially spoils the cancellation
between real and virtual corrections, leaving behind large logarithms. Because of factorisation of
soft-collinear QCD radiation, similar terms appear to all orders in αs and need to be resummed
whenever pt,veto  mH . An alternative way to see that fixed order calculations are unreliable
at small transverse momenta is by looking at the scale variation uncertainty. For values of
transverse momenta of interest by ATLAS and CMS (pt,veto ∼ 25 − 30 GeV) the scale variation
underestimates the true uncertainty, since the relative exclusive uncertainty becomes smaller
than that on the total cross-section. The reason is that there is a compensation between the
large positive K-factor (in the total cross-section σtot ) and the large negative logarithms in the
zero-jet efficiency , defined as the ratio of the zero-jet exclusive cross-section to the total crosssection. This accidental cancellation happens around the region relevant for ATLAS and CMS
studies.
Next-to-leading logarithmic (NLL) resummed calculations for jet observables have been automated several years ago in numerical code CAESAR 1 , provided the observable satisfies some
applicability condition (e.g. recursive infrared and collinear safety, continuous globalness). It
was observed some time ago that the jet-veto is within the scope of CAESAR. In fact at NLL
the cross-section with a veto is just a pure Sudakov form factor. 2 This observation paved the way
to next-to-next-to-leading (NNLL) accurate resummations (sometimes also some terms beyond
NNLL are included) 3,4,5,6 .
While it is impossible to give all details here, I will try to outline the leading ideas. The first
observation is that at next-to-leading order (NLO) the Higgs and leading jet traverse momentum
coincide. Furthermore, at NLL there is no dependence of the zero-jet cross-section on the jet
radius (since emissions are widely separated in rapidity). The idea then is to related the jetveto resummation (which involves a finite jet radius) to the Higgs boson NNLL transverse
momentum resummation 7 . The NNLL dependence on the jet-radius has two sources: clustering
of independent emissions and correlated emissions that end up in different jets. Both effects
were computed first in ref.2 . The NNLL resummed integrated distribution takes then the form
Σ(J) (pt,veto ) = Lgg (pt,veto )|M|2B e−R(pt,veto ) δF ,

(2)

where the only difference with respect to the Higgs transverse momentum resummation formula
lies in the last factor, the function δF that accounts for soft-collinear multiple real emissions and
contains all dependence on the jet radius. The other factors, the luminosity factor Lgg (pt,veto ),
the Born matrix element |M|2B , and the Sudakov form factor e−R(pt,veto ) are in fact identical for
the leading jet and Higgs transverse momentum resummation.
Other methods to obtain a NNLL resummations are based Soft Collinear Effective Theory
(SCET) methods. In all approaches, the NNLL result is matched to NNLO to reproduce correct
distributions also at large transverse momenta (following standard procedures).
3

Estimating the theory uncertainty: the efficiency method

A reliable but not overly conservative estimate of theoretical uncertainty is important when
extracting properties or when setting exclusion limits. As discussed before a standard renormalisation and factorisation scale variation fails for exclusive cross-sections. Within the efficiency

method, exclusive cross-sections are written in the form
σ1j = (1 − 0 )1 σtot ,

σ0j = 0 σtot ,

σ2j = (1 − 0 )(1 − 1 )2 σtot , . . . .

(3)

One takes as a working assumption that the total cross-section σtot , which determines the
normalisation and is plagued by large K-factors, and the efficiencies, that determine the shapes
and contain large logarithms, are uncorrelated. Based on this, one writes down the covariance
matrix in terms of uncertainties on the total cross-section and the efficiencies. We note that
this method is different from the Stewart-Tackmann procedure 8 that considers σtot and σ≥1j
as uncorrelated. We also remark that the efficiency method is general, simple also for high
jet-multiplicities, and works seamlessly for resummed and fixed order calculations.
The input required for the efficiency method is the error on the total cross-section and on
the efficiencies. For the total cross-section we use standard scale variation, use as a central scale
mH /2 and vary independently the renormalisation µR and factorisation scale µF by a factor 2 up
and down keeping 1/2 < µR /µF < 2. This results in seven scale choices. For the 0-jet bin (and
similarly for other bins), we observe that for the efficiency at fixed order different definitions are
possible and equivalent up to higher order terms (N3 LO), schematically:
(a) =

NNLO
σ0j
NNLO
σtot

,

(b) = 1 −

NLO
σ≥1j
NLO
σtot

(c) = strict fixed order expansion .

,

(4)

For each of this fixed order efficiency definition, one can define a matching scheme that
reduces to the corresponding fixed-order efficiency scheme (a, b, or c). One defines then the
uncertainty on the efficiency as the envelop of varying µR , µF as for the total cross-section (which
amounts to seven scale choices), for the central µR , µF scales one varies the resummations scale
Q by a factor 2 up and down around mH /2 (this variation probes higher order logarithmic
terms), and for central µR , µF and Q one varies the scheme used to define the efficiency (a, b or
c). The reason for taking the envelope, rather than adding uncertainties in quadrature, is that
the latter procedure is likely to double count some uncertainties. This procedure fully defines
the input to our correlation matrix.
Figure 1 shows the uncertainty on the 0-jet cross-section at fixed order (left) and including
a NNLL resummation (right) using the efficiency method (red) and with pure scale variation
(green). It is evident that at fixed order the large band in the efficiency method properly reflects
the large uncertainty of the calculation and that once a resummation is included, the efficiency
method gives a marginally larger uncertainty compared to pure scale variation.
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Figure 1 – The zero-jet Higgs production cross-section as a function of the jet-resolution pt,veto in the large mt
approximation at NNLO (left) and at NNLO+NNLL right. The green uncertainty band is obtained by varying
only the renormalisation and factorisation scales (seven scale variation, see text), while the red band is obtained
using the efficiency method.

4

Mass effects

All the above results have been obtained in the large-mt approximation using an effective interaction of Higgs to gluons. Given the precision reached by theoretical predictions it is important

to establish whether exact top and bottom mass effects are negligible, or whether it is important to include finite-mass effects. A study based on POWHEG 9 suggests that these effects
are sizable and that bottom corrections give important corrections all the way to very large
transverse momenta (10-20% at about pt ∼ 150 GeV). This result is somehow surprising since
diagrams with a gluon emitted from a bottom loop are suppressed both by the bottom-Yukawa
coupling and by an explicit mb appearing from the helicity suppression in the loop integration.
On the other hand in the region mb < pt < mH new (non-factorizing) logarithms of the form
m2b /m2H ln(m2b /p2t ) appear in the amplitude. Therefore, including mass effects, the problem becomes a three scale problem (mb , mH , pt ). These new logarithms could be important and would
need to be resummed to all orders, however their all order structure is not known. The observation is then that these logarithms vanish for pt → 0. Furthermore they are suppressed by m2b
(at least), hence their numerical impact should be small. They can then be treated as a finite
remainder (which does not multiply the Born cross-section) 10 . The resummation can then be
matched to O(αs4 ) as obtained from HNNLO 11 , where O(αs4 ) are obtained by taking the infinite
mass result and rescale it by Born mass-correction factor. An alternative approach is to limit
the resummation to the region pt < mb , use only the fixed order result for bottom-mass effects
above it11 .
Fig. 2 shows a comparison of the prediction for the zero-jet cross-section at NNLL+NNLO
in the infinite top-mass limit, including top corrections only, and including both top and bottom
mass corrections. The band is obtained using the efficiency method presented earlier. While the
finite top-mass effects amount to an overall rescaling by about 1.07, bottom-mass effects also
distort the distribution, the overall effect is about -3% at pt ∼ 25 − 30 GeV and about +2% at
high transverse momentum. These effects are well inside the uncertainty band of the large mt
result.
24

gg → H, mH = 125 GeV
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Figure 2 – The zero-jet Higgs production cross-section as a function of the jet-veto in the large mt approximation
(dot-dashed, green), including top max effects (dashed blue) and including top and bottom mass-effects (solid,
red). The uncertainty band for the latter is obtained using the efficiency method.

5

Conclusions

The code JetVHeto can be downloaded from http://jetvheto.hepforge.org. Currently this
code performs a NNLL+NNLO resummation the leading-jet transverse momentuma and includes
finite-mass effects. We use the efficiency method to estimate uncertainties, an approach that we
a

A resummation for the Higgs transverse momentum has been implemented as well, however it is valid in a
restricted region where , in our approach there is an unphysical divergence at low pt,H , and hence the NNLL
resummation breaks down when approaching the divergence.

consider robust and reliable. We find that the resummation reduces considerably the uncertainty
(by a factor 1.5-2 in the region of interest). The impact of mass-corrections is found to be
moderate and similar for the jet and Higgs transverse momenta, but the inclusion of these
effects increases the uncertainty slightly.
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HIGGS PRODUCTION AT NNLOPS
E. RE
Rudolf Peierls Centre for Theoretical Physics, Department of Physics, University of Oxford,
Oxford, OX1 3NP, United Kingdom
We describe the method used to build a simulation of Higgs boson production accurate at
next-to-next-to-leading order and matched to a parton shower. The adopted procedure makes
use of a combination of the POWHEG and MiNLO methods. We also use results from Hnnlo as
final input to reach the claimed accuracy. Results for typical observables are shown.

1

Introduction

During the last decade a major research effort in the Monte Carlo community has been devoted
to the development of NLOPS tools, i.e. tools that allow a matching of next-to-leading order
(NLO) computations with parton showers (PS), thereby bringing NLO accuracy into standard
Monte Carlo event generators 1 . Among many proposals, there are currently two well-established
NLOPS approaches, namely POWHEG 2,3 and MC@NLO 4 , which have now become the methods of
choice used by experimental collaborations in many analyses being carried out at the LHC.
Despite in general NLO accuracy is enough for the majority of processes studied at the
LHC, it is known that for some of them the inclusion of next-to-next-to-leading order (NNLO)
effects is necessary: this is the case when the experimental accuracy demands O(1%) precision
in theoretical predictions, or when NNLO effects are large. Paramount examples of these 2
situations are Drell-Yan and (gluon-fusion-initiated) Higgs production, respectively. In these
cases, it is clearly desirable to include NNLO corrections into Monte Carlo programs, if one
wants to have a simulation tool which is flexible and accurate enough at the same time.
A NNLOPS simulation was achieved recently for Higgs production 5 . In this document the
theoretical ingredients (namely the POWHEG and MiNLO approaches) underlying this result are
quickly summarised, the method used to combine them is outlined, and selected results are
shown.

2
2.1

Higgs production at NNLOPS
POWHEG

The POWHEG method is a prescription to match NLO calculations with parton shower generators
avoiding double counting of real emissions and virtual corrections. In the POWHEG formalism, the
generation of the hardest emission is performed first, according to the distribution given by
dσ = B̄ (ΦB ) dΦB



 R (ΦR )
min
∆R pT
+
∆R (kT (ΦR )) dΦrad ,
B (ΦB )

(1)

where B (ΦB ) is the leading order term,


Z
B̄ (ΦB ) = B (ΦB ) + V (ΦB ) + dΦrad R (ΦR )

(2)

is the NLO differential cross section integrated on the radiation variables while keeping the Born
kinematics fixed (V h(ΦB ) and R (ΦR ) stand respectively
i for the virtual and the real corrections),
R
R(ΦR )
and ∆R (pT ) = exp − dΦrad B(ΦB ) θ (kT (ΦR ) − pT ) is the POWHEG Sudakov form factor. With
kT (ΦR ) we denote the transverse momentum of the emitted particle off a Born-like kinematics
ΦB . It can be shown that by showering the partonic events generated according to eq. (1), one
obtains NLOPS-accurate results, i.e. Sudakov suppression close to the soft-collinear regions, LO
accuracy in the regions where the POWHEG emission is widely-separated from the other coloured
particles in ΦB , and, crucially, NLO accuracy for inclusive observables.
From the NLOPS-matching point of view, the more challenging processes currently described
with this approach are 2 → 3 and 2 → 4 processes, with at most 2 light jets at LO 6,7,8,9,10 .
One should notice that when one or more jets are present at LO (as in the H + 1 jet case), the
B̄ function needs to be regulated from the divergences arising when jets in the LO kinematics
become unresolved 11 : as a consequence, a POWHEG simulation of H + 1 jet cannot be used to
describe Higgs production observables that are fully inclusive over QCD radiation.
2.2

MiNLO

The MiNLO procedure 12 was originally introduced as a prescription to a-priori choose the renormalisation (µR ) and factorisation (µF ) scales in multileg NLO computations: since these computations can probe kinematical regimes involving several different scales, the choice of µR and
µF is indeed ambiguous, and the MiNLO method addresses this issue by consistently including
CKKW-like corrections 13,14 into a standard NLO computation. By clustering with a kT -measure
the momenta of each phase-space point sampled, one can define the “most-probable” branching
history that would have produced such a kinematics: similarly to what is done in parton showers,
the argument of each power of αS is then found from the transverse momentum of the splitting
occurring at each nodal point of the skeleton built from clustering, and a prescription for µF
is given as well. The result is also corrected by means of Sudakov form factors (called MiNLOSudakov FF’s in the following) associated to internal lines, accounting for the large logarithms
that arise when the clustered event contains well separated scales.
Because of the presence of MiNLO-Sudakov FF’s associated to the Born-like kinematics, the
integration over the full phase space ΦB can be performed without generation cuts, yielding finite
results also when jets in the LO kinematics become unresolved. As a consequence, the MiNLO
procedure can be used within the POWHEG formalism to regulate the B̄ function for processes
involving jets at LO 12,15,16,17 , without using external cuts or variants thereof. In particular, in
the H + 1 jet case, the master formula for generating the hardest emission contains the following
MiNLO-improved B̄ function
B̄ HJ−MiNLO = αS2 (MH )αS (qT )∆2g (qT , MH )
Z
h
i
× B(1 − 2∆(1)
(q
,
M
))
+
α
V
(µ̄
)
+
α
dΦ
R
,
S
S
T
H
R
rad
g
to be contrasted with the normal POWHEG B̄ function, that would read for this process
Z
h
i
3
B̄ HJ = αS (µR ) B + αS V (µR ) + αS dΦrad R .

(3)

(4)

2
1/3
In eq. (3) qT and MH are the Higgs transverse momentum and virtuality,
n R 2µ̄R 2is set2 toh (MH qT )2
Q dq αS (q )
in accordance with the MiNLO prescription and ∆g (qT , Q) = exp − q2 q2 2π Ag log Qq2 +
T

Bg

io

is the MiNLO-Sudakov FF associated to the jet present at LO. The term in brackets
(1)

multiplying B contains ∆g (qT , Q), that is the O(αS ) expansion of ∆g .
In ref. 15 it was found that not only eq. (3) allows to integrate over the full phase space
associated with the “LO” jet, but also that, with relatively minor improvements, the result
so-obtained is formally NLO accurate also for fully-inclusive observables.
2.3

NNLOPS

The H + 1 jet POWHEG implementation enhanced with the improved MiNLO procedure previously
outlined can be used to reach NNLOPS accuracy. In fact, since such a simulation gives a
NLO-accurate prediction of the Higgs rapidity (y), then the function W (y), defined as
W (y) =

(dσ/dy)NNLO
,
(dσ/dy)HJ−MiNLO

(5)

can be used to reweight each HJ-MiNLO-generated event, thereby obtaining a NNLOPS simulation
of inclusive Higgs production. By NNLOPS we mean a fully-exclusive Monte Carlo simulation of
Higgs-production which is NNLO accurate for fully-inclusive observables, as well as LO (NLO)
accurate for H + 2(1) jet observables 15,5 . Since we are reweighting the events with W (y), the
Higgs rapidity is NNLO accurate by construction, whereas the NLO accuracy of the 1-jet region,
inherited from the underlying HJ-MiNLO simulation, is not spoilt, because the first non-controlled
terms in the whole simulation are O(αS5 ): this follows from the fact that W (y) = 1 + O(αS2 ), as
can be seen expanding numerator and denominator in eq. (5).
In ref. 5 the following generalisation of eq. (5) was used:
R
R B
δ(y − y(Φ))
dσNNLO δ(y − y(Φ)) − dσHJ−MiNLO
R A
W (y, pT ) = h(pT )
+ (1 − h(pT )) ,
(6)
dσHJ−MiNLO δ(y − y(Φ))
where we have split the HJ-MiNLO differential cross section among dσ A = dσ h(pT ) and dσ B =
(βmH )2
dσ (1 − h(pT )), with h(pT ) = (βm
. The profiling function h controls where the NLO-to)2 +p2
H

T

NNLO correction is spread: as 2nd argument of W the transverse momentum of the leading jet
was used, and we have chosen β = 1/2, which implies that the NNLO correcting factor W is
effectively applied in the region pT . mH /2.
2.4

Results

In our simulation, the central value for dσNNLO was obtained with Hnnlo 18,19 , setting µR =
µF = mH /2. We refer to ref. 5 for details on how scales were varied to obtain uncertainty bands.
A comparison between our NNLOPS simulation and Hnnlo is shown in fig. 1 (partonic
events were showered with Pythia 6 20 ): as expected, the NNLOPS simulation reproduces
extremely well the NNLO results for the Higgs rapidity both in the central value and in the
uncertainty band obtained by scale variation.
21,22 ,
Fig. 2 shows the Higgs transverse momentum pH
T . We compare our simulation with HqT
whose central value is obtained with Qres = mH /2 and µR = µF = mH /2. The HqT result
corresponds to a NNLL prediction for pH
T , matched to the fully inclusive cross section at NNLO.
Here we notice that the two results are almost completely contained within each other’s uncertainty band in the region of low-to-moderate transverse momenta. The central values at small
momenta also exhibit a very good agreement, supporting our choice for β. The difference in the
large-pT tail is not a reason of concern, and it is expected since the two predictions use different
scales at large pT , as explained in ref. 5 .
Finally, we also mention that a comparison among NNLOPS and NNLL+NNLO predictions
from JetVHeto 23 was successfully carried out for the jet veto efficiency, defined as the cross
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Figure 1 – Comparison of the NNLOPS (red) and Hnnlo (green) results for the Higgs fully inclusive rapidity
distribution. On the left (right) plot only the NNLOPS (Hnnlo) uncertainty is displayed. The lower left (right)
panel shows the ratio with respect to the NNLOPS (Hnnlo) prediction obtained with its central scale choice.
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Figure 2 – Comparison of the NNLOPS (red) with the NNLL+NNLO prediction of HqT (green) for the Higgs
transverse momentum. In HqT we keep the resummation scale Qres always fixed to mH /2 and vary µR and µF .
On the left (right), the NNLOPS (HqT) uncertainty band is shown. In the lower panel, the ratio to the NNLOPS
(HqT) central prediction is displayed.

section for producing the Higgs boson and no jets with transverse momentum greater than a given
value (pT,veto ), divided by the respective total inclusive cross section. The central predictions of
the two programs are never out of agreement by more than 5-6%, and the two sets of predictions
lie within each other’s error bands essentially everywhere over all values of pT,veto , as shown in
ref. 5 .
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We discuss the validity of the soft-virtual approximation and the threshold expansion for the
Higgs boson production cross-section at hadron colliders in perturbative QCD up to next-tonext-to-next-to-leading order (N3 LO).

1

Introduction

Studying the properties of the Higgs boson, which was recently discovered by the ATLAS and CMS
collaboration at the LHC 2 , demands high precision prediction for experimental results. Furthermore,
to be able to distinguish Standard Model (SM) physics from possible deviations a precise theoretical
knowledge of the predictions for the experimental outcome is vital. Soon the determination of the
strengths of the Higgs bosons interactions will be limited by insufficiently precise predictions.
The Higgs production cross-section at the LHC takes the form
σ=

XZ

dx1 dx2 fi (x1 ) fj (x2 ) σ̂ij (m2H , x1 x2 s) ,

(1)

ij

where σ̂ij are the partonic cross-sections for producing a Higgs boson from partons i and j, fi (x1 )
and fj (x2 ) are the corresponding parton distribution functions, and mH and s denote the mass of
the Higgs boson and the hadronic centre-of-mass energy, respectively. The largest contribution to the
partonic cross-section is given by the gluon-fusion production mode creating a Higgs boson via a top
quark loop that is formed via the interaction of two initial state gluons. The relatively light mass of
the Higgs boson allows for the calculation of this process in perturbative QCD in the infinite top-quark
mass limit. Currently, the gluon-fusion cross-section is known in this fixed order QCD approximation
up to next-to-next-to-leading order (NNLO) 6,5 and many additional corrections are available (see ref.3
for a comprehensive summary).
The largest perturbative uncertainty of the partonic cross-section originates from the missing nextto-next-to-next-to-leading order (N3 LO) QCD corrections to the gluon fusion production channel.
Recently the first term of a threshold expansion, of the N3 LO gluon fusion channel, was made public
in the letter 1 . The result presents a first milestone towards the missing piece and contains the
combination of new and previously existing results4 to the soft-virtual (SV) approximation.
To arrive at a reliable phenomenological prediction it is highly important to understand the limitation of the threshold expansion and draw conclusions about the necessity for further improvement
via the calculation of sub-leading terms or even the full, unexpanded cross-section. In this proceedings
we study this uncertainty in the case of the gluon fusion Higgs production cross-section at N3 LO. We
consider lower orders in perturbative QCD to study the convergence behaviour of the expansion for
the Higgs cross-section and inspect the impact of the ambiguity due to the truncation of the threshold
expansion. Furthermore, we demonstrate that the ambiguity for the SV approximation at N3 LO is
large.

2

Threshold Expansion for the Higgs boson cross-section

The probability distribution of a gluon occurring in a proton is steeply falling with its energy and
suggests the possibility of performing a fast converging threshold expansion of the gluon fusion Higgs
cross-section. Already at NNLO a threshold expansion was performed7 and was shown to be rapidly
converging towards the full result6 .
Here we study the strong coupling expansion of the heavy top effective theory. In this note we are
interested in the effect complementing existing lower order calculations with a threshold expansion at
Nn LO. The threshold approximations and expansions which we will discuss will always contain the
full (non-expanded) dependence on terms which enter the result at lower orders in the strong coupling
expansion. We will also include the full Nn LO dependence on renormalisation and factorisation scales
as well as the full dependence on those Nn LO corrections which are generated from higher order
corrections to the Wilson coefficient.
m2
Parametrising the expansion with the variable z = x1 xH2 s leads to a series of the partonic crosssection in (1 − z).
(0)

(1)

SV
[σ̂ij (s, z)]threshold = σij
+ (1 − z)0 σij + (1 − z)σij + . . . .

(2)

If a series expansion is truncated at a given finite order an unavoidable ambiguity is introduced due to
missing higher order terms. To study the impact of truncating the threshold expansion of the Higgs
boson cross-section we spuriously insert a function g(z) satisfying lim g(z) → 1 into eq. 1 such that
z→1

σ=

XZ
i,j

σ̂ij (s, z)
dx1 dx2 [fi (x1 ) fj (x2 )zg(z)]
zg(z)




.

(3)

threshold

For all choices of g(z)
the expansion truncated at O ((1 − z)n ) thus leads to formally equivalent results

n+1
up to O (1 − z)
.
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Figure 1 – Threshold approximation for the Higgs boson cross-section at 13 TeV at the LHC

In Fig.1(a) we show the Higgs boson cross-section up to NNLO and the NNLO term including only
the SV term as a function of the renormalisation and factorisation scale µ = µR = µF . The different
lines for the NNLO SV contribution correspond to different choices g(z) = {1, z, z 2 , z1 }, respectively.
We note that the variation among the different choices is sizeable and suggests a large impact of
sub-leading terms at NNLO. Of the selected choices g(z) = z represents the closest approximation to
the full result at NNLO. Analysing the first sub-leading term of the threshold expansion we find that
this choice correctly reproduces the coefficient of the logn (1 − z), where n is the largest appearing
power. We found similar behaviour when analysing the NLO term.
In Fig.1(b) we show the NNLO threshold approximation up to various orders in the expansion
for the choice g(z) = 1 as a function of µ. One can clearly see that the first and second term suffer

from a large discrepancy compared to the full result. Furthermore, we observe that the quality of the
expansion is rather independent of the chosen scale µ. We found similar behaviour for other choices
of g(z).
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Figure 2 – Percent difference of the threshold expansion to the full Higgs boson cross-section at NLO and NNLO at 13
TeV at the LHC evaluated at µ = m2H as a function of the order where the series is truncated. Different lines correspond
to different choices for the function g(z).

In Fig.2 we present the Higgs boson cross-section at NLO and NNLO evaluated at µ = m2H for the
same choices of g(z) as above as a function of the order where the threshold expansion is truncated.
We observe sizeable changes of the prediction comparing the first and second term for all our choices
of g. However the convergence pattern observed for different choices of g are rather different. Indeed
while for lower orders in the expansion, g = 1/z is the worst choice, it becomes the best when up to 5
or more terms are included. This is particularly true at NLO, where the other choices only reproduce
the full result within about 5%. The same effect, though much reduced in size, is also observed at
NNLO and is directly related to the fact that the choices g = z n , for n ≥ 0, introduce a further
damping of the gluon luminosity away from threshold, which is compensated by introducing a factor
1/z n+1 into the partonic cross section. This factor which increases the sensitivity to the high energy
regime is subsequently expanded around the threshold and its effect is therefore lost completely in the
SV and still to some extent when further terms in the threshold expansion are taken into account. At
NNLO it appears that the effect of this factor is much smaller than at NLO and we may expect this
to hold also at N3 LO.
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Figure 3 – The gluon-fusion cross-section at 13 TeV at the LHC as a function of µ = µR = µF up to LO (black), NLO
(red), NNLO (green) and soft-virtual N3 LO (blue). The N3 LO SV approximation is modified with different functions
g(z).

In Fig.3 we present the SV Higgs cross-section at N3 LO for the same choices of g(z) as a function
of µ. Again the various choices lead to drastically different predictions for the Higgs boson cross-

section. We observe that the hierarchy of the lines is changed compared to lower orders. The choices
g(z) = { z1 , 1, z} at m2H are in agreement with the scale uncertainty at NNLO. The large spread of the
different choices suggests the possibility for large corrections due to sub-leading terms at N3 LO. Given
the experience at lower orders we expect that only a few sub-leading terms in the threshold expansion
are required to obtain a significant improvement to an approximation of the N3 LO cross-section and
consequently to the predictions for LHC observables.
3

Conclusion

The rapidly increasing experimental precision of Higgs cross-section measurements raises an urgent
demand for the improvement of the theoretical prediction for the inclusive Higgs boson cross-section
at the LHC. With the recent publication of the first term in the threshold expansion of the N3 LO
gluon-fusion QCD cross-section an important step in this direction was taken. In this proceedings
we have analysed the quality of the threshold expansion. We find that the expansion is converging
fast at lower orders in QCD perturbation theory and expect to find similar behaviour at N3 LO. We
studied the uncertainty introduced due to the truncation of the threshold expansion at NLO, NNLO
and N3 LO and conclude that at least several terms in the expansion are necessary in order to infer
reliable predictions for LHC measurements and improve upon the current status. We conclude that
the calculation of further terms in the threshold expansion and even the full Higgs boson cross-section
at N3 LO is highly desirable.
4
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THE HIGGS BOSON AND QUARK COMPOSITENESS
M. E. DE SOUZA
Departamento de Fisica, Av. Marechal Rondon, s/n
Jardim Rosa Elze, São Cristovão, SE, Brazil

Considering that each quark is composed of two prequarks it is shown that the recently
found Higgs boson belongs to a triplet of neutral bosons, and that there are two quadruplets of
charged Higgs-like bosons. The quantum numbers of these bosons are calculated and shown to
be associated to a new kind of hypercharge directly linked to quark compositeness. Particularly,
the quantum number of the recently found Higgs boson is identified. A chart for quark decays
via virtual Higgs-like bosons is proposed. Justifications for quark compositeness are presented.
1

Introduction

The ATLAS 1,2 and CMS 3 collaborations have reported the remarkable discovery of a narrow
resonance with a mass of about 126 GeV, resembling the long-sought Higgs boson predicted by
the Standard Model (SM). This discovery was supported by data from the Tevatron 4 . At the
Rencontres de Moriond 2014 ATLAS and CMS reported recent analyses on the Higgs boson that
agree, in general, with SM predictions. In particular, the Higgs boson spin has been found to
be zero. But, its parity continues to be an open issue because it became clear at this conference
that the determined even parity for the Higgs boson is model dependent with respect to parity
conservation. On the other hand, the BaBar collaboration has reported discrepancies with the
SM at the 3.4σ level that points towards the direction of charged Higgs-like bosons 5 .
2

The quark compositeness model

Taking as starting point the distributions of electrical charges in the nucleons, as found by
Hofstadter 6 , de Souza 7,8 has proposed a compositeness model for quarks in which each quark
is composed of two prequarks, called primons. Hofstadter found that the nucleons have similar
central cores with a radius of about 0.2 fm as well and outer shells with radii of about 0.7
fm. According to the quark compositeness model the 6 quarks are formed by pairs of different
primons from the set of 4 primons p1 , p2 , p3 , p4 , as u = p1 p2 , d = p2 p3 , s = p2 p4 , c = p1 p3 ,
b = p3 p4 and t = p1 p4 . The eletrical charges are given by: +5/6e for p1 and −1/6e for the other
primons. Each primon is a fermion but with Sz = ±1/4 h̄ in order to obtain Sz = ±1/2 h̄ for
quarks. As to isospin p1 has I3 = +1/4 , and p2 , p3 , p4 have each I3 equal to +1/2 or −1/2
8 . From modified Gell-Mann and Nishijima relations it is found that a new quantum number
Σ3 is associated to primons 8 , and as a consequence, also to quarks, according to Table 1 below.
The values of Σ3 for antiquarks are obtained from those displayed in Table 1 by just multiplying
them by −1. Since Σ3 is associated to primons and quarks, it is expected that leptons (and
antileptons) and the bosons γ, Z 0 , Z̄ 0 , W + and W − should have Σ3 = 0.

Table 1: The quantum numbers Σ3 and I3 for quarks.

c,t
u
d
s,b

I3
0
+1/2
-1/2
0

Σ3
+1
0
0
-1

Table 2: The quantum numbers for the Higgs-like bosons H 0 , H + , and H − .

H0
H +, H −

Σ3
0, ±1
±1, ±2

Spin
0
0

It is important to notice that the Cabbibo factors of the specific weak decays of all hadrons
are directly related to the values of ∆Σ3 for each respective decay 9 . This compositeness model
solves a large number of problems in Particle Physics 8 such as the so-called proton spin. The
model agrees also with G. Miller analysis 10 of the charge density in the center of the neutron
since he found a total charge of −1/3e inside its central positive core. The central hard core with
a radius of about 0.2 fm has also been seen by many experiments at CERN and Fermilab along
the years, and recently by the TOTEM collaboration at 7 TeV 11,12 and 8 TeV 13 . Therefore,
the core is extremely tightly bound, and thus, if it were composed of valence quarks it would be
incompatible with asymptotic freedom.
It is also important to observe that the current views for the proton as being composed
of a hard core of valence quarks surrounded by either a pion cloud or a sea of q q̄ pairs are
incompatible with Hofstadter 6 results since according to his findings the hard core has a total
charge of +1/2e and not +1e. It is worth recalling that charges do not appear in Bjorken scaling
structure functions 14 . We should have in mind that at high q 2 the de Broglie wavelength h/q
is very small and, thus, we probe the 3 inner prequarks and identify them as being 3 valence
quarks due to the lack of identification of their charges.
3

The Higgs-like bosons quantum numbers

Taking into account the charges of primons, the composition of quark flavors above and the Σ3
assignements for primons 8 , the Higgs-like bosons quantum numbers are determined as displayed
in Table 2. As it is discussed in reference 8 the mass of each quark is generated by the interaction
between each pair of primons (forming a quark) via a Higgs-like boson. Thus, H ± (±2) generate
the u quark mass, and H ± (±1) generate the masses of quarks c and t. The masses of quarks s
and b are generated by H 0 (±1) and H 0 (0) generates the mass of quark d. Since the Sz values
for the two primons composing each quark have to be equal to +1/4 h̄ and +1/4 h̄ or −1/4 h̄
and −1/4 h̄, the Higgs-like boson spin has to be equal to zero.
4

The quantum number of the recently found Higgs boson

The recently found boson decays into many particles. The decays H 0 → bb̄ 15 , H 0 → τ τ̄ 16 ,
H 0 → W + W − 17 , H 0 → Z 0 Z̄ 0 18 , and H 0 → γγ 1,2,3 have been reported. In terms of Σ3
values the right side for these decays are +1 + (−1) for the decay H 0 → bb̄, and 0 + 0 for the

Figure 1 – Quark decays via virtual Higgs-like bosons

other decays. This means that the found Higgs boson is, actually, the Higgs-like boson H 0 with
Σ3 = 0, that is, it is the boson H 0 (0). Because H 0 (0) is a neutral boson with spin zero it
resembles the SM Higgs boson, but it is not.
5

The search for the charged Higgs-like bosons

The bosons H + and H − as well as the bosons H 0 (+1) and H 0 (−1) can be found from weak
decays of heavy mesons such as the decay B̄ → D(∗) τ − ν̄τ analysed by the BaBar collaboration.
BaBar has reported an excess that points in the direction of charged Higgs-like bosons 5 . All
the weak decays B − → D0 τ − ν̄τ , B − → D∗0 τ − ν̄τ , B̄ 0 → D+ τ − ν̄τ and B̄ 0 → D∗+ τ − ν̄τ reported
by BaBar satisfy the selection rule ∆Σ3 = 2 9 . In terms of quarks and primons these decays
mean, respectively b → c + H − (−2) and p4 → p1 + H − (−2), where H − (−2) is a virtual particle.
Thus, in terms of Σ3 these decays mean −1 = +1 + (−2). Therefore, in these decays due to a
Σ3 current, there is the mediation of the Higgs-like boson H − (−2), and thus, these decays are
B → D + H − (−2).

(1)

In Fig. 1 all possible decays between quarks via virtual Higgs-like bosons are shown.
6

Estimating the values of Higgs-like bosons couplings in quarks

In the calculations below we assume about the same mass for all Higgs-like bosons, that is, we
use the same value for µ. This is reasonable because according to what was shown above, H 0 (0)
and H ± (±2) generate, respectively, the masses of d and u quarks, which are about 0.3 GeV.
−µr
We use mq c2 ∼ G e r where mq is the quark mass. For quarks u and d we take for r the value
between the two layers of primons from Hofstadter data, that is, r ∼ 0.5 fm, and we take µ from
the mass of the found Higgs boson, that is, µ ∼ 102 fm−1 . We obtain g = G/h̄c ∼ 1021 which is
an extremely high value and may be the reason behind quark confinement in the nucleons. For
quarks s, c, b and t we take for r their Compton wavelengths which are, respectively, λs ∼ 0.3
fm, λc ∼ 0.1 fm, λb ∼ 0.03 fm and λt ∼ 10−3 fm. Taking for their masses the respective values

mu c2 ∼ md c2 ∼ 0.3 GeV, ms c2 ∼ 0.5 GeV, mc c2 ∼ 1.5 GeV, mb c2 ∼ 4.5 GeV and mt c2 ∼ 170
GeV, and inserting these values into the above equation for mq we obtain the Yukawa couplings
gu ∼ gd ∼ 1021 , gs ∼ 1013 , gc ∼ 104 , gb ∼ 10, and gt ∼ 1.
7

Entanglement of prequarks, valence quarks and true quarks (constituent quarks)

The great success of the Standard Model is due to the large distance between the inner and
outer layers of 3 prequarks, so that QCD deals with the 3 outermost massless prequarks and
attributes to them the charges and masses of the 3 constituent quarks. This outer layer of 3
prequarks is not tightly bound according to Hofstadter results which is compatible with the idea
of asymptotic freedom. This means that the 3 quarks and the outer layer of 3 prequarks are
entangled. This way we can also understand why there is a mean coupling constant which is
the coupling constant found by QCD. And also due to constituent quarks, which are the true
quarks, the harmonic approximation is very good for describing baryon masses 19 and the radii of
baryons 20 . In these two references one finds the calculation of the masses and radii of almost all
baryons. This entanglement between prequarks and quarks mean that the null D0 collaboration
results on quark compositeness 21 as well as the most recent results from CMS 22 should refer,
actually, to prequarks (primons). That is, D0 and CMS have found that primons are pointlike.
8

Conclusion

We have presented a completely new view according to which the compositeness of quarks is
directly connected with the recently found Higgs boson and that it is, actually, just one of the
bosons of a triplet. It has been shown that there should also exist two quadruplets of charged
Higgs-like bosons. The quantum numbers of all these Higgs-like bosons are calculated. A chart
for the decays of quarks via virtual Higgs bosons is presented.
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Studies of Higgs Boson Properties in Future LHC Runs
Hideki Okawa
On behalf of the ATLAS and CMS Collaborations
Brookhaven National Laboratory, Upton, New York, USA
A Higgs boson has been discovered with the Run 1 data collected at the Large Hadron Collider
(LHC). Future LHC and High Luminosity LHC (HL-LHC) data will allow precise measurements of the Higgs couplings and searches for rare events and additional Higgs bosons in the
high mass region. Measurements of the Higgs pair-production and self-coupling are also of
great importance. With these precision measurements, underlying physics beyond the Standard Model could be discovered.

1

Introduction

The ATLAS 1 and CMS 2 experiments at the Large Hadron Collider (LHC) 3 at CERN have
discovered a Higgs boson 4,5 in 2012, and future data are awaited to further understand the
property of the Higgs boson and to search for physics beyond the Standard Model (BSM).
The LHC is currently in the first Long Shutdown (LS1), and machine commissioning for the
next run of data-taking will start in early 2015. Collisions will resume with an initial bunch
spacing of 50 ns, changing to 25 ns soon after, at the center of mass energy of 13 TeV and
eventually 14 TeV. The expected luminosity between 2015 to 2018 is about 1.6 × 1034 cm−2 s−1 ,
surpassing the initial design luminosity of 1 × 1034 cm−2 s−1 , and the ATLAS and CMS detectors
are expected to each collect about 75 to 100 fb−1 of proton-proton collision data. The LHC
injector will be upgraded during the second Long Shutdown (LS2), and the luminosity will
increase to about 2 × 1034 cm−2 s−1 , resulting in about 300 fb−1 of data by 2022. During the
third Long Shutdown (LS3), the upgrade will be done for the High Luminosity LHC (HL-LHC),
and the luminosity will be enhanced to about 5 × 1034 cm−2 s−1 , which is five times higher than
the initial LHC design. About 3000 fb−1 of data will be collected with a decade of HL-LHC
operation.
The upcoming dataset will allow precision measurements of the Higgs couplings and searches
for BSM productions and decays (e.g. invisible) of the Higgs boson, CP-violation in the Higgssector, and additional Higgs bosons. These studies are summarized in these proceedings. The
pair production of Higgs bosons and their self-coupling could also be measured with the HL-LHC.
2

Projections with Future LHC

Integrated luminosities of 300 fb−1 and 3000 fb−1 are considered as benchmarks for the 14
TeV LHC and HL-LHC studies. The average number of proton-proton interactions per bunch
crossing over the data taking period is assumed to be 60 and 140 for the two scenarios.
For the ATLAS studies, dedicated Monte Carlo (MC) samples at the generator level are
used with response functions applied to consider the expected detector and object performance
for the benchmark conditions 6,7 . Full simulation is used to extract response functions for jets
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ng Higgs couplings, it is important to determine the spin and quantum numbers
8 , where for the first
Regarding
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Some uncertainties for data-driven background estimates (e.g. in the ZH → `+ `− +invisible
analysis) are⇣scaled with the square root of the integrated luminosity. ⌘
⇤(1)
⇤(1)
A( H ! ZZ ) = v 1 a1 m2Z e1⇤ e2⇤ + a2 f µn f ⇤(2),µn + a3 f µn f˜⇤(2),µn .
(2)
3

Precision Measurements of the Higgs Boson

With 3000 fb−1 of HL-LHC data, the H → ZZ (∗) → 4` channel provides clean signatures for
all the production modes: gluon-gluon fusion, vector boson fusion, V H and tt̄H. Such a large
dataset also allows to observe more than 100 signal events from the tt̄H, H → γγ 9,10 , which is
sensitive to the top Yukawa coupling from both the production and the decay patterns. The
HL-LHC data also provides sensitivities to the SM rare decays such as H → µ+ µ− , which could
be observed with 7σ significance. The expected significance for H → Zγ with 3000 fb−1 is 2.1σ.

The signal strength of the main channels, H → γγ, H → ZZ (∗) , H → W ± W (∗)∓ , H →
H → bb̄ could be measured by each experiment to an accuracy of about 5% (10%) without
(with) theory uncertainties. Assuming the SM value for the total width of the Higgs boson, the
Higgs couplings can be extracted from the measured σ × BR to the similar accuracy, namely
about 2–4% (4–10%) without (with) theory uncertainties, as shown in Figure 1. Measuring
the couplings with such a high precision is very important, because in many BSM models, the
couplings deviate from the SM expectation by 6–10% 11 .
τ +τ −,

4
4.1

Searches for BSM Decays
Invisible Higgs Decay

As the best upper limit on the total decay width of the Higgs boson is still several times larger
than the SM expectation 12 , the presence of BSM decays of the Higgs boson cannot be excluded.
An invisible decay of the Higgs boson to weakly interacting particles such as dark matter is
a promising scenario. The constraint on such a BSM decay could be provided by both direct
searches and coupling measurements. With the HL-LHC data, the upper limit on BR(H →
inv.) is expected to reach below 10% from each of the direct and indirect searches, starting to
cover interesting regions of phase space for various BSM models, such as supersymmetry.
4.2

Top-quark Decays to Higgs Boson

The tt̄ process provides opportunities to search for flavor-changing neutral currents in topquark decays. With the presence of BSM physics, BR(t → cH) could significantly be enhanced
from the SM value of 3 ×10−15 . In such a final state, the invariant masses of γγ, γγj and
W (→ lν, jj)j offer clean signatures to search for the rare process 13 . The expected limit reaches
BR(t → cH)=1.2–1.4×10−4 with 3000 fb−1 .
5

CP-Mixing due to Multiple Higgs Bosons

The presence of multiple Higgs bosons and CP-violation can lead to the 125 GeV Higgs boson
to be an admixture of a CP-scalar and -pseudoscalar states. Such an admixture provides a
new source of CP-violation beyond the SM. The most precise test could be performed with the
H → ZZ (∗) → 4` final state. ATLAS uses eight-dimensional kinematic fits to extract couplings
of the CP-even and CP-odd components, whereas CMS adopts the Matrix Element likelihood
approach. The ATLAS and CMS experiments are expected to obtain upper limits on the fraction
of the CP-odd contributions fa3 of 0.15 (0.037) and 0.13 (0.04) respectively 8,14 with 300 (3000)
fb−1 .
6

BSM Heavy Higgs Bosons

Two scenarios are investigated for the heavy Higgs bosons: (1) additional electroweak (EW)
singlet case and (2) Two Higgs Doublet Model (2HDM).
The first scenario considers the presence of an additional singlet with mass mH , which
couples to the bosons and fermions as the SM Higgs boson. Coupling strength is reduced by a
set of common scale factors (κh , κH ) for the SM Higgs boson (denoted as “h”) and the heavy
Higgs boson (“H”). There is a unitarity constraint between the scale factors: κ2h + κ2H = 1.
The second scenario considers the case where the SM Higgs sector is extended by another
doublet. The 2HDM is a generic model with six parameters: four Higgs boson (h, H, A, H ± :
CP-even, CP-even, CP-odd, charged) masses, tan β, and the mixing angle α of h and H. Four
model types are considered, and Type-II includes the minimal supersymmetric standard model
(MSSM).
6.1

Coupling Studies for Additional Higgs bosons

The coupling measurements from the H → γγ, ZZ (∗) → 4`, W ± W (∗)∓ → `± ν`∓ ν, τ + τ − , Zγ,
µ+ µ− channels can be used to constrain the contributions from BSM physics 15 . The scale factor
for another EW singlet could be excluded at the level of κH < 0.35 (0.31) with 300 fb−1 and
κH < 0.31 (0.25) with 3000 fb−1 with (without) the theory uncertainties. Figure 2 (left) 16 shows
the expected exclusion of the Type-II 2HDM in the plane of cos(β − α) and tan β.

tan

4
3.5
3

Expected 95% CL Limit
ATLAS
on 2HDM Type II
s = 14
Ldt = 300 fb-1: All unc.
Ldt = 300 fb-1: No theory unc.
Ldt = 3000 fb-1: All unc.
Ldt = 3000 fb-1: No theory unc.

Simulation Preliminary
TeV

2.5
2
1.5
1
0.5
-0.08 -0.06 -0.04 -0.02

0

0.02 0.04 0.06 0.08
cos( - )

Figure 2 – The expected exclusions of the Type-II 2HDM in the plane of tan β and cos(β − α) using the coupling
measurements in ATLAS (left) 15 , and direct search in the H → ZZ (∗) → 4` channel in CMS (right) 17 .

6.2

Direct Searches for Additional Higgs Bosons

The decay patterns of the heavy Higgs bosons depend highly on tan β and their masses. Thus,
it is important that various search channels are investigated in parallel. The H → ZZ (∗) → 4`
and A → Zh → `+ `− bb̄ are examples of promising channels for low tan β cases and provide
complementary sensitivities to the coupling studies as shown in Figure 2 (right) 17 .
7

Conclusions

Future LHC and HL-LHC data will allow precise measurements of the Higgs couplings. A deviation from the SM expectation would indicate the presence of physics beyond the SM. Searches for
rare events and for additional Higgs bosons in the high mass region could be possible. Measurements of the Higgs pair-production and self-coupling are also of great importance. With these
precision measurements, underlying physics beyond the Standard Model could be discovered.
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Heavy Flavour

RECENT HEAVY FLAVOR RESULTS FROM THE TEVATRON
R. VAN KOOTEN
Department of Physics, Swain West 117, Indiana University,
Bloomington, IN 47405, U.S.A.

Recent results from the CDF and DØ Collaborations are presented on the topic of heavy
flavor from Run II operating at the pp̄ Tevatron Collider. Heavy flavor spectroscopy results
are reviewed: orbitally and radially excited states of the B 0 and Bs0 mesons, properties of
b-flavored baryons, and a search for the X(4140) meson. Results testing for CP violation in
mixing and decay of B mesons via measuring the dimuon CP -violating charge asymmetry, as
well as a measurement of direct CP asymmetry in Ds± → φπ ± decays are presented.

1

Heavy Flavor Spectroscopy and Properties of States

Heavy flavor spectroscopy is interesting to study because heavy quark hadrons can be considered
the “hydrogen atom” of QCD, and b hadrons offer the heaviest quarks in bound systems. As
shown in Fig. 1(a), in the framework of Heavy Quark Effective Theory (HQET), a b hadron can
be roughly described by the heavier b quark being analogous to the nucleus of the atom, with
lighter u, d or s quarks orbiting the nucleus similar to the electrons of an atom, but surrounded
by a complicated, strongly interacting cloud of light quarks, antiquarks, and gluons sometimes
referred to as “brown muck 1 . Studies of these states provide very sensitive tests of potential
models, HQET, and all regimes of QCD in general, including lattice gauge calculations, potential
models, QCD string, etc.
The Tevatron has the capability of producing heavier states not accessible at the B factories
running at the Υ(4S), i.e., the heavy B mesons: Bs0 (b̄s, the ground state with the spins of the
quarks anti-aligned), Bs∗ (b̄s, with the spins of the quarks aligned), Bc (b̄c, the ground state),
B ∗∗ (b̄d, with the quarks having relative orbital angular momentum), and Bs∗∗ (b̄s, with the
(∗)±
quarks having relative orbital angular momentum); and the heavy b baryons: Λ0b (bud), Σb
(buu and bdd), Ξb (bsd), and Ωb (bss).
1.1

Spectroscopy of Excited B Mesons

In the heavy-quark limit, the spin of the heavy quark decouples from the light degrees of freedom
and the heavy and light systems can be considered separately. Given the approximation within
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Figure 1 – (a,b) Atomic analogies of HQET and (c) spectroscopy of orbitally excited B meson states.
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HQET that the heavy quark is at rest in the frame of the hadron, we can describe the heavy
quark through the assignment of a spin quantum number, ~sQ . The light degrees of freedom
which, following the simple hydrogen atom model of HQET, can be thought of as orbiting the
~ where sq and L are the spin and
heavy quark are assigned a total angular momentum ~jq = ~sq + L,
orbital angular momentum of the light degrees of freedom. Finally the total angular momentum
is given by J~ = ~sQ + ~jq .
B ∗∗ and Bs∗∗ mesons (also denoted BJ and BsJ , respectively) are composed of a heavy b
quark and a lighter down or strange quark in a L = 1 state of orbital momentum, with four
possible states in each case as shown in Fig. 1(c). The mass splittings are analogous to the fine
and hyperfine splittings in hydrogen.
CDF has updated their measurements of the narrow D-wave orbitally excited states 2 . The
0/±
B
ground state is reconstructed in seven different final states and then a π or K meson
added to reconstruct B ∗∗ → B (∗) π and Bs∗∗ → B 0(∗) K 0 as well as → B + K − and then applying
an artificial neural net to enhance the signal. The specific signal peaks for Bs∗∗ are shown in
Fig. 2(a). Note that in the case of having a B ∗ → Bγ in the decay chain, a second mass peak
appears shifted down by MB ∗ − MB = 46 MeV.
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Figure 2 – CDF signal peaks for excited B and Bs meson states. Adapted from original. 2

When done for B ∗∗ , the usual orbitally excited BJ states appear as shown in Fig. 2(b),
plus a peak appears at higher masses identified in both the B 0 + π and B ± + π combinations
with a combined significance of 4.4σ. From extrapolations of D∗∗ and theory 3 , these states are
consistent with a radial excitation 2(3 S1 ) of the ground state B and are the first evidence of

these new states. Masses, widths, and relative production rates are updated. The properties of
the orbitally excited and the new B(5970)0/± states are compatible with isospin symmetry and
a number of predictions of models as summarized in Fig. 3.

Figure 3 – Summary of CDF mass measurements 4 of excited states compared to various models.

1.2

c and b-Flavored Baryons

In a continued analogy with atomic systems, baryons containing a b quark can be approximated
as a heavy quark filling in for the nucleus orbited by a light diquark. Examples of a L = 0 system
would then be the J = 1/2 Λb with the qq spins anti-aligned and the J = 3/2 Σb with the light
quark spins aligned as shown in Fig. 1(b). Before Run 2 of the Tevatron, only the ground-state
Λb was identified, but the Tevatron has gone on to discover a host of new b baryons. With more
statistics, the properties of these states can be measured with more precision.
CDF has analyzed their full Run 2 dataset updating properties measured for these heavyflavor states 4 . Decays to J/ψ → µ+ µ− provide triggers without lifetime bias for measuring lifetimes, and states are reconstructed adding light baryons to the J/ψ in the final state:
J/ψ Λb /Ξb /Ωb → J/ψ + Λ/Ξ/Ω that are then compared to topologically similar reference modes
B + → J/ψK + and B 0 → J/ψK ∗0 /KS0 . Decays to c baryons are also investigated using a two−/0
0/+
track displaced hadron trigger that leads to lifetime biases. Decay chains Ξb
→ Ξc π −/+
and Ωb → Ω0c π + are reconstructed with the c baryons decaying to a corresponding light baryon
and π. The long charged decay lengths of the Ξ± and Ω± (cτ = 4.9 cm and 2.5 cm) allow special
track reconstruction in the silicon detector. Examples of signal samples are shown in Fig. 4
along with signal yield in bins of ct to determine lifetimes, e.g., for the Ξ−
b . Results are collated
in Table 1.
The Λb lifetime is closer to predictions than previous measurements, the lifetime measurements of the Ξ±
b and Ωb baryons are unique and limited by the statistics of the samples, and
0 −
the first measurement of the mode Ω−
b → Ωc π is established.
1.3

Search for X(4140)

The X(4140) resonance has been observed by a number of experimental collaborations, but
others have set limits on its production as described in a detailed review 5 . The standard quark
model does not predict a state at this mass, and its decay suggests a cc̄ quark content, but
its mass is above the open charm threshold leading to speculation that it could be a Ds -D̄s
molecule, a q q̄g hybrid, or a cc̄ss̄ tetraquark state.
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Table 1: Ξc and b-baryon mass and lifetime results. The first uncertainty listed is statistical and the second is
systematic.

Baryon
Ξ0c
Ξ+
c
Λb
Ξ−
b
Ξ0b
Ω−
b
M (Ξ0c ) − M (Ξ+
c )
0)
M (Ξ−
)
−
M
(Ξ
b
b

Mass (MeV/c2 )
2470.85 ± 0.24 ± 0.55
2468.00 ± 0.18 ± 0.51
5620.15 ± 0.31 ± 0.47
5793.4 ± 1.8 ± 0.7
5788.7 ± 4.3 ± 1.4
6047.5 ± 3.8 ± 0.6
2.85 ± 0.30 ± 0.04
4.7 ± 4.7 ± 0.7

Lifetime (ps)

1.565 ± 0.035 ± 0.020
1.36 ± 0.15 ± 0.02
1.66+0.53
−0.40

± 0.02

The DØ Collaboration has searched 6 for this state by reconstructing B + → J/ψφK + as
shown in Fig. 5(a). After adding decay length cuts and vetoing ψ(2S) states, a fit for the B +
yield is made in bins of M (J/ψ (φ →)K + K − ) to look for resonances in the J/ψφ combination.
As shown in Fig. 5(b), evidence for the X(4140) is observed at 3.1σ significance with a mass of
M = 4159.0±4.3±6.6 GeV and width Γ = 19.9±12.6+1.0
−8.0 MeV as well as measuring its branching
+
+
fraction compared to B → J/ψφK . This measurement adds additional information to the
puzzle of this state, including resonances at even higher masses in J/ψφ invariant mass.
2
2.1

Studies of CP Violation
Dimuon Charge Asymmetry

One of the few ways for direct physics to result in a pair of same-sign muons is when a neutral
B meson, i.e., Bd0 or Bs0 , directly decays semileptonically, while a neutral B meson from the
other produced b quark oscillates before decaying semileptonically. CP violation in mixing,
0 → B̄ 0 → µ− X) 6= Γ(B̄ 0 → B 0 → µ− X) can be explored by studying the
i.e., Γ(B(s)
(s)
(s)
(s)
semileptonic asymmetry Absl = Nb (µ+ µ+ ) − Nb (µ− µ− )/Sum by forming the raw asymmetry,
correcting for background asymmetries, and determining the fraction of muons from b quarks.
This asymmetry is a linear combination of the semileptonic charge asymmetries of Bd0 and Bs0 ,
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Figure 5 – (a) B + peak from B + → J/ψφK + decays, and (b) following further cuts, resonances in J/ψφ invariant
mass. Adapted from original 6 .

i.e., Ab = Cd adsl + Cs assl .
In a previous publication 7 , the DØ Collaboration measured Ab with a value representing
a 3.9σ deviation from the SM prediction. They have updated this analysis 8 using a larger
dataset, adding a more detailed study of the asymmetry dependence on the impact parameter
(IP), pT , and |η| of each muon, as well as including an additional CP-violating process to interpret
results 9 . The advantages of this analysis at the Tevatron is the pp̄ CP-invariant initial state,
in contrast to the pp LHC collider, and the DØ detector that regularly reversed the polarity of
its solenoidal and toroidal magnets helping to cancel/reduce many detector charge asymmetries.
Independent data samples are used to measure background and detector reconstruction charge
asymmetries, and the charge asymmetry of single muons, as a function of IP and corrected for
these effects shows no significant asymmetry, as expected. Measurements of the dimuon sample
(Fig. 6(a)) with the same corrections gives a result of ACP = (−0.235 ± 0.064 ± 0.055)% which
represents a 3.6σ deviation from the SM prediction of (−3.5 ± 0.8) × 10−4 . Since the fractional
mix of Bd0 and Bs0 is different in each (IP1 , IP2 ) bin, the semileptonic charge asymmetries can
be extracted as shown in Fig. 6(b) (solid and dashed lines), which deviates from the SM by
3.0σ. The results are consistent with independent DØ measurements of adsl and assl (bands
on plots) 10 , and the combination of all DØ results are also shown in Fig. 6(b). These are
the most precise measurement of these quantities so far from a single measurement, including
∆Γd /Γd = (+0.79 ± 1.15)%. This combination is still consistent with all other measurements,
and also stresses the importance of having more independent measurements of ∆Γd /Γd .
2.2

Test for Direct CP Violation in Charm Meson Decay

Direct CP violation can occur if tree and loop (penguin) diagrams interfere with different strong
and weak phases. However, no CP violation is expected in the decay Ds± → φπ ± since all
processes have the same weak phase so that an observation of CP violation would imply new
physics. It is also useful to test the assumption of no CP violation in direct charm decay used in
measurements of CP violation in Bs0 mixing and of production asymmetries of σ(Ds± ) measured
at the LHC.
Experimentally, the DØ Collaboration has measured 11 the raw asymmetry in total numbers
of Ds mesons of different charge signs, i.e., ADs = N (Ds+ ) − N (Ds− )/Sum, and applying corrections for detector and physics background asymmetries to find the CP asymmetry ACP . In
the reconstruction Ds± → φπ ± followed by φ → K + K − , the dominant kaon charge asymmetry
approximately cancels. A fit to yields in the sum and difference distributions as shown in Fig. 7
after corrections results in ACP = (−0.38 ± 0.26 ± 0.08)% that is consistent with zero and the
most precise measurement of this quantity to date.
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HEAVY FLAVOUR PRODUCTION AT ATLAS AND CMS
A.E. BARTON on behalf of the ATLAS and CMS Collaborations
Department of Physics, Lancaster University,
Lancaster, LA1 4YP, England
Recent measurements of open beauty and heavy quarkonium production, made by ATLAS
and CMS at the Large Hadron Collider, are presented and compared to theoretical predictions.

1

Introduction

Large amounts of data have been collected by the experiments at the LHC, allowing detailed
studies of heavy flavour production to be performed and setting new challenges to theories
such as perturbative QCD. This note presents an overview of recent results on open beauty and
quarkonium production from the ATLAS and CMS collaborations, obtained using data collected
√
√
at s = 7 TeV during 2011 and s = 8 TeV during 2012.
2

Open Beauty Production

ATLAS have measured the B + production cross section using 2.4 fb−1 of 2011 data 1 , extending
the pT reach up to 120 GeV. Figure 1 (left) shows the B + cross section as a function of pT .
Superimposed are the CMS measurement for pT < 30 GeV and the Fixed Order Next to Leading
Logarithm (FONLL) prediction 2 , both in good agreement with the ATLAS results. An updated
summary of the CMS measurements of the differential cross sections for beauty hadrons as a
function of the transverse momentum 3 of the hadrons is also shown in Figure 1 (right), indicating
sloping pT distributions for different specific B hadron species.

Figure 1 – The differential cross section for B + production as a function of pT (left) and rapidity (cen-

tre) measured by the ATLAS 1 collaboration, transverse momentum distribution of various B hadrons
measured by the CMS collaboration 3 (right)

Figure 2 (left) shows the B hadron production cross section, measured by ATLAS 4 , from
partially reconstructed final states, D∗ µ, with a comparison to Next-to-Leading Order (NLO)
predictions 5 . The shape of the distribution is reproduced reasonably well, but the cross section
is underestimated.

Figure 2 – The transverse momentum distributions of partially reconstructed B hadrons

4

(left), and

6

muons from heavy flavour decays (right), measured by the ATLAS collaboration

Studies of inclusive muons originating from heavy flavour decays performed by ATLAS 6
and CMS 7 show similar results. While at lower pT both NLO and FONLL perturbative QCD
(pQCD) calculations show reasonable agreement with data, at high pT (up to 100 GeV from
ATLAS), FONLL represents the experimental data more accurately, which can be seen in the
right-most plot in Figure 2.
3

Charmonium Production

ATLAS and CMS have accumulated huge statistics of J/ψ and ψ(2S) candidates decaying to
two muons, allowing them to perform a multitude of measurements. Both particles can be
produced either from initial hard interaction (“prompt”), or from long-lived B hadron decays
(“non-prompt”). Both cases include direct production, and the J/ψ includes feed-down from
excited states. The measured transverse decay length of the di-muon pair is used to separate
prompt from non-prompt decays.

Figure 3 – The non-prompt J/ψ production fraction 8 at central rapidities from ATLAS (a). The transverse

momentum distributions for non-prompt J/ψ (b) and ψ(2S) (c) production from CMS 10 . The non-prompt
ψ(2S) cross section as function of pT from ATLAS 9 (d)

The non-prompt fraction has been measured for J/ψ and ψ(2S) as a function of pT and
rapidity by ATLAS 8,9 and CMS 10 . The results, which can be seen in Figure 3 (a), show
good agreement with CDF 11 measurements at low pT . The non-prompt fraction of J/ψ starts
at ∼ 10% at low pT and central rapidity and slowly increases to a plateau at high pT , with
the height of the plateau decreasing with increasing rapidity. Figure 3 (b) shows the double

differential cross sections for non-prompt J/ψ. Figure 3 (c) and (d) shows non prompt ψ(2S)
assuming unpolarised production from CMS and ATLAS, respectively. They are in agreement,
given the uncertainties, with the FONLL calculations.
The theoretical models shown seem to poorer at describing prompt charmonium distributions
in general. NLO calculations in Colour Singlet Model (CSM) underestimate the data by a
large factor as illustrated in Figure 4 (left). Inclusion of next-to-next-to-leading order (NNLO)
contributions 12 (without feed-down from χc states) improves things significantly, but the pT
dependence is still steeper than that in data. The opposite is true for the Colour Evaporation
Model (CEM) 13 , which is not as steep as data. Non-relativistic QCD (NRQCD) calculations
based on Colour Octet Model 14 use data to constrain a multitude of model parameters and thus
tend to describe the measured 10 distributions reasonably well.

Figure 4 – The transverse momentum distributions for prompt J/ψ production measured by the ATLAS 8

(a) and CMS (b) collaborations, and prompt ψ(2S) production measured by the CMS (c) 10 and ATLAS
(d) 9 collaborations

CMS have studied the production of X(3872) via decays to J/ψπ + π − 15 . The prompt
X(3872) production cross section as is show in Figure 5 (right) shows that the NRQCD prediction
significantly exceeds the measured value, while the pT depedence is well described.

Figure 5 – The ratio of χc2 to χc1 production cross sections as a function of the J/ψ transverse momentum,

measured by the CMS 16 ((a) and (b)) and ATLAS 18 (c) collaborations. The prompt X(3872) production
cross section (d), measured by CMS 15

The ratio of prompt χc2 to χc1 cross sections as measured by CMS 16 is shown in Figure 5. The
kT factorisation prediction 17 agress in shape but overestimates by a factor ∼ 2 the measurement,
while NRQCD (with no specific prediction for the χc polarisations) is in reasonable agreement.
The ATLAS collaboration 18 has a similar analysis which can also be seen in Figure 5.
4

Bottomonium Production

CMS have released preliminary results 19 on the pT and rapidity dependence of the production
cross sections of Υ(1S), Υ(2S) and Υ(3S), which are in agreement with the previously published
ATLAS results 20 but extend the pT range up to 100 GeV (Figure 6). The production of a new
orbitally excited χb state first announced by ATLAS 21 implies that all three Υ states are subject

to feed-down from χb states. The comparison with theoretical models leads to conclusions similar
to the charmonium case; CSM, CEM 13 and Colour Octet Model 14 show reasonable agreement
with data but none describe the full range in entirety.

Figure 6 – transverse momentum distributions for Υ(1S) production measured by ATLAS (left) and CMS

(center); ratios of the production cross sections of Υ(2S) to Υ(1S) and Υ(3S) to Υ(1S), measured by
ATLAS 20 (right)
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MEASUREMENTS OF HEAVY FLAVOR PROPERTIES
AT ATLAS AND CMS
M. GALANTI
(for the ATLAS and CMS Collaborations)
Dipartimento di Fisica e Astronomia “G. Galilei”, via Marzolo 8,
I-35131 Padova, Italy
Measurements of heavy-flavor properties are an important part of the physics program of the
ATLAS and CMS experiments at LHC. In the past years, the two experiments have published
results in several different fields, such as rare decays, searches for new states, CP and P
violation, mass and lifetime measurements, and quarkonia polarization. In this note, some of
the most recent results from ATLAS and CMS are summarized.

1

Introduction

Measuring the properties of heavy-flavor particles has been one of the goals of the physics
program of the ATLAS 1 and CMS 2 experiments since the start of the proton-proton collisions
at LHC. This note reports some of the latest results published so far, covering several different
fields: the search for rare B decays and for exotic states with b and c quarks, CP and P violation,
and measuremens of lifetime, mass, and polarization of heavy quarkonia and baryons.
Besides their intrinsic importance, these measurements constitute a powerful test of the
Standard Model (SM) predictions, may be sensitive to new physics scenarios, and help validating
effective theories and phenomenological models.
Both ATLAS and CMS have collected 25 fb−1 of proton-proton collisions data during the
√
√
Run 1 of LHC, of which 5 fb−1 at s = 7 TeV in 2011 and 20 fb−1 at s = 8 TeV in 2012. The
full available samples have been used only for some of the results presented below, while most
of the measurements are based on the first 5 fb−1 of data. The analysis of 2012 data is ongoing,
thus updates to the current results and new measurements are to be expected in the next future.
2

Rare Decays

B hadron decays that are suppressed in the SM because they cannot proceed through leadingorder diagrams are important because they are a very sensitive probe to new physics effects.
Among these, a prominent role is played by the decays Bd,s → µ+ µ− , studied by both experiments. The observables are the two branching fractions, whose values are predicted by the SM
to be 3,4 BSM (Bd → µµ) = 1.07 ± 0.10 × 10−10 and BSM (Bs → µµ) = 3.56 ± 0.30 × 10−9 .
Both experiments used tight muon selections and a boosted decision tree (BDT) to discriminate the signal events from the combinatorial, semileptonic, and peaking backgrounds. In
order to reduce the systematic uncertainties, the branching fractions were found with respect
to the normalization channel B+ → J/ψ K+ , while the control channel Bs → J/ψ φ was used to
validate the simulation. ATLAS has analyzed only the first 5 fb−1 of data so far,5 finding the
upper limit B(Bs → µµ) < 1.5 (1.2) × 10−8 at 95% (90%) CL. CMS analyzed the full Run 1

data set 6 and used an unbinned maximum likelihood fit to find a 4.3σ evidence of the Bs → µµ
−9
decay, whose branching fraction was measured to be B(Bs → µµ) = 3.0+1.0
−0.9 × 10 . For the
decay Bd → µµ, an upper limit of B(Bd → µµ) < 1.1 × 10−9 at the 95% CL was determined.
The CMS results are shown in Fig. 1. The CMS and LHCb collaborations also published a
preliminary combination of their measurements,7,8 finding B(Bs → µµ) = 2.9 ± 0.7 × 10−9 with
−10 with less than 3σ significance.
more than 5σ significance and B(Bd → µµ) = 3.6+1.6
−1.4 × 10
Overall, the results are consistent with the SM predictions.
Another channel studied by ATLAS and CMS is the decay B0 → K∗0 µµ, sensitive to new
physics through the angular distributions of the decay products. The forward-backward muon
asymmetry AFB , the fraction of longitudinal polarization of the K∗0 FL , and the differential
branching fraction dB/dq 2 were measured,9,10 finding no significant deviations from the SM.
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Figure 1 – The S/(S + B) weighted mass distribution (left) and the nσ 2D likelihood profiles (right) of the
Bd,s → µ+ µ− measurement by CMS. The inserts in the right figure show the 1D likelihood profiles and the
corresponding significances.

3

Searches for New Resonances and Exotic States

Several searches for new heavy-flavour states were pursued by ATLAS and CMS during the
LHC Run 1. In 2012 ATLAS reported the first observation of the χb (3P) resonance 11 in the
decay modes χb (3P) → Υ(1S, 2S) γ. The mass of the new state was measured as M (χb (3P)) =
10.530±0.005(stat)±0.009(syst) GeV. Also in 2012, CMS published the first observation of a new
12
∗0
state interpreted as the Ξ∗0
b baryon, having an invariant mass M (Ξb ) = 5945.0 ± 0.7(stat) ±
0.3(syst) ± 2.7(PDG) MeV.
More recently, CMS searched 13 for new bottomonium states Xb decaying into Υ(1S)π + π − .
No evidence of signal was found and a 95% CL upper limit of 0.9 − 5.4% was set on the ratio
R = [σ(Xb ) × B(Xb → Υ(1S)π + π − )]/[σ(Υ(2S) × B(Υ(2S) → Υ(1S)π + π − )] in the full mass range
considered (10 < M (Xb ) < 11 GeV).
CMS also observed with a significance larger than 5σ a peaking structure in the J/ψ φ
mass spectrum in B+ → J/ψ φ K+ decays,14 , measuring its mass m1 = 4148.0 ± 2.4(stat) ±
6.3(syst) MeV and width Γ1 = 28+15
−11 (stat) ± 19(syst) MeV. Evidence for a second structure with
mass m2 = 4313.8 ± 5.3(stat) ± 7.3(syst) MeV and width Γ2 = 38+30
−15 (stat) ± 16(syst) MeV in the
same mass spectrum was also reported. The nature of these structures could not be determined
and is currently under study.
4

CP and P Violation Measurements

Among the CP violation studies carried out at LHC, an important role is played by the measurement of the weak phase φs in the decay Bs → J/ψ φ. This phase is due to the interference
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between the decay and the Bs − Bs mixing and is predicted to be φs ' −0.0368 ± 0.0018 rad by
the SM.15 The extraction of the φs value from data is done through a multi-dimensional fit of
the invariant mass and proper decay time of the Bs and of the angular distributions of the decay
products, and also benefits from the tagging of the Bs /Bs meson flavour at production. The fit
returns other physical parameters, among which are the mean Bs decay width Γs and the Bs −Bs
decay width difference ∆Γs . In 2013, ATLAS published a preliminary flavour-tagged result,16
updating an older analysis,17 which finds the values φs = 0.12 ± 0.25(stat) ± 0.11(syst) rad,
∆Γs = 0.053 ± 0.021(stat) ± 0.009(syst) ps−1 , and Γs = 0.677 ± 0.007(stat) ± 0.003(syst) ps−1 .
The ATLAS results, illustrated in Fig. 2, are compatible with the SM predictions. So far, CMS
has only published a preliminary measurement of ∆Γs and of the mean Bs lifetime τBs which
does not make use of flavour tagging,18 and finds ∆Γs = 0.048 ± 0.024(stat) ± 0.003(syst) ps−1
and τBs = 0.04580 ± 0.00059(stat) ± 0.00022(syst) cm. A flavour-tagged measurement of φs by
CMS is currently in progress and will be published in the next future.
ATLAS also performed a preliminary measurement 19 of the parity-violating decay asymmetry parameter αb for the decay Λ0b → J/ψ Λ0 . With a fit on the decay angles, the value
αb = 0.28 ± 0.16 ± 0.06 was found. This result is not consistent with the expectation from
pQCD 20 (αb = 0.14 ∼ 0.18) and HQET 21,22 (αb = 0.78) at a level of 2.5σ and 2.9σ respectively.
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Figure 2 – The projections over the Bs invariant mass (left) and the φT angular variable (center) of the fit used
by ATLAS to determine the phase φs in Bs → J/ψ φ decays, and the results in the φs − ∆Γs plane compared with
the SM predictions (right).

5

Lifetime, Mass, and Polarization Measurements

ATLAS 23 and CMS 24 measured the Λ0b lifetime by looking at Λ0b → J/ψ Λ0 decays and performing a simultaneous unbinned maximum likelihood fit on the Λ0b proper decay time and
mass. The projection of the ATLAS fit on the proper decay time is shown in the left pane
of Fig. 3. The two experiments measure τΛ0 , ATLAS = 1.449 ± 0.036(stat) ± 0.017(syst) ps and
b
τΛ0 , CMS = 1.503 ± 0.052(stat) ± 0.031(syst) ps, respectively. Both measurements agree with
b
the latest PDG average τΛ0 , PDG = 1.425 ± 0.032 ps.25 ATLAS uses the same fit to extract the
b
invariant mass of the Λ0b , MΛ0 , ATLAS = 5619.7 ± 0.7(stat) ± 1.1(syst) MeV, also in agreement
b
with PDG average (MΛ0 , PDG = 5619.4 ± 0.7 MeV).
b

CMS published in 2013 the polarization measurements of Υ(1S, 2S, 3S) 26 and of prompt J/ψ
and ψ(2S).27 The analyses were carried out in several transverse momentum and rapidity bins
of the Υ(nS) and ψ(nS). In addition, a pseudo-proper decay length fit was used in the ψ(nS)
case to find the prompt component. The frame-dependent polarizations λθ , λϕ , and λθϕ and the
frame-invariant parameter λ̃ were extracted in three different reference frames: center-of-mass
helicity (HX), perpendicular helicity (PX), and Collins-Soper (CS). For illustration purposes,
the Υ(3S) polarization parameter λθ in the HX frame is shown in the right pane of Fig. 3.

Candidates / 0.46 ps

In general, all polarizations were found very close to 0, excluding large polarizations in the
explored kinematical region. These results are in clear disagreement with the existing NLO
non-relativistic QCD (NRQCD) and NNLO* color-singlet model (CSM) results, and provide a
basis for improvements in the understanding of quarkonium production at hadron colliders.
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CP violation in the B system at LHCb
J.J. Saborido Silva
On behalf of the LHCb collaboration
Department of Particle Physics, University of Santiago de Compostela, Spain
A selection of recent LHCb results on CP violation in the B system is presented. These include
0
direct CP violation measurements in B 0 → φK ∗ (892)0 , B(s)
→ K ± π± , B ± → K ± π+ π− ,
±
± + −
±
±
B → K K K and B → φK decays; time-dependent CP violation measurements
in Bs0 → K + K − and B 0 → π + π − decays; determination of the flavour-specific CP violating asymmetry assl in Bs0 decays; and study of the mixing-induced CP violation in
Bs0 → J/ψK + K − and Bs0 → J/ψπ + π − decays.

1

Introduction.

A selection of recent LHCb1 measurements on CP violation and related results in the B system
is presented. Unless otherwise explicitly stated, all measurements reported here are based on the
analysis of a data sample corresponding to 1.0 fb−1 of integrated luminosity from pp collisions
√
at a centre-of-mass energy of s = 7 TeV. The inclusion of charge-conjugate decay modes is
implied throughout.
2

Direct CP violation.

Direct CP violation occurs when the decay rate of a B meson to a final state f differs from the
decay rate of the B antimeson to the CP -conjugate final state f¯. We start this section reporting
recent measurements in the B 0 → φK ∗ (892)0 decay, and continue with a summary of results on
CP -violating asymmetries in several two-body and three-body charmless B decays.
2.1

Polarization amplitudes and CP asymmetries in B 0 → φK ∗ (892)0 .

The measurement of observables related to CP violation in the decay B 0 → φK ∗ (892)0 , which
proceeds in the Standard Model (SM) mainly through a gluonic penguin, is a sensitive probe for
contributions from new physics in the loop. Since this decay involves two spin-1 vector mesons
(B → V V ), an angular analysis is needed to distinguish the three independent configurations of
the final-state spin vectors: a longitudinal component where in the B 0 rest frame both resonances
are polarized in their direction of motion, and two transverse components with collinear and
orthogonal polarizations.
The angular analysis reported in Ref.2 is performed in terms of three helicity angles (θ1 , θ2 , Φ),
where θ1 (θ2 ) is defined as the angle between the K + direction and the reverse of the B 0 direction
in the K ∗0 (φ) rest frame, and Φ is the angle between the decay planes of the φ and K ∗0 mesons
in the B 0 rest frame. To determine the polarization amplitudes, the B 0 and B̄ 0 decays are
combined. In addition to the three dominant vector-vector (P-wave) amplitudes, contributions
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Figure 1 – Background-subtracted data distributions for the helicity angles in B 0 → φK ∗ (892)0 decays with the
different fit components superimposed. The dashed-dotted blue line is the Kπ S-wave, the dashed-green line is
the KK S-Wave, the dotted purple line is the P-wave and solid red line is the overall fit.

where either the K + K − or the K + π − pair is produced in a spin-0 (S-wave) state are also taken
into account. Fig. 1 shows the background-subtracted data distributions for the helicity angles.
The measured polarization fractions area fL = 0.497 ± 0.019 ± 0.015, f⊥ = 0.221 ± 0.016 ±
0.013, fS (Kπ) = 0.143 ± 0.013 ± 0.012, and fS (KK) = 0.122 ± 0.013 ± 0.008. The results for the
P-wave polarization fractions are consistent with the presence of a large transverse component. A
significant S-wave contribution is also observed. For the CP asymmetries (ACP ) the flavour of the
decaying B 0 meson is determined by the charge of the kaon from the K ∗0 decay. Instrumental
and production asymmetries are corrected for using as a control channel the B 0 → J/ψK ∗0
decay, where ACP is assumed to be zero, therefore ACP (φK ∗0 ) − ACP (J/ψK ∗0 ) ≈ ACP (φK ∗0 ).
The final result is ACP (φK ∗0 ) = (+1.5 ± 3.2 ± 0.5)%, which is consistent with zero asymmetry,
in agreement with Babar3 and Belle4 results, but a factor two more precise.
2.2

CP violation in B → Kπ decays.

LHCb has performed the first measurement of CP violation in the Bs0 meson system5 . Direct
CP violation in Bs0 → K − π + decays is measured to be ACP (Bs0 → K − π + ) = 0.27 ± 0.04 ± 0.01,
with a significance exceeding five standard deviations. An improved determination of direct
CP violation in B 0 → K + π − decays is also performed, giving a value of ACP (B 0 → K + π − ) =
0.080 ± 0.007 ± 0.003, which is the most precise measurement of this quantity to date. These
results allow a stringent test of the validity of the relation between ACP (B 0 → K + π − ) and
ACP (Bs0 → K − π + ) in the SM based on arguments of approximate flavour symmetry6
∆=

ACP (B 0 → K + π − ) B(Bs0 → K − π + ) τd
+
= 0.
ACP (Bs0 → K − π + ) B(B 0 → K + π − ) τs

(1)

a
Unless otherwise stated, all results reported in this paper are quoted with the statistical uncertainty followed
by the systematic uncertainty.
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Figure 2 – Asymmetries of the number of events in bins of the Dalitz plot for B ± → π + π − π ± decays (left),
and invariant mass spectra in selected regions of large asymmetries. The inset figure shows the projection of the
number of events in bins of the m2π+ π− low variable for m2π+ π− high > 15 GeV2 /c4 .

Using CP -averaged branching fractions7 and the world averages for the B 0 and Bs0 mean lifetimes, the result obtained is ∆ = −0.02 ± 0.05 ± 0.04, where the first uncertainty is from the
measurements of the CP asymmetries and the second is from the input values of the branching
fractions and the lifetimes. No evidence for a deviation from zero of ∆ is observed with the
present precision.
2.3

CP violation in the phase space of three-body charmless B decays.

Inclusive charge asymmetries were measured in the three-body charmless decays B ± → K ± π + π −
and B ± → K ± K + K − . The results are8 ACP (B ± → K ± π + π − ) = 0.032 ± 0.008 ± 0.004 ±
0.007 (J/ψK ± ) and ACP (B ± → K ± K + K − ) = −0.043 ± 0.009 ± 0.003 ± 0.007 (J/ψK ± ), where
the third uncertainty is due to the CP asymmetry of the B ± → J/ψK ± reference mode9 .
The significance of ACP (B ± → K ± K + K − ) exceeds three standard deviations, yielding the first
evidence of an inclusive CP asymmetry in charmless three-body decays. Large CP asymmetries
are also observed in localized regions of the phase space outside resonances.
The analysis of the charmless decays B ± → K + K − π ± and B ± → π + π − π ± reported in Ref.10
determines the inclusive CP asymmetries to be ACP (B ± → K + K − π ± ) = −0.141±0.040±0.018±
0.007 (J/ψK ± ) and ACP (B ± → π + π − π ± ) = 0.117±0.021±0.009±0.007 (J/ψK ± ). The left plot
of Fig. 2 shows asymmetries in the number of events in bins of the Dalitz plot for B ± → π + π − π ±
decays. Large asymmetries are clearly visible in the localized region of phase space defined by
m2π+ π− high > 15 GeV2 /c4 and m2π+ π− low < 0.4 GeV2 /c4 . The regional asymmetry is measured
±
+ − ±
±
to be Areg
CP (B → π π π ) = 0.584 ± 0.082 ± 0.027 ± 0.007 (J/ψK ).
2.4

Charge asymmetry in B ± → φK ± and search for B ± → φπ ± decays.

The B ± → φK ± decay can only occur through loop diagrams in the SM, leading to a branching
fraction of the order of 10−5 . Because the dominant amplitudes have similar weak phases,
the CP -violating charge asymmetry ACP (B ± → φK ± ) is predicted to be very small in the
SM, around 1-2%. The measurement of a significantly larger value would signal interference
with an amplitude not described in the SM. We have just seen that large CP violation effects
are reported in some regions of the B ± → K + K − K ± phase space, but not around the φ
resonance. LHCb has measured11 the CP -violating charge asymmetry in B ± → φK ± decays to
be ACP (B ± → φK ± ) = 0.022 ± 0.021 ± 0.009. In addition, a search for the highly suppressed
B ± → φπ ± decay mode has been performed, using the B ± → φK ± decay rate for normalization.
An upper limit on the branching fraction B(B ± → φπ ± ) < 1.5 × 10−7 is set at a 90% confidence
level.
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Figure 3 – Time-dependent raw asymmetry for candidates in the signal mass window for Bs0 → K + K − decays
(left) and B 0 → π + π − decays (right).

2.5

Time-dependent CP violation in Bs0 → K + K − and B 0 → π + π − decays.

Assuming CP T invariance, the time-dependent CP asymmetry for neutral B mesons decaying
to a CP eigenstate f is given by
A(t) =

−Cf cos(∆md(s) t) + Sf sin(∆md(s) t)
cosh

 ∆Γ

d(s)

2



t − A∆Γ
f sinh

 ∆Γ

d(s)

2

,

(2)

t

where ∆md(s) = md(s),H −md(s),L and ∆Γd(s) = Γd(s),H −Γd(s),L are the mass and width differences
0 − B̄ 0 system mass eigenstates. The subscripts H and L denote the heaviest and
of the B(s)
(s)
lightest of these eigenstates, respectively. The terms Cf and Sf parameterize direct and mixinginduced CP violation, respectively.
In Ref.12 LHCb reported the first measurement of time-dependent CP violation in Bs0 →
K + K − decays. The results are CKK = 0.14 ± 0.11 ± 0.03 and SKK = 0.30 ± 0.12 ± 0.04. The
corresponding quantities are also determined for B 0 → π + π − decays to be Cππ = −0.38 ±
0.15 ± 0.02 and Sππ = −0.71 ± 0.13 ± 0.02, in good agreement with existing measurements. The
significances for (CKK , SKK ) and (Cππ , Sππ ) to differ from (0, 0) are determined to be 2.7σ and
5.6σ, respectively. The time-dependent raw asymmetries are shown in Fig. 3.

3
3.1

Mixing and mixing-induced CP violation.
Flavour-specific CP -violating asymmetry assl in Bs0 decays.

The CP -violating asymmetry in semileptonic Bs0 decays to a flavour-specific final state f is
∆Γ
given by assl = ∆M
tan φ12 , where the phase φ12 ≡ arg(−M12 /Γ12 ) is related to the off-diagonal
elements of the effective hamiltonian which describes the Bs0 -mixing, while ∆M and ∆Γ are the
mass and width differences of the mass eigenstates, respectively. The term “flavour-specific”
means that the final state is only reachable by the decay of a B meson, and consequently
reachable by a meson originally produced as a B̄ only through mixing.
LHCb has reported in Ref.13 the measurement of the asymmetry between Ds+ Xµ− ν̄ and
−
Ds Xµ+ ν decays, with X representing possible associated hadrons. The reconstructed final
states are Ds± µ± , with the Ds± particle decaying in the φπ ± mode. The Ds± µ± yields are summed
over Bs0 and B̄s0 initial states, and integrated with respect to decay time. Data-driven methods
are used to measure efficiency ratios. The result obtained for the CP -violating asymmetry
is assl = (−0.06 ± 0.50 ± 0.36)%, consistent with previous measurements and with the SM
prediction14 .
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Figure 4 – Left plot: two-dimensional profile likelihood in the (∆Γs , φs ) plane for the LHCb Bs0 → J/ψK + K −
dataset (left); the SM expectation of ∆Γs = 0.087 ± 0.021 ps−1 and φs = −0.036 ± 0.002 rad is shown in as a
black point with error bar. Right plot: distribution of m(π + π − ) for Bs0 → J/ψπ + π − candidates, with the fit
contributing components superimposed.

3.2

CP violation and ∆Γs with Bs0 → J/ψK + K − and Bs0 → J/ψπ + π − decays.

The interference between Bs0 meson decay amplitudes to CP eigenstates J/ψX, directly or via
mixing, gives rise to a measurable CP -violating phase φs . Ignoring subleading contributions, for
b → cc̄s transitions this phase is predicted to be −2βs in the SM, where βs = arg(−Vts Vtb∗ /Vcs Vcb∗ )
and the Vij are elements of the CKM matrix. There is a precise indirect determination of
this phase via global fits within the SM, which gives15 2βs = 0.0364 ± 0.0016 rad. Direct
measurements of φs are therefore of very high interest, since new particles could contribute to
the Bs0 − B̄s0 mixing box diagrams modifying the SM prediction.
LHCb has measured the time-dependent CP asymmetry in Bs0 → J/ψK + K − decays16 . The
decay time distribution is characterized by the decay widths ΓL and ΓH of the light and heavy
mass eigenstates of the Bs0 − B̄s0 system and by the CP -violating phase φs . The final state is
dominated by the contribution from Bs0 → J/ψφ decays. These parameters are measured to be
φs = 0.07±0.09±0.01 rad, Γs = 0.663±0.005±0.006 ps−1 and ∆Γs = ΓL −ΓH = 0.100±0.016±
0.003 ps−1 . These are the single most precise measurements to date. The left plot of Fig. 4 shows
the two-dimensional profile likelihood in the (∆Γs , φs ) plane. Furthermore, a combined analysis
with Bs0 → J/ψπ + π − decays gives φs = 0.01 ± 0.07 ± 0.01 rad, Γs = 0.661 ± 0.004 ± 0.006 ps−1
and ∆Γs = ΓL − ΓH = 0.106 ± 0.011 ± 0.007 ps−1 . All measurements are in agreement with SM
predictions.
3.3

Measurement of resonant and CP components in Bs0 → J/ψπ + π − decays.

The last result we are reporting in these proceedings is based on the analysis of the full LHCb
data sample collected in 2011 and 2012, which corresponds to 3 fb−1 of integrated luminosity.
These data are used in Ref.17 to study the resonant structure of the decay Bs0 → J/ψπ + π − . Five
interfering π + π − states are required to describe the decay: f0 (980), f0 (1500), f0 (1790), f2 (1270)
and f20 (1525). The right plot on Fig. 4 shows the contribution of each resonance as a function of
m(π + π − ). An alternative model including these states and a non-resonant J/ψπ + π − component
also provides a good description of the data. Based on the different transversity components
measured for the spin-2 intermediate states, the final state is found to be compatible with being
entirely CP -odd. The CP -even part is found to be < 2.3% at 95% confidence level.
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The LHCb experiment is ideally suited to the study of decays involving b quarks to fully
hadronic final states. In these proceedings I summarise the status of the LHCb γ combination
and present several recent analyses involving beauty baryon and meson decays.

1

Introduction

∗ /V V ∗ ) is the least well-known angle of the unitarity trianThe CKM angle γ = arg(−Vud Vub
cd cb
gle. It is also the only angle that can be measured through tree-level processes, allowing complementary measurements between tree- and penguin- level processes to test for new physics
contributions. At tree level γ is typically measured using decays of the form B ± → Dh ± with
h = K, π. As no single measurement is sufficiently sensitive to γ, combinations of several measurements are performed. LHCb has made two combined measurements of γ with the decays
B ± → DK ± , D → K0Shh 1 , B ± → Dh ± , D → KK, ππ, Kπ 2 and B ± → Dh ± , D → K3π 3 . The
first, published combination uses both B → DK and B → Dπ final states with 1 fb−1 4 . In this
analysis the effects of D0-D 0 mixing are taken into account 5 and the D → K3π strong phase 6
is included as an external input. The second, preliminary, result 7 uses the B ± → DK ± modes
only, but updates the D → K0Shh final state analysis to 3 fb−1 8 . The preliminary combination
finds γ = 67 ± 12◦ , which is comparable to the sensitivity obtained by the B-factories. The
remainder of these proceedings describe several analyses of beauty hadron decays to final states
including charmed mesons, a number of which can be used to further increase sensitivity to γ
in combination with those already used.

2

CP violation in B ± → D0{K0SKπ}h

LHCb has performed an ADS-like 3 analysis of the decays B ± → D0{K0SKπ}h with 3 fb−1 of
data collected during the 2011-2012 running period 9 . This is the first analysis of its kind to use
singly Cabibbo-suppressed modes. Extraction of γ is dependent upon knowledge of the D decay
strong phase, which varies over the Dalitz plane. Instead of employing an amplitude model to
describe this phase variation, direct measurements of the phase made by the CLEO collaboration
are used, which are averaged over large regions of the Dalitz plane 10 . Additionally there is a
dependence upon the coherence factor determined in the same paper: within 100 MeV of the
K∗(892) ± region the coherence factor is ∼ 1.0 while over the whole Dalitz plane it is closer to
∼ 0.7. As sensitivity to γ is dependent upon this factor, the analysis is performed for both of
the entire Dalitz plane and the restricted region. Candidates are selected using mass windows
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Figure 1: Significance contours in the γ − rB plane for (left) the whole Dalitz space and (right) the ± 100 MeV
region surrounding the K∗(892) ± resonance. While γ is unbounded in both instances, the sensitivity is larger in
the latter. The LHCb combined γ measurement is indicated.
on the ππ and K0SKπ combinations consistent with those of a K0S and D meson, respectively.
Candidate momenta are refit after applying mass constraints and the B ± is constrained to
have originated from the primary vertex. A multivariate selection is then performed, trained
on high-mass background candidates and simulated B ± → D0{K0Sh+ h− }h0 ± candidates, using
as discriminating inputs the impact parameter χ2 for daughter tracks, the B and D momenta,
track isolation and the χ2 of the refit. Prompt D backgrounds are suppressed using a > 0.2 ps
decay time requirement on the D candidate, and K-π mis-ID backgrounds are reduced using
particle ID information.
The B ± invariant mass is fit to in order to extract parameters sensitive to γ. Two background
distributions are modelled: A linear function is used to describe combinatoric backgrounds while
partially reconstructed backgrounds containing a genuine D candidate are determined from a
sample of the more abundant B ± → D{Kπ}h. For the B ± → D{Kπ}K sample a significant
additional background is present from π → K mis-ID. A simultaneous fit is performed in which
the dataset is split by the year in which the data were taken, the h = K, π final state, the charge
of the B ± candidate and the track types used to form the K0S: ’long’ candidates are those
whose tracks traverse the entire LHCb tracking system, while ’downstream’ candidates do not
have tracks in the Vertex Locator surrounding the PV. The simultaneous fit directly extracts
parameters sensitive to γ and the B decay strong phase, rB which are a function of the signal
yields. In total the fit finds ∼ 200 B ± → D0{K0SKπ}K and B ± → D0{K0SKπ}π candidates, of
which ∼ 120 and ∼ 1900 are within ± 100 MeV of the nominal K∗(892) ± mass respectively.
Figure 1 presents the sensitivity to γ, determined from a frequentist scan over the γ − rB
plane in which both statistical and systematic uncertainties have been accounted for. While γ
is unbounded at the current precision, the sensitivity to γ appears to be enhanced when only
using the K∗(892) ± region of the Dalitz plane.
3

Decays of Beauty baryons to D0ph, Λ+
c h and two charmed hadrons

The decays of beauty baryon decays are largely unexplored. The LHCb experiment is ideally
suited to measurements involving baryon decays to fully hadronic final states, and the decay
Λb → D0pK can be used to measure γ 11 . Two recent analyses are presented here, a study of
beauty baryon decays to D0ph and Λ+ch with 1 fb−1 12 and a study of beauty baryons decaying
into two charmed hadrons 13 using 3 fb−1 . In the first study, the common pKπh final state allows
many systematic uncertainties to cancel when measuring branching fraction ratios. Candidates
are selected using a kinematic fit which applies vertex and mass constraints resulting in a very
efficient selection, from which ∼ 50k Λb → D0pK− and ∼ 3400 Λb → Λ+cπ − candidates are obtained. The D0pK and D0pπ final states are subjected to an additional multivariate selection to
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Figure 2: Invariant mass distributions of Λ+cπ−, D0pπ− and D0pK− candidates. Fits are overlaid.
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Figure 3: Invariant mass distributions of Λ+cD−s and Λ+cD− candidates. A fit is overlaid
maximise signal significance, resulting in observation of Λb → D0pK− with 9.0σ significance, and
observation of Ξ0b → D0pK− with 5.9σ significance. Using the D0pK− spectrum shown in Figure 2
the Ξ0b-Λb mass difference is determined, which in combination with the LHCb measurement of
M(Λb) 14 makes the most precise measurement of the Ξ0b mass:
M (Ξ0b) − M (Λb) = 174.8 ± 2.4 (stat) ± 0.5 (syst) MeV/c2 ,
M (Ξ0b)

2

= 5794.3 ± 2.4(stat) ± 0.7(syst)MeV/c .

(1)
(2)

In the second study, beauty hadrons are selected from combinations two of D+s → K−K+π +,
and Λ+c → pK−π +, again using a kinematic fit with vertex and mass constraints
to improve the resolution of the beauty hadron mass. Charm hadron vertices are required to be
significantly displaced from the parent vertex in order to reduce contributions from non-charm
decays, and a data-driven multivariate selection is used to increase signal significance. The
decays Λb → Λ+cD− and Λb → Λ+cD−s are observed as indicated in Figure 3 and their branching
ratios are determined to be:

D+ → K−π +π +

B(Λb → Λ+cD−s ) = (1.1 ± 0.1) × 10−2 ,

(3)

B(Λb → Λ+cD−)

(4)

= (4.7 ± 0.6) × 10−4 .

In addition, B0s, B0 → D+sD− candidates are selected. The kinematic similarity between B0 → D−s D+
and Λb → Λ+cD−s is used to determine the Λb-B0 mass difference. The uncertainty of the track
momentum calibration which determined the mass resolution is less than 0.03%. In combination with the PDG 15 value of the B0 mass this allows LHCb to make the world’s most precise
measurement of the Λb mass:
M (Λb) − M (B 0) = 339.72 ± 0.24(stat) ± 0.18(syst)MeV/c2 ,
2

M (Λb) = 5619.3 ± 0.3MeV/c .

(5)
(6)

Lastly, a search is performed for B0, B0s → Λ+cΛ−c candidates. Regions centred around the
nominal beauty-meson masses with boundaries defined such that each region contains 95% of
the corresponding signal are determined using simulation, with Λ ±
c sidebands used to determine
the expected background contribution. No significant excesses are observed, and so branching
fraction limits 16 are determined to be:
B(B 0 → Λ+cΛ−c ) < 1.6 × 10−5 [95%CL],

B(B0s → Λ+cΛ−c ) < 8.0−5 [95%CL].

(7)
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Charm Mixing and CP Violation
M. Gersabeck on behalf of the LHCb collaboration
School of Physics and Astronomy, The University of Manchester,
Oxford Road, Manchester M13 9PL, UK
Charm mixing and CP violation offers a unique probe to the flavour dynamics of the sector
of up-type quarks. The LHCb experiment is a purpose-built heavy-flavour experiment and
recorded the world’s largest sample of charm decays. This work gives an overview of the
latest measurements including the first single-measurement observation of charm mixing, the
highest-precision CP asymmetry measurement in the charm sector and several searches for
direct CP violation in two-, three-, and four-body decays. The measurements are in agreement
with CP conservation at the current level of precision.

1

Introduction

Charm mixing represents the only oscillatory process of neutral mesons involving up-type quarks,
thus providing a unique probe to this sector. First evidence for mixing of charm mesons was
observed in 2007 by BaBar 1 and Belle 2 and later by CDF 3 . The mixing rate at the observed
level opens opportunities to search for mixing-related CP violation in charm mesons.
The mass eigenstates of the neutral charm meson system, |D1,2 i, with masses m1,2 and decay
0
widths Γ1,2 , can be expressed as linear combinations of the flavour eigenstates, |D0 i and |D i,
0
as |D1,2 i = p|D0 i ± q|D i with complex coefficients satisfying |p|2 + |q|2 = 1. This allows the
definition of the mixing parameters x ≡ 2(m2 − m1 )/(Γ1 + Γ2 ) and y ≡ (Γ2 − Γ1 )/(Γ1 + Γ2 ).
Non-conservation of CP symmetry enters as a deviation from unity of λf , defined as
λf ≡

q Āf¯
q Āf¯ iφ
=−
e ,
pAf
p Af

(1)

0
where Af (Āf¯) is the amplitude for a D0 (D ) meson decaying into a final state f (f¯), and φ is
the CP -violating relative phase between q/p and Āf¯/Af . Direct CP violation occurs when the
asymmetry Ad ≡ (|Af |2 − |Āf¯|2 )/(|Af |2 + |Āf¯|2 ) is different from zero. Indirect CP violation
comprises non-zero CP asymmetry in mixing, Am ≡ (|q/p|2 − |p/q|2 )/(|q/p|2 + |p/q|2 ) and CP
violation through a non-zero phase φ. The phase convention of φ is chosen such that, in the
0
limit of no CP violation, CP |D0 i = −|D i. In this convention CP conservation leads to φ = 0
and |D1 i being CP -odd.
In addition to neutral charm mesons, direct CP violation is also searched for in decays of
charged charm mesons as well as of charm baryons. First evidence for CP violation in decays
of D0 mesons 4 has not been confirmed. However, this measurement stimulated a detailed
theoretical discussion of the connections of CP violation in different charm decays. In general,
charm mesons pose a great challenge to theoretical calculations as they are significantly lighter
than beauty mesons, for which approaches like Heavy Quark Expansion (HQE) are known to

work well. On the other hand, for chiral perturbation theory, which is successfully used in the
kaon sector, the charm meson masses are to heavy. Nevertheless, it has been shown recently
that HQE may still yield reliable results for charm mesons 5 . Lattice QCD calculations may
also provide valuable theory input on the dynamics of the charm sector. While important
achievements have been made for ∆C = 2 processes 6 , an increased effort is needed to provide
∆C = 0 matrix elements.
2

Mixing and Indirect CP Violation

Mixing measurements of charm mesons exploit the smallness of the mixing parameters and are
therefore performed using a Taylor expansion of the decay-time evolution of the mixed system,
which is proportional to (x2 + y 2 )(t/τ )2 , where τ is the average D0 meson lifetime. The LHCb
collaboration has observed mixing for the first time in a single measurement using D0 decays to
a charged kaon and a charged pion. The decay D0 → K − π + (charge conjugates are implicitly
included unless stated otherwise) proceeds predominantly through a Cabibbo-favoured (CF)
tree-level decay (right-sign decay). The decay into the charge conjugate final state D0 → K + π −
can proceed either through a doubly Cabibbo-suppressed (DCS) decay or through a mixing
0
process of the D0 into D followed by a CF decay (wrong-sign decay). The relative decay-time
distribution of the wrong-sign to right-sign decays is given by
p
NWS (t)
t
x02 + y 02
R(t) ≡
≈ RD + RD y 0 +
NRS (t)
τ
4

 2
t

τ

,

(2)

where RD is the relative rate of DCS to CF decays, the last term is the mixing term described
above, and the term proportional to y 0 results from the interference of the two decay paths. The
primed mixing quantities are rotations of the (x, y) system by a strong phase difference, δKπ ,
between the CF and DCS amplitude.
The first single-measurement observation of charm mixing by LHCb was based on data
taken in 2011 7 and was followed by observations in the same channel by CDF 8 and recently
by Belle 9 . In the update with the full LHC run 1 dataset, which is equivalent to 3 fb−1 , the
LHCb collaboration has extended the measurement to a search for CP violation by separately
0
analysing D0 and D decays. The results show no indication for a non-zero CP asymmetry
either in the decay or in the mixing process:
+
= (3.545 ± 0.082 ± 0.048) × 10−3 ,
RD

−
= (3.591 ± 0.081 ± 0.048) × 10−3 ,
RD

y 0+ = (5.1 ± 1.2 ± 0.7) × 10−3 ,

y 0− = (4.5 ± 1.2 ± 0.7) × 10−3 ,

x02+ = (4.9 ± 6.0 ± 3.6) × 10−5 ,

x02− = (6.0 ± 5.8 ± 3.6) × 10−5 ,

(3)

0

where the superscript + (−) indicates the quantities measured with D0 (D ) decays, and where
the first uncertainty for each quantity is statistical and the second systematic. This measurement
provides tight constraints on |q/p|, particularly around φ = 0 due to the relations
x0± =

q
p

±1

(x0 cos φ ± y 0 sin φ),

y 0± =

q
p

±1

(y 0 cos φ ∓ x0 sin φ),

(4)

with |q/p| and φ as defined in Eq. 1.
A complementary search for CP violation is provided by the measurement of the observable
AΓ , which is measured through the decay-time dependence of D0 decays into CP eigenstates.
0
AΓ is defined as the asymmetry of the effective average lifetime of D0 and D decays into the
same CP eigenstate f
0

AΓ ≡

τ (D → f ) − τ (D0 → f )
0

τ (D → f ) +

τ (D0 →

f)

≈ (Am + Ad )y cos φ + x sin φ = −aind
CP + Ad y cos φ,

(5)

such that AΓ is nearly a pure measure of indirect CP violation with a small contribution of
direct CP violation 10 .
The latest LHCb measurement is based on data acquired in 2011 equivalent to an integrated
luminosity of 1.0 fb−1 . For the first time, the measurement is performed separately in the final
states K − K + and π − π + . Both results are in agreement with each other and with zero CP
asymmetry 11 .
AΓ (KK) = (−0.35 ± 0.62 ± 0.12) × 10−3
AΓ (ππ) = (0.33 ± 1.06 ± 0.14) × 10−3 .

(6)

The measurement of AΓ (KK) is the most precise charm CP asymmetry measurement to date.
The latest world average assuming no difference in AΓ between the final states is AΓ = (−0.014±
+0.11
0.052)% 12 . The world averages for the individual CP -violating parameters are |q/p| = 0.91−0.09
◦
and φ = (−10.8+10.5
−12.3 ) .
3

Direct CP Violation

The LHCb collaboration has carried out various searches for decay-time-integrated CP asymmetries. Most recently, these have been performed as searches for local asymmetries in multi-body
final states of neutral and charged charm meson decays. Two complementary methods have
been used for measurements using three million D+ → π + π − π + decays acquired in 2011.
The first method divides phase space into bins and defines an asymmetry significance for
each bin i
N i (D+ ) − αN i (D− )
i
SCP
=q
,
(7)
N i (D+ ) + α2 N i (D− )
where N i (D± ) are the respective numbers of D± candidates in bin i and α = Ntot (D+ )/Ntot (D− )
is a factor correcting for global asymmetries. The sum of squares of these significances is used
i )2 , which in turn is used to set a probability value (p-value) to the no-CP
to define χ2 = Σ(SCP
violation hypothesis. Different binning schema have been tested and all p-values were found to
exceed 50% 13 .
The second method performs a comparison of the local density of D+ and D− decays by
counting the nearest neighbours separated by D-meson charge. While being independent of the
choice of binning, this method restricts the comparisons only to the region of nearest neighbours
for any given event. This method yields compatible p-values to the first.
The former of the two methods has been extended to D0 → π + π − π + π − and D0 → K + K − π + π −
decays. The phase space for four-body decays has five dimensions and thus the required binning
has to occur in five-dimensional hypercubes. Apart from the dimensionality of the bins the
application of the method is identical to that of three-body decays. The p-values for the two
decay modes are 41% and 9.1%, respectively, based on 128 and 32 bins.
The aforementioned evidence for CP violation has been measured as a difference of asymmetries in the decay-time-integrated rates of D0 decays to K − K + and π − π + final states, thus
defining
∆ACP = ACP (K − K + ) − ACP (π − π + ),
(8)
which exploits the fact that production and detection asymmetries cancel to first order when
taking the difference, while the CP asymmetry is expected to swap sign between the decay
modes thus leading to increased sensitivity of this observable. While the initial evidence for CP
violation by LHCb 4 was supported by measurements by CDF 14 and Belle 15 , it has not been
confirmed in more recent updates by LHCb 16,17 . The current world average for a difference of
direct CP violation between these final states is (−0.333 ± 0.120)% and the combination with
indirect CP violation measured in AΓ has a p-value for the no-CP violation hypothesis of 2.0% 12 .
A review of the latest theoretical status is given in Ref. 18 .

4

Conclusions

Charm mixing and CP violation measurements have received precision input from measurements
performed at hadron colliders, most notably from the LHCb experiment at the LHC. Large
advances have been made in searches for CP violation where precision levels of better than 10−3
have been reached. A large sample of charm baryons is also available for CP violation studies,
which are currently ongoing at LHCb. The combination of all available measurements is required
to extract the underlying theory parameters of mixing and indirect CP violation. Similarly, the
source of possible direct CP violation can only be identified through the combination of several
measurements made in different decay modes. Finally, the experimental upgrade programmes
and in particular the LHCb upgrade are vital for the field of charm physics to reach the required
levels of precision.
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LATEST RESULTS IN RARE DECAYS AT LHCb
J. HARRISON
The University of Manchester,
Oxford Road, Manchester, M13 9PL, United Kingdom.
The latest results in the searches for rare decays at LHCb are presented. The photon polarisation in b → sγ transitions is observed with a 5.2σ significance. World’s best limits are
set on the branching fractions of the lepton number violating decay B − → π + µ− µ− , which
could be mediated by a Majorana neutrino, and the flavour changing neutral current decay
D0 → π + π − µ+ µ− . The angular distribution of B 0 → K ∗0 µ+ µ− and branching fractions of
B → K (∗) µ+ µ− decays hint at small discrepancies from the Standard Model.

1

Photon polarisation in b → sγ transitions

Aud

Photons from the electroweak penguin loop in b → sγ transitions are predominantly left-handed
in the Standard Model (SM), due to the left-handed coupling of the s quark and the W boson. A
number of New Physics (NP) models 1 enable the photon to acquire a right-handed component,
such as via the exchange of a heavy fermion in the loop 2 .
In the LHCb analysis of B + → K + π − π + γ decays 3 , the photon polarisation is probed via the
up-down asymmetry, Aud , which is determined using 3.0 fb−1 of data collected at 7 and 8 TeV.
Here Aud is defined as the asymmetry between the number of photons emitted either side of the
plane defined by the momenta of the K + π − π + in their centre-of-mass frame, as shown in Fig. 1
(left). A non-zero value of Aud would indicate that the photon is polarised.
The distribution of the cosine of the angle, cos θ, between the direction opposite to the
photon momentum and the normal p~π,slow × p~π,fast to the plane is calculated in four K + π − π +
mass bins. The distribution is fitted with a fourth-order polynomial function, where Aud is
proportional to the values of the first and third coefficients. The combined χ2 of the values of
Aud in all four K + π − π + mass bins, shown in Fig. 1 (right), corresponds to a 5.2σ significance for
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Figure 1 – Left: Definition of the angle θ of the photon with respect to the normal to the K + π − π + plane. Right:
Values of Aud in the four K + π − π + mass bins.

Figure 2 – Left: Upper limit on the branching fraction of the B − → π + µ− µ− decay as a function of the mass
and the lifetime of the Majorana neutrino. Right: Upper limit on the coupling of a fourth-generation Majorana
neutrino to muons as a function of the neutrino mass.

a non-zero up-down asymmetry. This is the first observation of a non-zero photon polarisation
in b → sγ transitions. As Aud depends on both the photon polarisation and on the different
resonant contributions to the K + π − π + final state, a limited knowledge of the structure of the
K + π − π + mass spectrum currently prevents the determination of the corresponding value for the
photon polarisation. However, if theoretical predictions become available, it would be possible
to determine the value of the photon polarisation for the first time.
2

Search for Majorana neutrinos in B − → π + µ− µ−

The lepton number violating decay B − → π + µ− µ− is forbidden in the SM, but can proceed via
an on-shell or virtual Majorana neutrino of any mass 4 .
The LHCb analysis 6 uses 3.0 fb−1 of data collected at 7 and 8 TeV to search for neutrinos
in the mass range 250 – 5000 MeV and with lifetimes between 0 and 1000 ps, with two different
selection criteria, depending on the lifetime of the neutrino. The search is normalised to the
B − → J/ψK − channel, and backgrounds from B decays to charmonium are estimated using
fully reconstructed J/ψK − (π − ) and ψ(2S)K − (π − ) events in data.
No significant signals are observed, and the CLs method 7 is used to set the world’s best upper
limits on the branching fraction of the B − → π + µ− µ− decay as a function of the mass and the
lifetime of the Majorana neutrino, as shown in Fig. 2 (left). For neutrino lifetimes shorter than
1 ps an upper limit of B(B − → π + µ− µ− ) < 4.0 × 10−9 is obtained at 95% confidence level. The
result significantly improves the limits on the B − → π + µ− µ− branching fraction, and extends
the lifetime range of the search for Majorana neutrinos by LHCb. The branching fraction limits
can be converted into model dependent upper limits on the coupling of a fourth-generation
Majorana neutrino to muons 4 , as shown in Fig. 2 (right).
3

Search for the FCNC decay D0 → π + π − µ+ µ−

The expected branching fraction for the flavour changing neutral current (FCNC) decay D0 →
π + π − µ+ µ− is in the range (1–3)×10−9 in the SM 5 , as it can only occur at the loop level and is
GIM suppressed. However, the branching fraction can be enhanced by NP, such that it can be
several orders of magnitude larger.
The LHCb analysis 8 uses D0 mesons from D∗+ → D0 π + decays to reduce the large
combinatorial background. Four dimuon mass ranges are studied, such that the contribution of resonant dimuon final states is excluded. Fig. 3 shows the signal yield in the low and
high dimuon mass ranges (away from the η, ρ0 and φ resonances) which is normalised to the
yield of D0 → π + π − φ(µ+ µ− ) decays in 1.0 fb−1 of data collected at 7 TeV. The number of
events is consistent with the background-only expectation, and a world’s best upper limit of
B(D0 → π + π − µ+ µ− ) < 5.5 × 10−7 is obtained at 90% confidence level, assuming the value of

Figure 3 – Distributions of m(π + π − µ+ µ− ) in the low (left) and high (right) dimuon mass ranges. The blue
line indicates the combined fit, whilst the black line, the green line and the red line indicate the signal, the
D0 → π + π − π + π − background and the combinatorial background respectively.

B(D0 → π + π − φ(µ+ µ− )) estimated in Ref. 9 . The result is the most stringent to date, with a
factor of 50 improvement in sensitivity compared to the previous world’s best measurement.
4

Angular observables in B 0 → K ∗0 µ+ µ−

P 5'

The angular distribution of the FCNC decay B 0 → K ∗0 µ+ µ− , where the K ∗ (892)0 decays to
K + π − , depends on three angles and the dimuon invariant mass squared, q 2 . The q 2 dependence
can be parameterised in terms of Wilson coefficients and form-factors 10 , where the Wilson coefficients are sensitive to modifications from NP models. The form-factors have large theoretical
0
uncertainties, prompting the study of the variables Pi=4,5,6,8
, in which the dominant form-factor
2
10
uncertainties can be cancelled at low q values .
The LHCb analysis 11 uses 1.0 fb−1 of data collected at 7 TeV to measure each observable in
six q 2 bins, in the range 0.1 < q 2 < 19.0 GeV2 , giving 24 measurements. Peaking backgrounds
from charmonium decays are removed by vetoing several ranges of dimuon mass. Backgrounds
from Bs0 → φ(K + K − )µ+ µ− decays are removed by assigning the kaon mass hypothesis to the
pion candidate and rejecting events for which the resulting K + K − mass is consistent with the φ
mass. A similar procedure is applied to remove B 0 → J/ψK ∗0 and Λ0b → Λ(pK − )µ+ µ− events.
Detector acceptance effects are determined from simulation and verified using the B 0 → J/ψK ∗0
control channel in data.
A local 3.7 σ deviation from the SM is found in the 4.3 < q 2 < 8.68 GeV2 bin of P50 , as shown
in Fig. 4, with the SM values given in light blue. There is a 0.5% probability to observe such
a discrepancy if the measurements are considered independent. Whilst this can be interpreted
as a NP contribution 12 to the Wilson coefficient C9 , SM predictions with different assumptions
1
SM arXiv:1303.5794
SM arXiv:1212.2263
LHCb 1fb-1

0

-1
0
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Figure 4 – Values of P50 compared with SM predictions from Ref. 10 (light blue) and Ref. 13 (dark blue).

Figure 5 – Left: Values of the isospin asymmetries for B → Kµ+ µ− decays. Right: Values of the branching fractions for B 0 → K 0 µ+ µ− decays. The shaded regions indicate the theoretical predictions and their uncertainties.

about the cancellation of form-factor uncertainties 13 give reduced tension with the data, as
shown in dark blue on Fig. 4. An upcoming update using 3.0 fb−1 of LHCb data may help to
resolve the situation.
5

Other B → Kµ+ µ− decays

The discrepancy in the angular observables of B 0 → K ∗0 µ+ µ− decays motivates the study of
other B → Kµ+ µ− decays.
The isospin asymmetry, AI , and partial branching fractions are measured as a function of
q 2 in the LHCb analysis of B → K (∗) µ+ µ− decays 14 , whilst the forward-backward asymmetry,
AF B and the flat parameter, FH , are measured in the LHCb analysis of B + → K + µ+ µ− and
B 0 → Ks0 µ+ µ− decays 15 . Both analyses use 3.0 fb−1 of data collected at 7 and 8 TeV.
All measurements, such as AI for B → Kµ+ µ− decays, shown in Fig. 5 (left), are found to
be consistent with the SM. However, the branching fraction measurements, while individually
consistent, all have lower values than the SM predictions, as shown in Fig. 5 (right) for B 0 →
K 0 µ+ µ− decays. The large deviation in the value of AI from the SM prediction seen in the
analysis of 1.0 fb−1 of LHCb data16 is not supported by the increased dataset.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

See, for example, J.C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974).
D. Atwood, M. Gronau and A. Soni, Phys. Rev. Lett. 79, 185 (1997).
R. Aaij et al., arXiv:1402.6852 [hep-ex].
A. Atre, T. Han, S. Pascoli and B. Zhang, JHEP 05, 030 (2009).
L. Cappiello, O. Cata and G. D’Ambrosio, JHEP 04, 135 (2013).
R. Aaij et al., Phys. Rev. Lett. 112, 131802 (2014).
T. Junk, Nucl. Instrum. Methods A 434, 1435 (1999).
R. Aaij et al.,Phys. Lett. B 728, 234 (2014).
M. Artuso et al., Phys. Rev. D 85, 122002 (2012).
S. Descotes-Genon, T. Hurth, J. Matias and J. Virto, JHEP 05, 137 (2013).
R. Aaij et al., Phys. Rev. Lett. 111, 191801 (2013).
S. Descotes-Genon, J. Matias and J. Virto, Phys. Rev. D 88, 074002 (2013).
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Overview of flavour physics with focus on the MSSM and 2HDMs

ANDREAS CRIVELLIN
CERN Theory Division, CH-1211 Geneva 23, Switzerland

In these proceedings we give a concise review of some selected flavour-violation processes
and their implications for two-Higgs-doublet models (2HDMs) and the MSSM. The processes
under investigation are Bs → µ+ µ− , b → sγ, and tauonic B decays. For each process we show
the impact on the models.

1

Introduction

In recent years flavour physics has been one of the most active and fastest developing fields in
high energy physics. Numerous new experiments were carried out but almost all of them reported
result in agreement with the Standard Model (SM) predictions. There are only a few exceptions
like the anomaly in the anomalous magnetic moment of the muon or recently the deviations from
the SM predictions in tauonic B decays 1 and B → K ∗ µ+ µ− 2 .
The extensive set of measurements available for rare decays puts strong constraints on the
flavour structure of physics beyond the Standard Model, in particular, on the flavour- and CPviolating parameters of the Minimal Supersymmetric Standard Model (MSSM) (see for example
3 for an overview) or the two-Higgs doublet model (2HDM) 4 .
The SM has only one Higgs doublet and in a 2HDM (which is the decoupling limit of the
MSSM) we introduce a second Higgs doublet and obtain four additional physical Higgs particles
(in the case of a CP conserving Higgs potential): the neutral CP-even Higgs H 0 , a neutral CP-odd
Higgs A0 and the two charged Higgses H ± . In addition, if we allow for a generic flavour structure
we have the non-holomorphic couplings which couple up (down) quarks to the down (up) type
Higgs doublet: ūf ufi ui H d and df df i di H u where qij parametrizes the completely flavour-chaining
neutral currents.
In the MSSM at tree-level qij = 0 (which corresponds to the 2HDM of type II) and flavour
changing neutral Higgs couplings are absent. However, these couplings are generated at the
loop level. The resulting expressions are non-decoupling and depend only on the ratios of SUSY
parameters (for a complete one-loop analysis see 5 and for the 2-loop SQCD corrections 6 ).

2

Selected flavour-processes and their implications

2.1

∆F = 2 processes

∆F = 2 processes are still one of the most constraining processes for NP (see 7 for an overview
on Bq − B̄q mixing) since they scale like δ 2 /Λ2 while the other flavour observables scale like
δ/Λ2 . Here δ stands for a generic flavour violating parameter and Λ is the scale of NP. Especially
the constraints from Kaon and D mixing are very stringent. They can be used for example to
constrain the mass splitting of left-handed squarks in the MSSM 8 (see left plot of Fig. 1).
2.2

Bq → µ+ µ−

Thanks to LHCb 9 we know the branching ration for Bs → µ+ µ− now rather precisely and also
the SM prediction has been improved recently 10 :
Br Bs → µ+ µ−



exp

= (3.2 ± 1.0) × 10−9 ,

Br[Bs → µµ]SM = (3.65 ± 0.23) × 10−9 .

(1)

Due to the good agreement with the SM we can place stringent bounds on models of NP, especially
if they have sizable flavour-changing scalar currents like the generic 2HDM or the MSSM at large
tan β. In the middle plot of Fig. 1 we show the constraints on the 2HDM parameter d23,32 which
generate Bs → µ+ µ− via a tree-level Higgs exchange.
While the experimental bounds on Bd → µ+ µ− are still weaker due to the further CKM
suppressed SM contribution LHCb will further improve experimental limit in the future. Also
here stringent limits on d13,31 can be obtained and similarly KL → µ+ µ− and D → µ+ µ−
but bounds on q12,21 . In summary, neural meson decays to muons constrain all flavour-chaning
elements dij and u12,21 stringently.
2.3

b → qγ

Concerning the radiative B decays b → sγ and b → dγ the current experimental values and
theoretical predictions are given by:
Br[b → sγ]exp = (3.43 ± 0.21 ± 0.07) × 10−4 ,
Br[b → dγ]exp = (1.41 ± 0.57) × 10−5 ,

Br[b → sγ]SM = (3.13 ± 0.22) × 10−4 ,
−5 .
Br[b → dγ]SM = 1.54+0.26
−0.31 × 10

(2)

Again, we observe a good agreement between theory predictionsa and experiment. b → sγ can for
example be used to put bounds on u23 originating from charged Higgs loop contributions. The
results are shown in the right plot of Fig. 1. Similar constrains apply for u13 from b → dγ.
2.4

Tauonic B decays

Tauonic B-meson decays are an excellent probe of new physics: they test lepton flavor universality
satisfied in the SM and are sensitive to new particles which couple proportionally to the mass
of the involved particles (e.g. Higgs bosons) due to the heavy τ lepton involved. Recently,
the BABAR collaboration performed an analysis of the semileptonic B decays B → Dτ ν and
B → D∗ τ ν using the full available data set 1 . They find for the ratios
R(D(∗) ) = B(B → D(∗) τ ν)/B(B → D(∗) `ν) ,

(3)

the following results:
R(D) = 0.440 ± 0.058 ± 0.042 ,
a

R(D∗ ) = 0.332 ± 0.024 ± 0.018 .

(4)

The SM prediction for b → dγ is taken from 11 while the value for b → sγ is a preliminary result presented in
Portoroz 2013 by Mikolaj Misiak.
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Here the first error is statistical and the second one is systematic. Comparing these measurements
to the SM predictions
RSM (D) = 0.297 ± 0.017 ,

RSM (D∗ ) = 0.252 ± 0.003 ,

(5)

we see that there is a discrepancy of 2.2 σ for R(D) and 2.7 σ for R(D∗ ) and combining them
gives a 3.4 σ deviation from the SM 1 . This evidence for new physics in B-meson decays to taus
is further supported by the measurement of B[B → τ ν] = (1.15 ± 0.23) × 10−4 which disagrees
with by 1.6 σ higher than the SM prediction using Vub from a global fit of the CKM matrix 12 .
A natural possibility to explain these enhancements compared to the SM prediction is a
charged scalar particle which couples proportionally to the masses of the fermions involved in
the interaction: a charged Higgs boson. A charged Higgs affects B → τ ν 13 , B → Dτ ν and
B → D∗ τ ν 14 . In a 2HDM of type II (with MSSM like Higgs potential) the only free additional
parameters are tan β = vu /vd (the ratio of the two vacuum expectation values) and the charged
Higgs mass mH ± (the heavy CP even Higgs mass mH 0 and the CP odd Higgs mass mA0 can be
expressed in terms of the charged Higgs mass and differ only by electroweak corrections). In this
setup the charged Higgs contribution to B → τ ν interferes necessarily destructively with the SM
contribution13 . Thus, an enhancement of B [B → τ ν] is only possible if the absolute value of the
charged Higgs contribution is bigger than two times the SM oneb . Furthermore, a 2HDM of type
II cannot explain R(D) and R(D∗ ) simultaneously 1 .
As we found before, all dij and u13,23 are stringently constrained from FCNC processes in
the down sector and only u31 (u32 ) significantly effects B → τ ν (R(D) and R(D∗ )) without any
suppression by small CKM elements. Furthermore, since flavor-changing top-to-up (or charm)
transitions are not measured with sufficient accuracy, we can only constrain these elements from
charged Higgs-induced FCNCs in the down sector. However, since in this case an up (charm)
quark always propagates inside the loop, the contribution is suppressed by the small Yukawa
couplings of the up-down-Higgs (charm-strange-Higgs) vertex involved in the corresponding diagrams. Thus, the constraints from FCNC processes are weak, and u32,31 can be sizable. Indeed,
it turns out that by using u32,31 we can explain R(D∗ ) and R(D) simultaneously 16 . In Fig. 2
we see the allowed region in the complex u32 -plane, which gives the correct values for R(D) and
b

Another possibility to explain B → τ ν is the introduction of a right-handed W -coupling 15 .
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R(D∗ ) within the 1 σ uncertainties for tan β = 50 and MH = 500 GeV. Similarly, B → τ ν can be
explained by using u31 .
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B AND C HADRON SPECTROSCOPY AT LHCb
I. POLYAKOV (FOR THE LHCb COLLABORATION)
Institute for Theoretical and Experimental Physics (ITEP), Moscow, Russia
Recent results in the field of b and c hadron spectroscopy at the LHCb experiment are presented. The analyses use the data collected with the LHCb detector in proton-proton collisions
corresponding to an integrated luminosity up to 3.0 fb−1 .

1

Introduction

The LHCb detector 1 is a single-arm forward spectrometer at the LHC, designed for the study
of heavy flavour physics. The unique geometry of the LHCb experiment accepts 40% of all bb
pairs produced in proton-proton collisions. Together with efficient trigger, excellent momentum
and decay time resolution and particle identification, this allows to perform studies of hadrons
containing b or c quarks with high precision.
2

Search for excited DJ mesons

Charm meson spectroscopy allows to test predictions of the quark model. Only few of the
predicted states are well established. Many states have not been observed yet or need to be
confirmed. A search for DJ mesons in D+ π − , D0 π + and D∗+ π − final states is reported 2 .
Combined with the fit to the invariant mass of DJ candidates, angular analysis in the
DJ → D∗+ π − decay mode allows to distinguish between natural and unnatural parity a states.
The angle between the π + from the D∗+ decay and the π − , determined in the DJ rest frame, is
used to separate between different spin-parity components.
In addition to the well-established D1 (2420)0 and D∗ (2460)0 states, seven high-mass resonances are observed. In the D∗+ π − final state two natural parity states, DJ∗ (2650)0 and
DJ∗ (2760)0 , and three unnatural parity states, DJ (2580)0 , DJ (2740)0 and DJ (3000)0 , are seen
and a measurement of their masses and widths is performed. The DJ∗ (2760) state is also observed
in the D+ π − and D0 π + final states, while for the region of DJ∗ (2650) no conclusive statement
can be made due to cross-feed of partially reconstructed DJ decays. In the D+ π − and D0 π +
mass spectra DJ∗ (3000)0 and DJ∗ (3000)+ structures are also observed. These structures could be
superpositions of 1F states expected by the quark model.
3

Search for Ξ+
cc baryon

All of the baryon ground states with charm quantum number C = 0, 1 have been discovered.
Three states with C = 2 are expected: a Ξcc isodoublet and an Ωcc isosinglet. The SELEX
a
The states having P = (−1)J and therefore spin-parity J P = 0+ , 1− , 2+ , ... are called natural and are labeled
as D∗ , while the states with another parity (J P = 0− , 1+ , 2− , ...) are called unnatural.

+ − +
+ −
3
experiment has claimed the observation of the Ξ+
cc state in Λc K π and pD K decay modes .
2
The mass was measured to be 3519 ± 2 MeV/c and for the lifetime an upper limit of 33 fs was
determined, while the theoretical calculations predict the lifetime to be between 100 fs and
250 fs. Later searches for the Ξ+
cc by FOCUS, BaBar and Belle experiments have not confirmed
this observation.
+ − +
4
+
The search for the Ξ+
cc → Λc K π is reported . The Ξcc is searched in a range of mass
2
2
between 3300 MeV/c and 3800 MeV/c and lifetime between 100 fs and 400 fs, which correspond
to values expected from the theory. No signal has been found, therefore upper limits on

R≡

+
+ − +
σ(Ξ+
cc ) × B(Ξcc → Λc K π )
+
σ(Λc )

(1)

are obtained for a range of mass and lifetime hypotheses. The upper limit strongly depends
on the assumed lifetime varying from R < 1.5 × 10−2 for 100 fs to R < 3.9 × 10−4 for 400 fs.
However, these upper limits do not exclude the SELEX result due to the possibility of very short
Ξ+
cc lifetime (100 fs) or differences in production environment.
4

Evidence for the decay X(3872) → ψ(2S)γ

The X(3872) state was discovered in 2003 by the Belle collaboration 5 and later was observed
by many other experiments. Despite of large amount of experimental information, its nature
is still unclear with many possible interpretations such as conventional charmonium χc1 (2P )
∗
state, DD molecule, tetraquark, hybrid meson, glueball or their mixtures. A measurement of
the ratio Rψγ = B(X(3872) → ψ(2S)γ)/B(X(3872) → J/ψγ) could help to distinguish between
these possibilities, as the theory predictions for this quantity vary widely in different models.
∗
For a pure charmonium state Rψγ is predicted to be in the range of 1.2 − 15, for a DD molecule
in the range of (3 − 4) × 10−3 and for a molecule-charmonium mixture in the range of 0.5 − 5.
The BaBar collaboration measured the ratio Rψγ to be 3.4 ± 1.4 6 while the Belle collaboration
set an upper limit of Rψγ < 2.1 (at 90% C.L.) 7 .
To resolve this discrepancy, an additional measurement has been performed by the LHCb
collaboration 8 . The X(3872) decays to ψγ (where ψ denotes J/ψ or ψ(2S) meson) have been
reconstructed using B + → X(3872)K + decays. The signal yields have been determined with
two-dimensional fit to ψγK + and ψγ invariant masses shown in Fig. 1. The cross-feed from
partially reconstructed B meson decays have been accounted for using simulation. An evidence
for the X(3872) → ψ(2S)γ decay has been found with significance of 4.4 standard deviations.
The ratio Rψγ has been measured to be 2.46 ± 0.64 ± 0.29, where the first uncertainty is
statistical and the second is systematic. This result is compatible with previous experiments,
but more precise. This result agrees with expectations for a pure charmonium interpretation of
the X(3872) state and a molecular-charmonium mixture interpretations. However, it does not
∗
support a pure DD molecular interpretation of the X(3872) state.
5

Lifetimes of b hadrons

At leading order of Heavy Quark Expansion (HQE) theory the lifetimes of all weakly decaying
b hadrons are equal, with corrections appearing at 1/m2b order 9 . The measurements of lifetimes
of the B + , B 0 and Bs0 mesons and Λ0b baryon using decay modes with J/ψ in a final state are
presented 10 . The measured effective lifetimes are shown in Table 1, being the most precise single
measurements up to date. The results are consistent with current world averages 11 and HQE
predictions.
In addition, the ratio of Λ0b and B 0 lifetimes is measured directly using Λ0b → J/ψpK − and
B 0 → J/ψπ + K − decay modes 12 . Due to kinematic similarity, the efficiencies are the same for
both decays with high precision. Therefore uncertainties in acceptance efficiencies mostly cancel

Figure 1 – Results of the two-dimensional fit to the B + → X(3872)K + , X(3872) → ψ(2S)γ candidates projected
on a) ψ(2S)γK + and b) ψ(2S)γ invariant masses.
Table 1: Results for the b hadrons lifetimes. The first uncertainty is statistical and the second is systematic.

decay mode
B + → J/ψK +
B 0 → J/ψK ∗0
B 0 → J/ψKS0
Λ0b → J/ψΛ
Bs0 → J/ψφ

lifetime [ps]
1.637 ± 0.004 ± 0.003
1.524 ± 0.006 ± 0.004
1.499 ± 0.013 ± 0.005
1.415 ± 0.027 ± 0.006
1.480 ± 0.011 ± 0.005

in the ratio. This allows for the most precise measurement of the relative Λb and B 0 lifetimes:
τΛb /τB 0 = 0.974 ± 0.006 ± 0.004, where the first uncertainty is statistical and the second is
systematic. This result is consistent with HQE predictions.
6

Bc+ physics

The Bc+ meson, composed of two heavy quarks (bc), is a unique system, being the only weak
decaying heavy quarkonium system. Prior to LHCb only the Bc+ → J/ψµ+ νµ and Bc+ → J/ψπ +
decay modes have been observed. LHCb has already made a great contribution to the investigation of the Bc+ meson by observing many new decay modes, including the Bc+ → Bs0 π + decay 13 ,
being the first observed Bc+ decay mode where c quark decays. Previously, first observation of
the Bc+ → J/ψDs+ decay mode allowed for the most precise measurement of the Bc+ mass 14 .
Recently, by studying the Bc+ → J/ψµ+ νµ decays, lifetime of the Bc+ has been measured 15 .
The lifetime has been determined from two-dimensional fit to mass of J/ψµ+ candidates and
their pseudo-proper time shown in the Fig. 2. The background was studied using data and
simulation. The lifetime was measured to be τBc+ = 509 ± 8 ± 12 fs, where the first uncertainty is
statistical and the second is systematic. The result is consistent, but more precise, than current
world average 11 .
The decays of Bc+ meson into charmonia and light hadrons are expected to be well described
by the factorization approximation. In addition to the first observation of the Bc+ → J/ψK + K − π +
decay 16 , we present the first evidence of the Bc+ → J/ψ3π + 2π − decay 17 . The ratios of the
branching fractions to that of Bc+ → J/ψπ + decays are measured to be
B(Bc+ → J/ψK + K − π + )
B(Bc+ → J/ψπ + )
B(Bc+ → J/ψ3π + 2π − )
B(Bc+ → J/ψπ + )

= 0.53 ± 0.10 ± 0.05 ,

(2)

= 1.74 ± 0.44 ± 0.21 ,

(3)

where the first uncertainties are statistical and the second are systematic. The results are in
agreement with theoretical predictions 18 and consistent with analogous measurements in B 0
and B + meson decays 11 .

Figure 2 – Result of the two-dimensional fit of the Bc+ → J/ψµ+ νµ X model. Projections of the total fit function
and its components are shown for (a) the pseudo-proper time and (b) the mass of the detached events (tps > 150 fs).

7

Summary

The LHCb collaboration has a rich program in spectroscopy of b and c hadrons, including exotic
states. New results, based on data samples with integrated luminosities between 1.0 and 3.0 fb−1
collected in 2011 and 2012, have been presented. Many important and most precise results have
been already achieved and more are expected in the future.
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Inclusive Hadron production in e+ e− collision at B-Factories
M. Niiyama
Department of Physics, Faculty of Science, Kyoto University,
Kyoto, Japan
Abstract
Inclusive hadron production in e+ e− collision has been investigated for hadron spectroscopy, production mechanisms and the decay branch. In this article, we report recent
results on the production rates of hyperons and charmed baryons, the search for excited Ξc
− +
states and the absolute branching fraction of Λ+
c → pK π .

1

Introduction

Hadron production from e+ e− collision is a powerful tool for spectroscopy. Recent discoveries of
exotic mesons at B-factories have opened a new field beyond the constituent quark model. One
of the most important topics in the hadron physics is to understand the internal structure of the
hadrons. For example, in the case of exotic mesons, whether these are meson-meson molecules
or consist of colored diquarks is in question. The color magnetic interaction (CMI) gives a strong
attraction to a spin-singlet diquark, so-called a good diquark, which plays an important role to
understand the structure of exotic hadrons. The CMI is proportional to the inverse quark mass,
thus it becomes weaker for the heavier quark. Charmed baryons which consist of one charm
quark and two light quarks are suitable object to study diquark correlation between light quarks
since the CMI between the charm quark and the light quark is suppressed due to the heavy
mass of the charm quark. Experimental issues are precise measurement of spectroscopy, the
spin-parity assignment, the production rate and the decay branch. In this article, recent results
on the production rates of hyperons and charmed baryons, excited charmed strange baryons and
− +
the absolute branching fraction of Λ+
c → pK π are described.
2

Production rates of hyperons and charmed baryons

The production rates of baryons near the Υ(4S) energy were measured by ARGUS 1,2 and
CLEO 3 collaborations. The production cross sections divided by the spin multiplicity show
a clear mass dependence of exp(−αm). S.B. Chun and√C.D. Buchanan succeeded to describe
this tendency qualitatively in the wide energy region of S = 10, 29, 91 GeV using a relativistic
string model 4 . In the ARGUS measurement, the Λ and Λ(1520) hyperons seemed to have higher
production rates by factors. The Λ hyperon is a spin-flavor singlet object, and the ud-diquark is
correlated. R.L. Jaffe pointed out that a diquark correlation in Λ may explain these anomalies 6 .
Namely, a good diquark is light and easy to be created. The charmed baryons have much stronger
diquark correlation since the CMI with charm quark is suppressed due to its mass. Thus, it
is interesting to measure production rates of charmed baryons. The analysis procedure and
preliminary results are described bellow.

had/(2J+1)

/

Previous Belle work

0

+
c
+
c(2625)

*+-

(1520)

(2455)
22455)
c(2

0

0
c

0

c(2520)

Previous
Pre
reevious Belle wor
work
rk
-

(2800)
0)
c(2800
(eye guide)

Mass of baryons (GeV)

Figure 1 – Production rates of hyperons and charmed baryons. Preliminary and previous results from Belle are
shown with eye guides.

The production rates of hyperons have been measured using data taken at Belle at 50 MeV
below the Υ(4S) energy with an integrated luminosity of 79 fb−1 . For the measurement of
charmed baryons, we have used an additional data sample collected at the Υ(4S) energy with
an integrated luminosity of 562 fb−1 , which has higher statistics but contains significant Bmeson decay contribution. Charmed baryons produced by B decay have low momenta due to
the limited kinetic energy, and thus these are eliminated by selecting high momentum particles.
The total cross sections are then obtained using a fragmentation model by Peterson 7 . The feeddown contributions to Λ, Σ, Σ(1385)+ , Ω− , Λ+
c from heavier states are subtracted. Fig. 1 shows
the baryon production rates obtained from preliminary 10 and previous 8,9 measurements by
Belle collaboration. The production cross sections were normalized by the total hadronic cross
section (σhad = 2.794 nb) and spin multiplicity (2J + 1). The production rates of hyperons lie
on a straight line except for Ω− . Thus, the enhancements of Λ and Λ(1520) reported by ARGUS
experiment are not confirmed. The suppression of Ω− can be explained by the suppression of
g → ss̄ process or the lack of the “good diquark” in J P = 3/2+ baryon. The production rates
of charmed baryons are significantly higher than the extrapolation of the hyperon line due to
0
the large Q-value for cc̄ creation at 10 GeV. The production rates of Λ+
c , Σc and Σc resonances
+
lie on a straight line, however, one can see clear deviations of Λc (2625) and Ω0c baryons. The
absolute branching ratio of Ω0c → Ω− π + is unknown, and thus, a phenomenological calculation of
− +
0.25 ± 0.12 % was used by following PDG’s method for the Λ+
c → pK π decay. This value may
not be correct and further theoretical study is necessary. Another peculiar state is Λc (2625)+
with J P = 3/2− which shows higher rate than the line by factors. This high rate may be due to
the large “good diquark” content in Λc resonances than Σc ’s, or another scenario is that Λc with
orbital excitation is favored. In order to understand the mechanisms, further study on other Λc
members, Λc (2595)+ and Λc (2880)+ , is underway.
3

Study of charmed strange baryons

The charmed strange baryons are suitable for studying us or ds diquark system. Such a diquark correlation may appear in the mass spectra and/or branching fractions of excited states.
Recently, a number of excited states, Ξ∗c , has been observed at B-factories. Two excited states,
− +
+ 0 −
Ξc (2980) and Ξc (3080), were reported by the Belle collaboration in the Λ+
c K π and Λc KS π
final states 11 . These states were confirmed by BaBar later 12 . In the same paper, BaBar reported
evidence of two resonances, Ξc (3055)+ and Ξc (3123)+ , in the Σc (2455)++ K − and Σc (2520)++ K −

Events / ( 0.004 GeV/c2 )

final states, respectively. An independent search for these two states is necessary to confirm the
existences. Among a number of possible decay modes of the charmed strange baryons, the
ΛD+(0) mode has not been studied well. In this section, we report recent results on charmed
− + and ΛD +(0) final states by Belle collaboration using a data
strange baryons in the Λ+
c K π
sample with an integrated luminosity of 980 fb−1 .
− +
Fig. 2 shows invariant mass spectra of Λ+
c K π system measured at Belle (a,c) and BaBar
13,12
(b,d) collaborations
. The top two plots show with Σc (2455)++ K − selection and bottom
two are with Σc (2520)++ K − selection. One can see clear peaks of Ξc (2980)+ , Ξc (3055)+ and
Ξc (3080)+ as shown in Fig. 2 (a) and (b). Thus, Ξc (3055)+ is confirmed by Belle with 6.6 σ
significance. A prominent peak of Ξc (3080)+ is seen in invariant mass spectra of Σc (2520)++ K −
both in Belle and BaBar results as shown in Fig. 2 (c) and (d). However, a signal of Ξc (3123)+
is not visible in the Belle results in Fig. 2 (c). Belle collaboration obtained the upper limit
− +
on the production rate, σ × BR(Λ+
c → pK π ), to be 0.34 fb with 95% C.L, compared with
1.6 ± 0.6(stat.) ± 0.2(syst.) fb by BaBar collaboration. In order to confirm these results further
and search for neutral partners, ΛD+,0 final stats have been investigated. Fig. 3 shows invariant
mass spectra of ΛD+ (a) and ΛD0 (b) 14 . Clear peaks of Ξc (3055)+,0 and Ξc (3080)+,0 can be seen.
These results show further confirmation of Ξc (3055)+ and the first observation of Ξc (3055)0 .
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Figure 2 – Belle (a,c) and BaBar (b,d) results on excited Ξc search in the Λ+
final state.
c K π

Figure 3 – Preliminary results of invariant mass spectra of ΛD+ (a) and ΛD0 (b) final states from Belle.

4

− +
Absolute branching fraction of Λ+
c → pK π

The absolute branching fractions of hyperons are well established, however, little is known for
charmed baryons. The Particle Data Group estimated absolute branching fraction of Λ+
c →

Figure 4 – Missing mass spectrum of the e+ e− → cc̄ → D(∗)− pπ + X reaction.

pK − π + to be 5.0 ± 1.3% model-dependently using measurements by ARGUS and CLEO collaborations. The Belle collaboration has performed the first model-independent measurement 15 .
We have used a data sample, corresponding to an integrated luminosity of 978 fb−1 , collected at
or near the Υ(nS) (n = 1, 2, 3, 4, 5) resonances. The inclusive Λ+
c production is identified in the
+
−
(∗)−
+
missing mass of the e e → cc̄ → D
pπ X reaction. A clear peak is seen in Fig. 4 (a) on the
− +
combinatorial background. The exclusive Λ+
c → pK π events are reconstructed in these events
as shown in Fig. 4 (b). The absolute branching fraction is obtained after the correction for the
detection efficiency and bias due to selecting the specific final state to be 6.84 ± 0.24+0.21
−0.27 %.
This value is slightly higher than the current PDG value with much higher precision.
5

Summary

We have reported recent results on the baryon production at B-factories. The production rates
of hyperons and charmed baryons have been measured at Belle. The enhancements of Λ and
Λ(1520) reported by ARGUS collaboration are not confirmed. The production rate of Λc (2625)+
is a factor higher than the line on which Σc ’s lie. Further study on other Λc members is
underway. Recent results on excited Ξc by Belle and BaBar have been described. The previous
observation of Ξc (3055)+ by BaBar is confirmed by Belle collaboration but not for Ξc (3123). The
neutral Ξc (3055)0 state is observed in ΛD0 decay mode for the first time. A model-independent
− +
measurement of the absolute branching fraction of Λ+
c → pK π has been performed by Belle.
This measurement significantly improves the current PDG value.
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RECENT RESULTS ON QUARKONIUM-(LIKE) STATES AT BELLE
K. CHILIKIN
Institute for Theoretical and Experimental Physics,
117218, Bolshaya Cheremuskinskaya 25, Moscow, Russia

Recent results on quarkonium and quarkonuim-like states at Belle are presented.

1
1.1

Bottomonium results
Measurement of e+ e− → bb̄ and e+ e− → Υπ + π − crossections

The crossections of e+ e− → bb̄ and e+ e− → Υπ + π − in the region of the Υ(5S) and Υ(6S) resonances were measured. The results are shown in Fig. 1. Decays of the Υ(6S) to Υ(1S, 2S, 3S)π + π −
are observed. The RX (ratios of the process X crossection to e+ e− → µ+ µ− crossection) at
10.865 GeV are found to be: RΥ(1S)π+ π− = (2.4 ± 0.1 ± 0.7) × 10−3 , RΥ(2S)π+ π− = (4.2 ± 0.2 ±
1.1) × 10−3 , RΥ(3S)π+ π− = (1.3 ± 0.1 ± 0.5) × 10−3 . The mass of the Y (5S) is measured; the
result is 10880.4 ± 0.9 ± 1.4 MeV/c2 for the bb̄ sample and 10884.6 ± 1.4 ± 1.1 MeV/c2 for the
Υπ + π − sample.

Figure 1 – Crossections of e+ e− → bb̄ and e+ e− → Υπ + π − .

1.2

Observation of Υ(4S) → hb η

The decay Υ(4S) → hb η was observed. The η is reconstructed in η → γγ decay mode. The
background-subtracted distribution of the η recoil mass is shown in Fig. 2; the signal significance
is 17σ. The branching fraction is found to be B(Υ(4S) → hb η) = (1.83 ± 0.16 ± 0.17) × 10−3 .
The same process with hb → γηb is also studied. The difference of ηγ and η recoil masses is
shown in Fig. 2. The branching fraction of hb → γηb is found to be (52.8 ± 4.7 ± 4.2)%; the
difference of ηb and hb masses is M (ηb ) − M (hb ) = −494.0 ± 1.3 ± 2.8 MeV/c2 , and ηb width is
Γ(ηb ) = 10.7 ± 2.3 ± 3.7 MeV.

Figure 2 – The η recoil mass and the difference of ηγ and η recoil masses.

2
2.1

Charmonium results
Observation of Zc (4430)+

The Zc (3900)+ was observed in J/ψπ invariant mass distribution in Y (4260) → J/ψπ + π − 1 (this
state was also observed by BESIII Collaboration 2 simultaneously). The crossection of J/ψπ + π −
via ISR and the distribution of the maximal J/ψπ invariant mass (max(M (J/ψπ + ), M (J/ψπ − )))
in the Y (4260) region defined as 4.15 GeV/c2 < M (J/ψπ + π − ) < 4.45 GeV/c2 are shown in
Fig. 3. The resulting parameters of the Zc (3900)+ are M = 3894.5±6.6±4.5 MeV, Γ = 63±24±
26 MeV, B(Y (4260) → Zc (3900)± π ± ) × B(Zc (3900)± → π ± J/ψ)/B(Y (4260) → J/ψπ + π − ) =
(29.0 ± 8.9)%.
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Figure 3 – Crossection of J/ψπ + π − via ISR and maximal J/ψπ invariant mass.

4.2

2.2

Analysis of B ± → χc1 π + π − K ±

The decay mode B ± → χc1 π + π − K ± was observed (the significance is about 20σ; the ∆E
distribution is shown in Fig. 4). The branching fraction is B(B → χc1 π + π − K) = (3.94 ± 0.19 ±
0.30) × 10−4 . A search for resonances decaying to χc1 π + π − was performed. The distribution of
χc1 π + π − invariant mass is shown in Fig. 4. No significant signal is found.

Figure 4 – The ∆E distribution and the χc1 π + π − invariant mass distribution in the signal region.

2.3

Observation of B → X(3872)Kπ

The decay mode B 0 → X(3872)K + π − was observed. The ∆E distribution and the J/ψπ + π −
invariant mass distribution are shown in Fig. 5. The branching fraction product is found to be
−6
∗
B(B 0 → X(3872)K + π − ) × B(X(3872) → J/ψπ + π − ) = (8.6 ± 1.3+0.5
−0.8 ) × 10 . The K (892)
fraction is 0.29 ± 0.08.

Figure 5 – The ∆E distribution and the J/ψπ + π − invariant mass distribution in the signal region.

2.4

Measurement of the Zc (4430)+ quantum numbers

An amplitude analysis of B 0 → ψ 0 K + π − was performed, and the spin and parity of the
Zc (4430)+ has been measured 3 . The Zc (4430)+ signal is added to the amplitude with different J P hypotheses. The preferred assignment of the quantum numbers is 1+ . The exclusion
levels of the 0− , 1− , 2− and 2+ hypotheses are 3.4σ, 3.7σ, 4.7σ and 5.1σ, respectively. Projection
of the fit results with and without the Zc (4430)+ (J P = 1+ ) onto M 2 (ψ 0 π) is shown in Fig. 6.
+41+26
2
The mass and width of the Zc (4430)+ are M = 4485+22+28
−22−11 MeV/c , Γ = 200−46−35 MeV.
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Figure 6 – Projection of the fit results with and without the Zc (4430)+ .

2.5

Amplitude analysis of B → J/ψKπ

An amplitude analysis of B 0 → J/ψK + π − was performed. Projections of the fit results onto
M 2 (J/ψπ) are shown in Fig. 7. A new Zc+ state is observed with 7.2σ significance; the preferred
quantum numbers are J P = 1+ . It is referred to as the Zc (4200)+ . The exclusion levels of the
0− , 1− , 2− , 2+ hypotheses are 6.7σ, 7.7σ, 5.2σ, 7.6σ. The mass and width of the Zc (4200)+ are
+70+70
+
+
2
M = 4196+31+17
−29−6 MeV/c , Γ = 370−70−85 MeV. In addition, evidence for Zc (4430) → J/ψπ
is found.
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RECENT RESULTS ON CHARMONIUM(-LIKE) STATES AT BABAR
V. POIREAU
On behalf of the BABAR collaboration
Laboratoire d’Annecy-le-Vieux de Physique des Particules (LAPP),
Université de Savoie, CNRS/IN2P3, F-74941 Annecy-Le-Vieux, France

We present recent results on charmonium or charmonium-like states at the BABAR experiment.
We study the decays B → J/ψK + K − K with a measurement of the branching fractions, and
we search for the X(4140) resonance in the channel B → J/ψφK. We also present Dalitz plot
analyses of ηc → K + K − η and ηc → K + K − π 0 decays in two-photon interactions.

1

Introduction

Until 2008, the BABAR experiment recorded e+ e− collisions at and near the Υ(nS) (n = 2, 3, 4)
resonances corresponding to a total integrated luminosity of 531 fb−1 . Six years after the end
of the data-taking period, BABAR is still producing new and interesting results. The BABAR
collaboration has been very active in the study of final states containing charmonium resonances
(cc̄ states). While the charmonium states below the DD threshold are very well known with
properties following the expectations, many resonances above this threshold have been reported
since 2003 by various experiments, and do not correspond to the properties expected by the
potential model 1 . Exotic hypotheses concerning their quark content have been advocated (such
as tetraquarks, hadronic molecules, hybrids, or glueballs).
In this article, we present two new analyses performed by the BABAR collaboration.
2

Study of B → J/ψK + K − K and search for B 0 → J/ψφ

This study 2 in BABAR is motivated by the observation in 2009 of the Y (4140) resonance by the
CDF experiment in the decay B → J/ψφK. They observed 3 this narrow state in the J/ψφ
invariant mass with a significance of 3.8σ (where σ corresponds to one standard deviation), and
confirmed it in a later analysis 4 with more than 5σ, with the additional observation of a bump
around 4270 MeV/c2 (Y (4270)). In 2012, the LHCb experiment studied 6 the B + → J/ψφK +
decay and did not confirm the Y (4140), in disagreement at 2.4σ with the CDF experiment.
However, in 2013 for CMS, and in 2014 for D0, these two experiments 7 confirmed the presence

Figure 1 – Left: distribution of the invariant mass of the J/ψφ system for the decay B + → J/ψφK + . The red line
represents the fit result when including two resonances, while the blue dashed line represents the fit result with no
resonance included. Right: fit of the mES distribution for the decay B 0 → J/ψφ. The red continuous line is the
total fit while the dashed blue line corresponds to the background contribution. These results are preliminary.

of the Y (4140) with 5σ and 3.1σ respectively, with hints for a state around 4270 MeV/c2 . The
mass and width of the Y (4140) are in good agreement between the experiments with positive
signal.
BABAR study the decays B → J/ψK + K − K, where B and K are either charged or neutral
(the results are preliminary). The φ is reconstructed via its decay to K + K − and the J/ψ is
reconstructed in the channels e+ e− and µ+ µ− . The selection is based on invariant masses of
intermediate particles (J/ψ, φ, and KS0 ), on the difference between the reconstructed energy
of the B candidate and the beam energy ∆E, and on the vertex reconstruction of the J/ψ
and φ particles. Clear signals are observed in the beam-energy-substituted mass mES for the
charged and neutral channels. Fits to the mES distribution are performed to obtain the branching
fractions reported in Table 1. These values are in good agreement with the previous measurement
performed by BABAR 8 . The ratios of the resonant and nonresonant branching fractions are
consistent with predictions from spectator quark model.
Table 1: Branching fraction measurements where the first uncertainty is statistical and the second is systematic.
These results are preliminary.

B channel
B + → J/ψK + K − K +
B + → J/ψφK +
B 0 → J/ψK + K − KS0
B 0 → J/ψφKS0

Branching fraction (×10−5 )
6.05 ± 0.33 ± 0.24
4.57 ± 0.32 ± 0.13
3.55 ± 0.57 ± 0.15
2.53 ± 0.35 ± 0.09

The study of the J/ψφ invariant mass is then performed using the decay B → J/ψφK. The
invariant mass is fitted using two incoherent Breit-Wigner distributions where the parameters are
fixed to the CDF values. A two-dimensional efficiency map is produced and taken into account
in the fit. The background is described by a phase-space uniform distribution. The results of the
fits are shown in Fig. 1 for the charged mode. A fit which includes the two resonances seen by
CDF returns a χ2 /ndf of 17.2/13 while a fit with no resonance returns 24.0/15. If we assume the
presence of the two resonances, we obtain the fractions of the Y (4140) and Y (4270) resonances
to be, respectively, (7.3 ± 2.5 ± 3.8)% and (7.7 ± 3.7 ± 5.2)%. The upper limits at 90% confidence
level on these fractions are respectively 12.1% and 16.4%. In conclusion, no clear statement can
be done by BABAR on the existence of the two resonances due to a lack of statistics.
Finally, a search for the decay B 0 → J/ψφ is performed. This decay is expected to be

strongly suppressed in the standard model. A mES fit of this channel is shown in Fig. 1.
The signal yield is measured to be 6 ± 4 events, giving a limit at 90% confidence level on the
B 0 → J/ψφ branching fraction of 1.01 10−6 .
3

Dalitz plot analyses of ηc → K + K − η and ηc → K + K − π 0 in two-photon interactions

Using 519 fb−1 , we study 9 the reactions γ ∗ γ ∗ → K + K − η with η → γγ, π + π − π 0 , and γ ∗ γ ∗ →
K + K − π 0 . The photons are quasi-real photons, and the outgoing e+ and e− are produced at low
angle and are not detected. This two-photon reaction can produce, among other particles, the
ηc or ηc (2S) cc̄ resonances. Many ηc and ηc (2S) decays are still missing or are studied with low
statistics. Only 20% and less than 5% of the decays of the ηc and ηc (2S) are known at present.
This study brings also more information on poorly known scalar states and is sensitive to new
gluonic states.
After the selection and the reconstruction of the events, the invariant mass of the K + K − η
system shows a prominent peak due to the ηc particle and a smaller contribution due to the
ηc (2S). The fit to the invariant mass yields 1145 events, which constitutes the first observation
of the decay mode ηc → K + K − η. 47 events are observed for ηc (2S) → K + K − η which is the
first evidence of this decay. A fit to the K + K − π 0 invariant mass distribution gives 4518 ηc and
178 ηc (2S) events. The resonances are described in the fits by Breit-Wigner functions convolved
with the corresponding resolution functions. The parameter values are presented in Table 2.
Table 2: Fitted ηc and ηc (2S) parameter values, where the first uncertainty is statistical and the second systematic.

Resonance
ηc → K + K − η
ηc → K + K − π 0
ηc (2S) → K + K − η
ηc (2S) → K + K − π 0

Mass ( MeV/c2 )
2984.1 ± 1.1 ± 2.1
2979.8 ± 0.8 ± 3.5
3635.1 ± 5.8 ± 2.1
3637.0 ± 5.7 ± 3.4

Γ ( MeV)
34.8 ± 3.1 ± 4.0
25.2 ± 2.6 ± 2.4
11.3 (fixed)
11.3 (fixed)

The branching ratios between the decay modes are computed and found to be:
R(ηc ) =
R(ηc (2S)) =

B(ηc → K + K − η)
= 0.571 ± 0.025 ± 0.051,
B(ηc → K + K − π 0 )
B(ηc (2S) → K + K − η)
= 0.82 ± 0.21 ± 0.27.
B(ηc (2S) → K + K − π 0 )

(1)
(2)

The first value can be compared to the measurement performed by BESIII 10 of 0.46 ± 0.23.
Full Dalitz plot analyses of the decays ηc → K + K − η and ηc → K + K − π 0 are performed
for the first time. The ηc signal region is defined in the range 2922-3036 MeV/c2 . The Dalitz
plots and their projections are presented in Fig. 2. Fits of the Dalitz planes are performed and
reveal in the ηc → K + K − η channel the presence of the scalar resonances f0 (980), f0 (1500),
f0 (1710), and f0 (2200) in the K + K − invariant mass. The states f0 (1500) and f0 (1710) are in
particular possible gluonium candidates. In the ηc → K + K − π 0 channel, the K + K − invariant
mass exhibits predominantly a peak at the a0 (1450) position. In the K ± η invariant mass, a
clear signal is seen for K0∗ (1430) → K ± η, which constitutes the first observation for this decay
mode. We notice also that the K ± π 0 mass spectrum is dominated by the K0∗ (1430) resonance.
Interestingly, the observation of the K0∗ (1430) is the first time this particle is seen as a peak
(compared to its observation by LASS 11 ).
A likelihood scan is performed in the Dalitz plot analysis of ηc → K + K − π 0 which allows to
obtain the mass and width of the K0∗ (1430) resonance. We obtain M (K0∗ (1430)) = 1438 ± 8 ±
4 MeV/c2 and Γ(K0∗ (1430)) = 210 ± 20 ± 12 MeV. The mass value is in good agreement with

Figure 2 – Left: Dalitz plot for the ηc → K + K − η (top) and ηc → K + K − π 0 (bottom) events in the signal region.
(a)-(c): The ηc → K + K − η (top) and ηc → K + K − π 0 (bottom) Dalitz plot projections. The red curve shows the
projection of the Dalitz fit and the shaded regions show the background estimates.

the result from LASS 11 , but the width is 3σ lower than the LASS result. The branching ratio
B(K ∗ (1430)→Kη)
between the two modes is calculated and found to be B(K0∗ (1430)→Kπ) = 0.092 ± 0.025+0.010
−0.025 .
0

4

Summary

In summary, the BABAR collaboration study the processes B → J/ψK + K − K and measure
the branching fractions of these modes. A search is performed for the X(4140) and X(4270)
resonances in the J/ψφ invariant mass for the channel B → J/ψφK. No definitive conclusion
on their existence can be reach with this data sample. In addition, no significant signal is found
for the decay B → J/ψφ.
We also present results on γ ∗ γ ∗ → K + K − η and γ ∗ γ ∗ → K + K − π 0 decays. We observe a
large signal in both channels, with the first observation of the decay ηc → K + K − η and a first
evidence for the decay ηc (2S) → K + K − η. A Dalitz plot analysis has been performed, where we
observe a large contribution from ηc → f0 (1500)η, and with the first observation of the decay
K0∗ (1430) → K ± η.
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The study of the nonleptonic two body B decays involving a light tensor meson in final
states
Cai-Dian Lü
The Center for Future High Energy Physics, Institute of High Energy Physics,
P.O. Box 918, Beijing 100049, China
In the perturbative QCD approach based on kT factorization, we study the nonleptonic two
body Bu,d,s,c decays involving a light tensor meson in final states. The emission diagram
with a tensor meson produced from vacuum is vanished. While contributions from the socalled hard scattering emission diagrams and annihilation type diagrams are important and
calculable in the perturbative QCD approach. The branching rations of most decays are in
the range of 10−4 to 10−8 , which are bigger by 1 or 2 orders of magnitude than the predictions
given by naive factorization. We also give the predictions for the CP asymmetry parameters,
some of which are large enough for the future experiments to measure. For decays with a
vector meson and a tensor meson in final states, we predict a large percentage of transverse
polarization contributions for many of these decays.

1

Introduction

The two body hadronic decays of B meson are important, since they can provide constraints of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix, a test of the QCD factorization, information on the
decay mechanism and the final state interaction, and also a good place to study CP violation and new
physics signal. Most of the studies concentrate on the B → P P , P V and V V decays, since they are
easy to be measured at experiments. Recently, more and more experimental measurements about B
decays with a light tensor meson in the final states have been obtained1 . Inspired by these experiments,
many theoretical studies on the Bu,d,s,c decays involving a light tensor meson have been done based
on naive factorization 2,3,4,5 , QCD factorization (QCDF) 6,7 and perturbative QCD (PQCD) approach
8,9,10,11 .
The tensor meson emission diagrams are prohibited, because the amplitude proportional to the
matrix element hT | j µ | 0i vanishes from Lorentz covariance considerations, where j µ denotes the (V ±
A) current or (S ± P ) density 6,7 . Thus, these decay modes with a tensor meson emitted are prohibited
in naive factorization. On the other hand, the naive factorization can not give creditable predictions
for those color-suppressed or penguin dominant decays. What is more, the naive factorization can
not deal with the pure annihilation type decays. The recent developed QCDF approach 6,7 and
the PQCD factorization approach 9,10,11 overcome these shortcomings by including the large hard
scattering contributions and the annihilation type contributions to give more reliable predictions for
these decays, especially those with tensor meson emitted or pure annihilation type decays. It is
worth of mentioning that the annihilation type diagrams can be perturbatively calculated without
parametrization in PQCD approach 12,13 . Only the PQCD approach have successfully predicted the
pure annihilation type decays Bs → π + π − 14,15 and B 0 → Ds− K + 12,16 , which have been confirmed by
experiments later 17,1 .
B meson decays into tensor mesons are of prime interest in several aspects. The branching ratios
and CP asymmetries are helpful to inspect those different theoretical calculations. Moreover, from
our computations, polarizations of the final state mesons in B decays into tensor mesons and vector

mesons are also beyond the naive hierarchy, which is similar to some decays to two light vector mesons
and shed light on the helicity structure of the electroweak interactions.
2

FORMALISM

It is well known that the key step to predict two-body hadronic B(s,c) decays is calculating the hadronic
transition matrix elements:
M ∝ hh1 h2 |Hef f |B(s,c) i
with the weak effective Hamiltonian Hef f written as 18
" 10
(
#)
X
GF
q
q
∗
∗
√
Hef f =
Vu(c)b Vu(c)X [C1 (µ)O1 (µ) + C2 (µ)O2 (µ)] − Vtb VtX
Ci (µ)Oi (µ)
,
2
i=3

(1)

(2)

with the CKM matrix elements Vu(c)b(X) and Vtb(X) (X = d, s). ci (µ)are the effective Wilson coefficients
at the renormalization scale µ, whose expression can be found at ref.19 . The local four-quark operators
include the current-current (tree) operators O1,2 , the QCD penguin operators O3,4,5,6 and the electroweak penguin operators O7,8,9,10 .
In the B meson rest frame, the light final state mesons with large momenta are moving fast on
the light cone. The spectator quark in B meson is soft in the initial state, while collinear in the final
state. There must be a hard gluon to kick the soft spectator quark into a collinear and energetic one.
Thus the process is perturbatively calculable. However, when doing calculations, end-point singularity
occurs. We have to keep the intrinsic transverse momentum kT of valence quarks in the denominator
to kill the divergence. With this additional energy scale kT , the double logarithms appears, which
should be resummed through the renormalization group equation to result in the Sudakov form factor.
This form factor effectively suppresses the end-point contribution of distribution amplitude of mesons
in the small transverse momentum region, which makes the calculation in the PQCD approach reliable
and consistent.
Finally, based on the factorization, the decay amplitude can be described as the convolution of
the the Wilson coefficients C(t), the hard scattering kernel and the light-cone wave functions Φhi ,B of
mesons 20 ,
Z
A ∼
dx1 dx2 dx3 b1 db1 b2 db2 b3 db3
h
i
×T r C(t)ΦB (x1 , b1 )Φh2 (x2 , b2 )Φh3 (x3 , b3 )H(xi , bi , t)St (xi )e−S(t) ,
(3)
where T r denotes the trace over Dirac and colour indices, bi is the conjugate variable of quark’s
transverse momentum kiT , xi is the momentum fractions of valence quarks and t is the largest energy
scale in the hard part H(xi , bi , t). The jet function St (xi ) smears the end-point singularities on xi ,
which is from the threshold resummation of the double logarithms ln2 xi 21 .
The wave function for a generic tensor meson are defined by 8
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/ φTT (x) + mT iµνρσ γ5 γ µ ∗ν
(4)
T = √
•⊥ n v φT (x) ,
6


vν

with the vector •µ ≡ Pµν· v related to the polarization tensor. The twist-2 and twist-3 distribution
amplitudes are given only in the leading order as asymptotic form for simplicity. Based on the Bose
statistics, the light-cone distribution amplitudes of the tensor meson are antisymmetric under the
interchange of momentum fractions of the quark and anti-quark in the SU(3) limit (i.e. x ↔ 1 − x) 6,7 ,
which is consistent with the fact that < 0 | j µ | T > = 0, where j µ is the (V ± A) or (S ± P ) current.
All other meson wave functions Bu,d,s,c and π, K etc. are adopted the same as in other pQCD
papers12,13,16,22,23 , since we have argued that they should be universal for all decay channels.

3

RESULTS AND DISCUSSIONS

The predicted branching ratios of penguin-dominated and color-suppressed decays in PQCD 9 are
larger than those of naive factorization 2,3,4 , but are close to the QCDF predictions 7 , which is caused
by the fact that the naive factorization can not evaluate the contributions from penguin operators
well. On the other hand, the B to tensor form factor calculated in PQCD approach is larger than that
+
+
used in QCDF 7 , thus for the tree-dominated modes such as a−
2 π and f2 π , the predicted branching
7
ratios are bigger than QCDF predictions .
For B + → K2∗0 π + and B 0 → K2∗+ π − decays, the predictions in naive factorization approach 2 are
0 indeed, because the emitted meson is the tensor meson K2∗ . In PQCD approach, the expected hard
scattering contributions are suppressed by the small Wilson coefficients. Thus the dominant contribution is from the chiral enhanced annihilation type contributions. While in QCDF, the dominant contribution comes from hard scattering diagrams with quark loop corrections, which is next-to-leading
− and a+ π 0 modes are highly
order and not considered in this work. The branching ratios of a+
2π
2
− +
0
+
suppressed relative to a2 π and a2 π , respectively, because the expected dominant contribution of
0 + −
B → a+
2 π (a2 π ) is the color favored tensor emission diagram, while the dominant contribution for
the other two channels is the color enhanced diagram with pion emission.
The direct CP asymmetries for some B → P T decays are also predicted9 . Although some channels
have very large direct CP asymmetries, they are difficult for experiments due to the small branching
ratios. We recommend the experimenters to search for the direct CP asymmetry in the channels like
+ 0
+
+
+
+
B + → f2 K + , B 0 → a−
2 K , B → a2 η and B → f2 π , for they have both large branching ratios
and direct CP asymmetry parameters.
We have also studied the two-body hadronic Bs → P T decays in the PQCD approach and given
the predictions about branching ratios and CP observables 24 . For ∆S = 0 decays, the Bs0 (B̄s0 ) meson
decays to the final state f (f¯), but not to f¯ (f ) with f 6= f¯. Only the Bs0 → π + K2∗− decay has
a sizable branching ratio due to the color enhanced emission amplitude T . Because the factorizable
emission contributions are suppressed, the branching ratios of those color-suppressed modes, such as
Bs0 → K̄ 0 a02 , K̄ 0 f2 and K̄ 0 f20 , are similar with their P V partners 15 . While for the color-favored
−7 is much smaller than the B 0 → K − ρ+ one,
Bs0 → K − a+
s
2 decay, the branching ratio 1.50 × 10
−5
1.78 × 10 , because the factorizable emission amplitude, which is dominant in Bs0 → K − ρ+ , is
forbidden in naive factorization with a tensor meson emission. Combing those predictions with the
B → P T ones, we find large U-spin asymmetries in some decay modes, such as Bs0 → π + K2∗− and
24 .
Bs0 → K − a+
2
There are two categories of decays with one charmed meson in the final states.10 The B(s) → D̄(∗) T
decays governed by the b̄ → c̄ transition, while the B(s) → D(∗) T decays governed by the b̄ → ū
transition. Clearly, there is a large enhancement of CKM matrix elements |Vcb /Vub |2 for the the
former kinds of decays, especially for those without a strange quark in the four-quark operators. The
branching ratios of B(s) → D̄(∗) T decays are thus larger than those of B(s) → D(∗) T decays 10 . For
most of the B(s) → D(∗) T decays, the branching ratios are at the order 10−6 or 10−7 ; while for the
B(s) → D̄(∗) T decays, the branching ratios are at the order 10−4 or 10−5 . With a charm quark in
the final state, all these decays are governed by tree level current-current operators, without penguin
operator contribution. Since the direct CP asymmetry is proportional to the interference between two
different contributions. all these decays have no direct CP asymmetries.
For B → D∗ (D̄∗ )T decays, we also calculate the percentage of transverse polarizations10 . For those
color suppressed B → D̄∗ T decays with the D̄∗ emitted, the c̄ is right-handed while the u quark is lefthanded, because they are produced through (V − A) current. Thus, the D̄∗ meson is longitudinally
polarized. But the massive c̄ quark can flip easily from right handed to left handed. As a result,
the polarization of the D̄∗ meson becomes transverse with λ = −1. On the other hand, because
of the additional contribution of orbital angular momentum, the recoiled tensor meson can also be
transversely polarized with λ = −1 easily. So the transverse polarization fractions can be as large as
70%. While for color suppressed B → D∗ T decays with D∗ meson emitted, the D∗ meson can also
be transversely polarized, but with λ = +1. According to the angular momentum conservation, the
recoiled tensor meson must also be transversely polarized with λ = +1. This calls for the tensor meson

getting contributions from both orbital angular momentum and spin, which is symmetric. Because the
distribution amplitude of tensor meson is anti-symmetric, the total wave function is anti-symmetric,
which is forbidden by Bose statistics. So the transverse polarization of final states is suppressed, with
the percentage at the range of 20% to 30%.
For the W annihilation type B(s) → D∗ T decays, we also find very large transverse polarizations up
to 80% . The light quark and unti-quark produced through hard gluon are left-handed or right-handed
with equal opportunity. The c quark is left-handed, and then the D∗ meson can be longitudinally
polarized, or be transversely polarized with λ = −1. For the tensor meson, the anti-quark from weak
interaction is right-handed; while the quark produced from hard gluon can be either left-handed or
right-handed. When taking into account the additional orbital angular momentum, the tensor meson
can be longitudinally polarized or transversely polarized with λ = −1. So the transverse contributions
can become so large with interference from other diagrams. On the other hand, the W exchange
diagrams can not contribute large transverse contributions, which is consistent with the argument in
B → D∗ V decays in refs.16,25 .
The Bc meson is unique, since it is a heavy quarkonium with two different flavors. Either the
heavy b quark or the c quark can decay individually. And the W annihilation diagram decay of the
Bc meson is also important due to the large CKM matrix element Vcb . Since the c quark in the
Bc → D(∗) T decays is the spectator quark, these decays are dominated by the Bc → D(∗) transition
form factors with a tensor meson emitted from vacuum, which are prohibited in naive factorization.
To our knowledge, these decays are never considered in theoretical papers due to this difficulty of
factorization. The annihilation amplitudes will be dominant in these Bc → D(∗) T decays, because
∗
∗
they are proportional to the large CKM matrix elements Vcb Vcs(d)
instead of Vub Vus(d)
in the emission
11
diagrams.
The LHC experiment, specifically the LHCb, can produce around 5 × 1010 Bc events each year27 .
The Bc decays with a decay rate at the level of 10−6 can be detected with a good precision at LHC
experiments 28 . So some of these Bc → D(∗) T decays can be observed in the experiments. For
example, Bc → D(∗)+ K2∗0 , the branching ratio is at the order of 10−5 (10−4 ). Taking into account the
branching ratios of D+ and K2∗0 decays with charged final states (10% (D+ → K − π + π + )29 and 25%
(B(K2∗0 → Kπ) = (49.9 ± 1.2)%) respectively) and assuming a total efficiency of 1% 29 , one can expect
about dozens of events every year. For Bc → Ds f20 with branching ratio 4 × 10−5 , taking into account
the branching ratios of Ds+ and f20 decays with charged final states (6% (Ds+ → K + K − π + ) and 45%
(B(f20 → K K̄) = (88.7 ± 2.2)%) respectively) and assuming a total efficiency of 1%, one can expect
about one hundred events every year.

4

Summary

We have studied the Bu,d,s,c decays involving a light tensor meson in final states within the framework
of perturbative QCD approach. We calculate the contributions of different diagrams, especially the
hard scattering and annihilation type diagrams, which are important to explain the large experimental
data and the large transverse polarization fractions. For some decays with tensor meson emitted or
pure annihilation type decays, we give the predictions for the first time. For those penguin dominant
decays and color-suppressed decays, we give larger and more reliable predictions, which agree the
experimental data better. For those color suppressed B(s) → D̄∗ T decays, the transversely polarized
contributions from hard scattering diagrams are very large. For those W annihilation type B(c) → D∗ T
decays, the transverse polarized contributions from factorizable annihilation diagrams are as large as
80%.
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D. Lü, Chin. Phys. C 37, 013103 (2013).
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The NLO Study for the Yield and Polarization of Υ(1S, 2S, 3S) Hadroproduction
Lu-Ping Wan, Jian-Xiong Wang
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China.
As the running of the LHC, the experimental collaborations at the LHC are presenting more
and more measurements about bottom quarkonium hadroproduction, the data are certainly
very important to improve our understanding on heavy quarkonium production mechanism
from the perturbative and nonperturbative QCD view. In the framework of nonrelativistic
QCD factorization scheme, we have presented the predictions of the yield and polarization of
Υ(1S, 2S, 3S) inclusive hadroproduction at the next-to-leading order level for the first time.
The color-octet long-distance matrix elements, obtained by doing the combined fits of the
experimental measurements on Υ yield and polarization at the Tevatron and LHC, are used
in our predictions. Our results can interpret the measurements of the yield very well, and for
the polarizations of Υ, they are partly in agreement with recent CMS measurement, but have
some distance from the CDF measurement.

1

Introduction

Study on Heavy quarkonium is a good place to testify the theoretical framework since its decaying
channels to lepton pair in experiment are very clear signals and the heavy quark mass is large
enough to do perturbative QCD calculation. Color-singlet(CS) and Color-octet(CO) mechanism
based on NRQCD 9 were proposed to explain the heavy quarkonium production and decay. The
pt distribution and polarization for J/ψ and Υ production measured at the Tevatron and LHC
are drawing people’s attention. Especially at the LHC, it would generate large amount of
effective data about heavy quarkonium as its upgrading.
From previous works about heavy quarkonium, we can see that leading-order(LO) calculation 12,13 can not explain the experimental measurement. It is expected that the QCD next-toleading-order (NLO) calculations can adequately describe the experimental data. At present,
theoretical studies of heavy quarkonium at NLO are progressing: the polarization for direct J/ψ
hadroproduction were studied by Butenschoen et al. 5 and K.-T. Chao et al. 6 ; the polarization
for prompt J/ψ hadroproduction were studied by B. Gong 7 ; the NLO calculation for the yield
[8]
of Υ(1S) via complete CO states (include 3PJ ) was presented by K. Wang 8 .
In our work 7 , we did the complete NLO calculation for J/ψ and ψ(2S), and gave some
predictions for the polarization of J/ψ at the LHC. But the puzzle for J/ψ still exists. we need
to go further on the study of the polarization of other heavy quarkonium — Υ.
For experimental measurement of Υ, in early works 1,2 , measurements on the polarization
of Υ(1S) at the Tevatron were presented, while the corresponding LO NRQCD prediction 3
does not coincide with it. The pt distributions for the yield of Υ have been presented by the
four collaborations at the LHC: ATLAS, ALICE, CMS, and LHCb. Some of them have done
the measurement up to large pt region, such as ATLAS measurement 10 . There are also the
e in the helicity, C-S,
polarization measurement for Υ(1S, 2S, 3S) by CMS 4 : λθ , λθφ , λφ and λ,
11
and PX frame .

For the theoretical prediction on Υ, there
q are some advantages in comparison with J/ψ.
The first, both QCD coupling constant αs ( 4m2Q + p2t ) and v 2 (v is the velocity of heavy quark
in the meson rest frame) are smaller in bottomonium case than J/ψ case. The second, the fix
order prediction on Υ, are supposed to be very good for pt up to 60 GeV if it is very good
for J/ψ case up to 20GeV. Therefore, we can expect that, for Υ case, it should have a better
convergence behavior in a wide pt region than J/ψ.
Based on above reasons, we did the complete inclusive NLO QCD study on the polarization
of Υ(1S, 2S, 3S) hadroproduction in our work 18 , which could be directly used to compare with
the experimental measurements.
2

Calculation, Fit and the LDMEs

The newly updated Feynman Diagram Calculation(FDC) package 17 is again applied in our
calculation, and the Fortran codes generated by using FDC have been made into a complete
package 20 after we have finished the work of J/ψ prompt production. With the package, the
calculation on the yield and polarization of Υ at NLO has been performed.
We covers all the sub-processes of the direct and feed-down parts via CS and CO intermediate
states at NLO, which are listed in Tab 1.
Table 1: The sub-processes for Υ prompt production at LO and NLO corrections and the number of the corresponding diagrams. The number in the round brackets in the column ‘number of Feynman diagrams ’, denotes
the number of diagrams for the states 1 S08 (also 3 PJ8 ),3 S18 (for both the direct part and the χb state), 3 PJ1 ( for χb
state) from left to right, respectively. There are almost 5,000 diagrams in total.
STATES

LO sub-process

number of
Feynman diagrams

NLO sub-process

number of
Feynman diagrams

3 S (1)
1

g + g →(bb̄)n + g

6

g + g →(bb̄)n + g(one-loop)
g + g →(bb̄)n + g + g
g + g →(bb̄)n + b + b̄
g + g →(bb̄)n + q + q̄
g + q(q̄) →(bb̄)n + g + q(q̄)

128
60
42
6
6

1 S (8) (also 3 P 8 )
0
J

or

g + g →(bb̄)n + g
g + q(q̄) →(bb̄)n + q(q̄)

(12,16,12)
(2,5,2)

g + g →(bb̄)n + g(one-loop)
g + q(q̄) →(bb̄)n + q(q̄)(one-loop)

(369,644,390)
(61,156,65)

3 S (8)
1

q + q̄ →(bb̄)n + g

(2,5,2)

q + q̄ →(bb̄)n + g(one-loop)
g + g →(bb̄)n + g + g
g + g →(bb̄)n + q + q̄
g + q(q̄) →(bb̄)n + g + q(q̄)
q + q̄ →(bb̄)n + g + g
q + q̄ →(bb̄)n + q + q̄
q + q̄ →(bb̄)n + q 0 + q¯0

(61,156,65)
(98,123,98)
(20,36,20)
(20,36,20)
(20,36,20)
(4,14,4)
(2,7,2)
(4,14,4)
(2,7,2)

or
3P 1
J

q + q →(bb̄)n + q + q
q + q 0 →(bb̄)n + q + q 0

Our study is restrict on the helicity frame only due to the CPU time consumption limitation
√
and covers the experimental measurement on the Tevatron and LHC: for the Tevatron, s =
√
1.8TeV, |y| < 0.4 (CDF Run I 1 ), and s = 1.96TeV, |y| < 0.6 (CDF Run II 14 ); for the LHC,
√
s = 7TeV, |y| < 0.6 and 0.6 < |y| < 1.2 (CMS 4 ), |y| < 2 (CMS 15 ), |y| < 1.2 (ATLAS 10 ),
2.0 < y < 4.5 (LHCb 16 ). We did a combined fit to get the CO LDMEs through the pt distribution
of the yield and polarization by covering all the 7 experimental measurement.
For the fit of Υ, the situation is a little complicated in comparison with J/ψ. Firstly, there
are more complicated feed-down contributions for Υ(1S, 2S). Secondly, no directly measured
data for χb production are presented, which made it hard to decide the feed-down contribution
from χb states to Υ production. Therefore, in our work 18 , we performed the three fits for
Υ(3S, 2S, 1S) hadroproduction step by step just like: for Υ(3S), no feed-down considered, we

Table 2: The CO LDMEs for Υ we obtained (in unit of 10−2 GeV3 ).

H
Υ(1S)
Υ(2S)
Υ(3S)
χb0 (2P )
χb0 (1P )

[8]

hOH (1S0 )i
11.15 ± 0.43
3.55 ± 2.12
−1.07 ± 1.07
−
−

[8]

[8]

[8]

hOH (3S1 )i
−0.41 ± 0.24
0.30 ± 0.78
2.71 ± 0.13
2.76 ± 0.67
1.27 ± 0.16

[8]

hOH (3P0 )i/m2b
−0.67 ± 0.00
−0.56 ± 0.48
0.39 ± 0.23
−
−

[8]

got the 3 direct CO LDMEs hO(1S0 )i, hO(3S1 )i, hO(3P0 )i; for Υ(2S)(or Υ(1S)), no direct
[8]
[8]
measurement for the χb (2P )(or χb (1P )) state, we treated hOχb (2P ) (3S1 )i (or hOχb (1P ) (3S1 )i )as
another unknown parameter to be fitted, thus we obtained 4 CO LDMEs for Υ(2S)(or Υ(1S)).
In other aspects, at the LHC, some measurement for the pt distribution of the yield have
[8]
achieved more than 50 GeV, and we know that the 3PJ part turns negative as pt increasing.
Therefore in our fit, the direct contribution part of the yield was constrained to be positive. To
study the dependence of the NRQCD scale, three values of µΛ are taken: mb , mb v, ΛQCD , and
we did the corresponding fit for them, respectively. Besides, the fit region is restricted in pt > 8
GeV, and considering the kinematics effect in the feed-down from higher excited states, a shift
H0
pH
t ≈ pt × (MH /MH 0 ) is used in data treatment.
Knowing that the approximately liner dependence of the three short-distance parts, the
CO LDMEs directly obtained by our fit are with large uncertainty. Just as we did for J/ψ
fit 7 , the covariance-matrix method are adopted, so we obtain the array Λ with independent
errors, thus we can estimate the error bands in our figures correctly. The Tab 2 shows the CO
long-distance-matrix-elements(LDMEs) under the choice of µΛ = mb v.

3

Our results

With these LDMEs in Tab 2, we show our predictions for the differential cross section of Υ
hadroproduction as Fig. 1, and the polarization as shown in Fig. 2. The uncertainty bands in
the figures come from errors of the LDMEs.

4

Discussions

With different choices of the NRQCD factorization scale µΛ , we find that µΛ dependence is very
small in pt distribution of the yield and polarization for Υ. For pt distribution of Υ(1S, 2S, 3S)
yield, the experimental measurements at the Tevatron and LHC can be explained very well in
a wide range of pt . For Υ(1S, 2S), the predictions for polarization can explain the CMS data
well, meanwhile still have some distance from the CDF data. For Υ(3S), the polarization can
not be explained.
Further studies are needed. For Υ(1S, 2S), the fraction of χbJ feed-down is unknown, it
makes the uncertainty rather large in our fits. Therefore a further precise measurement on the
fraction of χbJ feed-down or on direct Υ production will be very helpful to fix the polarization
puzzle. For Υ(3S), considering the conclusions of the work 19 which found that the relativistic
corrections to J/ψ hadroproduction is negative and large in small pt range, we can infer that
the relativistic corrections to Υ(3S) is the largest one among Υ(1S, 2S, 3S), therefore detailed
study may change the result of fit. Meanwhile, other unknown feed-down contribution such as
χbJ (3P ) , may also make the polarization of Υ(3S) better.

Figure 1 – The pt distribution of yield for Υ hadroproduction at the Tevatron and LHC. Rows from top to bottom
are corresponding to different experimental conditions of CDF RUN I 1 , CMS 15 , LHCb 16 and ATLAS 10 .

Figure 2 – Polarization parameter λ(or λθ ) for Υ hadroproduction at the Tevatron and LHC. Rows from top to
bottom are corresponding to different experimental conditions of CDF RUN II 14 , CMS (|y| < 0.6 and 0.6 < |y| <
1.2) 4 .
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NEW PERSPECTIVE FOR STUDY OF EXOTICS
ABOVE DD̄ THRESHOLD
M.Yu. Barabanov
Joint Institute for Nuclear Research Joliot-Curie 6 Dubna Moscow region Russia 141980
The spectroscopy of exotic states with hidden charm is discussed. Together with charmonium
it is a good testing tool for theories of strong interactions including QCD in both perturbative and non-perturbative regime, lattice QCD, potential models and phenomenological
models. An elaborated analysis of exotics spectrum is given, and attempts to interpret recent experimental data in the above DD̄ threshold region are considered. Experiments using
the antiproton beam have an advantage of the intensive production of particle-antiparticle
pairs in antiproton-proton annihilations. Experimental data from different collaborations are
analyzed with special attention given to new states with hidden charm which were discovered recently. Some of these states can be interpreted as higher-lying charmonium states and
tetraquarks. But much more data on different decay modes are needed before firmer conclusions can be made. These data can be derived directly from the experiments using the high
quality antiproton beam with momentum up to 15 GeV/c.

1

Introduction

The study of strong interactions and hadron matter in the process of antiproton-proton annihilation seems to be a challenge nowadays. One of the main goals of contemporary physics
is to search for new exotic forms of matter, which must manifest in the existence of charmed
hybrids and multiquark states such as meson molecules and tetraquarks 1,2 . The researches of
¯ 0,
¯ and tetraquarks with hidden charm and strangeness ( ñq ñq
spectrum of charmed hybrids ññg
q and q 0 = u, d, s) together with the charmonioum spectrum are promising to understand the
dynamics of quark interactions at small distances. It is a good testing tool for the theories of
strong interactions: QCD in both perturbative and non-perturbative regimes, QCD inspired
potential models, phenomenological models, non-relativistic QCD and LQCD.
In the last few years we have witnessed the discovery of a number of narrow hadron resonances with charm which do not match the standard quark-antiquark interpretation, thereby
named exotic hadrons 2,5 . This has called for alternative interpretations of their inner structure.
One of the possible explanations is that these particles are loosely bound molecules of open
charm mesons. Another possibility is that new aggregation patterns of quarks in matter are
possible. We follow the suggestion of having diquarks as building blocks. Light diquarks have
been an object of several lattice studies. The idea that the coloured diquark can be handled as
a constituent building block is at the core of the taken approach.
An early quark model prediction was the existence of multiquark states, specifically bound
meson antimeson molecular states 4,5. In the light quark sector the fo (980) and ao (980) are
considered to be strong candidates for K K̄ molecules. However, in general, it is challenging
to definitively identify a light multiquark state in the environment of many broad and often
overlapping conventional states. The charmonium spectrum is better defined so that new types
of states can potentially be more easily delineated from conventional charmonium states.

Two generic types of multiquark states have been described in the literature 4,5 . The first
one, the molecular state, is comprised of two charmed mesons bound together to form a molecule.
These states are by nature loosely bound. Molecular states bound through two mechanisms:
quark/colour exchange interactions at short distances and pion exchange at a large distance
(although pion exchange is expected to dominate). Molecular states are generally not isospin
eigenstates, which give rise to distinctive decay patterns. Since the mesons inside the molecule
are weakly bound, they tend to decay as if they are free. The second type is a tightly bound
four-quark state, so called tetraquark that is predicted to have properties that are different from
those of a molecular state. In the model of Maiani 4,5 , for example, the tetraquark is described
as a diquark-diantiquark structure in which the quarks group into the colour-triplet scalar and
vector clusters and the interactions are dominated by a simple spin-spin interaction. Here,
strong decays are expected to proceed via rearrangement processes followed by dissociation that
gives rise, for example, to such decays as: p̄p → X → J/Ψρ → J/Ψππ; p̄p → X → J/Ψω →
J/Ψπππ; p̄p → X → χcJ π (decays J/Ψ, Ψ0 , χcJ and light mesons); p̄p → X → DD̄∗ → DD̄γ;
p̄p → X → DD̄∗ → DD̄η (decays into DD̄∗ -pair). A prediction that distinguishes tetraquark
¯ pair from conventional charmonia is possible existence of multiplets which
states containing a ññ
¯ strangeness cdc̄s̄ , or both cuc̄s̄ .
¯ d,
include members with non-zero charge ñuñ

2

Calculation of exotics spectrum

For this purpose we have fulfilled the elaborated analysis of the spectrum of tetraquarks with
the hidden charm in the mass region above DD̄ threshold. The analysis of spectrum of the
singlet 1 S0 , 1 P1 , 1 D2 and triplet 3 S1 , 3 PJ , 3 DJ charmonium states 6,7 and charmed hybrids 8,9
was carried out earlier. Different decay modes of tetraquarks such as decays into light mesons
and decays into DD̄∗ pair, were, in particular, analyzed. A special attention was given to the
new states with the hidden charm discovered recently 2−5 . The experimental data from different
collaborations like Belle, BaBar, LHCb, BES, CDF, CLEO were carefully analyzed. Using the
combined approach based on the quarkonium potential model and confinement model on a threedimensional sphere embedded into the four-dimensional Euclidian space 10,11 , more than twenty
tetraquarks were predicted in the mass region above DD̄ threshold (See Fig. 1).
The black-white boxes correspond to the recently revealed XY Z states with the hidden
charm that may be interpreted as tetraquarks. White boxes correspond to the tetraquark states
which have not been found yet. But a possibility of existence of these states is predicted in the
framework of the combined approach. It has been shown that charge/neutral tetraquarks must
have their neutral/charged partners with mass values which differ by few MeV. This assumption
can shed light on the nature of neutral X(3872), X(4350) and charged Zc (3885)± , Zc (3900)± ,
Zc (4020)± , Zc (4025)± , Zc (4050)± , Zc (4250)± , Zc (4430)± states. The quantum numbers J P C
of the X(3872) meson have been recently determined by LHCb 12 . One can find that X(3872)
may be interpreted as tetraquark state with J P C = 1++ , and X(4350) may be interpreted as
the tetraquark state with J P C = 2++ . New state Zc (4430)± observed by BES 13 together with
the Zc (4050)± , Zc (4250)± , Zc (4430)± states may be interpreted as charge tetraquarks with
J P C = 1+− . New state Zc (4025)± observed by BES 14 may be interpreted as charge tetraquark
with J P C = 0++ . The proposed approach doesnt distinguish the states Zc (3900)± and Zc (3885)±
as well as Zc (4025)± and Zc (4020)± states. The values of their masses and widths coincide in
the framework of the combined approach. Actually we don’t know whether they are the same
state or not. From the physics point of view, it seems that they should be the same. Right now,
the masses and widths are obtained from two separate and independent fits. In the future, a
couple channel analysis should be performed to derive more reasonable mass and width. The
PWA is not done because of the low statistics, so, their J P C are not determined yet. Two states
(one charge and one neutral) with J P C = 1++ are expected to exist in the mass range of 4200
4300 MeV. This hypothesis coincides with that proposed by Maiani and Polosa 15,16 . But these

Figure 1 – The spectrum of tetraquarks with hidden charm

assumptions need confirmation in PANDA experiment with its high quality antiproton beam in
the channels considered above.
To confirm that the predicted states actually exist and can be found experimentally, their
widths and branching ratios were calculated 7,11 . The feature of the considered states is their
narrowness compared with light unflavored mesons, baryons and hybrids. The states we find
in this model have small widths; their values are of the order of several tens of MeV. This
fact facilitates experimental searches. The values of the calculated widths coincide (within the
experimental error) with the experimentally determined values for the XYZ particles; the correspondence of the mass values has been discussed above. This fact strongly suggests that some of
the XY Z particles may be interpreted as higher-lying charmonium states 6,7 and tetraquarks as
it can be verified by the PANDA experiment. The values of branching ratios in the considered
decay channels of charmonium and exotics are of the order of β ≈ 10−1 10− 2 dependent of their
decay channel (mode). From this one can conclude that the branching ratios are significant and
searches for charmonium and exotics and studies of the main characteristics of their spectrum
seem to be promising for the PANDA experiment at FAIR.
3

Conclusion

The prospects for future exotics research at FAIR are related with the results obtained below:
A combined approach has been employed to study charmonium and exotics on the basis of
the quarkonium potential model and a confinement model that uses a three-dimensional sphere
embedded into the four-dimensional Euclidian space of the decay products.
The most interesting and promising decay channels of tetraquarks have been analyzed. More
than twenty tetraquark states above the DD̄ threshold are expected to exist in the framework
of this model.
The recently discovered states with the hidden charm above the DD̄ threshold (i.e., the XY Z

particles) have been analyzed. Nine of these states can be interpreted as higher-lying tetraquark
states. The necessity of further studies of the XY Z particles and improved measurements of
their main characteristics in PANDA experiment has been demonstrated.
Using the integral approach for the hadron resonance decay, the widths and branching ratios
of the expected states of tetraquarks have been calculated and they turn out to be relatively
narrow; most are of the order of several tens of MeV. This fact additionally indicates the necessity
of further studying tetraquarks in the channels considered above.
4
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RESEARCH ON EVENT SEARCH
A. USTYUZHANIN
Imperial College London, Moscow Institute of Physics and Technology, NRC ”Kurchatov Institute”,
Yandex School of Data Analysis,
Moscow, Russia

We focus on a meta-problem of physics i.e. on problems that arise in collaborative computational research. Such problems come from different aspects of complexity of research and
usually are more generic than research in High Energy Physics. This paper by no means
is intended to specify an ultimate solution for those problems, but rather it may serve as a
baseline for further discussion. Conclusions might be applicable to different fields of computational science and lead to fruitful interdisciplinary collaborations boosting research quality
and eventually helping to reach for stars or even dark matter.

Introduction
This paper is much different from the rest of the papers in this proceedings volume for two
reasons. One reason is that author comes from Computer Science domain. And second reason
is that paper is not focused on solution of a particular physics problem. This is an attempt
to generalize some experience the author had in context of a) research projects at LHC and
b) research in industrial area, in particular, development of online advertising technologies.
Unfortunately there is no rigid mathematical model/expression that could describe a source of
common problems concisely. Such source is usually referred to as complexity, which in turn can
be split into several categories:
• data/domain complexity (amount of data, number of relationships),
• analysis strategy complexity (number of steps),
• analysis step complexity (algorithm details, parameters),
• communication complexity (number of people involved).
By complexity we don’t mean subjective inability of a scientist to capture all important
research details. Instead it can be estimated by amount of manual efforts required to see/verify
how a change in some of research aspects (assumptions, parameters, approaches, etc.) could
influence the outcome of research. As an opposite term to research complexity we’d use research
agility that means that after introduction of new idea (altering parameters of used method,
changing from one method to similar one, etc.) one should spend not more than couple of

man-minutes to see how it influences the research outcome. ”People understand what they can
see. If a programmer cannot see what a program is doing, she can’t understand it” 8 .
Work in progress
We present overall view on computational research with some details intentionally omitted so
we could focus on most important aspects for clarity and brevity sake. As complexity of analysis
gradually increase, it becomes difficult for a single person to keep track of all steps necessary
to get to the final research results. Those steps may vary greatly but can be outlined in the
following generic way (event here means an atomic part of datasets for illustration purposes):
• retrieve datasets as basis for the analysis (simulated and/or real data),
• perform data pre-selection,
• perform some pre-processing of pre-selected data,
• perform event-selection,
• estimate number of signal events in selected region, signal upper limit or branching fraction,
• estimate result systematics,
• estimate significance of results.
Each step is not an atomic entity, instead it usually consists of quite a few actions that
should be performed and verified in specific order (for example to make event selection using
MVA one has to define a training dataset, a testing dataset, to train a classifier, to verify it
and to apply to previously blinded region). Every step in these analyses requires knowledge and
understanding of several important aspects:
• data one is dealing with,
• algorithms one is using and limitations of those,
• implementation details of those algorithms,
• run-time properties for running algorithms.
Without such knowledge research progress might be inefficient and very time consuming.
There is an African proverb ”If you want to go fast, go alone; but if you want to go far, go
together.” It is not easy to imagine journey longer than journey of scientific discoveries. And it
is author’s deep belief that all computational scientific experiments should have a goal of adding
to this journey. So inter-team communications introduce one more dimension of complexity.
To deal with complexity usually people tend to use Occam razor or introduction of layers
of abstraction that allow thinking and operating a set of entities as a whole. The example of
such abstraction would be patterns of software design 1 or software libraries that cover details
of implementations by a single call of function.
So given an objective growth of physics research complexity wed like to express some ideas
that may be used as a foundation for development of a framework that allows for people to
collaborate effectively.
First of all we’d like to stress the importance of understandability of analysis program/code
as reading the code is much more frequent use case than writing. Pedagogical importance of
well-understandable research in invaluable. One more thing is ability to put common piece of
analysis in a module or procedure. Such approach is usually known as reusability and allows for
automation of certain parts of analysis. Also to this point should be added ease of debugging
and analyzing the source of errors.
Secondly, for every analysis the most important part is verification of results or understanding of its systematics that should follow some standard rules and practices.
Visual representation of analysis is appreciated in majority of scientific domains and in
addition to having results visually represented it is also important to have picture that usually

worth more than a thousand words, to appear almost instantly (matter of couple of minutes)
after you changed parameters and decided to redraw it 8 .
Reproducibility of research although is known since times of Aristotle nowadays becomes
more and more expected characteristic of computational research 5 6 . This term is rather complex
and usually implies ability to run same research pipeline/workflow and get same results given
same dataset. Important aspects of reproducibility are: code preservation, data preservation,
provenance (code change tracking, data change tracking, environment settings tracking, versions
of libraries, modules being used in analysis) with ability from inside the team or even outside of
analysis team could run analysis and receive comparable results.
The most obvious requirement is compatibility and support for existing state-of-the-art libraries and frameworks like ROOT, FairROOT, RooFit, Bender for HEP.
Scalability that insures that performance of the infrastructure increases with adding new
(hardware) resources. This not only implies ability to scale, but also it is helpful to comply
with existing state-of-the-art technologies that allow run analysis code in modern heterogeneous
environments. Examples of such software would be YARN, Mesos, PanDA 17 , TIBCO 3 etc.
Last but not least is simplicity that should allow for low gradient learning curve.
At the same time it is clear that problems of complexity physicists are facing with analysis
support are not unique to physics. Similar issues arise in other areas that involve computational
experiments: cosmology, neuro-biology, and chemistry. Even in industrial contexts such as
development of web search engine people have to deal with complexity on a daily basis. If we
generalize approaches used in those areas, it would be multitude of user scripts and 3rd party
libraries that are embedded into some kind of media (or infrastructure) for those pieces of code
to operate. One major difference that such media provides is people collaboration ability. Being
more specific one can outline main characteristics of such media:
1. automation defining modules that can be reused later on,
2. consistent automatic cross-check,
3. online visually enhanced shared interactive environment,
4. reproducibility of results,
5. support for standard modules,
6. scalability (performance increase as additional hardware is available),
7. flat learning curve.
Environment for computational research are starting to appear 15 4 10 11 . Several examples of
such environment come from industry (e.g. AEther engine by LinkedIn, Brain by Baidu, Yandex
Data Factory by Yandex and others 16 18 13 ). Still for HEP domain there is no single solution
exists that meets all of the criteria specified above. One project that seems to fall close to
requirements specified above is Yandex Data Factory, which positions as software infrastructure
to support a collaborative ecosystem for computational science. It is a solution for team of
researchers that allows
• running computational experiments on big shared datasets,
• obtaining reproducible and repeatable results,
• comparing measurable result consistently.
Main application of this infrastructure is very different from physics it deals with research
on quality of web search engine, but it is remarkable that after introduction of this framework,
performance of experiments has been increased by two orders of magnitude. This framework
serves as inspiration for design of Event Filter a framework for physics analysis being developed
by Yandex for LHCb experiment 19 .

Conclusion
Having an environment that meets all specified criteria would allow scientists to go for much
broader area of methods and to play with larger range of different ideas instead of fighting with
complexities of infrastructure, data and personal relationships. A possible source of inspiration
for methods, approaches and ideas for solving domain-specific problems in different fundamental
sciences is already there and is called Data Science 2 . Data Sciences learning curve may not be the
most flat thing in the universe, but investing time in studying it may be much more rewarding
than fighting complexity with brute force. Now Data Science has drawn a lot of attention
from industry and other computational-intensive scientific areas as microbiology, neuromedicine,
genetics. Many instruments has become available 7 12 14 . It becomes more popular in physics.
So we hope that in near future a proper research environment may serve as a bridge between
different scientific domains and lead to fruitful interdisciplinary researches that enrich involved
areas of science simultaneously.
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TOP QUARK MASS MEASUREMENTS AT THE TEVATRON
S.W. YOUN on behalf of the CDF and D0 Collaborations
Fermi National Accelerator Laboratory,
Batavia, IL 60510, USA
We present recent measurements of the mass of the top quark performed at the Tevatron
pp̄ collider at a center-of-mass energy of 1.96 TeV. These measurements use the full Run II
data samples corresponding to an integrated luminosity of up to 9.3 fb−1 . We also report the
first world combination of the measurements from the Large Hadron Collider and Tevatron
experiments resulting in a top mass of 173.34 ± 0.76 GeV with a relative precision of 0.44%.

1

Introduction

The top quark discovered in 1995 by the CDF and D0 Collaborations at the Fermilab Tevatron
proton-antiproton (pp̄) collider 1 is the heaviest fundamental particle among observed. Due to
its large mass, the top quark has a very short lifetime, about one order of magnitude smaller
than the hadronization time scale, implying it can decay before hadronization takes place. This
feature allows the top quark properties to be directly measured and thereby the top quark sector
provides a unique place to study bare quark. In addition, a large Yukawa coupling of almost
unity indicates that the top quark may play a crucial role in electroweak symmetry breaking.
The mass of the top quark (mt or mtop ) is a fundamental parameter of the standard model
(SM) of particle physics because it is connected with the masses of the W boson and the Higgs
boson in the electroweak theory 2 as shown in Fig. 1. Therefore, precise measurements of the
mass of the top quark provide a crucial test of the internal consistency of the SM and could
hint at physics beyond the SM. The value of the top quark also has cosmological implications
through the so-called vacuum stability of the universe 3 .
2

Experimental Methods

At hadron colliders, the dominant production mode of top quarks is the tt̄ pair creation via the
strong interaction. In the SM, the top quark decays almost always to a W boson and a b quark.
tt̄ events can be categorized into three final states depending on how the W bosons decay: i)
dilepton final states where both W bosons decay leptonically; ii) lepton+jets where one of the
W bosons decays leptonically while the other hadronically; and iii) all-jets where both W bosons
decay hadronically.
The most common techniques utilized for the measurement of the top quark mass at the
Tevatron are two fold: template method and matrix element method.
2.1

Template Methods

The template method interprets the distributions of a set of variables which are sensitive to
the top quark mass, e.g. reconstructed mass, as probability densities. Distributions of such
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Figure 1 – Contours of 68% and 95% confidence level obtained from the EW global fit in the (MW , mt ) plane.
The narrower blue and wider gray regions are the results of the fit including and excluding the Higgs mass
measurements, respectively. The vertical and horizontal bands represent the 1σ bands of the world averages of
MW and mt 4 .

observables, referred to as templates, are constructed from simulated events for different top
quark masses and then the likelihood fit is performed to the data to extract the top quark mass.
2.2

Matrix Element Methods

Exploring the topology of the event, the matrix element (ME) method calculates the probability
of each event being signal for a given mass hypothesis. The probability is written by
Psgn (x; H) =

1
σobs

Z

fP DF (1 )fP DF (2 )d1 d2

(2π)4 |M (y, H)|2
dΦ6 W (x, y),
1 2 s

(1)

where σobs denotes the observable cross section, fP DF the parton distribution function (PDF),
√
1 and 2 the momentum fractions of the incoming partons from the protons and antiprotons, s
the center of mass energy, M (y, H) the leading order matrix element for a given mass hypothesis
(H), and dΦ6 the infinitesimal volume element of the 6-body phase space. The finite detector
resolution is taken into account by the transfer functions W (x, y) that provide the normalized
probability of a set of parton four-momenta y to be measured as x. In general, the ME technique
yields a better statistical sensitivity since it makes a maximal use of the topological and kinematic
information in the event.
2.3

In-situ Jet Energy Scale Calibration

One of the largest uncertainties on measurements of the top quark mass stems from the uncertainty on the jet energy scale (JES). For lepton+jets and all-jets analysis channels, this
particular uncertainty can be reduced using a mass constraint of the W boson. The JES can be
calibrated for each event by requiring the invariant mass of the reconstructed W boson in the
dijet system to be consistent with the mass of the W boson of 80.4 GeV. Referred to as in-situ
JES calibration, this provides an additional scaling to jet energy for signal events, kJES , which
is extracted simultaneously with the top quark mass.
3

New Measurements

Since the Tevatron combination of the top quark mass measurements in 2013 5 , there have been
a few updated results from the Tevatron experiments.

3.1

Measurements in Dilepton Final States

CDF finalizes the analysis in the dilepton channel using the template method with the full
statistics corresponding to an integrated luminosity of 9.1 fb−1 6 . A “hybrid variable” consisting
of two independent variables is introduced: one that is most sensitive to the top quark mass
(reconstructed mt ) and the other that is sensitive to the top quark mass but insensitive to the
JES (such as angle of leptons or jets). A weighted sum of these two variables is used to construct
the templates. The weight is determined to be optimal for the measurement. This new variable
allows a reduction of the convoluted uncertainty (stat⊕JES) by 12% with respect to the result
using only the reconstructed mt .
The selected events are divided into two subsamples according to the number of b-tagged
jets (non-tagged vs. tagged). The likelihood function is defined as a product of individual
likelihood functions obtained for these independent subsamples. The top quark mass is extracted
by performing an unbinned likelihood fit of the templates to data. The obtained result is
mtop = 170.80 ± 1.83(stat.) ± 2.69(syst.) = 170.80 ± 3.25 GeV and the resulting top mass
distributions are shown in Fig. 2. The dominant systematic uncertainty of 2.4 GeV is due to
the JES.

Figure 2 – Reconstructed top quark mass distributions from an unbinned likelihood fit for non-tagged (left) and
tagged (right) subsamples.

3.2

Measurements in All-jets Final States

CDF also performs the measurement of the top quark mass in the all-jets final states using
the template method with the Run II full dataset of 9.3 fb−1 7 . The event selection is tuned
to maximize the signal fraction in the sample using a neural network technique based on 13
kinematic input variables. The selected events are subdivide in events with exactly one tagged
jet (1-tag sample) and two or more tagged jets ( 2-tag sample). The kinematics of the event are
reconstructed by minimizing a constrained kinematic fit χ2 to the top quark and W boson decays.
The measurement relies on the comparison of mass distributions of the reconstructed top quark
and W boson in the data to expected distributions from signal Monte Carlo (MC) and datadriven background events. It also employs the simultaneous (in situ) JES calibration and the top
quark mass is extracted through an unbinned likelihood technique. By minimizing the negative
log-likelihood in a 2D space between mt and ∆JES, the top quark mass of mtop = 175.07 ±
1.19(stat.) +1.55
−1.58 (syst.) GeV is obtained with a corresponding resolution of σ(mtop )/mtop = 1.1%.
Figure 3 shows the distributions of reconstructed mt and mW , and the behavior of the likelihood
as a function of the measured mtop and ∆JES parameters. The main systematic uncertainties
from the residual JES and trigger simulation are evaluated to be about 0.6 GeV.
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3.3

CDF Combination

The final combination of the measurements of the top quark mass performed at the CDF√experiment is reported 7 . Three published results using 0.1 fb−1 of data in collisions at 1.8
TeV during Run I (1992-1996) 11,12,13 are combined with three published 14,15,18 and two preliminary measurements, described above, based on data corresponding to 8.7 − 9.3 fb−1 during
Run II (2001-2011). The combination is performed using two independent methods: a numerical χ2 minimization and the analytic best linear unbiased estimator (BLUE) 9,10 . It is verified
that they yields consistent results for the combination. Taking the correlations of systematic
uncertainties among different input measurements into account, the BLUE determines the coefficients (weights) to be used in a linear combination of the measurements by minimizing the
total uncertainty of the combined result.
The resulting CDF average mass of the top quark is mtop = 173.16 ± 0.57(stat.) ± 0.74(syst.)
GeV with a total uncertainty of 0.93 GeV. The input measurements and the resulting CDF
mass of the top quark are summarized in Fig. 4. The mass of the top quark is measured with a
relative precision of 0.54%, limited by the systematic uncertainties with dominant contributions
from the uncertainties on the jet energy scale and signal modeling. Since the combination is
achieved using measurements based on the full Tevatron dataset, this is the final report from
the CDF collaboration on the top quark mass.
4

World Combination

Collaborations from the Tevatron and Large Hadron Collider (LHC) experiments perform a
world combination of the top quark mass measurements. The chosen inputs to the combination
correspond to the best measurements per channel of each experiment. They consist of six results
√
from the Tevatron collider based on Run II pp̄ data collected at s = 1.96 TeV a , and five results
√
from the LHC based on pp data at s = 7 TeV. An overview of the input mtop measurements
used in this combination is shown in Table 1.
The combination is performed using the BLUE method. Both statistical and systematic
uncertainties are assumed to follow Gaussian probability density functions and their correlations among different channels, experiments, and colliders are taken into account. Systematic
uncertainties on mtop are classified into three categories: i) JES, ii) theory and signal modeling,
and iii) detector modeling, background contamination and environment. Realistic estimates of
a

Only a partial set of Tevatron measurements is used in the world combination.
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Table 1: Overview of the 11 input measurements used in this mtop combination and the baseline MC programs
for tt̄ signal events. All experiments use the Pythia program for parton evolution.

Experiment
CDF

D0
ATLAS

CMS

Final state
letpon+jets
dilepton
all jets
E
6 T +jets
letpon+jets
dilepton
letpon+jets
dilepton
letpon+jets
dilepton
all jets

Lint [fb−1 ]
8.7
5.6
5.8
8.7
3.6
5.3
4.7
4.7
4.9
4.9
3.5

mtop ± (stat.) ± (syst.) [GeV]
172.85 ± 0.52 ± 0.99
170.28 ± 1.95 ± 3.13
172.47 ± 1.43 ± 1.41
173.93 ± 1.26 ± 1.36
174.94 ± 0.83 ± 1.25
174.00 ± 2.36 ± 1.49
172.31 ± 0.23 ± 1.53
173.09 ± 0.64 ± 1.50
173.49 ± 0.27 ± 1.03
172.50 ± 0.43 ± 1.46
173.49 ± 0.69 ± 1.23

MC

Ref.
15
16

Pythia

17
18
19

Alpgen

20
21

Powheg

22
23

Madgraph

24
25

the correlations among measurements within the same experiment or across experiments and
uncertainty treatments are made.
Using the BLUE method, taking statistical and systematic uncertainties and their correlations into account, the resulting combination yields mt = 173.34 ± 0.27(stat.) ± 0.71(syst.) GeV
with a total uncertainty of 0.76 GeV. The χ2 of the combination is 4.3 for 10 degrees of freedom
and the corresponding probability is 93%. Figure 5 summaries the inputs and the results of the
combination.
The corresponding relative precision is 0.44% corresponding to the most precise evaluation
of the top quark mass. The world combination achieves an improvement of the total uncertainty
of 13% relative to the previous most precise combination 5 . The total uncertainty of the combination is 0.76 GeV, and is currently dominated by systematic uncertainties due to modeling
of the tt̄ signal events and in situ jet energy calibration. Effects of using alternative correlation

assumptions on the final result are evaluated by performing stability cross checks and found to
be small compared to the current mtop precision.
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5

Summary

Recent measurements of the mass of the top quark performed at the Tevatron experiments are
presented. They utilize the full statistics of the pp̄ collision data during Run II corresponding
to up to 9.3 fb−1 . The first world combination of the top quark mass measurements from
four experiments from Tevatron and LHC is reported. This yields mtop = 173.34 ± 0.27(stat) ±
0.71(syst) GeV and provides the most precise determination of the top quark mass. More precise
results are expected by the Tevatron and LHC Collaborations.
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Top Quark Mass Measurements at the LHC

M. Seidel, on behalf of the ATLAS and CMS Collaborations
Institut für Experimentalphysik,
Luruper Chaussee 149, D-22761 Hamburg, Germany
The mass of the top quark was measured by the ATLAS 1 and CMS 2 collaborations at the
√
Large Hadron Collider (LHC) in pp collisions at s = 7 − 8 TeV. This report briefly discusses
the basic analysis strategy and the main tt̄ modeling uncertainties, and gives an overview of
the most recent results.

1

Introduction

The top-quark mass is an important parameter of the Standard Model, allowing to check its
internal consistency 3 , and infer to new physics effects at higher scales from arguments of electroweak vacuum stability 4 .

-2Δ·ln(L)

mtMC=160 GeV
mtMC=170 GeV
mtMC=180 GeV

mean Mt

dN/dMt

Most top mass measurements performed at the LHC follow a common scheme, illustrated in
Fig. 1. As first analysis step, tt̄ events are selected, profiting from the large integrated luminosity
√
accumulated during the LHC Run I at s = 7 − 8 TeV and from the efficient b-tag algorithms.
Then an estimator Mt , is constructed that is required to be sensitive to different choices of topquark mass mMC
in simulation. Often the invariant mass of the top decay products is used but
t
other choices are possible. The distribution of Mt is parametrized in dependency on mMC
t , and
this information is used to perform a maximum likelihood fit. After calibration with simulated
pseudo-experiments of known mMC
t , the analysis is carried out on data to extract the final result.

a·mt+b
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Figure 1 – Selection and construction of a top mass estimator Mt (left), parametrization of Mt in terms of the
input top mass mMC
(center) and maximum likelihood fit (right)
t

2

Modeling uncertainties

Due to the complex final states of tt̄ events, the analyses rely on simulated samples, using a
range of different MC event generators. Typically, the most relevant modeling uncertainties
stem from radiation and hadronization.
While radiation from the top decay products is constrained by the LEP experiments at similar energy scales, the amount of radiation from the initial state and the top quark itself depends
strongly on the choice of fragmentation and renormalization scales. Therefore, measurements of
the jet multiplicity and gap fraction in tt̄ events 5,6 were performed to give constraints on these
generator parameters.
Hadronization uncertainties are usually extracted from a comparison of Lund string and
cluster fragmentation, implemented in the Pythia and Herwig codes, respectively. Both experiments use Pythia and Herwig to derive flavour-dependent jet energy uncertainties between
particle-level (”GenJets”) and reconstructed jets. This approach avoids double-counting of radiation uncertainties but relies on the assumption that non-perturbative out-of-cone effects are
negligibly small. Therefore, the complete analysis chains are rerun with different simulated samples, serving as further uncertainty (ATLAS) or cross-check (CMS). Additionally, the hardness
of the b-fragmentation function (both experiments) and the semileptonic branching ratio of B
hadrons (CMS) are varied.
3
3.1

Measurements
Dilepton channel

The measurements in the dilepton channel, Fig. 2, select events with two leptons of opposite sign
and large transverse momentum (pT ), 1 − 2 b-tagged jets, and a significant amount of missing
transverse momentum (MET). The ATLAS measurement 7 achieves a very clean selection of 97%
tt̄, and uses a template fit to the invariant mass of b-jet and lepton. The result is mt = 173.09 ±
0.64 (stat) ± 1.50 (syst) GeV. At CMS 8 , the analytical matrix weighting technique (AMWT)
is employed to reconstruct the full tt̄ system by solving for the missing neutrino momenta and
assigning a weight based on the leading order matrix element to each solution. For each event, the
procedure is repeated with smeared jet momenta 1000 times, and the solution with the highest
average weight is used as reconstructed Mt . The result is mt = 172.5±0.4 (stat)±1.5 (syst) GeV.
For both analyses, the dominant uncertainty stems from the jet energy scale calibration which
is measured from γ/Z+jet events with a precision of 1 − 3%.
3.2

All-hadronic channel

Samples of all-hadronic top decays are selected by requiring at least six high-pT jets. Suppression
of QCD multijet background is achieved with requirements on b-tagging and the opening angle
between the b-tagged jets. Both signal fraction and mass resolution are improved by constraining
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Figure 2 – Measurements in the dilepton channel from ATLAS (left) and CMS (right)

250

Events / 5 GeV

Entries / 7.5 GeV

CMS, L = 3.54 fb-1, s = 7 TeV

ATLAS Preliminary

s = 7 TeV 2011 Data
tt mtop=172.5 GeV

-1

∫Ldt = 2.04 fb

Background

200
150

UHH

tt component ESUHH
Multijet background

200

UHH

ESUHH
UHH

Uncertainty on f sig ESUHH

150

100

50

50

120 140 160 180 200 220 240 260 280 300

UHH

Combined tt and multijet ESUHH
UHH

100

0

CMS data ESUHH

250

0
100

150

200

250

mjjb [GeV]

300

350

mfit
t [GeV]

Figure 3 – Reconstructed top-quark mass in the all-hadronic channel from ATLAS (left) and CMS (right)

the light-jet energies to mW = 80.4 GeV. In the case of CMS, a full kinematic fit is done,
requiring mt = mt̄ in addition. The resulting distributions of reconstructed top-quark mass are
shown in Fig. 3. Event mixing techniques are employed for estimating the remaining multijet
background from data. The ATLAS template analysis 9 measures mt = 174.9 ± 2.1 (stat) ±
3.8 (syst) GeV, while the CMS ideogram measurement 10 yields mt = 173.49 ± 0.69 (stat) ±
1.21 (syst) GeV, where the JES uncertainty is dominant for both.
3.3

Lepton+jets channel
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The lepton+jets selection requires exactly one high-pT lepton and at least four jets with at least
one b-tag, and employs a kinematic fit. As the reconstructed top mass is very sensitive to the
JES uncertainty, the reconstructed W boson mass is used to determine a jet scale factor (JSF)
simultaneously. The JSF is also capable of correcting for physics effects like radiation but may
amplify light-to-b jet uncertainties from the hadronization phase.
Therefore, the ATLAS measurement 11 (Fig. 4) employs a novel method of constraining an
additional bJSF using the Rlb observable, defined as the ratio of the summed b and light jet
pT (for events with two b-tags) and shown in Fig. 4. The method reduces the uncertainties from
relative b-JES and hadronization (1.59 → 0.28 GeV) at the cost of a larger b-tag uncertainty
(0.17 → 0.81 GeV), and yields a final result of mt = 172.31 ± 0.75 (stat + JSF + bJSF) ±
1.35 (syst) GeV.
√
The CMS analysis 12 (Fig. 5) at s = 8 TeV uses a selection of two b-tags and a tight requirement on the goodness-of-fit probability of the kinematic fit, in order to maximize the fraction of
correct jet-parton assignments. An ideogram likelihood is calculated for mt and JSF, taking into
account multiple permutations per event and different templates for each permutation class. Due
to the usage of particle-flow jets, the flavor-dependent JES uncertainty from hadronization is well
under control (0.41 GeV). The final result is mt = 172.04 ± 0.19 (stat + JSF) ± 0.75 (syst) GeV.
As the top quark is a colored object, there is an ambiguity of O (ΛQCD ) arising from the as-
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Figure 4 – Measurement in the lepton+jets channel from ATLAS: dependency of the Rlb observable in the input
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signment of hadrons formed on the color connection between the b quarks and the proton beam
remnants. The measurement is therefore repeated in bins of 14 kinematic observables, like the
top-quark pT , b-jet pseudo-rapidity, or separation between the light-quark jets. The simulation
is found to give a good description of the data, with a p-value of 85%.
The measurement of the mass difference between top and anti-top quark provides a test of
it
it
CPT invariance. The ATLAS analysis 13 calculates ∆fmit = q` × (mfb`ν
− mfbjj
) for each event, and
yields ∆mt = +0.67 ± 0.61 (stat) ± 0.41 (syst) GeV, where the dominating uncertainty stems
from a comparison between Pythia and EvtGen for hadron decays. The CMS measurement 14
is using 8 TeV data, and splits the data sample according to the lepton charge. The result
of ∆mt = −0.272 ± 0.196 (stat) ± 0.122 (syst) GeV shows no significant deviation from the
Standard Model expectation.
4

Summary

ATLAS and CMS perform an extensive program for measuring the top-quark mass, reaching a
precision below 1 GeV. At the upcoming LHC Run II, more precise NLO-multileg calculations
of tt̄ production, data-driven constraints on non-perturbative QCD, and improvements in the
understanding of the detectors are expected to lead to even higher precision 15 .
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MEASUREMENTS OF TOP QUARK PRODUCTION AND PROPERTIES AT
THE TEVATRON
P. BARTOŠ on behalf of CDF and DØ Collaborations
Department of nuclear physics and biophysics, Faculty of Mathematics, Physics and Informatics,
Comenius University, Mlynska Dolina F1, 842 48 Bratislava, Slovakia
In this letter, we summarize the latest results of the top-quark production and properties
at the Tevatron. We do not include results of the top-quark mass and single top-quark
production as they were presented in separate talks. The results of the measurements are
mostly consistent with the standard-model predictions. However, by looking at the production
asymmetry measured by CDF, one can see a discrepancy in both, tt̄ inclusive and lepton-based
measurements. DØ results of production asymmetry are compatible with the standard-model
predictions as well as with the CDF results.

1

Introduction

The top quark is the heaviest fundamental particle with the unique properties. It is 3rd generation quark with electric charge of +2/3e and mass of 173.34 ± 0.76 GeV/c2 1 . The huge
mass gives importance to the QCD corrections for the top quark. Due to the very short lifetime
(∼ 10−25 s), the top quark decays before hadronization and we can study its properties using its
decay products. If we see a deviation of the measured properties from the standard-model (SM)
predictions, it could be a sign of a new physics. The top-quark events are important background
in the Higgs-boson studies.
At the Tevatron pp̄ collider, top quarks are produced mainly in pairs through strong force
quark-antiquark annihilation (∼ 85%) and gluon-gluon fusion (∼ 15%) processes. According the
SM, the top quark decays into the W boson and bottom (b) quark in almost 100% of the cases.
The final state of top-quark-pair production contains two b-quarks jets and two W bosons,
which decay leptonically (to lνl , where in our case l = e, µ) or hadronically (into quarks). The
tt̄ events can be then classified into three categories: the dilepton or all–jets events, where both
W bosons decay leptonically or hadronically, respectively; and the lepton+jets events, where
one of the W bosons decays leptonically while the other one decays hadronically.
2
2.1

Top-quark pair production cross section
Inclusive cross section

Using the BLUE method, we combine two DØ and four CDF measurements with weights of
40% and 60%, respectively. We obtain a value of σtt̄ = 7.60 ± 0.41 pb 2 for a top-quark mass of
172.5 GeV/c2 . The contributions to the uncertainty are 0.20 pb from statistical sources, 0.29
pb from systematic sources, and 0.21 pb from the uncertainty on the integrated luminosity. The
main source of the systematic uncertainty is signal modeling. The result is in good agreement
3
with the SM prediction of 7.35+0.28
−0.33 pb at NNLO+NNLL in pertubative QCD .

2.2

Differential cross section

Measurement of tt̄ differential cross section provides direct test of QCD. Measurements deepen
our understanding of QCD, and help us to improve the modeling of QCD processes. A precise
QCD modeling is vital in a new-physics searches, where the differential top-quark cross sections
are used to constrain new sources of physics (e.g. axigluon models).
DØ presents a measurement using full data sample (9.7 fb−1 ) of lepton+jets events. The
differential cross section is studied as a function of the transverse momentum and absolute value
of the rapidity of the top quarks as well as of the invariant mass of the tt̄ pair. The events
are required to contain an isolated lepton, a large imbalance in transverse momentum, and four
or more jets with at least one jet identified to originate from a b quark. The final state is
obtained by kinematic reconstruction and the result is corrected to parton-level top quark. The
observed differential cross sections 4 are consistent with SM predictions. The authors compared
the measurements also with predictions, which include different axigluon models with different
couplings provided by Falkowski et al. 5 . One can say that some models are in tension with the
presented data.
CDF reports a measurement of the differential cross section as a function of the top-quark
production angle. The measurement is performed using lepton+jets events, corresponding to an
integrated luminosity of 9.4 fb−1 . The authors employ the Legendre polynomials to characterize
the shape of the differential cross section at the parton level. As Legendre moment a0 contains
only total cross section, all Legendre moments of degree l > 0 (al ) are scaled, so that a0 = 1.
The observed Legendre moments are in good agreement with the NLO SM predictions, with the
exception of ∼ 2σ excess linear-term moment a1 = 0.40 ± 0.12 6 , compared to standard-model
prediction of a1 = 0.40+0.07
−0.03 . The result constrains t-channel explanations of the asymmetry
(see section 5) and favors asymmetry models with strong s-channel components (i.e. axigluon
models).
3

Decay width and lifetime

As we already mentioned, top quark is the heaviest elementary particle and its large mass endows
it with the largest decay width. A deviation from the SM predictions could indicate decays via
e.g., charged Higgs boson, stop squark, or flavor changing neutral current.
CDF reports direct measurement using tt̄-pair candidates reconstructed in the final state with
one charged lepton and at least four hadronic jets, corresponding to full Tevatron Run II data
set (8.7 fb−1 ). The total decay width is extracted by comparing reconstructed top-quark mass
and mass of the hadronically decaying W boson with distributions derived from simulated signal
+1.84
and background samples. For the top-quark mass of 172.5 GeV/c2 , CDF obtains Γt = 2.21−1.11
−25
−25
7
GeV, what corresponds to a lifetime of 1.6 × 10
< τt < 6.0 × 10
s . The results is in
agreement with SM expectations.
The DØ most precise measurement is based on extracting of total decay width from the
partial decay width Γ(t → W b) and the branching fraction B(t → W b). The Γ(t → W b)
is obtained from the t-channel single top-quark production cross section and B(t → W b) is
measured in tt̄ events. The method assumes that the coupling leading to t-channel single topquark production is identical to the coupling in the top-quark decay. For the top-quark mass
of 172.5 GeV/c2 , the resulting width is Γt = 2.00+0.47
−0.43 GeV, what corresponds to a lifetime of
−25 s 8 .
τt = 3.29+0.90
×
10
−0.63
4

Branching fractions

The decay rate of top quark into a W boson and a down-type quark q (q = d, s, b) is proportional
to |Vtq |2 , the squared element of CKM matrix. Under the assumption of a unitary 3 × 3 CMK
9
matrix, |Vtb | is highly constrained to |Vtb | = 0.999152+0.000030
−0.000045 , and the top quark decays almost

exclusively to W b. The existence of a fourth generation of quarks would remove this constraint,
would lead to smaller values of |Vtb |, and could also affect the decay rates in the tt̄ production.
The latter can be used to extract the ratio of branching fractions, R = B(t → W b)/B(t → W q).
CDF reports the measurement in the dilepton decay channel using 8.7 fb−1 of data. The
ratio obtained by the maximum likelihood estimator has value of R = 0.87 ± 0.07. Assuming
the unitarity of the CKM matrix and the existence of the three quark generations, the authors
extract |Vtb | = 0.93 ± 0.04 10 .
DØ measurement uses data sample of 5.4 fb−1 . The final result is obtained as combination
of lepton+jets- and dilepton-channel results. The authors measure R = 0.90±0.04, and extract
CKM matrix element |Vtb | = 0.95 ± 0.02, assuming unitarity of the 3 × 3 CMK matrix 11 .
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Figure 1 – Forward-backward asymmetry as a function of top-quark pair mass at the parton level. The last bin
contains overflow events. (left) CDF result, (right) DØ result.

5

Production asymmetries

The tt̄ pairs are produced through strong force quark-antiquark annihilation or gluon-gluon
fusion. In the leading order (LO), the SM does not predict any asymmetry in either of the
processes. However, at NLO, the SM predicts asymmetry coming from interference of the amplitudes of Born and box diagrams and interference of the initial and final state gluon radiation
in quark-antiquark annihilation processes. tt̄ production via gluon-gluon fusion remains symmetric also at the higher orders. Another contribution to asymmetry is due to interference of
quark-gluon scattering processes or due to the electroweak interactions.
5.1

Forward-backward asymmetry

After the kinematic reconstruction of final tt̄ state, one can define the asymmetry using rapidity
difference, ∆y = yt − yt̄ :
N (∆y > 0) − N (∆y < 0)
AF B =
(1)
N (∆y > 0) + N (∆y < 0)
where yt (yt̄ ) corresponds to rapidity of top (antitop) quark.
Both, CDF and DØ measure the asymmetry in the lepton + jet channel using full data
sets. After the full kinematic reconstruction of tt̄ final state, the correction to the parton
level is done using regularized 2D unfolding. The CDF measures the asymmetry of AF B =
0.164 ± 0.039(stat) ±0.026(syst) 12 , while DØ experiment measures the value of AF B = 0.106 ±
0.027(stat) ±0.013(syst) 13 .
Both experiments express the inclusive asymmetry as a function of top-quark pair mass, mtt̄ .
In addition to that, CDF presents also dependence of the AF B on the rapidity difference, |∆y|
and on the transverse momentum of the tt̄ system, pT (tt̄). The asymmetry at CDF is found to

have approximately linear dependence on both |∆y| and mtt̄ , as expected for the NLO charge
asymmetry, although with larger slopes then the NLO prediction. The probabilities to observe
the measured values or larger for the detector-level dependencies are 2.8σ and 2.4 σ for |∆y|
and mtt̄ , respectively. DØ measurement of the AF B dependence on mtt̄ shows compatibility of
the data with SM predictions as well as with CDF result (see Fig. 1).
5.2

Lepton-based asymmetry

To measure the lepton-based asymmetry, there is no need to reconstruct tt̄ final state. The
advantage is also a good lepton charge determination and high precision of measurement of
the lepton direction. One can define single-lepton asymmetry, AlF B , using the lepton charge
multiplied by its rapidity (qyl ); or dilepton asymmetry, A∆η
F B , using the difference of pseudorapidities of positive and negative leptons (∆η = ηl+ − ηl− ) in dilepton channel.
Both experiments measure single-lepton asymmetry in lepton + jets 14,15 and dilepton 16,17
16
channels and combine the results using the BLUE method. CDF obtains AlF B = 0.090+0.028
−0.026 ,
l
15
while DØ measures the value of AF B = 0.047 ± 0.023(stat)±0.015(syst) . Comparing the
results with SM prediction of AlF B = 0.038 ± 0.003, one can say, that CDF sees 2σ excess, while
DØ result is compatible with the expectations.
16
In the dilepton channel, CDF and DØ measure dilepton asymmetry of A∆η
F B = 0.072±0.081
∆η
and AF B = 0.123 ± 0.054(stat)±0.015(syst) 17 , respectively. Both results are compatible with
SM prediction of 0.048 ± 0.003. Furthermore, DØ presents a ratio of single-lepton and dilepton
asymmetries in dilepton channel. There is a discrepancy between the measured value of the
ratio of AlF B /A∆η
F B = 0.36 ± 0.20 and the SM prediction of 0.79 ± 0.10.
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TOP PAIR CROSS SECTION AT NNLO
P. FIEDLER
Institute for Theoretical Particle Physics and Cosmology, RWTH Aachen University,
D-52056 Aachen, Germany
The total production cross section for top quark pairs is a fundamental element of hadron collider physics. In this contribution we give a brief overview on recent theoretical developments
focusing on last year’s result for the NNLO corrections. Furthermore we explain how this result can be employed to determine the hard matching coefficients that are of phenomenological
interest in soft gluon resummation.

1

The total cross section for top quark pair production

Top quark pair production is one of the key processes under investigation at current hadron
collider experiments and plays an important role for various Standard Model (SM) applications
as well as in searches for new physics. Therefore, in the recent past a lot of effort has been
put into the further improvement of its theoretical description to cope with the continuing
progress in experimental precision, culminating in the completion of the full next-to-next-toleading (NNLO) prediction at the beginning of last year 1,2,3,4 .
This work was the first hadron collider calculation at NNLO with more than 2 colored partons
and/or massive fermions and allows for a high precision comparison between the Standard
Model and experiment. Moreover the techniques developed therein can be applied to different
production processes to increase their level of accuracy as well. Due to its high precision, the
total cross section for tt production is very sensitive to its input parameters and can thus be
employed to examine various physical quantities. It has for instance been used in detailed PDF
studies, especially to constrain the gluon PDF in the large x regime 5 . Furthermore it can serve
as a new method for αS and top quark mass measurements 6 . For many BSM searches top quark
pair production is one of the major background processes and therefore the full NNLO result
will help to identify possible signal events and to discriminate between different new physics
models.
The calculation itself is most conveniently done following the notation established in Refs.1-4,
where the total cross section is expressed as
σtot =

X Z βmax
i,j

dβ Φij (β, µF ) σ̂ij (αS (µR ), β, m2 , µF , µR ) .

(1)

0

The sum runs over all possible initial state partons and Φij (β, µF ) is the partonic flux defined
as
2β
Φij (β, µF ) =
Lij
1 − β2

2
1 − βmax
, µF
1 − β2

!

,

(2)

where Lij , the partonic luminosity,
is a convolution of the PDFs. The relative velocity of the
p
final state top quarks β ≡ p1 − 4m2 /s is determined by the pole mass and the partonic
√ c.m.
√
2
energy s whereas βmax ≡ 1 − 4m /S depends on the c.m. energy of the collider S. The
renormalization and factorization scales are as usual denoted as µR/F . Choosing both scales to
be equal, the partonic cross sections σ̂ij can be expanded in a perturbative series in αs
σ̂ij =


αS2  (0)
(1)
2 (2)
σ̂
+
α
σ̂
+
α
σ̂
,
S
S ij
ij
m2 ij

(3)
(n)

where in our case the strong coupling is MS renormalized with NL = 5 active flavor. The σ̂ij
are known exactly through NLO while at NNLO they are given in terms of analytically known
threshold expansions and numerical fitting functions incorporating the effects of the full calculation.

Table 1: NNLO+NNLL theoretical predictions for various colliders and c.m. energies using m = 173.3

GeV and the MSTW2008nnlo68cl pdf set 4

Collider
Tevatron

σtot [pb]
7.164

LHC 7 TeV

172.0

LHC 8 TeV

245.8

LHC 14 TeV

953.6

scales [pb]

pdf [pb]

+0.110(1.5%)
−0.200(2.8%)
+4.4(2.6%)
−5.8(3.4%)
+6.2(2.5%)
−8.4(3.4%)
+22.7(2.4%)
−33.9(3.6%)

+0.169(2.4%)
−0.122(1.7%)
+4.7(2.7%)
−4.8(2.8%)
+6.2(2.5%)
−6.4(2.6%)
+16.2(1.7%)
−17.8(1.9%)

The NNLO result for the total cross section including resummation of soft gluon effects to NNLL
accuracy is shown in table 1. Due to sizable contributions away from threshold in the gluon
fusion production channel, there is a noticable impact on the theoretical predictions for the LHC
compared to the previously used approximate NNLO results, that mimic the leading behaviour
due to soft gluon radiation and coulomb effects. The error due to scale variation, however,
is decreased significantly for both colliders and now matches the other sources of theoretical
uncertainty, namely the PDF sets, the strong coupling constant and the top quark mass 5,7 . So
we have now reached a saturation point where further improvement on the total cross section
can only be achieved by simultaneously reducing all contributing sources of error. Note that at
this level of precision also electroweak effects 8,9 will have a noticable impact but have not been
included yet.
2

Resummation and threshold behaviour

Prior to the full calculation discussed in the previous section the NNLO behaviour of the total
cross section for top quark pair production was approximated by exploiting the factorization of
soft gluon radiation and potential effects to derive the velocity enhanced terms incorporated in a
threshold expansion 10 . After factorizing the Born cross section, the expansion formula is given
in terms of inverse powers of the top quark velocity, β, and its logarithms. The advantage of such
an approach is the possibility to determine the necessary parts in an independent and generally
less difficult calculation. Unfortunately, the β-independent terms of the expansion, which are
phenomenologically important since they propagate through resummation to all orders of the
perturbative series 17,18,19 , are not accessible by this method. Employing the full NNLO result,
however, allows for a numerical evaluation of these so-called hard matching coefficients in two
different approaches.
The straightforward method is to extract the constant β-terms directly from the fitting functions

of the full NNLO calculation yielding 1,4

(2), F it

= 1195.82 − 44.1841 NL − 4.28168 NL2 = 867.858

(2), F it

= 338.179 − 26.8912 NL + 0.142848 NL2 = 207.294 ,

Cqq̄

Cgg

(4)

where the last values correspond to NL = 5. Although this approach provides a first estimate,
it is not satisfactory since it suffers from two drawbacks. First of all, the fit is dominated by
the threshold behaviour of the partonic cross sections and their assumed functional dependence,
which leads to a rather large error estimate for the extracted matching coefficients of 10% for
the quark annihilation 1 and 50% for the gluon fusion channel 4 . The second drawback to this
method is the fact that the fit is performed for color averaged quantities, which for tt production
only affects the gluon fusion initiated process. Thus, additional assumptions, inspired by the
NLO results, are required to assess the dependence between color singlet and octet contributions
and determine the corresponding hard matching coefficients.

Figure 1 – Schematic representation of soft factorization. H stands for the hard function, whereas S for the soft
function. The double lines denote Wilson lines, whereas the ⊗ symbols stand for the insertion of the color structure of
the hard matrix element. The sum over different color structures is suppressed.

The second approach avoids these issues by utilizing the factorization properties of the total cross
section close to threshold. In this regime the cross section can be expressed as a convolution of a
soft function, that contains the effects of radiation, and a hard function representing the purely
virtual contributions as illustrated by Fig.1 11,12,13,15 . While the soft function can be derived
from a fixed order calculation considering the emission of massless partons from eikonal lines
representing the hard scattering process 14,15 , the virtual contributions can be directly extracted
from the full NNLO corrections with complete color information retained. The entire evaluation
is performed by decomposing the process into color singlet and octet configurations of the top
quark pair. The constant terms of the β-expansion then read 16

(2)

Cqq̄

= 1104.08 − 42.9666 NL − 4.28168 NL2 = 782.208

(2)

Cgg,1 = 37.1457 + 17.2725 NL = 123.508
(2)

Cgg,8S = 674.517 − 45.5875 NL = 446.58

(5)

(2)

Cgg,8A = 11.2531 − 2.29745 NL + 0.142857 NL2 = 3.33731 ,
where 1, 8S and 8A denote the singlet, symmetric octet and antisymmetric octet contributions.
Although the numerical impact on the resummed cross section is small compared to the results
of the fit to the partonic cross sections, there is an additional benefit from this calculation since
it led to the identification of yet missing coulomb logarithms in the threshold approximation of
color octet production induced by the interaction of virtual heavy quarks 16 . Due to a coincidental
suppression of the gluon fusion channel at leading order, these corrections only affect the quark
initiated subprocess but might have a stronger impact on other processes that employ this type
of expansion, for instance in BSM physics.
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Following the recent observation that for light quark masses a harmonic potential and linear
Regge trajectories in the light-front form of dynamics corresponds to a linear potential in
the usual instant-form, and the realization that the light-front effective confinement potential
can be obtained from an effective theory which encodes the fundamental conformality of
the classical QCD Lagrangian, we describe a procedure to extend the light-front holographic
approach to hadronic physics to include light-quark masses. The procedure allows us to
extend the formalism of de Alfaro, Fubini and Furlan to the frame-independent light-front
Hamiltonian theory in the approximation where the transverse dynamics is unchanged to first
order without modifying the emerging confinement scale.

1

Introduction

In the ultrarelativistic limit of zero quark masses one can reduce the strongly correlated
multi-parton light-front dynamical problem in QCD to an effective one-dimensional quantum
field theory, which encodes the fundamental conformal symmetry of the classical QCD Lagrangian. This procedure leads to a semiclassical relativistic light-front wave equation for arbitrary spin which incorporates essential spectroscopic and non-perturbative dynamical features
of hadron physics, similarly to the the Schrödinger and Dirac equations in atomic physics 1,2,3 .
A key element in the search for a semiclassical approximation to QCD, in its nonperturbative regime, is the correspondence between the equations of motion in Anti–de Sitter (AdS)
space and the light-front (LF) Hamiltonian equations of motion for relativistic light hadron
bound-states in physical space-time 1 inspired by the AdS/CFT correspondence 4 . In fact, lightfront holographic methods were originally introduced the matching of the electromagnetic 5 and
gravitational 6 form factors in AdS space 7,8 with the corresponding expressions derived from
LF quantization in physical space time. This approach allows us to establish a precise relation
between wavefunctions in AdS space and the LF wavefunctions (LFWFs) describing the internal
structure of hadrons. However the actual form of the effective potential has remained unknown
until very recently.
It was been realized 3 that the form of the effective LF confining potential can be obtained
from the framework introduced by V. de Alfaro, S. Fubini and G. Furlan (dAFF) 9 , by extending
the dAFF formalism to the frame-independent light-front Hamiltonian theory. It was shown by
dAFF that a scale can appear in the Hamiltonian while retaining the conformal invariance of
the action 9 . This remarkable result is based on the isomorphism of the algebra of the onedimensional conformal group Conf (R1 ) to the algebra of generators of the group SO(2, 1). One
of the generators of this group, the rotation in the 2-dimensional space, is compact and has
a

Speaker

therefore a discrete spectrum with normalizable eigenfunctions. As a result, the form of the
evolution operator is fixed and includes a confining harmonic oscillator potential, and the time
variable has a finite range. As pointed out by dAFF, the relation between the generators of
the conformal group and the generators of SO(2, 1) suggests that the new scale may play a
fundamental role 9 . In fact, it was shown in Ref. 3 that there exists a remarkable threefold
connection between the one-dimensional semiclassical approximation to light-front dynamics
with gravity in a higher dimensional AdS space, and the constraints imposed by the invariance
properties under the full conformal group in one dimension Conf (R1 ). This provides a new
insight into the physics underlying confinement, chiral invariance, and the QCD mass scale.
It was also shown very recently that an effective harmonic potential in the light-front form of
dynamics corresponds, for light quark masses, to a linear potential in the usual instant-form 10 ;
a result which suggests that the Wilson area law for confinement is also valid for light quarks.
Conversely, for a linear potential in the instant-form, the front-form is a harmonic oscillator, thus
the prediction of linear Regge trajectories in the hadron mass square for small quark masses 10 ,
in agreement with the observed spectrum for light hadrons.
Motivated by these recent results, we will discuss in this article how the light-front holographic ideas can be extended in a simple and consistent way to first order in the light-quark
masses. In particular, we will show that in this approximation the results are stable; that is,
described with identical values of the gap constant. To first order in the quark masses the transverse dynamics is unchanged, and the effective LF confining interaction is given by the effective
one-dimensional quantum field theory.
2

Light-Front Semiclassical Approximation to QCD

In the font-form of relativistic dynamics 11 the four-momentum generators P µ of a hadron
P µ = (P − , P + , P⊥ ), P ± = P 0 ± P 3 , are constructed canonically from the QCD Lagrangian
by quantizing the system on the light-front at fixed LF time x+ , x± = x0 ± x3 12 . The LF
Hamiltonian P − generates the LF time evolution P − |φi = i ∂x∂+ |φi, whereas the LF longitudinal
P + and transverse momentum P⊥ are kinematical generators.
Each hadronic eigenstate |ψi is expanded in a Fock-state complete
P basis of non-interacting
n-particle states |ni with an infinite number of components: |ψi = n ψn |ni, where the LFWFs
ψn are boost invariant. In order to reduce the strongly correlated multi-parton bound-state
dynamics to an effective one-dimensional problem it is crucial to identify the key dynamical
variable which controls the bound state 1 , the invariant mass of the constituents in each nparticle Fock state Mn2 = (k1 + k2 + · · · kn )2
Mn2 =

n
X
k2⊥i + m2i
,
xi

(1)

i=1

Pn

Pn

where i=1 xi = 1, and i=1 k⊥i = 0. In fact, the LF wave function is of-shell in P − and
consequently in the invariant mass. Alternatively, it is useful to consider its canonical conjugate
invariant variable in impact space. This choice of variable will also allow us to separate the
dynamics of quark and gluon binding from the kinematics of constituent spin and internal
orbital angular momentum 1 .
For a q q̄ bound state, the invariant mass (1), which is also the LF kinetic energy, is Mq2q̄ =
k2⊥
x(1−x) .

Similarly, in impact space the relevant variable is ζ 2 = x(1 − x)b2⊥ , the invariant
separation between the quark and antiquark. Thus, to first approximation, LF dynamics depends
only on the boost invariant variable Mn or ζ, and the dynamical properties are encoded in the
hadronic LF wave function φ(ζ)
φ(ζ)
ψ(x, ζ, ϕ) = eiLϕ X(x) √
,
2πζ

(2)

where we have factored out the longitudinal X(x) and orbital dependence.
The normalization
R
of the transverse and longitudinal modes is given by hφ|φi = dζ φ(ζ)2 = 1 and hX|Xi =
R1
−1
−1 2
0 dx x (1 − x) X (x) = 1.
In the limit of zero quark masses the longitudinal modes decouple from the invariant LF
Hamiltonian equation HLF |φi = M 2 |φi with HLF = Pµ P µ = P − P + − P2⊥ . We obtain the wave
equation 1


d2
1 − 4L2
− 2−
+ U (ζ, J) φn,J,L = M 2 φn,J,L ,
(3)
dζ
4ζ 2
a relativistic single-variable LF Schrödinger equation, where n, the number of nodes in ζ, J the
total angular momentum J and L the internal orbital angular momentum of the constituents.
The effective potential U acts on the valence sector of the theory and follows from the systematic
expression of the higher Fock components as functionals of the lower ones. This method has
the advantage that the Fock space is not truncated, and the symmetries of the Lagrangian
are preserved 13 . The effective interaction potential U is instantaneous in LF time x+ , not
instantaneous in ordinary time x0 , and it represents the complete summation of interactions
obtained from the Fock state reduction.
If we compare the invariant mass in the instant-form in the hadron center-of-mass system,
P = 0, Mq2q̄ = 4 m2q + 4p2 , with the invariant mass in the front-form in the constituent rest
frame, kq + kq̄ = 0 for equal quark-antiquark masses, we obtain the relation found in Ref. 10
q
q
U = V 2 + 2 p2 + m2q V + 2 V p2 + m2q ,
(4)
where we identify p2⊥ =

k2⊥
4x(1−x) ,

m (x−1/2)
p3 = √q
, and V is the effective potential in the instantx(1−x)

form. Thus, for small quark masses a linear instant-form potential V implies a harmonic frontform potential U and thus linear Regge trajectories. For large quark masses this relation is
still valid for large q q̄ separation, but the non-local mass terms in (4) become important. One
can also show 10 how the two-dimensional front-form harmonic oscillator potential for massless
quarks takes on a three-dimensional form when the quarks have mass since the third space
component is conjugate to p3 , which has an infinite range for m 6= 0.
3

Conformal Invariance and Light-Front Hamiltonian Dynamics

When extended to light-front holographic QCD 1,3 , the dAFF framework give important
insights into the QCD confining mechanism. It turns out that it is possible to introduce a scale by
a redefinition of the quantum mechanical evolution operator while leaving the action conformally
invariant, and consequently to a redefinition of the corresponding evolution parameter τ , the
range of which is finite. Remarkably this procedure determines uniquely the form of the lightfront effective potential and correspondingly the modification
of AdS space.
R  2
1
One starts with the one-dimensional action S = 2 dt Q̇ − Qg2 , which is invariant under
conformal transformations in the variable t. In addition to the Hamiltonian H there are two more
invariants of motion for this field theory, namely the dilatation operator D and K, corresponding
to the special conformal transformations in t. Specifically, if one introduces the new variable τ
defined through dτ = dt/(u+v t+w t2 ) it then follows that the the operator G = u H +v D+w K
d
|ψ(τ )i. In the Schrödinger
generates the quantum mechanical evolution in τ 9 G|ψ(τ )i = i dτ
9
representation
1 
d2
g i  d
d  1 2
+
x + wx ,
(5)
G= u − 2 + 2 + v x
2
dx
x
4
dx dx
2
is the superposition of the ‘free’ Hamiltonian H, the generator of dilatations D and the generator
of special conformal transformations K in one dimension, the generators of Conf (R1 ); namely
G = uH + vD + wK. The conformal group Conf (R1 ) is locally isomorphic to SO(2, 1), the

Lorentz group in 2+1 dimensions. Since the generators of Conf (R1 ) have different dimensions,
their relations with the generators of SO(2,1) imply a scale, which here plays a fundamental
role, as already conjectured in 9 .
Comparing the dAFF Hamiltonian (5) with the light-front wave equation (3) and identifying
the variable x with the light-front invariant variable ζ, we have to choose u = 2, v = 0 and
relate the dimensionless constant g to the LF orbital angular momentum, g = L2 − 1/4, in order
to reproduce the light-front kinematics. Furthermore w = 2λ2 fixes the confining light-front
potential to a quadratic dependence 3 , U ∼ λ2 ζ 2 , and thus from (4) to a linear potential for
massless quarks.
4

AdS Gravity and Light-Front Dynamics

Anti-de Sitter AdS5 is a five-dimensional space with negative constant curvature and a
4-dimensional boundary, Minkowski space-time. In the AdS/CFT correspondence, the consequence of the SO(2, 4) isometry of AdS5 is the conformal invariance of the dual field theory.
Recently we have derived wave equations for hadrons with arbitrary spin starting from a dilatonmodified effective action in AdS space 2 . An essential element is the mapping of the higherdimensional equations to the LF Hamiltonian equation found in Ref. 1 . This procedure allows a
clear distinction between the kinematical and dynamical aspects of the LF holographic approach
to hadron physics. Accordingly, the non-trivial geometry of pure AdS space encodes the kinematics, and the additional deformations of AdS encode the dynamics, including confinement 2 ,
and determine the form of the LF effective potential from the precise holographic mapping to
light-front physics 1,2 . The variable z of AdS space is identified with the LF boost-invariant
transverse-impact variable ζ 1,5,6 thus giving the holographic variable a precise definition in LF
QCD. The LF mapping also provides a precise relation between the bound-state amplitudes in
AdS space and the boost-invariant light-front wavefunctions describing the internal structure of
hadrons in physical space-time. One finds from the dilaton-modified AdS action the effective
LF potential 2,14
1
1
2J − 3 0
U (ζ, J) = ϕ00 (ζ) + ϕ0 (ζ)2 +
ϕ (ζ),
(6)
2
4
2ζ
provided that the product of the AdS mass µ and the AdS curvature radius R are related to the
total and orbital angular momentum, J and L respectively, according to (µR)2 = −(2−J)2 +L2 .
The critical value J = L = 0 corresponds to the lowest possible stable solution, the ground state
of the LF Hamiltonian, in agreement with the AdS stability bound (µR)2 ≥ −4 15 , where R
is the AdS radius. The correspondence between the LF and AdS equations thus determines
the LF confining interaction U in terms of the effective modification of the infrared region of
AdS space. The choice of the dilaton profile ϕ(z) = λz 2 introduced in 16 thus follows from
the requirements of conformal invariance. This specific form for ϕ(z) leads through (6) to the
effective LF potential U (ζ, J) = λ2 ζ 2 + 2λ(J − 1), and corresponds to a transverse oscillator in
the light-front. The term λ2 ζ 2 is determined uniquely by the underlying conformal invariance
of classical QCD incorporated in the one-dimensional effective theory, and the constant term
2λ(J − 1) by the embedding space 2,14 . For λ > 0 , the wave equation (3) has eigenfunctions
s
2n!
2
2
φn,L (ζ) = λ(1+L)/2
ζ 1/2+L e−λζ /2 LL
(7)
n (λζ ),
(n+L)!
and eigenvalues
2
Mn,J,L



J +L
= 4λ n +
2


,

(8)

an important result also found in Ref. 17 . This result not only implies linear Regge trajectories,
but also a massless pion and the relation between the ρ and a1 mass usually obtained from the
Weinberg sum rules 18 .

5

Inclusion of Light Quark Masses

The partonic shift in the hadronic mass from small quark masses follows from the computation of the hadronic matrix element hψ(P 0 )|Pµ P µ |ψ(P )i = M 2 hψ(P 0 )|ψ(P )i expanding the
initial and final hadronic states |ψi in terms of their Fock components following the same steps
as in Ref. 1 , but keeping the quark mass in the kinetic energy terms of the LF Hamiltonian. The
result is
*
+
X m2
a
2
∆M = ψ
ψ ,
(9)
xa
a
where ∆M 2 = M 2 − M02 is the hadronic mass shift. Here M02 is the value of the hadronic mass
computed in the limit of zero quark masses, given by Eq. (8). This expression is identical to the
Weisberger result for a partonic mass shift 19 . Notice that this result is exact to first order in
the light-quark mass if the sum in (9) is over all Fock states n. For simplicity, we consider the
case of a meson bound-state of a quark and an antiquark with longitudinal momentum x and
1 − x respectively. To first order in the quark masses
!
Z 1 Z
m2q
m2q̄
2
2
+
|ψ(x, b⊥ )|2 ,
(10)
dx d b⊥
∆M =
x
1
−
x
0
where mq and mq̄ in (10) are effective quark masses from the renormalization due to the reduction
of higher Fock states as functionals of the valence state 13 , not “current” quark masses, i.e., the
quark masses appearing in the QCD Lagrangian.
The longitudinal factor X(x) in the LFWF (2) can be determined in the limit of massless
quarks from the precise mapping of light-front amplitudes for arbitrary momentum transfer Q2 .
1
1
Its form is X(x) = x 2 (1 − x) 2 5 . This expression of the LFWF gives a divergent expression for
the partonic mass-shift (10), and, evidently, realistic effective two-particle wave functions have
to be additionally suppressed at the end-points x = 0 and x = 1. As pointed out in 20 , the
essential dynamical variable which controls the bound state wave function in momentum space
is the invariant mass (1). Thus, for the effective two-body bound state the inclusion of light
quark masses amounts to the replacement
Mq2q̄ =

m2q
m2q̄
k2⊥
k2⊥
→
+
+
,
x(1 − x)
x(1 − x)
x
1−x

(11)

in the LFWF in momentum space. This is in fact the correct prescription, since it preserves the
invariant properties of the LFWF.
In the limit of zero quark masses the effective LFWF for a two-parton ground state in impact
space is
p
1 2
ψ(x, ζ) ∼ x(1 − x) e− 2 λζ ,
(12)
where
the invariant transverse variable ζ 2 = x(1 − x)b2⊥ and λ > 0. The longitudinal factor
p
x(1 − x) is determined from the precise holographic mapping of transition amplitudes in the
limit of massless quarks. The Fourier transform of (12) in momentum-space is
2

k⊥
1
−
ψ(x, k⊥ ) ∼ p
e 2λx(1−x) ,
x(1 − x)

(13)

where the explicit dependence of the wavefunction in the LF off shell-energy is evident.
For the effective two-body bound state the inclusion of light quark masses amounts to the
replacement in (13) of the q−q̄ invariant mass (11), the key dynamical variable which describes
the off energy-shell behavior of the bound state 20 ,
1

e
ψ(x, k⊥ ) ∼ p
x(1 − x)

1
− 2λ




m2
m2
k2
q̄
⊥ + q+
x(1−x)
x
1−x

.

(14)

Its Fourier transform gives the LFWF in impact space including light-quark masses 20 ,
ψ(x, ζ) ∼

p

x(1 − x) e

1
− 2λ

m2
m2
q
q̄
+ 1−x
x



1

2

e− 2 λ ζ ,

(15)

which factorizes neatly into transverse and longitudinal components. The holographic LFWF
(15) has been successfully used in the description of diffractive vector meson production at
HERA 21 , in B → ργ 22 and B → K ∗ γ 23 decays as well as in the prediction of B → ρ 24 and
B → K ∗ 25 form factors. The LFWF has also been used in Ref. 26 to compute the spectrum of
light and heavy mesons.
For excited meson states we can follow the same procedure by replacing the key invariant
mass variable in the polynomials in the LFWF using (11). An explicit calculation shows, however, that the essential modification in the hadronic mass, from small quark masses, comes from
the shift in the exponent of the LFWF. The corrections from the shift in the polynomials accounts for less than 3 %. This can be understood from the fact that to first order the transverse
dynamics is unchanged, and consequently the transverse LFWF is also unchanged to first order.
Thus our expression for the LFWF
p
1
ψn,L (x, ζ) ∼ x(1 − x) e− 2λ

m2
m2
q
q̄
+ 1−x
x



1

2

2
ζ 2 e− 2 λ ζ LL
n (λζ ),

(16)

and from (10) the hadronic mass shift ∆M 2 for small quark masses ?
R1
2
∆Mm
=
q ,mq̄

0

1
−λ

dx e

R1
0

m2
m2
q
q̄
+ 1−x
x

1
−λ

dx e



m2q
x

+

2
mq̄

m2
q
+ 1−x
x

m2q̄
1−x


,

(17)

which is independent of L, S and n. For light quark masses, the hadronic mass shift is the
longitudinal 1/x average of the square of the effective quark masses, i. e., the effective quark
masses from the reduction of higher Fock states as functionals of the valence state 13 . The final
result for the hadronic spectrum of mesons modified by light quark masses is thus


J +L
2
2
Mn,J,L,mq ,mq̄ = ∆Mmq ,mq̄ + 4λ n +
,
(18)
2
with identical slope 4λ from the limit of zero quark masses. In particular, we obtain from (18)
the spectral prediction for the J = L + S strange meson mass spectrum


S
2
2
Mn,L,S = MK ± + 4λ n + L +
,
(19)
2
where MK ± ∼
= 494 MeV.
As an example, the predictions for the J = L + S light vector mesons are compared with
27
experimental data in Fig. 1. The data
√ is from PDG . The spectrum is well reproduced
with identical values for the mass scale λ = 0.54 GeV for the light vector sector. The model
predictions for the K ∗ sector shown in Fig. 1 (b) is very good. However the states K0∗ (1430)
and K2∗ (1430) – which belong to the J = 0, J = 1 and J = 2 triplet for L = 1, are degenerate.
This result is in contradiction with the spin-orbit coupling predicted by the LF holographic
model for mesons; a possible indication of mixing of the K0∗ with states which carry the vacuum
quantum
numbers. Fitting the quark masses to the observed masses of the π and K we obtain
√
for λ = 0.54 MeV the average effective light quark mass mq = 46 MeV, q = u, d, and
ms = 357 MeV, values between the current M S Lagrangian masses normalized at 4 GeV and
2
2
typical constituent masses. With these values one obtains ∆Mm
= 0.067 λ, ∆Mm
=
q ,mq̄
q ,ms̄
√
2
0.837 λ, ∆Mms ,ms̄ = 2.062 λ, for λ = 0.54 MeV.
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Figure 1 – Orbital and radial excitation spectrum
√ for the light vector mesons: (a) I = 0 and I = 1

unflavored mesons and (b) strange mesons, for

λ = 0.54 GeV. The data is from Ref.

For heavy mesons conformal symmetry is strongly broken and there is no reason to assume
that the LF potential in that case is similar to the massless one. Indeed, a simple computation
shows that the model predictions for heavy quarks (without introducing additional elements in
the model) is not satisfactory. In fact, the data for heavy mesons can only be reproduced at
the expense of introducing vastly different values for the scale λ 26,28 . Another important point
are the leptonic decay widths. For light quarks the quark masses have little influence on the
result, only about 2 % for the π meson and 5 % for the K meson, but using the formalism
also for the B and D mesons leads to widely different values when compared with experiment.
For large quark masses the form of the LF confinement potential U cannot be obtained from
the conformal symmetry of the effective one-dimensional quantum field theory. In this case an
important dependence on the heavy quark mass is expected, as suggested by the relation given
by Eq. (4) between the effective potentials in the front-form and instant-form of dynamics.
6

Conclusions

The connection of light-front dynamics, its holographic mapping to gravity in a higher
dimensional space, and the procedure introduced by de Alfaro, Fubini and Furlan provides
new insights into the physics underlying confinement, chiral invariance, and the origin of the
QCD mass scale. This threefold connection leads to effective one-dimensional quantum field
theory, which encodes the fundamental conformal symmetry of the classical QCD Lagrangian.
A mass gap and a confinement scale arise when one extends the formalism of dAFF to frameindependent light-front Hamiltonian theory, thus leading to emerging confinement. The resulting
light-front potential has a unique form of a harmonic oscillator in the front-form of dynamics
and correspond to a linear potential in the usual instant-form. The result is a relativistic lightfront wave equation for arbitrary spin which incorporates essential spectroscopic and dynamical
features of hadron physics. We have shown how the procedure can be extended to light quarks
without modifying to first approximation the traverse dynamics and the universality of the
Regge slopes. As an example we show the new results for the K ∗ radial and orbital excitations.
Recent discussions of light-front holographic predictions are given Refs. 29,30,31 .
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TOWARDS HOLOGRAPHIC QCD:
AdS/CFT, CONFINEMENT DEFORMATION, AND DIS at SMALL-X
R. C. BROWER
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T. RABEN and C.-I TAN
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We investigate the softwall AdS/CFT model. 1 We specifically looked at the Pomeron, leading
Regge contribution to a scattering process and used it to fit deep inelastic scattering data
from the HERA collaboration. We find that the model fits the data with much more success
than the purely conformal case, and find similar success to previous confinement models.

1

Introduction

AdS/CFT has passed many serious tests and does an excellent job of describing a four-dimensional
strongly coupled conformal field theory. Shortly after its inception, it was proposed that this
correspondence could be used to describe QCD physics. Specficially, by deforming the string
theory, the conformal gauge theory would develop confinement behavior. 2,3 One of the early
successes of the AdS/CFT was that the geometric scaling of the AdS theory could soften the
historically troublesome energy dependence of high energy string scattering. 4 This in turn indicated that the gauge gravity correspondence might be able to be used for physical processes,
like deep inelastic scattering (DIS), where strongly coupled physics plays an important role. 5 In
this holographic picture, glueballs could be described 6 and the AdS Pomeron was unambiguously identified as the Regge trajectory of the graviton. 7 The strongly coupled dynamics of this
Pomeron and its eikonalization were identified 8 , and then these techniques were extended to the
AdS Odderon. 9 Pomeron exchange in AdS was then applied to fit small-x HERA data for DIS,
DVCS and vector meson production. 10,11,12
In this paper, we consider the graviton fluctuations of type IIB string theory in a compactified
AdS5 ×S5 background, which is geometrically deformed with a soft (gradual) confinement.
ds2 =

i
h
i
R2 h 2
2
2A(z)
2
dz
+
dx
·
dx
+
R
dΩ
→
e
dz
+
dx
·
dx
+ R2 dΩ5
5
z2

(1)

Here R is the radius of both spaces, x is a usual 4-dimensional minkowski coordinate, and z is
the AdS radial direction. For a purely geometric softwall confinement, the scaling function can
be identified as A(z) = Λ2 z 2 +ln(R/z). Where Λ will set the confinement scale.
We examined a DIS process, where a lepton scatters from a proton via the exchange of
a virtual photon. In terms of the virtual Compton subprocess, we specifically examined the
Regge limit: s≈Q2 /x large and Q2 fixed. In this so-called small-x limit, confinement effects

will play a particularly imprtant role. We will obtain physical results via the optical theorem,
where the forward limit of the virtual photon scattering will tell us about the total cross section,
σtotal = 1s Im [A(s, t = 0)] ∼ 1s Im [χ(s, t = 0)] The total cross section can then be used to fit
one of the hadronic structure functions, F2a , from the combined HERA and ZEUS experiments.
2
Explicitly, F2 (x, Q2 ) = 4πQ
(σtrans + σlong )
2α
em
2

SoftWall Model

The soft wall model was originally proposed in 13 . It showed what type of AdS confinement would
lead to linear meson trajectories. Several dynamical softwall toy models, where the confinement
is due to a non-trivial dilaton field, have subsequently been described. 14 There has even been
some success in using the softwall model to fit QCD mesons. 15 b Significant effort has been put
forth to develop standard model and QCD features in these softwall models. 18,19,20
2
√ In the softwall model, the graviton dynamics involve a spin dependent mass-like term α (j) =
2 λ(j −j0 ). The Pomeron propagator can take several forms: for quantized momentum transfer,
t → tn , the solution behaves like Laguerre polynomials: χ ∼ Lαn (2Λ2 z 2 ). More generally, for a
continuous t spectrum, the solution is a combination of Whittaker’s functions
χP (j, z, z 0 , t) =

Mκ,µ (z< )Wκ,µ (z> )
W (Mκ,µ , Wκ,µ )

(2)

for κ = κ(t) and µ = µ(j) . Λ controls the strength of theq
soft wall and in the limit Λ → 0 one
g2

0



2



))
ormal
(t = 0)) = 160 ρπ (zz 0 ) e τ 1/2 exp −(ln(z)−ln(z
recovers the conformal solutionc Im(χconf
P
ρτ
If we look at the energy dependence of the pomeron propagator, we can see a softened
behavior in the regge limit. In the forward limit, t = 0, the conformal amplitude scales as
−sα0 log −1/2 (s), but this behavior is softened to −sα0 log −3/2 (s) in the hardwall and softwall
√
√
models This corresponds to the softening of of a j-plane singularity from 1/ j − j0 → j − j0 .
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The data examined comes from the combined H1 and ZEUS experiments at HERA. 21 A fit
was done with the same methods used previously for the conformal and hardwall models in 10 ,
making the results directly comparable.
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The hadronic tensor, the hadronic contribution to a scattering amplitude, can be written in terms of several
structure functions. In certain kinematic regimes, the structure functions can be written in terms of each other,
and thus there a determination of the F2 behavior determines the hadronic behavior of the scattering process.
b
These models involve a dynamical dilaton and tachyon field, but there is still debate about some of the signs
of some parameters. 16,17 However, for our pourpuse, we only need to consider graviton fluctions to describe the
AdS Pomeron. For the dynamical soft wall models, the graviton does not couple to the dilaton field–and thus a
purely geometric confinement model is sufficient to consider.
c
This has a similar behavior to the weak coupling BFKL solution where Im(χ(p⊥ , p0⊥ , s)) ∼
j
√ s0
exp(−(ln(p0⊥ ) − ln(p⊥ ))2 /Dln(s))
πDln(s)

1

2

0

1

0

1

0

3
2

4
3

2

5

6
5

4
3

4

8

7
6
5

9
8

7

9
8

0

7

0

6

6

10

chi softwall
0

7

10

10

5

1/x

F
2(
x
,
Q)

10

4

10

3

10

2

10 −1
10

0

10

1

10

2

10

3

10

Q2

Figure 1 – Contour plots of Im(χ) for the conformal (top left), hardwall (top right), and softwall (bottom left)
models. The softwall was also used to fit the F2 proton structure function (bottom right).

The softwall* row describes indicates that the fit was run using a pomeron intercept (which
determines λ) up to order O(λ−5/2 ). 22 This quantity has been calculated to high order using
integrability and Regge techniques in N = 4 SYM 23,24,25,26 .
Table 1: Comparison of the best fit (including a χ sieve) values for the conformal, hard wall, and soft wall AdS
models. The final row includes the soft wall with improved intercept.
Model
ρ
g02
z0 (GeV−1 )
Q’ (GeV)
χ2dof
∗
∗
∗
conformal
0.774 ±0.0103
110.13 ± 1.93
–
0.5575 ± 0.0432 11.7 (0.75∗ )
hard wall
0.7792 ± 0.0034
103.14 ± 1.68
4.96 ± 0.14
0.4333 ± 0.0243
1.07 (0.69∗ )
softwall
0.7774
108.3616
8.1798
0.4014
1.1035
softwall*
0.6741
154.6671
8.3271
0.4467
1.1245

4

Conclusions

The softwall model continues to fit the known DIS data extremely well. The fits all had similar
success to that of the previously investigated hardwall model. In both cases, the models lead
to an extremely better fit than the conformal case, indicating that at the considered x and Q
scales, confinement plays an important role.
There are still things left to investigate for the softwall model. The propagator in general
can be solved to higher order in j. This would in principle improve the accuracy, but it requires
doing a difficult string calculation. Also, the details of describing mesons and other composite
particles is still not completed. Immediately however, the current softwall model can still be
applied to various situations. In the limit t → 10Λ2 the equations of motion greatly simplify
and the model reduces to a 1 + 1 dimensional conformal model where CFT techniques might be
able to improve understanding. 27
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RECENT HERA RESULTS ON PROTON STRUCTURE

AHARON LEVY
Tel Aviv University, Tel Aviv, Israel
On behalf of the H1 and ZEUS collaborations

The latest results of the two HERA collaborations, H1 and ZEUS, are presented. They
include the most recent measurements of the longitudinal structure funcion FL from both
collaborations. Also presented are high Q2 measurements from the ZEUS collaboration in the
high Bjorken x region up to values of x ∼
= 1.

1

Introduction

HERA was a high-energy electrona -proton collider, at a centre-of-mass (cms) energy of 320 GeV.
It started operating in 1992 and was closed in 2007. Due to the accessible high values of virtuality,
Q2 , of the exchanged boson (see Fig. 1), reaching values up to about 40 000 GeV2 , it could ’look’
into the proton with a resolution λ of about 10−3 fm.

Figure 1 – Diagram describing ep collisions.

At HERA many experiments were performed by changing the virtuality of the exchanged photon from almost-real photons (Q2 ∼ 0),
the photoproduction region, through the start of the deep inelastic
scattering (DIS) region, Q2 ∼ 4 GeV2 (λ=0.1 fm), to the very highQ2 region, Q2 ∼ 40 000 GeV2 (λ = 10−3 fm), where electroweak
physics could be studied.

In this talk, two of the most recent results concerning the proton structure will be presented.
The first is a measurement 1,2 , by both collaborations, of the longitudinal structure funcion, FL .
The second, carried out by the ZEUS collaboration 3 , is the high Q2 measurements in the high
Bjorken x region up to values of x ∼
= 1.
a

Here and in the following the term electron denotes generically both the electron and the positron.

2

Measuring the longitudinal structure function FL

The FL structure function was measured at HERA only during the last months of its running in
2007. Up to that time, measurements of the F2 structure function were limited 4 to low y, where
y is the fraction of the lepton energy transferred to the proton in its rest frame. The coefficient
in front of the FL term is y 2 and thus its contribution to the cross section, compared to that of
the F2 structure function, is very small for low-y values.
The reduced cross section, σr , can be expressed by two
terms in the region where the Z exchange can be neglected,
meaning Q2 values far below the square of the Z mass,
σr = F2 (x, Q2 ) − (y 2 /Y+ )FL (x, Q2 ),

(1)

where Y+ = 1 + (1 − y)2 . Measuring σr at different y but
at the same x, Q2 values gives a linear dependence of σr on
y 2 /Y+ and therefore allows a simultaneous determination
of the two structure functions F2 and FL . This is shown
Figure 2 – A sketch of the linear dependence in Fig. 2. Since y = Q2 /(xs), where s is the cms squared
of σr on y 2 /Y+ . The intercept is F2 and the of the ep system, the way to vary y is to vary s. This has
slope gives FL .
been done by changing the proton-beam energy to 460 and
575 GeV.
The determination of FL needs the measurement of high-y events. The variable y is a function
of the scattered electron kinematics,
y =1−

E0
,
Ee (1 − cos θ)

(2)

where Ee is the electron-beam energy, E 0 and θ are the energy and angle of the scattered electron,
respectively. Thus high values of y means low E 0 of the scattered electron. Electron finders
of both collaborations, prior to this measurement, were very well trained to identify scattered
electrons with energies E 0 > 10 GeV. For lower energies, the efficiencies and purities of the finders
deteriorate because of the photoproduction background. The ZEUS collaboration succeeded to
improve their finder to allow to include in the FL measurements events with E 0 > 6 GeV. The
H1 collaboration, whose detector is better suited for this measurement could go down to E 0 > 3
GeV. Control plots showing a comparison between data and Monte Carlo for the E 0 variable for

Figure 3 – Comparison of data and Monte Carlo for
the scattered electron energy distribution at protonbeam energy of 460GeV for the H1 collaboration.
The shaded region is the photoproduction background.

Figure 4 – Comparison of data and Monte Carlo for
the scattered electron energy distribution at protonbeam energy of 460GeV for the ZEUS collaboration. The dark-shaded region is the photoproduction background.

the low-energy run (proton beam of 460 GeV) are shown in Figs. 3 and 4. The photoproduction
background is shown in the dark-shaded region and is seen to increase sharply for low E 0 values.

Following the limitations on the energy of the
scattered electron, the ZEUS collaboration measured FL in the kinematic range 9 < Q2 < 110
GeV2 while the H1 collaboration covered the region 1.5 < Q2 < 800 GeV2 . The results are
shown in Fig. 5. The uncertainties of the ZEUS
results are larger than those of H1. The ZEUS
results, though consistently lower than those of
H1, are consistent with them because of the correlated uncertainties. Taking into account the
correlations between the ZEUS data points and
neglecting the correlations between the H1 data
points a χ2 of 12.2 is obtained for 8 degrees of
freedom. The predictions shown by the shaded
area are in reasonable agreement with both data
sets.
3

Figure 5 – FL as a function of Q2 as measured by the H1
and ZEUS collaborations. The shaded area are predictions based on different parameterisation, as indicated
in the figure.

High x, extending to x ∼
=1

The DIS cross sections have been measured by both collaborations with very high precision. These measurements
were combined and produced text-book results with even
higher precision 5 . Nevertheless, the highest x value for
which measurements were done was 0.65. There are fixedtarget experiments 6,7,8 which measure higher values of
x but in a low Q2 region. In global perturbative quantum chromodynamic fits of parton distribution functions
(PDFs), a parameterisation of the form (1 − x)β is asFigure 6 – Example of the sizable differences sumed in order to extend PDFs ro x = 1. Although all
between some parameterisation description fitters use the same parameterisation, sizeable differences
of the u valence quark, uV .
are obtained in the high-x region 9 , as shown in Fig. 6.

Figure 7 – Left-hand side: a one-jet event with a scattered electron in the BCAL and the jet fully contained in the
FCAL.Also seen in FCAL are the proton remnent. Right-hand side: A zero-jet event where the scattereed electron
is in BCAL and the jet remains inside the beam pipe. The proton remnant and possibly some energy emerging
from the jet in the beampipe are seen in FCAL.

The ZEUS collaboration showed in an earlier publication 10 that the kinematics of HERA and
the design of the detectors allow extension of the measurements of the neutral current (NC) cross
sections up to x = 1. The results presented here are based on a much larger data sample and an
improved analysis procedure.
A typical NC high-Q2 and high-x event consists of the scattered electron and a high-energy
collimated jet of particles in the direction of the struck quark. The electron and the jet are
balanced in transverse momentum. The proton remnant mostly disappears down the beam pipe.
The x and Q2 of events, in which the jet is well contained in the detector, may be determined
by various techniques. However, the maximum x value that can be reached is limited by the fact
that at the low values of y typical of these events, the uncertainty on x = Q2 /ys increases as
∆x ∼ ∆y/y 2 . An improved x reconstruction is achieved by observing that, in the limit of x → 1,
the energy of the struck quark represented by a collimated jet is Ejet ∼
= xEp . The expression for
x is
Ejet (1 + cos θjet )

,
x=
(3)
E (1−cos θ )
2Ep 1 − jet 2Ee jet
where θjet is the scattering angle of the jet in the detector.
As x increases and the jet associated with the struck quark disappears down the beam-pipe
(see Fig. 7), the ability to reconstruct x is limited by the energy loss. However, in these events,
the cross section integrated from a certain limit in x, xedge , up to x = 1 is extracted. The value
of xedge below which the jet is fully contained in the detector depends on Q2 and the higher the
Q2 , the higher the value of xedge .
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cross section integrated over x to the Standard Model
expectation evaluated using the HERAPDF1.5 PDFs
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The double-differential Born-level cross sections as a function of Q2 and x have been measured
in finer binning in x because of the large data samples in this analysis (53 099 for the e− p and 37
361 for the e+ p sample). For the highest integrated x bin, the respective average cross sections,
defined as
Z 1
1
d2 σ(x, Q2 )
I(x) =
dx ,
(4)
1 − xedge xedge dxdQ2
have been obtained and plotted at x = (xedge + 1)/2. The ratio of the measured cross sections
to those expected from HERAPDF1.5 11 are shown in Figs. 8 and 9. Note that for bins where
no events are observed, the limit is quoted at 68% probability, neglecting the systematic uncertainty. Also shown are the predictions from a number of other PDF sets (ABM11 12 , CT10 13 ,
MSTW2008 14 , NNPDF2.3 15 ), normalised to the predictions from HERAPDF1.5. Within the
quoted uncertainties, the agreement between measurements and expectations is good.
4

Summary

Final measurements of the FL structure functions are being published by HERA. The H1 collaboration covers a large kinematic range in Q2 , 1.5 < Q2 < 800 GeV2 . This is made possible by
measuring scattered electrons down to 3 GeV due to good tracking and electromagnetic calorimetry in the rear direction. The results of the ZEUS collaboration in the Q2 region covered by
their measurements, 9 < Q2 < 110 GeV2 , are in general lower that those of H1 but taking into
account correlated uncertainties, are consistent with those of H1. Both results are consistent with
expectations, though at low Q2 there are large uncertainties in the theoretical predictions.
The ZEUS collaboration measured double-differential cross sections for e± p NC DIS events
at Q2 > 725 GeV2 up to x ∼
= 1. Fine binning in x and extension of kinematic coverage up to
x∼
1
make
the
data
important
input to fits constraining the PDFs in the valence-quark domain.
=
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HERAFitter - An Open Source QCD Fit Project

Voica A. Radescu
DESY, Notkestrasse 85,
Hamburg 22607, Germany

The proton parton distribution functions are essential for precision physics at the LHC and
other hadron colliders. Their current level of accuracy dominates the theory uncertainties in
Higgs production and it affects substantially theory predictions for Beyond Standard Model
high mass production. Here, we present the first stable release of the HERAFitter package an open source software which provides a framework for QCD analyses in the context of multiprocess and multi-experiment settings, bridging the state-of-the-art theory developments with
an appropriate treatment of the precise experimental measurements.

1

Introduction

The LHC at CERN will resume operation in early 2015 at enlarged energy and luminosity. This
poses new challenges for the understanding of quark-gluon dynamics of the incoming proton
beams. With increased accuracy of the experimental measurements, the uncertainties of proton’s
parton distribution functions (PDFs) play dominant role for the precision tests of the Standard
Model (SM), such as measurements of the electroweak mixing angle and the W boson mass. PDF
uncertainties are one of the dominating uncertainties in Higgs production and they substantially
affect the theory predictions for beyond SM high mass production.
HERAFitter is an open source project 1 which provides a framework for QCD analyses of hadron-induced processes in the context of multi-process and multi-experiment settings,
bridging the state-of-the-art theory developments with an appropriate treatment of the precise
experimental measurements.
The growth of the project is driven by the extensive demands from the LHC and HERA
collaborations, as well as from the theory community and individual interests in performing
topical studies. HERAFitter has successfully immersed into a wide variety of tools to facilitate
investigations of the HEP experimental data and theoretical calculations. In this document we
provide an overview over the structure of HERAFitter and a summary of the recent HERAFitter
developments.

2

HERAFitter Structure

The flow of HERAFitter is schematically illustrated in Fig. 1 and its structure can be divided
in four different categories: input data, theory predictions, QCD analysis, and results, briefly
described below.

Figure 1 – Schematic structure of the HERAFitter program.

Input data: Different available measurements from the various processes are implemented in
the HERAFitter package with the full information on their uncorrelated and correlated
uncertainties.
Theory predictions: Predictions for cross section of different processes are obtained using
the factorisation approach. The PDFs are parametrised at a starting input scale Q20 by a
chosen functional form with a set of free parameters p~, then they are evolved 2 to the scale
of the measurement Q2 . The prediction of a particular process cross section is obtained by
a convolution of the evolved PDFs and the partonic cross section, calculated at a certain
order in QCD with a relevant theory program
QCD analysis: The PDFs are determined by minimising the χ2 function with respect to p~
using the MINUIT 3 program. Various choices of accounting for the experimental uncertainties are employed in HERAFitter , either using a nuisance parameter method for the
correlated systematic uncertainties, or a covariance matrix method.
Results: The resulting PDFs are provided in a format ready to be used by the LHAPDF library 4 .
HERAFitter drawing tools can be used to display the PDFs with their uncertainties at a
chosen scale. The comparison of data used in the fit to the theory predictions are also
produced.
3

HERAFitter Functionalities

A milestone of the software development represents the first stable release of the project, in
December 2013. The package, with its vast functionalities, allows for dedicated studies. For
example, the DIS measurements span in the kinematic range from low to high scales, such that
the treatment of the heavy quarks (charm and beauty) and of their masses becomes important. Several schemes exist and are implemented in HERAFitter : Zero-Mass Variable Flavour

Number, Fixed Flavour Number, General-Mass Variable-Flavour Number (Thorne-Roberts and
ACOT schemes). Theory predictions of Drell-Yan processes, although availabe at precision
matching data accuracy, are often computationally demanding, especially when PDF extraction
relies on iterative fits. Therefore, two methods have been developed to resolve this problem:
the techniques of ”k-factors” and fast grids (i.e. APPLGRID, FASTNLO), both available in
HERAFitter . In addition, HERAFitter presents more flexibility in handling different representation of the experimental uncertainties, the possibility to use asymmetric uncertainties in the
QCD fits, and to include theoretical uncertainty in assessing the level of agreement between
data and prediction. HERAFitter provides various functional forms to parametrise PDFs, from
simple polynomials to bi-log-normal distributions, or chebyshev polynomials. Access to external
set of PDFs is also possible, which can be used farther to compute theoretical predictions for
the various processes of interest. In addition, drawing tools associated with HERAFitter have
been improved to allow for efficient interpretation of the results.
4

HERAFitter Applications

At the LHC, QCD analyses based on the HERAFitter platform involve the following SM processes: inclusive low and high mass Drell-Yan production 5,6 , the measurements of W and Z
production cross sections 7 , W production in association with the charm quark 8,9 , inclusive
photon 10 and jet 11,12 production. In addition, a study of the impact of the QED radiative
corrections on the PDFs was reported in 13 .
At HERA, new results of QCD analyses using HERAFitter include the recent preliminary
HERAPDF2.0 set by the H1 and ZEUS Collaborations based on the preliminary HERA data
combination 14 , the preliminary QCD analysis on the combined full HERA inclusive set (HERAPDF2.0 prel.), and a study on the determination of charm mass running from a combined analysis
of HERA charm data. Other dedicated analyses using HERAFitter based on the HERA measurements were obtained, such as determination of the transverse momentum dependent gluon
density and an analysis using a new dipole model, reported in 15 and 16 , respectively.
An important new development carried out by the HERAFitter developers’ team represents a
recent study presenting PDF sets at LO, NLO and NNLO accounting for correlated uncertainties
between orders 17 . The sets are used to study cross section ratios and their uncertainties when
calculated at different orders in QCD. A reduction of the overall uncertainty is observed if
correlations between the PDF sets are taken into account for the ratio of W W di-boson to Z
boson production cross sections at the LHC.
Prospects of HERAFitter
The prospects of HERAFitter involve on one hand the software and computing developments,
and on the other hand, the scientific reach, as described below.
After the first stable release, the developments are foreseen to continue towards further releases motivated by experimental and theory advances. A follow up release is already planned
to include the QED modified evolutions to extract photon PDFs and an interface to the approximate NNLO calculation for the differential top pair production (DiffTop). The list of long term
plans includes the implementation of new evolution codes (such as HOPPET), the possibility to
use multi processing techniques to improve the running performance, new minimisation options
as an alternative to MINUIT package, etc.
Summary
The HERAFitter project is a fast growing and already established framework within the LHC
and theory community. The HERAFitter program allows determination of the PDFs from the
various measurements of the cross sections at ep, pp̄ or pp colliders. It includes various options for
theoretical models and different choices to account for the experimental uncertainties. Therefore,

this project represents not only an ideal environment for benchmarking studies, but also a
support for the QCD interpretation of data analyses within the LHC experiments, as already
demonstrated by several publicly available LHC results using the HERAFitter framework.
Acknowledgments
HERAFitter developers team acknowledges the kind hospitality of DESY and funding by the
Helmholtz Alliance Physics at the Terascale of the Helmholtz Association. We are grateful to
the DESY IT department for their support of the HERAFitter developers.
References
1.
2.
3.
4.
5.

6.

7.

8.

9.

10.

11.

12.

13.
14.
15.
16.
17.

https://www.herafitter.org
M. Botje (2010), http://www.nikef.nl/h24/qcdnum/index.html, [arXiv:1005.1481].
F. James and M. Roos, Comput. Phys. Commun. 10, 343 (1975).
M. R. Whalley, D. Bourilkov, and R. Group (2005), http://lhapdf.hepforge.org, [hepph/0508110].
G. Aad et al. [ATLAS Collaboration], “Measurement of the low-mass Drell-Yan differ√
ential cross section at s=7 TeV using the ATLAS detector,” CERN-PH-EP-2014-020,
[arXiv:1404.1212 [hep-ex]].
G. Aad et al. [ATLAS Collaboration], “Measurement of the high-mass Drell–Yan differ√
ential cross-section in pp collisions at s=7 TeV with the ATLAS detector,” Phys. Lett.
B 725 (2013) 223 [arXiv:1305.4192 [hep-ex]].
G. Aad et al. [ATLAS Collaboration], “Determination of the strange quark density of the
proton from ATLAS measurements of the W → lν and Z → ll cross sections,” Phys. Rev.
Lett. 109 (2012) 012001 [arXiv:1203.4051 [hep-ex]].
S. Chatrchyan et al. [CMS Collaboration], ”Measurement of the muon charge asymmetry
√
in inclusive pp → W + X production at s = 7 TeV and an improved determination of
light parton distribution functions”, submitted to Phys. Rev. D, 2014, [arXiv:1312.6283
[hep-ex]].
H. Abramowicz et al. [H1 and ZEUS Collaborations], “Combination and QCD Analysis of
Charm Production Cross Section Measurements in Deep-Inelastic ep Scattering at HERA,”
[arXiv:1211.1182 [hep-ex]].
G. Aad et al. [ATLAS Collaboration], ”A study of the sensitivity to the proton parton
distributions of the inclusive photon production cross section in pp collisions at 7 TeV
measured by the ATLAS experiment at the LHC”, ATL-PHYS-PUB-2013-018, 2013.
S. Chatrchyan et al. [CMS Collaboration], ”PDF constraints and extraction of the strong
√
coupling constant from the inclusive jet cross section at s = 7 TeV”, CMS PAS SMP12-028, 2014.
G. Aad et al. [ATLAS Collaboration], ”Measurement of the inclusive jet cross section in
√
√
pp collisions at s = 2.76 TeV and comparison to the inclusive jet cross section at s = 7
TeV using the ATLAS detector”, EPJC (2013) 73 2509, [arXiv:1304.4739[hep-ex]].
R. Sadykov, ”Impact of QED radiative corrections on Parton Distribution Functions”,
(2014) [arXiv:1401.1133 [hep-ph]].
H. Abramowicz et al. [H1 and ZEUS Collaborations], H1prelim-14-041, ZEUS-prel-14-005.
F. Hautmann and H. Jung, ”Transverse momentum dependent gluon density from DIS
precision data”, (2013) [arXiv:1312.7875 [hep-ph]].
A. Luszczak, and H. Kowalski, ”Dipole model analysis of high precision HERA data”,
(2013) [arXiv:1312.4060 [hep-ph]].
[HERAFitter Developers Team and M. Lisovyi], “Parton distribution functions at
LO, NLO and NNLO with correlated uncertainties between orders”, DESY-2014-0524
[arXiv:1404.4234 [hep-ph]] (submitted to EPJC ).

PROBING THE TRANSVERSE DYNAMICS AND POLARIZATION OF
GLUONS INSIDE THE PROTON AT THE LHC
CRISTIAN PISANO
Nikhef and Department of Physics and Astronomy, VU University Amsterdam, De Boelelaan 1081,
NL-1081 HV Amsterdam, The Netherlands
Transverse momentum dependent gluon distributions encode fundamental information on the
structure of the proton. Here we show how they can be accessed in heavy quarkonium production in proton-proton collisions at the LHC. In particular, their first determination could
come from the study of an isolated J/ψ or Υ particle, produced back to back with a photon.

1

Formalism

Transverse momentum dependent (TMD) gluon distributions inside an unpolarized proton are
defined by the hadron matrix element of a correlator of the gluon field strengths F µρ (0) and
F νσ (ξ). Expanding the gluon four-momentum as p = x P + pT + p− n, with n being a lightlike
vector conjugate to the momentum of the proton P , such correlator can be written as 1
Z



nρ nσ d(ξ·P ) d2 ξT ip·ξ
µν
Φg (x, pT ) =
e hP | Tr F µρ (0) F νσ (ξ) |P i ξ·n=0
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(p·n)
(2π)
 µ ν
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(1)
gTµν f1g (x, p2T ) −
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h
= −
T
T
1
2x
Mp2
2Mp2
where gauge links have been omitted. The transverse projector g µν is defined as gTµν = g µν −
P µ nν /P ·n − nµ P ν /P ·n. Moreover, p2T = −p2T and Mp is the proton mass. The gluon correlator of
an unpolarized proton can therefore be expressed in terms of two independent TMD distribution
g
2
functions: f1g (x, p2T ) is the unpolarized one, while h⊥
1 (x, pT ) denotes the T -even, helicity-flip
distribution of linearly polarized gluons, which satisfies the model-independent positivity bound 1
p2T
|h⊥g (x, p2T )| ≤ f1g (x, p2T ) .
2Mp2 1

(2)

g
Like any TMD distribution, h⊥
might receive contributions from initial and final state interac1
tions that can render it nonuniversal and even hamper its extraction in processes for which TMD
factorization does not apply.

2

Phenomenology

Several processes have been suggested to measure the experimentally unkown distributions f1g
g
⊥g
and h⊥
by means of
1 . Although it has been discussed how to isolate the contribution from h1
an azimuthal angular dependent weighting of the cross section for dijet production in hadronic
collisions 2 , TMD factorization is expected to be broken in this case due to the presence of both

initial and final state interactions 3 . A theoretically cleaner and safer way would be to study dijet
or heavy quark pair production in electron-proton collisions, for instance at a future Electron-Ion
Collider 4,5 . Another process where the problem of factorization breaking is absent is pp → γγX 6 ,
which however suffers from a huge background from π 0 decays and contaminations from quarkinduced channels.
In the following we show how TMD gluon distributions can be probed in heavy quarkonium
production at the LHC. TMD factorization should hold in this case, provided that the two quarks
that form the bound state are produced in a colorless state already at short distances.
2.1

Transverse momentum distributions of C = + quarkonia

We consider first the process p(PA ) + p(PB ) → Q(q) + X, where Q is a heavy quark-antiquark
bound state with C = +, and the four-momenta of the particles are given between brackets.
Assuming TMD factorization, the corresponding cross section can be written as
Z
1
d3 q
dσ =
dxa dxb d2 paT d2 pbT (2π)4 δ 4 (pa +pb −q)
2s (2π)3 2q 0
X
ρσ
× Φµν
Aµρ A∗νσ (pa , pb ; q) ,
(3)
g (xa , paT ) Φg (xb , pbT )
colors

)2

with s = (PA + PB being the total energy squared in the hadronic center-of-mass frame and
A denoting the hard scattering amplitude of the dominant subprocess g(pa ) + g(pb ) → Q(q).
The amplitude A is evaluated at order αs2 within the framework of the color-singlet model. Color
octet contributions should be negligible, according to nonrelativistic QCD arguments 7 . For small
2 , with M being the quarkonium mass, the resulting transverse
transverse momentum, q2T  MQ
Q
momentum distributions for ηQ and χQ0,2 (Q = c, b) are given by
1 dσ(ηQ )
σ(ηQ ) dy dq2T
1 dσ(χQ0 )
σ(χQ ) dy dq2T
1 dσ(χQ2 )
σ(χQ ) dy dq2T

=
=
=
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R
where σ = dq2T dσ and y is the rapidity of the quarkonium along the direction of the incoming
√
protons. Furthermore, xa,b = MQ / s e±y ,
h
i
g ⊥g
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2
2
,
w=
R(qT ) =
(paT · pbT ) − paT pbT ,
(5)
2M 4
2
C [f1g f1g ]
and we have used the following definition of convolution of two TMD distributions f and g,
Z
Z
2
C[w f g] ≡
d paT d2 pbT δ 2 (paT + pbT − qT ) w(paT , pbT ) f (xa , p2aT ) g(xb , p2bT ) . (6)
Our numerical estimates are shown in Fig.1, where we have assumed that the gluon distributions have a simple Gaussian dependence on transverse momentum. Namely,


p2T
f1g (x)
g
2
exp − 2
,
(7)
f1 (x, pT ) =
πhp2T i
hpT i
where f1g (x) is the collinear gluon distribution and the width hp2T i is taken to be independent of
x and the energy scale, set by MQ . The bound in Eq. (2) is satisfied, although not everywhere
saturated, by the form
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Figure 1 – Transverse momentum distributions for C = + quarkonia evaluated at y = 0, obtained using the input
distributions in Eqs. (7)-(8), with hp2T i = 1 GeV2 and two different values of r: r = 2/3 (left) and r = 1/3 (right).

with 0 < r < 1. The distributions for ηc,b and χc,b 0 are similar to the ones for a pseudoscalar
g
g
and a scalar Higgs boson 8,9 , and can be used to extract h⊥
1 , while f1 can be accessed by looking
at χc,b 2 . A comparison among the different spectra could help to cancel out uncertainties. This
experiment requires forward detectors like the LHCb, which hopefully will be able to provide such
data in the near future.
2.2

C = − quarkonium production in association with a photon

Along the lines of the previous section, we study the process p(PA )+p(PB ) → Q(PQ )+γ(Pγ )+X,
where now Q is a C = − quarkonium (J/ψ or Υ) produced almost back to back with the photon.
Hence the imbalance qT = PQT + Pγ T will be small, but not the individual transverse momenta
of the two particles. No forward detector is therefore needed in this case. The cross section has
the following structure,
i
i
h
h
i
h
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⊥g ⊥g
g ⊥g
g g
cos
2φ
+
F
C
w
h
h
cos 4φ ,
+
x
↔
x
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h
∝
F
C
f
4
4 1
3
3 1 1
a
1
b
1
1 1
dQdY d2 qT dΩ

(9)

where Q and Y are the invariant mass and the rapidity of the pair, to be measured, like qT , in
the hadronic center-of-mass frame. On the other hand, the solid angle Ω = (θ, φ) is measured in
the Collins-Soper frame, where the final pair is at rest and the x̂ẑ-plane is spanned by PA and
PB , with the x̂-axis set by their bisector. The transverse weights are given by
q2 p2 − 2(qT ·pbT )2
w3 = T b T
,
2Mp2 q2T



paT ·pbT
(paT ·qT )(pbT ·qT )
w4 = 2
−
2
2Mp
Mp2 q2T

2
−

p2aT p2bT
,
4Mp4

(10)

√
and the light-cone momentum fractions are xa,b = exp[±Y ] Q/ s. Explicit expressions for F1,3,4
can be found elsewhere 10 . We propose the measurement of the following three observables,
dφ cos(n φ) dQdY dσ
d2 qT dΩ
R
≡ R
,
dσ
2
dqT dφ dQdY d2 qT dΩ
R

Sq(n)
T

(11)

with n = 0, 2, 4, and where the qT2 integration in the denominator is up to (Q/2)2 . In this way
we are able to single out the three terms in Eq. 9:
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R
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2F1 dq2T C[f1g f1g ]
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Our model predictions are presented in Fig. 2 for Υ + γ production, in a kinematic region
(0)
where color octect contributions are suppressed 10 . The size of SqT should be sufficient to allow
(2)
(4)
for a determination of the shape of f1g as a function of qT . Since SqT and SqT are considerably
smaller, one would need to integrate them over q2T [up to (Q/2)2 ] to get at least an experimental
g
evidence of a nonzero h⊥
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Figure 2 – Model predictions for SqT , SqT and SqT for the process p(PA ) + p(PB ) → Q(PQ ) + γ(Pγ ) + X at
√
s = 14 TeV in the kinematic region defined by Q = 20 GeV, Y = 0, θ = π/2, and xa = xb ' 1.4 × 10−3 .

3

Conclusions

g
The distribution of linearly polarized gluons inside an unpolarized proton h⊥
leads to a mo1
dulation of the transverse momentum distribution of scalar (χc0 , χb0 ) and pseudoscalar (ηc , ηb )
quarkonia that depends on their parity. It does not contribute to the transverse spectra of χc2
and χb2 , which can be used to probe the unpolarized gluon distribution f1g . No angular analysis
is needed for such measurements and experimental opportunities are offered by LHCb and the
g
proposed fixed-target experiment AFTER at LHC 11 . Furthermore, a first determination of h⊥
1
g
and f1 could come from J/ψ(Υ) + γ production at the running experiments at the LHC, where
√
yields are large enough to perform these analyses with existing data at s = 7 and 8 TeV. We
have shown that, together with similar studies in the Higgs sector, quarkonium production can
be used to extract gluon TMDs and investigate their process and energy scale dependences.
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Applications of the META parton distribution functions
Jun Gao
Department of Physics, Southern Methodist University, Dallas, TX 75275-0181, USA
The idea of META parton distribution functions (PDFs) was proposed in our previous work.
It provides a nature way to combine predictions from different PDF fitting groups. In this
talk, we show detailed predictions on the SM Higgs boson production at the LHC. We also
discuss possibilities of reducing redundant PDF freedoms on predictions of certain observables.
As a result we provide a variation of our original META PDF set that the first 6 eigenvectors
could fulfill PDF inputs for a global analysis of the SM Higgs boson couplings at the LHC.

1

Introduction

The META parton distribution functions (PDFs) combine the measurements on PDFs from
different PDF fitting groups 1 . It serves as an average procedure of the chosen PDFs, and is
designed specially for the LHC studies. In the META PDF framework all the PDFs are described
by a same function form and same evolutions at scales above the bottom quark mass. Thus the
heavy-quark scheme dependences are included as part of the boundary conditions. The META
PDFs work similarly as the 2010 PDF4LHC 2,3 prescriptions but directly in the PDF parameter
space and can be applied to most processes at the LHC.
After discovery of the SM Higgs boson 4,5 , one of the major tasks at the LHC is to extract
the Higgs couplings and further investigate dynamics of the electro-weak symmetry breaking.
Uncertainties due to PDF and αs inputs are one of the most important systematics on such
measurements. They are comparable or even larger than the residual scale uncertainties of most
recent NLO/NNLO calculations 6 . In analyses based on 2010 PDF4LHC recommendations, PDF
induced correlations on Higgs cross sections from different channels could not be included in an
easy and straightforward way due to the “envelop prescription” used. While they could be
derived naturally in our META PDF framework.
We provide predictions on PDF uncertainties and induced correlations for a comprehensive
set of Higgs cross sections that would be studied at the LHC 8 and 14 TeV. Moreover, based
on the method of “data set diagonalization”, we identify 6 PDF eigenvectors out of 50 that are
relevant for a global analysis of the Higgs couplings at the LHC. Or equivalently, the PDF uncertainties and correlations could be fully described by 6 nuisance parameters in the experimental
analyses. Impact of uncertainties due to the αs input are discussed as well.
2

PDF rediagonalization for global analyses of SM Higgs couplings

For META PDFs with the Hessian representation, physical predictions including uncertainties
are based on a multi-Gaussian distribution in the original PDF parameter space that are described by 50 independent Gaussian distributions of linear combinations of the PDF parameters.
In the Hessian method the chosen of orthogonal basis or eigenvectors is not unique 7 . We can
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switch to another basis with a coordinate transformation zi = Uij xj , where U could be an arbitrary orthogonal matrix with U T U = 1. The so-called “data set diagonalization” 7 is that we can
choose most of the new eigenvectors to be approximately orthogonal to the subspace spanned by
a certain group of physical observables, e.g., jet cross sections 7 , or Higgs cross sections discussed
later. Thus for studies of these observables, only a few of the eigenvectors or error PDFs are
needed to fully describe their PDF uncertainties including induced correlations.
As a first example, we consider several production channels of the SM Higgs boson at the
LHC 8 and 14 TeV, including gg → H, VBF, HW ± /Z, bb̄ → H, H + 1jet, HH, Htt̄ production.
For each channel we select the inclusive rate, as well as the rates in the large rapidity or high
pT region of the Higgs boson for some channels, defined as |yH | > 1 or pT,H > mH respectively.
The mass of the Higgs boson is set to 125 GeV close to the experimental measurements 4,5 . We
arrive at 46 observables that cover most of the Higgs couplings would be measured at the LHC.
For channels involving jets, we use the anti-kT jet algorithm with R = 0.6 and a pre-selection
cut of |yj | < 3 and pT,j > 30 GeV. Especially for the VBF channel, we impose the VBF-cuts
in addition by requiring mjj > 600 GeV and dyjj > 4 for the two leading jets. Most of the
inclusive rates are calculated at NNLO in hard matrix elements. Others including the rates with
cuts applied are only at LO or NLO whether due to the NNLO calculations are not available or
just for simplification of our analysis.
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Figure 1 – Predictions on representative Higgs cross sections from the original META PDFs, including for the
central PDF (dashed line) and the error PDFs (error bar). Selected cross sections are for Higgs boson production
through gluon fusion and VBF, and HZ production at the LHC 8 TeV.

Fig. 1 shows predictions from META PDFs for several typical observables selected above,
including the inclusive rate of gg → H, VBF production, and HZ production, at the LHC 8
TeV. Complete results could be found on 8 . The x axis show the eigenvector number (50 in
total). For each eigenvector the error bar shows predictions from the two error PDFs. The
horizontal line shows central predictions from META PDFs. From Fig. 1 it is clear that all
the eigenvectors contribute to predictions on total PDF uncertainties and induced correlations.
Thus all of them must be included in a global analysis of the Higgs couplings. Also symmetric
distribution of the error bars indicates a good linear dependence of the observables along the
eigenvectors.
Now we could rediagonalize the PDF eigenvectors to identify the PDF freedoms that are
most important for above observables of Higgs cross sections, and largely reduce the degree of
freedoms on PDF inputs. Using correlation informations of above 46 observables, we find a new
set of eigenvectors (50 in total, named “LHCH set”) that are physically identical to previous
META PDFs. While with the first 6 eigenvectors can describe all selected Higgs observables
with very good accuracies, e.g., reproducing the total PDF uncertainties with an error less than
10% in relative. Fig. 2 shows similar plots as Fig. 1 but for the new eigenvectors. We can see
all eigenvectors except the first 6 are almost irrelevant for predictions on PDF uncertainties of
the Higgs cross sections.
The Higgs cross sections are sensitive to input of αs as well, both directly and indirectly
through dependence on PDFs. There are several ways of combining the PDF and αs uncertainties
within the META PDF framework as discussed in 1 . Here among all the possibilities, we assume
αs could be determined independently from global analyses including PDFs and with constraints
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Figure 2 – Same as Fig. 1, from the LHCH set with rediagonalized eigenvector basis.

much stronger than ones would from global analyses with PDFs. Also we treat αs as a pure
external input of QCD and will not try to mimic systematic uncertainties from unknown higher
order corrections by varying αs . Under these assumptions, as shown in 9 , we can simply treat
αs uncertainty by another eigenvector and add the PDF and αs uncertainties in quadrature.
As for how to choose the input of αs we follow the 2010 PDF4LHC recommendation 2,3 with
αs (MZ ) = 0.118 ± 0.0012 at 68% c.l.
3

Results for the ATLAS studies

By including the αs uncertainties we show combined PDF+αs uncertainties and correlations
in Fig. 3 for the Higgs cross sections studied at the ATLAS. Predictions on total fractional
PDF+αs uncertainties are shown in the bottom of Fig. 3 with plain ones from the original 50
eigenvectors and italic-bold ones from the first 6 eigenvectors of the LHCH set. It is similar
for predictions on the correlation cosines shown in grids on upper-left region. One can see the
first 6 eigenvectors well reproduce results using the full set. From Fig. 3 we can see strong
correlations between predictions on processes through gluon fusion except for H + 2jets since
the VBF-cuts force probing of the gluon PDF in relatively large x region. We also observe
moderate anti-correlations between the gluon fusion and VBF processes.
4

Summary

We performed a comprehensive study on the SM Higgs cross sections of different channels at
the LHC. We show predictions on total PDF uncertainties as well as PDF induced correlations
that could help improving the experimental analyses. We explain the “data set diagonalization”
method that can be used to remove redundant PDF freedoms for a certain group of observables.
In spirit of the method, we find that PDF predictions on all the Higgs cross sections shown can
be well described by just 6 eigenvectors. We also show αs dependence of the Higgs cross sections
and the combined PDF+αs uncertainties and correlations.
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Figure 3 – Predictions of the total PDF+αs uncertainties and correlations on the Higgs cross sections studied at
the ATLAS, from both the original full set (plain) and the first 6 eigenvectors of the LHCH set (italic-bold).

RECENT RESULTS ON THE HADRONIC FINAL STATE AT HERA
D. BRITZGER
(On behalf of the H1 and ZEUS Collaborations)
DESY – Notkestraße 85, D-22607 Hamburg, Germany
New and recent results on the measurement of the hadronic final state in e± p collisions by the
H1 and ZEUS experiments at HERA are presented. Different corners of QCD are explored
by studying a wide variety of processes, production mechanisms and final states. These
are charged particle multiplicities in deep-inelastic scattering (DIS), the production of D∗±
mesons, fragmentation fractions of charm quarks, prompt photons in photoproduction (PHP)
and the search for QCD instantons.

1

Introduction

The HERA collider was an e± p collider with centre-of-mass energy of 319 GeV with two multipurpose experiments, H1 and ZEUS. Both experiments recorded in the years 1992–2007 data
with an integrated luminosity of about 0.5 pb−1 . Several years after data taking, both experiments have successively refined their analysis techniques and now have achieved the final
precision of their data with, for instance, a precision of the jet energy scale of 1 %. In the current era of hadron-hadron colliders, the HERA experiments provide important complementary
precision measurements of QCD, due to their unique initial state with only one hadron involved.

Measurement of charged particle multiplicites

The study of charged particle spectra in DIS
provides a unique process to study the emission of parton cascades. No background effects such as minimum bias or underlying
event are present in DIS and this measurement provides precise information for the
approximation of multi-parton interactions
at the LHC.
The H1 collaboration has measured
charged particle densities as a function of
transverse momentum, p∗T , and pseudorapidities, η ∗ , in the hadronic center-of-mass
frame (HCM) for ep collisions of with photon virtualities of 5 < Q2 < 100 GeV2 and
values of Bjorken-x, 10−4 < x < 10−2 . The
underlying parton dynamics is investigated
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Figure 1 – Charged particle density as function of η ∗ for
p∗T < 1 GeV (left) and 1 < p∗T < 10 GeV (right), compared
to predictions by DJANGOH, RAPGAP, Herwig++ and
Cascade Monte Carlo generators.
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comparing the measurements with various Monte Carlo (MC) generators using different approaches to simulate the parton cascade. The distributions of η ∗ for two regions in p∗T , normalised to the total number of DIS events, are shown in figure 1. In the region of p∗T < 1 GeV
hadronisation effects are relevant, while the region 1 < p∗T < 10 GeV is sensitive to the parton
evolution. The best description of the data is achieved with the Color Dipole Model as implemented in DJANGOH over the full kinematic range. Hadronisation effects are further studied,
using Rapgap predictions obtained with different fragmentation parameters, using the ALEPH
tuning, by the Professor tool2 and the default PYTHIA values, and comparing to data Significant
changes are observed in the soft p∗T region, where the ALEPH tune gives the best description of
data.
2.2

Measurement and combination of D∗ cross sections

The production of charm mesons, such as the D∗± mesons, is a powerful process to study
QCD and gives access to study the content of the proton. The ZEUS experiment has measured
differential D∗± production cross sections in DIS 4 in the range 5 < Q2 < 1000 GeV2 , by
exploiting the decay D∗± → D0 π ± → (K ∓ π ± )π ± . The mesons are found by performing fits to
the mass difference M (K ∓ π ± π ± ) − M (K ∓ π ± ). The data has been used to extract the reduced
cc̄ . The data are compared to predictions based on predictions using
cross section for charm σred
the HERAPDF1.5 PDF set and consistency is observed. Furthermore the data are found to be
consistent with the H1ZEUS combination based on independent data.
These data further have been combined 6 with other ZEUS data and data from the H1 experiment 3 , which was taken in a very similar phase space. The combined D∗ cross sections,
shown as function of the transverse momentum of the D∗ meson in figure 2, exhibit significantly
reduced uncertainties. The HERA D∗ -data are reasonably well described by NLO QCD predictions. In order to benefit from the high experimental precision of the data, in particular of the
combined data sets, more accurate theory predictions are desirable.
2.3

Measurement of charm fragmentation fractions in photoproduction

The photoproduction (PHP) of charm hadrons D0 , D∗+ , D+ , Ds+ and Λ+
c and their antiparticles
has been measured by the ZEUS experiment 5 in the kinematic range pT (D, D∗ , Ds , Λc ) >
3.8 GeV and |η(D, D∗ , Ds , Λc )| < 1.6. The fractions of charm quarks hadronising as D0 , D∗+ ,
D+ , Ds+ and Λ+
c have been determined and are shown in figure 3. These charm fragmentation
fractions cannot be determined theoretically but must be obtained from experimental data. In

addition, the ratio of neutral to charged D meson production rates, the fraction of charged D
mesons produced in a vector state, and the strangeness-suppression factor have been determined
with high experimental precision. The data are competitivie with measurements from e+ e−
collisions and are in agreement with those. This measurement demonstrates the universality of
heavy-quark fragmentation independent of the production process.
2.4

Measurement of the production of prompt photons in photoproduction
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The measurement of the production of isolated high-energy photons, called prompt photons,
constitutes a direct probe of the hard scattering since the radiated photon is unaffected by
hadronisation.
The ZEUS experiment has measured
prompt photons in PHP, defined as Q2 <
ZEUS
ZEUS
1 GeV, inclusively and with a jet 8 . The
photon might be produced in the hard interaction or from the fragmentation of a
high momentum quark or gluon in the final state and is measured in the kinematic
η
E (GeV)
region −0.7 < η γ < 0.9 and with a transγ
verse energy of 6 < ET < 15 GeV. To
remove backgrounds from decays of neu- Figure 4 – Cross sections in photoproductionγ for the production of an isolated photon as function of ET (left) and of
tral mesons, such as π 0 and η, the number an isolated photon accompanied by a jet as function
of η jet
of prompt photon events is determined by (right). The data are compared to predictions of next-toa fit to the energy-weighted width of the leading order pQCD and of the kT -factorisation method.
energy-cluster comprising the photon candidate. This width exhibits a double-peaked structure, which allows for a clean separation of
isolated photons from photons originating from meson decays. Cross sections for the production
of inclusive prompt photons and for photons with an accompanying jet are presented in figure 4
γ
as a function of the transverse energy of the photon, ET
, and the pseudorapidity of the jet, η jet ,
respectively. NLO predictions including fragmentation terms describe the distributions well.
Predictions using the kT -factorisation method (LMZ) describe the photon distributions well,
but give a less good description at low η jet and for the resolved enhanced region.
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Measurement of diffractive dijet production with a leading proton

Diffractive hadron-hadron interactions are found to be suppressed as compared to predictions
obtained based on NLO calculations convoluted with diffractive parton distribution functions
(DPDF) obtained from HERA, which can be attributed to additional partonic interactions
destroying the rapidity gap (LRG). Dijet production in diffractive PHP allows the process to
be studied in a similar environment to that of two interacting hadrons, where in the past
discrepancies between the ZEUS and H1 measurements were a subject of debate.
The H1 experiment has presented preliminary results for differential dijet production cross
sections in diffractive PHP (Q2 < 2 GeV2 ) as well as for diffractive DIS 7 (4 < Q2 < 80 GeV2 ).
The final state contains at least two jets and the leading final state proton is tagged in the
H1 Very Forward Proton Spectrometer (VFPS) 220 m away from the interaction point, thus
providing a complementary experimental method to previous analyses. The DIS dijet data are
found to be well described by NLO predictions. The shapes of the PHP dijet distributions
are satisfactorily described by the RAPGAP MC and by NLO predictions. Despite the large
uncertainties the NLO predictions overshoot the data by a constant factor independent of any
measured quantity. The consistent measurement of the process in DIS and in PHP allows the
determination of the ratio of the the two measurements which cancels several experimental
uncertainties and enables a precise testing of theoretical predictions.

2.6

Search for QCD instantons

Instantons are an intrinsic part of QCD as realisations of non-perturbative fluctuations of the
gluon field and can be interpreted as tunnelling transitions between topologically non-equivalent
vacua. An experimental observation of instanton-induced processes would constitute a discovery
of a basic non-perturbative QCD. Instanton-induced events are modelled by the QCDINS MC
generator 10 and are characterized by a “fire-ball” like topology with large particle multiplicities
in a broad η-region separated from the current jet.
Signals of QCD instanton-induced processes are searched for in DIS by the H1 experiment 9
in the kinematic region of 150 < Q2 < 15000 GeV2 and an inelasticity of 0.2 < y < 0.7. The
expected signal is extracted using a probability density estimator (PDERS), where also other
neural networks such as two variants of boosted decision trees and neural network multi-layer
perception have been investigated. Standard DIS processes are modelled using the RAPGAP
MC and the DJANGO MC is applied to estimate a model uncertainty. Input to the PDERS are
topological variables defined in the instanton rest-frame, such as the sphericity, Fox-Wolfram
moments and azimuthal isotropy as well as the number of charged particles and the energy
of the instanton band. The instanton-band and the instanton rest-frame are found from the
hadronic final state after removing the constitutents of the hardest jet. Many further variables
are explored to control the separation power of the multivariate analysis and a good description
of the discriminator in the background region is found. The data are found to be consistent with
the background also in the instanton enhanced region and no evidence for a QCD instanton is
found. An upper limit of 1.6 pb for the instanton cross section is extracted at a confidence limit
of 95 % in comparison with a cross section predicted by QCDINS of 10 pb.
3

Summary

Several new results on measurements of the hadronic final state in e± p collisions from HERA
have been presented. In general good agreement between standard model expectations and data
is observed for the analyses presented here. The results of the H1 and ZEUS experiments with
the final data treatment are often more precise than theoretical predictions in NLO and more
accurate theory predictions are desirable.
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This note resumes the relation between the Lorentzian OPE limit in a Conformal Field Theory
and the Regge limit of four-point functions. Both kinematical limits are controlled by the
leading twist operators. We explain how conformal Regge theory can be used to relate the
dimension of the spin J leading twist operators to the spin of the Reggeon that dominates
t-channel exchange in the Regge limit, as well as to extract non-trivial information about the
OPE coefficients between external operators and the exchange leading twist operators.

Regge theory 1 is a technique to study high energy scattering. It is particularly useful when
an infinite number of resonances participate in a scattering process, like in QCD or in string
theory. Since conformal gauge theories are equivalent to string theory in Anti-de Sitter (AdS)
space 2 , it is natural to look for a generalization of Regge theory to scattering in AdS, which
could be a good starting point to understand AdS/CFT correlation functions in the stringy
regime of finite string tension (or finite ’t Hooft coupling), beyond the gravity approximation.
In this note we resume some recent results on the Pomeron-graviton Regge trajectory in
maximally supersymmetric Yang-Mills theory (SYM). One of the great values of Regge theory
is that the relation between the Reggeon spin and dimension of the exchanged operators does not
commute with perturbation theory 3 . Furthermore, we shall see that the same statement applies
for the relation between Regge residue and OPE coefficient between the external operators and
the exchanged operator of spin J.
The general expectation for the behaviour of the leading Regge trajectory in a CFT is
depicted in figure 1. The leading Regge trajectory is the set of operators of lowest dimension for
each spin J, also known has leading-twist operators. This set of operators is important in two
interesting kinematical limits, for which the four-point function hO1 (x1 )O2 (x2 )O3 (x3 )O4 (x4 )i is
essentially reduced to a function of a single variable. The first limit, which we call Lorentzian
OPE, corresponds to making x12 = x1 − x2 approach the lightcone. In this limit, the OPE is
dominated by the operators with lowest twist τ = ∆ − J, where ∆ is the conformal dimension
and J the spin. This limit is relevant for phenomenological applications like Deep Inelastic
Scattering.

Unitary
bound

J
6
4
2
j0
0

d
2

∆−

d
2

Figure 1 – Shape of the leading Regge trajectory with vacuum quantum numbers in a CFT.

The second kinematical limit is the Regge limit, which basically corresponds to performing a
large boost on points x1 and x2 . Naively, this limit is dominated by the operators with maximal
spin. However, since there are operators with arbitrarily large spin, a more careful analysis
requires summing the contributions from an infinite number of operators with increasing spin.
This has been done in 4,5 using Regge theory methods that involve the analytic continuation of
the leading Regge trajectory ∆(J) to complex values of spin.
In a conformal field theory the Regge limit of a four-point function is obtained from a specific
Lorentzian kinematical limit where all the points are taken to null infinity 4,6 . This limit can
+
+
+
−
−
−
−
be defined by x+
1 → λx1 , x2 → λx2 , x3 → λx3 , x4 → λx4 and λ → ∞, keeping the causal
relations x214 , x223 < 0. We will choose all the other x2ij > 0, as show in figure 2, although this
is not essential. This Lorentzian regime, needed to take the Regge limit, can be obtained from
the Euclidean regime by analytic continuation. This is done by fixing z̄ and by analytically
continuing in z counter clockwise around 0 and 1, as also shown in figure 2. Physical space-time
points now correspond to both z and z̄ real numbers. It is then convenient to introduce variables
σ and ρ related to the usual cross ratios u and v by
u=

x212 x234
≡ σ2 ,
x213 x224

v=

x214 x223
≡ (1 − σeρ )(1 − σe−ρ ) ≈ 1 − 2σ cosh ρ .
x213 x224

(1)

The Regge limit corresponds now to σ → 0 with fixed ρ.
The connection between the the Lorentzian OPE limite and the Regge limit can be established through Conformal Regge Theory 5 . The starting point is the conformal block decomposition of the four-point function written as
A(u, v) =

∞ Z ∞
X

dν

J=0 −∞

where
K∆,J =

iν dJ (ν 2 )
G2+iν,J (u, v) ,
πK2+iν,J

Γ(∆ + J) Γ(∆ − 1 + J)

4J−1 Γ6



∆+J
2



Γ2



4−∆+J
2

.

(2)

(3)

To reproduce the exchange of an operator of dimension ∆ and spin J the partial amplitude must
have the singular behaviour
K∆,J
dJ (ν 2 ) ≈ a∆,J 2
.
(4)
ν + (∆ − 2)2
The next step is to consider the Sommerfeld-Watson transform, keeping only the operators in
the leading Regge trajectory, for which we have a relation ∆ = ∆(J) = 2+J +γ(J). Analytically
continuing in the spin J, the Sommerfeld-Watson integration over J can be done by picking the
Regge pole j(ν) defined by


2

ν 2 + ∆(j(ν)) − 2

= 0,

(5)

x

x+

x4

x2

x1

x3

z
0

1

1
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Figure 2 – (a) Regge limit shown in a conformal compactification of the light cone. The positions of the operators
xi are sent to null infinity. (b) Analytic continuation in z and z̄, starting from the Euclidean correlation function.

leading to the final result
A(σ, ρ) ≈ 2πi

Z

dν α(ν) σ 1−j(ν) Ωiν (ρ) ,

(6)

where
α(ν) = −

π 2 2j(ν)−3 eiπj(ν)/2
ν sin



j(ν)
2



2

Γ



2 + j(ν) + iν
2



2

Γ



2 + j(−ν) − iν
2



j 0 (ν)K2+iν,j(ν) bj(ν) ,

(7)

with bJ defined by the product of OPE coefficients. We refer to the function α(ν) as the Regge
residue, since it is related to the residue of the dominant Regge pole that follows from (4).
Equations (5) and (7) establish a precise relation between the two kinematical limits described above. The pomeron spin j(ν) and residue α(ν) are related to analytic continuations of
the dimensions ∆(J) and (square of) OPE coefficients bJ of the leading twist operators. Since
relation (5) does not commute with perturbation theory it is possible to obtain all-loop predictions for the function ∆(J) from the BFKL spin j(ν), and vice versa. For SYM this was
explored at weak coupling in 3 and at strong coupling in 5 . Thus, both eqs. (5) and (7) can
be used as a consistency check on the available data in both regimes. In particular, they also
provide a new test that direct computations of OPE coefficients must pass.
As an example let us consider the relation between spin and anomalous dimension of the
operators in the Pomeron Regge trajectory at strong coupling in SYM, which actually describes
the graviton Regge trajectory in AdS5 space. The anomalous dimensions of the leading twist
operators can be computed from the energy of short strings in AdS, and admit the expansion 7,8
 √



 1
3
3x
∆(J)(∆(J) − 4) = x 2 λ + −1 +
−
− 10 + (8ζ(3) − 1)x + x2 √ + · · · .
2
8
λ

(8)

where we conveniently defined x = J − 2. The overall factor of x guarantees that the energy
momentum tensor has protected dimension.
On the other hand, at strong coupling the Reggeon spin was computed using the dual string
description 9,4
!
∞
∞
X
X
jn (ν 2 )
j̃n (ν 2 )
4 + ν2
j(ν) = 2 −
=2− √
1+
,
(9)
gn
λ(n−1)/2
2 λ
n=1
n=2
where j̃n (ν 2 ), defined for n ≥ 2, is a polynomial of degree n − 2. The n = 1 term in this
expansion was computed in 9 and gives the linear Regge trajectory of strings in the flat space
limit. The general form that constrains the degree of the polynomial j̃n (ν 2 ) was derived in 4 by
requiring that such limit is well defined.
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Figure 3 – Weak (in blue) and strong (in red) coupling expansions of the BFKL intercept j(0).

Noting that −∆(∆ − 4) = 4 + ν 2 , we can equate both expansion (8) and (9) to obtain new
data for the polynomials j̃n (ν 2 ), with n ≥ 2, that characterise this Regge trajectory. Writing
j̃n (ν 2 ) =

n−2
X

cn,k ν 2k ,

(10)

k=0

we can fix the coefficients cn,n−2 and cn,n−3 . More precisely, we obtained that
1
1
3
3
21
, c3,0 = − , c3,1 = , c4,1 = − (8ζ(3) − 7) , c5,2 =
,
(11)
2
8
8
32
64
and the remaining coefficients of this type vanish (cn,n−2 = 0 for n ≥ 4, cn,n−3 = 0 for n ≥ 6).
In particular, we derived the next and the next to next leading order correction to the intercept.
2
1
1
j(0) = 2 − √ − + 3/2 + . . . .
(12)
λ λ 4λ
c2,0 =

Figure 3 shows this expansion in comparison with the weak coupling one. More recently, the
corrections of order λ−2 and of order λ−5/2 and λ−3 were respectively computed in 10 and 11 .
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Gauge/String Duality, etc.
(Pomeron and Odderon at Strong Coupling)
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Universidade do Porto, 4169-007 Porto, Portugal
T. RABEN and C.-I TAN
Brown University, Providence, RI 02912, USA
We discuss conformal Pomeron and Odderon using AdS/CFT, or, equivalently, Pomeron and
Odderon in N = 4 SYM, in strong coupling. We explore the relation between the ’Bassoexpansion’ and the Delta-j curve in strong coupling, and we demonstrate how it can be applied
to other Regge intercepts in addition to Pomeron. In particular, we focus on ’Odderons’ which
are the leading crossing-odd, C = -1, Regge singularities. From the perspective of AdS/CFT,
while Pomeron can be identified with a Reggeized Graviton, Odderons correspond to Reggeized
anti-symmetric AdS5 Kalb-Ramond tensor-fields.

1

Introduction

The Pomeron is the leading order exchange in total cross sections at high energies (up to unitarity
corrections once saturation is reached) and in many exclusive processes in the Regge limit as
well. Its importance has been confirmed experimentally for example at HERA, where it was
shown that cross sections for many different processes (DIS, DVCS, VM production...) show a
power growth with 1/x, and that the same, universal gluon distribution functions describe these
processes, and gluons dominate at small x. The odderon is the less well known cousing of the
Pomeron, which is odd under charge conjugation. It dominates in Regge limit processes with the
quantum numbers of the vacuum and C = −1. The exchange of the Pomeron has a long history
of study from the weak coupling side using the BFKL equation. We present an alternative to
the study of Pomeron and Odderon based on the AdS/CFT correspondence 1 , which allows us to
study these processes at strong coupling. The AdS/CFT framework also presents an alternative
way to study the saturation region.
2

Pomeron at Strong Coupling

At strong coupling the Pomeron was first introduced by Brower, Polchinski, Strassler and Tan 2 .
They show that the Pomeron emerges as the Regge trajectory of the graviton. We can introduce
a vertex operator for the Pomeron
j

VP (j, ±) = (∂X ± ∂X ± ) 2 e∓ik·X φ±j (r).

(1)

As other vertex operators corresponding to states in string theory, it must satisfy the on-shell
condition
j − 2 α0
[
− ∆j ]e∓ik·X φ±j (r) = 0
(2)
2
4
where ∆j = (r/R)j (∆0 )(r/R)−j , and ∆0 is the scalar Laplacian in curved space. The equation
above can then be used to determine the function φ±j (r) for the Pomeron
vertex operator. In 2
√
they show how we can expand the differential operator to order 1/ λ around j = 2
[j − 2 −

α0 t −2u
1
e
− √ (∂u2 − 4)]φ± (u) = 0,
2
2 λ

(3)

where u = − log r0 /r = − log z/z0 with z = R2 /r. From here we can obtain the intercept
2
j0 = 2 − √ .
λ

(4)

The above equation can also be used to calculate the propagator for Pomeron exchange 2,3
2

−L
πρ
L exp( ρτ )
χ(τ, L) = (cot( ) + i)g02 e(1−ρ)τ
2
sinh L (ρτ ) 23

(5)

where, due to conformal invariance, χ is a function of only two variables, L = log(1 + v +
p
v(2 + v)) and τ = log( ρ2 zz 0 s). L can be thought of as related to the 3 dimensional impact
parameter (v is the chordal distance in H3 ).
3

Applications

We can apply these methods to calculate the amplitude for any process where Pomeron exchange
dominates. As mentioned in the introduction, those include many processes studied at HERA.
However, single Pomeron exchange leads to an asymptotic power behavior in s, thus leading
to the violation of the Froissart bound. Therefore effects beyond single Pomeron exchange
eventually become important. One way to take them into account in a unitary way is to use the
eikonal approximation, which sums multiple Pomeron exchanges to all order, but ignores the
interactions between the Pomerons. In AdS this leads to 3
Z
Z
2 −il⊥ ·q⊥
A(s, t) = 2is d le
dzdz̄ P13 (z)P24 (z̄)(1 − eiχ(s,b,z,z̄) ).
(6)
Single Pomeron exchange would correspond to expanding the above to first order in χ. To study
different processes, we just provide different wavefunction for the external states, and it has
already been applied to (and presented at previous Moriond conferences) DIS 4 , DVCS 5 , vector
meson production 6 and DIS using the soft wall model 7 .
4

Odderon at Strong Coupling

In AdS/CFT, the Odderon was identified as the Regge trajectory of the Kalb-Ramond B̃µν
field 8
j−1
VO (j, ±) = (∂X ± ∂X ⊥ − ∂X ⊥ ∂X ± )(∂X ± ∂X ± ) 2 e∓ik·X φ±j⊥ (r).
(7)
They must satisfy the on-shell condition.
[

j + 1 α0
− ∆O,j ]φ±j⊥ (r) = φ±j⊥ (r)
2
4

(8)

where ∆O,j = (r/R)−(j−1) (∆O,1 )(r/R)(j−1) . To determine the differential operator for Odderon,
∆O,1 , we can match the EOM at j = 1, appropriate in the infinite λ limit. In the case of the
Odderon, in the supergravity limit we have two equations
(1)

(2)

(2M axwell − (k + 4)2 )B̃IJ = 0 ,

(2M axwell − k 2 )B̃IJ = 0

(9)

This will give us for the physical state condition
[j − 1 −

α0 t −2u
1
e
− √ (∂u2 − m2AdS )]φ±⊥ (u) = 0
2
2 λ

(10)

where m2AdS is either 16 or 0, depending on which of the two solutions we are considering. The
corresponding intercepts are
8
j0a = 1 − √
j0b = 1 .
(11)
λ
This is analagous to weak coupling results.
5

Beyond Leading Order

We can also find the intercept as the minimum of the j(∆) curve, which occurs at ∆ = 2. Let’s
look at the expansion of the inverse curve
(∆ − 2)2 = τ 2 + β1 (λ)S + β2 (λ)S 2 + β3 (λ)S 3 + · · ·

(12)

(S = j − 2 for Pomeron, j − 1 for odderon;
τ is the ‘twist’ τP = 2 + k , τa = 4 + k , τb = k).
√
We can expand S0 into powers of 1/ λ
c1
c2
c3
c4
S0 = √ +
+ 3/2 + 2 + · · ·
λ
λ
λ
λ

(13)

Allowing us to solve iteratively
2
c1 = −b−1
(10) τ

c2 = −b−1
(10) b(11) c1
2
c3 = −b−1
(10) [b(11) c2 + b(12) c1 + b(20) c1 ] ,

and so on, and bni are coefficients in the expansion of
βn = λ

2−n
2

(bn0 +

bn2
bn3
bn1
+
+ 3/2 + · · · ).
1/2
λ
λ
λ

(14)

√
To find the Odderon intercept we assume that in the diffusion limit β1 = 2 λ + O(1) so that√
we
recover our result from the last chapter. Using this result and expanding S in powers of 1/ λ
this will give us for the first few terms

c1 (k)
c2 (k)
c3 (k)



=

−1
b1,0

!

=

b1,1
b21,0

=

−b21,1
b1,2
+ 2
3
b1,0
b1,0

k2 ,
k2 ,
!
2

k +

−b2,0
b21,0

!
k4 ,

and so on. When k = 0 we can show
j0b = 1 ,

(15)

i.e. the intercept for the type b odderons stays fixed at 1 regardless of the coupling strength.
This is consistent with up-to-date weak coupling findings. For the type a Odderon we need to
take some further assumptions. Recent work by Basso 9 shows that in an expansion
∆(S, k) = k + α1 (λ, k)S + α2 (λ, k)S 2 + · · ·
(16)
√
√
√
the first term is α1 (λ, k) = λk Yk ( λ) which give us β1 = 2 λYτ ( λ) We assume that, for
Odderons, the conformal dimensions can be matched with the one-loop calculation for the leading
BKP “folded strings”, as done for the Pomeron. With these assumptions we get a
(−,a)

j0

= 1−

8
λ1/2

−

4
13
96ζ(3) + 41 288ζ(3) +
+
+ 3/2 +
λ λ
λ2
λ5/2

1249
16

+

−720ζ(5) + 192ζ(3) +
λ3

159
4

+ · · · . (17)

10
A similar procedure to find the Pomeron intercept to higher order
√ has been done first in , and
11,12
later extended to higher order in
. To go to our order in 1/ λ we make use of some of the
12
coefficients bni calculated in . The presentation here has been brief due to space constraints, a
detailed explanation will be presented in 13 , to appear very soon.
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In the talk we only presented the result up to order 1/λ5/2 , and there was a typo in the last term.

5.
New Phenomena

Third Generation SUSY Searches at the LHC
Takashi Yamanaka
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The third generation squarks are expected to be lighter than the other squarks due to mixing
of mass matrices and due to large Yukawa couplings. Moreover, naturalness of Higgs mass
requires top squarks to be light. Both ATLAS and CMS experiments have searched for the
√
√
third generation squarks using s = 7 TeV of 5 fb−1 and s = 8 TeV of 20 fb−1 data.
Updated results on these searches are presented.

1

Introduction

Supersymmetry is an extension of the Standard Model (SM) which predicts new bosonic partners
for the existing fermions and fermionic partners for the known bosons. In the framework of
a generic R-parity conserving minimal supersymmetric extension of the SM (MSSM), SUSY
particles are produced in pairs and the lightest supersymmetric particle (LSP) is stable, providing
a possible dark matter candidate.
The scalar partners of right-handed and left-handed quarks, q̃R and q̃L , mix to form two
mass eigenstates, q̃1 and q̃2 , with q̃1 defined to be the lighter of the two. Third generation
squarks (stop and sbottom, t̃ and b̃) can be lighter than the other squarks due to the mixing
between q̃R and q̃L , and due to large Yukawa couplings. Moreover, naturalness arguments imply
that the stop is light, with mass below 1 TeV.
Stop and sbottom production via gluino decay dominates if gluinos are not too heavy.
Gluinos can decay into virtual or real stop or sbottom depending on the mass hierarchy. The
cross sections for direct t̃ or b̃ pair productions are also relatively high due to their strong couplings. Stop and sbottom can decay into a variety of final states depending on the hierarchy of
the mass eigenstates formed from higgsinos and electroweak gauginos.
ATLAS 1 and CMS 2 performed dedicated searches for stop and sbottom signals in variety
of signatures using pp collision data obtained at the LHC and have placed exclusion limits on
these models. Updated results as well as a summary of previous searches are described in the
following sections.
2

Gluino Mediated Stop/Sbottom Production

One of the most important searches for gluino-mediated t̃/b̃ production require high b-jet multiplicity as performed both in ATLAS 3 and CMS 4 5 6 7 . From the signal of gluino pair production
followed by g̃ → b̃1 b or g̃ → t̃1 t decays, four b-jet final state can be expected. Therefore, in these
searches more than three b-jets are required in the signal regions and sensitivity to signal are
miss + Σpjet + (plepton ), or S lep = E miss + plepton with
enhanced using the effective mass meff = ET
T
T
T
T
T
∆φ(W, l). From these analyses, gluino masses up to 1.3 TeV are excluded for portions of the
parameter space in the simplified models with gluino decaying to g̃ → b̃1 b or g̃ → t̃1 t exclusively.

3

Direct Sbottom Pair Production

For the direct sbottom pair production, searches for b̃1 → bχ̃01 are performed in ATLAS 8 and
CMS 9 . Both analyses use the mCT variable defined as m2CT (v1 , v2 ) = [ET (v1 ) + ET (v2 )]2 −
[pT (v1 ) − pT (v2 )]2 , where v1 , v2 are b-jets in this analysis, to suppress tt̄ background while
enhancing sbottom signals. The CMS result excludes mb̃1 < 700 GeV for mχ̃0 ≈ 0 GeV.
1
Other decays of sbottom are also searched for by interpretations from other analyses. The
10 and CMS 11 in the two same-sign lepton
decay mode b̃1 → tχ̃±
1 is searched for in both ATLAS
channel. Sbottom decaying to the second lightest neutralino (χ̃02 ) followed by Higgs boson or
Z boson is searched for by ATLAS in a multi-b-jet analysis 3 and by CMS in a multi-lepton
analysis 12 respectively.
4

Direct Stop Pair Production

The searches for direct stop pair production have been performed in various channels both in
ATLAS and CMS, targeting t̃1 → tχ̃01 and t̃1 → bχ̃±
1 . In the all-hadronic channel, the top quark
mass reconstruction is utilised 13 14 . In the one-lepton channel, cleaner background conditions
can be obtained as well as relatively large branching fraction can be expected. Therefore, additional to the usual cut-based searches, more elaborate analyses are performed. Two dimensional
miss and m (plepton , Emiss ) 15 is used in ATLAS and a boosted decision tree
shape fit using ET
T T
T
miss ,
(BDT) multivariate discriminant is used in CMS 16 taking as input variables such as ET
lepton
mT (pT
, Emiss
T ), leading b-jet pT .
Recently ATLAS published results in the two-lepton
channel 17 using the mT2 variable de

1
2
miss
fined as mT2 (pT , pT , ET ) = minq1 +q2 =Emiss max mT (p1T , q1T ), mT (p2T , q2T ) , where p1T , p2T
T
T
T
are transverse momentum of two leptons or two b-jets, to suppress tt̄ background, or BDT multivariate methods. This two-lepton search is also extended to signals of stop decaying to stau
(t̃1 → bν τ̃1 followed by τ̃1 → τ G̃) 18 .
Figure 1 shows the summary of exclusion limits for direct stop pair production by ATLAS
and CMS. Stop masses below 700 GeV are excluded for mχ̃0 ≈ 0 GeV in a simplified model
1
characterised by the t̃1 → tχ̃01 decay.
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Figure 1 – Summary of exclusion limits for direct stop pair production by ATLAS 19 and by CMS 20 .

Direct stop pair production searches are also extended to other scenarios. One of them is
the pair-production of the heavier stop (t̃2 ) decaying to t̃1 with a Z or Higgs boson. As seen
in Figure 1, if mt̃1 − mχ̃0 ≈ mt in t̃1 → tχ̃01 decay, the current analyses have little sensitivity
1
due to the similarities in kinematics with SM tt̄ background. If t̃2 is not too heavy, its signal
can be discriminated from SM background. ATLAS search is optimised for Z final state 21
combining two-opposite-sign and three-lepton channels while CMS searches combine one-lepton
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and two-same-sign-lepton channels additionally to cover both Z and Higgs boson final state 22 .
The exclusion limits on mt̃2 reaches 600 GeV for Z final state and 530 GeV for Higgs final state
(Figure 2). This ATLAS search is also interpreted in light stop and light higgsino scenario in
GMSB-like model. For this scenario, CMS performed another analysis looking for hh → γγbb
final state 23 .
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Figure 2 – Exclusion limits for t̃2 → t̃1 Z or t̃1 h by ATLAS 21 (left) and by CMS 22 (right).

5

Conclusions

ATLAS and CMS have searched for the third generation squarks using 20 fb−1 of pp collision
√
data at s = 8 TeV collected at the LHC. However, no excess beyond the SM is found so far.
For gluino-mediated stop and sbottom production, gluino masses up to 1.3 TeV are excluded,
and for direct sbottom pair production with b̃1 → bχ̃01 decay, mb̃1 < 700 GeV are excluded at
mχ̃0 ≈ 0 GeV, and for direct stop pair productions with t̃1 → tχ̃01 decay, mt̃1 < 700 GeV are
1
excluded at mχ̃0 ≈ 0 GeV.
1
√
LHC operation will restart in 2015 at s = 13-14 TeV for pp collision. For an integrated
luminosity of 300 fb−1 , discovery reach for direct stop pair production is expected to be up to
stop mass of 1 TeV 24 25 .
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INCLUSIVE SUSY SEARCHES AT THE LHC
S. SEKMEN a
on behalf of the ATLAS and CMS Collaborations
Physics Department, CERN, CH 1211 Geneva 23, Switzerland b
I summarize the status of the inclusive SUSY searches conducted by the ATLAS and CMS
experiments using the ∼20 fb−1 of 8 TeV LHC data in the all inclusive, 0 lepton, ≥ 1 lepton
and ≥ 2 lepton final states. Current searches show that data are consistent with the SM. The
impact of this consistency was explored on a rich variety of SUSY scenarios and simplified
models, examples of which I present here.

The ∼20 fb−1 of 8 TeV LHC data collected each by ATLAS 1 and CMS 2 experiments have
been explored thoroughly and deeply to catch a glimpse of new physics. As a well-motivated
theoretical framework with diverse realizations, supersymmetry (SUSY) has been a favored guide
while designing new physics searches. However, the great variety of spectra, and production and
decay channels requires us to think of every possibility and search everywhere. Inclusive SUSY
searches are designed to be sensitive to a wide range and variety of final states involving multiple
objects such as jets, b-jets, leptons, photons and missing transverse energy. Current analyses
employ multiple search regions defined by different object multiplicities and different kinematic
variables. Having ∼20 fb−1 data also allows us to work with disjoint search regions. When SUSY
is concerned, gluinos are the main target of inclusive searches due to their high production cross
sections and diverse decay modes, but such searches are also sensitive to other sparticles, such
as squarks and EW gauginos.
Here, I will summarize the different types of ATLAS and CMS 8 TeV inclusive searches, by
classifying them into final states of all inclusive, 0 lepton, ≥ 1 lepton and ≥ 2 lepton. I will
focus on searches and interpretations for gluinos and 1st/2nd generation squarks. Dedicated
searches for stops, sbottoms and direct production of EW gauginos are summarized in different
contributions to this conference.
In a general search for new phenomena, ATLAS systematically classifies event topologies
with isolated electrons, muons, photons, jets, b-jets and missing transverse energy 3 . 697 event
classes were scanned, and a deviation from SM was searched in distributions of effective mass,
visible invariant mass and missing transverse energy. Figure 1 top left plot, mef f distribution
is shown for the event class with two electrons, one jet and ETmiss . The analysis locates the
regions of largest data-SM distribution in the kinematic distributions. To test the consistency of
the search with SM-only or SM+signal hypothesis, pseudo-data for event classes and kinematic
distributions were generated for both hypotheses, and p values were computed from the kinematic
regions with largest deviation of the pseudo-data from the SM expectation. Figure 1 bottom
right shows the expected fraction of pseudo-experiments having at least one event class with
a − log10 (p − value) greater than the one shown on the axis for pseudo-experiments generated
a
b

ssekmen@cern.ch
now at Physics Department, METU, Ankara, Turkey

under the SM-only and SM+signal hypothesis for mef f , where the signals are gluino models
with g̃ → tt̄χ̃01 . The minimum − log10 (p − value) for data for mef f is ∼3, which means that
data is consistent with the SM-only hypothesis, and the analysis would be sensitive to gluinos
with mass smaller than ∼1 TeV.
On the other hand, CMS did an all inclusive search using the razor variables MR and R2
which map the event into a dijet structure 4 . Signal involving heavy particles is represented
as a peak on the MR − R2 plane over a smoothly falling SM background distribution, which
can be described using an analytical function. This search compares data with SM background
predictions on the MR − R2 plane for 9 event topologies involving jets, b-jets, electrons and
muons. Figure 1 bottom left plot shows the discrepancy in standard deviations between data
and SM prediction on the MR − R2 plane for the multijet topology. In this topology and in all
the rest, data is found to be consistent with SM, and hence limits were set on sparticle masses.
Figure 1 bottom left plot shows the limits on the mg̃ − mχ̃0 plane where g̃ → bb̄χ̃01 .
1
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Figure 1 – Top left: ATLAS general search: mef f distribution is shown for the event class with two electrons, one
jet and ETmiss . The dashed vertical lines indicate the region of interest which has the smallest p-value (0.0013) for
this event class. Top right: ATLAS general search: The expected fraction of pseudo-experiments having at least
one event class with a − log10 (p − value) greater than the one shown on the axis for pseudo-experiments generated
under the SM-only and SM+signal hypothesis for mef f , where the signals are gluino models with g̃ → tt̄χ̃01 . The
minimum − log10 (p − value) for data for mef f is ∼3. Bottom left: Comparison of the expected background and
the observed yield in the MultiJet selection of the CMS razor analysis. Bottom right: CMS razor razor limits on
the mg̃ − mχ̃0 plane where g̃ → bb̄χ̃01 .
1

ATLAS and CMS have done a multitude of 0 lepton searches to look for sparticles in the
hadronic decays using different kinematic variables 5−11 . An example is the CMS search that uses
the stransverse mass variable MT 2 to discriminate signal 8 . This analysis uses multiple search
regions to target different sparticles. For example, 0 b-jet bins are sensitive to 1st/2nd generation
q̃s and g̃s, b-enriched regions with low jet multiplicity are aimed at t̃/b̃ production with decays to
bs, while the high jet multiplicity regions are more sensitive to t̃ and b̃ production with decays to
tops. Finally, the signal regions with nj ≥ 3 and nb ≥ 3 provide extra sensitivity to final states
with multiple b̃s or t̃s, e.g. from gluino pair production. Figure 2 left plot shows the impact of
seing no signal in this analysis on the mq̃ − mχ̃0 plane for q̃ → q χ̃01 . Another example is the
1

ATLAS search with ≥ 7 jets, which targets long decay chains from gluino production (and also
some R-parity violating models). 9 . The sensitivity of the search is enhanced by considering the
number of b-tagged jets and the scalar sum of masses of large-radius jets in an event, but in
all cases data are consistent with the SM. Figure 2 right plot shows the 95% exclusion curve on
± 0
± 0 0
the mg̃ − mχ̃0 plane for g̃ → q q̄ χ̃±
= (mq̃ + mχ̃0 )/2 and
1 → q q̄W χ̃2 → q q̄W Z χ̃1 , where mχ̃±
1
1
1
mχ̃0 = (mχ̃± + mχ̃0 )/2.
2

1

2

Figure 2 – Left: CMS mT 2 exclusion limits on the mq̃ − mχ̃0 plane for q̃ → q χ̃01 . Right: ATLAS ≥ 7 jet exclusion
1

± 0
± 0 0
limits on the mg̃ − mχ̃0 plane for g̃ → q q̄ χ̃±
1 → q q̄W χ̃2 → q q̄W Z χ̃1 .
1

Adding at least one lepton requirement to the searches 12−15 enhances sensitivity to natural
models. One CMS search looks into signatures with ≥ 1 leptons, ≥ 6 jets and no ETmiss 12 .
To separate signal from the SM backgrounds, the analysis uses b-jet multiplicity. The SM
backgrounds were predicted by correcting MC to match the b-tag efficiency and mistag rate
measured in data. Having seen no excess in data, limits were set on models with R-parity
violation and minimal flavor violation, in particular with pair-produced gluinos decaying each
to a top, a bottom, and a strange quark. Figure 3 shows the 95% CL exclusion limit on the gluino
mass for the R-parity violating case. On the other hand, the ATLAS search 15 concentrates on
final states with ≥ 1τ , jets, ETmiss , and no extra light leptons. This search is particularly sensitive
to models with τ -rich signatures such as the stau-coannihilation case of the constrained MSSM,
GMSB with τ̃ as the next to lightest SUSY particle (NLSP), and natural gauge madiation
models with stau NLSP. Figure 3 right plot shows exclusion limits set by this analysis on SUSY
breaking mass scale in the low energy sector Λ and ratio of Higgs VEVs tan β of the GMSB
model for messenger mass Mmess = 250 TeV, number of messenger fields N5 = 3, higgsino mass
parameter µ > 0 and gravitino mass scale factor Cgrav = 1.

Figure 3 – Left: CMS .. exclusion limit on the gluino mass for R-parity violating SUSY where g̃ → tbs. Right:
ATLAS .. exclusion limit on the SUSY breaking mass scale in the low energy sector Λ and ratio of Higgs VEVs
tan β of the GMSB model.

Then there are searches involving two leptons 16−19 , which are particularly sensitive to gluino
decays involving stops, sleptons and EW gauginos. The ATLAS search 17 looks into final states
with jets, b-jets, ETmiss and two leading leptons (e or µ) with pT > 20 and same electric charge.
Three signal regions are defined with 0, ≥ 1 and ≥ 3 b-jets and cuts on njets , ETmiss , transverse
mass mT and effective mass. Again, data is consistent with the SM, and limits are set on
constrained MSSM and a wide variety of simplified models. Figure 4 left plot shows the exclusion
limit on the mg̃ − mχ̃0 plane for gluinos that follow a decay chain via squarks, charginos or
1
neutralinos, and sleptons or sneutrinos. A corresponding CMS same sign dilepton analysis uses
the hadronic transverse momentum variable HT to discriminate signal, and studies high and
low lepton pT regions to target different SUSY scenarios, and also looks at low ETmiss regions to
target RPV SUSY 18 . Figure 4 right plot shows the impact of seing no signal in this search on
the mg̃ − mχ̃0 plane for g̃ → btW χ̃01 .
1

Figure 4 – Left: ATLAS same-sign dilepton exclusion limits on the mg̃ − mχ̃0 plane for gluinos that follow a decay
1
chain via squarks, charginos or neutralinos, and sleptons or sneutrinos. Right: CMS same-sign dilepton exclusion
limits on the mg̃ − mχ̃0 plane for g̃ → btW χ̃01 .
1

The impact of seing no signal on all these inclusive searches have been investigated in many
more SUSY models and simplified models. Overall, inclusive searches can explore gluinos up
to mass ∼ 1.4 TeV. For example, Figure 5 left plot shows the summary of exclusions from
various ATLAS searces on the mg̃ − mχ̃0 plane for g̃ → tt̄χ̃01 . ATLAS has also interpreted
1
searches extensively using constrained MSSM. CMS, on the other hand, has done a thorough
interpretation on the p(henomenological) MSSM model, which is a 19-dimensional realization
of SUSY at the SUSY scale. A global Bayesian analysis was performed on the pMSSM space
to obtain posterior probability densities for model parameters, masses and observables after
the combined impact of b physics, EW, Higgs, top measurements and various 7+8 TeV CMS
SUSY searches. Middle and right plots in Figure 5 show that CMS inclusive searches do have
a visible impact on gluino and ũL , c̃L squark mass probability distributions. ATLAS and CMS
are currently getting ready for the next phase of LHC data taking with 13-14 TeV energy, which
we hope, may bring us a hint of new physics. We must note that the 8 TeV results help us
characterize the yet unexplored regions and design more efficient analyses for the pursuit of new
physics.

Figure 5 – Left: Impact of various inclusive ATLAS searches on the mg̃ − mχ̃0 plane for g̃ → tt̄χ̃01 . Middle and
1
right: Probability distributions of g̃ and ũL , c̃L squark masses in pMSSM. Filled blue histograms show the effect
of various b physics, EW, Higgs, top measurements, and line histograms show the impact of the combination of
various 7 TeV, 8 TeV and 7+8 TeV inclusive CMS searches.
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Searches for Dark Matter and Extra Dimensions at the LHC
S. Eno
for the CMS and ATLAS collaborations
Dept. Physics, U. Maryland
College Park, MD, USA

During 2012, both the ATLAS and CMS Collaborations at the Large Hadron Collider outside
of Geneva, Switzerland collected approximately 20 fb−1 of pp collision data with a center-ofmass energy of 8 TeV. Presented here are the results of searches for Dark Matter and Extra
Dimensions that utilize this data.

1

Overview

Two of the mysteries currently challenging particle physicists are that of dark matter and fine
tuning. Results from many astrophysical observations strongly indicate the existence of some
sort of dark matter particle that does not interact via the strong or electromagnetic forces, and
is heavy enough that its velocity is not close to that of light. However, no such particle has
been observed in the laboratory.1 The experiments at the Large Hadron Collider (LHC) have
discovered a new boson whose properties are consistent with those of the Higgs of the Standard
Model. However, it is not understood how such a particle can have a mass light enough to
be observed at LHC energies when quantum corrections to its mass are sensitive to very high
energy scales. Interestingly enough, the resolution to these two mysteries could produce the
same experimental signature in pp collisions at LHC energies.
In this conference proceedings, I present the results from the CMS2 and ATlAS3 collaboration’s searches for dark matter, and some for extra dimensions, from their analysis of data from
the 2012 LHC operation period, which had a center-of-mass energy of 8 TeV.
2

Searches for pair-production of dark matter

Many experiments, both ground based4 (so-called “direct” searches) and in space5 (“indirect”
searches) have been built to search for the ambient dark matter in the universe. These searches
assume that the dark matter interacts with normal matter, and in particular to quarks, either
through s- or t- channel exchange of some new heavy particle, such as a heavy neutral vector
boson or the squark of supersymmetry. If such interactions exist, it is also possible to pairproduce dark matter particles in proton-proton collisions. Dark matter particles do not produce

a signal in the detectors. They can be observed, however, when accompanied by initial state
radiation of a quark, vector boson, or photon off the initial quarks or gluons from the protons,
if the radiated particle has high transverse momentum (pT ), resulting in a “mono” object plus
/ T ) as a signature. Since the kind of particle that mediates the
missing transverse energy (E
interaction is not known, searches at the LHC tend to model them as effective contact interactions, as described in a paper by Goodman et al. 6 , a good model when the mediating particle
is heavy (>3 TeV). 6 Many papers have been written that show the dangers of the effective contact interaction approach for lighter mediators when comparing to the results from the direct
detection experiments.7
Direct dark matter searches are most sensitive when the dark matter particle is heavier than
about 10 GeV and when the type of interaction is independent of spin.6 The sensitivity of LHC
searches tends to be independent of mass up to a kinematic limit of a few hundred GeV and
similar for spin independent and spin dependent couplings.
CMS and ATLAS have looked for this type of event when the radiated particle is a jet or a
electroweak vector boson. Results when the radiated particle is a photon have not been updated
since the 7 TeV run.
2.1

Mono jets

Both CMS8 , using 20 fb−1 , and ATLAS9 , using 10 fb−1 , have completed searches for pairproduction of dark matter in association with a mono jet. The approach for both searches is
similar. In brief, both look for events with no more than two jets with pT larger than 30 GeV and
at least one jet with large pT (110 GeV for CMS and 120 GeV for ATLAS). Both require large
/ T (250 GeV for CMS and 120 GeV for ATLAS). Both reduce backgrounds with real E
/ T from
E
neutrinos from W boson decay by vetoing events with isolated high pT electrons and muons.
/ T be inconsistent with
CMS also vetos events with high pT isolated taus. Both require the E
coming from mis-measurement of a jet. The limit on the effective contact interaction depends
on its form. For a vector interaction6 , the limit is 907 GeV for CMS and 731 for ATLAS. Limits
for other interaction forms can be found in the CMS and ATLAS publications.8 9
2.2

Mono vector bosons

Both CMS 10 and ATLAS11 have done searches for dark matter when the radiated particle is
an electroweak vector boson. However, the methodology of the two searches are very different.
CMS reinterprets its search for a heavy charged vector W-like boson decaying to an electron or
muon and a neutrino12 in terms of initial state radiation of a W during pair-production of dark
matter.10 The ATLAS collaboration takes advantage of the large branching fraction of W and Z
boson to two jets, and looks for events with a large jet containing substructure consistent with
two jets that reconstruct to the W or Z mass.
There are two Feynman diagrams that contribute to the process involving the W, one where
the W radiates off the u quark, the other where it radiates off the d, which might interfere
constructively or destructively. In the case of constructive (destructive) interference for the
vector interaction, the ATLAS result yields a limit on the contact interaction of about 2000
(600) GeV, the CMS result 970 (310) GeV. If the interference is constructive, this would be the
most sensitive search channel.
Figure 1 shows the result when the limit on the contact interaction from both the mono jet
and mono vector boson searches are translated to an effective limit on the dark matter scattering
cross section with a nucleon, as probed by direct detection experiments.
2.3

Mono tops

CMS has looked for monotop production.? Since the types of interactions between dark matter
and ordinary matter (aside from gravitational interactions) are completely unknown, if they exist

Figure 1 – Limits on the scattering cross section between dark matter particles and nucleons extracted using an
effective contact interaction from CMS (left) and ATLAS (right) monojet and mono vector boson searches using
the 2012 8 TeV pp collision data.

Figure 2 – Limits on the scale of gravity (MD when including the extra dimensions as a function of the number
of extra dimensions from CMS (left) and ATLAS (right) as extracted by a variety of possible final states.

at all, all possibilities need to be considered. Many papers have suggested monotop production
through a possible coupling between the dark matter particle, a light quark, and the top quark
(see references in the CMS paper). They take advantage of the large branching fraction of the
top to jets, and look for events with 3 jets, at least one being tagged as having a high probability
of being due to a b quark, and with the invariant mass of the three jets being consistent with
/ T due
/ T (> 350 GeV). They reduce the backgrounds from E
the top (< 250 GeV), and large E
to a neutrino produced in the decay of a W by vetoing events with a high pT isolated electron
/ T distribution and rate of events is consistent with the expectations
or muon. The resulting E
of background. If the light quark-top-dark matter coupling were 0.1, the mass limit for scalar
(vector) dark matter would be 327 (665) GeV.
3

Searches for extra dimensions

A possible solution to the hierarchy problem that has been popular since 199814 is the idea
that gravity propagates not only in our three spatial dimensions, but also in extra compact
space-like dimensions. Due to the compactness of these extra dimensions, Kaluza-Klein towers
of excited graviton states result. These extra states result in an enhanced cross section for the
bremsstrahlung of gravitons, resulting in signatures similar to those for dark matter production
(mono objects). They can also, through s-channel production, lead to an enhancement of the
high mass di lepton and di photon cross sections.
Both CMS 15 16 and ATLAS 17 have looked for an enhancement of high mass electron and
muon pairs. The limits depend on the number of extra dimensions, and are shown in Fig. 2,
along with the results from monojet and diphoton searches.

A possible dramatic signature of extra dimensions is the formation of black holes. Early
work18 postulated “classical” black holes, which decayed via Hawking radiation to large multiplicities of many types of particles, at some threshold above production threshold. Later
work envisioned production of “quantum” black holes19 20 near threshold which decay to low
multiplicity states.
CMS21 looks for events with large scalar sum of pT of all reconstructed objects with pT >
50 GeV (ST ). They use the distribution with 2 objects for the background shape, which is
dominated by jet production, to look for excesses at high ST in the inclusive or exclusive higher
object multiplicity distributions.
ATLAS has two searches, one for classical black holes 22 and one for quantum black holes.23
The classical black hole search looks for events with two high pT muons that have the same
charge and a large number of reconstructed tracks. The quantum black hole search looks for
events with apparent lepton number violation: an electron or muon recoiling against a jet.
None of the searches sees any sign of black hole production. Typically limits are on order of
5 TeV, and are stronger for larger number of extra dimensions.
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?

We propose to implement the softly broken Z2 symmetry in the usual two Higgs doublet
model (2HDM) to spontaneously broken local U (1)H gauge symmetry, and show that the
resulting phenomenology can be very rich and is distinctly different from the usual 2HDMs.
Likewise, the exact Z2 symmetry in ordinary inert doublet model (IDM) could be a remnant
of spontaneously broken local U (1)H symmetry stabilizing dark matter (DM). In this case,
new channels for DM pair annihilation into U (1)H gauge boson(s) open up, allowing the DM
mass below . 40 GeV, unlike the usual IDM.

1

Two Higgs doublet Models

After the discovery of a new boson at the LHC 1 , the most important task in particle physics
phenomenology would be the precise measurements of properties of the new boson. Up to now,
the boson looks like a Standard-Model(SM)-like Higgs boson 2 . However, this SM-like Higgs
boson could be one of Higgs bosons from the extended Higgs sectors rather than the SM Higgs
boson. In fact, a lot of high energy theories like SUSY, GUT etc predict various extensions of
the SM Higgs doublet, such as two Higgs doublet models (2HDMs).
The two Higgs double model itself is quite interesting. It has a lot of scalar bosons, which
have rich phenomenology at the LHC. Also depending on the setup, the models could have
interesting connections to dark matter physics, baryon number asymmetry of the universe, and
neutrino mass generation. The recent experimental anomalies in the top forward-backward
asymmetry at the Tevatron and in B → D(∗) τ ν branching ratios at BABAR might be explained
in non minimal flavor violating 2HDM with flavor dependent chiral U (1) interactions 3 .
In generic 2HDMs, there appear Higgs-mediated flavor changing neutral current (FCNC)
problems if both doublets couple to the SM fermions. These problems are typically avoided by
assigning ad hoc Z2 discrete symmetry. With proper Z2 parity assignments to the SM fermions
and two Higgs doublets, one can construct 2HDMs without FCNCs at the tree level. However,
discrete symmetry could generate a domain wall problem when it is spontaneously broken.
Commonly, softly broken Z2 terms are added to the models, but the origin of this soft breaking
of Z2 is rather unclear. Recently, it was proposed that the softly broken Z2 symmetry can be
replaced by local U (1)H gauge symmetry associated with Higgs flavors 4 . The local U (1)H gauge
symmetry could be the origin of Z2 symmetry in the usual 2HDM, and the softly broken terms
are generated after U (1)H symmetry breaking. One example is given by the U (1)H -invariant
term, H1† H2 Φ, where Φ is SM-singlet and U (1)H -charged. After symmetry breaking, Φ has a
vacuum expectation value (VEV) and the H1† H2 term is generated.
By proper U (1)H charge assignments to the SM fermions, one can construct new 2HDMs
a

Speaker

with U (1)H symmetry (denoted by 2HDMwU (1)H ), which get reduced to the usual Type-I, -II,
-X, and -Y 2HDMs 4 when the U (1)H gauge boson becomes very heavy. In the Type-I case, it
is possible to construct the 2HDMwU (1)H without extra chiral fermions except right-handed
neutrinos. For example, assigning zero charges to all the SM fermions in Type-I 2HDM, the
model becomes anomaly-free 2HDM. In this case, the new gauge boson ZH does not couple to
the SM fermions and it becomes naturally fermiophobic. However, for Type-II or other cases,
extra chiral fermions are required to cancel gauge anomalies involving the new U (1)H . And one
of the extra chiral fermions could be a good candidate for cold dark matter (CDM).
with hΦ
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Figure 1 – Signal strengths µγγ
gg and µgg in the Type-I 2HDMs.

In this work we consider the Type-I fermiophobic 2HDMwU (1)H . There are many theoretical and experimental constraints on the model parameters. The Higgs potential must satisfy
constraints from conditions on perturbativity, unitarity and vacuum stability. We also take into
account constraints from electroweak precision observables, exotic top decay, b → sγ, heavy
Higgs boson search at the LHC, and SM-like Higgs boson search at the LHC. Finally, if the
SM-like Higgs boson can decay into non-SM particles, search for invisible Higgs decay at the
LHC also strongly constrain the parameters in the 2HDMwU (1)H 5 . If both Higgs doublets
develop VEVs, there is a tree-level mixing between Z and ZH . If one of them does not develop
a VEV, there is no mixing between Z and ZH at the tree level. However in general, the mixing
can be generated at the one-loop level, and the mixing angle ξ is strongly constrained by experZZ
iments: sin ξ . O(10−2 ) ∼ O(10−3 ). Figure 1 shows the signal strengths µγγ
gg and µgg in the
Type-I 2HDMs. The red and blue points satisfy all constraints in the 2HDM with Z2 symmetry
(2HDMwZ2 ) and 2HDMwU (1)H , respectively. Both models are consistent with CMS data in
the 1σ level, but with ATLAS data in the 2σ level. In the region µZZ
gg . 0.4, the 2HDMwU (1)H
could be distinguished from the 2HDMwZ2 . If the Higgs boson properties are found to be close
to the SM prediction, it would be essential to discover the extra scalar boson and new gauge
boson to distinguish the 2HDMwU (1)H from the 2HDMwZ2 as well as from the SM.
2

Inert doublet Model (IDM)

There are many evidences for the existence of nonbaryonic cold dark matter (CDM) in our
universe. Among many models for CDM, a weakly interacting massive particle (WIMP) is an
interesting scenario. In the 2HDMwZ2 , the dark matter candidate can be one of extra scalars
when one of Higgs doublets does not develop a VEV and an exact Z2 symmetry is imposed.
This modes is called as the inert doublet model (IDMwZ2 ) 6 . Under the Z2 symmetry, SM
particles including the ordinary Higgs doublet responsible for electroweak symmetry breaking
are Z2 -even. And the other Higgs doublet has Z2 -odd particles, H + , H, and A. In this work,
we assume the neutral Z2 -odd scalar H is dark matter. In the Higgs potential the dim-2 terms
(H1† H2 + h.c.) do not appear because of the exact Z2 symmetry.
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Figure 2 – Dark matter mass and relic density (a) in the light H scenario and (b) in the heavy H scenario.

As in the 2HDMwU (1)H , the Z2 symmetry can be replaced by local U (1)H gauge symmetry 7 .
In this case, we have to add a SM-singlet scalar Φ. Without Φ, the U (1)H symmetry would be
unbroken, resulting in massless ZH boson. The remnant symmetry of U (1)H is the origin of the
exact Z2 symmetry stabilizing dark matter H. The dim-2 terms H1† H2 + h.c are forbidden by
U (1)H symmetry. In addition, the λ5 terms (H1† H2 )2 + h.c. in the usual inert doublet models are
also forbidden by the U (1)H symmetry. Without λ5 terms, the neutral boson H and pseudoscalar
boson A are degenerate. Then the cross section for HN → AN , where N is a nucleon, through
the Z boson exchange could be large so that search for direct detection of dark matter in the
XENON100 or LUX experiments would exclude this model immediately. The λ5 terms can be
generated effectively by a higher-dimensional operator (see Ref. 7 for more detail). And after
U (1)H symmetry breaking, small λ5 terms are induced and generate mass difference between H
and A so that the HN → AN process is kinematically forbidden.
Figure 2 shows the dark matter mass mH and relic density (a) in the light H scenario and
(b) in the heavy H scenario. The pink points are in the IDMwZ2 while the cyan points are in
the IDMwU (1)H , respectively. All the points satisfy constraints from LUX experiments and the
horizontal line is the current experimental value for the relic density. As shown in Fig. 2 (a), a
larger parameter space is allowed in the IDMwU (1)H in the light H scenario. In particular, a
light CDM scenario (mH . 40 GeV) is still possible, because the HH → ZH ZH and HH → ZZH
processes mainly contribute to the relic density. This is a new aspect of IDMwU (1)H , which
was not possible in ordinary IDMwZ2 . Near the SM-Higgs resonant region, mH ∼ 60 − 80 GeV,
the co-annihilation of HA or HH + and the pair annihilation of AA and H + H − also contribute
to the relic density. In the heavy H scenario, both models are not so different from each other
because the annihilation cross sections for HH → W W and HH → ZZ are dominant ones.
In most cases the predicted relic density in the IDMwU (1)H is slightly less than that in the
IDMwZ2 because of new channels HH → ZH ZH and HH → ZZH .
Figure 3 shows mH and the velocity-averaged annihilation cross section, hσvi at present (a)
in the light H scenario and (b) in the heavy H scenario. The pink points are in the IDMwZ2
while the cyan points are in the IDMwU (1)H , respectively. The lower horizontal line comes from
constraint on the S-wave dark matter annihilation from the relic density observation, while the
upper two curves denote constraints on hσvi from Fermi-LAT’s analysis of 15 dwarf spheroidal
galaxies. Two curves correspond to the HH → W W and HH → bb̄ dominant cases, respectively.
The IDMwU (1)H is more complicated than the naive assumption so that we cannot apply the
above constraints to the our models. We calculate the quantity ΦPP , which is the part of the
gamma ray flux from dark matter annihilation 8 . The 95% upper bound is given by 9.3 × 10−30
cm3 s−1 GeV−2 8 . The yellow and green points in Fig. 3 satisfy this upper bound in the IDMwZ2
and in the IDMwU (1)H , respectively. In the light H scenario, the region mH . 40 GeV is
allowed only in the IDMwU (1)H . Actually in this region, only HH → ZH ZH contribute to hσvi
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Figure 3 – MH and hσvi (a) in the light H scenario and (b) in the heavy H scenario.

and mH ∼ mZH . In the heavy H scenario, the allowed region appears at mH & 500 GeV. For
more detailed analysis we refer the reader to Ref. 7 .
3

Conclusions

Two Higgs double models are interesting extensions of the SM and appear in many high-scale
theories. We showed that the Higgs mediated FCNC problem in 2HDM could be resolved by
considering gauged U (1)H symmetry instead of discrete Z2 symmetry. After U (1)H symmetry
breaking, the remnant symmetry would be the origin of the usual Z2 symmetry. This U (1)H
extension can also be applied to the IDM with exact Z2 symmetry. The stability of dark matter
in IDM with U (1)H symmetry is guaranteed by the remnant Z2 symmetry of U (1)H . We showed
that in the type-I case, a light CDM scenario, which is ruled out in the typical IDM, is possible
in the IDM with U (1)H symmetry.
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IMPLICATIONS OF THE 125 GeV HIGGS FOR THE INERT DARK MATTER
Maria Krawczyk, Dorota Sokolowska, Pawel Swaczyna, Bogumila Świeżewska
Faculty of Physics, University of Warsaw
Hoża 69, 00-681 Warsaw, Poland
The impact of the LHC results for the decay of the Higgs boson to two photons on the
properties of the inert dark matter (DM) is analysed. The results are combined with the
Planck constraints on DM relic density. Constraints on the DM mass are derived, that are
stronger or comparable to the XENON and LUX results.

1

Introduction

With the Higgs data available thanks to the LHC experiments, we can learn a lot not only about
the Higgs boson, but also about new, still undiscovered particles. The aim of this work is to
constrain the properties of a DM candidate in the Inert Doublet Model (IDM), with the use of
the measurements of the Higgs boson properties. We refer the reader to the original papers 1 2
for more details.
The IDM 3 is a special type of two-Higgs doublet model (2HDM) with the interaction of the
two SU (2) scalar doublets φS and φD described by the following potential
V

i
h
h
i
= − 12 m211 (φ†S φS ) + m222 (φ†D φD ) + 12 λ1 (φ†S φS )2 + λ2 (φ†D φD )2
i .
h
†
†
†
†
†
†
1
2
2
+λ3 (φS φS )(φD φD ) + λ4 (φS φD )(φD φS ) + 2 λ5 (φS φD ) + (φD φS )

(1)

Important feature of this potential is that it possesses a global discrete symmetry called D,
D
D
such that: ΦD −
→ −ΦD , ΦS −
→ ΦS . The Yukawa interactions are chosen in such a way as
to respect this symmetry as well, i.e., only φS couples to fermions (type I), making the whole
lagrangian of the IDM D-symmetric. Furthermore, we take a vacuum state which also preserves
the symmetry, i.e., hφS i = √v2 , hφD i = 0. This way the IDM is exactly D-symmetric. This
symmetry renders the lightest D-odd particle stable and provides a viable DM candidate.
The particle spectrum of the model includes a SM-like Higgs boson, which originates from
the φS doublet. It has all tree-level couplings to fermions and gauge bosons like the SM Higgs.
However, deviations from the properties predicted by the SM may appear at the loop level.
From the φD doublet come four so-called dark (D-odd) scalars which do not couple to
fermions at the tree level: the scalar H, the pseudoscalar A, and a pair of charged scalars H ± .
We choose H to be the DM candidate, so MH < MH ± , MA .
2

Higgs phenomenology in the IDM

The Higgs boson in the IDM is SM-like, however some of its properties are different than in the
SM, due to the existence of the dark scalars. We consider two phenomena in which the presence

of the new scalars can manifest itself: the invisible and two-photon decays of the Higgs boson.
2.1

Invisible decays of the Higgs boson

In general the Higgs boson h can decay into HH or AA pairs. As H particles are stable and
do not interact with fermions, they cannot be observed at detectors. Thus in the IDM invisible
decays of the Higgs, which augment the total width of the Higgs boson, can be present. The
partial decay width of h → HH depends on two parameters: the mass of the DM and the
coupling of the Higgs boson to two DM particles, λ345 , where λ345 = λ3 + λ4 + λ5 . Thus
the LHC constraints on the invisible Higgs branching ratios 4 (Br(h → inv) < 37%, see the
contribution of P. Meridiani ), and total Higgs width 5 (Γ(h)/Γ(h)SM < 4.2, see the contribution
of N. De Fillipis), as well as fits to LHC data 6 (Br(h → inv) . 20%) can constrain these two
parameters, see Fig. 1.
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Figure 1 – Constraints in the (MH , λ345 ) plane in the IDM coming from the constraints on the invisible decays
Br(h → inv) . 20% (solid line), Br(h → inv) < 37% (dashed line), and from the constraint on the total decay
width of the Higgs boson Γ(h)/Γ(h)SM < 4.2 (dotted line). Here we assume that the h → AA channel is closed.

2.2

Decay of the Higgs boson to two photons

The two-photon decay of the Higgs boson is a loop-induced process, with fermions or W ±
propagating in the loop. In the IDM also the charged scalar H ± can contribute to the process,
interfering either constructively or destructively with the SM amplitudes. What is actually
measured, is the signal strength Rγγ , given (in the narrow width approximation) by the formula:
Rγγ =

σ(pp → h → γγ)IDM
Γ(h → γγ)IDM Γ(h)SM
≈
.
σ(pp → h → γγ)SM
Γ(h → γγ)SM Γ(h)IDM

(2)

In the IDM Rγγ can be modified with respect to the SM prediction, Rγγ = 1, in two ways:
either the total width can be modified, dominantly due to the existence of invisible decays, or
the partial decay width of h → γγ can be affected by the charged scalar. We stress that the
effect of the charged scalar is most pronounced if the invisible channels are kinematically closed.
The current measurements of Rγγ : Rγγ = 1.55+0.33
−0.28 (ATLAS), Rγγ = 0.78 ± 0.27 (CMS)
motivate to analyse two cases: of enhanced and suppressed signal in the h → γγ channel.
2.3

Rγγ > 1 and the masses of the dark scalars

When Rγγ > 1, some constraints on the masses of the charged scalar and the DM particle can
be derived. In Fig. 2 (left panel) the allowed region in the (m222 , MH ± ) plane is presented.a In
the lightly coloured region Rγγ > 1, and the lines represent constant values of Rγγ . If Rγγ is to
be substantially enhanced, then the allowed region is bounded. For example for Rγγ > 1.2 only
fairly light H ± and H are allowed, MH ± , MH . 154 GeV.
a
The m222 parameter is important for the analysis, because the coupling of H ± to the Higgs boson is proportional to 2MH ± + m222 .

Figure 2 – Allowed region in the (m222 , MH ± ) plane in the IDM, light green (grey) – Rγγ > 1, purple lines –
constant values of Rγγ (left panel). Dependence of Rγγ on MH in the IDM (right panel).

From the right panel of Fig. 2 it can be seen that it is not possible to enhance Rγγ if the
DM is lighter than around 63 GeV, i.e. when the invisible decay h → HH is allowed. Thus, if
Rγγ > 1, then DM with MH < 63 GeV is excluded.
3

Inert DM and its interplay with the Higgs boson

3.1

Rγγ and the DM relic density

The IDM is an example of the so-called “Higgs portal” model, i.e., the DM couples to fermions
only through the Higgs boson. The relic density of DM was measured by WMAP and Planck
experiments and its current value is 0.1118 < ΩDM h2 < 0.1280, at 3σ level. It has been shown in
previous works 7 that inert DM can give correct relic density in three regions of masses: very light
DM (MH . 10 GeV) with the coupling to the Higgs, λ345 , at the level of 0.05, intermediate DM
with masses 40 GeV . MH . 160 GeV and λ345 ∼ O(0.05), or heavy DM with MH & 500 GeV
and λ345 ∼ O(0.1).
As both the relic density, and Rγγ are affected by the value of the λ345 coupling, the two
quantities are correlated. It has been shown, 2 that setting a lower bound on Rγγ constrains
the λ345 parameter. In this work we set Rγγ > 0.7 in agreement with the CMS results.b These
constraints in the (MH , λ345 ) plane can be combined with those coming from the Planck measurements.
In the light DM regime (MH . 10 GeV) the correct relic density is obtained for the coupling
|λ345 | ∼ O(0.5). If this coupling is smaller, the DM does not annihilate efficiently enough leading
to overclosing the Universe. On the other hand, if we demand that Rγγ > 0.7, then λ345 has to
be small, |λ345 | < 0.04. 2 This means that if Rγγ > 0.7 is confirmed, the light DM is excluded.
A map of values of Rγγ in the (MH , λ345 ) plane for the DM with intermediate masses below
63 GeV is presented in Fig. 3 (left panel). The region in dark grey is excluded by the Planck
results (the relic density of DM is too high), within the narrow band around the excluded region
the relic density of DM is correct, and in the remaining part of the plot the relic density is too
low, i.e., an additional source of DM should be present to satisfy the Planck constraints (then
H would be a subdominant component of the DM). As can be seen from the plot, the limit
Rγγ > 0.7 is in agreement with relic density measurement only for MH > 53 GeV.
The same type of plot for masses of H above 63 GeV is presented in Fig. 3 (middle panel).
In this case all the points in the parameter space that are in agreement with Planck data, also
correspond to Rγγ > 0.7. It is important to note, however, that in this case enhancement of
Rγγ is not possible (if agreement with Planck results is demanded). In the right panel of Fig. 3
analogous plot for heavy DM is presented. In this scenario also Rγγ > 0.7 agrees with the Planck
b

Other scenarios can be found in our paper. 2
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Figure 3 – Maps of the values of Rγγ in the (MH , λ345 ) plane in the IDM for the intermediate DM with h → HH
channel closed (left panel), h → HH channel open (middle panel), and for heavy DM (right panel).

data. Moreover, all the values of Rγγ are extremely close to 1, which is not strange, as we are
in the decoupling limit.
3.2

Rγγ and direct detection of DM

The DM-nucleon scattering in the IDM appears through an exchange of the Higgs boson, and
thus the scattering cross section for this process is proportional to λ2345 . Therefore the bounds
coming from the lower bound on Rγγ can be translated to the (MH , σDM,N ) plane and compared
with the DM direct detection limits. It appears that the bounds obtained for Rγγ > 0.7 are
stronger than or comparable to the XENON100 results. 2 As compared to the LUX results, they
are stronger for MH > 10 GeV, and a bit weaker for other masses. They are also stronger than
the constraints from LHC, derived on the basis of limits on Br(h → inv). 4
4

Summary

The Higgs phenomenology can teach us a lot about inert DM. The increasingly accurate constraints on the invisible Higgs decays and its total decay width leave less and less space for
additional scalars. The measured value of Rγγ constraints the mass and coupling of the charged
scalar (even stronger than the direct detection bounds), and when combined with the DM relic
density measurements also excludes certain DM scenarios. Nonetheless, the IDM is still in
agreement with the available experimental data and offers a viable DM candidate.
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SEARCHES FOR WEAKLY INTERACTING SUPERSYMMETRIC
PARTICLES
D. OLIVITO
Department of Physics, University of California, San Diego
9500 Gilman Dr, La Jolla, CA 92093, USA
The ATLAS and CMS collaborations have performed several targeted searches for weakly
interacting supersymmetric particles, using data collected in proton-proton collisions at
sqrt(s)=8 TeV at the LHC. No significant deviations from standard model predictions have
been observed. These proceedings summarize some of the latest experimental results and their
interpretations.

1

Introduction

Discovering or constraining supersymmetry (SUSY) is one of the main experimental goals of the
ATLAS 1 and CMS 2 collaborations at the Large Hadron Collider (LHC). The weakly interacting
e could be pair-produced
e± ), neutralinos (χ
e0 ), and sleptons (`),
SUSY particles, charginos (χ
through electroweak processes in pp collisions at the LHC. Depending on the sparticle spectrum
and the composition of the chargino and neutralino mass eigenstates, different production and
decay modes would be available, leading to different final states experimentally.
The ATLAS and CMS collaborations have performed a broad array of searches to target the
various possible final states, and these proceedings summarize some of the latest results as of
the Moriond QCD 2014 conference. As the results below highlight, one of the novel approaches
is using the recently discovered Higgs boson to search for physics beyond the standard model
√
(SM). All the searches described here use the full dataset collected at s=8 TeV, corresponding
to an integrated luminosity of about 20 fb−1 . As they assume R-parity conservation, they all
require missing transverse energy (ETmiss ) consistent with the presence of undetected LSPs.
2

Search in the Three Lepton + ETmiss Final State

ATLAS performed a search in the three lepton + ETmiss final state 3 . It is sensitive to charginoneutralino production in several decay modes, such as:
e ``
e → `ν χ
e±
e02 → `ν
e01 ``χ
e01
• χ
1χ
e±
e02 → W χ
e01 Z χ
e01 → `ν χ
e01 ``χ
e01
• χ
1χ
e±
e02 → W χ
e01 H χ
e01 → `ν χ
e01 ``χ
e01 + X
• χ
1χ

where ` = e, µ, τ . In the first case, the sleptons are lighter than the chargino and neutralino,
thus accessible in decays, while in the later cases they are assumed to be heavy and decoupled.
In the last case, the Higgs boson decays via W W , ZZ, or τ τ to produce at least two leptons.
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Figure 1 – Summary of simplified model interpretations for ATLAS (left) and CMS (right) searches for pair
production of charginos and neutralinos, for different production and decay modes.

The search selects events with exactly three leptons, using e, µ, and up to two hadronicallydecaying τ candidates (τh ), and events are binned according to their lepton content, with further
selections applied to enhance sensitivity to each of the final states given above. For example,
e01 H χ
e01 → `ντ τ +
signal regions with either one or two τh candidates target the final state of W χ
miss
ET
by requiring the visible dilepton mass to be consistent with the Higgs boson mass. In total
the analysis defines 24 signal regions, with all mutually exclusive except the two bins requiring
two τh candidates.
The primary SM backgrounds come from processes producing three or more prompt leptons,
plus reducible sources where at least one lepton is non-prompt or a misreconstructed jet. The
former is predicted from simulation and the latter from control regions in data. No significant
deviations from the SM predictions are observed. The results from interpreting this search in the
context of simplified models are shown in Fig. 1 (left) with the curves labeled “3l.” Assuming
a massless LSP, chargino-neutralino production is probed up to a common chargino-neutralino
mass of about 300–700 GeV, depending on the decay mode.
Similar searches have also been performed by CMS 4,5,6 . The CMS searches do not consider
events with two τh leptons, but Ref. 4 in particular has a more inclusive selection with bins in e.g.
HT (the scalar sum of jet pT ) and the presence of absence of a b jet. No significant deviations
are seen in these searches. The results are combined with other search channels and appear in
Fig. 1 (right).
3

Search in the Two Lepton + ETmiss Final State

ATLAS performed a search in the two lepton + ETmiss final state 7 with sensitivity to processes
such as:
+ e0 `− ν χ
+ e0 W − χ
e+ e−
e01 → `+ ν χ
e01 `− ν χ
e01 or χ
e+
e−
e01
e+
e−
• χ
1
1
1χ
1 →W χ
1χ
1 → ` ν` ν → ` νχ

e±
e02 → W χ
e01 Z χ
e01 → qq 0 χ
e01 `+ `− χ
e01
• χ
1χ
e01 `− χ
e01
• `e+ `e− → `+ χ

Events with two opposite-sign leptons (e or µ) are selected and binned according to their lepton
content, including the presence or absence of a Z boson candidate based on invariant mass.
Seven signal regions are defined with additional kinematic selections to target the final states
above. In events with a Z boson candidate, the largest backgrounds come from Z+jets and tt̄,
while in events without a Z candidate, the largest backgrounds are from W W and tt̄. The main

backgrounds are either predicted from data or taken from simulation and normalized in data
control regions. No significant deviations are observed.
Interpretations of the results are shown in Fig. 1 (left) with the curves labeled “2e/µ.”
+ e0 W − χ
e+
e−
e01 are derived, probThe first constraints from the LHC on the process χ
1
1χ
1 → W χ
ing chargino masses between 100 and 160 GeV for a massless LSP. CMS has performed sime+
e−
ilar searches 5 , with the main difference being no targeted search for the process χ
1χ
1 →
+
0
−
0
e1 W χ
e1 . The results are included in the interpretations of Fig. 1 (right).
W χ
4

Search in the WH + ETmiss Final State

e±
e02 → W χ
e01 H χ
e01 using events with one, two, or at
CMS performed a search for the process χ
1χ
least three leptons to target different decays of the Higgs boson 6 . The one lepton search targets
e01 → `νbb̄ + ETmiss and gives the best sensitivity in most of the available
e01 H χ
the final state W χ
parameter space. It requires exactly one lepton (e,µ) and two b jets consistent with the Higgs
boson mass, plus additional kinematic requirements to reduce the large backgrounds from tt̄,
W +jets, and W Z production. The backgrounds are mainly predicted from simulation, with
corrections from orthogonal control regions in data.
e01 → `± ν`± νjj +
e01 H χ
e01 → W ± χ
e01 W ± W ∓ χ
The two lepton search looks for the final state W ± χ
miss
ET
by requiring exactly two same-sign leptons and two or three jets. Additional kinematic
selections are applied to reject backgrounds from rare SM processes, events with misidentified
leptons, and events with the electron charge misidentified. The background from misidentified
leptons is predicted from data, while the others are predicted from simulation.
No significant deviations are seen in any of the channels, and the results are combined to
place the limits shown in Fig. 1 (right). Assuming the chargino and neutralino are degenerate
in mass and that the LSP is massless, the results probe up to about 200 GeV in the mass of the
chargino.
In addition to the three lepton search described in Sec. 2, ATLAS performed a similar search
to CMS in the one lepton channel 8 . No deviations were observed, and the results are shown in
Fig. 1 (left) with the curve labeled “e/µbb.”

5

Search in the Four b jet + ETmiss Final State

CMS performed a search in the HH + ETmiss → (bb̄)(bb̄) + ETmiss final state 9 . Events are selected
with exactly four or five jets and at least two b jets, with the most sensitive bins requiring at
least four b jets. Jets are paired into two Higgs boson candidates by minimizing the difference
in invariant mass between the pairs. The average mass of the two pairs then peaks at the
Higgs boson mass for signal and is used to reject background, along with additional kinematic
requirements. The main backgrounds arise from tt̄ and QCD multijet production, and they are
predicted from orthogonal control regions in data.
No significant deviations from the SM predictions are observed, and limits are set in the
context of a gauge-mediated supersymmetry breaking (GMSB) model. The massless gravitino
is the LSP, and the higgsinos are assumed to be the next-lightest states and degenerate in mass.
The limit is shown in Fig. 2 (left). None of the parameter space is excluded given the borderline
expected sensitivity of the search and a slight upward fluctuation in data.
6

Search in the Two Photon + ETmiss Final State

ATLAS performed a search in the two photon + ETmiss final state 10 . It targets both strong
and weak production in the context of a general gauge mediation (GGM) model by making
additional requirements on HT , defined as the scalar sum of the photons plus any jets or leptons.
Further kinematic requirements are also imposed. The backgrounds come from multiple sources,
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Figure 2 – (left) Limit from the CMS four b jet + ETmiss analysis interpreted in a GMSB model. (right) Limit
from the ATLAS two photon + ETmiss analysis interpreted for weak production in a GGM model.

including events with two prompt photons as well as events with one or two jets or electrons
misreconstructed as photons. Most of the backgrounds are predicted from data using orthogonal
control regions. Five signal regions are defined, and no significant deviations from the SM
predictions are observed.
The results are interpreted for weak production in a GGM model, with typical decay chains
including:
eG
e
e01 W χ
e01 → γγ + W W G
e−
e+
• χ
1 → Wχ
1χ
eG
e
e±
e02 → W χ
e01 Z χ
e01 → γγ + W Z G
• χ
1χ
e is the massless gravitino and the bosons decay either leptonically or hadronically. The
where G
limits are shown in Fig. 2 (right).

7

Conclusions

Several ATLAS and CMS searches for weakly interacting supersymmetric particles have been
summarized here, with no significant deviations from SM predictions observed thus far. Charginoneutralino production is probed up to about 300–700 GeV in the chargino mass depending on the
decay mode. Readers are encouraged to consult the documentation for the individual analyses
for more detail.
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SEARCH FOR A DARK PHOTON WITH THE WASA DETECTOR AT COSY
P. MOSKAL FOR THE WASA-AT-COSY COLLABORATION
Department of Physics, Jagiellonian University, Reymonta 4, Cracow, Poland

We present recent results on the search for the U boson based on the data collected by means
of the WASA detector and the Cooler Synchrotron COSY

1

Introduction

Many astrophysical observations indicate existence of dark matter. One of the best example is
delivered by the Chandra X-Ray Observatory which established that only a part of the colliding
galactics (1E 0657-56) emits X rays whereas the presence of the much larger galactic mass is
deduced only based on the gravitational lensing 1,2 . If the dark matter is utterly different from
the ”Standard Model” matter then from the known interactions it will feel only gravitational
force.
Other experiments indicate that the present astrophysical models cannot explain magnitude
and energy distributions of electrons and positrons 3,4,5,6 and a signal from 511 keV gamma
quanta coming from the center of our Galaxy 7 . The origin of these phenomena may be explained
assuming that positrons are created in the annihilation of the dark matter particles into e+ e−
pairs, and that this process is mediated by the U boson with the mass in the order of 1 GeV,
which may mix with the virtual photon 8 . The existence of such a hypothetical boson would
affect the value of the branching ratios for the decays such as e.g.: π 0 → e+ e− or η → e+ e− .
The η → e+ e− decay branching ratio has not yet been determined experimentally, and on
the basis of the Standard Model it is expected 9 to be of the order of about 10−9 . Low probability
of this decay makes it sensitive to the hypothetical new forces that may indicate physics beyond
the Standard Model. This is a very interesting opportunity to search for such effects at relatively
low energies of the order of 1 GeV. The η → e+ e− decay is not forbidden in the Standard Model
but it has to proceed through an intermediate state with two virtual photons. Therefore, it
is suppressed with respect to the η → γγ decay by a factor α2 and the mass ratio (me /mη )2 .
Theoretical lower limit on the branching fraction BR(η → e+ e− ) > 1.78 × 10−9 results from the
experimental value of the partial decay width Γ(η → γγ) 10 .
The interest in decays into lepton-antilepton pair is also due to the results of the KTeV
group which determined the value of BR(π 0 → e+ e− ) = ( 6.44 ± 0.25 ± 0.22 ) 10−8 11 , which

is by about 3.3 σ larger from the theoretical value obtained based on the Standard Model 12 .
This result sparked speculations about a possible signature of physics beyond the Standard
Model 13,14 .
The U boson would manifest itself also as a maximum in the e+ e− invariant mass distribution
from the reactions such as e.g. η → e+ e− γ or π 0 → e+ e− γ. Assuming the hypothetical coupling
between the photon and the U boson (γ ∗ → U ), such a decay can proceed via a following reaction
chain: π 0 → γγ ∗ → γU → γe+ e− as it is illustrated in Figure 1.

a)

b)

c)

Figure 1 – Feynman diagrams for a) the lowest order electromagnetic π 0 → e+ e− γ decay and possible contributions
of U vector boson to: b) π 0 → e+ e− γ and c) lepton g − 2. The figure and caption is adapted from reference 15

Diagram presented in Figure 1 c indicates a mechanism which may contribute to the g-2
anomaly and therefore an existence of U boson may be also considered as a possible source of discrepancy between a g-2 value measured 16 , and predicted based on the Standard Model 17,18,19,20,21,22 .
WASA-at-COSY experiment has gathered the world largest statistics of the η and π 0 mesons.
In this presentation a newest preliminary results obtained based on about 10% of the data sample
are presented and discussed.
2

The WASA-at-COSY experiment

The design of the WASA detector has been optimized for the study of the η → e+ e− and
π 0 → e+ e− decays 24 . Therefore, data collected with this detector, together with the world’s
biggest statistics, create advantageous capabilities for studies of these rare decays. In addition,
η and π 0 mesons were produced in hadronic collisions near the threshold for their production
which significantly reduces background of the electromagnetic processes.
The WASA detector system (shown schematically in Figure 2) consists of the Forward Detector used for tagging of meson production, the Central Detector used for the registration of
the decay products, and the pellet target system. The proton-proton reactions occurs in the
middle of the Central Detector in the intersection of COSY beam with the vertical beam of
pellets. The interaction region is surrounded by the multi-layer cylindrical drift chamber immersed in the axial magnetic field produced by the superconducting solenoid. The outermost
sensitive part of the Central Detector is the electromagnetic calorimeter covering 96 percent of
the whole solid angle. Particles flying in forward direction were registered in 14 scintillating
layers and 16 layers of straw tubes detectors, while decay products of short-lived mesons η and
π 0 were measured in the cylindrical straw tube chamber, thin scintillator strips, and scintillating crystals of electromagnetic calorimeter. In order to identify the investigated reactions the
technique of reconstruction of four-momenta of all particles in the final state and application of
kinematic constraints are used. Leptons e+ e− and charged π + π − mesons are identified based
on the spectra of energy losses in the scintillator strips as a function of momentum determined
from the trajectory curvature measured by means of straw tube chambers. Relation between
the particle momentum and the energy deposited in the calorimeter is also applied. Gamma
quanta produced in the π 0 meson decay are registered in the electromagnetic calorimeter and

the identification of π 0 relays on the reconstruction of their invariant mass. Identification of
protons and 3 He ions scattered in forward direction is based on energy losses in the scintillating
layers of forward detector and measurement of their trajectories in the straw tube chambers.
After selection of events with appropriate particles in the final state the kinematic constrains are
optimally used by application of kinematic fit with the methods of least squares and Lagrange
multipliers. The χ2 test allows for optimal selection of investigated process and improvement of
accuracy of four-momentum determination. Number of events corresponding to the production
of desirable final state in the decay of η or π 0 mesons is determined from the integration of the
signal at the spectrum of the invariant mass of this set of particles.

Figure 2 – Scheme of the WASA detector setup installed at COSY accelerator

As a result of experiments conducted with WASA-at-COSY we have collected a data sample
of about 109 events with η meson and about 1011 with π 0 meson. These mesons were produced
in the pp → ppη and pp → ppπ 0 reactions where proton beam collided with hydrogen pellet
target.
3

Results

Using the data collected with the WASA-at-COSY experiment for the pp → ppπ 0 reaction we
have determined an upper limit for the square of the U − γ mixing strength parameter 2 . Based
on the 10% of the collected statistics we set an upper limit of 5 × 10−6 at 90% CL in the MU
mass range from 20 MeV to 100 MeV. This result significantly reduces the MU vs. 2 parameter
space which could explain the deviation between the Standard Model prediction and the direct
measurement of the anomalous magnetic moment of the muon. For detailes the interested reader
is referred to the recent WASA-at-COSY article 15 .
It is important to stress that currently, several experimental groups 25,26,27,28,29 carry out
investigations searching for the signal from the U boson. This year a new more stringent result
was published by the HADES collaboration 30 and there are three other analysis reported on the
arXive by the KLOE-2 31 , MAMI 32 and BABAR 33 experiments. These new results significantly
reduce upper limits of the 2 in the range between 20 MeV and 10 GeV leaving only a small space
in the low mass range from 15 MeV to 30 MeV in which a U boson can explain the discrepancy
between predictions based on the Standard Model and measurements of the g-2 muon anomaly.
For other mass region this explanation is excluded.
Concerning the search for the η → e+ e− signal the best published experimental upper limit
was set by the HADES experiment BR(η → e+ e− ) < 5.6×10−6 at 90% CL 23 . So far the WASAat-COSY collaboration, based on 5% of the collected statistics, has reported a preliminary upper
limit of 4.6 × 10−6 at 90% CL 34 . The analysis of the remaining data sample is in progress.
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6.
Neutrino Cross-Section

Status of Neutrino Cross Section Measurements in the T2K Experiment
K. Suzuki
On behalf of the T2K Collaboration
Kyoto University, Department of Physics,
Oiwake-cho, Sakyo-ku, Kyoto, 606-8502, Japan

A study of neutrino cross sections neutrino-nucleus interaction plays an important role for
the precise measurement of the neutrino oscillation parameters. We present current status
of the measurements of the muon neutrino cross sections in the T2K long baseline neutrino
oscillation experiment. At the near detectors we have measured the inclusive charged current
cross section on CH and Fe, charged current quasi elastic cross section on CH, and neutral
current quasi elastic cross section on H2 O in sub GeV to a few GeV energy region. We also
present recent progresses on the neutrino interaction Monte Carlo generator which is used in
the T2K experiment.

1

Introduction

Since Super-Kamiokande (Super-K) reported the evidence of neutrino oscillation in 1998 1 , much
progress has been made in the understandings of the phenomenon. A recent result from the
T2K experiment showed that electron neutrino (νe ) appears from muon neutrino (νµ ) beam
with a significance of 7.3σ 3 . This enabled the first constraint on the CP violating phase (δCP )
in the lepton sector. Determination of δCP is essential to complete the picture of the mixing in
the leption sector. In addition, δCP could be a key to solve the matter-antimatter asymmetry
in the universe through leptogenesis. Uncertainty of the neutrino interaction potentially gives
large systematic errors to determine the oscillation parameters including δCP . Therefore, the
measurement of the neutrino interaction is very important.
2

T2K experiment

The Tokai-to-Kamioka (T2K) experiment is a long baseline neutrino oscillation experiment in
Japan 2 . T2K employs an almost pure νµ beam, which is generated as follows. An intense 30 GeV
proton beam produced at J-PARC main ring hits a graphite target and produces secondary
particles. Positively-charged secondary particles (mainly π + ) are focused by three magnetic
horns. The νµ beam is then produced as the decay products of π + . The beam is measured at
near detectors which are located 280 m downstream from the target. After traveling 295 km,

Figure 1 – Overview of the T2K experiment.

neutrinos are detected at a far detector: Super-K. Oscillation parameters are then determined
by measuring the beam before and after oscillation at the near and far detectors, respectively.
An overview of the T2K experiment is shown in Figure 1. The neutrino energy spectrum at SK
has a narrow-band and it peaks at 0.6 GeV where the oscillation probability maximizes.

3

Near detectors

There are two near detectors: an off-axis detector (ND280) and on-axis detector (INGRID).
ND280 (left in Figure 2) uses a dipole magnet with a magnetic field of 0.2 T. ND280 has three
active target regions: two FGD’s and P0D detectors, which are followed by time projection
chambers (TPC) and surrounded by electromagnetic calorimeters and muon range detectors.
The most upstream FGD (Fine Grained Detector 4 ) (FGD1) consists of layers of plastic scintillator bars. FGD1 provides the target mass and reconstruction of the short-ranged tracks near
the vertexes. TPCs provide PID based on dE/dx information and momentum from the track
curvature in the magnetic field. The FGD’s and TPC’s are called the tracker section. P0D 6
consists of plastic scintillators, brass sheets and water bags. The detector is installed to measure
the neutrino interaction accompanied with π 0 production by using the water target.
INGRID 7 (right in Figure 2) consists with 14 independent modules (7 vertical and 7 horizontal modules) , each of which are composed of iron plates and scintillator planes. The modules
make up a cross-shape with center on beam-axis. It measures the νµ beam direction and intensity. Another detector called Proton Module sits on-axis between the horizontal and vertical
modules. The Proton Module is a fully-active tracking detector which is made of layers of plastic
scintillator bars.
ND280 is located in the direction of Super-K. Therefore, the neutrino energy spectrum at
ND280 is similar to that at Super-K. INGRID and the Proton Module are located at on-axis
(beam-axis). The neutrino energy spectrum at INGRID (and the Proton Module) has a wideband compared to that at ND280 and it’s peak energy is about 1 GeV. The neutrino energy
spectra at ND280 and INGRID are shown in Figure 3.

4

Cross Section Measurements at the near detectors

As underlined in Section 1, measurement of the neutrino interaction is important for neutrino
oscillation experiments. We have performed measurements of the neutrino interaction cross
section in the energy region from Sub-GeV to Few-GeV with the near detectors. In the T2K
experiment, neutrino interaction with nuclear targets is simulated with a MC neutrino event generator: NEUT 9 . Additionally, a different MC generator, GENIE 10 , is also used for comparison
of the cross section.

レータに挿入された波長変換ファイバーによって波長を変換し、MPPC と
出しを行っている。

10 m

Beam
axis

10 m

図 4.2: INGRID

が縦 · 横方向に 7 台ずつ並べられている。両脇にある

造となっている

図 4.1: on-axis 検出器 INGRID。計 14 台のモジュール

Figure 2 – An exploded view of the ND280 off-axis detector (left) and INGRID detector (right).

2 台のモジュールは今年インストールされた INGRID

く塗装されてい

プレーンが設置

shoulder module (後述)。

4.1

Flux averaged CC inclusive cross section measurement with the ND280 tracker
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定義される。
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mean neutrino energy of 0.85 GeV . It is consistent with the predictions from NEUT (7.27 ×
10−39 cm2 /nucleon) and GENIE (6.54×10−39 cm2 /nucleon) MC generators as shown in Figure 4.
Q = C(V − Vbd )

4.2

CC quasi-elastic cross section measurement with the ND280 tracker

≡ C∆Vover

The charged current quasi-elastic (CCQE) scattering is a primary interaction in the T2K experiment. This is a quasi two-body interaction: νµ + n → µ− + p. Therefore, neutrino energy can
be determined by measuring the momentum and scattering angle of outgoing µ− . The CCQE
cross section on CH was measured with the tracker section. The CCQE candidate events are44
selected by requiring no pions in the final state to the CC inclusive samples. The efficiency and
purity of this selection are 40% and 72%, respectively. The result obtained with 2.63 × 1020 p.o.t
and prediction from the NEUT model are shown in Figure 5. The result is consistent with the
model.

4.3

Flux averaged NC elastic cross section measurement with ND280 P0D

The neutral current elastic (NCE) cross section (νµ + p → νµ + p) on water was measured with
P0D. In order to select proton tracks, PID based on dE/dx information was applied to the
events occurring in the P0D fiducial volume. The efficiency and purities are 13.7% and 45.6%,
respectively. The flux averaged NCE cross section measured with a total of 9.92 × 1019 p.o.t is
−39 cm2 /nucleon. The result is consistent with the
hσN CE i = 2.24 ± 0.07(stat)+0.53
−0.63 (syst.) × 10
−39
2
predictions from NEUT (2.02 × 10 cm /nucleon) and GENIE (1.78 × 10−39 cm2 /nucleon).
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scattering was introduced and it is implemented in NEUT.
Another improvement was made for the CC single pion production (CC1π), ν + N →
l + N 0 + π, where N (N 0 ) is a nucleon. So far the form factor of the Rein-Sehgal model 11
had been used in the process of CC1π. It is now replaced with the more realistic one. The new
form factor is parametrized by the axis form factor (C5A ), axial vector mass (MARES ). These
parametrizations are obtained from the fit of bubble chamber data.
6

Conclusion

The T2K experiment has performed neutrino cross section measurements at the near detectors.
Obtained results so far are in agreement with the predictions of present neutrino models, which
demonstrate the validity of our understanding of the neutrino-nucleus interaction in a few GeV
energy region. There have been improvements implemented on the neutrino interaction event
generator: NEUT. We expect these measurements and improvements on the generator contribute
more precise measurements of the neutrino oscillation parameters, and therefore of δCP .
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CONSTRAINTS ON T2K NEUTRINO FLUX PREDICTIONS WITH
NA61/SHINE EXPERIMENTAL DATA
L. ZAMBELLI
On behalf of the NA61/SHINE collaboration
LPNHE, UPMC, 4 place Jussieu
75005 Paris, France

New NA61/SHINE measurements performed with a thin target (2 cm carbon) are presented.
Inelastic and production cross section of p+C interactions at 31 GeV/c are released, as well
as the spectra of π ± , K± , p, K0S and Λ. All spectra are compared to chosen hadronic models
from GEANT4 physics lists. The relation between these data and the improvement of the
T2K neutrino flux is presented, leading to the world-leading measurement of the θ13 mixing
angle in an accelerator-based experiment.

1

The T2K experiment

The Tokai-To-Kamioka (T2K) accelerator-based experiment 1 in Japan has been designed for the
study of the neutrino oscillation phenomena. The latter can be described with the 3 × 3 PMNS
mixing matrix which depends on 6 parameters (2 mass splittings, 3 mixing angles and one complex
phase) and is a function of the neutrino traveling distance (L) and neutrino energy (E). The precise
measurement of the θ13 is of high interest for neutrino physics as a non-vanishing value can open
the door to the CP violation in the leptonic sector. One method (chosen by T2K) to probe this
mixing angle is to observe an appearance of electron neutrinos in a nearly pure muon neutrino beam
at the atmospheric L/E. With a 295 km baseline between J-PARC complex at Tokai (primary and
secondary beamline, near detector) and Kamioka (far detector SuperKamiokande) and an off-axis
angle of 2.5o , the νµ energy spectrum is peaked at 650 MeV.
As θ13 is known to be small, the νe appearance signal is expected to be rare. Hence, a good knowledge of the neutrino flux (one of the main sources of uncertainty) is mandatory.
The νµ beam is made by the in-flight decay of focused hadrons – mainly pions – created by
the inelastic interactions occurring between 31 GeV/c protons and a long carbon target (1.9 λI ).
Other species are also produced in these interactions: neutral and charged kaons, protons and
lambda-hyperons. When pions and kaons decay, so as the muons produced together with the νµ ,
electronic-flavored neutrinos will also be made, leading to a source of irreducible background for
an accurate measurement of the θ13 angle. The precise knowledge of the T2K flux – spectra and
composition – is hence mandatory. This is hampered by our poor understanding of the hadron
production in p–C interactions. Therefore, a direct measurement of the hadronic production in a
parallel experiment is conducted with NA61/SHINE at CERN 2 .
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2

NA61/SHINE measurements

The T2K beam conditions are reproduced (same proton energy, same target material) with two
targets configuration. A thin graphite target (0.04 λI ) is used to study primary interactions of
protons with carbon, and leads to the production and inelastic cross section measurement. A T2K
replica target is also used for the measurement of the spectra of identified hadrons. In 2007, a pilot
run has been conducted with the thin 3,4 and the replica 6 target, with 671k and 230 k triggers
recorded, respectively. Although the p − θ phase space of interest was widely covered 7 , see figure 1,
the results were statistically limited. During 2008, the detector undergone various updates: new
trigger logics, DAQ upgrade and new TPC readout. The wall of the Time of Fight detector has
been extended, improving the θ coverage. The data taken in summer 2009, with both targets, has
a statistics increased by an order of magnitude: 5.6 M (thin) and 4 M (replica) triggers. The use of
the GAP TPC detector for the reconstruction of this dataset also improved the kinematic coverage
in the forward region.
The measurement performed with the thin target data is presented in the next subsections.
2.1

Inelastic and production cross section

The computation of the inelastic and production cross sections in p–C interactions at 31 GeV/c are
relevant not only for comparisons with Monte Carlo predictions, but also for spectra normalization.
The minimum-biased analysis principle for the inelastic cross section is based on the computation
of the trigger cross section, by measuring the interaction probability when the target is inserted
and removed. This value is then corrected for trigger biases thanks to a simulation based on the
FTF BIC physics list of Geant4. In order to compute the production cross section, one has to
remove the contribution from quasi-elastic processes. This is also estimated with a Monte-Carlo:
σQE = 27.8 ± 2.2 mb. The final results are:
σinel (p-C at 31 GeV/c) = 261.3 ± 2.8(stat.) ± 2.2(model) ± 1.0(detector) mb

σprod (p-C at 31 GeV/c) = 233.5 ± 2.8(stat.) ± 4.2(model) ± 1.0(detector) mb
2.2

Charged hadron spectra

The charged hadron (π ± , K± and p) spectra are extracted simultaneously using combined informations on masses, derived from ToF measurements, and energy loss (dE/dx) measured in TPC.
Hence, one can have a clear separation of the different species for all momentum and polar angle
ranges. Raw yields are fitted using a maximum likelihood method and the spectra are corrected for
acceptance, trigger bias, and efficiencies. Since the 2009 dataset has a high statistics, the results are
presented in several angular bins 5 . Positively charged pions spectra is presented in figure 2. The
systematic uncertainties have been finalized, and the biggest source for protons and pions arises
from the feed-down contamination due to decays of neutral strange particles: Λ0 → p + π − and
K0S → π + + π − .
2.3

Neutral strange particle spectra

The measurement of the K0S yield is also relevant for a better prediction of the high energy tail of
the νe beam in T2K coming from the 3-body decay of neutral kaons: K0L → π 0 e± νe (νe ).
The measurement of the production of the neutral strange particles requires a different analysis
strategy in order to increase the acceptance. Tracks fulfilling a V 0 -like topology are selected, and
raw yields are extracted from invariant mass fits in selected bins in the p − θ phase space. In
order to account for acceptance, trigger bias, efficiencies and visible branching ratio, a correction
factor is computed with a Monte-Carlo simulation. The influence of short tracks due to a strong
electronic noise in this dataset tends to increase the statistical error. The systematical uncertainty
is estimated to be about 16 to 25%.
The measurement within the same dataset of K+ , K− and K0S can provide a test for various hypotheses in the predictions of relative yields of the charged and neutral kaons. One can either use
the isospin symmetry or basic assumptions on parton distributions in nucleons. As seen in figure 2,
a reasonable agreement is observed for both hypotheses, and higher statistics would be needed for
a clear discrimination.
3

Constraining the neutrino flux: A quick recipe

The prediction of the T2K neutrino flux consists of several steps. First, a prediction is made
by Monte Carlo. All interactions happening in the target are simulated by the Fluka software 8 .
Escaping particles are then propagated through the secondary beamline (horns, decay tunnel, beam
dump) via Geant3, where the physics model used is GCALOR 9 . For every neutrino produced, we
store all the interactions leading to its production. From various hadroproduction data – where those
taken at NA61/SHINE are used in priority – weights are computed with respect to the predictions
of the Monte Carlo. For each species i produced with momentum pi and polar angle θi made by
the interaction with momentum p0 on nucleus A, a weight is computed by:
W (pi , θi , p0 , A) =

i
[ dn
dpi (pi , θi , p0 , A)]data
i
[ dn
dpi (pi , θi , p0 , A)]M C

Where the subscript M C stands for Fluka or GCALOR. For interactions not covered directly by
external data, we use scaling hypothesis in momentum and/or in target. Every interaction in the
chain of the neutrino production is then re-weighted accordingly. This allows us to get the tuned
flux predictions, used in all T2K analysis. The main sources of errors for the neutrino flux arises
from the hadronic production, but also from the proton beam profile and our knowledge of the
secondary beamline geometry. Currently, 12% error is estimated for νµ and νe flux at the peak
energy (∼650 MeV), as only NA61/SHINE thin target measurement based on 2007 data are used
for the re-weighting process. More details can be found in the T2K flux paper 7 .
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Figure 2 – Laboratory momentum distributions of the π + (left) and K0S (right) multiplicities produced in p–C interactions at 31 GeV/c in different intervals of polar angle θ. Error bars indicate statistical uncertainty. Data points
are overlapped by the Geant4 physics list FTF BIC predictions for different releases of the software. From various
comparisons with Geant4 physics lists 10 , this one is so far the most promising to reproduce our data.

4

Conclusions, Perspectives

Improvements are expected to further decrease the precision of the neutrino flux predictions. The
inclusion of the 2009 thin target data, with wider coverage and new spectra (see figure 1), in the
re-weighting process is expected soon. Thin target data helps to constrain directly up to 60% of the
flux. Data from the replica target, more difficult to analyze, will be soon released and will constrain
up to 90% of the flux 6 . Together with the development of new beamline detectors, as well as a
close collaboration with Geant4 developers could allow us to reach the goal of a 5% precision on
the T2K neutrino flux.
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Quasi-Elastic Scattering and Pion Production at MINERνA
M. Betancourt
Fermi National Accelerator Laboratory,
Batavia, Illinois 60510, USA
MINERνA is a neutrino scattering experiment to make precision measurements of cross sections and investigate nuclear effects. A precise understanding of quasi-elastic and charged pion
interactions is crucial to neutrino oscillation measurements. We present measurements of the
differential cross sections for charged-current quasi-elastic scattering of neutrinos, antineutrinos and charged-current inclusive pion production on a hydrocarbon target. Comparisons of
measurements with theoretical models are reported. We find the shape of the quasi-elastic
differential cross section for neutrinos and antineutrinos disfavor a simple Relativistic Fermi
Gas model and for charged-current pion differential cross section the data is consistent with
the GENIE simulation using final state interactions.

1

Introduction

Accurate neutrino cross section measurements and studies of nuclear effects are required for precise
measurements of neutrino oscillation parameters, CP-violation in the lepton sector and the orientation of the neutrino mass hierarchy. The charged-current Quasi-Elastic (CCQE) scattering and pion
production interactions are very important channels for neutrino oscillation experiments. Experiments such as T2K use CCQE interactions as the main channel for appearance and disappearance
measurements 1 , while the pion production is one of the most important background in both analyses.
The MINERνA experiment is designed to perform precision measurements of neutrino-nucleus
scattering using neutrinos and antineutrinos. We present the first results of differential cross sections
of CCQE scattering for neutrinos and antineutrinos, as well as for charged-current pion production.

2

The MINERνA Experiment

The MINERνA experiment uses neutrinos from the Main Injector (NuMI) beam at Fermi National
Accelerator Laboratory 2 . The neutrinos are generated by focusing 120 GeV protons from the main
injector onto a graphite target. This interaction produces mesons (pions and kaons), which are focused
by two magnetic focusing horns located downstream of the target. The mesons decay and produce
neutrinos. Changing the horn current polarity produces either a neutrino or an antineutrino beam.
The MINERνA detector is comprised of 120 hexagonal modules perpendicular to the z-axis, which
is tilted upwards by 58 mrad with respect to the beamline. MINERνA is segmented transversely into:
the inner detector, with planes of solid scintillator strips mixed with nuclear targets; a region of pure
scintillator strips; downstream electromagnetic calorimeter and hadronic calorimeters; and an outer
detector composed of a frame of steel with embedded scintillator, which also serves as the supporting
structure. The scintillator strips in adjacent planes are offset by 60◦ from each other, which enables a
three-dimensional track reconstruction 3 . The MINOS near detector is situated two meters downstream
of the MINERνA detector and serves as a magnetized muon spectrometer 4 .

3

Charged Current Quasi-Elastic Scattering

We have studied the CCQE scattering for neutrinos and antineutrinos using muon kinematics and
the quasi-elastic assumption. The selection uses the following criteria: 1)The vertex interaction is
required to be in the tracker region (5.8 tons), 2) The muons are matched to MINOS tracks, where
the momentum and charge is analyzed (µ+ for antineutrino and µ− for neutrino). Since the region
near the vertex is not well modeled by the simulations, we exclude a region of 30 cm for neutrinos
(ν) and 10 cm for antineutrinos (ν̄) around the vertex, to avoid dependence on the modeling of the
event vertex region. In addition, to enhance the quasi-elastic signal the analysis uses a selection of the
non-vertex energy as a function of the Q2 , which is reconstructed using the quasi-elastic assumption.
The reconstructed neutrino energy and four momentum transfer Q2 is calculated by assuming the
two-body CCQE kinematics:
EQE =

m2n − (mp − Eb )2 − m2µ + 2(mp − Eb )Eµ
,
2(mp − Eb − Eµ + pµ cos θµ )

(1)

Q2 = m2µ + 2EQE (Eµ − pµ cos θµ )

(2)

Figure 1 – Reconstructed neutrino energy and Q2 for neutrinos (left), Reconstructed neutrino energy and Q2 for antineutrinos (right).

Figure 1 shows the reconstructed four momentum transfer (Q2 ). The left panel shows event
distribution for neutrinos as a function of Q2 and the right distribution is for antineutrinos. The
distributions show the selected events in data and simulation, the signal is represented by the blue
curve (CCQE), the backgrounds are the red, green and yellow curves (CC Resonant, CC DIS and
others). The neutrino selection has 47% efficiency and 49% purity and the antineutrino has 54%
efficiency and 77% purity. The main background is from resonance production, where the pion from
the resonance interaction has been absorbed. A total of 29,620 data events are selected for neutrino
and 16,467 for antineutrinos. The data of this analysis come from 9.42 × 1019 protons on target for
neutrinos and 1.01 × 1020 protons on target for antineutrinos.
P
We calculate the differential cross section using the experimental definition ( ∂Q∂σ2 )i =
QE

j

Uij (Ndata,j −Nbg,j )
T φ∆Q2QE i

where Uij is the unfolding matrix to account for the resolution of reconstructed events, Ndata,j is the
number of events in data, Nbg,j is the predicted number of background events, T is the number of
target nucleons, i is the efficiency for ith bin, φ is the integrated neutrino flux over the neutrino energy range of 0-10GeV, and ∆Q2QE is the width of bin i. Figure 2 shows comparisons of the measured
differential cross section with respect to Q2QE and different theoretical models. We use the GENIE
and NuWro simulations5 , where GENIE uses the Relativistic Fermi Gas model (RFG) with an axial
mass of MA = 0.99GeV /c2 and NuWro uses RFG model and different MA values. In addition, NuWro
includes the Spectral Function model (SF), which is a more realistic model of the nucleon momentum,
and a transverse enhancement model (TEM) tuned to electron-nucleon scattering data to account for
correlated nucleon target6 .
Ratio of the measured neutrino and antineutrino dσ/dQ2 in Q2 shape and NuWro predictions to
GENIE are shown in figure 3. The data is consistent with the transverse enhancement model (TEM)
with MA = 0.99GeV /c2 7 .

,

Figure 2 – Differential cross section compared with GENIE and NuWro simulations for the neutrinos analysis(left),
differential cross section compared with GENIE and NuWro simulations for the antineutrinos (right).

Figure 3 – Ratio of the measured differential cross section to GENIE and NuWro simulations for neutrinos (left), Ratio
of the measured differential cross section to GENIE and NuWro simulations for antineutrinos (right).

4

Neutrino Pion Production

The selection criteria for this analysis requires a muon and a pion in the final state. The event
selection uses, a) A primary vertex within the scintillator tracker, b) A muon track matched to a
MINOS track, c) Identification of the pion performed via a particle ID, which uses the energy lost,
dE/dx, to separate pions from protons. In addition, the analysis requires a selection in the hadronic
invariant mass (Wexp < 1.4GeV ) and a reconstructed neutrino energy less than 10GeV, where the
2 = −Q2 +m2 +2m E
reconstructed energy and hadronic invariant mass are reconstructed using Wexp
n H
n
and Eν = Eµ + EH . The events with hadronic invariant mass Wexp > 1.4GeV are removed from the
analysis. The full set of analysis selection yield 3474 event candidates with one-pion.
The calculated cross section is shown in figure 4; the left distribution shows the νµ charged current
π ± production differential cross section with respect to the π ± kinetic energy and the right figure shows
the differential
cross section
with respect
to theResults
π ± angle with respect to the beam. The distributions
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We compare the measured differential cross section with different models, using different event
generators (GENIE, NuWro and Neut)5 , as well as a theoretical calculation from Athar 9 . Figure 5
shows the measured differential cross sections compared to the different models. We find good shape
agreement
between
data and the different event generators. For the Athar calculation, which contains
Model
Comparisons
an incomplete FSI model, the shape of the data does not agree.
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The first νµ and ν̄µ CCQE differential cross sections and neutrino charged-current pion production
differential cross section measurements from the MINERνA experiment are reported. The shape
of the measured differential cross sections for neutrinos and antineutrinos, dσ/dQ2 , disfavor a simple
Relativistic Fermi Gas model and agree with a transverse enhancement model with MA = 0.99GeV /c2 .
For the charged-current pion production differential cross section measurements dσ/dTπ and dσ/dθπ ,
the data prefer the GENIE model with final state interactions. The data are also consistent in shape
with the NuWro and NEUT event generators with final sate interactions.
Further analyses from the MINERνA experiment are underway to constrain different cross sections,
such as νµ , ν̄µ coherent pion production, charged-current π 0 production, νµ charged-current quasielastic proton kinematics, νe charged-current quasi-elastic and kaon production. All of these analysis
are important for neutrino oscillations measurements.
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Nuclear Target Cross Section Ratios at MINERvA
Brian G. Tice, on behalf of the MINERvA Collaboration
Argonne National Laboratory, Argonne, IL 60439, USA a

Measurements of νµ inclusive charged-current cross section ratios on carbon, iron, and lead
relative to scintillator are presented. Data for the analysis were collected by the fine-grained
MINERvA detector in the NuMI beamline at Fermilab. This is the first direct measurement
of nuclear dependence in neutrino scattering. The ratios show a depletion at low Bjorken x
and enhancement at large x, both of which increase with the nucleon number of the target.
The data exhibit trends not found in GENIE, a standard neutrino-nucleus event generator,
or alternative models of nuclear modification to inelastic structure functions.

1

Introduction

The European Muon Collaboration (EMC) made the landmark observation that the nucleon structure function F2 is effectively altered when the nucleon is bound in a nucleus 1 . EMC measured
F2 using deuterium and iron using identical conditions and found the ratio F2F e /F2D differs from
unity as a function of Bjorken’s scaling variable x. This behavior has been extensively verified
using charged lepton deep inelastic scattering but not directly measured with neutrino scattering 2 .
Despite vigorous experimental and theoretical work, the origins of the EMC effect remain unknown.
Measuring the effect with neutrinos is a crucial missing piece in understanding the origins of this
effect.
Neutrino scattering differs from that of charged leptons in that it involves the axial-vector
current. This, the nuclear dependence of F2 in neutrino scattering likely differs from that of
charged leptons. Neutrino scattering involves an additional inelastic structure function F3 , which
is not relevant in charged lepton scattering. Although nuclear effects in neutrino and charged lepton
scattering are expected to be different, effects observed in charged lepton scattering are applied
directly to neutrino interaction models.
2

Experimental Procedure

2.1

MINERvA

MINERvA (Main INjector Experiment for ν-A) 3 is a neutrino scattering experiment at Fermi
National Accelerator Laboratory (FNAL) in the NuMI beam. NuMI delivers an intense flux of neua

Work performed at Rutgers, The State University of New Jersey, Piscataway, New Jersey 08854, USA.

trinos or antineutrinos, created by the decay of mesons produced in pC collisions at 120 GeV. The
MINERvA detector employs fine-grained polystyrene scintillator (CH) for tracking and calorimetry.
The detector is built of 120 hexagonal modules stacked along the beam directionb . The hexagonal
main core of the detector is approximately 5 m long and has inner and outer regions. The inner
detector (ID) is longitudinally organized into four subdetectors: the nuclear targets region, the
fully active tracking region, downstream electromagnetic calorimetry (ECAL), and downstream
hadronic calorimetry (HCAL). The outer detector (OD) is a shell of hadronic calorimetry which
surrounds and physically supports the ID. The MINOS near detector sits downstream of MINERvA
and serves as a toroidal muon spectrometer.
The nuclear targets region contains 22 tracking modules and 5 solid passive targets. There are
four tracking modules between targets, which is adequate for reconstructing tracks and showers. A
schematic of the nuclear targets region is shown in Fig. 1. Passive targets are numbered upstream
to downstream 1–5. The targets are built by joining slabs of pure C, Fe, and Pb so that they
occupy different transverse areas.

Figure 1 – Schematic of the nuclear targets of MINERvA. Not shown is the liquid helium cryogenic vessel which
sits just upstream (left) of the nuclear target region. The tracking region of the MINERvA detector is immediately
downstream (right) of the nuclear target region.

2.2

Simulation of Nuclear Effects

Neutrino events are simulated using the GENIE neutrino event generator version 2.6.2 4 . Nuclei
are modeled as a relativistic Fermi gas 5 with high momentum tails in the nucleon momentum
distribution 6 . Pauli blocking is implemented by disallowing quasi-elastic events which produce a
nucleon in the final state that does not have a momentum greater than the Fermi momentum.
(p+n)
A parameterization 7 to charged lepton measurements of the ratio F2F e /F2
is applied to all
2
structure functions as a function of x, independent of Q and A.
Two improved models of the modification of structure functions are also considered and com(p+n)
pared to GENIE. One model is an updated parameterization for ratios of F2A /F2
which provides
predictions specific for C, Fe, and Pb 8 . The other is the Kulagin-Petti microphysical model, which
applies A-dependent corrections to neutrino-nucleon structure functions 9 . Despite predictions that
vary up to 20% for value of structure functions, these models agree on structure function ratios to
within 1%.
2.3

Analysis

This analysis of charged-current νµ events uses data collected from 2.94 × 1020 protons on target
taken between March 2010 and April 2012 when the beamline produced a broadband neutrino beam
peaked at 3.5 GeV with > 95% νµ at the peak energy 10 . Charged-current events from passive targets
2–5 and the tracking region are considered. The fiducial masses of C, Fe, Pb, and CH are 0.16,
0.63, 0.71, and 5.48 metric tons, respectively. Events are required to have a reconstructed muon,
which is identified as a track that exits MINERvA and is matched to a track in the MINOS near
b

The beam is directed at a downward angle of 58 mrad with respect to the longitudinal detector axis.

detector. The kinematics are limited to 2 GeV < Eν < 20 GeV and θµ < 17◦ in order to reduce the
need for model-dependent acceptance corrections and eliminate backgrounds from ν̄µ interactions.
The energy Eµ and angle θµ of the muon come from fitted track parameters. The energy
of the hadronic system ν is reconstructed as the calorimetric sum of all hits not associated with
the muon that are recorded between 20 ns before and 35 ns after the interaction time. Kinematic
θ
variables are calculated from these reconstructed quantities: Eν = Eµ + ν, Q2 = 4Eν Eµ sin2 ( 2µ ),
2
Q
x = 2M
, where Q2 is the negative of four-momentum transfer squared and MN is the average
Nν
of proton and neutron masses. Distributions of Eν are corrected for finite resolution and detector
smearing through iterative Bayesian unfolding informed by the generated Eν values from GENIE.
Distributions of x are not unfolded to avoid introducing dependence on the nuclear model and
because the smearing in x is significant.
The vertex position is reconstructed using a Kalman filter when possible (∼15% of the time)
and is otherwise taken to be the most upstream energy deposition. Fitting the vertex is not possible
for events with only one reconstructed track; for such events the vertex appears to be in the CH
module adjacent to the passive target. An event is identified with C, Fe, or Pb if its vertex is in
the passive target or in an adjacent module. The vertex must be 2.5 cm away transversely from
seams that join different materials in a single target. Events in CH must have an interaction vertex
in the tracker fiducial volume. After all selection criteria, 5953 events in C, 19024 in Fe, 23967 in
Pb, and 189168 in CH are selected for the analysis.
The passive target event selection admits a background of “CH contamination” from the surrounding CH modules of 20–40%, which is subtracted through a data-driven procedure. Kinematic
spectra of events recorded in the large CH tracking volume are used to predict and subtract this
background. One weight wt,A (Eν , θµ ) is derived from a single particle muon simulation to account
for the difference in geometry acceptance between the tracking volume and the nuclear targets region, where t denotes target number 2–5 and A stands for C, Fe, or Pb. Another weight wt,A (ν) is
derived from GENIE simulation to account for differences in tracking efficiency due to differences in
the way the hadronic system develops on the two regions of the detector. Small backgrounds from
neutral current (< 0.1%), ν̄µ (< 0.4%), and wrongly-assigned interaction nucleus events (∼ 0.5%)
are estimated using simulation and subtracted. Figure 2 shows the reconstructed x distribution for
events selected in the Fe of Target 2 and the estimated background from CH contamination. Also
shown is the kinematic space in x-Q2 populated by all events used in the analysis.
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Figure 2 – (Left) Reconstructed Bjorken x distributions in data and simulation for selected inclusive νµ events in the
iron of Target 2 and predictions for the CH contamination. Both simulated distributions are normalized to data by
number of events passing all event selection criteria. Events are scaled to a bin size of 0.1. Events with x greater
than 1.5 are not shown. (Right) Reconstructed Q2 and x for all events used in the analysis.

3

Results and Conclusions

Figure 3 shows measured ratios of the inclusive νµ cross section per nucleon with comparisons to
GENIE simulation. No isoscalar correction is applied. For cross section ratios as a function of
A dσ CH
Eν (σ A /σ CH ), the simulation reproduces the data. However, ratios as a function of x ( dσ
dx / dx )

exhibit a depletion at low x and enhancement at large x growing with the nucleon number of the
target nucleus, neither of which is reproduced by available simulations.
At lower x values, shadowing and antishadowing effects modify the structure function F2 11 .
Shadowing is understood to be caused by quark multiple scattering, which produces a suppression
at x . 0.07. The mechanism causing the enhancement of F2 in the antishadowing region 0.07 .
x . 0.3 is not known. These effects are expected to be larger at low Q2 . The data presented here
are predominately in the non-perturbative range at low Q2 (80% of events have Q2 < 1 GeV2 ),
whereas the simulation is tuned to higher Q2 charged lepton data.
At higher x values, the sample is dominated by quasi-elastic events (>63%). Since most neutrino
oscillation experiments utilize quasi-elastic events, the inability to model nuclear dependence in
neutrino scattering in this region is troubling. T2K 12 uses C for a near detector and H2 O for the
far detector, and so must use a model of nuclear dependence to do an extrapolation of event rates.
LBNE 13 must infer the nuclear effects in Ar from existing data on C, Fe, Pb. The results presented
here indicate that the models of nuclear dependence in neutrino scattering are not adequate for the
precision of modern neutrino experiments.
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Figure 3 – Ratios of the charged-current inclusive νµ cross section per nucleon as a function of Eν (top) and as a
function of reconstructed x (bottom) for C/CH (left), Fe/CH (middle), and Pb/CH (right). Error bars on the data
(simulation) show the statistical (systematic) uncertainties. The χ2 calculation includes correlations among all bins
shown. Events with x greater than 1.5 are not shown.
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W/Z+JETS AND W/Z+HF PRODUCTION AT THE TEVATRON
K. Matera, on behalf of the CDF and D0 Collaborations
Department of Physics, University of Illinois at Urbana-Champaign
Urbana, IL, USA
Measurements of W/Z + jets and W/Z + heavy flavor (hf) events play a key role in particle
physics—from testing models of quantum chromodynamics, to describing background in Higgs,
top, dark matter, and supersymmetric particle searches. Increasingly sensitive searches will
require an increasingly precise understanding of these events. We present four recent results
in this regime, produced by the CDF and D0 collaborations: the first observations of Z + c jet
and W/Z plus low-momentum (pT <15 GeV) charm production at the Tevatron; a search for
Υ+W/Z production; and an expanded, comprehensive set of general W +n jets measurements.

1

Introduction

Vector bosons produced in association with jets (W/Z + jets) and heavy flavor (W/Z + hf)
are an omnipresent feature in particle physics analyses. W/Z + jets/hf events have a detector
signature consisting of high-pT leptons and/or missing energy, plus one or more particle jets.
This is a signature that is shared by many searches for standard model (top, Higgs) and beyond
the standard model (dark matter, supersymmetry) processes. In addition, measurements of
W/Z + jets/hf events test current models of perturbative quantum chromodynamics (pQCD);
in turn, these models often need to be fitted with data in order to provide accurate results. In
these proceedings, we probe W/Z + jets/hf events by discussing recent studies at the Fermilab
Tevatron’s D0 and CDF experiments, including measurements of W + n jets 1 , Υ + W/Z 2 ,
Z + c jet 3 , and W/Z + D∗ production 4 .

2

W +jets at D0

The production of W + jets events probes the dynamics of quark and gluon behavior at high
momentum transfers, providing an important test of perturbative QCD. A recent D0 analysis 1
extensively probes the production rates and kinematics of W + n jet events in a 3.7 fb−1 data
sample, and significantly expands upon the number of measured observables in this regime with
respect to earlier analyses 1 . This new analysis selects a high-purity sample of W (→ eν) + n jet
events, and unfolds these measurements back to the particle level for comparisons with theory.
Backgrounds from EWK, QCD multijet, and top production are modeled with Monte Carlo
simulations, and are subtracted to produce the final distributions.
Over forty different cross-sections are measured 1 , three samples of which are displayed in
Fig. 1. Agreement with theoretical models varies by observable, e.g., measurements of HT
(the sum of the transverse momentum of all event objects) agree best with NLO BlackHat;
measurements of wide jet opening angles are better predicted by sherpa or hej.
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Figure 1 – Sample W +n jets differential cross-sections from D0. The model that provides the best agreement
with data, varies by observable: HT agrees best with NLO BlackHat; large opening angles, with sherpa or hej.

3

W/Z + Υ at CDF

√
The standard model cross-section for pp̄ → Υ(1S) + W/Z production at s = 1.96 TeV is
predicted to be outside of the range of sensitivity of experiments at the Tevatron 5 . Calculations
of this cross-section are very sensitive to non-relativistic QCD models, especially to the long
distance matrix elements (LDME) which determine the probability that a bb̄ pair will form
a bound state. The measured cross-section is also sensitive to some supersymmetry (SUSY)
models, which predict charged (neutral) Higgs boson decays into a Υ + W (Z) final state 5 .
Events are selected by first requiring two low-energy muons (1.5 ≤ pT ≤ 15 GeV) with an
invariant mass in the Υ(1S) mass region (9.25 < Mµµ < 9.65 GeV). Then, a search is performed
for an additional high-energy electron (muon) with ET (pT ) > 20 GeV, which is paired with
missing energy E
6 T > 20 GeV (for a W candidate), or with another high-energy lepton with
opposite charge and ET (pT ) > 15 GeV (for a Z candidate). The main backgrounds to this
selection are real W/Z plus fake Υ, and real Υ plus fake W/Z.
One Υ + W (→ `ν) candidate and one Υ + Z(→ ``) candidate are observed, over expected
backgrounds of 1.2 ± 0.5 and 0.1 ± 0.1 events, respectively 2 . With no clear evidence for Υ + W/Z
signal, a 95% confidence level upper limit is set on production cross sections for Υ + W and
Υ + Z (Table 1). These results improve significantly upon previous CDF Run I measurements 6 .
Table 1: CDF cross section limits at 95% CL. This analysis utilizes 9.4 fb−1 of CDF Run 2 data.

expected limit (pb)
observed limit (pb)
Run I observed limit (pb)

4

Υ+W
5.5
5.5
93

Υ+Z
13
20
101

Z + c jet at D0

A recent D0 analysis 3 provided the first observation of Z boson production in association with
jet
charmed jets (pjet
T > 20 GeV, |η | < 2.5). A unique discriminant was used to identify charmed
jets: DM JL = 0.5×(MSV /5 GeV − ln(JLIP)/20), where MSV is the jet secondary vertex mass,
and JLIP is the jet lifetime impact parameter 7 . DM JL is binned for all events passing a
multivariate heavy flavor cut that superedes the earlier neural network taggers used by D0 8 .
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Figure 2 – D0 differential cross-sections measurements σZ+c jet /σZ+jet (left) and σZ+c jet /σZ+b jet (right) as a
jet
jet
function of pjet
| < 2.5). Best agreement is with pythia with 1.7× enchanced g → cc̄ rate.
T (pT > 20 GeV, |η

Charmed jets are then counted by fitting the DM JL distribution to a sum of bottom, charm,
and light jet templates.
Quantities Rc/jet ≡ σZ+c jet /σZ+jet and Rc/b ≡ σZ+c jet /σZ+b jet are measured as a function
Z
of pjet
T and pT (Fig. 2). NLO predictions are found to underestimate the integrated results
by a factor of 2.5: compare measured fractions Rc/jet =0.0829±0.0052(stat)±0.0089(syst) and
Rc/b =4.00±0.21(stat)±0.58(syst), against MCFM predictions Rc/jet =0.0425 and Rc/b =2.23.
pythia predictions agree more closely with data. The best agreement is found for pythia with
the default g → cc̄ splitting rate enhanced by a factor of 1.7.

5

W/Z + D∗ at CDF

Finally, CDF has made the first observation of low-momentum (pT <15 GeV) charm production
in association with vector bosons 4 at the Tevatron. In contrast to a standard jets-based approach
for identifying charm, this analysis fully reconstructs the charmed meson decay D∗ (2010)→ D0
(→ K π) πs , at the track level. Signal is identified by binning the reconstructed vertex mass
difference ∆m ≡ m(Kππs ) − m(Kπ), and then performing a double-gaussian signal plus powerlaw background fit. A neural network is used to reduce combinatoric background.
This technique identifies W/Z +D∗ events down to a momentum of pT (D∗ ) > 3 GeV, making
this the lowest pT measurement of charm produced in association with vector boson events at
the Tevatron (compare pT (c jet) > 15 or 20 GeV for a typical jet-based analysis 9,10 ). The
measured production rates σ(W/Z + D∗ )/σ(W/Z) are found to agree with pythia both for the
inclusive sample (Table 2), and for differential rates as a function of pT (D∗ ) (Fig. 3). Tagged
event rates as a function of the number of jets in W + D∗ events, are also found to agree with
simulated pythia events 4 .
Table 2: The ratio of inclusive cross-sections σ(W/Z + D∗ )/σ(W/Z) for pT (D∗ ) > 3 GeV, compared with the
predictions of Pythia 6.2.16 using PDF set CTEQ5L. Results are shown as value ± stat ± syst.

Measured quantity for
pT (D∗ ) > 3 GeV
σ(Weν + D∗ )/σ(Weν )
σ(Wµν + D∗ )/σ(Wµν )
σ(Zee + D∗ )/σ(Zee )
σ(Zµµ + D∗ )/σ(Zµµ )

CDF Run II Data
(%)
1.74 ± 0.21 ± 0.17
1.75 ± 0.17 ± 0.03
1.0 ± 0.6 ± 0.2
1.8 ± 0.5 ± 0.2

Pythia 6.2.16
CTEQ5L (%)
1.77 ± 0.01
1.77 ± 0.01
1.36 ± 0.01
1.36 ± 0.01

Figure 3 – Differential rates of cross-section ratio σ(W + D∗ )/σ(W ) as a function of pT (D∗ ), as measured by CDF
in the W → eν (left) and W → µν (right) decay channels. Measurements show good agreement with theory

This full-reconstruction approach also enables the identification of particular production
processes that contribute to the signal. By exploiting sign correlations between the D∗ and the
W in W + D∗ events, and by training two-tiered neural networks to separate different processes,
it is determined that the W + D∗ signal events consist of: 14 ± 6% s(d)+g→W+c production;
73 ± 8% W+g(→ cc̄) production; and 13 ± 5% W+g(→ bb̄), B→ D∗ +X production.
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Latest jets results from the LHC
F. Barreiro, on behalf of the ATLAS and CMS collaborations
Departamento de Fisica Teórica C-15,
Universidad Autónoma de Madrid, Spain

I am summarizing the latest jets results from the LHC.

1

Introduction

Jet production at hadron colliders is understood to proceed via the convolution of parton-parton
scattering cross sections with the corresponding parton densities. Thus, jet production at the LHC
is an extension to higher scales of previous studies carried out, in the most recent past, at HERA and
the Tevatron. At LHC energies, jet production at moderate transverse momenta is dominated by
gluon-gluon fusion. The main focus of this talk is jet production as well as the production of prompt
photons. But I will start with a brief discussion of the importance of multiparton interactions which
somehow represent a correction to the simple picture discussed above.
2

The importance of multiparton interactions

The importance of double parton scattering (DPS) has been investigated by both ATLAS and CMS
1 by studying di-jet production in association with a W -boson. The DPS fraction is obtained by
simultaneously fitting the relative pT balance between the jets, ∆prel
T , and the azimuthal separation
between the W and the di-jet system, ∆S = ∆ΦW −2jets . CMS obtains fDP S = 0.055±0.002(stat.)±
0.014(sys). Results of a simulation indicate that this value drops very sharply when the pT of the
second interaction is increased above 15-20 GeV.
3
3.1

Jet production
Inclusive and di-jet production

Both ATLAS and CMS have measured double differential cross sections 2 for p + p → jet + X,
as a function of rapidity, y, and transverse momentum, as well as for p + p → jet + jet + X as
a function of rapidity and pT or the di-jet mass, Mjj . The data have been corrected for detector
effects. The systematic uncertainties in the data are dominated by those in the jet energy scale

itself which amounts typically to 2 − 2.5%. The unfolding uncertainties are at most 1%. The
data compare reasonably well over many orders of magnitude with pQCD predictions obtained
within NLOJET++, including non-perturbative and electroweak corrections. The factorization and
renormalization scales are set to pTlead (< pT1,2 >) for inclusive (di-jet) production. Several PDF’s
are used, CT10, MSTW2008, NNPDF2.1, HERAPDF1.5, ABKM09. These data begin to have an
impact on global PDF fits. They can be also used to extract the strong coupling constant. The
deviations between data and theory are at the level of the experimental and theoretical uncertainties
unless you go to the edges of phase space, Figs. 1 and 2.
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3.2

Three and four jet cross-sections

The classical way to determine αs , since the early days at PETRA-PEP-LEP, is to measure
σ(e+ e− →q q̄g)
σ(e+ e− →q q̄) ∝ αs . Now the idea is to measure R32 as the ratio between the three-jet cross section
(∝ αs3 ) over the two-jet cross section (∝ αs2 ). The CMS data 3 is fitted to the NLOJET++ predictions
yielding αs (MZ ) = 0.1148±0.0014(exp.)±0.0018(P DF )±0.0050(theory) with µR = µF =< pT 1,2 >
and < (pT 1,2 ) > between 0.42 and 1.39 TeV. Thus, the running of αs can be extended to scales
beyond 1 TeV, see Fig. 3 for a summary including a determination from inclusive jet production.
A first measurement of the four jet cross sections has been performed by the CMS Collaboration
The data are compared to current MC expectations, including those where the 2 → 4 process is
calculated at Born level. The lesson to be learned from these studies is that, while the transverse
spectra of the leading jet is properly described by the MC models, the description of the softer pair
of jets is poorer, see Fig. 3 (right).
4.

Figure 3 – The ratio R32 (left), the running of αs (center), and transverse spectra for 4-jet production (right).

3.3

Colour coherence

Colour coherence effects were discovered at PETRA, the so called JADE effect. At hadron colliders,
these studies have seen a renewed interest by selecting Njet ≥ 3 with the two leading jets back∆φ23
are obtained 5 . They are compared with
to-back from which the distributions in tanβ = ∆η23
current MC calculations and the conclusion is that further work has to be done in order to bring
the expectations closer to the data, in particular in the forward region, Fig. 4 (left).
3.4

Jet shapes in tt̄ final states

< Ψ (r) >

The tt̄ final states are a copious source of b-jets in the dilepton channel, as well as light-jets in the
¯ cs̄ decays. Integrated jet shapes in a cone of radius r ≤ R = 0.4 :
single lepton mode via W + → ud,
pT (0,r)
Ψ(r) = pT (0,R) have been recently measured by the ATLAS Collaboration 6 . Light jets are narrower
than b-jets and this has the potential to improve tagging algorithms, Fig. 4 (right).
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Figure 4 – Distributions in tanβ along with a comparison to current MC expectations (left). Integrated b- and light-jet
shapes from tt̄ final states (right).

4

Prompt photon production

Prompt photon production is dominated by qg → qγ. Thus, it is sensitive to the gluon content of the
7 . Measurements extend to 100 < E γ < 1 TeV and |η γ | < 2.4 and conform to expectations.
proton
4.1 Diphoton
production
T
In particular the shape of the cosθ∗ in the γ + jet rest frame, Fig. 5.
Di-photon production has recently been investigated by the ATLAS Collaboration 8 . The data are
compared with MC expectations PYTHIA and SHERPA. Both fall short by at least 20%. The
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Figure 5 – Prompt photon production (left and center) and the distribution in cosθ∗ (right).

data are also compared with NLO and NNLO predictions. NNLO contributions are significant and
needed to bring data and pQCD predictions in good agreement at high pT ’s, Fig. 6 (right).

Figure 6 – Di-photon production compared to MC expectations (left) and pQCD predictions (right)
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W/Z+JETS AND W/Z+HF PRODUCTION AT THE LHC
DR ANNE-MARIE MAGNAN
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Prince Consort Road, London SW7 2BW, UK
The latest results from the LHC experiments on the associated production of vector boson and
jets, including heavy flavours, are presented. The topics covered are Z+jets (electroweak and
QCD productions), W+jets, W+charm, Z+charm, Z+bb̄ and W+bb̄. Next-to-leading order
predictions are generally found in good agreement with the data.

1

Introduction

With high production rates, simple signatures and low background levels, vector bosons produced
in association with jets provide ideal samples to study perturbative QCD to a high level of
precision. With the LHC proton-proton collision data taken in 2011 (2012) at a centre-ofmass energy of 7 (8) TeV, the ATLAS 1 , CMS 2 and LHCb 3 collaborations have pushed the
understanding of such processes to much higher energies and jet multiplicities than previously
achieved by other hadronic colliders. The higher energy reach allows to study processes which
were not accessible before, like the electroweak production of a Z boson with two jets, or the
production of W and Z with two b hadrons. Requiring explicitly heavy flavours complicates
the theoretical calculations due to the non-negligible masses of the charm and bottom quarks.
Different bb̄ production mechanisms are tested against the LHC data, which helps in resolving
outstanding tensions. Acquiring a better understanding of these processes is mandatory in our
quest for new physics. W/Z+jets are main irreducible backgrounds to many Higgs and new
physics channels. Last but not least, W+charm production gives access to the strange-quark
content of the proton. Improving on this is essential towards the W mass measurement at the
LHC.
In all measurements presented in the following sections, the leptonic decays of the W and
Z bosons to electrons and muons are considered. Events are selected either by dilepton (Z) or
single lepton (W) triggers. Most measurements are given in the detector fiducial regions, and
unfolded to the particle level. Leptons
p are ”dressed”, i.e. photons from final-state radiations
are clustered in a cone of size ∆R = ∆η 2 + ∆φ2 < 0.1 around the lepton direction. With this
definition, results from both lepton flavours are usually combined into single measurements.
2

Z+jets

The ATLAS collaboration has published an extensive review of the Z+jets processes at 7 TeV 4 .
A good agreement is observed between the data and MC predictions by Blackhat+Sherpa (NLO),
Alpgen and Sherpa (LO).
The CMS collaboration has complemented this review by studying more specifically rapidity

distributions in exclusive Z+1 jet production 5 . It is found that Madgraph (v5)+Pythia fails to
reproduce the rapidity difference between the Z and the jet. Preliminary results have also been
released on differential cross sections as a function of the jets pT , pseudo-rapidity η and inclusive
6
HT = Σpjets
T , for up to 4-jet events . The novelty compared to the ATLAS results resides in the
comparison to the new generation of NLO+PS MC: Powheg-box and Sherpa2, which are found
to describe the data well.
The LHCb collaboration also complemented the picture in the forward region 7 . Differential
distributions are studied as a function of the Z boson pT , and the angular differences ∆η and ∆φ
between the Z and the leading-pT jet. A good description is obtained from O(αs2 ) predictions
from Powheg+Pythia.
In the two-jet bin, it is also possible to study more specifically the vector-boson-fusion
(VBF) topologies, where the final-state quarks are produced via the exchange of a W or Z boson
(electroweak production), and for which the main background is the QCD Z+2j production in
which the two jets happen to have the kinematics of a VBF production (forward jets with a
large rapidity gap ∆ηjj and a large invariant mass Mjj ). The CMS collaboration has released
preliminary results for the measurement of the inclusive cross section at 8 TeV 8 , which is found in
good agreement with VBFNLO predictions. The analysis is based on two methods to select the
signal: one uses the χ2 fit of a multivariate discriminant (boosted decision tree) taking the shape
of the QCD Z+2j background from Madgraph+Pythia Monte Carlo, reweighted to match NLO
predictions from MCFM. The second uses the profile likelihood fit of a Fisher discriminant, with
the QCD Z+2j background estimated using a photon+jet data sample. The hadronic activity
is then studied at detector level.
The ATLAS collaboration has published a comprehensive study of the total QCD+EWK Z
+ 2 jets production at 8 TeV 9 , with differential cross sections as a function of e.g. Mjj (shown
in Figure 1, left), ∆yjj , number of jets in the rapidity gap. Different selections are studied,
enhancing more or less the electroweak contribution. The electroweak-only cross section is
derived from a fit to the Mjj distribution, using MC constrained to data in a QCD-dominated
control region. Efficiencies of EWK-enhancing selections are also studied, particularly relevant
for the measurement of the Higgs production in the VBF channel. Most background estimation
methods are data-driven, in the sense that a background-dominated control region is used from
data, but still rely heavily on the simulation for the extrapolation from control to signal region.
Checking how well the MC reproduces efficiencies of jet veto, or pbalance
(shown in Figure 1,
T
right) is mandatory in particular to help reduce the systematic uncertainties associated with
these extrapolations. Figure 1 shows that Powheg+Pythia reproduces well the Mjj spectrum
whilst Sherpa overpredicts the rates at high mass, whereas it fails to reproduce the shape of the
efficiency of the pbalance
selection where Sherpa does a good job.
T
3

W+jets

Compared to Z+jets, W+jets production is more challenging. First from a theoretical pointof-view, production diagrams appear at NLO which implies a larger dependence to QCD-scale
uncertainties. And second from an experimental point-of-view, backgrounds from multijets and
top processes are larger.
CMS has released preliminary results on the 7 TeV 2011 dataset 10 which extend considerably
the previous published results from ATLAS 11 and CMS 12 . Differential cross sections are studied
as a function of the jet multiplicity, jets pT (shown for the leading-pT jet in Figure 2), jets η, HT ,
∆φ(W, ji ) for up to 4-jet events. The data are compared to predictions from Blackhat+Sherpa
(NLO up to 4 jets), Sherpa and Madgraph (LO). Blackhat+Sherpa is found to describe well
the data, except for inclusive variables like HT where non-perturbative effects are much better
described by the parton-shower approaches and for which Sherpa gives the best description
of the data. Madgraph is found to overestimate significantly the yields at high values of the
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Figure 1 – Differential cross section for the combined QCD+EWK Z+2j
production as a function of the dijet invariant mass Mjj (left) and efficiency (at particle level) of the pbalance
< 0.15 selection as a function
T
of Mjj (right).

Figure 2 – Differential cross sections
for W+jets production as a function
of the inclusive jet multiplicity (left)
and leading jet pT (right).

leading and next-to-leading jet pT , as well as HT in the 1- and 2-jet bins. Concerning the W-jet
balance, a wider distribution of ∆φ(W, j1 ) is found in data compared to both Blackhat+Sherpa
and Sherpa, whereas ∆φ(W, j2 ) is well-described by all. This probably points to an imperfect
modelling of a soft second radiation. The best description is given by Madgraph+Pythia for
these variables.
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W/Z+c

Both ATLAS 13 and CMS 14 have published extensive reviews of the W+charm production,
including the data impact on PDF fits using the HeraFitter framework 13,15 . The analyses rely
on the good measurement of the charm-quark charge to reject background, by requiring opposite
charges for the W lepton and the charm quark, to select production diagrams involving a strange
quark. To measure the charm charge, D± and D∗± resonances are reconstructed, as well as the
semi-leptonic decay to a muon. The main differences between the results obtained from the two
collaborations are the following:
• CMS: selection of an anti-kT 0.5 jet containing a secondary vertex (with different track
multiplicities and constraints to select resonant decays) at detector level, with pT > 25
GeV, and correction back to the parton level to measure inclusive W+c production. Hadronisation effects are of course studied and lead to O(%) systematic uncertainties. Data are
compared with parton-level NLO predictions from MCFM.
• ATLAS: track-based analysis with reconstruction of hadrons independently of jets, phadrons
>
T
8 GeV, except for the semi-leptonic decay to muon channel which uses anti-kT 0.4 jets
with pT > 25 GeV containing a soft muon. Results are corrected to the hadron level, and
compared with hadron-level aMC@NLO+Herwig predictions, with also an uncertainty
associated to the hadronisation from Herwig of O(%).
The total cross section is measured and compared with central values from different PDF sets.
Using central values predicted by aMC@NLO, ATLAS data seems to favour PDF sets with
an unsuppressed strange content, like NNPDF2.3coll (collider-only data) and ATLAS-epWZ12.
CMS in comparison with MCFM predictions tends to prefer a slightly suppressed strange content
like in the CT10 PDF set. The ratio W+ /W− is expected to be around 95% just from the fact

that d is a valence quark. Any deviation from this value would be an indication of strangeantistrange asymmetry. The data does not favour such hypothesis although the measurement is
still dominated by experimental uncertainties. The impact on the PDF is derived mainly from
the differential cross sections as a function of the lepton pseudo-rapidity which is shown to be
the most sentitive variable.
The Z+charm cross section has been measured by the LHCb experiment, in the forward
region 16 . Using D0 and D+ , the statistics is however very small, with the observation of
respectively 7 and 4 events, with an expected purity of about 95%. A large discrepancy is
found between the data and predictions using two different calculation schemes (with massive
or massless charm), with the MC overpredicting the yields by factors of 1.6 (D0 ) and 3.6 (D+ ).
One should note the following: (1) the cross section is predicted to be dominated by doubleparton scattering production (about in the ratio 4:1 to single-parton interaction), and hence very
sensitive to non-perturbative effects which are just empirically modelled with no underlying deep
understanding. (2) The LHCb results, valid in the forward region, go in the opposite direction
of the results recently published by the DØ experiment 17 , valid in the central region, which
show a net excess of data over the predictions.

5

W/Z+b

Z+b studies have been published by CMS for two independent analyses. The first one 18,19
investigates total cross section as a function of the b-jet multiplicity. Hadron-level data cross
sections are compared with predictions from NLO calculations using different assumptions, with
massive or massless b-quarks (so-called 4- and 5-flavour schemes). A good agreement is found
with all calculations for the 2-b jet bin, whereas for the 1-b jet bin the 4-flavour calculations
from aMC@NLO underestimate significantly the yields. At detector level, a good agreement
in shape is observed between data and predictions from Madgraph+Pythia for the kinematic
variables of the individual objects and of the Zbb system.
The second analysis 20 investigates more deeply the BB system, with differential cross sections
at particle level for four angular variables: ∆R(B,B), minimum ∆R(Z,B), ∆φ(Z,B) and the
asymmetry AZBB . Quark-initiated diagrams (qq and qg), where the B hadrons come from
a single gluon splitting, have a tendency to produce colinear B hadrons. The gluon-gluon
contribution, which is largely dominant at the LHC, produces however more often back-to-back
B hadrons. Different selections on the pT of the Z boson are studied in order to probe boosted
regions where the colinear contribution is enhanced. The analysis makes use of a B-hadron
reconstruction algorithm based on tracks called the inclusive vertex finder, which allows to
reconstruct hadrons separated by ∆R as small as 0.05. In the B-B system, a better agreement
is found with predictions from the Alpgen generator in the colinear region, where all the other
predictions underestimate the rate significantly. In the Z-B system, a good agreement is found
for all 4- and 5-flavour predictions tested.
Finally W+b studies have been published by both ATLAS 21 and CMS 22 in complementary
channels. ATLAS has made an extensive study of W produced with one identified b jet, in the
1- or 2-jet bins. Differential cross sections are studied as a function of the b-jet pT , with and
without subtraction of the single-top contribution which is theoretically not so well-known. An
excess of data is found in the 1-jet bin, with a discrepancy with NLO predictions at the level of
1.5σ, with a harder pT spectrum in data than predicted by both MCFM and Alpgen predictions.
The CMS analysis measures the inclusive W+2b cross section at particle level, and finds a good
agreement with theoretical predictions at NLO from MCFM. A good agreement in shape is also
observed for basic kinematic variables at detector level in comparison with Madgraph+Pythia.

6

Conclusion

Generally speaking, NLO predictions give a rather good agreement with the data for most of
the vector-boson + jets processes, both in shapes and normalisation. Matrix-element + parton
shower approaches are also shown to describe reasonably well the data in shapes, although none
describes all processes perfectly, with the studies covering a large range of variables from pT
spectra to angular distributions. Tensions remain in the heavy-flavour side, and in particular
the 1-jet bin (including colinear B-hadron production), for both charm and bottom quarks, and
for both W and Z bosons.
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TOWARDS VECTOR-BOSON PAIR PRODUCTION AT NNLO
M. GRAZZINI
Physik-Institut, Universität Zürich, 8057 Zurich, Switzerland

We consider the inclusive production of vector-boson pairs in hadron collisions. We review
the theoretical progress in the computation of radiative corrections to this process up to
next-to-next-to-leading order in QCD perturbation theory.

The production of vector-boson pairs is a relevant process for physics studies within and beyond the Standard Model (SM). First of all, this process can be used to measure the vector boson
trilinear couplings. Any deviation from the pattern predicted by SU (2) ⊗ U (1) gauge invariance would be a signal of new physics. The Tevatron collaborations have measured W W , ZZ,
W Z, Zγ and W γ cross sections at invariant masses larger than those probed at LEP2, setting
limits on the corresponding anomalous couplings, and the LHC experiments are now continuing
this research program 1 . Furthermore, vector boson pairs are an important background for new
physics searches. Although the recently discovered Higgs resonance is well below the W W and
ZZ threshold, the off shell W W and ZZ backgrounds are crucial both in the extraction of the
Higgs signal and in a measurement of the Higgs boson width 2,3,4 . Possible charged Higgs bosons
from non standard Higgs sectors could decay into W Z final states. Typical signals of supersymmetry, e.g. three charged leptons plus missing energy, receive an important background in W Z
and W γ production. In this contribution we review the current status of theoretical predictions
for vector-boson pair production, with emphasis on QCD radiative corrections, and focusing on
NNLO QCD effects in Zγ 5 , W γ 6 and ZZ 7 production (NNLO corrections to γγ production
have been presented in Ref. 8 ).
The theoretical efforts for a precise prediction of vector-boson pair production in the SM
started more than 20 years ago, with the first NLO QCD calculations 9,10,11,12,13,14,15 with stable
vector bosons. The computation of the relevant one-loop helicity amplitudes 16 allowed complete
NLO calculations 17,18,19 including the leptonic decay, spin correlations and off-shell effects. In
the case of W W , ZZ and Zγ production the loop-induced gluon fusion contribution, which is
formally next-to-next-to-leading order (NNLO), has been computed in Refs. 20,21,22,23,24 . NLO
predictions for vector-boson pair production including the gluon-induced contribution, the leptonic decay of the vector boson with spin correlations and off-shell effects have been presented
in Ref. 25 . Electro-weak corrections to vector boson pair production have been considered in

Refs. 26,27,28,29,30,31 .
The NNLO QCD computation of V V 0 production requires the evaluation of the tree-level
scattering amplitudes with two additional (unresolved) partons, of the one-loop amplitudes
with one additional parton, and of the one-loop-squared and two-loop corrections to the Born
subprocess q q̄ → V V 0 . Up to now, the bottleneck for the NNLO calculation has been the
knowledge of the relevant two-loop amplitudes. The two-loop helicity amplitudes for W γ and Zγ
production have been presented in Ref.32 . Recently, a major step forward has been carried out,
with the evaluation of all the two-loop planar 33,34 and non planar 35,36 master integrals relevant
for the production of off-shell vector boson pairs, and the calculation of the corresponding helicity
amplitudes is now feasible.
Even having all the relevant amplitudes, the computation of the NNLO corrections is still a
non-trivial task, due to the presence of infrared (IR) singularities at intermediate stages of the
calculation that prevent a straightforward application of numerical techniques. To handle and
cancel these singularities at NNLO the qT subtraction formalism 37 is particularly suitable, since
it is fully developed 38 to work in the hadronic production of heavy colourless final states.
In the following we present a selection of numerical results for Zγ 5 , W γ 6 and ZZ 7 production
at the LHC. In the above applications the required tree-level and one-loop amplitudes were
obtained with the OpenLoops 39 generator, which employs the Denner-Dittmaier algorithm 40
for the numerical evaluation of one-loop integrals and implements a fast numerical recursion for
the calculation of NLO scattering amplitudes within the SM.
We use the MSTW 2008 41 sets of parton distributions, with densities and αS evaluated
at each corresponding order (i.e., we use (n + 1)-loop αS at Nn LO, with n = 0, 1, 2), and
we consider Nf = 5 massless quarks/antiquarks and gluons in the initial state. As for the
electroweak couplings, we use the so called Gµ scheme, where the input parameters are GF ,
mW , mZ . In particular we use the values GF = 1.16639 × 10−5 GeV−2 , mW = 80.398 GeV,
ΓW = 2.1054 GeV, mZ = 91.1876 GeV, ΓZ = 2.4952 GeV. For simplicity, flavour mixing is
neglected, and the CKM matrix is taken to be the unit matrix.
When considering the V γ final state (V = W, Z), besides the direct production in the hard
subprocess, the photon can also be produced through the fragmentation of a QCD parton,
and the evaluation of the ensuing contribution to the cross section requires the knowledge of a
non-perturbative photon fragmentation function, which typically has large uncertainties. The
fragmentation contribution is significantly suppressed by the photon isolation criteria that are
necessarily applied in hadron-collider experiments in order to suppress the large backgrounds.
The standard cone isolation, which is usually applied in the experiments, suppresses a large
fraction of the fragmentation component. The smooth cone isolation completely suppresses the
fragmentation contribution 42 , and is used in the following with parameters R = 0.4 and  = 0.5.
We first consider Zγ production 5 and we use the cuts that are applied by the ATLAS
collaboration 43 . qThe default renormalization (µR ) and factorization (µF ) scales are set to
µR = µF = µ0 ≡ m2Z + (pγT )2 . We require the photon to have a transverse momentum pγT > 15
GeV and pseudorapidity |η γ | < 2.37. The charged leptons are required to have plT > 25 GeV
and |η l | < 2.47, and their invariant mass mll must fulfil mll > 40 GeV. We require the separation
in rapidity and azimuth ∆R between the leptons and the photon to be ∆R(l, γ) > 0.7. Jets are
reconstructed with the anti-kT algorithm 44 with radius parameter D = 0.4. A jet must have
ETjet > 30 GeV and |η jet | < 4.4. We require the separation ∆R between the leptons (photon)
and the jets to be ∆R(l/γ, jet) > 0.3. Our results for the corresponding cross sections are
σLO = 850.7 ± 0.2 fb, σN LO = 1226.2 ± 0.4 fb and σN N LO = 1305 ± 3 fb. The NNLO corrections
increase the NLO result by 6%. The loop-induced gg contribution amounts to 8% of the full
NNLO correction and thus to less than 1% of σN N LO . The corresponding fiducial cross section
measured by ATLAS is σ = 1.31 ± 0.02 (stat) ± 0.11 (syst) ± 0.05 (lumi) pb. We see that the
NNLO effects improve the agreement of the QCD prediction with the data, which, however, still
have relatively large uncertainties.

We now move to consider W γ production 6 , and we still use the cuts that are applied by
43 . The default renormalization and factorization scales are set to
the ATLAS collaboration
q
µR = µF = µ0 ≡ m2W + (pγT )2 . The cuts are identical to those used for Zγ except that the
invariant mass cut is replaced by a cut on the missing transverse momentum, pmiss
T : we require
pmiss
>
35
GeV.
Our
results
for
the
corresponding
W
γ
cross
sections
are
σ
LO = 906.3 ± 0.3
T
13,45
fb, σN LO = 2065.2 ± 0.9 fb and σN N LO = 2456 ± 6 fb. As is well known
, in the case of
W γ production the QCD radiative corrections are rather large: the NLO corrections increase
the LO result by more than a factor of two. The NNLO corrections are thus larger than those
found for Zγ and are in fact about 19% for central values of the scales. The QCD predictions
can be compared to the LHC data: the corresponding fiducial cross section measured by the
ATLAS collaboration is43 σ = 2770 ± 30(stat) ± 330(syst) ± 140(lumi) fb: we see that the NNLO
effect improves the agreement with the data. The same conclusion can be drawn by studying
the transverse energy distribution of the photon, as shown in Fig. 1.

Figure 1 – The transverse energy distribution of the photon in W γ production, computed at NLO (dashes) and
NNLO (solid) compared to the ATLAS data. The middle panel shows the ratio DATA/THEORY. The lower
panel shows the ratio NNLO/NLO.

We finally present results for the inclusive cross section for ZZ production (see Ref. 7 for
more details). In this case the default renormalization and factorization scales are set to µR =
µF = mZ . In Fig. 2 we show the cross section computed at LO, NLO and NNLO as a function
√
of the centre-of-mass energy s. For comparison, we also show the NLO result supplemented
with the loop-induced gluon fusion contribution (“NLO+gg”) computed with NNLO PDFs. The
lower panel in Fig. 1 shows the NNLO and NLO+gg predictions normalized to the NLO result.
The NLO corrections increase the LO result by about 45%. The impact of NNLO corrections
√
√
with respect to the NLO result ranges from 11% ( s = 7 TeV) to 17% ( s = 14 TeV). Using
NNLO PDFs throughout, the gluon fusion contribution provides between 58% and 62% of the
full NNLO correction. The theoretical predictions can be compared to the LHC measurements
46,47,48,49 carried out at √s = 7 TeV and √s = 8 TeV, which are also shown in the plot. We
see that the experimental uncertainties are still relatively large and that the ATLAS and CMS
results are compatible with both the NLO and NNLO predictions. The only exception turns out
√
to be the ATLAS measurement at s = 8 TeV 48 , which seems to point to a lower cross section.
We have presented a selection of numerical results on Zγ, W γ and ZZ production at the
LHC up to NNLO in QCD perturbation theory. The results for ZZ production were limited
to the inclusive cross section for on-shell ZZ pairs. A computation of the two-loop helicity

Figure 2 – ZZ cross section at LO (dots), NLO (dashes), NLO+gg (dot dashes) and NNLO (solid) as a function
√
√
√
of s. The ATLAS and CMS experimental results at s = 7 TeV and s = 8 TeV are also shown for comparison
46,47,48,49
. The lower panel shows the NNLO and NLO+gg results normalized to the NLO prediction.

amplitude for q q̄ → ZZ → 4l will open the possibility of detailed phenomenological studies at
NNLO.
References
1. See e.g. J. Wang [ATLAS and D0 and CDF and CMS Collaborations], Int. J. Mod. Phys.
Conf. Ser. 31 (2014) 1460279 [arXiv:1403.1415 [hep-ex]].
2. N. Kauer and G. Passarino, JHEP 1208 (2012) 116 [arXiv:1206.4803 [hep-ph]].
3. F. Caola and K. Melnikov, Phys. Rev. D 88 (2013) 054024 [arXiv:1307.4935 [hep-ph]].
4. J. M. Campbell, R. K. Ellis and C. Williams, Phys. Rev. D 89 (2014) 053011
[arXiv:1312.1628 [hep-ph]].
5. M. Grazzini, S. Kallweit, D. Rathlev and A. Torre, Phys. Lett. B 731 (2014) 204
[arXiv:1309.7000 [hep-ph]].
6. M. Grazzini, S. Kallweit, D. Rathlev and A. Torre, in preparation.
7. F. Cascioli, T. Gehrmann, M. Grazzini, S. Kallweit, P. Maierhfer, A. von Manteuffel,
S. Pozzorini and D. Rathlev et al., arXiv:1405.2219 [hep-ph].
8. S. Catani, L. Cieri, D. de Florian, G. Ferrera and M. Grazzini, Phys. Rev. Lett. 108 (2012)
072001 [arXiv:1110.2375 [hep-ph]].
9. J. Ohnemus and J. F. Owens, Phys. Rev. D 43 (1991) 3626.
10. B. Mele, P. Nason and G. Ridolfi, Nucl. Phys. B 357 (1991) 409.
11. J. Ohnemus, Phys. Rev. D 44 (1991) 1403.
12. S. Frixione, Nucl. Phys. B 410 (1993) 280.
13. J. Ohnemus, Phys. Rev. D 47 (1993) 940.
14. J. Ohnemus, Phys. Rev. D 44 (1991) 3477.
15. S. Frixione, P. Nason and G. Ridolfi, Nucl. Phys. B 383 (1992) 3.
16. L. J. Dixon, Z. Kunszt and A. Signer, Nucl. Phys. B 531 (1998) 3 [hep-ph/9803250].
17. J. M. Campbell and R. K. Ellis, Phys. Rev. D 60 (1999) 113006 [hep-ph/9905386].
18. L. J. Dixon, Z. Kunszt and A. Signer, Phys. Rev. D 60 (1999) 114037 [hep-ph/9907305].
19. D. De Florian and A. Signer, Eur. Phys. J. C 16 (2000) 105 [hep-ph/0002138].
20. D. A. Dicus, C. Kao and W. W. Repko, Phys. Rev. D 36 (1987) 1570.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.

E. W. N. Glover and J. J. van der Bij, Phys. Lett. B 219 (1989) 488.
E. W. N. Glover and J. J. van der Bij, Nucl. Phys. B 321 (1989) 561.
L. Ametller, E. Gava, N. Paver and D. Treleani, Phys. Rev. D 32 (1985) 1699.
J. J. van der Bij and E. W. N. Glover, Phys. Lett. B 206 (1988) 701.
J. M. Campbell, R. K. Ellis and C. Williams, JHEP 1107 (2011) 018 [arXiv:1105.0020
[hep-ph]].
W. Hollik and C. Meier, Phys. Lett. B 590 (2004) 69.
E. Accomando, A. Denner and C. Meier, Eur. Phys. J. C 47 (2006) 125.
A. Bierweiler, T. Kasprzik, J. H. Khn and S. Uccirati, JHEP 1211 (2012) 093
[arXiv:1208.3147 [hep-ph]].
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We study W -boson production accompanied by multiple jets at 7 TeV at the LHC. We study
the jet-production ratio, of total cross sections for W + n- to W + (n−1)-jet production, and
jets
the ratio of distributions in the total transverse hadronic jet energy HT
. We use the ratios
jets
to extrapolate the total cross section, and the differential distribution in HT
, to W + 6-jet
production. We use the BlackHat software library in conjunction with SHERPA to perform
the computations.

1

Introduction

The search for physics beyond the Standard Model relies on quantitative theoretical calculations
of known-physics backgrounds. Uncovering signals of new physics requires a good quantitative
understanding of the backgrounds as well as the corresponding theoretical uncertainties. The
challenge of performing the required theoretical calculations increases with the increasing jet
multiplicities used in many search strategies. We are thus encouraged to look for features of the
relevant Standard-Model processes that can simplify calculations at higher multiplicities.
In this contribution, we study one of the benchmark Standard-Model processes, production
of a W electroweak vector boson accompanied by multiple jets. The short-distance matrix element can be computed systematically in perturbative QCD. A leading-order (LO) calculation,
however, leaves a strong dependence on the renormalization and factorization scales introduced
in order to define the coupling αs and the parton distribution functions (PDFs). This unphysical dependence becomes stronger with an increasing number of accompanying jets. A nextto-leading order (NLO) calculation is required to obtain a quantitatively reliable prediction.
We expect such predictions to be accurate to 10–15%. Future improvements to experimental

uncertainties will demand that theorists go to yet higher order in the perturbative expansion.
With the BlackHat software library [1], building on the progress in NLO calculations in
recent years [2, 3, 4, 5, 6, 7, 8, 9, 10], we are able to perform high-multiplicity calculations. The
software library supplies one-loop amplitudes, using on-shell methods. In this approach, the
amplitude is written as a sum over known integrals,
X
Amplitude =
cj Intj + Rational ,
(1)
j∈Basis

where the integrals are the usual box, triangle, and bubble one-loop integrals. The integrals
coefficients cj as well as the additional rational terms are rational functions of spinor variables.
They are built out of Lorentz-invariant bilinear products of spinors. The external momenta are
quadratic functions of these spinor variables, and Lorentz invariants are in turn quadratic functions of Lorentz-invariant spinor products. The BlackHat library embodies an automated,
numerical implementation of on-shell methods, and the unitarity method in particular. The
NLO calculation as a whole, including phase-space generation, multichannel integration, and
subprocess management, is managed by SHERPA [11]. In addition, the real-emission contributions, with subtractions according to the Catani–Seymour scheme [12] as modified by an αdipole
cut-off parameter [13], are produced using the COMIX library [14] (itself a part of SHERPA).
2

n-Tuples

While high-multiplicity calculations have become feasible with this technology, they are still
complex and do require considerable amounts of computer time. This is particularly true for
the calculation of W + 4- and W + 5-jet production. There are many different contributions
— different subprocesses, leading color vs. subleading color, etc. — to track and manage, so
that running a calculation requires much more human effort as well as computer time. With a
traditional set up, the whole calculation would need to be re-run to study scale dependence or
to compute a new distribution. Even worse, the whole calculation would have to be rerun many
times in order to estimate the uncertainty due to PDFs.
The computational effort is overwhelmingly dominated by the squared matrix elements,
whether virtual or real-emission. The computation of additional observables or differential
distributions is relatively cheap. The same would be true of results for different choices of
renormalization or factorization scales µR,F , and for different PDFs, were we to record the terms
within the matrix element that have different dependences on these quantities.
These considerations motivate us to recycle the matrix elements rather than recomputing
them. We compute the matrix elements once, saving phase-space configurations along with the
weights, split up into the coefficients of the different functional dependences on µR,F and the
PDFs [15]. We save this information as Root n-tuple files. Different types of contributions to an
NLO cross section — the Born terms, virtual corrections, subtracted real-emission corrections,
and integrated-subtraction terms — are saved in separate files. Each analysis — computing a
new distribution, or assessing the scale dependence — can then be done with a lightweight code
(in C++, Root, Python,. . .).
As a bonus, these n-tuples can be distributed to experimenters, who can perform their own
analyses. The only real restriction is to a preselected set of jet algorithms and to a minimal
value of the jet pmin
cut. The n-tuples we have produced to date allow for the use of common
T
LHC algorithms (SISCone, kT , and anti-kT , with R = 0.4, 0.5, 0.6, 0.7). The remaining cuts —
jet, lepton, or photon minimum pT cuts, rapidity cuts — can be tightened, or additional cuts
can be introduced. Of course, if the additional cuts are very tight, the n-tuple statistics of a
calculation will suffer, and it would be better to create a special set of n-tuples for the tighter
cuts. We have made n-tuples for W, Z+ ≤ 4 jets and for four-jet production available, and
diphoton+dijet n-tuples (both for generic cuts and a special set for VBF cuts) will follow soon.

Extrapolation for the jet production ratio

0.26

W−
W+

0.25
0.24
0.23
0.22
0.21
0.20
0.19
0.18

1

2

3

4

5

6

7

Figure 1 – Extrapolations of the ratio of total cross sections at NLO. The lower (red) line shows the extrapolation
for the W − + n/W − + (n−1)ratio, and the upper (blue) line for the W + + n/W + + (n−1)ratio. The fainter
lines illustrate the uncertainty envelope based on the statistical uncertainty of each underlying cross section.
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Jet-Production Ratios

The transverse momentum distributions in W + 4- and W + 5-jet production are shown in
fig. 2 in ref. [16] and fig. 6 in ref. [17] respectively. The calculations show greatly reduced scale
dependence at NLO compared to LO. The NLO corrections soften the distribution for all jets
except the softest jet. Successive jet distributions become steeper and steeper. This can be
understood as reflecting the greater increase of the partonic center-of-mass invariant ŝ when
increasing (say) the fifth jet’s pT as opposed to the third jet’s, with all jets ordered in decreasing
pT . The increase in ŝ in turn decreases the matrix element as well as the PDFs. Other than the
increasingly steep fall, distributions for the third-softest jet and softer jets resemble each other.
This raises the question of whether one can think of these jets as ‘generic’, and whether one can
find patterns in W + n-jet production.
In order to examine patterns in W +multijet production in greater detail, it is helpful to
examine ratios of observable quantities in W + n-jet production to that in W + (n − 1)-jet
production. Such ratios should be less sensitive to experimental uncertainties: the luminosity
uncertainty should cancel, and the jet-energy scale dependence will be lessened. They should also
be less sensitive to theoretical uncertainties: though it is hard to quantify, the scale sensitivity
should diminish; and the dependence on the PDFs should decrease as well.
At low multiplicities, however, we expect deviations from generic behavior. In W + 1-jet
production, some subprocesses are missing at LO; and even at NLO, there are strong kinematic
restrictions on the phase space of jets. In W + 2-jet production, there are strong kinematic
restrictions on phase space (the W boson cannot be near the leading jet, for example), which only
start being relaxed at NLO. In the W pT distribution, this is reflected in large NLO corrections
beyond low pT in the W + 3/W + 2-jet ratio, while corrections to the W + n/W + (n−1)-jet
ratio for n ≥ 4 are more modest.
The simplest pattern we can seek is in the ratio of total cross sections subject to standard jet
cuts. (The cuts we use are given in ref. [17].) In fig. 1, we show a linear fit to the cross-section
ratios. The fit to the W + 3/W + 2-jet, W + 4/W + 3-jet, and W + 5/W + 4-jet ratios is
very good. The W + 5-jet calculation is needed to make this assessment meaningful; were it
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Figure 2 – (a) In the upper panel at left, the computed HT
distributions at NLO for W − production accompanied
jets
by up to five jets; in the lower panel, ratios of these distributions (b) At right, the computed HT
distributions
at NLO for W − production with three to five accompanying jets, compared with an ratio-based parametrization,
along with the expolation to W − + 6-jet production.

absent, we might even be misled into including the W + 2/W + 1-jet ratio. As can be seen in
the figure, and as expected, that ratio (at least for W − ) is quite different from what would be
expected from the fit. The linear fit allows us to predict the W + 6/W + 5-jet ratio, and that
in turn, allows us give a prediction [17] for the W + 6-jet production cross section,
W − + 6 jets: 0.15 ± 0.01 pb ,

W + + 6 jets: 0.30 ± 0.03 pb ,

(2)

where the uncertainty estimates include only statistical uncertainties.
4

Extrapolating the HTjets Distribution

The total transverse energy in jets, HTjets , is a good probe into potential new physics at the
very highest center-of-mass energies accessible to the LHC. We have computed this distribution
for a W boson accompanied by up to five jets. The results are shown in the upper panel of
fig. 2(a). Let us try to predict the distribution for W + 6-jet production by extrapolating those
results. The HTjets distributions have a threshold, due to the minimum jet transverse momentum.
Combined with the decrease towards larger HTjets , due to the decreasing matrix elements and
the falling parton distributions, this leads to the appearance of a peak in the distribution. The
threshold, and hence the peak locations, are different for different numbers of jets. This makes
a simple extrapolation at each different value of HTjets problematic. Instead, we seek to fit a
functional form.
At small HTjets , we might expect the integral we are evaluating for n jets to have the following

form,
Z

m
dE
g(E)
,
E

(3)

where g(E) is slowly varying, and where m < n because not all jets can be soft. This form
suggests a functional form of lnτ ρ to include as a factor, where ρ = HTjets /(npmin
T ). We take
jets
τ as a fit parameter. At very large HT (well to the right of the plots in fig. 2), phase space
becomes constrained, suggesting a factor like (1 − HTjets /HTmax )γ , where HTmax ' 7 TeV, and γ is
a fit parameter. We have previously seen [18] that such a factor is appropriate for the Tevatron,
where it is more noticeable because of the lower center-of-mass energy.
This suggests the following fit form,
dσ W +n
dHTjets

= ans Nn lnτn ρn (1 − HTjets /HTmax )γn ,

(4)

where Nn is a normalization, and as ≡ αs (HTjets )Nc /π. Using this form gives a poor fit to the
HTjets distributions themselves, but an excellent fit for the ratios of these distributions shown in
the bottom panel of fig. 2(a). We can then fit for the values of the τ and γ parameters; once
again, we get a good linear fit. Using either a fit with additional parameters to the W + 2-jet
HTjets distribution, or the numerical values of this distribution directly, we can then use predicted
values of the τ and γ parameters to obtain predictions for the HTjets distribution in W + n-jet
production. The normalization Nn is related to the total cross section; we can solve for it
by integrating the fit form using the extrapolated values of τ and γ, and comparing with the
extrapolated value of the total cross section as in eq. (2). We can cross check this procedure by
comparing the ‘predicted’ curves for W − + 3- through W − + 5-jet production with the directly
computed values; this comparison is shown in fig. 2(b). The predicted HTjets distribution in
W − + 6-jet production is shown in the same figure.
5

Conclusions

The production of an electroweak vector boson accompanied by multiple jets is an important
Standard-Model process at the LHC. We have studied this process in a wide range of kinematic
regimes, and with a varying number of accompanying jets. We see indications of simple and
regular behavior in NLO calculations of cross sections and distributions beginning with three
accompanying jets. We have used this behavior to predict the total cross section and a key
distribution in W + 6-jet production.
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Multiloop integrals made simple: applications to QCD processes
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I will present a new method for thinking about and for computing loop integrals based on
differential equations. All required information is obtained by algebraic means and is encoded
in a small set of simple quantities that I will describe. I will present various applications,
including results for all planar master integrals that are needed for the computation of NNLO
QCD corrections to the production of two off-shell vector bosons in hadron collisions.

1

Introduction

The theoretical description of particle collisions at the LHC relies on precise calculations of the underlying microscopic scattering processes. As D. Kosower has reviewed 1 , computing scattering amplitudes and cross sections at NLO (next-to-leading order) is by now completely standard and largely
automated. There are various ingredients that make this possible, in particular efficient techniques
for generating and organizing integrands, knowledge of one-loop Feynman integrals, and subtraction
methods. Several talks at this conference reported on results that were obtained using automated
NLO programs.
It is clear from the experimental results presented at this conference 2 that we have entered an
era of precision measurements. Increasing experimental accuracy needs to be matched by theory
predictions, and as a consequence, going beyond the NLO level is often necessary.
For select processes, a full NNLO analysis is already available, see e.g. M. Grazzini’s talk 3 . Often,
however, the theoretical bottleneck is missing analytic results for the virtual loop integrals. In this
talk I will report on a breakthrough in understanding and computing loop integrals that will help to
close this gap.
This talk is based on ref. 4 , where the main ideas where presented, and several papers with
applications 5,6,7,8 . These advances are largely based on a better understanding of Feynman integrands,
before integration, and the connection to the integrated functions. An important aspect of our analysis
is that the class of special functions required for each type of Feynman integral is readily identified, and
the analytic answer is then computed in terms of those functions. The calculation itself is algebraic,
and the answer can be presented in a pleasingly simple form. In fact, the integrals are essentially
specified by their singularity structure, which as a consequence is made very transparent. Physical
limits, such as Regge or threshold limits are very easy to discuss. Also, the method is especially useful
for integrals that depend on several scales, which are hard to tackle in traditional approaches. As we
will see, it has been applied successfully to non-trivial integrals that can be massless, massive, planar
or non-planar.
The method uses differential equations, whose application to Feynman integrals has a long and
successful history, see 9,10,11,12 . This work is a refinement of this method.
a
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Figure 1: Examples of two-scale integral families computed using the new method. Figures (a) and (b) show three-loop
massless 2 → 2 integrals that depend on a dimensionless variable x = t/s. Fig. (c) shows Wilson line integrals in HQET
that depend on the cusp angle φ.

2

Sample applications

Before continuing to talk about the method itself, let me show you some examples of loop integrals that
have been computed using it. I hope that this will convince you that the method can be used for nontrivial calculations. Each of the cases has its own interesting physics motivation, which unfortunately
I can only hint at here due to time limitations.
The examples are naturally organized by the number of scales involved. Let us start with two-scale
problems, i.e. problems that depend on one dimensionless variable. In a first nontrivial example, threeloop planar massless four-point integrals were evaluated 5 . These integrals depend on two scales, the
Mandelstam variables s and t. See Fig. 1(a) and 1(b). It should be noted that these figures represent
whole families of integrals, in the sense that a basis for all integrals of this type was computed. For
example, the basis for the family shown in Fig. 1(a) consists of 26 integrals that include integrals
with missing propagators, or with numerator factors inserted. The knowledge of this basis allows
to write down an analytic formula for any integral of this family. Further results 7 showed that the
method applies equally to non-planar integrals, and work towards computing all non-planar three-loop
integrals is in progress. Possible applications include the study of non-planar scattering amplitudes
in Yang-Mills and (super)gravity theories. As a second example, in work in progress 13 the planar
three-loop cusp integrals in heavy quark effective theory (HQET) were computed. See Fig. 1(c) for
a sample integral. Here the physical motivation is the study of the structure infrared divergences of
massive scattering amplitudes in QCD.
Let us now move on to multi-scale problems. This is probably where the advantages of the new
method can be best seen. A first example is a family of integrals appearing in Bhabha scattering 6 ,
which depend on s, t, and the mass m. See Fig. 2(a). Staying with 3 scales, but moving up in the
loop order, to three loops, we have a class of integrals that appear in light-by-light scattering 14 , cf.
Fig. 2(b). Finally, coming back to integrals directly relevant for current LHC physics, in 8 all planar
integral families for the description of the production of two off-shell vector bosons in hadron collisions
at NNLO were computed. This is a four-scale problem, depending on s, t, Ma2 , Mb2 . A sample class of
integrals is shown in Fig. 2(c). Our results generalize the equal mass case of ref. 15 .

3

Main features of the method

Let me describe the main features of the method. A given scattering process is described by a set
of master, or basis integrals f~. The first step consists in deriving differential equations (DE) in the
kinematic variables. The crucial new idea is to choose a convenient basis, in which the differential
equations take a simple, standard form. Criteria for finding such a basis that can be systematically
applied were given in ref. 4 , and examples given in ref. 5 . As we will see, once a good basis is chosen,
the solution for f~ can be immediately read off from the DE.
For example, for integrals depending on one dimensionless variable x (and on the dimension

• integrals for Bhabha scattering

scales:

[J.M.H.,V. Smirnov, JHEP 1311 (2013) 041]

• scattering amplitudes

[JMH, S. Caron-Huot, to appear]

& cross sections
in massive toy model

3 loops and 3 scales!

(a)

(b)

(c)

similar integrals in QCD for finite top quark mass

Figure 2: Examples of multi-scale integral families computed using the new method. Fat lines correspond to massive
particles (or off-shell vector bosons). (a) Integrals for Bhabha scattering. (b) Massive
integrals
depending
on 3 scales.
[JMH,
Melnikov,
V. Smirnov,
1402.7078]
(c) Planar integrals for vector boson production.
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This data specifies
the class of functions that the answer can be expressed in. In fact, expanding the
P
solution for f~ = k k f~(k) to any order in  amounts to linear algebra, and the term at order k is given
in terms of multiple polylogarithms of uniform weight (colloquially referred to as ‘transcendentality’)
k. These iterated integrals are generalizations of logarithms and dilogarithms and have very nice
mathematical properties. Thanks to the uniform weight property results are much more compact
compared to other approaches.
Moreover, the analytic behavior of the answer is very transparent from the DE 7 . For example,
the asymptotic behavior can be easily read off, e.g. f~(x; ) ∼ (x − xk )Ak f~0 (), which is helpful e.g.
when fixing the boundary conditions.
The method has a natural extension to the multi-variable case, which we discuss next, using the
q q̄ −→ V1 V2 integrals mentioned earlier as an example.
4

Example: vector boson production at NNLO

The planar master integrals can be organized into three classes, one of which is shown in Fig. 2(c).
There are of the order of N ≈ 30 integrals for each case. The integrals depend on three dimensionless
variables x, y, z related to s, t, Ma2 , Mb2 via
s/Ma2 = (1 + x)(1 + xy) ,

t/Ma2 = −xz ,

Mb2 /Ma2 = x2 y .

(2)

The DE w.r.t. those variables can be compactly written in differential form,
d f~(x, y, z; ) =  d Ã(x, y, z)f~(x, y, z; ) ,

Ã =

15
X

Ãαi log(αi ) .

(3)

i=1

Here the basis choice for f~ was straightforwardly made using the criteria of ref. 4 . The alphabet
appearing in the DE is given by a set of rational functions of x, y, z. Specifically, we find
α ={x, y, z, 1 + x, 1 − y, 1 − z, 1 + xy, z − y, 1 + y(1 + x) − z, xy + z,

1 + x(1 + y − z), 1 + xz, 1 + y − z, z + x(z − y) + xyz, z − y + yz + xyz}.

(4)

This alphabet tells us which class of iterated integrals appear in the answer. It reflects the rich
singularity structure of this many-scale scattering process. As before, the answer is written in terms
of multiple polylogarithms, at any order in . Dedicated computer codes for their efficient numeric

evaluation are available 16 . For convenience, the result up to weight four, which is the order needed for
NNLO calculations, is provided in electronic form in 8 . Finally we wish to mention that, in addition to
making the singularity structure of these functions completely manifest, eq. (3) also makes it trivial
to obtain series expansions in kinematical limits.
5

Conclusion

In this talk I have presented results for a number of non-trivial families of Feynman integrals that are
described by iterated integrals. The method used to compute them uses only minimal data to specify
the analytic answer, namely
(a) an alphabet α for iterated integrals, see eq. (4).
(b) rules for forming words in this alphabet. These rules are provided by a set of constant matrices
Ãαi , see eq. (3). They determine which linear combinations of integrals precisely constitute the
answer, at any order in the  expansion.
This reminds me of a short story by Borges17 , La biblioteca de Babel, where the author imagines an
infinite library, whose books are composed from infinite random sequences of letters. Similarly, for
Feynman integrals the  expansion can be driven to any desired order, generating longer and longer
expressions, which are words in the alphabet α. However, the latter derive from the simple data
described above. In particular, the constant matrices provide the ‘grammar’ for forming words, as
opposed to the random generator in Borges’ imaginary library.
Returning from magical libraries to real (or digital) ones, as I have described, this method of
analyzing and computing loop integrals has already been applied successfully to cases relevant to
current LHC physics. I think as an outlook one can envisage a library for NNLO Feynman integrals
for phenomenology. In this spirit, do not hesitate to contact me if there are new integrals that you
are interested in.
Although not the main focus at this conference, I wish to mention that there are interesting
connections to several fields of mathematics and mathematical physics, and this is worth exploring
further. Also, there are interesting open question for integrals containing elliptic functions.
Finally, I cannot resist making an advertisement: If you are curious about the method I have
described, I invite you to look at sections 3.8 and 3.9 of the recent volume of lecture notes 18 , which
include a pedagogical introduction, using the gluon fusion process as an example.
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EVALUATING THE 6-POINT REMAINDER FUNCTION
NEAR THE COLLINEAR LIMIT
G. PAPATHANASIOU
LAPTh, CNRS, Université de Savoie, Annecy-le-Vieux F-74941, France
and
Physics Department, Theory Division, CERN, CH-1211 Geneva 23, Switzerland
The simplicity of maximally supersymmetric Yang-Mills theory makes it an ideal theoretical
laboratory for developing computational tools, which eventually find their way to QCD applications. In this contribution, we continue the investigation of a recent proposal by Basso,
Sever and Vieira, for the nonperturbative description of its planar scattering amplitudes, as
an expansion around collinear kinematics. The method of arXiv:1310.5735, for computing
the integrals the latter proposal predicts for the leading term in the expansion of the 6-point
remainder function, is extended to one the subleading terms. In particular, we focus on the
contribution of the 2-gluon bound state in the dual flux tube picture, proving its general form
at any order in the coupling, and providing explicit expressions up to 6 loops. These are
included in the ancillary file accompanying the version of this article on the arXiv.

1

Introduction and Summary

Maximally supersymmetric Yang-Mills theory (MSYM) offers a unique possibility for the nonperturbative investigation of gauge theories. In its strongly coupled regime it can be mapped to
weakly coupled strings of type IIB on AdS5 × S 5 , which are amenable to perturbative computations. Furthermore, in the planar limit, where the number of colors N goes to infinity with the
’t Hooft coupling λ ≡ gY2 M N fixed, integrable structures emerge, which allow the determination of certain quantities to all loops 1 . More importantly, by being the simplest 4-dimensional
interacting gauge theory, it serves as an excellent theoretical laboratory for developing computational tools, before applying them to QCD. Celebrated examples of this strategy are generalized
unitarity for scattering amplitudes and more recently the method of symbols, for an overview
see 2 and references therein. The symbol has been used in calculations of several QCD processes,
such as gluon fusion to heavy quark-antiquark pair 3 , relevant to experiments at the LHC.
In this contribution, we will focus on the near-collinear kinematics of the planar, Maximally
Helicity Violating (MHV) 6-point amplitude of MSYM. Planarity has the benefit that the only
surviving color structure is a single trace of generators in the adjoint representation of the gauge
group, which we can strip off in order to study its coefficient, the color-ordered amplitude.
Among all different helicity configurations for the external gluons of such amplitudes, it turns
out that the MHV ones A(+ · · · + −−), corresponding to all but two helicities being the same,
are the simplest. Remarkably, these amplitudes have been also observed to be dual to Wilson
loops made of straight lightlike segments, as shown in figure 1. And the fact that for n = 4, 5
legs the dimensionally regulated amplitude is accurately described to all loops by the ansatz
of Anastasiou-Bern-Dixon-Kosower/Bern-Dixon-Smirnov, implies that the 6-point amplitude is
indeed the next interesting case to consider. The remainder function is precisely the part of the

Figure 1 – Left: The n-point MHV amplitude An may be identified with a Wilson loop Wn after defining dual
space variables ki ≡ xi+1 − xi ≡ xi+1,i . Since ki2 = 0, all distances between the cusps xi will be lightlike. Right:
To take the collinear limit of W6 , we first connect two non-adjacent edges and form a square (OP SF ). It is
invariant under three symmetries, and we act with one of them on A and B, to flatten them on (OF ). We can
then think of (P O), (SF ) as a color-electric flux tube sourced by q q̄, and decompose W6 w.r.t. its excitations ψi .

amplitude not captured by the aforementioned ansatz. An account of these developments may
be found in 2 as well.
Last but not least, there is growing evidence that each term in the expansion of the remainder function around the limit where consecutive external momenta become collinear, can
be computed to all loops with the help of integrability, see 4,5,6 and references therein. For the
(l)
l-loop 6-point remainder function R6 , symmetry implies that this expansion has the form
(l)
R6

=

∞
X

[m/2]
−mτ

e

m=1

X
p=0

cos[(m − 2p)φ]

l−1
X

(l)
τ n fm,p,n
(σ)

(1)

n=0

where [x] denotes the integer part of x, and {τ, φ, σ} a convenient choice of kinematical variables,
in which the collinear limit is described by τ → ∞. As we illustrate in figure 1, each term in
the sum in m receives contributions from all m-particle excitations of a color-electric flux tube,
created by the two segments adjacent to the ones becoming collinear, whose dynamics are
encoded in an integrable spin chain.
These excitations may also be thought of as insertions the fields of the theory on the side
(OF ) of the middle square in figure 1. The leading m = 1 term in (1) comes from a single
gluon insertion, and integral expressions for it were found 4,5 by exploiting the aforementioned
integrable structures. In 7 , we analyzed these integrals, and proved that at any loop order,
X
(l)
±σ s
f1,0,n (σ) =
c±
σ Hm1 ,...,mr (−e−2σ ) , mi ≥ 1 ,
(2)
s,m1 ,...,mr e
s,r,mi

where c± are numeric coefficients, and Hm1 ...mn transcendental functions known as harmonic
polylogarithms (HPLs). Our proof constituted an algorithm for the direct evaluation of the
(l)
integrals for arbitrary l, which we employed in order to obtain f1,0,n for any n up to l = 6 loops,
and for n = l − 1 up to l = 12 loops.
More recently, the m = 2 particle excitations were analyzed, and all-loop integral expressions were also presented for the corresponding term in (1) 6 . A variety of different flux tube
excitations contributes in this case, and here we will focus on the 2-gluon bound state DF ,
(l)
whose contribution WDF is part of f2,0,n . Extending the method of 7 , we similarly prove that
(l)

WDF =

l−1
X
n=0

τ n h̃(l)
n (σ) ,

h̃(l)
n (σ) =

X

kσ s
−2σ
c0±
),
s,m1 ,...,mr e σ Hm1 ,...,mr (−e

k = ±2, 0 ,

(3)

s,r,mi
(l)

and provide explicit expressions for h̃n up to l = 6 loops. These are included in the computerreadable file WDF1-6.m accompanying the version of this article on the arXiv.

2

The 2-gluon Bound State Contribution

Let us start by reviewing what is known about R6 up to second order in the expansion around
collinear kinematics 6 . The kinematical dependence enters through the conformal cross ratios ui
of the cusp positions xj shown in figure 1, which we parametrize as (x0 ≡ x6 )
ui =

x2i,i+2 x2i−1,i+3
x2i,i+3 x2i−1,i+2

, u3 =

1
1 + e2σ + 2 eσ−τ cos φ + e−2τ

, u2 =

e−τ
sechτ , u1 = e2σ+2τ u2 u3 .
2

Around the collinear limit τ → ∞, the remainder function has an expansion of the form
R6 = log W − log WBDS ,

W = 1 + e−τ Wtwist-1 + e−2τ Wtwist-2 + O(e−3τ ) ,

where WBDS is a function known explicitly to all loops 5 , and


Wtwist-1 = cos φWF , Wtwist-2 = Wφφ + Wψψ̄ + WF F̄ + 2 cos(2φ) WF F + WDF ,

(4)

(5)

are the contributions of the flux tube excitations of the dual Wilson loop, consisting of gluons
F, F̄ , fermions ψ, ψ̄ and scalars φ of helicity ±1, ±1/2 and 0 respectively. In what follows we
will restrict our attention to the contribution of the 2-gluon bound state DF ,
Z +∞
du
WDF =
µ(u)e−γ(u)τ +ip(u)σ .
(6)
2π
−∞
In the last formula, the quantities γ(u), p(u), µ(u) are given to all loops in g 2 = λ/(4π)2 by
γ(u) ≡ E(u) − 2 = 4g Q · M · κ(u) ,

p(u) = 2u − 4g Q · M · κ̃(u) ,

πg 2 u u2 + 1
p
×
sinh (πu)(x++ x−− − g 2 ) ((x++ )2 − g 2 )((x−− )2 − g 2 )

 Z∞
2e−t cos(ut) − J0 (2gt) − 1 2κ̃(u)·Q·M·κ̃(u)−2κ(u)·Q·M·κ(u)
dt
(J0 (2gt) − 1)
e
,
exp
t
et − 1


µ(u) =

(7)

0

where Q is a matrix with elements Qij = δij (−1)i+1 i, M is related to another matrix K,
−1

M ≡ (1 + K)

=

∞
X

n

j(i+1)

(−K) ,

Z∞

Kij = 2j(−1)

n=0

dt Ji (2gt)Jj (2gt)
,
t
et − 1

(8)

0

Ji is the i-th Bessel function of the first kind, and κ, κ̃ are vectors with elements
Z∞
κj (u) ≡


(−1)j −1
)
dt Jj (2gt)(J0 (2gt) − cos(ut) et/2
t
t
e −1

0

Z∞
κ̃j (u) ≡

 t/2 (−1)(j+1) −1
dt
j+1 Jj (2gt) sin(ut) e
(−1)
.
t
et − 1

(9)

0

Finally, x±± = x(u ± i) with x(u) = u +
3

p


u2 − (2g)2 /2.

Method and Results

Our main result is the proof that the integral (6) evaluates to the basis (3) at any order l in
(l)
g 2  1, and the derivation of explicit expressions for h̃n (σ) up to l = 6. To this end, we employ

the method developed in 7 , which consists of reducing the integral into a sum over residues, and
using the technology of Z-sums 8 in order to absorb the summation into the definition of HPLs,
X
xn1
.
(10)
Hm1 ,...,mr (x) =
m1
r
n 1 . . . nm
r
n1 >n2 >...>nr ≥1

(l)

We have checked that our results for h̃n (σ) agree with the expansion of the full R6 to 4
loops 9 , and also with the σ → −∞ limit given by B in p.26 of 6 . For this we also need to compute
WF F to lowest order, which can be done along similar lines, see also 10 . We close by writing a new
(5)
prediction for part of R6 (all HPLs have argument −e−2σ , and Hi,(j,k) = (Hi,j,k + Hi,k,j )/2),
(
(5)

h̃4 =e2σ

160
3 H1,(1,3)

+ 16H1,2,2 + 32H2,(1,2) + 32H3,1,1 − 128H1,1,1,1,1 − 2H5 + (32σ − 8)H2,1,1



2
+ H3,2 ) + 64σH1,(1,2) + −32σ 2 + 64σ − 8π3 − 48 H1,1,1



32σ
16σ
+ 64
H3,1 + 40
H1,3 + 16σ
3 − 3
3 − 3
3 + 8 H2,2 + (128σ − 64)H1,1,1,1
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8π 2
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8π 2
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+
16σ
−
H
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−
+
24σ
+
−
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3
9
3
3
9
 2



16ζ(3)
4σ 3
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22σ 2
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131
+ 2σ3 − 20σ
+
+
H
+
−
+
+
+
−
+
3
3
18
4
3
3
3
3
3
18
24 H2


3
4
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9
3
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+ 32σ
−
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3 H1,4
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3 (H2,3



2
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4π 2 σ
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8σ
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+
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8ζ(3)
−
π
−
H
−
64H
+
−
1
1,1,1,1
9
9
3
3
3
3 H3






2
8ζ(3)
2
4π 2
σ4
14σ 3
28
π2
7π 2
47
+
12σ
−
H
−
+
+
−
−
σ
+
σ
−
+
+
+ − 16σ
2
3
9
9
9
3
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3
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3
+

20ζ(3)
3

−

7π 2
9

−

35
48

−

7π 4
2160

+ (σ → −σ) .

(l)

All h̃n (σ) up to l = 6 may be found in the ancillary file accompanying this article on the arXiv.
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Modern techniques of multiloop calculations
R.N. Lee
The Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia
I present a few new and recent ideas of the multiloop calculations.

1

Introduction

New Physics is expected to show up as tiny deviations from the predictions of the Standard Model.
Therefore, its searches essentially depend on our ability to obtain high-precision theoretical predictions within the Standard Model, and, in general, in Quantum Field Theory. This is where the
multiloop calculations come into play. The complexity of these calculations rapidly grows with
the increase of the the number of loop and/or legs. Therefore, there is a constant demand for
the new methods of the multiloop calculations. Another important issue is the necessity of the
automatization of as many stages of the calculation as possible.
As it concerns the automatization, one of the most fruitful idea is the use of the integration-bypart (IBP) identities 1,2 in order to reduce the problem to the calculation of a finite set of the master
integrals. While the derivation of the IBP identities is simple, their effective use for the reduction is
still an open problem. Despite more than thirty years of using the IBP reduction, there is no known
universal algorithm of finding all necessary reduction rules. Practical approaches implemented in
most public packages mainly rely on the brute-force search, known as Laporta algorithm 3 .
It is important that the IBP reduction allows one to obtain the differential 4,5 and difference 3,6,7
equations for the master integrals. These equations can be used for the calculation of the master
integrals without explicit integration. The method of differential equations can not be directly
applied to the integrals depending on one scale. In this case one may switch to the difference
equations. In particular, in dimensional regularization there is an elegant possibility to use the
dimensional shift relations 8,6 .
2

Multiloop integral

To fix notation, let us assume that we are interested in the contribution of the L-loop diagram
depending on the E external momenta p1 , . . . , pE . There are N = L(L + 1)/2 + LE scalar products
depending on the loop momenta li :
sij = li · qj , 1 6 i 6 L, j 6 L + E,

(1)

where q1,...,L = l1,...,L , qL+1,...,L+E = p1,...,E . After the tensor reduction and partial fractioning, the
problem is reduced to the calculation of the scalar integrals of the following form
J (d) (n) = J(n1 , n2 , . . . , nN ) = (iπ d/2 )−L

Z

dd l1 . . . dd lL
nN ,
D1n1 D2n2 . . . DN

(2)

As usual, we assume that D1 , . . . , DN form a complete basis in the sense that any sik can be
uniquely expressed in terms of Dα . Some of Dα correspond to the denominators of the propagators,
others may correspond to the irreducible numerators. E.g., the K-legged L-loop diagram with
generic external momenta corresponds to E = K − 1 and the maximal number of denominators
is M = E + 3L − 2, so that the rest N − M = (L − 1)(L + 2E − 4)/2 functions correspond to
irreducible numerators. The integral J (d) (n) is said to belong to the sector θ = (θ1 , . . . , θN ), where
θα = θ(nα − 1/2). The multiindex n = (n1 , . . . , nN ) can be thought of as a point in ZN and the
whole family (2) determines a function J (d) : ZN → C. In what follows, we will use operators Aα
and Bα acting on such functions and defined as


Aα J (d) (n1 , . . . , nN ) = nα J (d) (n1 , . . . , nα + 1, . . . , nN ) ,


Bα J (d) (n1 , . . . , nN ) = J (d) (n1 , . . . , nα − 1, . . . , nN ) .
(3)
3

Reduction and parametric representation

The conventional form of the parametric representation of the integral J (n) depends on two polynomials

ij
(4)
U (z1 , . . . , zN ) = det (a) , F (z1 , . . . , zN ) = c det (a) − aAdj bi · bj ,
where aij = aji , bi , and c are determined from
X
X
X
z α Dα =
aij li · lj + 2
bi · li + c .
α

i,j

(5)

i

In Ref. 9 the modified parametric representation has been introduced. The resulting formula, which
works also for the integrals with numerators, reads
J (d) (n) =

Y
Γ [d/2]
I nα G−d/2 ,
Γ [(L + 1) d/2 − Σn] α α

G=F +U.

where Σn = n1 + . . . nN , and the functionals Iαm are determined as
( R
m−1
∞ dzα zα
φ(zα ) m > 0
m
0
Γ(m)
Iα [φ(zα )] =
m
(−m)
(−1) φ
(0) m 6 0

(6)

(7)

for smooth functions falling off sufficiently fast at zα → ∞. Note that these functionals satisfy
relations
Iαm [−∂φ(zα )/∂zα ] = Iαm−1 [φ(zα )] , Iαm [zα φ(zα )] = mIαm+1 [φ(zα )] .
(8)
In Ref. 9 it was shown that the number of master integrals in a given sector θ can be determined from the properties of the polynomial Gθ , where Gθ is obtained from G by nullifying all
parameters corresponding to the numerators of this sector. Loosely speaking, the main idea of
the consideration of Ref. 9 was the following. The IBP identities may be thought of as defining
equivalences between exterior differential forms up to total derivative. The master integrals are
then naturally associated with the basis of the de Rham cohomology group. Their number is just
the vector space dimensionality of this group (the Betti number). Due to the Poincare duality, this
dimensionality should be equal to the number of independent integration cycles. Strictly speaking,
this duality necessarily holds only for compact manifolds, so some complications connected with
non-compactness of CM are expected. Apart from these complications, the basis of the integration
cycles can be chosen as the upward flow contours attached to the nonzero critical points of Gθ .
The number of these critical points can be calculated algebraically, and the Mathematica package
Mint has been derived to automatize this task.
Note that the above consideration tacitly assumes the possibility to derive IBP relations directly
in the parametric representation. Besides, it only gives one a tool to count the master integrals

from the parametric representation, but not to make the reduction. Therefore, the explicit form of
the IBP relations in the parametric representation is of a considerable interest.
In order to derive these relations, one might try the following approach. Start from the expression
nN
I1n1 . . . IN
[−∂α (G/Gd/2 )] .
(9)
nN
Due to the first relation (8), this expression is equal to I1n1 . . . Iαnα +1 . . . IN
[G/Gd/2 ]. On the other
nN
hand, explicit differentiation gives (d/2 − 1)I1n1 . . . IN
[(∂α G)/Gd/2 ]. Using second relation (8), it
(d)
is easy to express both forms via integrals J
with shifted indices. However, it can be checked
explicitly that the obtained identities do not give satisfactory reduction. It means that putting G
in the numerator of Eq.(9) was too generous, and we could be more economic. Indeed, assume that
polynomials Q(z1 , . . . , zN ), Q1 (z1 , . . . , zN ), . . . QN (z1 , . . . , zN ) are such that the following relation
holds
X
Qα ∂α G = 0 .
(10)
QG +
α

I1n1

P
nN
. . . IN
[− α ∂α (Qα /Gd/2 )]

Then, starting from
instead of (9), we still obtain relations between
J (d) . The resulting identity can be represented as
!
X
d
Qα (A1 , . . . , AN )Bα + Q(A1 , . . . , AN )]J˜(d) (n) = 0 ,
(11)
2
α
where Aα and Bα are defined in Eq. (3), and J˜(d) (n) = Γ [(L + 1) d/2 − Σn] J (d) (n). Note that (9)
corresponds to a specific choice Q = −∂α G, Qβ = Gδαβ .
The (N + 1)-tuple hQ, Q1 , . . . QN i satisfying Eq. (10) is called a syzygy of the module M
generated by hG, ∂1 G, . . . ∂N Gi. The set of all syzygies form a syzygy module of M . It is important
that, given M , one can routinely find the Groebner basis of the syzygy module. The corresponding
algorithms are implemented in many computer algebra systems. For each element of the basis we
can construct the identity (11) and this will give us the IBP identities in the parametric representation. Some tests undertaken show good perspectives of the reduction based on the described
approach. The details of this approach will be described elsewhere.
4

Differential equations

The general idea of constructing the differential equations is to differentiate the master integral
with respect to some external parameter under the integral sign and to make the IBP reduction.
Differential equations with respect to the invariant constructed of the external momenta 5,10 can
be obtained using the following formulas:
∂
∂ (p1 · p2 )

J (n) =

X

G−1 i2 pi · ∂p1 J (n) ,

∂
 J (n)
∂ p21

=

1 X  −1 
G i1 pi · ∂p1 J (n) ,
2

(12)

where G = {pi · pj } is a Gram matrix. After the IBP reduction the right-hand side is expressed
in terms of the master integrals. In the general case of several parameters x, y, . . . the resulting
differential system can written in the form
dJ = M(, x, y, . . .)J ,

(13)

where J is the column of the master integrals and M = Mx dx + My dy + . . . is some differential form
with matrix coefficients.
In Ref. 11 a remarkable observation has been made: with a wise choice of the master integrals
the -dependence of M is reduced to the overall factor . This factorization dramatically simplifies
solution of the differential system which was demonstrated in many applications 12,13,14,15,16 . For
further details of this approach we refer the reader to J.Henn contribution in these proceedings. We
only note that devising the universal algorithm of finding such simplified form of the differential
system is very desirable.

5

Dimensional recurrence relations

Dimensional recurrence relations (DRRs) introduced by Tarasov 6 (see also an earlier work 8 for
the specific three-loop case) can be derived in many ways, see original work by Tarasov 6 and
also Ref. 17 . It is very easy to derive raising DRR from the representation (6). Using the first
relation (8) we obtain J˜(d−2) (n) = 1 (G(A)J˜(d) )(n). Now, using the IBP identity (11) with
d/2−1

Qα = Gzα , Q = zα ∂α G = (L + 1)F + LU , we obtain
J (d−2) (n) = U (A1 , . . . , AN )J (d) (n) .

(14)

Note that this formula works also for the integrals with numerators. Using this formula for the
master integrals and performing the IBP reduction of the right-hand side, we obtain the system of
dimensional recurrences
J(d−2) = M()J(d) .
(15)
The general solution of this system depends on several arbitrary periodic functions ω i (d) = ω i (d−2)
(compare with arbitrary constants in the general solution of differential equations). In order to fix
those functions, one may apply the DRA method 7 . The basic idea of this method is the following.
Each ω i , understood as the function of z = exp(iπd), appears to be a meromorphic function on C.
Therefore, in order to fix it, it is sufficient to know the position of its poles and principal parts of
the Lorent expansion around them (plus one constant). This information can be extracted from
the consideration of the singularities of the master integrals on any vertical stripe with width 2 on
the complex plane of d. For the details and examples of application of the DRA method we refer
the reader to Refs. 7,18,19,20 .
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Missing higher-order theoretical uncertainties
in a Bayesian statistics framework
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We consider the Bayesian framework proposed recently by Cacciari and Houdeau 1 to estimate
missing higher-order uncertainties (MHOU) which arise in QCD due to unknown higher-order
corrections. We address some aspects which were criticised in the original model and discuss
the performance of the model in the case of observables without initial-state hadrons by
calculating the MHOU for a set of 19 observables at different orders and comparing them to
known higher-order contributions. We then extend the method to observables with initialstate hadrons and perform the same study with a set of 20 observables. In both cases, we
compare the results to those obtained with the standard procedure of scale variation. As a
by-product of this analysis, we derive a heuristic confidence level (CL) for scale-variation (SV)
intervals. We find that when assigning a CL of 68% to SV intervals with the conventional
choice of varying the scales within a factor of two with respect to a central scale, one risks to
underestimate the uncertainties.

1

Introduction

Precision phenomenology studies aimed for by the Large Hadron Collider (LHC) physics program, require accuracy not only in experimental measurements but also in theoretical predictions. Once experimental and theoretical uncertainties are similar in size, it becomes important
to be able to assess quantitatively the importance of unknown higher-order terms in perturbative
calculations.
At a hadron collider like the LHC, perturbative QCD calculations are especially important
and we therefore perform our study on uncertainties due to unknown higher-orders corrections
in this model. In the past, they have been estimated by varying the unphysical renormalisation
and factorisation scales which appear in the calculation. This approach has served the QCD
community well for more than thirty years to quickly estimate the size of missing higher-order
contributions, but especially for hadronic observables, it does not give reliable predictions for the
size of the MHOU. In addition, this method does not provide a density profile and thus makes
it impossible to assign a statistical interpretation to the intervals obtained with this procedure.
Recently, a new framework based on Bayesian statistics was proposed by Cacciari and
Houdeau 1 with the aim of overcoming some of these limitations. In this contribution, we
present an on-going work 2 which extends the CH framework and addresses some of the drawbacks of the original model. We will also propose an extension of the model to observables with
initial-state hadrons. Finally, MHOU obtained with the modified Cacciari-Houdeau framework
are compared to SV intervals and as a by-product of our studies, we can assign a heuristic
confidence level to the standard SV intervals.

2

The Cacciari-Houdeau (CH) Bayesian model

A generic QCD observable can be written in the following form
Ok (Q, µ)

=
µ=Q

k
X

αsn (µ)

n=l

≡

cn (Q, µ)
µ=Q

µ=Q

k
X

αsn cn ,

(1)

n=l

where Q is the physical hard scale of the process and µ is a symbol which represents the
unphysical scales in the process (e.g. the renormalisation scale) that here we assume to be taken
equal to Q. The remainder of the series is the sum of the uncomputed higher orders
∆k =

∞
X

αsn cn .

(2)

n=k+1

The aim of the Cacciari-Houdeau model is to provide a statistically meaningful probability distribution for ∆k starting from the known coefficients {cl , . . . , ck }. To achieve this, it uses a few simple assumptions and Bayesian inference to compute the posterior distribution f (∆k |cl , . . . , cn ).
The model relies on the following hypotheses:
• All the perturbative coefficients {cl , . . . , ck } are
· · · ' O(ck ). This is encoded in a step function
cients with the hidden parameter c̄

1
1
f (cn |c̄) =
2c̄ 0

of the same order of magnitude O(cl ) '
for the density distribution of the coeffiif |cn | ≤ c̄
if |cn | > c̄.

• The density distributions of two coefficients from the set {ci , i ∈ I} are independent
Y
f ({ci , i ∈ I}|c̄) =
f (ci |c̄).

(3)

(4)

i∈I

• We do not have any information on the order of magnitude of the hidden parameter c̄.
Therefore, a non-informative prior on the hidden parameter c̄, a log-uniform distribution,
is chosen
1 1
f (c̄) =
χ
.
(5)
2| ln | c̄ ≤c̄≤1/
Here  is taken to zero at the end of the computation.
If the expansion parameter is sufficiently small, we can assume that the remainder of the series
is dominated by the first unknown order, i.e. ∆k ' αsk+1 ck+1 .Then, the posterior of the model
for ∆k can be computed analytically and takes in a simple form


1
if |∆k | ≤ αsk+1 c̄k



nc
1
f (∆k |cl , . . . , ck ) '
(6)
 k+1 nc +1
nc + 1 2αsk+1 c̄k 
k+1 c̄ ,
 αs c̄k
if
|∆
|
>
α
k
k
s
|∆k |
where nc is the number of coefficients available in the computation and c̄k ≡ max(|c1 |, . . . , |ck |).
3

The modified Cacciari-Houdeau (CH ) model

One of the drawbacks of the original CH model is that it leads to posterior distributions of the
remainder function ∆k which depend on the expansion parameter of the series expansion of the
observable. Moreover, the coefficients satisfy the model’s hypothesis to all be of the same order
of magnitude only for the “correct” choice of the expansion parameter. In perturbative QCD, the
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Figure 1 – Dependence of the posterior distribution on the prior on the hidden parameter c̄. On the left, comparison
at LO of the default log-uniform prior with respect to a log-normal one. On the right, the same comparison but
at NNLO.

expansion parameter is not uniquely defined. To address these issues, we introduce a parameter
λ which reflects our ignorance of the optimal expansion parameter for QCD observables. Our
expression for a generic QCD observable is then given by
Ok =

k 
X
αs n
n=l

λ

k

(n − 1)! λn

X  αs n
cn
≡
(n − 1)! dn ,
(n − 1)!
λ

(7)

n=l

where we have isolated a factor (n − 1)! in the expansion which can be motivated from theory
by looking at the behaviour of the coefficients cn for large n due to renormalon chains. We
assume the same priors on the modified coefficients dn as on the original cn . Then, we tune λ
by measuring the performance of the model for a fixed λ value on a given set of observables.
At a given order and for a given degree of belief (DoB), we calculate for each observable the
corresponding interval. Then, we compute the success rate defined as the ratio between the
number of observables whose next-order is within the computed DoB interval over the total
number of observables in the set. We define the optimal λ value to be such that the success rate
is equal to requested DoB.
With these modifications, the analytic expression for the posterior density distribution for
∆k is given by

k+1



d¯k
1
if |∆k | ≤ k! αλs

k+1
nc
λ
(8)
f (∆k |dl , . . . , dk ) '

nc +1

nc + 1 2k!αsk+1 d¯k 
d¯k
αs k+1 ¯
s
 k!αk+1
if
|∆
|
>
k!
d
k
k
λ
|∆ |λk+1
k

where nc is the number of coefficients available in the computation and d¯k = max(|d1 |, . . . , |dk |).
This analytic expression captures the general features of the posterior distributions for ∆k
produced by this class of models: a flat top with power suppressed tails.
3.1

The model’s dependence on the prior on c̄

The choice of the priors in a Bayesian model is arbitrary and subjective. In the original formulation, the prior on c̄ was chosen as non-informative as possible, i.e. a log-uniform distribution.
However, the downside of such a conservative choice is that at low perturbative orders, the tails
of the posterior distribution for ∆k are very long and give rise to very large intervals if a large
DoB is given as an input to the model. As a test, we use a more informative prior. If we scale
all coefficients dn by the first coefficient dl , the hypothesis that all coefficients are of order unity
is equivalent to the original hypothesis that all coefficients are of the same order of magnitude.
Hence, we can also consider a log-normal distribution around zero
f (c̄) = √

log2 c̄
1
e− 2σ2 ,
2πc̄ σ

c̄ > 0

(9)
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Figure 2 – Results for the λ tuning procedure for non-hadronic observables. On the left, histogram with the
distribution of the “optimal” λ value found in a DoB scan in the interval [0.05, 0.95]. On the right, success rate
of the model, for six values of λ as a function of the requested DoB.

as a prior on the hidden parameter c̄. Care has to be taken that the width of the log-normal
distribution is chosen large enough which means in accordance with the actual variations of the
coefficients.
We see from fig. 1 that indeed using a more informative prior (red curve), suppresses the
tails of the posterior distributions and therefore makes the error bars smaller. Here, a lognormal distribution with σ = 1 was used. Nevertheless, we use the original log-uniform prior
for our main analysis to try to be as conservative as possible and to avoid biasing our results.
In addition, the log-uniform prior leads to an analytic expression which is convenient for the
numerical analysis of a large set of observables and for the usage of the method in the context
of the LHC physics program.
4

Results for EW precision observables

To tune the λ parameter in the non-hadronic case, we use a set of 19 observables including
hadron production in electron-positron scattering, DIS sum rules, bottom-quark and Z-boson
decays, event shape variables, splitting kernels and finally Higgs decays. We show the results
of the tuning procedure described in section 3 in figure 2. On the left, we have a histogram
with the “optimal” values of λ determined in a scan of DoBs between 0.05 and 0.95, separately
at LO and at NLO. On the right, we plot the success rate of the model versus the requested
DoB for a set of six λ values, combined at LO+NLO. We see that there is excellent agreement
between the plots. In the plot on the right, we can identify the the best value of λ since its curve
should lie close to the straight dashed line, where the success rate is equal to the input DoB. The
grey band represents the 1-σ error on the measurement of the success rate of 19 independent
observables. We can use it to roughly estimate how well we can determine λ for a finite set of
observables. From both plots, we can extract an estimated interval for the optimal λ of [0.7, 1.1]
at LO and in [0.9, 1.2] at NLO. We observe that the model gives consistent results at LO and
NLO, so we use λ = 1 as our best value of λ for the non-hadronic case at all orders for our
subsequent analysis.
In figure 3, we display the results for the Higgs decay channel 4 H → γγ, which is particularly
important for experimental searches at the LHC. We plot in blue the 68% DoB (dark-thick) and
the 95% (light-thin) error bars as produced by the CH model with λ = 1. As a comparison, we
plot in red the scale variation results for a rescaling factor of 2 (dark-thick) and 4 (light-thin).
For this observable, with small QCD corrections, we see that the NLO-QCD contribution is
contained in the 68% CH interval and in the r = 2 scale variation interval of the LO-QCD
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result. We also observe that the 68% DoB interval is comparable to the r = 4 scale variation
interval. On the right, we show the characteristic density profile of the CH model, a flat plateau
with power suppressed tails. We observe that the r = 2 scale variation interval is smaller than
the size of the flat top part of the distribution.
5

Extension to hadronic observables

The original CH model was formulated with observables without initial-state hadrons in mind.
Extending it to observables with initial-state hadrons is not straightforward. We can write a
generic hadronic observable as a convolution
Ok (τ, Q) = L(Q) ⊗

k
X

αsn Cn (Q)

(10)

n=l

where L is the parton luminosity, Cn (Q) is the hard-scattering coefficient function and Q is the
characteristic scale of the process. All the unphysical scales are taken to be equal to Q. In
eq. (10), the equivalent of the short-scale coefficient cn is the coefficient function Cn , which is
a distribution and not a simple number. It is therefore not possible to directly apply the CH
method to it. Another issue is the presence of non-perturbative physics hidden in the parton
luminosity. There are two possible ways to extended the CH to this case
1. Express the cross section as a series whose coefficients are convolutions of the coefficients
of the partonic cross section and the PDFs and then proceed just as in the non-hadronic
case.
2. Translate the observable to Mellin space, find the dominant moment N ∗ of the Mellin
inversion integral and apply the CH method to the coefficient function evaluated at N ∗ .
Finally apply the uncertainty to the full observable taking into account a rescaling factor
between the full observables and the observable in Mellin space.
In the first approach, we simply rewrite the observable as
Ok (τ ) =


k 
X
αs n
n=l

λh

(n − 1)! hn (τ ),

(11)

where hn now implicitly contains the non-perturbative physics from the parton luminosity and
the perturbative terms that come from DGLAP evolution. In a first approximation, we assume
that this content is equal at all orders and therefore it does not influence the size of our uncertainty intervals. The optimal expansion parameter is denoted by αs /λh to distinguish it from
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Figure 4 – Results for the λ tuning procedure for hadronic observables. On the left, histogram with the distribution
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the one used in the non-hadronic case. We re-tune it using the same procedure as previously
and an appropriate set of observables with initial-state hadrons.
The second approach is based on the Mellin space expression of the observable. Instead of
a convolution of distributions, it is now just a simple product of numbers
Ok (N, Q) = L(N + 1)

k
X
αn
s

n=l

λnh

(n − 1)! Dn (N, Q).

(12)

It was recently demonstrated by Forte and collaborators 5,6 that a dominant moment of the
Mellin inversion integral exists and that a saddle point approximation around it is a good
approximation of the full result (at least for Higgs-boson production in gluon fusion and for
Drell-Yan processes). Moreover, it is a good approximation to use the same dominant moment
at all perturbative orders. We can exploit this observation and apply the CH method to hadronic
observables. More precisely, we apply the CH method to the Mellin space coefficient functions
at the dominant moment N ∗ and calculate its uncertainty interval. The uncertainty interval for
a requested DoB for the complete observable is obtained by rescaling proportionally the result
to the full observable. This approach is less straightforward to implement in practice, since it
requires the determination of the dominant moment for every observable. On the other hand, it
has the advantage of separating clearly and explicitly the hard-scattering part from long-range
physics.
6

Results for hadronic observables

By proceeding exactly as in the non-hadronic case, we tune the λh parameter using a set of
hadronic observables including DIS structure functions, Higgs production, heavy-quark production, Drell-Yan with and without jets and vector-boson production. In figure 4, we show the
results of this procedure. On the left, we histogram the optimal λh values at LO and at NLO.
On the right, we plot the success rate of the model versus the requested DoB for six values of λh .
Again, we have a good agreement between the two different methods of presenting the results.
We see that different from the non-hadronic case, the histograms are wider and the peaks at
LO and at NLO are more separated. Nevertheless, we can extract with good approximation an
interval for λh of [0.4,0.8]. In our further analysis, we use the central value of λh = 0.6.
In figure 5, we show the error bars for Higgs production in gluon fusion 7 , computed with
the two different extensions of the CH model to hadronic observables. The blue error bars are
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computed in the CH model for a DoB of 68% (dark-thick) and 95% (light-thin). They can be
compared to the red scale-variation intervals with r = 2 (dark-thick) and r = 4 (light-thin).
We observe again that the scale variation r = 4 intervals are similar in size to the 68% DoB
Bayesian ones. By comparing the left and right plot, we can see that for this observable, the
coefficient- and the Mellin-based procedure give almost exactly the same results. In the case of
this observable, both the 68% DoB Bayesian interval and the r = 2, 4 scale variation intervals
do not include the next order, both at LO and at NLO.
7

Scale variation

As a by-product of our analysis, we have also analysed the statistical behaviour of the standard
scale-variation procedure. In figure 6, we show the heuristic CL value for the scale-variation
interval as a function of the rescaling factor used to generate the interval by rescaling the central
value by the factor r or 1/r. In the hadronic case, we have excluded the extreme combinations
of factorisation and renormalisation scales because they give rise to large logarithms. From the
left plot, we see that in the non-hadronic case, the LO interval reaches a heuristic CL of 68% at
r = 4 and then climbs towards a flat plateau with a heuristic CL of 80% while at NLO, a plateau
with a heuristic CL of 68% is reached for r = 2.5. The right plot shows that in the hadronic
case, the LO intervals can never be interpreted as 68% intervals, while the NLO intervals reach
a CL of 68% at values of r slightly bigger than 4 and then climb to a flat plateau around a
heuristic CL of 80%.

8

Conclusions and Outlook

With our sets of observables with and without initial-state hadrons, we can assign a heuristic
CL to scale variation. In general, values between r = 2 and r = 4 lead to a heuristic CL
of about 68% except for for hadronic observables at LO, where scale-variation does not seem
to reflect the size of MHOU correctly. Nevertheless, scale-variation does not provide density
profiles which allow to calculate intervals at different CL’s. The CH model overcomes some of
the downsides of scale variation. Not only does it give consistent results at LO and NLO, but
it also naturally provides density profiles which give the intervals obtained in this formalism a
statistical interpretation. The model can be extended to hadronic observables though the results
for the optimal expansion parameter vary more between LO and NLO. This might be solved by
introducing specific observable classes, e.g. sorting observables by their dominant production
channel or whether they are more “inclusive” or “exclusive” depending on whether there are
jets in the final state or not.
Another improvement of the model can be obtained by introducing a prior on the λ parameter
which reflects our ignorance of the optimal expansion parameter and to use Bayesian inference
to tune λ rather than testing a posteriori the performance of the model for different expansion
parameters.
Finally, a survey of the applicability of the model to resummed and differential observables
is required for a wider usage in the context of the LHC physics program.
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There is little doubt that hydrodynamic flow has been observed in heavy ion collisions at the
LHC and RHIC, mainly based on results on azimuthal anisotropies, but also on particle spectra
of identified particles, perfectly compatible with hydrodynamic expansions. Surprisingly, in
p-Pb collisions one observes a very similar behavior. So do we see flow even in p-Pb? We will
try to answer this question.

Collective hydrodynamic flow seems to be well established in heavy ion (HI) collisions at
energies between 200 and 2760 AGeV, whereas p-p and p-nucleus (p-A) collisions are often
considered to be simple reference systems, showing “normal” behavior, such that deviations of
HI results with respect to p-p or p-A reveal “new physics”. Surprisingly, the first results from
p-Pb at 5 TeV on the transverse momentum dependence of azimuthal anisotropies and particle
yields are very similar to the observations in HI scattering 1,2 .
Do we see radial flow in p-Pb collisions? In order to answer this question, we will employ
the EPOS3 approach 3 , well suited for this problem, since it provides within a unique theoretical
scheme the initial conditions for a hydrodynamical evolution in p-p, p-A, and HI collisions. The
initial conditions are generated in the Gribov-Regge multiple scattering framework. An individual scattering is referred to as Pomeron, identified with a parton ladder, eventually showing
up as flux tubes (also called strings). Each parton ladder is composed of a pQCD hard process,
plus initial and final state linear parton emission. Our formalism is referred to as “Parton based
Gribov Regge Theory” and described in very detail in 4 . Based on these initial conditions, we
performed already ideal hydrodynamical calculations (EPOS2) 5,6,7,8 to analyse HI and p-p scattering at RHIC and LHC. In EPOS3 we add two major improvements: a more sophisticated
treatment of nonlinear effects in the parton evolution by considering individual (per Pomeron)
saturation scales 9 , and a 3D+1 viscous hydrodynamical evolution. There are also changes in
our core-corona procedure, which
amounts to separate the initial energy of the flux tubes into a part which constitutes the
initial conditions for hydro (core) and the particles which leave the “matter”. This is crucial as
well in proton-nucleus collisions (as in all other collision types).
To understand the results discussed later in this paper, we show in fig. 1 the effect of flow on
identified particle spectra, by comparing pt distributions from pure string decay to spectra from
a pure hydrodynamic evolution. In case of string fragmentation, heavier particles are strongly
suppressed compared to lighter ones, but the shapes are not so different. This picture changes

dn/dptdy
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Figure 1 – (Color online) Identified particle spectra as a function of pt , for central (0-5%) p-Pb collisions at 5.02
TeV. We show results for particle production from string decay, i.e. EPOS without hydro (dotted curves), and
particle production from pure hydro, without corona (solid lines). In both cases, we show (from top to bottom)
pions, kaons, protons, and lambdas.

completely in the fluid case: The heavier the particle, the more it gets shifted to higher pt . This
is a direct consequence of the fact that the particles are produced from fluid cells characterized
by radial flow velocities, which gives more transverse momentum to heavier particles.
There are few other studies of hydrodynamic expansion in proton-nucleus systems. In 10 ,
fluctuating initial conditions based on the so-called Monte Carlo Glauber model (which is actually a wounded nucleon model) are employed, followed by a viscous hydrodynamical evolution.
Also 11 uses fluctuating initial conditions, here based on both Glauber Monte Carlo and Glasma
initial conditions. Finally in 12 , ideal hydrodynamical calculations are performed, starting from
smooth Glauber model initial conditions.
In the following, we will compare experimental data on identified particle production with
our simulation results (referred to as EPOS3), and in addition to some other models, as there are
QGSJETII 13 , AMPT 14 , and EPOS LHC 15 . The QGSJETII model is also based on Gribov-Regge
multiple scattering, but there is no fluid component. The main ingredients of the AMPT model
are a partonic cascade and then a hadronic cascade, providing in this way some “collectivity”.
EPOS LHC is a tune (using LHC data) of EPOS1.99. As all EPOS1 models, it contains flow,
put in by hand, parametrizing the collective flow at freeze-out. Finally, the approach discussed
in this paper (EPOS3) contains a full viscous hydrodynamical simulation. So it is interesting
to compare these four models, since they differ considerably concerning the implementation of
flow, from full hydrodynamical flow in EPOS3 to no flow in QGSJETII.
The CMS collaboration published a detailed study 1 of the multiplicity dependence of (normalized) transverse momentum spectra in p-Pb scattering at 5.02 TeV. The multiplicity (referred
to as Ntrack ) counts the number of charged particles in the range |η| < 2.4. In fig. 2, we compare
experimental data 1 for pions (black symbols) with the simulations from QGSJETII (upper left
figure), AMPT (upper right), EPOS LHC (lower left), and EPOS3 (lower right). The different
curves in each figure refer to different centralities, with mean values (from bottom to top) of 8,
84, 160, and 235 charged tracks. They are shifted relative to each other by a constant amount.
Concerning the models, QGSJETII is the easiest to discuss, since here there are no flow features
at all, and the curves for the different multiplicities are identical. The data, however, show a
slight centrality dependence: the spectra get somewhat harder with increasing multiplicity. The
other models, AMPT, EPOS LHC, and EPOS3 are close to the data.
In figs. 3, 4, we compare experimental data 1 for kaons and protons (black symbols) with
the simulations. The experimental shapes of the pt spectra change considerably, getting much
harder with increasing multiplicity. In QGSJETII, having no flow, the curves for the different
multiplicities are identical. The AMPT model shows some (but too little) change with multiplicity. EPOS LHC goes into the right direction, whereas EPOS3 gives a reasonable description of
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Figure 5 – (Color online) Kaon over pion ratio as a function
of transverse momentum in p-Pb scattering at 5.02 TeV, for
the 0-5% highest multiplicity (red dashed-dotted lines, circles)
and 60-80% (green solid lines, triangles).

the data. It seems that hydrodynamical flow helps considerably to reproduce these
data.
Also ALICE 2 has measured identified particle production for different multiplicities in p-Pb
scattering at 5.02 TeV. Here, multiplicity counts the number of charged particles in the range
2.8 < ηlab < 5.1. It is useful to study the multiplicity dependence, best done by looking at
ratios. In fig. 5, we show the pion over kaon (K/π) ratio as a function of transverse momentum
in p-Pb scattering at 5.02 TeV, for high multiplicity (red dashed-dotted lines, circles) and low
multiplicity events (green solid lines, triangles), comparing data from ALICE 2 (symbols) and
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Figure 7 – (Color online) Same as fig. 5, but Λ over
Ks ratio.

simulations from QGSJETII, AMPT, EPOS LHC, and EPOS3 (lines). In all models, as in the
data, there is little multiplicity dependence. However, the QGSJETII model is considerably
below the data, for both high and low multiplicity events. AMPT is slightly below, whereas
EPOS LHC and EPOS3 do a reasonable job. Concerning the proton over pion (p/π) ratio, fig. 6,
again QGSJETII is way below the data, for both high and low multiplicity events, whereas the
three other models show the trend correctly, but being slightly above the data. Most interesting
are the lambdas over kaon (Λ/Ks ) ratios, as shown in fig. 7, because here a wider transverse
momentum range is considered, showing a clear peak structure with a maximum around 23 GeV/c and a slightly more pronounced peak for the higher multiplicities. QGSJETII and
AMPT cannot (even qualitatively) reproduce this structure. EPOS LHC shows the right trend,
but the peak is much too high for the high multiplicities. EPOS3 is close to the data.
To summarize these ratio plots (keeping in mind that the QGSJETII model has no flow,
AMPT “some” flow, EPOS LHC a parametrized flow, and EPOS3 hydrodynamic flow): Flow
seems to help considerably. However, from the Λ/Ks ratios, we conclude that EPOS LHC uses a
too strong radial flow for high multiplicity events. The hydrodynamic flow employed in EPOS3
seems to get the experimental features reasonably well. Crucial is the core-corona procedure
discussed earlier: there is more core (compared to corona) in more central collisions, but the
centrality (or multiplicity) dependence is not so strong, and there is already an important core
(=flow) contribution in peripheral events.
Finally, we sketch very briefly results on elliptical flow v2 obtained from dihadron correlations, showing ALICE results 16,17 and EPOS3 simulation, see ref. 18 for details. In fig. 8. we
plot v2 as a function of pt . Clearly visible in data and in the simulations: a separation of the
results for the tywo hadron species: in the pt range of 1-1.5 GeV/c, the proton result is clearly
below the pion one. Within our fluid dynamical approach, the above results are nothing but a
“mass splitting”. The effect is based on an asymmetric (mainly elliptical) flow, which translates
into the corresponding azimuthal asymmetry for particle spectra. Since a given velocity translates into momentum as mA γv, with mA being the mass of hadron type A, flow effects show up
at higher values of pt for higher mass particles.
To summarize : Comparing experimental data on identified particle production to various
Monte Carlo generators, we conclude that hydrodynamical flow seems to play an important role
in p-Pb scattering.
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Figure 8 – (Color online) Elliptical flow coefficients v2 for pions and protons. We show ALICE results (triangles)
and EPOS3 simulations (squares and circles). Pions appear red and yellow, protons blue and green.
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Extraction of αs from the energy evolution of jet fragmentation functions at low z
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A novel method to extract the QCD coupling αs from the energy evolution of the moments
of the parton-to-hadron fragmentation functions at low fractional hadron momentum z, is
presented. The evolution of the moments (multiplicity, peak, width, skewness) of the chargedhadron distribution in jets is computed at NMLLA+NLO∗ accuracy and compared to the
experimental deep-inelastic e± p data. Values of the strong coupling constant at the Z pole,
αs (m2Z ) = 0.119±0.010, are obtained in excellent numerical agreement with the current world
average determined using other methods at the same (NLO) level of accuracy.

1

Introduction

In the chiral limit of massless partons, quantum chromodynamics (QCD) has one single fundamental parameter: its coupling constant αs , determined at a given reference energy scale Q.
Starting from a value of ΛQCD ≈ 0.2 GeV, where the perturbatively-defined coupling diverges,
the value of αs decreases with energy following a generic ln(Q2 /Λ2QCD ) dependence. The current αs world average 1 at the Z mass pole αs (m2Z ) = 0.1185±0.0006, has a ±0.5% uncertainty,
making of the strong coupling the least precisely known of all fundamental constants in nature.
Reducing the αs uncertainties to the permille level is a prerequisite (i) in calculations of higherorder corrections to all (partonic) cross sections at hadron colliders, (ii) for precision fits of the
Standard Model (αs dominates e.g. the Higgs boson H→ bb partial width uncertainty), and
(iii) for searches of physics beyond the SM (e.g. running of the interaction couplings up to the
grand unification scale).
In this context, it is of utmost importance to find new independent approaches to determine
αs from the data, with different experimental and theoretical uncertainties than the methods
currently used. In Ref. 2 we have presented a new technique to obtain αs from the energy
evolution of the moments of the parton-to-hadron fragmentation functions including, for the
first time, higher-order NNLL logarithms resummations and NLO running-coupling corrections.
The approach tested with experimental jet data measured in e+ e− annihilation, is extended
here to cover also deep-inelastic e± p collisions in the current hemisphere of the Breit (or “brick
wall”) frame where the incoming quark scatters off the photon and returns along the same axis.

Evolution of the parton-to-hadron fragmentation functions at NMLLA+NLO∗

2

The distribution of hadrons in a jet is theoretically encoded in a fragmentation function (FF),
Di→h (z, Q), describing the probability that the parton i fragments into a hadron h carrying
a fraction z of the parent parton’s momentum. Although one cannot compute perturbatively
the FFs at a given scale Q, their evolution –i.e. the process of parton radiation and splitting
occurring in a jet shower– can be theoretically predicted. The evolution of the FF from a scale Q
to Q0 is governed at large z & 0.1 by the DGLAP 3 equations, and at small z by Modified Leading
Logarithmic Approximation (MLLA) 4 approaches which resum soft and collinear singularities.
The set of integro-differential equations for the FF evolution –including next-to-leading-order αs
and next-to-NMLLA corrections– have been solved in Ref. 2 by expressing the Mellin-transformed
hR
i
t
hadron distribution in terms of the anomalous dimension γ: D ' C(αs (t)) exp
γ(αs (t0 ))dt
√
for t = ln Q, resulting in an expansion in (half) powers of αs : γ ∼ ODLA ( αs ) + OMLLA (αs ) +
3/2
ONMLLA (αs ) + · · ·, of which two new higher-order terms have been computed for the first time.
Writing the FF as a function of the log of the inverse of z, ξ = ln(1/z), emphasizes the region
of relatively low momenta that dominates the spectrum of hadrons inside a jet. Due to colour
coherence and gluon-radiation interference, not the softest partons but those with intermediate
0.3 ) multiply most effectively in QCD cascades, leading to an energy spectrum
energies (Eh ∝ Ejet
with a typical “hump-backed plateau” (HBP) shape as a function of ξ (Fig. 1). Without any
loss of generality, one can write the fragmentation function in terms of a distorted Gaussian:
√
1
1
1
1
2 1
3
4
¯
D(ξ, Y, λ) = N /(σ 2π) · e[ 8 k− 2 sδ− 4 (2+k)δ + 6 sδ + 24 kδ ] , with δ = (ξ − ξ)/σ,

(1)

and study the evolution of all its moments starting from a parton energy Y = ln Eθ/Q0 down to
a shower cut-off scale λ = ln(Q0 /ΛQCD ). The corresponding expressionsa for the NMLLA+NLO∗
¯
evolutions in Y, λ for (i) the charged-hadron multiplicity inside a jet Nch , (ii) the peak position ξ,
2
(iii) width σ, (iv) skewness s, and (v) kurtosis k, have been obtained in Ref. . If one evolves the
fragmentation functions down to the lowest possible scale Q0 → ΛQCD (i.e. λ = 0, aka. “limiting
spectrum”) one obtains expressions for the HBP moments which depend on a single parameter:
ΛQCD (or, equivalently, αs ). Such an approach is justified by the “local parton hadron duality”
which states that the distribution of partons in jets is identical to that of the final hadrons (up
to a constant Kch which only affects the absolute normalization of the HBP distribution). Thus,
by fitting to the DG parametrization the experimental hadron jet data at various energies, one
can determine αs from the corresponding energy-dependence of its fitted moments.
3

Data-theory comparison and αs extraction
1/σ dσ/dξ

7
By applying the methodology described above
DG fit to DIS jet hadron data (Breit frame)
(Limiting spectrum Q =Λ ; m =65 MeV)
+
−
6
to the world jet data measured in e e at
√
s ≈ 2–200 GeV, we obtained 2 a value of
5
αs (m2Z ) = 0.1195 ± 0.0022. In the present
4
work, we confront our NMLLA+NLO∗ cal3
culations to all the existing charged-hadron
2
spectra from jets measured in DIS (e± , ν1
p) collisions. In the DIS Breit frame, the
0
kinematic evolution variable equivalent to the
0
1
2
3
4
5
6
7
8
9
10
ξ = ln(1/z)
+
−
e e squared centre of mass energy, is the in1 – Charged-hadron distributions in jets measured
√
variant four-momentum transfer Q. In addi- Figure
±
in
e
p
collisions at s ≈ 4–180 GeV 5 as a function of
+
−
tion, if one wants to compare e e and DIS ξ = ln(1/z) fitted to the distorted Gaussian, Eq. (1).
data, the DIS FF have to be scaled up by a
s= 3.8 GeV [ZEUS'95]
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a

The term NLO* indicates that there are missing NLO corrections in the splitting functions.

factor of two to account for the fact that they cover the hadronic activity only in half (current)
hemisphere of the Breit frame. There exist 55 direct measurements of HBP moments (mostly
Nch multiplicity, peak, and width) from H1 6 and ZEUS 7 experiments in e± p at HERA, and
NOMAD (νN scattering) 8 covering the range Q ≈ 1–180 GeV. Moreover, we have added the
moments resulting from the fitting to Eq. (1) of the single-hadron distributions (amounting to
250 individual data points) measured by ZEUS 5 and shown in Fig. 1. Finite hadron-mass effects in the fit have been accounted for through a rescaling of the theoretical (massless) parton
momenta with an effective mass meff as discussed in Ref. 2 .
The evolutions as a function of energy of all the extracted FF moments (except the kurtosis
which is almost zero and not properly reproduced by the calculations 2 ) are shown in Fig. 2.
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Figure 2 – Energy evolution of the moments of the jet FF measured in DIS collisions in the range Q = 1–180 GeV,
fitted to the NMLLA+NLO* predictions for the total charged hadron multiplicity (top, left), the peak position
(top, right), the width (bottom, left), and the skewness (bottom, right). The extracted values of ΛQCD and
equivalent NLO αs (m2Z ) are quoted for the combined global fit.

Hadron multiplicity, peak and width increase with energy, while skewness (and kurtosis, not
shown) decrease. All the energy dependencies are well described by the NMLLA+NLO* predictions for Nf = 5 active quark flavoursb , as shown by the fitted curves obtained for the limiting
spectrum (i.e. λ = 0) and ΛQCD as single free parameter. [In the case of the total charged-hadron
multiplicity, there is an extra free parameter, the overall normalization constant Kch ≈ 0.10 of
the HBP spectrum, which nonetheless plays no role in the ΛQCD determination]. Table 1 lists the
√
The moments of the lowest- s data have a few-percent correction applied to account for the (slightly) different
(Nf = 3,4) evolutions below the charm and bottom production thresholds.
b

values of the ΛQCD parameters (and associated values of αs (m2Z ) at NLO accuracy) individually
extracted from the energy evolutions of each one of the four DG components, as well as the
combined global fit (using minuit2) of all moments (last column).
Table 1: Values of ΛQCD and associated αs (m2Z ) obtained from the fits of the energy-dependence of the moments
of the charged hadron distribution of jets measured in DIS obtained from their NMLLA+NLO∗ evolutions. The
last column provides the combined value of the strong coupling from a global fit of all FF moments.

DG moment:
ΛQCD (MeV)
αs (m2Z )

Peak position
266 ± 5(fit)
0.121 ± 0.007

Multiplicity
178 ± 37(fit)
0.114 ± 0.017

Width
203 ± 13(fit)
0.116 ± 0.007

Skewness
235 ± 182(fit)
0.119± 0.092

Combined
246 ± 22
0.119 ± 0.010

The most “robust” FF moment for the extraction of ΛQCD is the peak position ξmax which
(i) has the simplest theoretical expression for its NMLLA+NLO* energy evolution, and (ii) it
is quite insensitive to most of the uncertainties associated with the method (DG fit, finite-mass
corrections, and fit to energy evolution). The hadron multiplicities measured in DIS jets appear
somewhat smaller (especially at high-energy) than those measured in e+ e− collisions 2 , a fact
pointing likely to limitations of measuring the FF only in half (current Breit) e± p hemisphere
and/or on the determination of the relevant Q scale. The fitted HBP widths appear to show
a larger scatter than observed in e+ e− , which is not unexpected as not all the measurements
used exactly the same Eq. (1) for the DG fit. The skewness has the largest uncertainties of
all moments. The errors quoted for the individual ΛQCD values include only uncertainties from
the energy fit procedure, but the propagated αs (m2Z ) uncertainties have been enlarged by a
common factor such that their final weighted average has a χ2 /ndf close to unity. Such a “χ2
averaging” method 1 takes into account in a well defined manner any correlations between the
four extractions of αs , as well as extra systematic uncertainties (such as e.g. variations of meff
in the DG fits).
The final value of αs (m2Z ) obtained from the combined fit of all DIS jet FF moments (last
column of Table 1) is αs (m2Z ) = 0.119±0.010, which is consistent (although with four times larger
uncertainties) with our previous value obtained from e+ e− data (αs (m2Z ) = 0.1195 ± 0.0022)
as well as with the world-average (αs (m2Z ) = 0.1185±0.0006). Work is in progress to combine
the e+ e− and e± p FF data into a common global fit, as well as to determine the theoretical
scale uncertainty 9 . The methodology presented here provides a new promising approach for the
determination of the QCD coupling constant (at NLO accuracy) complementary to other existing
jet-based methods –such as jet shapes, and/or on ratios of N-jet production cross sections in
e+ e− and p-p collisions– with a totally different set of experimental and theoretical uncertainties.
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MEASUREMENTS OF LOW ENERGY e+ e− HADRONIC CROSS SECTIONS
AND IMPLICATIONS FOR THE MUON g-2
B. MALAESCU
Laboratoire de Physique Nucléaire et des Hautes Energies, IN2P3-CNRS et Universités
Pierre-et-Marie-Curie et Denis-Diderot, 75252 Paris Cedex 05, France
Numerous channels of the cross section e+ e− → hadrons have been measured by the BABAR
experiment using the ISR method. For the π + π − (γ) and K + K − (γ) channels, BABAR has
pioneered the method based on the ratio between the hadronic mass spectra and µ+ µ− (γ).
Many systematic uncertainties cancel in the ratio, hence the precise measured cross sections.
These measurements have been exploited for phenomenological studies, like the determination
of the hadronic contribution to the anomalous magnetic moment of the muon (g − 2)µ .

1

Introduction

Precise measurements of the e+ e− → hadrons cross-section are needed for various phenomenological studies, which motivated the BABAR extensive program for measuring them. A well
known example is the hadronic contribution to the muon magnetic moment anomaly (ahad
µ ). It
+
−
+
−
is dominated by the process e e → π π (γ) which provides 73% of the contribution, bringing
also the dominant contribution to the uncertainty. In these proceedings we present the 2π(γ) [1],
as well as the 2K(γ) [2] precision measurements from BABAR.
2

The BABAR ISR π + π − , K + K − and µ+ µ− analyses and the QED test

The measurements of the ππ and KK cross sections presented here use the ISR method [3] for
e+ e− annihilation events collected with the BABAR detector (232 fb−1 of data), at a center-of√
mass energy s near 10.58 GeV. We consider events e+ e− → XγISR , where X can correspond
to any final state, and the ISR photon is emitted by the e+ or e− . The ππ, KK and µµ spectra
are measured. These are the first NLO measurements, a possible additional radiation being
taken into account in the analysis. The e+ e− → ππ(γF SR ) and e+ e− → √
KK(γFSR ) cross sections are obtained as a function of the invariant mass of the final state s0 . The advantage
of the ISR method (compared to an energy scan) is that all the mass spectrum is covered at
once (from threshold to 3 (5) GeV for ππ (KK) in BABAR) with the same detector conditions and analysis. The comparison between the measured muon spectrum and the NLO QED
prediction is an important cross check of the analysis,
called the QED test. The cross sec√
+ e− → X is related to the
0 spectrum of e+ e− → Xγ events through
tion for √
the process e√
s
√
√
0 ( s0 ) dLef f /d s0 , where σ 0 is the bare cross section (excluding
dNXγ /d s0 = εXγ ( s0 ) σX
X
ISR
VP), and εXγ is the detection efficiency (acceptance) determined by simulation with corrections
obtained from data. The ππ(γF SR ) and KK(γFSR ) cross sections are obtained from the ratio
of the corresponding hadronic spectra and Leff
ISR (derived using the muon spectrum). The contribution of leading order FSR for muons is corrected for, while additional FSR photons are

measured. The e+ e− luminosity, additional ISR effects, vacuum polarization and ISR photon
efficiency cancel in the ratio, hence the strong reduction of the systematic uncertainty. The
selection of two-body ISR events is done requiring a photon with Eγ∗ > 3 GeV and laboratory
polar angle in the range 0.35 − 2.4 rad, as well as exactly two tracks of opposite charge, each
with momentum p > 1 GeV/c and within the angular range 0.40 − 2.45 rad.
The simulation of signal and background ISR processes is done with Monte Carlo (MC) event
generators based on Ref. [4]. The structure function method is used to generate additional ISR
photons, while PHOTOS is used for additional FSR photons [1, 2]. MC- and, when possible,
data-based studies are performed to evaluate the background level, found to be negligible for
muons. The simulation is used to compute the acceptance and mass-dependent efficiencies for
trigger, reconstruction, PID, and event selection. Specific studies are used to determine the
ratios of data and MC efficiencies, applied as mass-dependent corrections to the MC efficiency.
They amount to at most a few percent and are known to a few permil level or better.
Two kinematic fits to the e+ e− → Xγ hypothesis (where X allows for possible additional
radiation) are performed for each event. The two-constraint (2C) ‘ISR’ fit allows an undetected
photon collinear with the collision axis. The 3C ‘FSR’ fit is performed only when an additional
photon is detected. Most events have small χ2 values for both fits. An event with only a
small χ2ISR (χ2F SR ) indicates the presence of additional ISR (FSR) radiation. Events where
both fits have large χ2 values result from multi-hadronic background, track or ISR photon
resolution effects, or the presence of additional radiated photons. To accommodate the expected
background levels, different criteria in the (χ2ISR ,χ2F SR ) plane are applied. The ππ, KK and µµ
masses are calculated from the corresponding best ‘ISR’ or ‘FSR’ fit.
The evaluations of the acceptance and χ2 selection efficiency are sensitive to the description
of radiative effects in the generator. The difference of the FSR rate between data and MC is
measured and results in a small correction for the cross section. Effects of the approximations
in the simulation of additional ISR photons have been studied with the NLO PHOKHARA
generator. The differences occuring in acceptance yield corrections to the QED test. However,
since radiation from the initial state is common to the pion, kaon and muon channels, the
ππ(γ) (KK(γ)) cross section, obtained from the ππ/µµ (KK/µµ) ratio, are almost insensitive
to the description of NLO effects in the generator.
The QED test involves two factors which cancel in the ππ/µµ (KK/µµ) ratio: Lee and the
ISR photon efficiency, measured using a µµγ sample selected only on the basis of the two muon
tracks. This test is expressed as the ratio of data to the simulated spectrum, after correcting
for all known detector and reconstruction data-MC differences. The generator is also corrected
for its NLO deficiencies, using the comparison to PHOKHARA. As shown in Fig. 1 (a), the
ratio is consistent with unity from threshold to 3 GeV/c2 . A fit to a constant value yields
data /σ N LO QED − 1 = (40 ± 20 ± 55 ± 94) × 10−4 (χ2 /n = 55.4/54), where the uncertainties
σµµγ(γ)
df
µµγ(γ)
are statistical, systematic from this analysis, and systematic from Lee (measured using Bhabha
scattering events), respectively. The QED test is thus satisfied within a precision of 1.1%.
3

The ππ and KK cross sections and phenomenological applications

A matrix-based unfolding of the background-subtracted mππ (mKK ) distribution (corrected for
data/MC efficiency differences) is performed to correct for resolution and FSR effects. The
precision of the unfolding procedure has been assessed using data-driven test models [5].
Fig.√1 (b, c) shows the results for the e+ e− → π + π − (γ) bare cross section including FSR,
0
σππ(γ)
( s0 ). The main features are the dominant ρ resonance, the ρ − ω interference, a clear
dip at 1.6 GeV resulting from higher ρ state interference, and some additional structure near
2.2 GeV. A systematic uncertainty of only 0.5% has been achieved in the central ρ region.
A VDM fit of the pion form factor [6] was exploited to compare the BABAR data to other
experiments. The BABAR data are described well by this fit in the region of interest for the

Cross section [nb]

104

1

1.5

2

103

1000

102

500

10

0

2.5
3
mµµ [GeV/c2]

0.15
0.1

BABAR Fit
KLOE05
KLOE08
KLOE10
KLOE12

-0
-0.05
0.6 0.7 0.8 0.9

1

-0.1

10-1
10-30

0.2

0.05

(c)

1

10-2

|Fπ|2 / fit - 1

data/QED

1.1
1
(a)
0.9
0.5

-0.15
(b)
0.5

1

1.5

2

2.5

3

s’ [GeV]

-0.2
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
s’ [GeV]

Figure 1 – Left: (a) The ratio of the measured cross section for e+ e− → µ+ µ− γ(γ) to the NLO QED

prediction. The band represents a fit to a constant value (see text). (b) The measured bare cross section
for e+ e− → π + π − (γ) from 0.3 to 3 GeV. (c) Enlarged view of the ρ region in energy intervals of 2 MeV.
Right: Comparison between the |Fπ2 | from the various KLOE measurements and the BABAR fit.

comparison. There is a relatively good agreement (within uncertainties) when comparing to the
Novosibirsk data [7, 8] in the ρ mass region, while a slope is observed when comparing to the
KLOE ’08 data [9]. A flatter shape is observed when comparing to the more recent KLOE [10]
data, obtained by the analysis of events with a detected, large angle ISR photon (see Fig. 1
right). A good agreement is observed when comparing to the Novosibirsk and KLOE data, in
the mass region below 0.5 GeV/c2 . There is a good agreement between the BABAR data and
the most recent (isospin-breaking corrected) τ data from Belle, while some systematic differences
are observed when comparing to ALEPH and CLEO [6].
√
0
The σK
s0 ) cross section has been measured from the K + K − production threshold
+ K − (γ) (
up to 5 GeV [2], and spans more than six orders of magnitude. Close to threshold it is dominated
by the φ resonance, while other structures are clearly visible at higher masses. The systematic
uncertainty in the φ region is of only 0.7%. We fit the kaon form factor with a model [11]
based on a sum of vector meson contributions, for measuring the φ resonance parameters (found
in good agreement with the world average) and providing an empirical parametrization of the
form factor. The measured charged kaon form factor is compared to data published by previous
experiments [6]. While the uncertainty of the BABAR cross section at the φ is 7.2 × 10−3 ,
systematic normalization uncertainties of 2.2% and 7.1% are reported by CMD2 and SND,
respectively. The BABAR result, as well as the Novosibirsk measurements, are also affected by
systematic uncertainties on mass calibration. The observed mass differences are compatible with
the BABAR and CMD2 (SND) calibration uncertainties. However the normalization difference
of 5% is not consistent with the systematic uncertainties quoted by BABAR and CMD2.
The lowest-order contribution of the ππ(γ) intermediate state to the muon magnetic anomaly
is given by a dispersion integral [12]. The result of the integral from threshold to 1.8 GeV ,
using the measured cross section and the full statistical and systematic covariance matrices, is
ππ(γ),LO
aµ
= (514.1 ± 2.2 ± 3.1) × 10−10 , where the uncertainties are statistical and systematic.
This value is larger than that from a combination of previous e+ e− data (503.5 ± 3.5), but is
in good agreement with the updated value from τ decays (515.2 ± 3.4) [13]. Using the π + π −
data from BABAR only, the deviation between the BNL measurement [14] and the theoretical
prediction is reduced to 2.4σ. The integral using the bare e+ e− → K + K − (γ) cross section from
BABAR yields aKK,LO
= (22.93 ± 0.18stat ± 0.22syst ± 0.03VP ) × 10−10 , for the energy interval
µ
+
−
between the K K production threshold and 1.8 GeV. The first uncertainty is statistical, the
second is the experimental systematic, while the third is from the φ parameters used in the VP
correction. This is the most precise result for the K + K − channel, and the only one covering

the full energy range of interest. For comparison, the combination of all previous data [15] for
the same range yields (21.63 ± 0.27stat ± 0.68syst ) × 10−10 .
At large masses, the charged form factor can be compared to the asymptotic QCD predic2 /s . The fit of the squared form factor is performed between
tion [16,17]: FK (s) = 16π αs (s) fK
+
2.5 and 5 GeV with the function Aαs2 (s)/sn (A and n being free parameters), which describes
the data well (χ2 /ndf = 23.4/32). It yields n = 2.04 ± 0.22, which is in good agreement with
the QCD prediction n = 2. However, the fitted form factor is about a factor of 4 larger than
the perturbative QCD prediction, confirming the normalization disagreement observed with the
CLEO measurements [18, 19], at masses near the ψ(2S) and above.
4

Conclusions and perspectives

BABAR has analyzed the π + π − , K + K − and µ+ µ− ISR processes in a consistent way, from
threshold to 3(5) GeV/c2 . The absolute µ+ µ− cross section has been compared to the NLO QED
prediction, the two being in agreement within 1.1%. The e+ e− → π + π − (γ) (e+ e− → K + K − (γ))
cross section, derived through the ratio of the π + π − (K + K − ) and µ+ µ− spectra is rather
insensitive to the detailed description of radiation in MC. A strong point of the present analysis
comes from the fact that several uncertainties cancel in this ratio.
The BABAR data have been exploited for phenomenological studies, like fits and the computation of the hadronic contribution to aµ . This contribution computed from the BABAR
π + π − spectrum, in the range 0.28 − 1.8 GeV, has a precision of 0.7%, similar to the precision
of the combined previous measurements. For the contribution to aµ from the K + K − channel,
the BABAR result is almost three times more precise compared to the previous world average.
The BABAR π + π − (γ) cross section data are in fair agreement with CMD2 and SND. The
agreement is poor when comparing with the various KLOE measurements, a dependence on the
version of the KLOE measurements being observed too. The comparison of the KLOE and τ
data shows a discrepancy, while BABAR is in good agreement with the most recent τ results.
References
1. BaBar Collaboration, Phys. Rev. Lett. 103 (2009) 231801, Phys. Rev. D 86 (2012) 032013.
2. BaBar Collaboration, Phys. Rev. D 88 (2013) 032013.
3. A.B. Arbuzov et al., J. High Energy Phys. 9812, 009 (1998); S. Binner, J.H. Kühn, and
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PRECISION MEASUREMENTS OF THE η → π + π − π 0 DALITZ PLOT AND
THE TRANSITION FORM FACTOR IN φ → η e+ e− , π 0 e+ e− WITH THE KLOE
DETECTOR
M. MASCOLO
(on behalf of the KLOE-2 collaboration)
Laboratori Nazionali di Frascati dell’INFN, Via Enrico Fermi 40, 00044 Frascati, Italy
The status of the main ongoing analyses on light-meson spectroscopy at KLOE experiment
are presented. In particular, the preliminary results for the measurements of φ → ηe+ e−
branching ratio and the slope parameter of |Fφη | transition form factor are presented, as well
as the observation of the φ → π 0 e+ e− process in KLOE data. Latest progress on η → π + π − π 0
Dalitz Plot analysis are also shown. All analyses are based on data collected at DAΦNE collider
with the KLOE detector during the 2004/2005 data taking campaign.

1

The KLOE experiment

The KLOE experiment operated at the DAΦNE e+ e− collider and collected most of the data
in the 2004-2006 campaign, with 2.5 fb−1 of integrated luminosity at the φ peak and about
√
240 pb−1 below the resonance, at s = 1 GeV. The KLOE detector consists of a large cylindrical
drift chamber 1 (DC), surrounded by a fine sampling lead-scintillating fibers electromagnetic
calorimeter 2 (EmC), all embedded inside a superconducting coil, providing a 0.52 T axial field.
The DC, 4 m in diameter and 3.3 m long, has a full stereo geometry and operates with a gas
mixture of 90% helium and 10% isobutane. The momentum resolution is σ(p⊥ /p⊥ ) ≈ 0.4%.
The EmC, divided into a barrel and two endcaps, has a granularity of ∼ (4.4 × 4.4) cm2 and
coversp
about the 98% of the solid p
angle. Energy and time resolutions are respectively: σE /E =
5.7%/ E(GeV) and σt = 57 ps/ E(GeV) ⊕ 100 ps. A new data taking campaign aiming to
collect 5 fb−1 will extend the experimental program in kaon and hadron physics 3 . Prior to the
planned campaign, an upgrade of the KLOE apparatus has been recently completed 4,5 .
2

Conversion decays: φ → π 0 e+ e− and φ → ηe+ e−

Most recent results from KLOE experiment in hadronic physics are related to the π 0 and η
coupling to photons. Meson to photon couplings and the transition form factors, TFFs, are of
great interest in hadron physics, being important both to test the effective Lagrangians based
on Chiral Perturbation Theory (χPT) and to solve the muon (g-2) puzzle. In particular, the
TFFs for π 0 and η in the time-like region of momentum transfer (namely Fφ η γ ∗ and Fφ π0 γ ∗ )
can be provided by the so called conversion decays of φ vector meson to pseudoscalar mesons:
φ → π 0 γ ∗ → π 0 e+ e− and φ → ηγ ∗ → ηe+ e− , while meson production in γγ-interactions
(e+ e− → e+ e− γ ∗ γ ∗ → e+ e− π 0 (η)) gives the coupling to space-like photons. TFFs play a
crucial role in the theoretical evaluation of the light-by-light contribution to the anomalous
magnetic moment of the muon.

Furthermore, the recent advances in the theoretical description of the conversion decays
were mostly driven by an observed discrepancy between the experimental data from NA60 6 and
Lepton-G 7 , and the naı̈ve Vector Meson Dominance, VMD, ansatz prediction for the ω → π 0 γ ∗
conversion decay. This disagreement is absolutely upsetting, given the many successes of the
VMD scenario in the description of other processes, such as the e+ e− → π + π − annihilation,
the η → µ+ µ− γ 6 and the η → e+ e− γ 8 decays. Over the years, many theoretical models 9,10,11
have been developed to justify this discrepancy. In order to check the consistency of the models,
measurements of π 0 and η transition form factors in φ decays are strongly encouraged.
2.1

φ → ηe+ e− analysis

The only existing data on Fφ η γ ∗ come from the SND experiment12 , which has measured the
e+ e− invariant-mass distribution on the basis of (213±35) events. At KLOE 3 , a detailed study
of this decay is in progress, using both η → π + π − π 0 and η → π 0 π 0 π 0 final states; the analyzed
√
samples are based, respectively, on 1.5 fb−1 and 1.7 fb−1 data, collected at s = mφ during the
2004-2005 data taking campaign.
Simple analysis cuts, based on η invariant mass requirements and time-of-flight conditions,
provide clean signal events: about 3 × 104 events for the neutral channel and ' 1.4 × 104
for the charged one. The residual background contamination,at the level of 3% in both cases,
is subtracted from the data by means of a Montecarlo (MC) simulation. The resulting e+ e−
invariant-mass distributions (see Fig. 1 for the neutral case), are fitted with the quantum electrodynamics and a single pole TFF parametrization13 (Eq. 1).

Figure 1 – e+ e− invariant-mass distribution (Mee ) of φ → e+ e− η (η → π 0 π 0 π 0 ) events. Left panel: selected data
sample of ≈ 30 × 104 events, including ∼ 3% background contamination and the MC simulation for signal (red
filled histogram). Right panel: Mee distribution after background subtraction (black points) together with the
result from the fit (red histogram).
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folded with the analysis efficiencies and the smearing matrices.
The preliminary result for the measurement of the slope parameter of the transition form
−2
factor, in the η → π 0 π 0 π 0 channel, is bφη = (1.17 ± 0.11 (stat) +0.09
−0.08 (syst)) GeV . The result
is in agreement with the Vector Meson Dominance prediction within 1σ. With the same signal
candidates, the Branching Ratio was also measured with the result:

−4
BR (φ → ηe+ e− ) = (1.131 ± 0.032 +0.011
−0.006 ) × 10 , in agreement both with the VMD prediction
within 1σ and with the previous measurements of SND 12 and CMD-2 14 experiments. The form
factor and the BR extraction in the charged channel of η decay, is also in progress.

2.2

φ → π 0 e+ e− analysis

The total absence of experimental determination of the Fφ π0 γ ∗ transition form factor and the low
accuracy in the knowledge of the Branching Ratio (∼ 25% in the PDG world average), motivate
the analysis of φ → π 0 e+ e− decay at KLOE. The signal events are selected requiring two tracks
of opposite charge and two prompt neutral clusters coming from the IP. Simple kinematical
cuts on the lepton energies (Ee+ ,e− < 460 MeV and 470 < Ee+ + Ee− < 750 MeV), photon
energies (Eγ1 ,γ2 > 70 MeV and 300 < Eγ1 + Eγ2 < 670 MeV) and opening-angles of tracks and
◦ and 27◦ < θ open < 57◦ ) allow to reject a big amount of the
prompt clusters (θeopen
γ1 γ2
+ e− < 145
dominant background from radiative Bhabha scattering processes (i.e. e+ e− → e+ e− γγ). The
other relevant contribution is from the radiative decay φ → π 0 γ with the real photon converting
to an e+ e− pair on the beam-pipe (BP) and drift-chamber walls or the π 0 going to a Dalitz
decay. We suppress the part due to photon conversion by proper cuts on the invariant-mass and
distance between the tracks at BP and DC walls. The agreement between data and the sum of
MC signal and background distribution is shown in Fig. 2 for several variables.
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Figure 2 – Comparison between data (black points) and MC distributions (red histogram is the MC sum) for the
invariant mass of the two photons (top left), for the missing-mass to tracks (top right), for the angle between
the momentum direction of φ and the e+ in the rest-frame of the lepton-pair (bottom left) and for the e+ e−
invariant-mass spectrum (bottom right).

At the end of the analysis path, ∼ 14000 events are selected, with a background contamination of about ∼ 35%. The background subtraction, the extraction of the form factor and the
BR are going to be finalized soon.
3

Dalitz Plot analysis of η → π + π − π 0

A deeper quantitative understanding of the η → π + π − π 0 decay is required in order to explain
the observed discrepancy between the experimental width, Γexp = (300 ± 12) eV 16 , and the
next-to-leading order χPT, (ΓLO ∼ 70 eV, ΓN LO ∼ 160 ± 50 eV) as well as to constrain the
quark masses through the extraction of the light quark mass ratio (to which the decay is sensitive
to): Q2 = (m2s − m̂2 )/(m2d − m2u ), with m̂ = (md + mu )/2 ? .

The KLOE collaboration has already published, in 2008, the Dalitz plot analysis of η →
π + π − π 0 , with the largest statistics to date 17 . A new analysis of KLOE data is now in progress
on a larger, independent data set (1.7 fb−1 collected in 2004-2005). The analysis uses a new
selection scheme and an improved Montecarlo description of the detector in order to reduce
the systematics effects and to overcome some limitations of the previous analysis. The possible
biases, due to the event classification filter, is now studied on pre-scaled, unclassified events.
The η meson is produced by the radiative decay of φ meson: φ → ηγ → π + π − π 0 γ, thus the final
state consists is 2 tracks of opposite charge and 3 prompt neutral clusters. At the end of the
analysis cuts (based on time-of-flight to the calorimeter and kinematical variables), the signal
efficiency is ∼ 38%, with a background contamination of ∼ 1%. The Dalitz plot is built using
the X and Y variables as defined in Ref. 17 , and fitted to a polynomial expansion around the
origin:
|A(X, Y )|2 ∝ 1 + aY + bY 2 + cX + dX 2 + f Y 3 + eXY
(3)
The preliminary results for the fit parameters, are compared to values of the previous analysis
in Table 1. Only the statistical errors are reported for the new analysis.
Table 1: Comparison between the new values of the fit parameters and the ones from the previous KLOE analysis

Experiment

-a

b

d

f

KLOE[08]

1.090(5)(+8
−19 )

0.124(6)(10)

0.057(6)(+7
−16 )

0.14(1)(2)

New KLOE (prel.)

1.104(3)

0.144(3)

0.073(3)

0.155(6)

As in the previous analysis, c and e parameters are found to be consistent with zero (as
required by the charge conjugation condition), and hence fixed to zero for the present results.
The reduced χ2 for the new fit is χ2 /ndf = 1.148. The evaluation of the systematic uncertainties
and the possibility to include the g parameter in the fit are now under study.
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HARD PROBES AT CMS
B. DE LA CRUZ on behalf of CMS Collaboration
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This talk reviews the main lessons learned from PbPb collision data, concerning jet quenching and pT imbalance, quarkonia supression and electroweak particles production, which are
later compared with recent results from pPb collisions, namely on the dijet production, the
quarkonia suppression pattern and the study of charged hadrons.

When studying the hot and dense QCD matter produced in proton-nucleus (pA) or nucleusnucleus (AA) collisions, the processes with large transverse momentum transfer, which take place
independentely of the bulk, have special interest. These processes produce high-pT particles,
called hard probes, which propagate through the medium, at different stages of the expansion.
In this talk, the production and characteristics of hard probes such as jets (quarks and
gluons), photons, W and Z bosons, quarkonia (cc̄, bb̄ states) and charged hadrons are reviewed
and compared among pp (Lint ≈ 5 pb−1 ) and PbPb (Lint ≈ 150 µb−1 ) collisions, both at
√
√
sNN = 2.76 TeV, and pPb ( sNN = 5.02 TeV, Lint ≈ 35 nb−1 ) interactions, using data
collected by the CMS experiment at the LHC.
1

PbPb collisions at

√

sNN = 2.76 TeV

One of the main lessons obtained from the results on PbPb collision data is the confirmation
that colourless particles (photons, W and Z bosons) are produced in AA collisions and travel
unmodified through the medium, constituting a reference for the study of other particle species.
The W and Z electroweak bosons were first measured in heavy ion collisions using PbPb data,
proving the excellent CMS detector capabilities and the good resolution to reconstruct these
particles through their leptonic decay modes, Z→ l+ l− , W± → l± ν (l = e, µ).
Within experimental uncertainties, the production of electroweak bosons (W, Z and γ) 1 is
not modified in AA interactions, relative to that in pp collisions. This is quantified by means of
RAA , the nuclear modification factor, defined as the ratio of the inclusive boson yield in PbPb
and in pp collisions, normalised by the number of binary nucleon-nucleon collisions. For the Z
and γ particles, RAA is consistent with unity in the boson pT and η regions under study, for
all kind of collisions, ranging from very peripheral (small overlap of the incident nuclei) to very
central (high degree of overlap) ones.

In the case of W bosons this is true for the inclusive sample (W+ and W− candidates
together), but not for the individual charges separately, as there is a reduction of the W+
production cross section and an enhacement of the W− one, when comparing production in
PbPb collisions with that in pp. This fact simply reflects the different u and d quark content in
the Pb nuclei and in the proton.
On the other hand, other particles like hadrons and jets are modified in their way out
from the interaction region, undergoing a suppression both in transverse momenta and inclusive
yield. Samples of events containing dijets were analysed in PbPb collision data, measuring a
large transverse momentum imbalance in the dijet system, confirming the jet quenching effect
and allowing detailed studies 2 . The apparent pT imbalance is recovered when looking at all the
particles in the event, spread around in many low pT particles and at large angles from the jet
axis.
In the case one of these jets is a very energetic photon, this is particularly interesting
and useful, as the photon, unmodified, can be used as a reference to calibrate the loss of pT
in the jet. CMS measured 3 the ratio of pT between the jet and the accompanying photon,
< XJ γ >= pJT /pγT , in PbPb and in pp collisions, showing a smaller ratio in the former case,
compared to the latter. A similar conclusion is observed concerning the number of events where
the photon is accompanied by a jet, for those events where pγT > 60 GeV. A reduction in the
inclusive yield is present in PbPb interactions, relative to pp ones.
An interesting step forward is the identification of the jet flavour. In CMS, jets originating
from b-(with some contamination of c-)quarks created in PbPb collisions are recognized, exploiting the long b-quark lifetime, which gives rise to secondary vertices. This enables performing
b-jets tagging. The first measurement by CMS of the b-jets nuclear modification factor 4 , Rb−jet
AA ,
has been recently updated, with a much larger sample of pp collision data, used as reference.
As for the production of quarkonia states, represented by the J/Ψ, Ψ(2S), Υ(1S), Υ(2S)
and Υ(3S) resonances, it is significantly suppressed in PbPb collisions, compared with that in
pp collisions. In addition, this suppression shows a hierarchy, as if ordered according to the
particular state binding energy. In this way, the suppression is maximum for the least bounded
states (Ψ(2S) and Υ(2S)) and minimum for the Υ(1S) resonance, which is the most stable.
2

pPb collisions at

√

sNN = 5.02 TeV

At the beginning of 2013 pPb collisions took place at the LHC, CMS recording a set of Lint ≈
35 nb−1 of data. This asymmetric configuration is specially relevant, as initial and final state
effects can be potentially separated and studies on proton and lead fragmentation regions can
be performed. This asymmetry results in a boost of the nucleon-nucleon centre of mass system
of ηlab = 0.465, with the proton travelling along the positive η axis.
The suppression of quarkonia states in pPb data, relative to pp collisions, is studied using
the ratio of production cross sections Υ(2S)/Υ(1S) and Υ(3S)/Υ(1S) as a function of the number
of charged particles in the central region (|η| < 2.4), which gives an idea of the event activity
and it is related with the centrality of the collision 5 . This is shown in Figure 1 for different
systems (pp, pPb and PbPb collisions). For the Υ(2S)/Υ(1S) ratio (left plot), there is a clear
reduced suppression of the excited state relative to the ground one in pPb collisions (blue solid
circles), compared to PbPb ones (black open asteriscs). The ratio is quantitatively similar to
that observed in pp collisions (pink open circles), but with a larger presence of charged particles
per event in the case of the former. The same observation is reached when comparing Υ(3S)
production with that of Υ(1S) (right plot, squared markers).
Concerning the dijet and γ+ jet production, no significant transverse momentum imbalance
is observed in pPb interactions 6 , unlike measurements in PbPb collisions. Nevertheless, there
is a modification of the dijet η, defined as (ηjet1 + ηjet2 )/2, with the energy deposited in the very
forward region, as shown in Figure 2 (left plot). This measured dijet η distribution is compared
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Figure 1 – Cross section ratios Υ(2S)/Υ(1S) (left) and together with Υ(3S)/Υ(1S) (right) for |yCM | < 1.93 versus
the number of charged tracks measured in |η| < 2.4, for pp collisions (open symbols) and pPb collisions (closed
symbols). In both figures, the error bars indicate the statistical uncertainties, and the boxes represent the pointto-point systematic uncertainties. The global uncertainties on the pp results are 7% and 8% for Υ(2S)/Υ(1S) and
Υ(3S)/Υ(1S), respectively, while in the pPb results they amount to 8% and 9%, respectively.

to NLO pQCD predictions using CT10 proton pdf with and without nuclear modifications,
introduced by EPS09 nuclear pdf 7 . The difference between data and prediction are shown in
the middle (CT10 pdf) and right plots (CT10+EPS09), where the theoretical uncertainties on
the pdf are represented as curves. A better consistency of the data with CT10+EPS09 prediction
is observed, providing in this way a set of data to constrain nuclear parton density functions.

Figure 2 – Left: Mean of the dijet η distribution as a function of the transverse energy measured in the forward
direction, 4 < |η| < 5.2. The yellow boxes (error bars) indicate the systematic (statistical) uncertainties. Middle
& Right: difference between dijet η distribution measured in pPb data and that predicted by pNLO calculations
using CT10 (middle) or CT10 + EPS09 (right) pdf. Theoretical uncertainties on the pdf are shown as curves.
Results are presented in the laboratory frame, with the proton travelling in the positive η direction.

The nuclear modification factor, RpPb , for charged particles is measured at midrapidity in
pPb inelastic collisions relative to a pp reference constructed from previous measurements at
√
√
√
different s, from CMS ( s = 7 TeV) and CDF( s = 1.96 TeV). Figure 3 (left) shows its
dependence with the charged hadrons pT 8 (black solid circles). It is remarkable the rise of RpPb
above unity for transverse momenta higher than ≈ 30 GeV. For completeness, the pp reference
has also been obtained from a Pythia simulation, using different tunes. The enhancement of
the RpPb values is still present. On the right plot, a comparison of the measurement with NLO

pQCD calculations for neutral pions at y=0, using EPS09 fDSS pdf is shown.
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Figure 3 – Measured RpPb for charged particles in |η| <1 (black points) compared to the modification factor
obtained using a simulated pp reference, from various Pythia tunes (red squares and blue crosses) (left) and to
theoretical NLO pQCD calculations for neutral pions at y=0, using EPS09 fDSS pdf (right). The light brown
(yellow) uncertainty band shows the correlated (uncorrelated) uncertainties. The light gray band represents the
uncertainty of the Glauber calculation, used to determine the number of binary collisions.

The pPb collisions were thought of as a benchmark scenario between pp and PbPb collisions,
but already interesting effects are coming from the analysis of these data. These new effects
have to be understood and correlated with global event variables, such as the event activity or
the number of participants in the collision, to obtain a global picture, which may then allow the
establishment of pPb data as a control sample for PbPb interactions.
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Hard Probes at ATLAS
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The ATLAS collaboration has measured several hard probe observables in Pb+Pb and p+Pb
collisions at the LHC. These measurements include jets which show modification in the hot
dense medium of heavy ion collisions as well as color neutral electro-weak bosons. Together,
they elucidate the nature of heavy ion collisions.

1

Introduction

The ATLAS collaboration has measured a wide range of hard probes in Pb+Pb collisions at
√
√
sNN = 2.76 TeV, as well as in p+Pb collisions at sNN = 5.02 TeV. Using 0.15 nb−1 of Pb+Pb
collisions from the 2011 LHC run, ATLAS has measured inclusive charged hadrons 1 , jets 2,3 ,
photons 4 , W bosons 5 , and Z bosons 6 . From a short pilot p+Pb run in 2012, inclusive charged
particles have been measured 7 , as well as jets 8 from approximately 30 nb−1 of p+Pb collisions
in the 2013 LHC run. Taken together these observables provide significant insight into the
physics of heavy-ion collisions. In particular, the detailed measurement of jet properties in
Pb+Pb collisions elucidates the phenomena of energy loss in the strongly-coupled quark gluon
plasma (QGP). This is complemented by the measurement of electro-weak bosons which do not
interact with the QGP and thus may function as ‘standard candles’ with regards to energy loss.
Measurements in p+Pb collisions allow an investigation of initial state effects in a system not
expected to produce a hot dense QCD medium.
2

The ATLAS Detector

The ATLAS detector 9 covers nearly the entire solid angle around the collision point. It consists
of an inner tracking detector system surrounded by a thin superconducting solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating three superconducting
toroid magnet systems.
The inner-detector system is immersed in a 2 T axial magnetic field and provides charged
particle tracking in the range |η| < 2.5. The high-granularity silicon pixel detector covers the
vertex region and is surrounded by the silicon microstrip tracker and the transition radiation
tracker.
The calorimeters cover the range |η| < 4.9. Within the region |η| < 3.2, electromagnetic calorimetry is provided by barrel and end-cap high-granularity lead liquid-argon calorimeters, with an additional thin liquid-argon presampler covering |η| < 1.8. The electromagnetic
calorimeter is complemented by a hadronic calorimeter. Forward calorimeters (FCal) are located
in the range 3.1 < |η| < 4.9.

The muon spectrometer comprises separate trigger and high-precision tracking chambers that
measure the deflection of muons in the magnetic field. The precision chambers cover the region
|η| < 2.7 with three layers of monitored drift tubes, complemented by cathode strip chambers in
the innermost layer of the forward region. The muon trigger system covers the range |η| < 2.4
with resistive plate chambers in the barrel, and thin gap chambers in the end-cap regions.
3

Electro-weak Bosons
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Electro-weak boson in Pb+Pb collisions are not expected to be affected by interactions with the
QGP. To confirm this the production of photons, W bosons, and Z bosons is measured and the
production rates compared to an expectation of “binary scaling”. In a binary scaling scenario,
the yield of the observable is directly proportional to the mean number of binary nucleon-nucleon
collisions, hNcoll i. Each Pb+Pb collision is assigned a centrality class based on the magnitude
of the underlying event transverse energy measured in the FCal, and associated with a value
of hNcoll i. W bosons are measured in the W → µν channel, where the neutrino is identified
via missing pT in the event 5 . Z bosons are fully reconstructed via the di-electron and di-muon
channels 6 . The yield of W bosons, and Z bosons divided by hNcoll i in different centrality classes
is shown in Figure 1. The figure shows that across centrality classes the yield of W and Z bosons
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Figure 1 – Yield of W bosons (left) and Z bosons (right) per event divided by hNcoll i for each centrality class
(expressed as the mean number of participants in the centrality class, hNpart i). Results for ee and µµ channels
are shifted left and right, respectively, from their weighted average. Bars and boxes represent statistical and
systematic uncertainties, respectively.

consistently scales with hNcoll i. Photons display the same scaling behavior 4 .
In addition to the integrated yields shown in Figure 1, the rapidity differential production
rates may be studied in order to search for modifications of the nuclear parton distribution function (PDF). The data are compared to models which do not incorporate any PDF modification
and are found to be in good agreement with the data, although the precision of the experimental
results does not allow us to exclude nuclear PDF modification.
4
4.1

Jet Properites
Jets in Pb+Pb Collisions

The reconstruction of jets allows us to probe the properties of the dense medium created in
heavy ion collisions, and how color sensitive objects interact with it. The jets are reconstructed
using an anti-kt algorithm with distance parameters R=0.4, and are fully corrected for detector
effects. The suppression of jet production may be quantified using the nuclear modification

factor, RCP :
RCP =

hNcoll,P i (1/Nevt,C )d2 NC /dηdpT
hNcoll,C i (1/Nevt,P )d2 NP /dηdpT

(1)
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where C and P refer to central and peripheral event classes, respectively. Figure 2 2 shows
the RCP of jets as a function of hNpart i, demonstrating the suppression of the jet yield in
stark contrast to the electro-weak boson yield discussed above. The suppression observed is
independent of the jet pT within the experimental uncertainties.
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Figure 2 – Unfolded RCP values as a function of hNpart i for R = 0.4 anti-kt jets in six pT bins. The error bars
indicate statistical errors from the unfolding; the shaded boxes indicate point-to-point systematic errors that are
only partially correlated. The solid lines indicate systematic errors that are fully correlated between all points.
The horizontal errors indicate systematic uncertainties on hNpart i.

To further understand the structure of the jets and possible mechanisms of quenching, we
may consider the fragmentation function of the jets 3 :
z=

q
1 dNparticle
pT particle
∆η 2 + ∆φ2 ), D(z) =
cos(
jet
pT
Njet
dz

(2)

where particle refers to reconstructed tracks inside the reconstructed jet cone, and D(z) is
D(z)|central
fully corrected for detector effects. The ratio RD(z) = D(z)|
reflects the modification
peripheral
of the fragmentation function in central events. Figure 3 shows RD(z) for several centralities,
and indicates that within the experimental uncertainties the leading particle at high D(z) is
unmodified but rather that only lower momentum particles at mid D(z) are.
4.2

Jets in p+Pb Collisions

In addition to the Pb+Pb measurements, the jet nuclear modification factor has been studied in
p+Pb collisions8 as shown in Figure 4. A strong suppression is observed increasing in centrality,
pT , and rapidity in the center of mass frame (y*). Interestingly, when plotted against the
quantity pT cosh(y*) the RCP in all rapidity bins lie on top of each other; the reason for this
remains somewhat obscure. To complement the jet RCP , the jet yield has also been compared
to a Pythia prediction, shown on the right side of Figure 4. This comparison indicates that the
suppression seen in the RCP is composed both of suppression of jets in central events as well as
enhancement of jets in peripheral events. The origin of this effect is not yet clear.
5

Summary

The ATLAS heavy-ion program has made many measurements of hard probes only a sampling
of which is presented here. From these measurements a clear picture has emerged in which
color neutral electro-weak bosons are unmodified in the hot dense QCD medium and serve as
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Figure 3 – RD(z) , for R = 0.4 jets. The error bars on the data points indicate statistical uncertainties while the
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a baseline for color sensitive probes as well as providing an opportunity to search for nuclear
modification of PDFs. On the other hand, color sensitive jets are strongly modified and allow a
direct investigation of the nature of in-medium processes. The p+Pb collision systemhas opened
another front of inquiry some of the results of which are not yet well understood.
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ENERGY LOSS IN UNSTABLE QUARK-GLUON PLASMA
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The energy loss per unit path length of a highly energetic parton scattering elastically in a
weakly coupled quark-gluon plasma is studied as an initial value problem. The approach is
designed to study unstable plasmas but the well-known equilibrium result is reproduced. An
extremely prolate system, where the momentum distribution is infinitely elongated along one
direction, is considered here. The energy loss is shown to be strongly time and directionally
dependent and its magnitude can much exceed the energy loss in equilibrium plasma.

1

Introduction

When a highly energetic parton travels through a quark-gluon plasma (QGP), it losses its energy
due to, in particular, elastic interactions with plasma constituents. This is called collisional
energy loss which for equilibrium QGP is well understood 1 . The quark-gluon plasma produced
in relativistic heavy-ion collisions, however, reaches a state of local equilibrium only after a short
but finite time interval, and during this period the momentum distribution of plasma partons is
anisotropic. Consequently the system is unstable 3 . Colli sional energy loss has been computed
for an anisotropic QGP 2 , but the fact that unstable systems are explicitly time dependent, as
unstable modes exponentially grow in time, was not taken into account.
We have developed an approach 4,5 where energy loss is studied as an initial value problem.
The approach is applicable to plasma systems evolving quickly in time. We compute the energy
loss by treating the parton as an energetic classical particle with SU(Nc ) color charge. For an
equilibrium plasma the known result is recovered and for an unstable plasma the energy loss is
shown to have contributions which exponentially grow in time. We discuss here an extremely
prolate quark-gluon plasma with momentum distribution infinitely elongated in the beam direction 5 . Such a system is unstable due to transverse chromomagnetic modes and the spectrum of
collective excitations can be obtained in explicit analytic form. The system has thus nontrivial
dynamics but the computation of energy loss is relatively simple. After a brief presentation of
our approach, we show some of our results.
2

Formalism

Using the Wong equations 6 , which describe the motion of classical parton in a chromodynamic
field, one writes down the parton’s energy as
dE(t)
= gQa Ea (t, r(t)) · v,
(1)
dt
where g is the QCD coupling constant, gQa is the parton color charge, Ea (t, r) is the chromoelectric field and v is the parton’s velocity which is assumed to be constant and v2 = 1. Since

we deal with an initial value problem, we apply to the field not the usual Fourier transformation
but the one-sided Fourier transformation defined as
Z ∞ Z
f (ω, k) =
dt d3 rei(ωt−k·r) f (t, r),
(2)
0
Z
Z ∞+iσ
d3 k −i(ωt−k·r)
dω
e
f (ω, k),
(3)
f (t, r) =
(2π)3
−∞+iσ 2π
where the real parameter σ > 0 is chosen is such a way that the integral over ω is taken along a
straight line in the complex ω−plane, parallel to the real axis, above all singularities of f (ω, k).
Introducing the current generated by the parton ja (t, r) = gQa vδ (3) (r − vt), Eq. (1) can be
rewritten as
Z ∞+iσ
Z
dE(t)
dω
d3 k −i(ω−ω̄)t
a
e
Ea (ω, k) · v,
(4)
= gQ
dt
(2π)3
−∞+iσ 2π
where ω̄ ≡ k · v. The next step is to compute the chromoelectric field Ea . Applying the one-sided
Fourier transformation to the linearized Yang-Mills equations, which represent QCD in the Hard
Loop approximation, we get
h
i
j
l
Eai (ω, k) = −i(Σ−1 )ij (ω, k) ωjaj (ω, k) + jkl k k B0a
(k) − ωD0a
(k) ,
(5)
where B0 and D0 are the initial values of the chromomagnetic field and the chromoelectric induction, and Dai (ω, k) = εij (ω, k)Eaj (ω, k) with εij (ω, k) being chromodielectric tensor; Σij (ω, k) ≡
−k2 δ ij + k i k j + ω 2 εij (ω, k).
Substituting the expression (5) into Eq. (4), we get the formula
dE(t)
dt

a i

Z

∞+iσ

= gQ v

−∞+iσ

dω
2πi

Z

d3 k −i(ω−ω̄)t −1 ij
e
(Σ ) (ω, k)
(2π)3

(6)

i
h iωgQa v j
j
l
(k) .
×
+ jkl k k B0a
(k) − ωD0a
ω − ω̄
As seen, the integral over ω is controlled by the poles of the matrix Σ−1 (ω, k) which represent
the collective modes of the system.
When the plasma is in equilibrium, all modes are damped and the poles of Σ−1 (ω, k) are
located in the lower half-plane of complex ω. Consequently, the contributions to the energy
loss corresponding to the poles of Σ−1 (ω, k) exponentially decay in time. The only stationary
contribution is given by the pole ω = ω̄ ≡ k · v. Therefore, Eq. (6) provides


Z
dE
d3 k ω̄
1
k2 v2 − ω̄ 2
2
= −ig CR
+
,
(7)
dt
(2π)3 k2 εL (ω̄, k) ω̄ 2 εT (ω̄, k) − k2
2

c −1
where the color factor CR , which equals N2N
for a quark and Nc for a gluon, results from the
c
averaging over colors of the test parton. The formula (7) agrees with the standard result 1 .
To compare the energy loss in an unstable plasma to that in an equilibrium one, we have
computed the integral in Eq. (7) numerically using cylindrical coordinates, which will also be
used for the prolate system. Since the integral is known to be logarithmically divergent, it has
been taken over a finite domain such that −kmax ≤ kL ≤ kmax and 0 ≤ kT ≤ kmax . The energy
loss in an equilibrium plasma of massless constituents can be expressed through the Debye mass,
which we write as
Z
d3 p f (p)
2
2
µ ≡g
.
(8)
(2π)3 |p|

When the plasma is unstable, the matrix Σ−1 (ω, k) has poles in the upper half-plane of
complex ω, and the contributions to the energy loss from these poles grow exponentially in time.

Figure 1 – The parton energy loss per unit time as a function of time for three angles Θ between the parton’s
velocity v and the axis z. The red points correspond to Θ = 0, the blue ones to Θ = π/12 and the purple points
to Θ = π/6. The solid lines represent the exponential fits to the computed points.

Using the linearized Yang-Mills equations, the initial values B0 and D0 are expressed through
the current and
Z ∞+iσ
Z
dω
dE(t)
d3 k −i(ω−ω̄)t −1 ij
= g 2 CR v i v l
e
(Σ ) (ω, k)
(9)
dt
(2π)3
−∞+iσ 2π
h ωδ jl
i
×
− (k j k k − k2 δ jk )(Σ−1 )kl (ω̄, k) + ω ω̄ εjk (ω̄, k)(Σ−1 )kl (ω̄, k) ,
ω − ω̄
which gives the energy loss of a parton in an unstable quark-gluon plasma.
When the anisotropy of the momentum distribution of plasma constituents is controlled by
a single (unit) vector n, it is not difficult to invert the matrix Σ 7 . One introduces the vector
nT defined as niT ≡ (δ ij − k i k j /k2 )nj and uses the basis of four symmetric tensors: Aij (k) ≡
δ ij − k i k j /k2 , B ij (k) ≡ k i k j /k2 , C ij (k, n) ≡ niT njT /n2T and Dij (k, n) ≡ k i njT + k j niT . Since the
matrix Σ is symmetric, it can be decomposed as Σ = aA + bB + cC + dD and the inverse matrix
equals
−a(a + c) B + (−d2 k2 n2T + bc) C + ad D
1
Σ−1 = A +
.
(10)
a
a(d2 k2 n2T − b(a + c))
The poles of Σ−1 determine collective excitations in the plasma system.
Substituting the matrix Σ−1 in the form (10) into Eq. (9) we get the energy-loss formula used
in the subsequent section to compute the energy loss in an extremely prolate QGP.
3

Extremely prolate plasma

Anisotropy is a generic feature of the parton momentum distribution in heavy-ion collisions. At
the early stage, when partons emerge from the incoming nucleons, the momentum distribution
is strongly elongated along the beam - it is prolate - with hp2T i  hp2L i. Due to free streaming,
the distribution evolves in the local rest frame to a form which is squeezed along the beam - it is
oblate with hp2T i  hp2L i. We consider here the extremely prolate momentum distribution which
can be written as

f (p) = δ p2 − (p · n)2 h(p · n) ,
(11)
R 3
where h(x) is any positive even function such that d f (p) is finite. The integral in Eq. (8) can
be used to define a mass parameter for either isotropic or anisotropic momentum distributions,
although in the later case µ−1 cannot be interpreted as the screening length.

With the distribution (11) one finds the matrix Σ which is then inverted. The poles of Σ−1
provide a spectrum of collective excitations which are
ω12 (k) =
2
ω±
(k) =

1 2
1
µ + (k · n)2 ,
ω22 (k) = µ2 + k2
2
2


p
1 2
k + (k · n)2 ± k4 + (k · n)4 + 2µ2 k2 − 2µ2 (k · n)2 − 2k2 (k · n)2 .
2

(12)

2 is negative when m2 k2 > m2 (k ·
The modes ω1 , ω2 and ω+ , are always stable. The solution ω−
2
2
2
2
2
n) + k (k · n) . Writing ω− = −γ , 0 < γ ∈ R, the solutions are ±iγ. The first is the Weibel
unstable mode and the second is an overdamped mode. Collective excitations in the extremely
prolate QGP were earlier studied in 8 using a method different than ours.
The energy loss in the extremely prolate system is controlled by the double pole at ω = 0
and 8 single poles: ω = ±ω1 , ω = ±ω2 , ω = ±ω+ , ω = ±ω− . Since the collective modes are
known analytically, the integral over ω is computed analytically as well. The remaining integral
over k is computed numerically using the cylindrical coordinates with the z axis along the vector
n. Since the integral is divergent (as is the case in equilibrium (7)), we choose a finite domain
such that −kmax ≤ kL ≤ kmax and 0 ≤ kT ≤ kmax with kmax = 5µ. The values of remaining
parameters are: g = 1, CR = Nc = 3. In Fig. 1 we show the parton’s energy loss per unit time as
a function of time for three different orientations of the parton’s velocity v with respect to the
z axis. The energy loss manifests a strong directional dependence and it exponentially grows in
time, indicating the effect of instabilities. After a sufficiently long time, the magnitude of energy
loss much exceeds that in equilibrium plasma which equals 0.18 g 2 µ2 for kmax = 5µ.

4

Conclusions

We have developed a formalism where the energy loss of a fast parton in a plasma medium is
found as the solution of an initial value problem. The formalism, which allows one to obtain the
energy loss in an unstable plasma, is applied to an extremely prolate quark-gluon plasma with
momentum distribution infinitely elongated in the z direction. This system is unstable due to
chromomagnetic transverse modes. The energy loss per unit length of a highly energetic parton
exponentially grows in time and exhibits a strong directional dependence. The magnitude of the
energy loss can much exceed the equilibrium value.
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We discuss how to introduce Faddeev-Popov ghosts to the Keldysh-Schwinger formalism describing equilibrium and non-equilibrium statistical systems of quantum fields such as the
quark-gluon plasma which is considered.

1

Introduction

In field theories obeying a gauge symmetry the number of fields exceeds the number of physical
degrees of freedom. To get rid of unphysical degrees of freedom in a manifestly Lorentz covariant
way, one introduces the fictitious fields known as Faddeev-Popov ghosts which play a crucial
role in nonAbelian field theories where unphysical degrees of freedom interact with physical
ones. In vacuum field theory - use the term to contrast it with the statistical field theory the propagator of free ghosts has a simple form of massless scalar field 1 but in the KeldyshSchwniger formalism 2,3 , which is applicable to equilibrium and non-equilibrium systems, the
situation is more complicated. The Green’s functions of the Keldysh-Schwinger formalism are of
much richer structure as they carry information not only about microscopic degrees of freedom
of the system but about its statistical features as well. And it is unclear how to proceed with
ghosts - whether these unphysical particles are constituents of the system of gauge fields or
should be merely included in scattering matrix elements.
The complete analysis of the problem is already presented 4 and here only a brief summery
is given. We consider a system of quarks and gluons which is, in general, out of equilibrium but
the system is assumed to be translationally invariant. It is thus homogeneous (in coordinate
space) but the momentum distribution is arbitrary. In particular, the system can be strongly
anisotropic. The translational invariance greatly simplifies our analysis, as each two-point function depends on its two arguments only through their difference.
2

Keldysh-Schwinger formalism

Since the Yang-Mills fields are of our special interest, the Keldysh-Schwinger formalism is presented in terms of Green’s functions of the gauge vector field Aaµ (x). The main object of the
approach is the contour-ordered Green’s function defined as
def

ab
iDµν
(x, y) =

Tr[ρ(t0 ) T̃ Aaµ (x)Abν (y)]
,
Tr[ρ(t0 )]

(1)

where the trace is understood as a summation over a complete set of states of the system
P
Tr[. . .] = α < α| . . . |α >, ρ(t0 ) is a density operator at time t0 . The time arguments x0 and
y0 are complex with an infinitesimal positive or negative imaginary part which locates them on

Im t

tmax Re t

t0

Figure 1 – The time contour of the Keldysh-Schwinger formalism.

the upper or lower branch of the contour shown in Fig. 1. The real time t0 is smaller than the
real parts of x0 and y0 and the real time tmax is greater than the real parts of x0 and y0 . The
times t0 and tmax are usually shifted to −∞ and +∞, respectively. The time ordering operation
T̃ is performed along the contour.
The contour Green’s function carries information about microscopic interactions in the system under consideration and its statistical properties. It involves four Green’s functions with
real time arguments Dc , Da , D> , and D< . The function Dc describes a particle disturbance propagating forward in time, and an antiparticle disturbance propagating backward in time. The
meaning of Da is analogous but particles are propagated backward in time and antiparticles
<
forward. The functions D> play a role of the phase-space densities of (quasi-)particles, so they
can be treated as quantum analogs of the classical distribution functions.
The free Green’s functions D can be found solving the equation of motion and in the Feynman
gauge the functions read
h
i
iπ
gµν δ ab δ(p0 − Ep )(ng (p) + 1) + δ(p0 + Ep )ng (−p) ,
Ep
h
i
iπ
ab <
gµν δ ab δ(p0 − Ep )ng (p) + δ(p0 + Ep )(ng (−p) + 1) ,
(Dµν
) (p) =
Ep
h
i
c
1
iπ 
ab a
(Dµν
) (p) = ∓gµν δ ab 2
∓
δ(p
−
E
)n
(p)
+
δ(p
+
E
)n
(−p)
,
0
p g
0
p g
p ± i0+ Ep
ab >
(Dµν
) (p) =

(2)
(3)
(4)

where ng (p) is a distribution function of gluons which are assumed to be unpolarized with
respect to spin and color degrees of freedom.
The free Green’s functions of a fermion field can be derived in a similar way by solving the
appropriate equations of motion 5 . One could also find the Green’s functions of ghost fields
solving the equations of motion but it is fairly unclear what is the distribution function of
ghosts. The Slavnov-Taylor identity, which is derived in the next section, allows one to resolve
the ambiguity.
3

Generating functional and Slavnov-Taylor identities

We construct the generating functional of the Keldysh-Schwinger in two steps 3 . In the first one
we write
∗

Z

W0 [J, χ, χ ] = N0

∗

 Z

DA(x)Dc(x)Dc (x) exp i

BC

C

4



d x Leff (x) ,

where the time integral is along the contour and the boundary conditions (BC) are given as
A(−∞ + i0+ , x) = A0 (x),

A(−∞ − i0+ , x) = A00 (x),

c(−∞ + i0+ , x) = c0 (x),

c(−∞ − i0+ , x) = c00 (x),

c∗ (−∞ + i0+ , x) = c∗ 0 (x),

c∗ (−∞ − i0+ , x) = c∗ 00 (x),

and the effective Lagrangian is
Leff

1
1 µ a 2
a
= − Faµν Fµν
+ ψ̄(iγµ Dµ − m)ψ −
(∂ Aµ )
4
2α

(5)

−c∗a (∂ µ ∂µ δ ab − g∂ µ f abc Acµ )cb + Jaµ Aaµ + χ∗a ca + χa c∗a .

(6)

The first two terms constitute the fundamental QCD Lagrangian, the third one fixes the general
covariant gauge and the subsequent one with c∗ and c being the ghost Grassmann fields allows
one to properly count the volume of a gauge orbit 1 . The remaining three terms describe
interactions of the fields A, c and c∗ with external sources J, χ∗ and χ. The sources of ghosts
are Grassmannian. The terms of interaction of quark fields with external sources are missing in
Eq. (6). Since we are mostly interested in the gauge fields, the quarks are ignored all together
from now on.
The generating functional of Keldysh-Schwinger formalism is obtained from the functional
(5) by integrating it over the boundary fields A0 (x), A00 (x), c0 (x), c00 (x), c∗ 0 (x), c∗ 00 (x) weighted
with the density matrix ρ which describes the system of fields at t = −∞. The matrix is not
really physical because of the unphysical degrees of freedom of gauge fields and of the ghosts but
our results do not depend on a form of the density matrix. The complete generating functional
equals
W [J, χ, χ∗ ] = N

Z

DA0 (x) DA00 (x) Dc0 (x) Dc00 (x) Dc∗ 0 (x) Dc∗ 00 (x)

(7)

× ρ[A0 (x), c0 (x), c∗ 0 (x)|A00 (x), c00 (x), c∗ 00 (x)] W0 [J, χ, χ∗ ].
The constant N is chosen in such a way that W [J = 0, χ = 0, χ∗ = 0] = 1.
Contrary to the vacuum field theory, the generating functional of the Keldysh-Schwinger
formalism cannot be expressed in a closed explicit form even for a free theory because of the
unspecified density operator. Nevertheless, the functional (7) provides various relations among
the Green’s functions, in particular, the Slavnov-Taylor identities 6 .
The general Slavnov-Taylor identity 6 results from the invariance of the generating functional
with respect to the infinitesimal gauge transformations Aaµ → Aaµ + f abc ω b Acµ − g1 ∂µ ω a where
|ω|  1. We assume that the gauge transformation does not work at t = −∞, that is ω(t =
−∞, x) = 0, and consequently the density matrix ρ remains unchanged. Requiring invariance of
the generating functional with respect to the gauge transformation we get the general SlavnovTaylor identity


δ
µ
i∂(z)
δJdµ (z)

−

Z

4

d
C



x Jaµ (x)

∂µ(x) δ ab

+ igf

abc

i
h
δ
−1 1 δ
x, z W [J, χ∗ , χ] = 0,
Mbd
µ
δJc (x)
i δJ




(8)

which holds in the Feynman gauge; M −1 is essentially the ghost Green’s function. Differentiating
the general relation (8) with respect to Jeν (y) and putting χ = χ∗ = J = 0, we obtain
µ
ab
∂(z)
Dµν
(z, y) = ∂ν(y) ∆ab (y, z),

(9)

which relates to each other the contour Green’s functions of interacting gluons and free ghosts.
Locating the time arguments y0 and z0 on the upper or lower branch of the contour shown in
Fig. 1 we get the relations for the Green’s functions of real arguments. Since the system under
study is translationally invariant, the Fourier transformed identity (9) gets
ab
−pµ Dµν
(p) = pν ∆ab (−p),

(10)

which relates the longitudinal part of the gluon Green’s function to the free ghost function.
Eq. (10) also expresses the well-known fact that the longitudinal part of the gluon Green’s function is not modified by interaction and consequently the polarization tensor is purely transversal.
With the explicit expressions of the gluon functions (2, 3, 4), the relation (10) provides the
Green’s functions of free ghosts
ab
∆>
ab (p) = −δ

i
iπ h
δ(Ep − p0 )(ng (p) + 1) + δ(Ep + p0 )ng (−p) ,
Ep

Figure 2 – The one-loop contributions to the gluon polarization tensor.

i
iπ h
δ(Ep − p0 )ng (p) + δ(Ep + p0 )(ng (−p) + 1) ,
Ep
h
i
1
iπ 
c
a
∆ab
(p) = ±δ ab 2
δ(p
−
E
)n
(p)
+
δ(p
+
E
)n
(−p)
.
∓
0
p
g
0
p
g
p ± i0+ Ep
ab
∆<
ab (p) = −δ

As seen, the gluon distribution function ng (p), which describes the physical gluons, enters the
Green’s functions of unphysical ghosts.
4

Gluon polarization tensor

As an application of the Green’s functions of the free ghosts we discuss here the retarded polarization tensor of a quark-gluon plasma. Our computation is performed within the hard loop
approach applicable to anisotropic systems 7 . The retarded polarization tensor is an important
characteristic of a plasma system, as it carries information about its chromodynamic properties
like collective excitations or screening lengths.
The polarization tensor of QCD is obtained by summing up four contributions shown in
Fig. 2 where the curly, plain and doted lines denote, respectively, gluon, quark and ghost fields.
After subtracting the vacuum effect, one gets
Πµν
ab (k)

Z

2 ab

=g δ

d3 p f (p) g µν (k · p)2 − (k µ pν + pµ k ν )(k · p) + k 2 pµ pν
,
(2π)3 Ep
(k · p + i0+ )2

where f (p) ≡ nq (p)+n̄q (p)+2Nc ng (p). As seen, the tensor is symmetric with respect to Lorentz
νµ
µν
indices Πµν
ab (k) = Πab (k) and transverse kµ Πab (k) = 0, as required by the gauge invariance.
5

Conclusions

The transversality of the tensor (11), which appears automatically, clearly shows that the derived
Green’s functions of ghosts work properly. This opens a possibility to perform other real-time
calculations in the Feynman gauge which are usually much simpler than those in physical gauges
like the Coulomb one.
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Anisotropy results from 193 GeV U+U collisions at RHIC
Yadav Pandit (for the STAR Collaboration)
Department of Physics, University of Illinois at Chicago, USA

We report the measurement of azimuthal anisotropy vn for n = 1-5 as a function of transverse
√
momentum pT and centrality in U+U collisions at sN N = 193 GeV, recorded with the STAR
detector at RHIC. We also present results on v2 and azimuthal correlator related to charge
separation across the reaction plane due to local parity violation(LPV) in the ultra-central
collisions.

1

Introduction

The azimuthal anisotropy of particle production is commonly used in high energy nuclear collisions
to study the early evolution of the expanding system 1 . The prolate shape of the Uranium nuclei
makes U+U collision specially interesting since it opens up a possibility to produce more extreme
conditions of excited matter at higher density and/or greater volume than is possible using spherical
nuclei like gold or lead at the same incident energy 2 . Central uranium-uranium collisions can have
large elliptic deformation with body on body collisions, while for tip on tip collisions negligible
deformation is expected. So U+U collisions may offer an opportunity to explore wider range of
initial eccentricities. Study of flow harmonics with two different event selections, enhancing the
contributions from one or the other configuration, will provide a new handle on the initial state
effects, where large uncertainties in theoretical calculations still exist.

2

Analysis Details

√
Data reported in this proceedings were collected for U+U collisions at sN N = 193 GeV with a
minimum bias trigger and the ultra central events which were taken with a dedicated central trigger
based on Zero Degree Calorimeter(ZDC) with the STAR detector at RHIC. The Time Projection
Chamber (TPC) 3 is the primary tracking detector at STAR. Event used in this analysis are required
to have the primary vertex with in 30 cm along the beam direction and 2 cm in the transverse
direction from the center of the beam pipe. The event plane method and two particle cumulant
method are used in the analysis. In the event plane method, the event plane vector is reconstructed
from tracks with transverse momentum (pT ) up to 2 GeV/c and the subevents were separated by
η gap of 0.2 units. Results are corrected for detector inefficiencies in both methods.

3
3.1

Results
First and higher harmonics

Figure 1 left panel presents the vn integrated in transverse momentum pT (0.15 < pT < 2GeV /c)
and pseudorapidity η (|η| < 1.0) as a function of centrality. Except for v2 , we observe very weak
centrality dependence of all other harmonic coefficients which provides possible hint that geometry
fluctuations do not strongly depend on centrality. For comparison we also show the corresponding
result for Au+Au collisions at 200 GeV. On the right panel elliptic flow v2 at 193 GeV compared
with a model prediction based on Glauber model at 200 GeV 5 . For central collisions, experimental
data are lower than the prediction.
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Figure 1 – vn as a function of centrality on left and v2 as a function of centrality compared with a model prediction.

Fig. 2 shows all vn measurements at different centralities as a function of transverse momentum
pT . Also shown are the same measurement from Au+Au collisions at 200 GeV for the comparisons.
We observe the difference in vn for n = 1 and n = 2 at 0-5% central between U+U and Au+Au
collisions. This may hint to initial overlap geometry difference in the central collisions between
two systems Au+Au and U+U collisions. The difference diminishes in higher harmonics and more
peripheral collisions. We also report measurement of vn for 0-5% central U+U collisions taken with
a dedicated central trigger. We subdivide 0-5% central bin into 10 smaller centrality bins upto
most central 0-0.5% centrality. In Fig. 3 left panel, vn as a function of centrality for ultra central
collisions is shown. Other than second harmonic coefficient, the vn do not change in this centrality
range. We observe small change for v2 , however we could not observe a knee structure predicted in
some of the model calculations 6 . Fig. 3 right panel shows vn as a function of transverse momentum
for the most central(0–0.5%) collisions which shows all harmonics coefficients have comparable
magnitude in intermediate transverse momentum.
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Figure 2 – vn (pT ) measurement at 0-5% central in upper panels and 30-40% central collisions in the lower panels for
U+U collisions at 193 GeV (solid stars) and for Au+Au collisions at 200 GeV(open stars).
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3.2

Fully overlap Collisions

The Zero Degree Calorimeters (ZDCs) were used to select fully overlap event based on energy
deposition by spectator neutrons. Figure 4 shows the v2 of all charged particles as a function of
the normalized multiplicity in 1% ZDC centrality on left and 0.1% centrality on right 7 . Since
the deformation of gold nuclei is small, in case of fully overlapping collisions, we do not expect
correlations between multiplicity and v2 . However, we observe a strong negative slope in both
Au+Au and U+U collisions for 1% central data. In order to see the effects from initial geometry
(body on body vs. tip on tip), one needs to reduce the effects from impact parameters and select
further on fully overlap collisions. On 0.1% selected events the slope magnitude in Au+Au collisions
becomes smaller and the slope for U+U become steeper as expected. The Glauber model predicts
a steeper slope for U+U collisions and a positive slope for Au+Au due to its oblate shape and dose
not describe the data well.

Figure 4 – The elliptic flow v2 of all charged particles as a function of the normalized multiplicity. The left panel
shows the results for top 1% ZDC central events, while the right panel shows the results for top 0.1% ZDC central
event. A linear fit between normalized multiplicity 0.9 to 1.1 is applied to extract the slope parameter.The dash lines
represent Glauber simulation slopes calculated via eccentricity

3.3

Local Parity Violation

In heavy ion collisions a strong magnetic field is produced because of energetic spectator protons.
The interplay between the magnetic field and the quark-gluon matter created in the collisions may
have observable effects 8 . To study the effect of charge separation due to the Chiral Magnetic Effect,
a three-point mixed harmonics azimuthal correlator was proposed 9 :
γ = hcos(φα + φβ − 2ψRP )i,

(1)

where α and β denote the particle type: α, β = +, −.
The observable γ is P-even, but sensitive to the fluctuation of charge separation. The left panel
of Fig. 5 shows γ as a function of centrality for U+U collisions at 193 GeV 10 , in comparison with
Au+Au collisions at 200 GeV measured by STAR collaboration 11 . The opposite sign correlations
in U+U are still higher than the same sign, with γSS consistent with those in Au+Au and γOS
slightly lower than those in Au+Au, showing the clear difference between the opposite sign and
the same sign correlations, qualitatively consistent with the picture of CME and LPV.
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To reduce the mutual background, we study γOS − γSS , and multiply it by the number of
participants, Npart , to compensate for the dilution effect 12 . The right panel of Fig. 5 shows the signal
(γOS −γSS )·Npart vs v2 for different centralities in 193 GeV U+U and 200 GeV Au+Au collisions. In
both U+U and Au+Au, the signal roughly increases with v2 pointing to the large background effect
due to flow. The central trigger in U+U is supposed to disentangle the background contribution
from the signal, since the magnetic field will be greatly suppressed and the measured signal will
be dominated by the v2 -related background. As a result, in 0-1% most central U+U collisions the
signal disappears as expected by the Chiral Magnetic Effect, while v2 is still ∼ 2.5%.
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Figure 5 – (Color online) Comparison between Au+Au collisions at 200 GeV and U+U collisions at 193 GeV. (Left)
γ as a function of centrality. (Right) (γOS − γSS ) × Npart vs v2 .The error bars are statistical only. The open box
represents the systematic uncertainty due to the tracking capability under the high luminosity in RHIC year 2011 10 .

4

Summary

Azimuthal anisotropy vn measurement for n = 1-5 as a function of transverse momentum pT and
√
centrality in U+U collisions at sN N = 193 GeV is presented. We observe a weak centrality
dependence for harmonics other than the second harmonic. For higher harmonics and mid central
collisions, vn (U+U) is similar to vn (Au+Au), the difference appears at central collisions for v1 and
v2 . In ultra central collisions v2 (U + U ) shows a stronger multiplicity dependence compared to
v2 (Au + Au). The signal related to LPV seems to disappear when the magnetic field is greatly
suppressed as in 0-1% most central UU collisions, while v2 is still sizable indicating that observed
signal is not dominated by the v2 -related background.
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FLOW PHENOMENA IN CMS
Quan Wang for the CMS Collaboration
Department of Physics & Astronomy,
Lawrence, KS 66045-7582, USA

Azimuthal angle correlation measurements of charged hadrons are presented in pPb collisions
√
√
at sN N = 5.02 TeV and PbPb collisions at sN N = 2.76 TeV. The second- (v2 ) and thirdorder (v3 ) Fourier harmonics are extracted using two-particle correlation and four-particle
cumulant methods covering similar multiplicity ranges in pPb and PbPb over a wide range
of pseudorapidity. A large four-particle v2 as a function of multiplicity in pPb collisions is
comparable to the PbPb system. Nearly identical two-particle correlation v3 signals between
the pPb and PbPb systems are observed. In ultra-central PbPb collisions, factorization of the
Fourier harmonics is shown. The observed factorization breakdown is found to be consistent
with the pT dependent event-by-event fluctuating event-plane angle in the hydrodynamic
picture.

Studies of the collective behavior of the emitted charged particles play an important role
in characterizing the underlying properties of the hot and dense matter created in high-energy
collisions of protons and nuclei. The observed long-range, two-particle ∆η-∆φ (pseudorapidity
and azimuthal angle difference between the two particles respectively) correlations in nucleusnucleus (AA) collisions is well known by the “ridge-like” structure at small ∆φ (near-side)
over large relative pseudorapidity ∆η. It has been proposed that the hydrodynamic collective
flow of the strongly interacting medium can lead to such long-range correlations in central
and mid-central AA collisions. However, a similar long-range correlation has been observed in
high final-state charged particle multiplicity events in both proton-proton (pp) 1 collisions and
proton-lead (pPb) 2,3,4 collisions. The amplitude of such correlation in pPb collisions is strongly
enhanced compared to that in pp collisions. A detailed study of the long-range correlation in
pPb is presented and compared to the PbPb system in a similar multiplicity range, to provide
constraints on the theoretical understanding of the particle production mechanisms.
Figure 1 shows the charged hadron v2 results (top) averaged over 0.3 < pT < 3.0 GeV/c
using two-particle correlation (v2 {2, |∆η| > 2}) and four-particle cumulant (v2 {4}) methods, as
offline , charged particle with p > 0.4 GeV/c and |η|
a function of the offline event multiplicity (Ntrk
T
< 2.4). An η gap of 2 units is applied in two-particle correlation method between the trigger and
associated particles to suppress non-flow contribution, such as jet fragmentation and resonance
decay. Data are from semi-peripheral PbPb collisions at 50–100% centrality at a center-of-
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Figure 1 – Top: the v2 {2, |∆η| > 2} (circles) and v2 {4} (squares) values as a function of Ntrk
for 0.3 < pT
< 3 GeV/c, in 2.76 TeV PbPb collisions (left) and 5.02 TeV pPb collisions (right). Bottom: upper limits on
the relative v2 fluctuations estimated from v2 {2} and v2 {4} in 2.76 TeV PbPb collisions (left) and 5.02 TeV
pPb collisions (right). The error bars correspond to statistical uncertainties, while the shaded areas denote the
offline
systematic uncertainties. Results after subtracting the low multiplicity data (Ntrk
< 20) are also shown (lines).

√
mass energy of sN N = 2.76 GeV (left), collected during 2011, and minimum-bias and high
√
multiplicity triggered pPb collision at sN N = 5.02 TeV, collected during 2013. The dedicated
high multiplicity triggers are used during pPb data taking as an online selection of events with
large amount of reconstructed tracks from a single collision. They can trigger events with
multiplicity as high as equivalent to 55% centrality PbPb collisions. The v2 {2, |∆η| > 2} and
offline . These coefficients
v2 {4} values increase moderately in PbPb collisions with increasing Ntrk
offline , the
remain relatively constant for pPb data at large multiplicity. Over large range of Ntrk
PbPb data show a larger v2 signal than for pPb data. Since the v2 fluctuation contributes
differently to the two-particle correlation and four-particle cumulant method, the fluctuation
can be then estimated from the difference of v2 {2} and v2 {4}. If hydrodynamic flow is the
dominant
source of the correlations, the upper limit of the v2 fluctuation can be approximated
q
2
by (v2 {2} − v22 {4})/(v22 {2} + v22 {4}), which is shown in Figure 1, bottom. The v2 fluctuation
is systematically higher in pPb collisions than the PbPb. And it shows an increasing trend as
offline in pPb collisions, while it is relatively flat in PbPb.
increasing Ntrk
Figure 2 shows the two-particle v3 {2, |∆η| > 2} values for pPb and PbPb collisions using
same dynamic range as Figure 1. The remarkably similar v3 values for both pPb and PbPb
systems at the same event multiplicity are not trivially expected within the hydrodynamic
picture, because the initial geometry configurations for the two systems are very different. For
offline increases. It is also found that, at
both pPb and PbPb collisions, v3 values increase as Ntrk
offline
low multiplicity Ntrk
≈ 40–50, v3 {2, |∆η| > 2 and v2 {4} could not be reliably extracted for
both systems. The turning off of v2 {4} might indicate the absence of the collective correlation
at low multiplicity, or the breaking down of the cumulant method.
Another important goal of the heavy-ion physics program is to understand the transport
properties of the hot and dense matter, particularly, the shear viscosity over entropy density
ratio, η/s. It can be studied through the azimuthal anisotropy in ultra-central PbPb collisions
(i.e. the top 0.2% most central collisions), where the initial-state geometry is predominantly
generated by fluctuations, and various orders of eccentricities predicted by different models tend
to converge 5 . In the two-particle correlation flow measurement, it assumes that the measured
two-particle correlation can be factorized into a product of the two individual single-particle
azimuthal distribution, with respect to a common event-plane angle throughout the event. Any
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Figure 2 – The v3 {2, |∆η| > 2} values as a function of Ntrk
for 0.3 < pT < 3 GeV/c, in 2.76 TeV PbPb collisions
(red) and 5.02 TeV pPb collisions (blue). The error bars correspond to statistical uncertainties, while the shaded
offline
areas denote the systematic uncertainties. Results after subtracting the low multiplicity data (Ntrk
< 20) are
also shown (lines).

deviation from the factorization assumption is considered to be the non-flow effect. However,
it has been shown that the initial-state eccentricity fluctuations could be one possible source of
factorization breakdown 6,8 . The event-plane angle, Ψn determined by final-state particles, could
depend on pT event-by-event, instead of a common event-plane angle. Therefore, the breakdown
effect can be evaluated by calculating the ratio in CMS PbPb collisions as
assoc )
Vn∆ (ptrig
T , pT
,
rn ≡ q
trig
assoc , passoc )
)V
(p
Vn∆ (ptrig
,
p
n∆ T
T
T
T

(1)

where ptrig
and passoc
are the transverse momentum of the trigger and associated particles. If
T
T
Vn∆ factorizes, rn will be equal to unity. If an event-by-event pT dependent event-plane presents,
the ratio can be rewritten as
h

rn =

i

assoc ) cos n(Ψ (ptrig ) − Ψ (passoc )) i
hvn (ptrig
n T
n T
T )vn (pT

q

2 assoc )i
hvn2 (ptrig
T )ihvn (pT

,

(2)

assoc ) represent the event-plane angles associated to trigger and assowhere Ψn (ptrig
T ) and Ψn (pT
ciated particles from different pT intervals.
Figure 3 shows the r2 values from four centrality classes (0–0.2%, 0–5%, 0–10%, 40–50%) as
a function of the differences between ptrig
and passoc
. The r2 values deviate from unity as the
T
T
collisions become more central, and the deviation gets larger as the difference of ptrig
and passoc
T
T
increases. It reaches up to 20% in ultra-central events for 2.5 < ptrig
<
3.0
GeV/c.
This
can
T
be understood as the event-by-event intial-state fluctuations becomes dominant in more central
collisions. Theoretical calculations from viscous hydrodynamics in Ref. 6 are compared to the
results with MC Glauber model 9,10 initial condition with η/s = 0.08 (dashed lines), and MCKLN model with η/s = 0.2. Both models qualitatively agree with the data observations. The
data favor MC-KLN model with η/s = 0.2. However, further detailed studies of ultra-central
results are needed to put a precise constrain on η/s. Higher-order harmonics (r3 , r4 ) can be
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Figure 3 – Factorization ratio, r2 , as a function of ptrig
− passoc
in bins of ptrig
for four centrality ranges of PbPb
T
T
T
√
collisions at sN N = 2.76 TeV. The lines show the calculations from viscous hydrodynamics in 6 for 0-10% and
40-50% centralities with MC Glauber initial condition model and η/s = 0.08 (dashed lines), and MC-KLN initial
condition model and η/s = 0.2 (solid lines). Each row represents different centrality range, while each column
corresponds to different ptrig
range.
T
assoc and centrality
found in Ref. 11 . The factorization is satisfied over a wider range of ptrig
T , pT
trig
assoc
ranges. The breakdown is about 5% for the larger values of pT − pT , i.e., greater than 1
GeV/c.
In summary, the CMS collaboration has measured the two- and four-particle correlations,
extracted the flow harmonics v2 and v3 in pPb collisions, and compared to PbPb collisions in
the similar multiplicity ranges. Large v2 signals in high multiplicity pPb events are observed,
which are comparable to PbPb mid-central collisions. Remarkable similar v3 results for pPb and
PbPb collisions could not be trivially understood. Factorization breakdown in PbPb collisions
provide important insight of the hot and dense matter created in the PbPb collisions.
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Elliptic flow phenomenon at ATLAS

∗

Martin Spousta on behalf of the ATLAS Collaboration
Charles University in Prague, Institute of Particle and Nuclear Physics,
V Holesovickach 2, 180 00 Prague 8, Czech republic

We summarize measurements of elliptic flow and higher order flow harmonics performed by the
ATLAS experiment at the LHC. Results on event-averaged flow measurements and event-plane
correlations in Pb+Pb collisions are discussed along with the event-by-event flow measurements. Further, we summarize results on flow in p+Pb collisions.

1

Introduction

Heavy ion collisions at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider
(LHC) create hot and dense matter that is composed of deconfined quarks and gluons. A useful tool
to study properties of this matter is the azimuthal anisotropy of particle emission. At low transverse
momenta (pT . 3 − 4 GeV), this anisotropy results from a pressure driven anisotropic expansion of
the created matter, with more particles emitted in the direction of the largest pressure gradient 1 . At
higher pT this anisotropy is understood to result from the path-length dependent energy loss of jets as
they traverse the matter, with more particles emitted in the direction of smallest path-length 2 . These
directions of maximum emission are strongly correlated, and the observed azimuthal anisotropy can
be expressed 3 as a Fourier series in azimuthal angle φ,
1
d3 N
1
d2 N
=
2πpT dφdpT dη
2πpT dpT dη

1+

∞
X

!
vn (pT , η) cos n(φ − Φn ) ,

(1)

n=1

where η is pseudorapidity, vn and Φn represent the magnitude and direction of the nth -order harmonic,
respectively. The nth -order harmonic has n-fold periodicity in azimuth, and the coefficients at low pT
are often given descriptive names, such as “direct flow” (v1 ), “elliptic flow” (v2 ), or “triangular flow”
(v3 ).
In typical non-centrala heavy ion collisions, the large and dominating v2 is associated mainly with
the almond shape of the nuclear overlap. However, v2 in central (head-on) collisions and the other
vn coefficients in general are related to various shape components of the initial state arising from
fluctuations of the nucleon positions in the overlap region 4 .
The event-averaged measurement of elliptic flow and higher order harmonics in Pb+Pb collisions
is summarized in Sec. 2. The event-by-event flow measurements in Pb+Pb collisions are discussed
in Sec. 3. Section 4 summarizes results from two-particle correlations and flow in p+Pb collisions.
√
Measurements in Pb+Pb collisions use the data at sNN = 2.76 TeV with integrated luminosity of 7
√
µb−1 . Measurements in p+Pb collisions use the data at sNN = 5.02 TeV with integrated luminosity
of approximately 1 µb−1 .
a

In Pb+Pb collisions, the centrality is estimated using energy deposited in forward (3.1 < |η| < 4.9) calorimeters.

2

Elliptic flow and higher order harmonics in Pb+Pb collisions

The elliptic flow and higher order harmonics in Pb+Pb collisions were extracted from “event-plane
method” 5,6 and using multi-particle azimuthal correlations 7,6 . The event-plane method correlates
individual tracks with the event-plane direction Φn measured using energy deposited in the forward
calorimeters. The Fourier coefficient vn can be expressed as
vn ≡ hcos[n(φ − Φn )]i ,

(2)

where angle brackets denote two-step averaging, first over charged particles in an event, and then over
events.
Significant v2 –v6 values were observed as a function of transverse momentum (0.5 < pT < 20 GeV),
pseudorapidity (|η| < 2.5), and centrality. All flow harmonics exhibit similar dependence on pT . The
values of vn first grow with increasing pT achieving a maximum at around 3 GeV, then they decrease
staying non-zero across the whole measured pT interval. The pT dependence of vn values for n ≥ 3
1/n
1/2
is found to follow an approximate scaling relation, vn (pT ) ∼ v2 (pT ), except in the top 5% most
central collisions. The values of vn for n ≥ 2 do not exhibit a significant variation when evaluated
as a function of η. While a similar pT dependence of flow was previously observed at RHIC, the η
dependence of flow at RHIC was different, achieving a maximum at mid-rapidity and decreasing with
increasing η 8 .
The centrality dependence of v2 reflects the geometry of the collision. It achieves the maximum in
mid-central collisions where the ellipticity of the initial overlapping region is largest. The v2 decreases
in more central collisions due to decreasing initial eccentricity and it also decreases in more peripheral
collisions due to lack of collectivity 9 . Contrary to the behavior of v2 , the vn values for n ≥ 3 are found
to vary only weakly with centrality.
The basic conclusions derived from results obtained using the event-plane method are consistent
with the conclusions from results obtained using multi-particle azimuthal correlations. In the eventplane method, only two-particle correlations are exploited in the determination of vn (see Eq.2). This
leads to a well-known problem of disentangling all-particle flow and contributions from particle correlations unrelated to the initial geometry, known as non-flow correlations. These non-flow effects
include correlations due to energy and momentum conservation, resonance decays, quantum interference phenomena, and jet production. In order to suppress non-flow correlations, methods that use
genuine multi-particle correlations can be employed. Two particle correlations allows to determine
Fourier coefficient vn without estimating the event-plane direction as follows
hcorrn {2}i ≡ hexp[in(φ1 − φ2 )]i = hcos[n(φ1 − φ2 )]i = vn {2}2 ,

(3)

where φ1 and φ2 denote azimuthal angles of two particles forming a pair. Angle brackets denote twostep averaging, same as in the case of determining the vn coefficients using the event-plane method.
This can be generalized to 2k-particle correlations defined as
hcorrn {2k}i = hexp[in(φ1 + ... − φ1+k − ... − φ2k )]i = vn {2k}2k .

(4)

The multi-particle correlations hcorrn {2k}i account for the collective anisotropic flow as well as for
the non-flow effects. The anisotropic flow related to the initial geometry is a global, collective effect
involving correlations between all outgoing particles. Thus, in absence of non-flow effects, vn {2k} is
expected to be independent of k. On the contrary, most of the non-flow effects are contributing to
correlations of few particles only. Thus, 2k-particle “cumulants” can be used to suppress the nonflow contribution by eliminating the correlations between fewer than 2k particles. An example is the
cumulant of the four-particle correlations, cn {4} ≡ corrn {4}−2corrn {2}2 , which measures the genuine
four-particle correlations. If the non-flow contribution is only due to the two-particle correlations, then
they are eliminated and cn {4} directly measures flow harmonics. In practice, multi-particle azimuthal
correlations are calculated using the generating functions formalism 10 .
The cumulant approach to measure flow harmonics also provides a possibility to study elliptic flow
fluctuations which can be related to the fluctuations in the initial geometry of the interaction region
11 . The prediction for the event-by-event variation in the initial geometry obtained from the Glauber
Monte Carlo model 12 , shows a similar size of fluctuations, suggesting that the elliptic flow fluctuations
could originate from fluctuations in the initial geometry.

3

Event-by-event measurement of flow

The flow signal is clearly visible on the event-by-event basis in Pb+Pb collisions. Yield of particles
in one event evaluated as a function of azimuthal angle can vary by as much as a factor of three 13 .
Measurement of event-by-event flow coefficients allows to directly access the flow fluctuations and thus
to better understand the role of initial geometry in forming the flow effects. The event-by-event flow
→
→
can be quantified by the per-particle “flow-vector”, vn = (vn cos nΦn , vn sin nΦn ). If fluctuations of vn
→
relative to the flow vector associated with the average geometry in the reaction plane b (RP), vnRP , are
described by a two dimensional (2D) Gaussian function in the transverse plane,14 then the probability
→
density of vn can be expressed as
→
→RP 2
1
2
→
p( vn ) =
e( v n − v n ) /(2δvn ) .
(5)
2
2πδvn
The relation between the event-averaged flow coefficients hvn i discussed in Sec. 2 and event-by-event
flow coefficients vn can be then written 13 as (vnRP )2 ≈ hvn i2 − δv2n .
The flow coefficients vn were measured for n = 2, 3, and 4 over the pseudorapidity range |η| < 2.5
and the transverse momentum range pT > 0.5 GeV 13 . In the very central, 0–2%, collisions, where
the eccentricity of the initial overlapping region approaches zero, the measured v2 distributions are
found to approach that of a radial projection of a 2D Gaussian distribution centered around zero
(v2RP = 0). This is consistent with a scenario where fluctuations are the primary contribution to the
overall shape for these most central collisions. Starting with the centrality interval 5–10%, the v2
distributions differ significantly from this scenario, suggesting that they have a significant component
associated with the average collision geometry. In contrast, the v3 and v4 are consistent with a pure
2D Gaussian-fluctuation scenario (i.e. vnRP = 0) over most of the measured centrality range. However,
a systematic deviation from this fluctuation-only scenario is observed for v3 and v4 in mid-central
collisions.
The vn distributions were also measured separately for charge particles with 0.5 < pT < 1 GeV
and pT > 1 GeV. The shape of the unfolded distributions, when rescaled to the same hvn i, is found
to be nearly the same for the two pT ranges. This suggests that the hydrodynamic response to the
eccentricity of the initial geometry has little variation in this pT region. The conclusions were quantified
in more details e.g. by evaluating the ratios of width to the mean of measured vn distributions. Further,
the measured vn distributions were compared with the eccentricity distributions of the initial geometry
from the Glauber model 15 and MC-KLN model 16 . Both models were found to fail in describing the
data consistently over most of the measured centrality range.
More insight to the role of fluctuations in flow effects can be also gained by measuring the eventplane correlations. If the fluctuations in initial geometry are small and random, the orientations of
event-plane directions Φn of different order are expected to be uncorrelated. Fourteen correlators of
event-plane directions were measured 17 using a standard event-plane method and a scalar-product
method 18 . Several different trends in the centrality dependence of these correlators were observed.
These trends were not reproduced by predictions based on the Glauber model, which includes only
the correlations from the collision geometry in the initial state. Calculations that include the final
state collective dynamics are able to describe qualitatively, and in some cases also quantitatively, the
centrality dependence of the measured correlators. In particular, the AMPT model 19 which generates
collective flow by elastic scatterings in the partonic and hadronic phase was shown to reproduce the
trends seen in the data. These observations suggest that both the fluctuations in the initial geometry
and non-linear mixing between different harmonics in the final state are important for creating the
correlations in the momentum space.
4

Flow in p+Pb collisions

High-multiplicity p+Pb events provide a rich environment for studying observables associated with
high parton densities in hadronic collisions. Tool to probe this physics is the two-particle correlation
function measured in terms of the relative pseudorapidity (∆η) and azimuthal angle (∆φ) of selected
b

Reaction plane is defined by the impact parameter vector and the beam axis. Reaction plane needs to be distinguished
from the event plane Φn which is directly accessible event-by-event.

particle pairs, C(∆η, ∆φ). The first studies of two-particle correlations in the highest-multiplicity
p+p collisions at the LHC 20 showed an enhanced production of pairs of particles at ∆φ ∼ 0, with the
correlation extending over a wide range in ∆η, a feature frequently referred to as a “ridge.”
Similar long range (2 < |∆η| < 5) correlations were observed in p+Pb collisions on the nearside (∆φ ∼ 0) exhibiting a rapid grow with increasing event activity characterized by the transverse
Pb ) summed over 3.1 < η < 4.9 in the direction of the Pb beam. Further, a long-range
energy (ET
away-side (∆φ ∼ π) correlation was found to be present in high-event activity p+Pb collisions after
subtracting the expected contributions from recoiling dijets and other sources estimated using events
Pb 21 . In this measurement, the correlation function C(∆η, ∆φ) was also projected to
with small ET
the ∆φ direction. The resultant ∆φ correlation was found to be approximately symmetric about π/2
exhibiting thus a clear flow signal. To quantify the size of the flow signal, v2 is determined using
two- and four-particle cumulants 22 . A significant magnitude of v2 is observed for both v2 {2} and
v2 {4}, although v2 {2} is consistently larger than v2 {4}, indicating a sizable contribution of non-flow
correlations to v2 {2}. The transverse momentum dependence of v2 {4} shows a behavior similar to
that measured in Pb+Pb collisions.
Presence of flow in p+Pb collisions might have not been expected due to the small size of the
produced system compared to the mean free path of interacting constituents. Despite that, it was
observed that the prediction of viscous hydrodynamics can reproduce the magnitude of the measured
flow when configured with similar initial conditions as those used for Pb+Pb collisions 22,23 . Many
of the physics mechanisms proposed to explain the p+p ridge, including multi-parton interactions,
parton saturation, and collective expansion of the final state, are also expected to be relevant in p+Pb
collisions and they may contribute to the observed flow. The flow phenomenon in p+Pb collisions
thus clearly deserves more investigations to understand its origin.
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GEOMETRICAL SCALING AND ITS BREAKING
IN HIGH ENERGY COLLISIONS a
M. PRASZALOWICZ
M. Smoluchowski Institute of Physics, Jagiellonian University
4 Reymonta str., 30-059 Krakow, Poland

We report on recent analyses of different pieces of data, which exhibit Geometrical Scaling (GS)
and its breaking. GS is a consequence of the existence of an intermediate energy scale, called
saturation momentum, and allows to relate data at different energies, of different systems and
also at different multiplicities and/or centralities.

In this talk we give a short overview of searches for the presence of Geometrical Scaling in
hadronic collisions. For details we refer the reader to the original publications. Let’s start from
the formula for the cross-section for inclusive gluon production 1 in a collision 1 + 2 → g + X:
3π
dσ
= 2
2
dyd pT
2pT

Z

2
2
d2~kT αs (kT
)ϕ1 (x1 , ~kT
)ϕ2 (x2 , (~k − p~ )2T ).

(1)

Here ϕ1,2 are unintegrated gluon densities and x1,2 are gluon momenta fractions needed to
produce a gluon of transverse momentum pT and rapidity y:
√
x1,2 = e±y pT / s .

(2)

Note that unintegrated gluon densities have dimension of area. This is at best seen from
the very simple parametrization propsed by Kharzeev and Levin 2 or by Golec-Biernat and
Wüsthoff 3 in the context of Deep Inelastic Scattering (DIS):
(
2
ϕ(kT
)

= S⊥

2 < Q2
1 for kT
s
2
2 < p2
Q2s /kT
for kT
T

2
or ϕ(kT
) = S⊥

2


3 kT
2
2
exp
−k
/Q
T
s .
4π 2 Q2s

(3)

Here S⊥ is the transverse size given by inelastic cross-section (or its part) for the minimum bias
inclusive multiplicity or in the case of DIS S⊥ = σ0 is the dipole-proton cross-section for large
dipoles. Another feature of the unintegrated glue (3) is the fact that ϕ depends on the ratio
a
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2 /Q2 (x) rather than on k 2 and x separately. This is called Geometrical Scaling 4 and has been
kT
s
T
for the first time proposed in the context of DIS. Here

Q2s (x) = Q20 (x/x0 )−λ = Q20 (e±y pT /W )−λ

(4)

√
is the saturation scale. Taking b x0 = 10−3 we have W = s × 10−3 in formula (4).
Assuming particles 1 and 2 to be identical and y ∼ 0 (central rapidity) which corresponds
to x1 ' x2 (denoted in the following as x) and suppressing αs we arrive at:
dσ
2
= S⊥
F(τ )
dyd2 pT

or

1 dN
= F(τ )
S⊥ dyd2 pT

(5)

where τ = p2T /Q2s (x) is scaling variable and dN/dy stands for multiplicity density. Eq.(5) implies
that particle spectra at different energies should coincide if plotted in terms τ . In other words
they exhibit GS 5 .
We can integrate now (5) over d2 pT using
dp2T =

λ
λ
2Q20  2 2  2+λ
W /Q0
τ − 2+λ dτ
2+λ

arriving at
dN
2π
= S⊥ F(τ )d2 pT = S⊥ Q̄2s
dy
2+λ
Z

Z

λ

F(τ )τ − 2+λ dτ =

1
S⊥ Q̄2s
κ

(6)

where 1/κ is a universal, energy independent integral of F, and


Q̄2s = Q20 W 2 /Q20



λ
2+λ

(7)

is an average saturation scale, which can be thought of as a solution of the equation
Q2s (Q̄2s /W 2 ) = Q̄2s .
It follows that
Q̄2s =

κ dN
.
S⊥ dy

(8)

Equation (8) means that the average saturation scale is proportional to the gluon density per
unit transverse area. One should keep in mind the distinction between saturation scales (4) and
(8), since they are interchangeably used in the literature. The theory behind gluon saturation
(for a review see Refs. [6,7] and references therein) is Color Glass Condensate 8,9,10 .
The existence of GS in pp collisions as given by eq.(5) has been indeed observed in the data 5
and reported at Moriond 2012 11 . An efficient way to study GS is to form ratios RW1 ,W2 (τ ) =
dN/dydpT |W1 (τ )/ dN/dydpT |W2 (τ ) which, according to (5) should be equal 1 over wide range
of τ 12 . This requirement allows to find the optimal value of λ which in the case of the LHC
data is equal to 0.27, which is a bit smaller than in DIS 13 . It has been shown 13 that in DIS GS
extends up to rather large xmax ≈ 0.08.
Surprisingly GS scaling works also for the pT spectra in heavy ion collisions at RHIC energies 12 . In the case of heavy ions the saturation momentum scales as Q2A s = A1/3 Q2s and the
scaling variable is therefore τA = p2T /Q2A s . This is illustrated in Fig. 1 where charged particles
spectra in AuAu and CaCa collisions as measured by PHOBOS are plotted in terms of pT and
√
τA . Recently GS for the photons produced in different systems (AA, dA and pp), at different
energies and at different centralties (i.e. at different S⊥ ) has been reported 14 .
For y > 0 two Bjorken x’s (2) can be quite different: x1 > x2 . Therefore by increasing y one
can eventually reach x1 > xmax and violation of GS is expected. To show this 15 we have used pp
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data from NA61/SHINE experiment 16 which measured particle spectra at different rapidities
y = 0.1 − 3.5 and at 5 scattering energies W1,...,5 = 17.28, 12.36, 8.77, 7.75, and 6.28 GeV.
In Fig. 2.a we plot ratios R1i = RW1 ,Wi for π − spectra in rapidity region y = 0.1 for
λ = 0.27. Here the GS window extends down to the smallest energy because xmax is as large
as 0.08. Nevertheless one can see that the quality of GS is the worst for the smallest energy
W5 . By increasing y some points fall outside the GS region due to the fact that x1 ≥ xmax , and
finally for y ≥ 1.7 geometrical scaling is no longer seen. This is shown in Fig. 2.b.
In a situation where two (or more) external energy scales are present, like pT and particle
mass m (for identified particles), one can form two independent ratios with Qs what implies
violation or at least modification of GS. We have argued that in the case of identified particles
GS is still present 17 if another scaling variable is used in which pT is replaced by m̃T = mT −m =
q
m2T + p2T − m. This scaling variable is connected with the fact that accurate fits are obtained
by means of Tsallis-like parametrization 18,19,20 where particle multiplicity distribution takes the
following form (see e.g. Ref.[21] ):
1 d2 N
dN
mT − m
=C
1+
pT dydpT
dy
nT


−n

.

(9)

b
The precise value of Q0 and x0 is not important in the following. Only the value of exponent λ will be
determined.

Coefficient C ensures proper normalization of (9). Here n and T are free fit parameters that
depend on particle species. Formula (9) admits GS solution 17 , provided that n is a constant
(with possible corrections that would allow for the energy dependence of n seen in the data) and
T ∼ Q̄s of eq.(7) which has a power-like energy dependence.
In summary we can say that by now the existence of the saturation scale is undoubtedly well
established. Geometrical Scaling follows as a natural consequence. One can use GS to relate
different pieces of data with an accuracy much higher than originally expected. New results
from the LHC at higher energies will be important for further studies of the details GS and of
the underlying theory of dense gluonic system.
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A BIG SURPRISE IN SMALL DROPS OF QUARK-GLUON PLASMA
OR: FLOW IN D+AU AT RHIC?
M.P. MCCUMBER for the PHENIX COLLABORATION
Subatomic Physics P-25,
Los Alamos National Laboratory,
Los Alamos, NM 87545, USA
In the collisions of small systems, p(d)+A, it was previously believed that the production of
a thermalized quark-gluon plasma would not be permitted due to a limited density and small
spatial extent. However, recent studies of small collisions at RHIC and the LHC are now
challenging that set of assumptions by showing some features consistent with hydrodynamic
flow. These proceedings are a review of results from PHENIX in d+Au collisions which show
signatures of hydrodynamic evolution are present at RHIC energies.

1

Introduction

Proton- and deuteron-nucleus collisions at the collider energies of the Relativistic Heavy Ion
Collider (RHIC) and the Large Hadron Collider (LHC) provide useful baseline measurements of
initial-state nuclear effects that can also influence the outcome of heavy ion collisions. Proper
modeling of these initial-state nuclear effects is important in providing a detailed understanding
of the quark-gluon plasma. The energy density left behind in p(d)+A collisions was generally
considered too small to create significant quantities of quark-gluon plasma. Recent measure√
ments at the LHC within p+Pb collisions at sN N = 5.02 TeV have challenged the extent
to which that assumption applies.1,2,3 In these studies, the strength of the azimuthal angular
correlations between particles with a large pseudorapidity separation, examined as a Fourier
coefficient series, vn , are reproduced by theoretical models assuming a hydrodynamic evolution of deposited energy.4,5,6 An alternative explanation from Color Glass Condensate “glasma”
diagrams has also been proposed to produce these correlations.7 The two frameworks predict
different correlation strengths at lower collider energy and selection of light projectile: proton
versus deuteron.
These proceedings review a set of results made by the PHENIX Collaboration which demon√
strate that these azimuthal correlations are present in d+Au collisions at sN N = 200 GeV.
The correlations are influenced by the larger eccentricity in the initial state of this system. The
correlations also exhibit a mass ordering in the magnitude of the second order coefficient, v2 ,
consistent with the effects of hydrodynamic expansion and freeze-out.8,9
2

Results

The strength of the azimuthal anisotropies are studied via correlations between particles separated in pseudo-rapidity to minimize contributions from hard processes. Figure 1 shows a set of
example correlations between mid-rapidity charged particles measured by a set of drift chambers and additional layers of pad chambers, and electromagnetic energy in a set of large rapidity
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Figure 1 – Example azimuthal correlations between backward rapidity calorimeter towers and mid-rapidity charged
particles with transverse momentum between 2 and 4 GeV/c in central d+Au collisions (left), and p+p collisions
(right). Lines show contributions to the first four moments of the distribution. A peak at ∆φ ∼ 0 is observed in
central d+Au but not in minimum bias p+p.

calorimeter towers.9 The correlations within p+p collisions exhibit a peak at ∆φ ∼ π from particle production within azimuthally back-to-back jets. A corresponding peak at ∆φ ∼ 0 would
be present from particle production within a single jet but is eliminated by the pseudorapidity
separation between the particles. The 0-5% most central d+Au collisions also contain a peak
at ∆φ ∼ π, but unlike p+p collisions also contains a significant enhancement above baseline
at ∆φ ∼ 0. This observation is direct evidence that the angular correlation structure of d+Au
correlations is modified from the expectation in p+p collisions at RHIC.
The correlation strength of the second moment, v2 , in d+Au collisions has been extracted
using two methods. The first approach8 employs a two particle methodology within the midrapidity charged particle sample. Because only a small pseudorapidity separation can be made
within the detector coverage, a follow up subtraction is used to remove the contribution from jets
using peripheral collisions as a model of the (di-)jet contribution. The second approach9 employs
an event plane reconstruction using the calorimeter at large pseudorapidity and correlates this
to mid-rapidity charged particles. In this case, the jet contribution is minimal and no follow-up
subtraction is needed, but the event plane reconstruction resolution is limited and a correction
is applied to remove the effect of this smearing.
Figure 2 shows the resulting extracted values for the second moment of the correlation
strength as a function of transverse momentum from 0.5 to 4.5 GeV/c. Both analyses show a
large second order modulation in central d+Au collisions that rises with transverse momentum.
The small η separation study has a sizable correlated systematic uncertainty that results from
the removal of the jet contribution. The large η separation study is largely free of this uncertainty
and gives a more precise determination of the correlation strength. The two methods agree at
low momentum and differ by less than a significance of two sigma at large momentum.
The v2 in d+Au generally lies above a variety of central p+Pb results from the LHC. This
ordering is predicted within hydrodynamic models as the initial energy density eccentricity
driving the expansion is larger for collisions with a deuteron projectile. A comparison of the
magnitude of v2 for pT ∼ 1.4 GeV/c after scaling by the initial eccentricity, ε2 , is shown as a
function of final state particle density in Figure 3. The world data falls on a similar trend though
some differences exist for the least dense systems. The d+Au result falls near the scatter of the
world data and implies that the initial state eccentricity can account for the larger values of v2
measured at RHIC.
Another further test of hydrodynamic evolution with a larger eccentricity is shown in the
right panel of Figure 3. The RHIC data is compared with a series of hydrodynamic theory
comparisons for d+Au. The cases of ideal non-viscous hydrodynamics provided by Bozek4
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Figure 2 – Transverse momentum dependence of the second moment, v2 , for mid-rapidity particles via two-particle
correlations with a small η gap and via an event-plane method with a large η gap compared with LHC results
from ATLAS, ALICE, and CMS.

and Qin & Mueller6 give values similar to the data at low momentum and begin to differ at
large momentum where viscous corrections become important. This evidence confirms that
hydrodynamics is capable of reproducing the size of the measured signal with the expected
eccentricity. The other pair of models show a prediction using a viscous hydrodynamic model,
but are estimated for a different centrality selection. Here the overall value differs due to the
centrality selection, but the trend of the model is shown to be similar to the data at large
momentum when the viscous terms are included.
An additional test of the hydrodynamic generation of the v2 moment is shown in Figure 4.
Hydrodynamics predicts different values in the flow pattern for pions and protons. The data
in d+Au collisions shows a very similar trend with the pion v2 above the proton v2 at low
momentum and below the proton v2 after a transition at ∼ 1.5 GeV/c. A similar trend has been
found in p+Pb collisions at the LHC by ALICE.10 This mass ordering has traditionally been
viewed as strong evidence of hydrodynamic behavior in heavy ion collisions.
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Figure 3 – The second moment, v2 , scaled by the system eccentricity, ε2 , versus charged particle density, dNch /dη,
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Higher order moments, namely v3 , were examined in both analyses and were found to be
consistent with zero within the uncertainties of the measurements. Collisions of d+Au have very
little initial 3rd order eccentricity as this source arises through fluctuations in the positions of
struck nucleons within the target nucleus. Thus hydrodynamic models expect little v3 to result
from these collisions. A proposal11 has been made to collide He3 +Au at RHIC to enhance the
3rd order eccentricity and further test a hydrodynamic understanding of these large pseudorapidity correlations. He3 +Au collisions are now expected to begin at RHIC this year and first
results could be available for this system relatively soon. In 2015 the PHENIX experiment is
requesting collisions of p+p, p+Au, and p+Si. This additional data will allow measurements of
the correlations in p+A with a large and a small target nucleus.
3

Summary

PHENIX has observed a significant 2nd order azimuthal anisotropy in d+Au. This feature
extends across rapidity and is larger than that found in p+Pb at LHC energies, apparently due
to the larger intrinsic eccentricity of the d+Au collision. The signal is largely consistent with the
expectation from hydrodynamic modeling of the collisions. RHIC is planning a run of He3 +Au
collisions in 2014 and a set of p+A data in 2015. These various collision systems within the
same experimental apparatus and beam energy will provide stringent tests of the hydrodynamic
modeling of small collision systems.
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Heavy Flavours in ALICE
Y. Pachmayer for the ALICE Collaboration
Physikalisches Institut der Universität Heidelberg, Im Neuenheimer Feld 226, D-69120 Heidelberg,
Germany

The measurement of heavy-flavour production allows us to characterise the properties of the
deconfined medium created in Pb–Pb collisions at LHC energies. pp collisions serve as a
reference for Pb–Pb studies, and p–Pb collisions provide information on initial and/or final
state effects related to cold nuclear matter. We report on open heavy-flavour as well as
√
quarkonium production in p–Pb collisions at sNN = 5.02 TeV. The experimental data are
compared with results from Pb–Pb collisions as well as with various theoretical predictions.

1 Introduction
The ALICE detector at the LHC is dedicated to studying the properties of the high-density,
colour-deconfined state of strongly-interacting matter (Quark-Gluon Plasma) that is created in
ultrarelativistic heavy-ion collisions at the LHC.
Heavy quarks (c, b) are excellent probes of the QGP. Due to their large mass, the quarks are
produced in initial hard scattering processes occurring on a short time scale (τ ≈ 1/(2mq ) . 0.1
fm/c) compared with the QGP formation time and are thus sensitive to the full history of the
collision. In particular, they enable us to study parton energy loss and its quark mass dependence. A sensitive observable for the study of the interaction of hard partons with the medium
is the nuclear modification factor RAA . It is defined as the ratio of the pT distribution of a given
particle specie in heavy-ion collisions to that in pp collisions at the same centre-of-mass energy,
scaled with the corresponding number of nucleon-nucleon collisions. In the 20 % most-central
√
Pb–Pb collisions at sNN = 2.76 TeV the D-meson RAA shows a suppression of a factor of 3-4
for pT ≥ 5 GeV/c 1 .
Quarkonium states are expected to be suppressed in the QGP, due to colour screening of the
force which binds the cc̄ (or bb̄) state. The measurement of J/ψ production in heavy-ion collisions was therefore proposed in 1986 by Matsui and Satz as a probe to study the onset of
de-confinement 2 . When studying Pb–Pb collisions at LHC energies, it is expected that the abundant production of charm quarks in the initial state leads to additional charmonium generation
from (re-)combination of c and c̄ quarks along the collision history and/or at hadronisation 3,4 ,
resulting in an enhancement of the J/ψ yield. Indeed the J/ψ RAA at LHC 5 shows less suppres√
sion than similar measurements performed in Au–Au collisions at sNN = 200 GeV/c 6 .
In order to better interpret the aforementioned results in Pb–Pb collisions, it is essential to study

heavy-flavour production in p–Pb collisions. This gives us access to nuclear effects, which are not
related to the formation of a deconfined medium.

RpPb prompt D

nuclear modification factor

2 Heavy-flavour measurements in ALICE
ALICE is well suited to studying open charm and beauty hadrons, as well as charmonium and
bottomonium states due to its excellent particle identification, momentum resolution and, in the
central barrel, its track impact parameter resolution 7 . In this paper heavy-flavour production in
√
p–Pb collisions at sNN = 5.02 TeV is presented in the following channels:
• Open charm and beauty: reconstruction of electrons from semi-electronic decays:
D, B → e + X in −1.06 < ycms < 0.14
• Open charm: fully reconstructed hadronic decays using displaced vertex identification:
+ − +
D0 → K− π + , D+ → K− π + π + , D∗+ → D0 π + , D+
s → K K π , and their respective
charge conjugates in −0.96 < ycms < 0.04
• J/ψ → e+ + e− down to pT = 0 in −1.37 < ycms < 0.43
• J/ψ → µ+ + µ− down to pT = 0 in −4.46 < ycms < −2.96 and 2.03 < ycms < 3.53
The reversal of the beam configuration (p–Pb/Pb–p) allows us to study quarkonium production with the muon spectrometer both at forward ycms , i.e. in the p-going side, and at
backward ycms , i.e. in the Pb-going side.
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Figure 1 – Left: RpPb for electrons from heavy-flavour hadron decays. Right: Average RpPb of D0 , D+ , and D∗+ .

3 Results
The nuclear modification factor of electrons from heavy-flavour hadron decays in p–Pb collisions
√
at sNN = 5.02 TeV is shown in Fig. 1 (left). The pp reference spectrum is obtained by scaling
the measured pT -differential cross section of electrons from heavy-flavour hadron decays in pp
√
collisions at s = 7 TeV to 5.02 TeV based on FONLL calculations. The RpPb is consistent with
unity within uncertainties. Predictions based on perturbative QCD calculations including initial
state effects (FONLL 8 + EPS09 9 nuclear PDFs) agree with the data within uncertainties.
The RpPb of the D0 , D+ , D∗+ and Ds+ mesons are compatible with one another and consistent
with unity; the average value calculated from the three non-strange D-meson species is shown in
Fig. 1 (right). Next-to-leading-order pQCD calculations using the MNR framework with EPS09
nuclear PDFs parameterisation 9 as well as Colour-Glass Condensate (CGC) predictions 10 describe well the data. The result from p–Pb collisions indicates that the large suppression observed
in Pb–Pb collisions (see Sect 1) is a final state effect, due to in-medium charm quark energy loss.
The RpPb of inclusive J/ψ mesons integrated over pT shows a suppression by a factor of ∼1.4 at
forward rapidity, while the measurement at backward rapidity is consistent with unity 11 . The
effect of non-prompt J/ψ production on the RpPb was estimated to be at most 14 % (25 %) at low
(high) pT . The dependence of RpPb on transverse momentum is shown in Fig. 2 for three rapidity
intervals. At backward rapidity the RpPb shows a small pT dependence and is close to unity.
Even considering the large uncertainties, the RpPb at mid-rapidity tends to increase with pT . At
forward rapidity, the RpPb clearly rises with pT and is consistent with unity for pT ≥ 5 GeV/c.

p-Pb s NN= 5.02 TeV, inclusive J/ψ →µ+µ-

1.4
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EPS09 (R. Vogt)

R pPb

R pPb

R pPb

Cold nuclear matter effects (CNM) are small in all rapidity domains for pT ≥ 4 GeV/c.
Various model calculations for prompt J/ψ production were compared with the experimental
data. The first calculation by Vogt was obtained in the Colour Evaporation Model (CEM) at
next-to-leading order employing EPS09 shadowing parameterisations 12 . It reproduces the pT
dependence in all three rapidity domains in the pT -range provided. The coherent parton energy
loss model 13 with and without EPS09 shadowing as an additional nuclear effect describes the
measurement for pT ≥ 2 GeV/c. A calculation in the CGC framework 10 , combined with a CEM
production model, overestimates the suppression at forward rapidity and is thus disfavoured by
the data.
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Figure 2 – J/ψ RpPb as a function of pT for backward (left), mid- (center), and forward rapidity (right). The error
bars, open boxes and the shaded areas represent, respectively, the statistical, the uncorrelated and the partially
correlated uncertainties. Results for various models are also shown 10,12,13 .
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Assuming a 2 → 1 production mechanism for the J/ψ meson (gg → J/ψ), the Bjorken-x values
of the lead nucleus match in p–Pb and Pb–Pb collisions. Further, assuming shadowing as the
main nuclear effect and factorisation of CNM effects, an expectation for RAA due to CNM effects
2

forward × Rbackward ( Rmid−rapdidity ). The resulting
only can be calculated by considering RpPb
pPb
pPb
quantity is shown as a function of pT in comparison with the RAA measured at forward (mid-)
rapidity in Fig. 3. The effects from the extrapolated shadowing are small at pT ≥ 7 (4) GeV/c
at mid- (forward) rapidity. At low pT the result of RAA is equal to or enhanced compared with
the CNM expectation from p–Pb measurements. This behaviour is in qualitative agreement with
theoretical calculations taking into account non-primordial J/ψ production 3,4 .
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Figure 3 – Comparison of J/ψ RpPb
× RpPb
with RAA at forward rapidity (left) and RpPb
with
RAA at mid-rapidity (right). The centrality of the Pb–Pb collisions is indicated in the figures.

Analogous to the J/ψ measurement, a ψ(2S) → µ+ µ− analysis was conducted. Figure 4 (left)
shows the ratio of ψ(2S) to J/ψ as a function of rapidity for p–Pb collisions. The depicted
√
pp ψ(2S)/J/ψ ratio was obtained at a different energy ( s = 7 TeV) and in a slightly different
rapidity region (2.5 ≤ ycms ≤ 4). The ratio ψ(2S)/J/ψ shows a strong decrease in p–Pb compared
with pp collisions. This is not expected in models of initial state effects, such as shadowing,
coherent energy loss or the CGC-based model (see above), which all predict the same cold nuclear

0.04

R pPb

B.R.ψ (2S)→µ+µ- σψ (2S)/B.R.J/ ψ →µ+µ- σJ/ ψ

matter effects on J/ψ and ψ(2S) and, as a consequence, the same ψ(2S)/J/ψ ratio in pp and p–Pb
collisions. The larger suppression observed for ψ(2S) compared with J/ψ could therefore be due
to a final state effect.
Υ(1S) → µ+ µ− was also measured at backward and forward rapidity. The respective RpPb is
shown in Fig. 4 (right) as a function of pT . The uncertainties are dominated by the energy
interpolation of the pp cross section and the limited statistics. At forward rapidity the Υ(1S)
and J/ψ are suppressed to a similar extent. The model calculation by Ferreiro 14 (EPS09 nPDF
associated with a Colour Singlet Model at LO) is in fair agreement with data within uncertainties.
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Figure 4 – Left: ψ(2S)/J/ψ vs rapidity for pp collisions at s = 7 TeV and p–Pb collisions at sNN = 5.02 TeV.
Right: Inclusive Υ(1S) RpPb as a function of rapidity compared with the J/ψ RpPb .

4 Conclusions
√
Heavy-flavour production was presented for p–Pb collisions at sNN = 5.02 TeV and compared
with the respective measurements in pp and Pb–Pb collisions.
The open heavy-flavour results are well described by pQCD calculations including shadowing
predictions and confirm that the suppression seen in central Pb–Pb collisions is a final state
effect, due to in-medium parton energy loss.
The J/ψ RpPb was measured as a function of rapidity and transverse momentum. At forward
rapidity the measurement supports strong shadowing and/or the coherent energy loss model.
Using the measurements in p–Pb, an expectation of the contribution of CNM effects in Pb–Pb
was calculated. At low pT , the observed RAA is higher than the calculated expectation, thus
reinforcing the interpretation of an additional (re-)combination mechanism for J/ψ production in
Pb–Pb. ψ(2S) is suppressed by up to 45% relative to J/ψ at backward rapidity, which is probably
caused by a final state effect. The Υ(1S) RpPb shows a similar suppression as for J/ψ.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

B. Abelev et al. (ALICE Collaboration), JHEP 9, 112 (2012).
T. Matsui and H. Satz, Phys. Lett. B 178, 416 (1986).
P. Braun-Munzinger and J. Stachel, Phys. Lett. B 490, 196 (2000).
R. Thews et al., Phys. Rev. C 62, 024905 (2000).
B. Abelev et al. (ALICE Collaboration), Phys. Rev. Lett. 109, 072301 (2012).
A. Adare et al. (PHENIX Collaboration), Phys. Rev. C 84, 054912 (2011).
B. Alessandro et al. (ALICE Collaboration), J. Phys. G 30, 1517 (2004), J. Phys. G 32,
1295 (2006), and J. Instrum. 3, S08002 (2008).
M. Cacciari, M. Greco and P. Nason, JHEP 9805, 007 (1998).
Eskola et al., JHEP 0904, 065 (2009).
H. Fujii and K. Watanabe, arXiv:1308.1258 [hep-ph] and Nucl. Phys. A 915, 1 (2013)
B. Abelev et al. (ALICE Collaboration), JHEP 02, 073 (2014).
R. Vogt, Int. J. Mod. Phys. E22, 1330007 (2013) and priv. comm. .
F. Arleo et al., JHEP 1305, 155 (2013) and priv. comm. .
E. G. Ferreiro Eur. Phys. J. C 73, 2427 (2013) and arXiv:1305.4569 [hep-ph].

RECENT NA48/2 AND NA62 RESULTS
D. MADIGOZHINa
Joint Institute for Nuclear Research, Dubna, Russia
E-mail: madigo@mail.cern.ch
The NA48/2 Collaboration at CERN has accumulated and analysed unprecedented statistics of rare kaon decays in the Ke4 modes: Ke4 (+−) (K ± → π + π − e± ν) and Ke4 (00)
(K ± → π 0 π 0 e± ν) with nearly one percent background contamination. It leads to the improved measurement of branching fractions and detailed form factor studies. New final results
from the analysis of 381 K ± → π ± γγ rare decay candidates collected by the NA48/2 and
NA62 experiments at CERN are presented. The results include a decay rate measurement
and fits to Chiral Perturbation Theory (ChPT) description.

1

Introduction

The main goal of NA48/2 experiment was the search for CP-violating asymmetry in K ± → 3π ±
decays 1 . Also it has provided in 2003-2004 a large data sample for charged kaon rare decay
studies. In 2007-2008, the NA62 experiment 2 (RK phase) has collected a large data sample
with the same detector 3 but modified beam line. Two simultaneous K + and K − beams were
produced by 400 GeV/c protons on a beryllium target. Particles of opposite charge with a
central momentum of 60 GeV/c and a momentum band of ±3.8% (rms) (74 GeV/c ±1.9% for
NA62 RK phase) were selected by the system of magnets and collimators. Charged products
of K ± decays were measured by the magnetic spectrometer consisting of four drift chambers
(DCH1–DCH4) and a dipole magnet located between DCH2 and DCH3. The spectrometer was
a
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followed by a scintillator hodoscope. A Liquid Krypton calorimeter (LKr) was used to measure
the energy of electrons and photons.
2

+−
Ke4
decay

+−
Kinematics of the K ± → π + π − e± ν (Ke4
) decay is defined by five variables 4 : the squared
invariant masses of dipion (Sπ ) and dilepton (Se ), the angle θπ of π ± in dipion rest frame with
respect to the flight direction of dipion in the kaon center of mass system, the similar angle θe
of e± in dilepton rest frame, and the angle φ between dipion and dilepton planes.
Ke4 decay amplitude is a product of the leptonic weak current and (V-A) hadronic current,
described in terms of three (F,G,R) axial-vector and one (H) vector complex form factors.
Sensitivity of Ke4 decay matrix element to R form factor is negligible due to the small mass of
electron. Form-factors may be developed in a partial wave expansion:

F = Fs eiδf s + Fp eiδf p cosθπ + Fd eiδf d cos2 θπ + ...
G = Gp eiδgp + Gd eiδgd cosθπ + ...
H = Hp eiδhp + Hd eiδhd cosθπ + ...

(1)

Limiting the expansion to S- and P-waves and considering a unique phase δp for all P-wave
form factors in absence of CP violating weak phases, one will obtain the decay probability,
that depends only on the real form factor magnitudes Fs , Fp , Gp , Hp , a single phase shift δ =
δs − δp and kinematic variables. The form factors can be developed in a series expansion of the
dimensionless invariants q 2 = (Sπ /4m2π ) − 1 and Se /4m2π 5 . Two slope and one curvature terms
are sufficient to describe the Fs form factor variation within the available statistics (Fs /fs =
1 + (fs0 /fs )q 2 + (fs00 /fs )q 4 + (fe0 /fs )Se /4m2π ), while two terms are enough to describe the Gp form
factor (Gp /fs = gp /fs + (gp0 /fs )q 2 ), and two constants – to describe the Fp and Hp form factors.
Hadronic form factors for the S- and P-waves have been obtained by NA48/2 concurrently
with the phase difference between the S- and P-wave states of ππ system, leading to the precise
determination of a00 and a02 , the I=0 and I=2 S-wave ππ scattering lengths 7 .
+−
form factors and branching fraction has been pubA high precision measurement of Ke4
+−
8,9
lished by NA48/2 few years later . Ke4 decay rate was measured relative to K ± → π + π − π ±
+−
(K3π
) normalization channel. A track of charged particle with a momentum p > 2.75 GeV
and 0.9 < E/p < 1.1 was identified as e± , while the track with p > 5 GeV and E/p < 0.8 was
regarded as π ± . A dedicated linear discriminant variable based on shower properties has been
+−
applied to reject events with one misidentified pion. To suppress K3π
background, the vertex
+
−
±
invariant mass M3π in the π π π hypothesis and its transverse momentum pt were required
to be outside an ellipse centered at PDG kaon mass 10 and zero transversal momentum, with
semi-axes of 20 M eV /c2 and 35 M eV /c, respectively.
The squared missing mass was required to be > 0.04 (Gev/c2 )2 to reject π ± π 0 decays with
a subsequent π 0 → e+ e− γ process. The invariant mass of e+ e− system was required to be
> 0.03 GeV /c2 in order to reject photon conversions.
+−
For the normalization channel K3π
the M3π and pt were inside a smaller ellipse with semi+−
axes 12 M eV /c2 and 25 M eV /c, respectively. A sample of about 1.11 million Ke4
candidates
and about 19 millions of prescaled K3π candidates were selected from data recorded in 2003-2004.
Two main background sources are known: K ± → π + π − π ± decays with subsequent π → eν
decay or a pion mis-identified as an electron; and K ± → π 0 (π 0 )π ± with subsequent π 0 → e+ e− γ
decay with undetected photons and an electron mis-identified as a pion. Their admixture in the
signal events is estimated to be below 1%.
A detailed GEANT3-based 11 Monte Carlo simulation was used to take into account full
detector geometry, DCH alignment, local inefficiencies and beam properties.

+−
+−
The resulting Ke4
branching fraction 9 BR(Ke4
) = (4.257±0.004stat ±0.016syst ±0.031ext )10−5
10
is 3 times more precise than available PDG value . It has been used to extract the common
normalization form factor fs 9 .

3

00 decay
Ke4

00 rate is measured relative to the K ± → π 0 π 0 π ± (K 00 ) normalization channel. These two
The Ke4
3π
modes are collected using the same trigger and with a similar event selections. The separation
between them occurs only at a later stage.
Events with at least four γ, detected by LKr, and at least one track, reconstructed from spec00 or K 00 candidates. Every combination of 4 reconstructed
trometer data, were regarded as Ke4
3π
γ with energies E > 3 GeV was considered as a possible pair of π 0 decays. Reconstructed
longitudinal positions Z1 and Z2 of both π 0 → 2γ decay candidates were required to coincide
within 500 cm, with their average position Zn = (Z1 + Z2 )/2 inside the fiducial volume 106 m
long.
Decay longitudinal position Zch , assigned to the track, was defined by the closest distance
approach between the track and the beam axis. Combined vertex, composed of four LKr clusters and one charged track with momentum p > 5GeV , was required to have the difference
|Zn − Zch | less than 800 cm. If several combinations satisfy the vertex criteria, the case of
ch 2
2 2
) + ( Zn −Z
) has been chosen, where σn and σc are the Zn -dependent widths
minimum ( Z1σ−Z
σc
n
of corresponding distributions.
A track was preliminarily identified as e± , if it has an associated LKr cluster with E/p
between 0.9 and 1.1, otherwise π ± was assumed at the first stage. Further suppression of
pions mis-identified as electrons is obtained by means of discriminant variable which is a linear
combination of E/p, shower width and energy weighted track-to-cluster distance at LKr front
face.
00 and K 00 decays were discriminated by means of elliptic cuts in the (M
Ke4
π 0 π 0 π ± , pt ) plane,
3π
0
where Mπ0 π0 π± is the invariant mass of combined vertex in the K3π hypothesis, and pt is the
00 normalization events from
transversal momentum. Elliptic cut separates about 94 million K3π
00
00 amount.
about 65000 Ke4 candidates. Residual fake-electron background is about 0.65% of Ke4
00 with the subsequent π ± → e± ν is 0.12% of the signal, and the accidentalBackground from K3π
related background is about 0.23%. It gives in total 1% of background admixture.
00 ) decay, due to restrictions of symmetry, matrix element
For the case of K ± → π 0 π 0 e± ν (Ke4
doesn’t depend on θπ and φ angles. It is parametrized in terms of the only formfactor Fs , that
may depend on Sπ and Se . Form factor Fs was extracted from the fit of events distribution on (
Se , Sπ ) plane, taking into account the acceptance, calculated from MC simulation. The following
empirical parameterization has
been used: Fs /fs = 1 + (fs0 /fs )q 2 + (fs00 /fs )q 4 + (fe0 /fs )Se /4m2π
p
for q 2 > 0 and Fs /fs = 1 + d |q 2 /(1 + q 2 )| + (fe0 /fs )Se /4m2π for q 2 < 0.
+−
The results are in agreement with NA48/2 Ke4
analysis described above: fs0 /fs = 0.149 ±
0.033stat ± 0.014syst , fs00 /fs = −0.070 ± 0.039stat ± 0.013syst , fe0 /fs = 0.113 ± 0.022stat ± 0.007syst ,
d = −0.256 ± 0.049 ± 0.016syst .
The obtained form factor was used to obtain the final result of branching fraction measure00 ) = (2.552 ± 0.010
−5
ment: Br(Ke4
stat ± 0.010syst ± 0.032ext )10 . It is 10 times more precise,
10
than PDG corresponding value . Systematic error includes the contributions from background,
simulation statistical error, sensitivity to form factor, radiation correction, trigger efficiency and
00 branching
beam geometry. External error comes from uncertainty of normalization channel K3π
fraction.
00 decay form factor shows a deficit
Below the threshold of Sπ = (2mπ± )2 the measured Ke4
of events, that is well described by the present empirical parameterization (Fig. 1). It is similar
to the effect of π + π − → π 0 π 0 rescattering in K ± → π 0 π 0 π ± decay (cusp effect 6 ), investigated
by NA48/2 collaboration earlier 7 on the basis of ChPT formulations.

00
Figure 1 – Ke4
normalized form factor squared as a function of q 2 . The line corresponds to the adopted empirical
fit. The arrow points to the 2mπ threshold.

4

K ± → π ± γγ decay

In the ChPT framework, the K ± → π ± γγ decay receives two non-interfering contributions at
lowest non-trivial order O(p4 ): the pion and kaon loop amplitude depending on an unknown O(1)
constant ĉ representing the total contribution of the counterterms, and the pole amplitude 12 .
New measurements of this decay have been performed using data collected during a 3-day
special NA48/2 run in 2004 and a 3-month NA62 run in 2007. Signal events are selected in
the region of z = (mγγ /mK )2 > 0.2 to reject the K ± → π ± π 0 background peaking at z =
0.075. 149 (232) decays candidates are observed in the 2004 (2007) data set, with backgrounds
contaminations of 10.4% (7.5%) from K ± → π ± π 0 (π 0 )(γ) decays with merged photon clusters
in the electromagnetic calorimeter.
The values of ĉ in the frameworks of the ChPT O(p4 ) and O(p6 ) parameterizations 13 as well
as branching ratio have been measured using likelihood fits to the data. The main systematic
effect is due to the background uncertainty. Uncertainties related to trigger, particle identification, acceptance and accidental effects found to be negligible. The final combined results based
on 2004 and 2007 runs data 14,15 are: ĉ for O(p4 ) fit = 1.72 ± 0.20stat ± 0.06syst ; ĉ for O(p6 ) fit
= 1.86 ± 0.23stat ± 0.11syst ; branching fraction Br(Kπγγ ) for O(p6 ) fit = (1.003 ± 0.056) × 10−6 .
The model-independent branching ratio for z > 0.2 is equal to (0.965 ± 0.063) × 10−6 . New
results are in agreement with the earlier (based on 31 events) BNL E787 16 ones.
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Summaries

EXPERIMENTAL SUMMARY TALK
XLIX RENCONTRES DE MORIOND - QCD
P. CAMPANA
CERN, Geneva, Switzerland,
Laboratori Nazionali di Frascati - INFN, Frascati, Italy

A summary of the main experimental results presented at the 49th edition of the Rencontres
de Moriond - QCD held in La Thuile (Italy), March 23-29, 2014, is presented.

1

Introduction

Since years, Moriond QCD editions are dominated by the profusion of results from LHC experiments. Tevatron is still providing legacy results on many analyses and at this meeting several
interesting measurements were reported from B and φ factories, NA62 and HERA. The LHC
experiments are completing the analyses of the Run 1 data set, while preparing the tools for the
incoming Run 2. There is an unanimous belief that the particle seen at 125 GeV is the Higgs
scalar boson and that the Standard Model (SM) is completed. However, theoretical prejudices
tell us also that something else should be there to explain a large variety of experimental evidences (Higgs mass stability, Dark Matter, neutrino masses, baryogenesis, etc...) unexplained
by SM. The meeting had the opportunity of hosting a very interesting report on the BICEP2
result. 1 If confirmed, this exciting observation would point the existence of New Physics at
∼ 1016 GeV, detected through the lenses of inflation. As usual, the meeting was permeated of
the ”Moriond spirit”, made of winter sport activities, lively after-dinner discussions around a
glass Genepy, 2 Tran Than Van juvenile enthusiasm, dense and hectic sessions, and the genuine
efforts of every participant to predict the future of particle physics.
2

Higgs boson studies

The long search for the Higgs boson, terminated with the joint ATLAS-CMS seminar of July
4th 2012, has been completed also at Fermilab with the release of a combined CDF-D0 result,
3 showing a broad excess in the low mass range around 115-140 GeV, with a local p-value
corresponding to 3 σ for MH =125 GeV. This completes nearly 25 years of work, being the
first paper on a Higgs boson search at Tevatron published in 1990. It is quite remarkable to

Figure 1 – (left) Invariant mass distribution of H → γγ decays. (right) Fits of the fermion and vector Higgs
coupling constants (kf , kv ).

notice how still Tevatron data for H → bb decay show an error comparable to the one currently
achieved by LHC.
LHC experiments are determining with increased precision the various Higgs basic parameters: mass, spin and signal strengths. The best signal is coming out of diboson channel decays. 4
A combined value from the two experiments for the mass is still missing, but a PDG-like evaluation brings already to a remarkable 0.3% error, with an average value of MH =125.6 ±0.2 ± 0.3
GeV (Fig. 1, left). ATLAS is still showing a sizeable difference in the mass peak determination
with γγ and 4-leptons in the final states (∆M ∼ 2 GeV), but it is likely that with more studies
this anomaly will disappear. The present sample of Higgs detected is ∼ 1,400 candidates, over
a total produced of ∼ 106 . ATLAS and CMS have tested in several different channels the scalar
nature of the Higgs particle: the JP is 0+ without surprises. Also the intial anomalies in µ (the
so called “signal strength”) have faded away, and the current ATLAS and CMS µ averages are,
respectively, 1.30 ± 0.17 and 0.80 ± 0.14. The first evidences for decays in fermionic channels
are appearing.
The data analysis on Higgs is entering the era of precision tests, looking for deviations due
to New Physics in the value of Higgs couplings: 5 the vector one kv =kW =kZ and the fermionic
one kf =kt =kb =kτ . The analyses are capable of determining the sign of kf through its effect in
the interference in the loop of H→ γγ and the value of kg and kγ via, respectively gluon and γ
loops, as shown in Fig. 1(right). Today’s precision on couplings ranges from 10 to 20 % level.
Measurements of the Higgs invisible width 6 obtained from a combination of several channels,
put a limit of 40-50% at 95% CL. Despite this modest result, using the conservative assumption
that all the “unseen” final states of Higgs boson decay into Dark Matter (H→ χχ) and making
hypotheses on the nature of the coupling of Dark Matter to nucleons (of scalar, Majorana or
vector type), quite substantial limits in the usual (σχN , mχ ) plot are obtained, complementary
to direct Dark Matter searches and highly sensitive in the mass region below 10 GeV (Fig. 2,
left).
Other phenomenological analyses 7 8 based on simplified MSSM models in which the Higgs
couplings are parametrised in terms of (tanβ, mA ) variables and fitted with experimental data,
bring to the conclusion that only large MA masses are allowed (in excess of 400 GeV), basically
independent of tanβ value. Once these “indirect” searches are combined with the direct ones,
quite stringent limits are obtained, showing that very small space is left for MSSM Higgs particles
below few hundreds GeV and in a quite large range of tanβ (Fig. 2, right).
Observation of Higgs coupling to fermions is still a hot topic 9 in ATLAS and CMS analyses.

Figure 2 – (left) Limits obtained on Dark Matter candidate (assuming H → χχ and for various coupling hypotheses) from invisible Higgs decay width (the black line showing approximate limits obtained from direct limits at
LHC). (right) Plot showing indicative sensitivity obtainable on Higgs MSSM boson A, from Run 1 data direct
searches. Dotted line shows limit from indirect fit to simplified MSSM model referred in the text.

The coupling of Higgs with top quark (ttH production) has been searched with the Higgs
decaying in several final states. CMS has obtained a combined value of µ = 2.5 ± 1.0 still
below experimental evidence. In the searches for H → bb decays in associated VH production
(to reduce the background), LHC experiments have not yet found a significant evidence (CMS
has an observed significance of 2.1 σ for an assumed µ=1). Finally, 10 both ATLAS and CMS
observe the evidence for H → τ τ decays, respectively at 4.1 and 3.2 σ.
The CMS experiment 11 has presented a method to set a limit on the Higgs width which
exploits the interference 12 between the Breit-Wigner and the resonant decay H → V V . Infact
the total Higgs σ of f −peak at M∼2 MZ is increased by 8% due to this effect. Therefore, measuring
peak
of f −peak
one can deduce the ΓH . The CMS analysis performed
and σH→ZZ
the ratio between σH→ZZ
on the H → ZZ → llll and H → ZZ → llνν brings to an observed limit of 17 MeV (95 % CL,
35 MeV expected) which is much more stringent than the one directly obtainable (O(GeV)). It
will be interesting to know the experimental and theoretical future perspectives of this method.
Higgs physics perspectives at an upgraded High Luminosity LHC are bright 13 , the benchmark being to collect 3 ab−1 . With this statistics, it is possible to measure signal strengths and
couplings to 5-10 % accuracy, observe the H → µµ decay at 7 σ, determine the invisible decay
width at 10 % and test new models in t → cH decays at 10−4 precision. It must be stressed that
this program is exploitable under the condition of substantial upgrades of ATLAS and CMS,
once they will have collected between 300 and 500 fb−1 .
3

Flavour physics

Flavor physics represents an alternative approach to the direct high pT searches in finding
physics beyond the SM. New particles can appear off-mass-shell in heavy flavour decays, leading
deviations from SM expectations. In fact, in a scenario in which the lack of discoveries at LHC
put naturalness is in danger, having ΛN P pushed at high scales (well in excess of 1 TeV and
therefore unreachable to direct searches) is not unlikely. Therefore flavor measurements are
necessary and critical.
In past years, experimental data on some flavour observables have shown tensions with SM
expectations, 14 the most recent cases being the ratio between the B(B → D(∗) τ ντ ) and the
0
B(B → D(∗) lνl ) (with l=µ or e), the anomaly in the P5 angular variable in B 0 → K ∗ µ+ µ−

Figure 3 – (left) Up-down photon asymmetry Aud in B + → K + π + π − γ decays measured in four regions of the
Kππ mass spectrum. (right) Invariant mass spectrum of the B + → D0 [Ks K + π − ]K + decay.

decay and the deviation in the di-muon asl asymmetry in Bs0 mixing. Most likely, we will get
more results in the near future and therefore I will not discuss these intriguing measurements
here. At this conference, the list of fresh results presented on flavor physics is quite impressive,
mainly coming from the LHCb experiment, but also from BABAR, BELLE, BES, CDF, D0
and NA62. Moreover, the LHC experiments are harvesting a large quantity of measurements
on heavy flavour production mechanisms, 15 which, unfortunately I am obliged to skip, as well
as other interesting measurements in b, c and s quark physics, 16 due to time constraint. I will
concentrate on some of the more recent results.
The LHCb collaboration has recently observed for the first time the polarisation of photons
from b → sγ transitions. 17 In these decays dominated by a penguin diagram, the photon is
expected to be predominatly LH (at least in SM). Contribution from New Physics could alter this
prediction, including a RH component. The observed decay is B + → K + π + π − γ, in which a updown asymmetry (Aud ) is measured with respect to the plane defined by the charged momenta.
Aud is proportional to the photon polarisation, but due to the presence of several resonant states
in the Kππ system, further theory developments are needed to extract the polarization. A non
zero Aud is observed at a significance of 5.2 σ (see Fig. 3, left).
A new channel useful for the measurement of the CKM γ angle has been studied by LHCb. 18
The first ADS analysis of the singly-Cabibbo suppressed mode B + → D0 (Ks Kπ)h is performed.
This channel exhibits a particular enhanced sensitivity to γ in the K∗± region. Although it is not
possible to measure γ directly, this result gives excellent prospects for its inclusion in a global
fit to the CKM angle.
The BELLE experiment has presented 19 a new study on the exotic charmonium state
Z+ (4430) whose existence does not fit into a naive quark model. In fact this meson is supposed
to be a ccss tetraquark state. The presence of a cc pair is due to its coupling to charmonium,
while that of a ud pair to explain its charge. An amplitude analysis has been performed in the
Z + → (J/ψπ + ) decay channel, similar to the one performed in the Z + → ψ(2S)π one. A new
resonance located at ∼4200 ± 30 MeV is also found, with a width of ∼ 370 ± 100 MeV.
Two new results 20 have been presented on the long standing issue of the existance of the
resonant state X(4140). The quark model does not predict a state at the observed mass, suggesting a possible exotic origin (Ds Ds molecule, qqg hybrid, or a ccss tetraquark). The CDF
experiment had the first evidence (3.8 σ) via the B + → (J/ψφ)K + channel, BELLE and LHCb
did not observed it, while recently CMS confirmed it at more than 5 σ. D0 confirms marginally
the evidence (3.1 σ). BABAR presented their updated results on this state, showing no conclusive excess, and setting a limit on its production very similar to the BELLE value (and 5 times
bigger than the LHCb one). The mystery remain unsolved and a more detailed analysis should
be preformed, to discard possible reflection effects due to other resonant states.

Table 1: Recent top mass measurements.

Tevatron combination (2013)
√
LHC combination s = 7 TeV (2013)
World combination (2014)
√
CMS s = 8 TeV (lept.+jet)
CMS new average
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173.20
173.20
173.20
172.04
172.22

±
±
±
±
±

0.51
0.23
0.27
0.19
0.14

±
±
±
±
±

0.71
0.92
0.71
0.75
0.72

GeV
GeV
GeV
GeV
GeV

Top quark physics

As done for the Higgs, let’s give a tribute to Fermilab for his nearly twenty-year work on top
physics, from its discovery in 1995 to the measurement of its properties. Unlike the Higgs,
the legacy of CDF and D0 top quark results has still a significant role. The top quark is a key
ingredient of every SM calculation and its mass value enters as a key element in stringent tests of
the SM, such as the correlation with W and H particles in the electroweak theory. Moreover, the
determination of the Mt seems to be relevant for cosmological implications, even if the validity
of this statement has been debated at length at this meeting. 22
One of the most important parameter to be determined is the top mass. 23 24 For this measurement, the analyses selects tt events, construct a variable which has the mass as a parameter
(typically this mass is the Monte Carlo top mass) and then a maximum likelihood is performed.
The current error is dominated by the systematics, where the most important terms are given
by the capability in reconstructing correctly the energy associated to the top jet and the models
used in MC production (generation, hadronization, QCD effects, etc...). In 2013 a final Tevatron
√
top mass combination was performed, together with s=7 TeV data. Then, these result lead
recently to a world combination. 25 At this conference, a new mesurement from CMS 26 was
√
presented with s=8 TeV data in the lepton+jet channel, together with an update of CMS
average, which is the current most precise of the whole set, bringing the error close to 4 per
mille (see Tab.1).
In the recent past, a quite hot topic has been represented by the tt asymmetry, whose departure from SM has been claimed by CDF. At NLO, the SM predicts an asymmetry originating
from qq initial state, while the production from gg fusion is symmetric. At LHC this effect is
much reduced as the gg process is the dominant one, and due to pp initial state, the asymmetry
is even more difficult to detect. Recent analysis 27 from CDF and D0 based on a lepton sample,
show, respectively, a AlF B = 0.090 ± 0.027, and AlF B = 0.047 ± 0.027, against a SM expected
value of AlF B = 0.038 ± 0.003, demonstrating a weaker support for the asymmetry. Nowadays
ATLAS and CMS data 28 exclude tt asymmetry at % level.
The CDF, D0, ATLAS and CMS experiments are producing several results on top properties,
which represent not only a portal for New Physics discovery, but also a background to be carefully
evaluated for other measurements (including those for the Higgs or for BSM searches). Single top
quark productions in t- and s-channel are very challenging measurements, as the cross sections
are, respectively ∼ 2 pb and ∼ 1 pb. In particular, the observation of the s-channel at LHC
is more difficult as the signal increases by a factor 5 due to energy, but the background is 15
times bigger. CDF and D0 have performed a recent combined measurement, 29 which has lead
to the first observation (at 6.3 σ significance) of the s-channel (σ = 1.29 ± 0.25 pb), compatible
with what predicted by NLO+NLL. LHC experiments 30 have still only limits on the s-channel,
a ∼ 10% precision on t-channel cross-section and ∼ 20% on the one for the W-t associated
production. ATLAS and CMS measure the tt pair production cross section at 5% level, while
CMS has measured the ratio between σ(ttbb) and σ(ttjj), a clean test for QCD NLO. The result
is R=2.3 ± 0.5 % against a NLO expectation of 1.1 ± 0.3 %.

Figure 4 – (left) Pair production cross sections for SUSY particles as a function of mass. (right) Ratios of partonic
luminosities (13 TeV/8 TeV) as a function of SUSY particle mass.
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New phenomena

Direct searches for new phenomena at LHC represent one of the major activities in ATLAS and
CMS. The SUSY searches are the most important one and span several different kind of particles
and masses. However, searches are complicated by the need of making several assumptions on
the masses of the SUSY spectrum, as most of the states are interconnected by decays.
On general grounds, at 8 TeV, an hypothetical particle with M=500 GeV would have a pair
production cross section of ∼ 10 pb if it is a gluino, ∼ 1 pb for a heavy quark, ∼ 0.1 pb for a
stop, and ∼ 0.01 pb for a neutralino (see Fig. 4, left). At first order, neglecting the different
backgrounds, the lower the cross section, the more difficult is the search. At Run 2, the expected
increase in energy and in the total collected luminosity, assumed to be ∼ 100 fb−1 by the end
of the data taking period, will enhance the perspectives of discovery. In fact, with respect to
Run 1, the statistics in Run 2 for a new state at M=1 TeV will increase by a factor 15, for M=2
TeV by a factor 50, for M=3 TeV by a factor 100 (see Fig. 4, right). Limits acquired at the
end of Run 2 will ameliorate very mildly increasing the statistics (sensitivity will scale as L1/4 ),
setting therefore a “natural discovery limit” of direct searches at LHC in the few TeV range (in
the most optimistic case).
We can distinguish direct searches at LHC in several general classes:
- searches for 3rd generation exclusive final states 31 via gluino mediated stop production, direct
sbottom and stop pair production, searches for stop2 and for stop → higgsino. As an example,
the mass limits reached on the eb1 → bχ or te1 → tχ channels are ∼ 700 GeV;
- inclusive gluino searches, 32 using general methods (ATLAS is looking for deviations from
SM expectation in 697 different classes) or razor variable approach (CMS), or with 0, ≥1, or
2 leptons, and typically requests on Emiss . Pair production of gluinos is generally used, with
ge → ttχ decays. The reach in mass is around 1 TeV;
- searches for Dark Matter and Exotica, 33 basically done using mono-jets + X. These limits
show an independence of the χN cross section as a function of the χ mass and are less stringent
than those obtainable at future Dark Matter dedicated experiments (see also Fig. 2, left);
- heavy resonances, 34 such as Z’, searched in γ + jet, in decays of Z’ in di-leptons or di-bosons
or decays of X → HH → bb bb. Present limits arrive up to 2.9 TeV at 95% CL (Fig. 5, left);
- searches for weak interacting SUSY particles 35 (χ0 , χ± , el) in 2-3 leptons + MET or resonances
+ MET (VV or HV) . Limits span from 300 to 700 GeV on M(χ± ) depending on the assumed
scenario (Fig. 5, right);
- searches for vector-like heavy quarks (T, B), with T(B) decaying in a boson (W, Z or H) and a
SM heavy quark (b, t), with one or more leptons in the final state. Depending on the channels,

Figure 5 – (left) Di-muon invariant mass spectrum in CMS. (right) Limits from neutralino searches in ATLAS.

current limits 36 are around 700-800 GeV.
Searches and proposals to study new interesting paradigms for physics BSM are appearing
at the horizon . One of the most recent and appealing model is νMSM, 37 which foresees three
new fundamental fermions, right handed, Majorana Heavy Neutral Leptons: N1 with mass in
keV region, responsible for Dark Matter and N2 , N3 with masses in the GeV region capable
of explaining neutrino masses and baryogenesis. This model has been boosted recently by the
hint of observation of astrophysical X-ray line, accounting for the possible presence of N1 . The
collaboration SHIP 38 has recently submitted a proposal for a dedicated experiment to detect
N2 and N3 in a beam dump experiment at SPS-CERN, from the decays of D mesons. A mass
sensitivity up to ∼ 2 GeV and up to 10−9 in the Uµ2 coupling costant can be achieved, with an
increase of nearly 2 orders of magnitude in sensitivity with respect to the current limits (see
Fig. 6, left).
Several efforts are ongoing to explain in a non-SUSY framework the existence of Dark Matter.
One of this concerns the study on U(1)d gauge symmetry dark bosons, introduced to explain
the gamma line of 511 keV in the Galactic Centre, and to give a theoretical support to the g − 2
anomaly. The U dark boson could play the role of the “portal” connecting SM interactions
(through photons) to an hypothetical dark sector. The WASA and KLOE experiments have
presented 39 limits in the low mass range in the decays, respectively, of π 0 → γ e+ e− and
φ → η e+ e− . In addition to the use of meson decays, these searches are conducted also at fixed
target, beam dump (including the above mentioned SHIP detector) or collider experiments.
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QCD

HERA is still producing a vivid legacy of results, as data from ep collisions at HERA still provide
an unique environment for the access to the proton PDFs. These measurements are important
because PDFs affect theory predictions for BSM high mass production and are the main uncertainty in Higgs studies and in determination of MW . Results from the final measurement
of FL structure function, together with a description of the HERA fitter Open Source activity
(propedeutic for any precision study at LHC) and many other measurements in charge particle
spectra, charm production, photoproduction, and diffractive studies were presented. 40
LHC experiment are producing an impressive amount of data on jet properties. 41 At the
current energies and luminosities, a study of the jet differential cross section already can scan 14
orders of magnitude over a pT spectrum ranging from 20 GeV up to 2 TeV (see Fig. 6, right).

Figure 6 – (left) Allowed phase space (white area) in (Uµ2 , MN ) variables for the N1,2 heavy neutral leptons. In
green the limit achievable by the SHIP experiment. (right) Jet differential cross section as a function of pT in pp
√
collisions at s=8 TeV for various rapidity ranges .

Moreover, as a benchmark reference, the capability of measuring αs with very high precision has
been extended up to the TeV range. One of the best probe of QCD and an important model for
background in other searches, is represented by the study of W/Z + jets or W/Z + heavy flavor
production. Many results are coming from Tevatron experiments 42 and from LHC 43 (including
LHCb, which is covering a specific forward region). Results show good agreement with MC
and NLO calculations, even if in some data (e.g. in Z+charm) some tensions with respect to
expectations are observed.
Di-boson production studies offer the possibilities of testing SM predictions, probe new
phenomena studying the triple coupling vertex, and evaluate the background to Higgs boson
production. The two highlights presented 46 are the WWjj analysis and the observation of the
Z → llll decay. The V V → V V scattering provides insight into the ESWB mechanism. ATLAS
presented the first evidence of electroweak WWjj production at 3.6 σ. The detection of this
channel is remarkable, given the very low production cross section of less than 2 fb−1 in the
experimental fiducial volume. A measurement of the 4 leptons production cross section at the Z
resonance provides a test of the SM and a cross-check of the detector response to the 4 leptons
final state from Higgs decays. The observed cross section is 107 ± 10 fb and the branching ratio
3.20 ± 0.25 10−6 , largely improving the previous CMS measurement.
Low energy measurements at e+ e− colliders still provide very relevant info on QCD in action.
BABAR 44 is continuing to update their evaluation of the e+ e− hadronic cross section to clarify
the g−2 anomaly. Deviation between BNL experiment and theory is currently at 3.6 σ, using full
average, but is reduced to 2.4 σ when the bare data from BABAR are used. On the other hand,
KLOE at DAFNE presented 45 two new results, respectively on η → π + π − π 0 Dalitz analysis,
to set constraints on light quark masses and study of φ → η(π 0 )e+ e− decays, to evaluate the
transition form factors, as a test of VDM model.
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Heavy Ion Physics

Studies of quark matter at LHC (using pp, pP b and P bP b collisions) and at RHIC with AuAu
are performed using several tools, such as the properties of jets, colourless (γ, Z or W) or
heavy flavor probes, and energy flow characteristics. Measurements in pP b and P bP b relative
to pp such as the jet yield suppression, the modification of transverse energy flow and the dijet

Figure 7 – (left) Suppression effects for Y resonances in pp and P bP b collisions data as a function of event track
density (CMS). (right) Ridge effects observed in pP b collision data (ALICE).

acoplanarity have the goal to single out the onset of collective phenomena.
In pP b events the jet yields 47 are compatible with superposition of independent pp collisions. No significant intra- and inter- jet broadening and no evidence of nuclear modification is
observed. On the other hand, a significant reduction of jet yield (in central region) is observed,
without significant intra- and inter-jet broadening. This observation poses the question of where
does the energy radiated out-of-cone go and if this loss can be directly measured.
Colourless probes represent the reference, being largely unsuppressed in traversing the nuclear medium. Results from P bP b collisions yield clear messages: flavor is quenched 48 and a
hierarchy in quarkonia suppression appears. Interesting effects are observed also in pp data:
however a clear and global picture is not yet achieved. In these data no suppression in open
charm (D mesons) is observed and this results suggests that the suppression observed in P bP b
is a final state effect: the energy loss of charm in the QGP medium. In pP b collisions, where
only Cold Nuclear Matter (CNM) effects are expected, the suppression of J/ψ production is a
consequence of ”shadowing” effects in the initial state, due to the modification of gluon PDFs
in the dense nuclear environment. Similar results are obtained for ψ(2S) and Y resonances (see
Fig. 7, left).
The study of flow phenomena 49 offers a large variety of tools for deciphering the nuclear
matter effects. Since 2001, the hydrodynamical model gives a good description of data and this
forms the basic evidence of a strongly coupled matter that behaves as a almost perfect fluid.
Already in pp collisions, long-range ridge correlations are observed, whose origin is unclear.
In pP b one (see Fig. 7, right), ridge correlations are expected, but are seen with surprising
amplitudes. The dependence on pT of the elliptic variavle v2 already shows a mass ordering:
the value of the variable v2 is smaller for protons at low pT with respect to pions and viceversa
above a certain threshold. This is exceptionally similar to what observed in P bP b although we
are in presence of two very different systems.
Measurements at RHIC, where the first observation of quark-matter plasma as a quasiperfect liquid have been reported, are continuing. 50 Interesting results on dAu scattering are
presented, confirming the observations done at LHC. This channel has different eccentricities
with respect to pp collisions, but shows a similar behaviour. In particular the observed mass
ordering effect is confirmed and represents an hallmark for an hydrodinamic model of nuclear
matter at these densities. Future pAu runs are foreseen also at RHIC.
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Conclusions

Since the startup of LHC in 2009, the HEP community is eagerly awaiting for the discovery of
New Physics which could solve many of the problems left in the SM. So far, at the end of Run
1, no significant sign of new states or anomalies with respect to expectations have been found in
the four LHC experiments, both in direct searches and in indirect one. The lack of New Physics
at O(1 TeV) is putting in serious danger the naturalness scenario and is projecting the mass
scale of new states dangerously beyond the reach of LHC direct searches.
However, we should not fall in the so called “post Higgs depression”: we live in a world in
which the number of fundamental questions in HEP and cosmology is much bigger than the
answers we are able to give, and this must be considered exciting and challenging for experimentalists and for our theorists friends, in particular for new generations. On the experimental
side, we should be patient: LHC Run 2 is coming and the increase in sensitivity with higher
energy and luminosity will be relevant. Many other experiments at accelerators and elsewhere
are searching for fissures in the SM.
Sometime history may repeat herself, and therefore we should carefully evalute the following
recollection 51 made by the russian theorist L. B. Okun:
“... a special search at Dubna was carried out by E. Okonov and his group. They have not
found a single KL → π + π− event among 600 decays of KL into charged particles (Anikina et
al., JETP, 1962) At that stage the search was terminated by the administration of the Lab. The
group was unlucky. Approximately at the level of 1/350 the effect was discovered by J. Cronin
et al. at Brookhaven in 1964 ... Thus absolute CP invariance was falsified.” .
Often patience and precision are very important ingredients for success.
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QCD AND HIGH ENERGY INTERACTIONS: THEORY SUMMARY
Thomas Gehrmann
Department of Physics, University of Zürich, Winterthurerstrasse 190, 8057 Zürich, Switzerland
This article summarizes new theoretical developements, ideas and results that were presented
at the 2014 Moriond “QCD and High Energy Interaction”.

1

Introduction: Particle physics after the Higgs boson discovery

One year ago, at Moriond 2013, the ATLAS and CMS collaborations presented for the first time
their results on the properties of a newly discovered boson 1 . A variety of different measurements
shown then identified the boson to be the long-sought Higgs boson, the mediator of electroweak
symmetry breaking. This discovery was crowned by the award of the 2013 Nobel Prize in Physics
to François Englert and Peter Higgs.
During the past year, analysis of the LHC7 and LHC8 data continued, providing a wealth
of new insights into the Higgs boson properties and many other observables. Particle physics
is also eagerly preparing the next run of the LHC at higher collision energy, which will open
up new mass ranges in searches for physics beyond the Standard Model. Planning for the
next generation of high-energy particle colliders has gained a lot of momentum throughout the
last year. Progress in particle physics relies on a fruitful interplay of experiment and theory,
illustrated in a very lively manner throughout this conference.
A very prominent example for this interplay is the recent indirect measurement of the Higgs
boson width, reported by the CMS collaboration 2 . The measurement is based on a comparison
of the on-peak and off-peak cross sections for four-lepton production, which was suggested only
very recently 3 .
2

Hadronic physics and QCD at strong coupling

QCD has been established as theory of strong interactions though a multitude of experimental
validations. In the high-energy regime, QCD is asymptotically free and can be handled with
methods of perturbation theory, thereby allowing for highly precise theory predictions to be
confronted with experimental data. In the low-energy regime, QCD becomes strongly coupled,
and develops confinement. Quantitative predictions in this regime can be obtained only with
non-perturbative methods, and are often restricted to model systems.
A commonly used model to study non-perturbative dynamics is N=4 Super-Yang-Mills theory, where symmetries and dualities can be used to obtain results at strong coupling 4,5 . In
this framework, the pomeron intercept has been computed 6,7,8 , and model results have been
compared to HERA data from collisions at small x. It is observed that the qualitative behaviour
of the intercept changes substantially between N=4 SYM and QCD.

An important application of QCD at strong coupling are exclusive decays of heavy quarks,
which provide an excellent indirect probe of physics beyond the Standard Model at the highest
energy scales 9 . New results on decays to tensor mesons have been derived 10 , requiring an
extension of the effective hamiltonian to include tensor modes. The physics of quarkonium
bound states can be described perturbatively in non-relativistic QCD. Most recently, this theory
has been applied successfully to describe the production and polarization of Y mesons 11 .
Heavy-ion collisions probe the non-perturbative dynamics of strong interactions at high
density. Their theory description must account for a multitude of effects from different areas of
classical and quantum physics. Many collective effects can be described through models based
on hydrodynamics 12 . To describe parton propagation in heavy-ion collisions, the interactions
of partons with a surrounding plasma and its excitations have been computed 13,14 . The highdensity regime probed in heavy-ion collisions may allow to study phenomena equally relevant to
proton interactions at very high energies, such as saturation and geometrical scaling 15 .
The non-perturbative bound state dynamics of quarks and gluons inside the proton enters
into perturbative predictions of high-momentum transfer observables through the parton distribution functions. For most applications, these functions are considered inclusive in transverse
momentum, described in the well-established framework of collinear factorization and DGLAP
evolution equations 16,17 . Several new features appear if the dependence of parton distributions on transverse momentum is considered, as required for example for transverse momentum
resummation. Owing to the helicity structure of the splitting process, gluons entering an unpolarized hadronic collision are linearly polarized in the direction of their transverse momentum.
Consequently, unpolarized collisions at the LHC allow to probe certain spin observables, considered up to now only in polarized collisions for example at RHIC. The most promising probe of
transverse gluon polarization at the LHC may be through asymmetries in Y + γ production 18 ,
and possible applications of transverse gluon polarization could be in probes of the spin and
parity of the Higgs boson in decays other than the four-lepton channel 19 .
3

Describing collisions at the LHC

The interpretation of data from particle colliders relies on a close interplay between theory and
experiment. Precision calculations of collider observables are mandatory for the measurement
of fundamental parameters, such as masses and coupling constants 20 , for the determination of
particle properties and for the extraction of auxiliary quantities such as parton distributions.
Reliable predictions for anticipated signals and their Standard Model backgrounds are crucial
in the design of searches for new physics effects, and in the interpretation of the search results
in terms of exclusion limits or discovery evidence.
Theoretical predictions are obtained in perturbation theory, which is truncated at a certain order (LO, NLO, NNLO, . . .). The conventional procedure to estimate the error on these
predictions proceeds through the variation of renormalization and factorization scales around
a predefined value related to the dominant kinematical properties of the process under consideration. The interpretation of this error, its combination with other sources of error and its
propagation in an analysis of experimental data are however questionable. A new approach to
the treatment of theoretical errors based on Bayesian statistics is currently under development 21 .
The default standard for theoretical predictions in collider physics are multi-purpose simulation programs, usually based on LO calculations augmented by leading-logarithmic resummation
in the form of a parton shower (PS). Owing to rapid developments in the automation of NLO
calculations, a new standard is currently emerging in the form of simulation programs combining
NLO+PS.
The description of multi-particle production processes often demands a complicated interplay
of fixed-order descriptions and resummation. In the high-energy limit, the dominant dynamics of
multi-particle production is described by the BFKL equation. Using this equation, one obtains

compact approximate forms for high-multiplicity matrix elements, which take proper account
of multiple large-angle emission 23,24 . This approach is particularly relevant for observables
that are poorly described by parton shower calculations, which are based on a resummation of
small-angle emissions.
NLO calculations of high-multiplicity observables have seen an enormous progress during
the past years, especially in view of their automation. This process has been catalyzed by
the standardization of interfaces between different calculational ingredients (virtual and real
contributions) in the Binoth Les Houches accord 22 . With this, new algorithmic developments
for the evaluation of one-loop virtual amplitudes can be readily applied to physical processes by
using established tools and infrastructures for the real radiation as well as for event-handling,
final state reconstruction and comparison to data. The current frontier in multiplicity is set by
the calculation of NLO corrections 25 to W + 5j production using virtual corrections evaluated
with the Blackhat package in the Sherpa event generator framework. A new development in this
context is the dissemination of full event information resulting from NLO calculations in the
form of n-tuples 26 , which can be analyzed subsequently with appropriate final state definitions
as used in the experimental analysis.
The combination of NLO calculations with parton showers is by now an established and
widely used tool. To improve upon this, first steps are now being made to combine NNLO
calculations with parton shower approximations. A first application in this context is to inclusive
Higgs production 27 , obtained by combining an NLO+PS description of Higgs+jet production
with a dedicated scale setting, and a normalization to the inclusive NNLO result.
Resummation beyond leading logarithms becomes important for many precision observables
in kinematical situations that receive comparable contributions from several different partonic
multiplicities. The resulting uncertainties are difficult to quantify. The conventional determination of theory errors from scale variations on fixed-order calculations only regards a particular
multiplicity, and may therefore miss out on the relevance of multiple emissions. A new approach
towards quantifying theory uncertainties, the efficiency method, has been put forward to take
proper account of kinematical situations prone to large resummation corrections 28 , and has been
applied to Higgs production with a jet veto.
4

Precision calculations at NNLO and beyond: results and methods

Corrections beyond NLO are needed for the interpretation of benchmark observables (usually
low-multiplicity processes), which are measured experimentally to the per cent level as well as for
observables with potentially large perturbative corrections. For hadron collider processes, a fully
differential calculation of the higher order corrections, allowing to take into account experimental
selection criteria and kinematical limitations and thus predicting fiducial cross sections, is very
much demanded. This can be accomplished by a parton-level event generator, which supplies
all partonic subprocess contributions with their full kinematical dependence. These calculations
at NNLO accuracy face two major challenges: the derivation of the relevant two-loop matrix
elements and the treatment of real radiation corrections. Major progress has been made on both
aspects in the recent past, and has enabled NNLO calculations for several key processes at the
LHC.
Transverse momentum distributions of colourless final states at hadron colliders display a
universal behaviour at low qT , which is well-understood from resummation. This feature is
exploited in the qT -subtraction technique to extract the singular real radiation contributions,
and to construct parton-level event generator programs to NNLO accuracy. Recent applications
of this technique are vector boson pair production 29 and associated V H production 30 , including
the full decay information and QCD corrections to the Higgs decay to bottom quarks.
The LHC experiments measure the top quark pair production cross section to very high
precision. A similar level of accuracy is now obtained at the theory level with the recent calcu-

lation of NNLO corrections to the inclusive cross section 31 , further improved by the inclusion of
NNLL resummation terms. In the context of the calculation of the two-loop virtual corrections
to top quark pair production, analytical results for the matching coefficients at NNLL 32 could be
derived as a by-product, again illustrating the fruitful interplay of techniques for resummation
and fixed order calculations at high perturbative orders.
Calculations multi-loop amplitudes in quantum field theory face major challenges due to
the large number of amplitudes and Feynman integrals and due to the complicated analyticity
structure of the individual multi-loop integrals. By systematically exploiting relations among
integrals, one obtains a reduction to a minimal set of so-called master integrals. To compute
these master integrals, various methods have been developed, often circumventing the direct
integration over the loop momenta 33 . A particularly powerful technique exploits differential
equations in masses and external invariants to compute master integrals. This technique has
been recently systematized 34 , and currently being applied to an increasing number of processes.
Gluon fusion is the dominant Higgs boson production process at the LHC. It receives large
perturbative corrections at NLO and NNLO, and the determination of the Higgs boson properties could in the long run be limited by the theory precision on the NNLO calculation. The
calculation of N3 LO corrections to Higgs production opens up a new era in complexity, with
typically a hundred-fold increase in the number of diagrams and integrals. A first result in this
endeavour is the threshold contribution to N3 LO, which is obtained analytically 35 using the
soft-virtual approximation. This calculation makes extensive use of modern analytical developments, and establishes many of the technical tools that will pave the way towards the derivation
of the full N3 LO coefficient function.
5

Going beyond the Standard Model

Although the Standard Model of particle physics is very successful in describing a wealth of
experimental data that were taken at collider experiments during the past decades, it is not
considered as ultimate theory of elementary particles, but rather as an effective theory describing dynamics at energy scales currently accessible, and possibly above. Searches for physics
beyond the Standard Model 36 are a primary objective of particle physics, both theoretically
and experimentally.
Direct searches for the production of new physics signatures have produced no evidence for
new particles so far. They are constrained by the available collider energy, and expectations
for next year’s LHC run at highest-ever collision energy are consequently very high. Indirect
searches 9 use precision observables, rare processes or the internal consistency of the Standard
Model. They are not limited by the collider energy, but rather by experimental and theoretical
precision, available luminosity, and last but not least, by the imagination and creativity of
particle physicists.
Using the renormalization group equations, the parameters of the Standard Model Lagranigian can be extrapolated to very high energies. Of particular interest are the parameters related
to the Higgs sector, since they determine the form of the effective Higgs potential. Depending
on the form of the potential, the electroweak vaccum is either stable (absolute minimum of the
potential), metastable (existence of a lower minimum at larger field values) or unstable (potential unbounded from below at large field values). The effective Higgs potential is particularly
sensitive on the measured masses of the Higgs boson and the top quark, and current data point
towards a metastable situation. In the case of metastability, tunnelling from the electroweak
vacuum to the vacuum at large field values is possible. The tunnelling rate computed in the
Standard Model (i.e. in absence of any physics beyond the Standard Model, even at the Planck
scale) is however many orders of magnitude larger than the age of the universe. The tunnelling
process is mediated by extended field configurations (instantons). Even in absence of physics
beyond the Standard Model, it provides sensitivity to dynamics around the Planck scale, since

the typical instanton size is only about a factor ten larger than the Planck length. Following
this observation, it has recently been demonstrated 37 that new physics at the Planck scale could
lead to much smaller tunnelling times, thus invalidating the metastability condition. These new
insights may provide very valuable input to model building for Planck scale physics.
One of the strongest motivations for physics beyond the Standard Model is the astrophysical
evidence for dark matter in galaxies and in cosmological observations. Besides its gravitational
effects, one expects dark matter to interact only weakly with known matter, and scenarios for
dark matter production in the early universe favour masses of dark matter particles of the order
of the weak scale. Direct searches for dark matter in recoil experiments have not produced
conclusive evidence so far, and many realizations for weakly interacting massive particles are
now constrained rather severely. An alternative scenario is provided by the so-called Higgs
portal models, where dark matter and ordinary matter couple only through Higgs interactions,
resulting in considerably lower rates for direct detection. A possible realization of the Higgs
portal scenario is the inert doublet model 38,39 , which will be probed at the next generation of
direct detection experiments and which predicts small but detectable deviations in the Higgs
boson properties.
Indirect searches for new physics in certain flavour observables are now reaching well beyond
the energy scales probed in direct searches at the LHC. Visible, but not yet significant, discrepancies between experimental measurements and theoretical expectations are observed especially
in B → Kl+ l− final states 9 and in B → τ ν 40 . Both types of anomalies motivate theoretical
speculation on possible new physics in the flavour sector, and further experimental validation is
expected in due course.
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