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2016 RENCONTRES DE MORIOND

The 51st Rencontres de Moriond were held in La Thuile, Valle d’Aosta, Italy.

The first meeting took place at Moriond in the French Alps in 1966. There, experimental as well as
theoretical physicists not only shared their scientific preoccupations, but also the household chores.
The participants in the first meeting were mainly french physicists interested in electromagnetic in-
teractions. In subsequent years, a session on high energy strong interactions was added.

The main purpose of these meetings is to discuss recent developments in contemporary physics and
also to promote effective collaboration between experimentalists and theorists in the field of elementary
particle physics. By bringing together a relatively small number of participants, the meeting helps
develop better human relations as well as more thorough and detailed discussion of the contributions.

Our wish to develop and to experiment with new channels of communication and dialogue, which was
the driving force behind the original Moriond meetings, led us to organize a parallel meeting of biol-
ogists on Cell Differentiation (1980) and to create the Moriond Astrophysics Meeting (1981). In the
same spirit, we started a new series on Condensed Matter physics in January 1994. Meetings between
biologists, astrophysicists, condensed matter physicists and high energy physicists are organized to
study how the progress in one field can lead to new developments in the others. We trust that these
conferences and lively discussions will lead to new analytical methods and new mathematical languages.

The 51st Rencontres de Moriond in 2016 comprised three physics sessions:

• March 12 - 19: “Electroweak Interactions and Unified Theories”

• March 19 - 26: “QCD and High Energy Hadronic Interactions”

• March 19 - 26: “Cosmology”
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It is our sincere hope that a fruitful exchange and an efficient collaboration between the physicists
and the astrophysicists will arise from these Rencontres as from previous ones.

These Rencontres offered us the possibility to celebrate the 50th anniver-
sary of this event, founded in 1966 by Jean Trân Thanh Vân. We had
some dedicated talks by some of the pillars of Moriond, giving their per-
sonnal recollections or panoramic views of the evolution of physics ideas
along these years, and we also had the chance to celebrate the discov-
ery of gravitational waves 100 years after their prediction by A. Eis-
tein. We would like to warmly thank J. Lefrançois, J. Iliopoulos, B.
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The 51st Rencontres were also the occasion of renewing some long-standing
traditions of Moriond, like the slalom: tens of participants of all ages skied
down the track in all times and styles to eventually win ... a glass of mulled
wine! And delving into the archives we have produced a list of the nearly
10000 participants along these 50 years, which has been put up as wallpaper
along the corridor leading to the bar, resulting in persistant traffic jams!

E. Augé, J. Dumarchez and J. Trân Thanh Vân
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750 GeV Structure





THE 750 GEV EXCESS FROM PHOTON-PHOTON AND QUARK-QUARK
PROCESSES

TANUMOY MANDAL, ULF DANIELSSON, RIKARD ENBERG, GUNNAR INGELMAN
Department of Physics and Astronomy, Uppsala University, Box 516, SE-751 20 Uppsala, Sweden

The observed excess in the diphoton mass spectrum around 750 GeV at the 13 TeV LHC
possibly indicates the presence of a photonphilic resonance. We show that the excess can
be explained by a scalar of the type involved in Bekenstein’s framework for varying electro-
magnetic coupling theories. The scalar, in our model, couples dominantly to photons and is
mainly produced by the quark-quark fusion at the LHC. In addition, it can also be produced
in photon-photon fusion. Our model has only two free parameters, the mass of the scalar and
the scale of the new physics, which are fixed by the LHC excess to 750 GeV and 1.5 - 2 TeV,
respectively. The scalar has a large three-body decay to a fermion pair and a photon, which
provides an interesting search channel with a dilepton-photon resonance around 750 GeV.

1 Introduction

Recently both the ATLAS and the CMS collaborations have reported excesses in the diphoton
invariant mass distribution around 750 GeV1,2 based on the 13 TeV data from run-II. The excess
is only observed in the diphoton channel with possibly no other hard activities in association
with the resonance. There is also a tension between the excess observed in run-II data and
non-observation of any such excess in run-I data. This tension depends on how the resonance
is produced. For instance, if the resonance is dominantly produced from the photon-fusion, the
tension is more compared to the gluon-fusion production. But due to large uncertainties involved
in the photon-flux from proton, run-I data might be compatible to the run-II data. We show
that the excess can be explained by a scalar of the type involved in Bekenstein’s framework for
varying electromagnetic coupling theories simultaneously satisfying all the relevant run-I data.
Although the excess is not yet statistically significant enough to draw any definite conclusion,
but are nevertheless very interesting to understand from a theoretical perspective. In this talk,
we propose to explain the observed excess by a massive scalar associated with a model for
a space-time varying electromagnetic coupling constant, e and the talk is mainly based on our
paper in Ref.3 on this subject. The original concept of space-time varying fine-structure constant
was constructed by Jacob Bekenstein 4 in context of cosmology.

2 The Model

In the Bekenstein model 4, it is assumed that e is not really a constant and varies with space-
time. The variation is given by e = e0ε(x), where e0 is the constant EM coupling and ε(x) is
a scalar field whose kinetic energy is given by Λ2(∂με)

2/(2ε2) where Λ is an energy scale. The
field strength tensor is given by Fμν = [∂μ(εAν)− ∂ν(εAμ)] /ε. We define F̂μν = ∂μAν − ∂νAμ,
and introduce a scalar field ϕ such that ε = eϕ. Assuming small field limit, we write ε � 1 + ϕ,
and keep only terms linear in ϕ. Finally, we define a new field φ = ϕΛ, so that all fields have

3



their usual mass dimensions. In this way, we find a Lagrangian for standard electromagnetism
plus the terms associated with the scalar field as

L ⊃ 1

2
(∂μφ)

2 − 1

2
M2

φφ
2 +

1

2Λ
φF̂μνF̂

μν . (1)

3 Production and decays at the LHC

We study the LHC phenomenology of our model and derive limits on the scale Λ from the
relevant 8 TeV data and also find out the favored values of Λ required to explain the 750 GeV
diphoton excess.

The only possible two-body decay of φ is the diphoton mode, which is a tree level decay –
not a loop-induced decay through a charged particle. In Fig. 1, we show the Feynman diagrams
of all possible two and three body decay modes of φ.

Figure 1 – Sample Feynman diagrams of the two and three body decay modes of φ.

In Table 1, we show the partial widths and branching ratios (BR) of φ into its two, three
and four body decay modes for Λ = 1 TeV, calculated using MadGraph5. It is important to
note that the branching ratios of φ are independent of Λ. From Table 1, we can see that φ → γγ
is the dominant decay mode and this mode has a branching ratio of about 70%. Due to the
large branching in the diphoton mode, φ might be a good candidate to explain the recent 750
GeV diphoton excess at the LHC. Moreover, the nonobservation of any excess expected in other
channels from a SM-like scalar can also be explained as other decays of φ are not SM-like.

Table 1: The partial widths and branching ratios of φ for Mφ = 750 GeV. The widths are proportional to Λ−2 and
are here given for Λ = 1 TeV, whereas the BRs are independent of Λ. Here, f includes all SM charged fermions
and j denotes jets of “light” quarks, including b.

Decay Mode φ → γγ φ → γff(jj) φ → γγff φ → γWW φ → γγWW Total

Width (GeV) 8.393 2.672 (1.505) 0.610 0.447 0.022 12.14

BR (%) 69.12 22.00 (12.39) 5.02 3.68 0.18 -

In Fig. 2, we show a few sample Feynman diagrams of the two main production channels
of φ at the LHC. Unlike the gg initiated SM-like Higgs boson production, these channels are
induced by a qq initial state.

Figure 2 – Sample Feynman diagrams of the production of φ at the LHC.

In Table 2, we present the partonic cross sections of various production modes of φ for the
8 and 13 TeV LHC for Λ = 1 TeV.
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Table 2: Partonic cross sections of various production channels of φ for Λ = 1 TeV computed at renormalization
(μR) and factorization (μF ) scales μR = μF = Mφ = 750 GeV for LHC at 8 and 13 TeV. These cross sections
are computed using CTEQ6L1 PDFs by applying some basic generation level cuts. Here, j denotes light jets
including b-jet and � includes e± and μ±. In the γγ → φ mode, the two initial photons come from proton.

Production mode φγ φγj φγjj φjj γγ → φ φ		 φγW φγWW φγγ

CS@8TeV (fb) 2.339 1.161 0.513 4.622 30.84 0.017 0.064 0.176 0.026

CS@13TeV (fb) 10.63 6.486 3.439 15.15 77.59 0.081 0.577 4.847 0.140

The experimental searches for a high mass diphoton resonance, where the signal is an s-
channel spin-0 or spin-2 resonance decaying to diphoton generally demand exactly two selected
photons with no selected jet, whereas for inclusive diphoton resonance searches, one keeps events
with at least two selected photons and any number of selected jets. The two important pro-
duction channels of φ viz. inclusive pp → φγ → 3γ and pp → φjj → γγjj contribute most to
the ATLAS 1 and CMS 2 analyses. Now, we want to investigate how selection cut efficiencies
depend on the different selection criteria imposed on the number of photons and jets. In Ta-
ble 3, we show cut efficiencies for different selection criteria on the number of photons and jets
for the inclusive pp → φγ → 3γ and pp → φjj → γγjj channels at the 13 TeV LHC by roughly
employing the selection cuts used by ATLAS 1 and CMS 2 for their 13 TeV analyses.

Table 3: Cut efficiencies for different selection criteria on the number of selected photons and jets for the 13 TeV
ATLAS and CMS diphoton resonance searches. Here, “φγ” and “φjj” mean inclusive (up to 2-jets) pp → φγ → 3γ
and pp → φjj → γγjj processes respectively.

Category 2γ + 0j ≥ 2γ + 0j 2γ+ ≥ 0j 2γ + 1j 2γ + 2j 3γ+ ≥ 0j ≥ 2γ+ ≥ 0j

ATLAS (φγ) 0.008 0.278 0.142 0.057 0.042 0.641 0.788

ATLAS (φjj) 0.0009 0.001 0.546 0.030 0.219 0.010 0.556

CMS (φγ) 0.036 0.323 0.247 0.086 0.063 0.704 0.957

CMS (φjj) 0.0009 0.001 0.750 0.035 0.291 0.013 0.763

In order to derive a limit on Λ by recasting the σ × BR upper limit from an experiment,
we need to properly take care of the cut efficiencies. This can be done by using the following
relation:

Ns = σs × εs × L =

(∑
i

σi × εi

)
× L , (2)

where Ns is the number of events for the signal considered and σs is the corresponding signal
cross section for luminosity L. The corresponding signal cut efficiency is denoted by εs. When
different types of signal topology and/or final state contribute to any experimental observable,
Ns can be expressed by the sum (

∑
i σi × εi) × L. Here, i runs over all contributing signal

processes to any observable. In our case, the following two processes contribute the most to the
s-channel diphoton resonance searches at the LHC:

Process I (p1) : pp → φγ → 3γ + jets; Process II (p2) : pp → φjj → γγjj. (3)

Therefore, in our case Ns = Λ−2 × (σp1 × εp1 + σp2 × εp2)Λ=1 TeV × L. Here, σpi is the signal
cross section for the i-th process and the corresponding signal efficiency is εpi .

The LHC Run-I data of ATLAS and CMS set an upper limit of the cross section in the range
1-2 fb. Using this we can extract a lower limit of Λ for our model. For 2γ+0j category, we obtain
a lower limit of Λ in the range 0.2-0.6 TeV. Choosing instead 2γ+ ≥ 0j would, however, give a
lower limit Λ in the range 1.2-1.8 TeV. From the 13 TeV data, where a more pronounced hint
for an excess can give more precise information regarding our model. We obtain the essential
results shown in Table 4, resulting in values of Λ that can explain the 750 GeV diphoton excesses
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Table 4: The observed upper limit on cross sections, σs and corresponding efficiencies, εs for mass around 750
GeV. In the last two columns we show the derived value of Λ for Mφ = 750 GeV for the selection categories C1:
2γ+ ≥ 0j and C2: ≥ 2γ+ ≥ 0j.

Experiment σs εs σp1 εp1 εp1 σp2 εp2 εp2 Λ (C1) Λ (C2)
(fb) (fb) (C1) (C2) (fb) (C1) (C2) (TeV) (TeV)

ATLAS@13TeV 10.5 0.4 9.9 0.14 0.79 9.7 0.55 0.56 1.3 1.8

CMS@13TeV 17.0 0.3 9.9 0.25 0.96 9.7 0.75 0.76 1.4 1.8

observed by both ATLAS 1 and CMS 2. As we mentioned earlier, the extraction of Λ depends on
what selection category is used. For the category of 2γ + 0j (C1) selection for ATLAS analysis,
we get Λ ≈ 1.3 TeV which can explain the excess. On the other hand we get slightly bigger
Λ ≈ 1.8 TeV for the selection category ≥ 2γ+ ≥ 0j (C2). The corresponding CMS values on Λ
are 1.4 TeV and 1.8 TeV for C1 and C2 respectively.

4 Conclusions and Outlook

We have proposed that the diphoton excess is due to a 750 GeV scalar associated with variations
of the fine-structure constant. Our model has only two new parameters, the mass of the scalar
Mφ and the energy scale Λ. Both are fixed by the LHC excess, with Mφ ∼ 750 GeV and
Λ ∼ 1.5− 2 TeV.

Our proposal predicts that the scalar dominantly decays to a photon pair, but has an ap-
preciable branching ratio into a pair of fermions plus a photon, with BR(φ → γqq̄) ∼ 13% for
quarks and BR(φ → γ	+	−) ∼ 10% for leptons. This gives the main additional prediction of
our model: events with a lepton-lepton-photon resonance at 750 GeV. The scalar resonance is
dominantly produced together with an additional real or virtual photon, which, if virtual, gives
rise to a pair of jets or leptons. This gives another prediction: the existence of an additional
photon and/or jets in the events, which are not part of the resonance. These predictions should
be looked for in future LHC analyses.

The scalar can be produced through photon-photon fusion where the initial photons are
coming from proton and this production can be very large due to the infra-red enhancement
in the collinear limit. Due to the limited knowledge of proton form factors, the photon fusion
contribution inherits large uncertainties 5. Therefore, it is very important to understand the
photon PDF in proton for robust predictions. Currently, we are working on this direction to
understand various issues in the photon-flux to improve our model predictions.
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Top and W mass measurements at the Tevatron

Robert J. Hirosky
University of Virginia, Department of Physics
382 McCormick Rd Charlottesville, VA USA

This contribution to the 2016 Proceedings of the Rencontres de Moriond QCD Session sum-
maries recent physics results from the CDF and D0 Collaborations in measurements of the top
quark mass using different decay channels and methods and of the W boson mass as inferred
from measurements of the effective weak mixing angle sin2θ�eff .

1 Introduction

The Run 2 physics program at the Fermilab Tevatron spanned the decade ending in September
of 2011. Throughout Run 2 the CDF and D0 Experiments each collected ∼10 fb−1 of data
from the world’s highest energy pp̄ collisions at

√
s = 1.96TeV. Following the data collection,

successful physics analysis programs have continued in both collaborations with increasing focus
on rare processes, precision measures, and measurements complimentary to those made by LHC
experiments. This contribution to the 2016 Rencontres de Moriond QCD Session summaries
recent physics results from the CDF and D0 Collaborations in measurements of the top quark
mass using different decay channels and methods and of the W boson mass as inferred from
measurements of the effective weak mixing angle sin2θ�eff .

Precision measurements of the masses of both the top quark and W boson constitute a
powerful test of the electroweak (EW) sector of the standard model (SM). Figure 1 shows
expectations for mt and mW determined from global fits 1 to data from other EW observables.
In both cases it can be seen that adding the recent constraint based on Higgs boson measurements
at the LHC significantly reduces the allowed range of masses for mt and mW before significant
tension with respect to the SM can be noted.

2 Top quark mass measurements

The D0 collaboration presented three new measurements of the top quark mass. Each measure-
ment uses the full D0 Run 2 data set corresponding to an integrated luminosity of 9.7 fb−1 after
data quality selections. The first analysis employs an optimized neutrino weighting technique
to measure mt in dilepton final states of tt̄ events 2. This analysis is based a previous dilepton

7
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Figure 1 – Results from the GFitter Project 1. The (a) Δχ2 as function of mt (dark band) and (b) Δχ2 versus
mW (dark band). In both cases the direct determinations of the evaluated masses are excluded from the fit. Also
shown is the result of the fit without the mH measurements (gray band). The experimental measures and world
averages are indicated by the data points.

measurement 3, but features a comprehensive optimization of the neutrino weighting method
to minimize the statistical uncertainties. The calibration of jet energies is improved using the
calibration determined in tt̄ →lepton+jets events, reducing the otherwise limiting systematic
uncertainty from the jet energy scale. Dilepton (2	, 	 = e or μ) events, such as ee, eμ, and
μμ, with neutrinos from two W → 	ν decays, are relatively rare but have low background. The
analysis requires two isolated leptons, two high-pT jets must also be observed, one of which must
be identified as being consistent with originating from a b quark. The tt̄ events are simulated
using alpgen 4 and pythia 5 with modified underlying event Tune A for parton showering and
hadronization. The main backgrounds arise from three sources: Z/γ∗ → 		, diboson (WW , WZ,
and ZZ) processes, and instrumental effects. The Z/γ∗ and diboson backgrounds are modeled
using alpgen and pythia, respectively. An instrumental background arising from W+jets,
multijet, or 	+jets tt̄ events where one or two jets are either mis-identified as electrons or con-
tain a hadron decaying to a non-isolated lepton that passes selection criteria is estimated from
data as in Ref. 6. A full detector simulation based on geant 3.14 7 is applied to all simulated
events. The objects reconstructed in simulation are corrected to ensure that their resolutions
reflect those in data.

The presence of two neutrinos in the tt̄ decay precludes a full reconstruction of the event
kinematics and mt from each event. We therefore integrate over the phase space of neutrino
rapidities for hypothesized values of mt (m

h
t ) and compare the calculated value of the missing

ET from the neutrino momentum solutions to the observed missing ET to determine a weight
w characterizing the level of agreement between each event and mh

t . The first two moments
(μw, σw) of this distribution are found to extract most of the information about mt. The mass
dependence of the μw distribution is given in Fig. 2(a) for three MC mass points with all se-
lections applied. The mT is extracted by performing a maximum likelihood fit to the moment
distributions [μW , σw] in data and applying a correction for calibration of the method. Sys-
tematic uncertainties arise from jet energy calibration, object reconstruction, modeling of tt̄
and background events, and the mass-extraction method. The top quark mass in the combined
dilepton channels is measured as mt = 173.32± 1.36(stat)± 0.85(syst)GeV. This measurement
is consistent with the current average value of mt

8 and the systematic uncertainty of 0.49% is
the smallest of all dilepton measurements.

A second D0 measurement of mt in dilepton final states uses the matrix element (ME)
technique 9. This technique provides the most precise mt measurement at the Tevatron in the
	+jets final state 10, and was applied in the previous D0 measurement of mt in the dilepton
final state 11. The data selections are similar to the above analysis and the jet energy after
event selection is also improved through a scale factor kJES measured in the lepton+jets final
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state using jets associated with W boson decay. A comparison between the jet pT measured
in data and predictions following the final event selection is shown in Fig. 2b after applying
the kJES correction. The ME technique assigns a probability to each event calculated from
a set of measured observables, i.e., pT , η, and φ for jets and leptons with respect to signal
and background models. Only the dominant source of background from Z/γ∗+jets events, is
considered in the matrix element in the calculation of the background probability. The top
quark mass is extracted by minimizing a negative log-likelihood (NLL) function with respect to
two free parameters, mt and ftt̄, the signal fraction in data. The NLL versus mt is shown in
Fig. 2c. The measured mt is corrected for calibration of the method and yields a value mt =
173.93 ± 1.61(stat) ± 0.88(syst)GeV, corresponding to a relative precision of 1.0%, consistent
with D0 and world combination measurements.
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Figure 2 – The (a) distribution in the mass estimator, μw, for the combination of channels in the D0 neutrino
weighting analysis. Comparison (b) between the jet pT measured in data and predictions in the D0 matrix element
analysis. The (c) NLL contour for extracting mt in the same analysis (mt is shown before calibration corrections).

Lastly D0 presented a measurement of the top quark pole mass inferred from the top quark
inclusive production cross section in lepton+jets and dilepton decay channels 12. This measure-
ment uses various multivariate analysis techniques to measure the inclusive cross section. In
the 	+jets channel a combined MVA is constructed from an analyzer trained to identify b-quark
decays (b-ID MVA) and another based on topological distributions in top quark decays. In
the dilepton channel only the b-ID MVA is employed. Nuisance parameters are used to pro-
file systematic uncertainties and to constrain their impact using data. Results are combined
from both channels to measure the inclusive tt̄ cross section. This combination benefits from
the cross-calibration of the two different decay channels, leading to reduced systematic uncer-
tainty. Figure 3a shows the combined MVA output distributions for signal and background
components in one of the 	+jets samples before fitting to the data. The combination of the
	+jets and 		 channels for the measurement of the inclusive cross section yields (for a top quark
mass of 172.5GeV) σtt̄ = 7.26± 0.13(stat.)+0.57

−0.50(syst.) pb, which corresponds to a relative total
uncertainty of 7.6%.

Figure 3b shows the theoretical mass dependence of the inclusive tt̄ production cross section
as provided by top++13. Also shown is the observed dependence for the individual cross section
measurements at the mass points, which is parameterized using a 4th-order polynomial function.
Uncertainties on the measured values include the statistical and systematic uncertainties and
are indicated by the dotted lines. Theoretical uncertainties include those from the variation of
the renormalization and factorization scales by a factor of 2 and Parton Distribution Function
(PDF) uncertainties 14 taken from the MSTW2008 NNLO PDF set. The measurement obtains
mt = 172.8±1.1(theo.)+3.3

−3.1(exp.)GeV. The precision of this determination is 1.9% and represents
the most precise determination of the top quark pole mass from the inclusive tt̄ cross section at
the Tevatron.
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3 sin2θW and W boson mass

The weak mixing angle sin2θW is one of the fundamental parameters of the standard model
describing the relative strength of the axial-vector couplings gA to the vector couplings gV in
neutral-current interactions of a Z boson to fermions f . At tree level the weak mixing angle
can be written in terms of the W and Z boson masses as sin2θW = 1 − m2

W /m2
Z . To include

higher order electroweak radiative corrections, effective weak mixing angles are defined for each
fermion flavor. It is customary to quote the charged lepton effective weak mixing angle sin2θ�eff ,
determined by measurements of observables around the Z boson pole. Because the Z boson
mass is accurately known, the inference of sin2θW is equivalent to an indirect W boson mass
measurement. The two most precise measurements of sin2θ�eff from the LEP-1 and SLD 15 are
in tension, differing by 3.2 standard deviations. In order to help resolve this difference new
measurements of sin2θ�eff with similar total uncertainties (≈ ±0.0003) are needed.

At the Tevatron the mixing angle can be measured in the Drell-Yan process pp̄ → Z/γ∗ → 		,
through a forward-backward charge asymmetry in the distribution of the emission angle θ∗ of
the negatively charged lepton momentum relative to the incoming quark momentum, defined
in the Collins-Soper frame 16. Events with θ∗ > 0 are classified as forward (F), and those
with θ∗ < 0 are classified as backward (B). The forward-backward charge asymmetry AFB =
(NF − NB)/(NF + NB) arises from the interference between vector and axial vector coupling
terms.

At D0 the weak mixing angle is extracted from the background-subtracted raw AFB spec-
trum 17 in a mass window Mee near mZ for several event topologies. An MC Drell-Yan sample
is generated based on pythia with the NNPDF2.3 18 PDFs. The simulation is corrected for
higher-order effects by reweighting the MC events at the generator level to match resbos 19

predictions. The effects of acceptance, FSR and resolution smearing are all incorporated into
MC templates with different values of sin2θ�eff . The templates are compared to the data for the
different topologies with electrons and positrons and the best fit values of sin2θ�eff are extracted.
Figure 4a shows the measured AFB distribution for events with electrons and positrons detected
in the both Central Calorimeter (CC) and in the Endcap Calorimeter (EC) and the pythia
prediction with sin2θW = 0.23138 in the MC.

CDF presents a new measure of sin2θ�eff
20 using Z → ee events and also the combined

measurement with the Z → μμ channel. This analysis incorporates a new event weighting
technique 21 to reduce experimental uncertainties in acceptance and efficiencies. Effective Born
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Approximation (EBA) electroweak radiative corrections are implemented allowing a measure-
ment of both sin2θ�eff and sin2θ = 1−m2

W /m2
Z and a new technique 22 is applied to reduce PDF

uncertainties by incorporating additional constraints from the mass and rapidity dependence of
Drell-Yan AFB. Calculations of the AFB(M) templates with different values of the electroweak-
mixing parameter are compared with the measurement to determine the value of the parameter
that best describes the data. Each template provides a scan point for the χ2 function of sin2θW .
Figure 4b shows the scan scan points fitted to a parabolic χ2 functional form. The Tevatron
results for the full 9.4− 9.7 fb−1 samples are:

(CDF) sin2θ�W = 0.23221± 0.00046 (ee+ μμ)

(D0) sin2θ�W = 0.23146± 0.00047 (ee only)

Figure 4c shows a comparison of mW determined from indirect measurements by other ex-
periments and the results of this analysis by CDF. The TeV and LEP-2 value is the world
average of the direct measurements 23 of mW = 80.385± 0.015GeV. All the others are indirect
W -mass measurements that use the standard model (on-shell scheme). The indirect measure-
ment labeled NuTeV is the Tevatron neutrino neutral current measurement 24. The indirect
measurement labeled LEP1+SLD(mt) is from standard model fits to all Z pole measurements 15

in combination with the Tevatron top-quark mass measurement 8.
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Figure 4 – D0 comparison (a) between the raw AFB distributions measured in the background-subtracted data
and the MC for events with one central and one forward lepton. The CDF (b) values of χ2 as functions of scan
points in the sin2θW variable with the parabolic fit overlaid. Comparison (c) of experimental determinations of
the W boson mass.
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Top Quark Mass Measurements at the LHC

T.G.McCarthy on behalf of the ATLAS and CMS Collaborations

Max-Planck-Institut für Physik, Föhringer Ring 6, 80805 München, Germany

This document highlights a number of top-quark mass measurements carried out by the
ATLAS and CMS collaborations based on the combined LHC Run 1 datasets at centre-of-mass
energies of

√
s = 7 and 8 TeV. A wide range of analysis strategies are employed for a number

of final-state signatures. Measurements of both the pole mass as well as the value of mtop as
defined by the Monte Carlo generator in simulated signal samples are discussed.

1 Introduction

The top-quark mass (mtop) is a fundamental parameter of the standard model of particle physics
(SM). As the heaviest of all SM particles with a mass close to the electroweak symmetry-breaking
scale, the top quark plays a pivotal role in the theory of elementary particles. The exact value
of the top-quark mass has implications on a number of theoretical predictions. This motivates
the need for precision measurements of mtop.

The successful LHC data-taking at centre-of-mass energies of
√
s = 7 and 8 TeV led to the

production of tens of millions of top quarks via proton-proton collisions at the centres of both
the ATLAS 1 and CMS 2 detectors. The collection of such an unprecedented dataset ushered in
an era of high-precision measurements of the top-quark mass at the LHC in which the sources
of systematic uncertainty typically outweigh those statistical in nature. The analyses presented
in this document are divided into direct and indirect measurements.

2 Direct measurements from event reconstruction and kinematics

The direct measurements employ so-called ideogram 3 or template methods, by which an ob-
servable sensitive to mtop is constructed from various reconstructed objects. In some cases it is
possible to fully reconstruct one or two of the top quarks. In other cases alternative observables
are built from a number of possible kinematic variables. For the standard template methods a
set of templates, in the form of binned histograms, are then constructed for a number of discrete
simulated Monte Carlo datasets which differ only in their input mtop value. These templates
subsequently allow for an estimate of the top-quark mass to be made by means of a fit to the
distribution of the same observable from the measured data. The ideogram methods employed
by CMS build separate parameterized shapes of the observables for the various jet-quark per-
mutation cases in order to evaluate per-event likelihood values; the per-event likelihoods are
combined and subsequently used to extract an estimate of the top-quark mass which is cali-
brated using simulated events. The direct measurements are typically subdivided into various
channels based on the final state decay products.
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2.1 All-hadronic tt̄ decay channel

Both CMS and ATLAS have performed measurements of mtop specifically by identifying and
reconstructing events in which a tt̄ pair is produced and decays to an all-hadronic final state.
The all-hadronic channel has the advantage of a large branching ratio and the absence of any
immediate neutrinos from the W -boson decays. Constributions from the dominant multi-jet
background can be suppressed by applying tight event-selection cuts and dedicated tagging
requirements to identify the presence of bottom-flavoured hadrons in reconstructed jets. In the√
s =7 TeV ATLAS analysis 4 the susceptibility of the mtop measurement to uncertainties in the

jet energy scale (JES) is suppressed by employing the ratio of the reconstructed top-quark to
W -boson invariant mass (R3/2= mjjj/mjj) as the mtop-sensitive observable.

The analyses performed by CMS at both
√
s = 7 and 8 TeV employ an ideogram method.3

Comparisons in performance are made between a one- and two-dimensional fits. In the latter
case, a simultaneous fit is performed to distributions of both the reconstructed W -boson and
top-quark mass. This allows for a simultaneous measurement of mtop and a global jet scale
factor (JSF), which leads to a reduced systematic uncertainty due to the JES.

2.2 Dileptonic tt̄ decay channel

The dileptonic channel is characterized by very low backgrounds and a smaller branching ratio
compared with those of the other standard decay channels. A difficulty presents itself in terms
of the ability to reconstruct the tt̄ system due to the presence of two non-interacting neutrinos
in the final state. A variety of analysis strategies are employed to overcome this complication.
The

√
s =7 TeV ATLAS measurement employs a one-dimensional template method, where the

reconstructed invariant lepton-b-quark mass (m�b) is chosen as the mtop observable.5

A number of measurements are performed in the dileptonic tt̄ channel by CMS. A
√
s =8 TeV

analysis similarly employs the m�b observable together with a forward folding of the theoretical
prediction in order to perform a final fit to the data 6. A separate analysis strategy, chosen for
both the

√
s =7 and 8 TeV datasets, makes use of an Analytical Matrix Weighting Technique

(AMWT), whereby a weight is assigned to the various solutions of the kinematic equations in
any given event.3 Yet another

√
s =7 TeV analysis extracts a measurement for mtop based on the

kinematic endpoints of certain key distributions.7 Finally, a measurement of mtop is performed
in a

√
s =8 TeV analysis based on the peak position of the b-jet energy spectrum alone.8

2.3 Semileptonic tt̄ decay channel

Semileptonic tt̄ events offer an ideal balance between the ability to select candidate events via
the identification of a single high-pT lepton (	 = e/μ) from a leptonic (anti-)top-quark decay,
while fully reconstructing the hadronically decaying (anti-)top quark. The

√
s =8 TeV analysis

by CMS 3 currently yields the single most precise LHC mtop measurement, though tension exists

between this and a recent D0 measurement.9 The corresponding mfit
t distribution for the final

selected events following all event selection cuts, together with the application of a goodness-of-
fit weight for all permutations, is shown in the left plot of Figure 1. In addition, the analysis
presents new measurements of mtop as a function of several key variables. A separate

√
s =8

TeV analysis focuses exclusively on the μ+jets channel 10 and utilizes an R observable similar to
R3/2 described in the all-hadronic ATLAS measurement.

The
√
s =7 TeV ATLAS measurement in the semileptonic (e/μ) channel 5 employs a novel

3D template method in which additional observables are constructed, in addition to the re-
constructed top-quark mass (mreco

top ), in order to reduce the contribution from the systematic
uncertainties due to the jet and b-jet energy scales (JES and bJES, respectively). Events are
reconstructed using a kinematic fit together with the known W boson mass (mW ).
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√
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2.4 Charged hadrons in the dileptonic/semileptonic tt̄ channel

A recent CMS measurement at
√
s =8 TeV identifies charged hadrons (J/ψ, D0, and D∗(2010)+)

produced via the decay of bottom-flavoured hadrons from the top quark decays. The recon-
structed invariant mass of the lepton and secondary vertex system in signal events affords ad-
ditional sensitivity to mtop compared to the lepton information alone, while circumventing the
larger systematic uncertainties associated with the JES and bJES.11 A similar analysis, which is
currently statistically limited, focuses on the identification of J/ψ mesons alone12. In both anal-
yses the systematic uncertainty associated with the b-quark fragmentation modelling becomes
significant, while the jet-related systematic uncertainties are greatly diminished.

2.5 Single-top t-channel

Both the ATLAS and CMS collaborations have performed mtop measurements at
√
s = 8 TeV

by employing a set of event selection cuts chosen specifically to target top quarks produced
singly via a t-channel electroweak interaction.13,14 Such measurements provide complementarity
to the set of standard analyses involving the strongly produced tt̄ pairs. Both the ATLAS (e/μ
+ jets) and CMS (μ + jets) analyses use a one-dimensional template method, where the choice
of mtop-sensitive observable is the reconstructed mass of the lepton-b-quark system (m�b) for
ATLAS and the reconstructed invariant mass of the reconstructed top quark (m�νb) for CMS.

3 Indirect measurements from production cross-sections

A second set of analyses involve measurements of the top-quark pole mass directly, a quantity
whose value could differ from the mtop value used in the generation of simulated Monte Carlo
events by O(1 GeV).15 In such analyses the theoretical uncertainties typically dominate.

3.1 Inclusive tt̄ production cross-section using dileptonic (eμ) events

Both ATLAS and CMS have performed precision measurements of the inclusive tt̄ production
cross-section (σtt̄) in dileptonic (eμ) final states16,17. The dependence of σtt̄, based on theoretical
(NNLO+NNLL) predictions, on the top-quark pole mass can be exploited in order to extract a
measurement of mtop. The right plot in Figure 1 shows an example of this dependence from the
ATLAS analysis. The largest sources of uncertainty are primarily associated with the choice of
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parton distribution functions (PDFs) for the proton, the values of the strong coupling constant
(αs) and QCD factorization and renormalization scales, and the LHC beam energy.

3.2 Differential tt̄+1-jet production cross-section using semileptonic (e/μ) events

A
√
s =7 TeV ATLAS analysis 18 targets the theoretical sensitivity of the tt̄ + 1-jet production

cross-section (σtt̄+j) to the top-quark pole mass, specifically in the context of gluon radiation.
A fit is performed to the unfolded differential distribution of σtt̄+j with respect to a variable
(ρs) associated with the invariant mass of the tt̄+1-jet system, thereby returning an estimate
of top-quark pole mass. It is expected that performing a similar measurement at

√
s = 8 TeV

would lead to improved precision, since at
√
s =7 TeV the statistical uncertainty is dominant.

Conclusions and Outlook

This overview highlights the breadth of approaches and analysis strategies employed by both the
ATLAS and CMS collaborations during Run 1 at the LHC in order to perform high-precision
mtop measurements. The most recent summary plots from both experiments at the time of
writing are shown in Figure 2. Both experiment-specific and LHC combinations of results
have been performed.19,20 The combined ATLAS result from the

√
s = 7 TeV dileptonic and

semileptonic tt̄ measurements yields a value of mtop = 172.99 ± 0.48 (stat) ±0.78 (syst) GeV.
Additional precision is to be expected with the inclusion of

√
s = 8 TeV measurements. The

combined CMS result of mtop = 172.44±0.13 (stat) ±0.47 (syst) GeV is based on all
√
s =7 and

8 TeV measurements performed in the three standard tt̄ decay channels. The results of both
experiments are in good agreement.

While future measurements at
√
s = 13 TeV will recognizably benefit from higher statistics,

the reduction of several theoretical uncertainties would further allow for improved precision in
both the indirect measurements from the production cross-sections and those analyses which
avoid employing jets in the construction of an observable sensitive to mtop.

 [GeV]topm
160 165 170 175 180 185 190

 0.64±     174.34 
(arXiv:1407.2682)Tevatron Comb.  Jul. 2014 

 0.76±     173.34 
(arXiv:1403.4427)World Comb.  Mar. 2014 

 0.91±     172.99 
(arXiv:1503.05427)ATLAS Comb. Mar. 2015 

 

-1 =4.6 fbintL
CONF-2014-053+1-jet)* t(t   2.1     

 2.3 ±173.7   

-1 =4.6-20.3 fbintL

Eur. Phys. J. C74 (2014) 3109) dilepton t(t   2.6     
 2.5 ±172.9   

-1 =35 pb
int

CONF-2011-054, L
 ) l+jets t(t   7.3     

 7.8 ±166.4   

 

-1 = 4.7 fbintL
arXiv:1503.05427 dilepton  1.30 )± ( 0.54                           1.41 ±173.79 

-1 = 4.7 fbintL
arXiv:1503.05427 l+jets  1.02 )± 0.67 ± 0.25 ± ( 0.23  1.27 ±172.33 

-1 =20.3 fbintL
CONF-2014-055single top*   2.0   )± (  0.7                              2.1  ±172.2   

-1 = 4.6 fbintL
arXiv:1409.0832all jets   1.2   )± (  1.4                              1.8  ±175.1   

-1 = 2.05 fbintL
CONF-2012-030all jets*   3.8   )± (  2.1                              4.3  ±174.9   

-1 = 1.04 fbintL

Eur. Phys. J. C72 (2012) 2046l+jets   2.3   )±  0.4               ± (  0.6     2.4  ±174.5   

-1 = 35 pbintL
CONF-2011-033l+jets*   4.9   )± (  4.0                              6.3  ±169.3   

 

-1 - 20.3 fb-1 = 35 pb
int

 summary - Mar. 2015, Ltopm
 syst.)± bJSF ± JSF ±    tot.    (stat. ±      top    m

 1 ±World Comb. 
stat. uncertainty

 bJSF uncertainty JSF stat. 
total uncertainty

Input to ATLAS comb.Preliminary, *

ATLAS Preliminary

 [GeV]tm
165 170 175 180

0

5

0  4.60 GeV± 4.60 ±175.50 
 syst)± stat ±(value 

CMS 2010, dilepton
-1JHEP 07 (2011) 049, 36 pb

 1.43 GeV± 0.43 ±172.50 
 syst)± stat ±(value 

CMS 2011, dilepton
-1EPJC 72 (2012) 2202, 5.0 fb

 1.21 GeV± 0.69 ±173.49 
 syst)± stat ±(value 

CMS 2011, all-jets
-1EPJC 74 (2014) 2758, 3.5 fb

 0.98 GeV± 0.43 ±173.49 
 syst)± stat ±(value 

CMS 2011, lepton+jets
-1JHEP 12 (2012) 105, 5.0 fb

 1.22 GeV± 0.19 ±172.82 
 syst)± stat ±(value 

CMS 2012, dilepton
-1This analysis, 19.7 fb

 0.59 GeV± 0.25 ±172.32 
 syst)± stat ±(value 

CMS 2012, all-jets
-1This analysis, 18.2 fb

 0.48 GeV± 0.16 ±172.35 
 syst)± stat ±(value 

CMS 2012, lepton+jets
-1This analysis, 19.7 fb

 0.47 GeV± 0.13 ±172.44 
 syst)± stat ±(value 

CMS combination

 0.52 GeV± 0.37 ±174.34 
 syst)± stat ±(value 

Tevatron combination (2014)
arXiv:1407.2682

 0.71 GeV± 0.27 ±173.34 
 syst)± stat ±(value 

World combination 2014
ATLAS, CDF, CMS, D0
arXiv:1403.4427

 [GeV]tm
165 170 175 180

0

5

0

Figure 2 – Summary plots for the standard ATLAS (left) and CMS (right) mtop measurements.21,3 The ATLAS
plot includes the

√
s = 7 TeV measurements performed in the standard tt̄ decay channels as well as the indirect

measurements from the cross-sections at both
√
s = 7 and 8 TeV. The CMS plot includes the results from the

standard tt̄ decay channels at both
√
s = 7 and 8 TeV. The measurements performed using single-top events and

charged hadrons, as well as the indirect measurements from the cross-section, are not included in the CMS plot.
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tt (+x) PAIR PRODUCTION AT THE LHC

M. SEIDEL, on behalf of the ATLAS and CMS Collaborations

CERN, Geneva, Switzerland

The production cross section of top quark pairs was measured by the ATLAS and CMS
collaborations at the Large Hadron Collider (LHC) in pp collisions at

√
s = 7, 8, and 13 TeV.

This report briefly summarizes the most recent results.

1 Introduction

Since the beginning of the LHC operation, about 10 million top quark pairs were produced at
each of the ATLAS 1 and CMS 2 experiments. For both detectors the identification efficiencies
of leptons, photons, and jets originating from quarks and gluons are known precisely, and their
energy scales are well calibrated. This allows for the precise measurement of the production cross
section of top quark pairs, either inclusive, or differential as a function of top quark properties
or event observables, or in association with a vector boson. The measurements were performed
at center-of-mass energies of

√
s =7, 8, and 13 TeV.

2 Inclusive tt cross sections

The most precise inclusive tt cross section was measured by CMS in the dilepton channel. 3

Events containing exactly one muon and one electron with a transverse momentum (pT) of at
least 20 GeV were selected without any requirement on jets. The cross section is extracted by a
binned likelihood fit to the trailing jet pT (which is not b-tagged) in 12 categories and results in

σ7 TeV
tt

= 173.6± 2.1 (stat)+4.5
−4.0 (syst)± 3.8 (lumi) pb

(
+3.6
−3.5%

)
,

σ8 TeV
tt = 244.9± 1.4 (stat)+6.3

−5.5 (syst)± 6.4 (lumi) pb
(
+3.7
−3.5%

)
,

where the largest uncertainties stem from trigger/lepton efficiencies, DY background and the
luminosity measurement. The cross section is used to extract the top quark pole mass and set
constraints on top squark pair production. The result is in good agreement with the one from
ATLAS 4: σ8 TeV

tt
= 242.4± 1.7 (stat)± 5.5 (syst)± 7.5 (lumi)± 4.2 (beam) pb (±4.3%).

The CMS measurement in the lepton+jets channel 5 requires events with exactly one lepton,
missing transverse energy (MET), and 4 jets, of which one has to be tagged as stemming from
a b quark. The top quarks are fully reconstructed and the M�b distribution is fitted to extract
the cross section to be

σ7 TeV
tt = 161.7± 6.0 (stat)± 12.0 (syst)± 3.6 (lumi) pb (±8.6%) ,

σ8 TeV
tt = 228.9± 3.8 (stat)± 13.7 (syst)± 6.0 (lumi) pb (±6.7%) ,
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with using in-situ determinations of both the jet scale factor from W → jj candidates and the
b-tag efficiency from a sample without b-tag requirement. Within uncertainties there is agree-
ment with the corresponding ATLAS result 6 of σ8 TeV

tt
= 260 ± 1 (stat)+22

−23 (syst) ± 8 (lumi) ±
4 (beam) pb (±9.5%).

The ATLAS collaboration measured the tt cross section at 13 TeV 7 by fitting the number
of b-tagged jets in events with exactly one electron and one muon (pT > 25 GeV). The result
is σ13 TeV

tt
= 803± 7 (stat)± 27 (syst)± 45 (lumi)± 12 (beam) pb (±6.7%), where the largest

uncertainties stem from hadronization and the luminosity measurement. The published CMS
measurement at 13 TeV 8 is already superseded by a preliminary result 9 using the full dataset
collected in 2015 and improved detector calibrations. The result is obtained by counting the
number of events containing one electron, one muon (each with pT > 20 GeV), and two jets with
pT > 30 GeV and at least one b tag: σ13 TeV

tt
= 793± 8 (stat)± 38 (syst)± 21 (lumi) pb, where

the relative uncertainty was improved from 11.6% to 5.6%. An overview of the most precise
measurements as a function of

√
s is shown in Fig. 1 (left).
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Figure 1 – Overview of the most precise measurements of the tt cross section as a function of
√
s 10 (left), and

the differential tt cross section as a function of the pT of the tt system at particle level at 13 TeV 21 (right).

3 Differential tt cross sections: global properties of tt events

Global properties of tt events are measured at particle level (i.e., corrected for detector effects)
so that the results can be confronted with state-of-the-art QCD simulation including parton
shower and hadronization. CMS measured tt production with additional jet activity in dilepton
events at 8 TeV 11 as a function of multiplicity, pT , and η of additional light and b jets, as well
as their summed pT (HT), di-jet angles and invariant masses, and gap fractions in different η
regions. A measurement of the fiducial tt production cross section with one or two additional
b jets was done by ATLAS at 8 TeV, disfavoring extreme g → bb̄ splitting scenarios. 12 The
differential tt cross section as a function of the additional jet multiplicity in dilepton events at
13 TeV was measured by ATLAS for four different jet thresholds of 25, 40, 60, and 80 GeV, and
compared to the predictions of different MC generator setups and tunes.13 In lepton+jets events
at 13 TeV different event observables are measured by CMS 14, including the missing transverse
energy (MET), HT, jet multiplicity (pT > 25 GeV) and lepton pT /η.

4 Differential tt cross sections: top quark observables

Differential tt cross sections as function of top quark observables are measured both at particle
and parton level. The ”pseudo” top at particle level is defined by a reconstruction prescription
and has no or minimal dependence on internal matters of the event simulation. Therefore, it
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can be compared to any complete tt simulation. On the contrary, measurements at parton level
rely on simulation for unfolding to stable top quarks in order to compare with fixed-order QCD
calculations.

ATLAS measured properties of top quarks and the tt system (e.g., pT , rapidity y) at 8 TeV
in both fiducial (particle level) and full (parton level) phase space. 15 Parton level results are
also available from CMS in lepton+jets and dilepton channels. 16 The pT of highly boosted top
quarks is measured by ATLAS in events with 1 lepton, 1 small-radius (R) jet and one trimmed
large-R jet, where one of the jets is b-tagged. 17 The the large-R jet is considered as hadronic
top candidate and its pT is measured at particle level but also unfolded to the parton-level top
quark. A similar measurement of boosted top quarks was performed by CMS. 18 The richness
of results at 7 and 8 TeV was used by both collaborations to validate the new generator setups
for 13 TeV simulation and motivate the parameter choices. 19,20

Differential tt cross sections at 13 TeV are available by CMS in both the lepton+jets 21 and
dilepton channel.22 In the lepton+jets channel, a analytic solution for the neutrino momentum is
used and the best top candidates are found by mass constraints. Top and tt observables are then
measured at parton and particle level, e.g. the pT of the tt system shown in Fig. 1 (right). The
dilepton analysis uses a kinematic reconstruction algorithm and measures top and tt observables
at parton level. In addition, both analyses report the measured the jet multiplicity.

5 tt +V production cross sections

For the measurement of the tt +W and tt +Z production cross sections at 8 TeV ATLAS 24 and
CMS 23 select events with jets and multiple leptons. The event yields or discriminator distribu-
tions from multivariate analysis are fitted in up to 20 event categories, where the non-prompt
lepton background is estimated from tt and Z+jet control regions. While both measurements
of the tt +Z cross section are in agreement with theory calculations, the measured tt +W cross
sections are larger by a factor ∼ 2, although with large uncertainties. The CMS analysis addi-
tionally constrains axial and vector components of the tZ coupling and dimension-six operators.

The ATLAS analysis at 13 TeV25 selects events with (b) jets and 2 or 3 leptons (one pair with
same charge) as tt +W candidates, and events with (b) jets and 3 or 4 leptons (one Z→ 	+	−

candidate) as tt +Z candidates. Diboson backgrounds are extracted from control regions. The
measured cross sections are in agreement with the standard model, although there is again a
factor ∼ 2 in the tt +W cross section with a significance of about one standard deviation.
The post-fit event yields are shown in Fig. 2 (left). At CMS the tt +Z 13 TeV cross section
is measured in events with 3 or 4 leptons and at least 2 jets, using data-driven estimates for
non-prompt lepton and diboson backgrounds and a binned likelihood fit to multiple categories
shown in Fig. 2 (right). Systematic uncertainties are treated as nuisance parameters in the fit
and the result is in agreement with the expectation. 26

Both experiments also measured the tt +γ production cross sections at 7 or 8 TeV, respec-
tively, showing no significant deviation from the standard model. 27,28

6 Summary

ATLAS and CMS performed measurements of the inclusive tt cross section at 7, 8, and 13 TeV.
The measurements reach a precision below 4% that is similar to latest calculations, and show
excellent agreement with the standard model predictions. Both experiments measure a higher
production rate of tt +W, with respect to the standard model expectation, but the limited
precision does not allow for a conclusion. Differential cross sections are measured as a function
of various observables. Results using final-state objects at particle level are used for validation
and tuning of latest MC simulation setups. Parton level distributions of top quark quantities
allow for comparison to higher-order theory calculations.
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Differential top-quark pair production at NNLO

David Heymes

Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, UK

We present differential distributions for top-quark pair production at the LHC at next-to-
next-to-leading order in perturbative QCD. We motivate specific dynamical scale choices for
the renormalization and factorization scale in order to obtain precise and reliable results in
all kinematical regimes that can be probed at the LHC and beyond.

1 Introduction

Top-quark pair production can be used as a benchmark of the Standard Model, since it is mea-
sured to high accuracy at the LHC. While inclusive measurements at 7, 8 and 13 TeV have
been published in 1,2,3,4,5,6, differential results have been presented in 7,8,9. The experimental
precision some of these measurements has reached below 10% level and is expected to improve
further in the near future. Therefore, precision predictions for top-quark pair production are
indispensable in order to test the Standard Model to the experimental accuracy that is reached
at the LHC. Small deviations from the Standard Model are only noticeable if predictions within
the Standard Model are robust and precise.
The total inclusive cross section has been predicted at next-to-next-to-leading order (NNLO)
including soft gluon effects to all orders at next-to-next-to-leading log (NNLL) accuracy 10 and
shows good agreement with measurements at 7, 8 and 13 TeV. At the differential level several
approximate NNLO predictions have been presented. They include the full next-to-leading order
(NLO) result and partial contributions of the NNLO.11,12,13 We remark that the approximate
results of Ref. 13 stated as approximate NNNLO, do not include the full NNLO result and are
formally only an approximation of the NNLO result.
As far as the full NNLO is concerned, the first differential result has been the forward-backward
asymmetry at the Tevatron. 14 It has been obtained by the same methods and a modification
of the computer code that has been used previously for the total inclusive cross section. Sub-
sequently, the same implementation could be applied to perform a complete study of kinematic
distributions which have been measured at the Tevatron. 15 This first implementation was based
on the subtraction scheme Stripper,16,17 but turned out to be not powerful and flexible enough
to deal with the increasing demands of the LHC. Therefore, a complete new Monte-Carlo event
generator has been developed based on the improved and complete general formulation of the
subtraction scheme Stripper. 18 First differential predictions for the LHC at 8 TeV have been
published. 19

All aforementioned results at NNLO have been obtained for a fixed-scale choice μ = mt, where
mt is the mass of the top quark. This allowed only to provide reliable predictions in a limited
kinematical regime. Recently, extended predictions at NNLO for the LHC at 8 TeV and 13 TeV
using dynamical scales have become available. 20 In this write-up, we present the appropriate
scale choice for differential distributions for top-quark pair production at fixed order perturba-
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tive QCD. Here, we take the LHC setup at 8 TeV as an example. Nonetheless, the following
discussion remains valid for the LHC at 13 TeV.

2 Scale choice for top-quark pair production at fixed order perturbative QCD

In fixed-order perturbative QCD the cross-section depends on the factorization scale μF and
renormalization scale μR

σh1h2(P1, P2) =
∑
ab

∫∫ 1

0
dx1dx2 fa/h1

(x1, μ
2
F ) fb/h2

(x2, μ
2
F ) σ̂ab(x1P1, x2P2; αs(μ

2
R), μ

2
R, μ

2
F ) .

(1)
The residual dependence on these scales is used to estimate the error due to neglecting higher
orders in the perturbative expansion of the partonic cross section σ̂ab in αs. Therefore, it
quantifies the theoretical uncertainty of the predictions. This scale uncertainty is obtained by
varying the renormalization and factorization scale independently between half and two a central
scale μ0. However, the choice of the central scale is ambiguous in contrast to all other input
parameters which can be fixed by independent measurements, e.g. αs and mt.
All previous calculations for top-quark pairs at NNLO have been performed using a fixed central
scale, i.e. μ0 = mt. This is a natural choice for the total inclusive cross section, which only
depends on the top-quark mass for a fixed collider energy. However, differential distributions
can incorporate an additional scale, e.g. the transverse momentum distribution depends on the
transverse momentum pT. This additional dependence can be incorporated in an appropriate
dynamical scale μ(pT).
We give a short summary of how a good dynamical scale for differential distributions can be
picked and restrict ourselves in this write-up to predictions at 8 TeV . A detailed discussion of
different dynamical and fixed scales for top-quark pair production at 8 and 13 TeV has been
performed by Czakon et al. 20 and high quality predictions are available.
The main guidance for choosing a scale is convergence of the perturbative series of the total
inclusive cross section and of differential distributions. First, the total inclusive cross section as
a function of the scale is considered, which is shown in Fig. 1. The best available prediction is
at NNLO and resums soft-gluon effects to NNLL. It is denoted by σres(μ). The point of fastest
convergence can be read off the diagram as the value of μ that satisfies σNNLO(μ) = σres(μ).
This point lies slightly above μ = 1/2mt. Soft-gluon resummation has a negligible impact on
the fixed order NNLO result at this point. Additionally, the total cross section at this point
at NNLO is approximately equal (within 1%) to the best prediction of the total inclusive cross
section, which is σres(μ = mt).
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Figure 1 – Total inclusive production cross section of a top-quark pair as function of the renormalization and
factorization scale μ = μF = μR at 8 TeV. The predictions at different orders of perturbation theory are normalized
to the NNLO+NNLL prediction σres(μ) at μ = mt.
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This point of fastest convergence is now used as a guidance for the limiting behaviour of
the dynamical scale in the lower kinematical region of the differential distribution. Here we
discuss the invariant mass distribution of the top-quark pair mtt̄ and the transverse momentum
distribution pT of the top and the antitop. Since the bulk of the total cross section comes
from the threshold region of the mtt̄-distribution and the low pT -region of the pT -distribution,
a dynamical scale should behave as ∼ 1/2mt in these regions. In the tails of the distributions,
corresponding to pT 
 mt, the behaviour of the scale is commonly chosen to be proportional
to the pT . Again, perturbative convergence can be used to determine the explicit form. Here,
we state the conclusions of the complete discussion. 20 In Fig. 2 the two differential distributions
for wide kinematical regimes are presented.

The appropriate scale for the pT-distribution is

μ = μ0 =
1

2
mT(t/t̄) ,with mT(t/t̄) =

√
m2

t + p2
T,t/t̄

, (2)

where mT(t) is chosen for the pT-distribution of the top quark and mT(t̄) is chosen for the
pT-distribution of the antitop quark. The left plot of Fig. 2 shows the average of the two
distributions. Using this scale, the NNLO prediction lies within the error band of the NLO pre-
diction in the whole pT-range. By looking at the NNLO K-factor we observe that the theoretical
uncertainty is significantly reduced. Hence, a precise prediction is obtained by maintaining per-
turbative convergence. Additionally, we observe by looking at the NLO K-factor for large pT
values, that it is essential to include NNLO prediction to draw conclusions for a specific scale.
For the mtt̄-distribution the appropriate central scale reads

μ = μ0 = HT /4 ,with HT =
√
m2

t + p2T,t +
√
m2

t + p2
T,t̄

. (3)
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Figure 2 – The average top/antitop pT-distribution (left) and mtt̄-distribution (right) in leading order (LO), next-
to-leading order (NLO) and next-to-next-to-leading order (NNLO) QCD. Error bands are from scale variation.

By looking at the NNLO K-factor on the right hand side of Fig. 2, we observe a good
perturbative convergence up to large values of mtt̄. Even though not presented here, the scale
μ = HT /4 also preserves perturbative convergence of the rapidity distribution of the top quark
(antitop quark) and the rapidity distribution of the top-quark pair.
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The behaviour of these two scales at low pT, μ(pT → 0) → 1/2mt, ensures that the total
inclusive cross sections σNNLO(HT /4) and σNNLO(mT/2) are numerically equal to σres(mt)

a.

3 Conclusion and outlook

In this write-up we have motivated dynamical scales, that are most appropriate to predict
differential distributions for top-quark pair production in fixed order perturbative QCD. The
analysis is based on perturbative convergence of the total inclusive as well as the differential
cross section. We find that for the mtt̄-distribution as well as the rapidity distributions the
central scale choice μ = HT /4 satisfies all requirements. For the pT-distribution the central
scale choice mT/2 turns out to permit reliable predictions up to large values of pT. Using these
scales high quality predictions are available for the LHC at 8 and 13 TeV. 20

These results are currently the most precise predictions for stable top-quark pairs. They could
be improved by including electroweak corrections, which would have an impact on the cross
section at large pT. Including top-quark decays at NNLO 21,22 would further allow to simulate
the experimental setup more realistically.
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TOP PAIR PRODUCTION WITH A JET WITH NLO QCD
OFF-SHELL EFFECTS a

MA�LGORZATA WOREK
Institute for Theoretical Particle Physics and Cosmology
RWTH Aachen University, D-52056 Aachen, Germany

A brief summary of the recent next-to-leading order QCD calculation for e+νeμ
−ν̄μbb̄j at the

LHC is given. Our computation includes all non-resonant contributions, off-shell effects and
interferences for top-quarks and W gauge bosons. Some results for integrated and differential
cross sections are shown for the LHC Run1 energy of 8 TeV. A significant reduction of the
scale dependence is observed, which indicates that the perturbative expansion is well under
control. The results are obtained in the framework of the Helac-Nlo system.

Since its discovery at the Tevatron till the collider’s shut-down in 2011, the properties of the
top quark and its interactions have been studied in detail at the center-of-mass energy of

√
s =

1.96 TeV. These studies are now continued at the LHC, which is in operation since the end of 2009.
Starting from Run1 energies, i.e.

√
s = 7, 8 TeV and continuing with Run2 energy of

√
s = 13 TeV

many aspects of the top quark physics have been examined very precisely. Theoretical predictions
have also been significantly improved recently. By now full NNLO +NNLL calculations for
the total inclusive tt̄ cross section exist [1] along with the NNLO level predictions for various
differential distributions [2,3]. The synergy between the very precise theoretical predictions and
the LHC data allowed to improve our knowledge of the strong coupling constant and the top-
quark mass, which are both crucial parameters of the SM. Moreover, σNNLO+NNLL

pp→tt̄ theoretical
predictions helped to constrain the gluon parton distribution functions at large x, that are crucial
when calculating any cross sections in pp collisions. Besides its tremendous role in improving
our understanding of QCD and the electroweak theory, the top quark plays an important role in
many scenarios for new physics beyond the SM, which constitutes one of the main motivation for
the top quark physics program at the LHC. Precise predictions for the tt̄ cross section helped to
constrain BSM physics either by putting new stringent limits on various new physics scenarios
or by proposing new ideas to improve search methods. The large collision energy and luminosity
of the LHC, result in top quarks being produced in very large quantities. Consequently, they are
produced with large energies and high transverse momenta, which increases the probability for
additional (hard) jet radiation and result in more exclusive final states like for example pp → tt̄j
production. In order to improve our knowledge of the inclusive tt̄ cross section such an exclusive
final state must be well under control. The first question that can arise is about the size of
the tt̄j contribution to the inclusive tt̄ sample. For a pT (j) cut of 40 GeV almost 40% of tt̄
events are actually accompanied by an additional hard jet. A good understanding of the tt̄j
process is, thus, a prerequisite for a more precise understanding of the topology of top-quark
events. However, the pp → tt̄j process is also interesting by itself. It constitutes the dominant
background process to the Higgs boson production in the vector boson fusion with Higgs boson

aPreprint number: TTK-16-15.
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decays into W+W− → 2	 2ν. Typical vector boson cuts for two tagging (hardest in pT ) jets,
denoted by j1, j2, consist of Δyj1j2 = |yj1 − yj2 | > 4 and yj1 · yj2 < 0. When comparing rapidity
distributions of the hardest light- and b-jet for two production processes pp → tt̄ → W+W−bb̄
and pp → tt̄j → W+W−bb̄j it is clearly visible that b-jets are produced centrally while light-
jets are distributed more evenly (see Figure 1). Asking for two tagging (b-) jets to fulfil such
requirements in case of tt̄ will dramatically decrease the contribution from the process. On the
other hand, for the tt̄j process in presence of the additional light-jet it is sufficient that only one
b-jet is considered to be the tagging jet. As a consequence, not the inclusive tt̄ production, but
tt̄j is the dominant background process for pp → Hjj → W+W−jj → 2	 2νjj. In addition, tt̄j
production plays a very important role in searches for physics beyond the SM. With 	+jet and 		
final states tt̄j is the main background to processes such as supersymmetric particle production,
where depending on the specific model, typical signals include jets, charged leptons, and missing
pT due to the escaping lightest supersymmetric particle.
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Figure 1 – Rapidity of the hardest light- and b-jet for pp → e+νeμ
−ν̄μbb̄j + X at the LHC with

√
s = 8 TeV.

The uncertainty bands depict the scale variation. Lower panels display differential K factors and their uncertainty
bands.

Owing to the importance of pp → tt̄j production we calculate NLO QCD corrections for
this process including all non-resonant diagrams, interferences, and off-shell effects of top-quarks
and W gauge bosons [4]. In practice αs corrections are evaluated to the following LO process
pp → e+νeμν̄μbb̄j at O(α3

sα
4). Representative LO Feynman diagrams are shown in Figure 2. For

Figure 2 – Representative Feynman diagrams, involving two (first diagram), one (second diagram) and no top-
quark resonances (third diagram), contributing to the pp → e+νeμ

−ν̄μbb̄j process at O(α3
sα

4). The last diagram
with a single W boson resonance contributes to the off-shell effects of W gauge bosons.

the inclusive cross section contributions from top quark off-shell effects are formally suppressed
by the top-quark width (Γt/mt ≈ 1%) [5–8]. They can, however, be strongly enhanced for
more exclusive observables [9]. Here, NLO QCD corrections have been calculated with the
Helac-Nlo Monte Carlo program [10]. The virtual corrections have been obtained with Helac-
1Loop [11] and CutTools [12], which are based on the Ossola-Papadopoulos-Pittau reduction
technique [13]. The OneLOop program [14] has been used for the evaluation of the scalar
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integrals. The process under consideration requires a special treatment of unstable top-quarks,
which is achieved within the complex mass scheme. The singularities from soft or collinear parton
emissions are isolated via subtraction methods for NLO QCD calculations that are implemented
in Helac-Dipoles [15]. Specifically, two independent subtraction schemes have been employed:
the commonly used Catani-Seymour dipole subtraction [16, 17], and a fairly new Nagy-Soper
subtraction scheme [18]. The phase space integration was performed with the multichannel
Monte Carlo generator Kaleu [19].

In the following we present selected results for pp → e+νeμ
−ν̄μbb̄j + X at the LHC with√

s = 8 TeV. The SM parameters and cuts are specified below where 	 stands for μ−, e+ and j

GF = 1.16637 · 10−5 GeV−2 mt = 173.3 GeV pT� > 30 GeV pTj > 40 GeV
mW = 80.399 GeV ΓW = 2.09974 GeV pmiss

T > 40 GeV ΔRjj > 0.5
mZ = 91.1876 GeV ΓZ = 2.50966 GeV ΔR�� > 0.4 ΔR�j > 0.4
ΓLO
t = 1.48132 GeV ΓNLO

t = 1.3542 GeV |y�| < 2.5 |yj | < 2.5

for the light- or b-jet. Jets are defined by the anti-kT jet algorithm with the separation parameter
R = 0.5 and MSTW2008 parton distribution functions are chosen. Results for the total cross
sections are as follows

σLO = 183.1
+112.2 (61%)
−64.2 (35%) fb , σNLO = 159.7

−33.1 (21%)
−7.9 ( 5%) fb , K = σNLO/σLO = 0.87 . (1)

The full pp cross section receives negative and moderate NLO corrections of 13% at the central
scale, i.e. for μ = μR = μF = mt. Theoretical uncertainties, associated with neglected higher
order terms in the perturbative expansion, have been estimated to be 61% at LO and 21% at
NLO. Thus, a reduction of the theoretical error by a factor of 3 was observed. We have also
assessed the size of the non-factorizable corrections. At LO (NLO) finite top-quark width effects
changed the cross section by less than 1% (2%). Representative differential distributions are
presented in Figure 3, where we exhibit the transverse momentum of the hardest (in pT ) light jet
and the separation between charged leptons in the rapidity azimuthal angle plane. The dashed
(blue) curve corresponds to the LO, whereas the solid (red) one to the NLO result. The upper
panels show the distributions themselves and the scale dependence bands. The lower panels
display the differential K factor.
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Figure 3 – Transverse momentum of the hardest light jet and ΔRe+μ− for pp → e+νeμ
−ν̄μbb̄j + X at the LHC

with
√
s = 8 TeV. The uncertainty bands depict the scale variation. Lower panels display differential K factors

and their uncertainty bands.

Higher order corrections to pTj1 do not simply rescale the shape of the LO distribution.
Corrections up to 50% are introduced away from the threshold for the tt̄j production. Thus, the
pTj1 differential cross section can only be properly described when the higher order corrections
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are taken into account. A judicious choice of the dynamic scale, could, however, change negative
NLO corrections in the high pT tails and a constant K factor could be achieved in the whole
pT region. On the contrary, for the ΔRe+μ− distribution, negative, moderate and quite stable
corrections have been observed, because dσ/dΔRe+μ− receives contributions from all scales, most
notably from those that are sensitive to the threshold for the tt̄j production. Indeed, for our
scale choice, effects of the phase space regions close to this threshold dominate and a dynamic
scale will not alter the behaviour in that case.

To summarise, we have calculated NLO QCD corrections to pp → e+νeμ
−ν̄μbb̄j + X with

complete off-shell and interference effects both for top-quarks and W gauge bosons. We have
shown that NLO QCD corrections to the total cross section are moderate but their impact on
some differential distributions is much larger. We have also estimated the size of the top quark
off-shell effects at NLO for the total cross section, and confirmed that they are of the order of
O(Γt/mt). Let us stress here, that tt̄j process can add to alternative methods of determination
of the top-quark mass. One method recently proposed involves the invariant mass of the tt̄j
system [20,21]. However, to extract the top-quark mass as precisely as possible the most complex
calculation for tt̄j need to be considered that consists of a full simulation of the final state without
any approximations. Thus, in the next step our results can be used to extract the top-quark pole
mass with a very high precision.
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Single Top Physics at ATLAS and CMS
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The measurement of single top-quark production opens up a wide field for tests of the Standard
Model (SM) and searches for phenomena beyond as e.g. Flavour Changing Neutral Currents,
anomalous couplings, top-quark polarisation or monotop production. In contrast to the top-
pair production, top quarks are produced in electro-weak interactions and provide insights
into the properties of the Wtb vertex. Making use of a luminosity of 20.3 fb−1 (ATLAS) and
19.7 fb−1 (CMS) at

√
s = 8 TeV and of 3.3 fb−1 (ATLAS) and 2.2 fb−1 (CMS) at

√
s = 13 TeV

the ATLAS 1 and CMS 2 experiments provided measurements for the main single top channels
predicted by the SM. The well established observation of the t-channel allowed for precise
measurements as differential of fiducial cross sections. The production cross section of a
single top-quark in association with a W -boson could be measured at good precision. For
the first time a 3 σ evidence for single top-quark s-channel production could be shown at the
LHC making use the matrix element method. Based on the precise SM measurements, the
properties of the Vtb matrix element and the top quark polarisation could be measured. This
lays the basis for the searches for physics beyond the SM (BSM). So far, no deviation from
the SM predictions could be observed in single top-quark analyses.

1 Introduction

The production of a single top-quark at the LHC proceeds via the weak interaction in the
Standard Model (SM). The three main modes of single top-quark production are: t-channel,
the exchange of a virtual W ∗ boson between a light quark and a heavy quark; Wt-channel,
the production of a top quark in association with a W -boson; and s-channel, via a W boson
(Fig. 1). Single top-quark production depends on the top-quark coupling to the W boson, which
is parametrized by the form factor fLV and the CKM Matrix element Vtb and the cross section
for each of the three production modes is proportional to the square of |fLV · Vtb|. Physics
beyond the Standard Model (BSM) can contribute to single top-quark final states and modify
the production cross-sections as well the kinematic distributions. The production cross sections
of all three single top-quark processes have been calculated at approximate next-to-next-to-
leading order (NNLO) precision with next-to-next-to-leading-logarithm (NNLL) resummation
3,4,5 and at next-to-leading order (NLO) 6.
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Figure 1 – Representative leading-order Feynman diagrams of single top-quark productions via the t-channel
exchange of a virtual W ∗ boson (a); in association with a W boson (b); and for hard scattering process in the
s-channel (c).

2 Single Top Cross-Section and Vtb-Vertex Measurements

Measurements of the t-channel single top-quark production cross sections at
√
s = 13 TeV and√

s = 8 TeV have been derived with the ATLAS 7,8 and CMS detector 9,10,11,12. The events have
been selected by requiring exactly one lepton (μ or e) with a high transverse momentum pT,
missing transverse momentum Emiss

T and two high-pT jets where one of which is required to be b-
tagged. The cross sections has been derived using a binned maximum likelihood fit on the output
distribution of a neural network. Also fiducial cross sections could be measured using different
generators at next-to-leading order plus parton-shower accuracy. The cross section measurement
in the visible phase space in the experiments allows for an easier theoretical interpretation and
reduces the sensitivity to theoretical uncertainties. Using the prediction value of σ(tq) at next-to-
leading order and assuming that the top-quark-related CKM matrix elements obey the relation
|Vtb| 
 |Vts|, |Vtd|, the coupling strength at the Wtb vertex has been determined. Under the
assumption of |Vtb| ≤ 1 and fLV = 1 a lower limit of |Vtb| has been obtained at the 95 %
confidence level. All results are presented in Fig. 2 (left for cross section measurements and
right for the |Vts| measurements).

The cross section of the associated production of a single top-quark and a W boson (Wt-
channel) has been measured by the ATLAS 14 and CMS 15 collaborations. The event selection
is based on a sample containing two leptons and one central b-jet. A multivariate analysis
based on kinematic and topological properties is used to separate the signal from the dominant
tt̄ background. Furthermore, the Wt-cross section is also measured in a fiducial acceptance.
Finally, the measured cross section is used to extract the value of the CKM matrix element |Vtb|.
The results of the measurements are presented common for ATLAS and CMS in Fig. 2.

The s-channel single top-quark production is sensitve to new particles proposed in several
models of physics beyond the SM, such as charged Higgs or W ′-boson production. Further-
more, it provides a direct measurement of the CKM matrix element |Vtb|. The analyses have
been performed on events containing one isolated lepton, large missing transvers energy and
exactly two b-tagged jets in the final state. The ATLAS experiment extracted the signal using a
maximum-likelihood fit of a discriminant which is based on the matrix element method 17. This
has been optimized to separate the signal events from the main background contributions as tt̄
and W boson production in association with a heavy flavour jet. The CMS experiment extracted
the signal through a maximum-likelihood fit to the distribution of a multivariate discriminant
defined using boosted decision trees (BDT) 18. The results are shown in Fig. 2.
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Figure 2 – Left: Summary of ATLAS and CMS measurements of the single top-quark production cross-sections in
various channels as a function of the centre-of-mass energy 13,16. The measurements are compared to theoretical
calculations based on: NLO QCD, NLO QCD complemented with NNLL resummation and NNLO QCD (t-
channel only). Right: Summary of the ATLAS and CMS extractions of the CKM matrix element Vtb from single
top-quark analyses. For each result, the contribution to the total uncertainty originating from the uncertainty on
the theoretical prediction for the single top-quark production cross-section is shown along with the uncertainty
originating from the experimental measurement of the cross-section. The measurements below the line were made
after the LHC combination that is shown in the upper part of the figure.

3 BSM Searches

Single top-quark analyses open a broad field for searches for physics beyond the SM as anomalous
Wtb couplings, top quark polarisation or the search for Flavour Changing Neutral Currents
(FCNC). Precise measurements of the production cross sections, the CKM coupling Vtb and the
SM parameters as described above is vital for the BSM searches presented in this chapter.

The Wtb vertex can be described by the complex parameters of a generalized Lagrangian.
An analysis of angular distributions of the decay products of single top-quarks produced in
the t-channel, constraining these parameters simultaneously, has been performed by the ATLAS
experiment19. Non-zero anomalous couplings would be an evidence of BSM and if the imaginary
part of the anomalous coupling is non zero, this is an evidence of CP violation. The two
parameters measured simultaneously in this analysis are the fraction f1 of decays containing
transversely polarised W bosons and the phase δ− between amplitudes for transversely and
longitudinally polarised W bosons recoiling against left-handed b-quarks. The measured values
result in two-dimensional limits at the 95 % confidence level on the ratio of the complex coupling
parameters and the results are in good agreement with the predictions of the SM.

A measurement of the top-quark spin asymmetry, sensitive to the top-quark polarisation, in
single top-quark t-channel production was realized by the CMS experiment 20. The asymmetry
Aμ is obtained by performing a differential cross section measurement of cos θ∗μ between forward-
and backward-going muons with respect to the direction of the spectator quark in the top-quark
rest frame. The measurement yield Aμ = 0.26±0.03(stat)±0.10(syst) which is compatible with
a p-value of 4.6 %, equivalent to 2.0 standard deviations with the SM expectation of 0.44. The
asymmetry observed is smaller than the predictions, but this difference can not be explained by
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any single source of systematic uncertainty considered in this analysis.

Figure 3 – Upper limit on the branching fractions BR(t → ug) and BR(t → cg) (left) and on the coupling
constants κugt and κcgt (right) measured by ATLAS 21. The shaded band shows the one standard deviation
variation of the expected limit.

Evidence of BSM physics can be sought in measurements of the rates of FCNC in the top
quark sector. Within the SM, top quark FCNC transitions are extremely suppressed by the
GIM mechanism. However, an enhancement of several orders or magnitude is predicted in some
extension of the SM, resulting in branching fraction observable at the LHC in some cases. The
search for single top-quark production via FCNC processes from gluon plus up- or charm-quark
initial states was presented by the ATLAS experiment 21 making use of the single top-quark t-
channel selection. The classification into signal- and background-like candidates was done using
a neural network. No signal was observed and an upper limit on the production cross section
multiplied by the t → Wb branching fraction is set. The observed limit can be interpreted as
upper limits on the coupling constants of the FCNC interactions divided by the scale of new
physics κugt/cgt/Λ and the branching fractions BR(t → ug/cg) as shown in Fig. 3. The CMS
experiment presented the result of a search for FCNC through a single top-quark production in
association with a photon 22. No evidence of single top-quark production in association with a
photon through a FCNC is observed and an upper limits at 95 % confidence level are set on the
tuγ/tcγ anomalous couplings and translated into upper limits on the branching fractions of the
FCNC top quarks decays. The BDT output distributions for data and background separations
are shown in Fig. 4.

Figure 4 – The BDT output distributions for the data (points), the backgrounds (histograms), and the expected
tuγ (left) and tcγ (right) signals (solid lines) measured by CMS 22. The tuγ and tcγ signal distributions are
normalized to a cross section of 1 pb. The vertical bars on the points give the statistical uncertainties. The hatched
band shows the sum of the statistical and systematic uncertainties in the predicted background distributions
combined in quadrature. The lower plots show the ratio of the data to the SM prediction.
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4 Conclusions

A comprehensive picture on single top-quark physics emerges from LHC Run 1 based on the
precise measurements of all single top-quark production, differential and fiducial cross sections
and the extensive studies of the properties of the Vtb-vertex. Much more important new results
are on the way and the first measurement from Run 2 at 13 TeV are very promising. Single
top-quark physics is sensitive to new physics beyond the SM, as e.g. in the search for FCNC,
anomalous couplings, Monotop, W ′, H+ and many more. However, so far no evidence for BSM
physics could be observed in single top-quark analyses and the upcoming results at 13 TeV will
play a key role in the further BSM searches.
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A review of recent measurements of top-quark properties is presented. Inclusive and differen-
tial top-quark pair charge asymmetry measurements using the full Run I dataset are found
to be in agreement with the standard model (SM) predictions. Results of spin correlation in
top-quark pairs are presented and interpreted in terms of the SM predicted values and new
physics models. Limits are set on flavour-changing neutral currents (FCNC), in particular
with a Higgs boson in the final state.

1 Introduction

Due to its short lifetime, the top quark decays before it can form bound states and before its
spin decorrelates. As a consequence we can study ”bare” quark properties. The top quark
has a mass of approximately 173 GeV and may play a significant role in electro-weak symmetry
breaking due to its large coupling to the Higgs boson. Measurements of the top-quark properties
with increasing levels of precision test the SM and open the possibility to probe new physics.
The data used for the studies presented here were collected in pp collisions in 2011 and 2012 at
centre-of-mass energies of 7 and 8 TeV at the Large Hadron Collider (LHC) by the ATLAS 1

and CMS 2 detectors.

2 Production Asymmetries

The Tevatron forward-backward asymmetry measurements have initially shown some tension
with the SM predictions 3,4. At the LHC, with a symmetric initial state, a charge asymmetry is
measured, given by:

AC =
N(Δ |y| > 0)−N(Δ |y| < 0)

N(Δ |y| > 0) +N(Δ |y| < 0 )
(1)

The charge asymmetry can be set up using the rapidity y of the top quarks (Δ |y| = |yt| − |yt|)
or with the pseudo-rapidity η of the leptons in the dilepton channel (replacing Δ |y| with
Δ |ηl| = |ηl+ | − |ηl− |). In the SM, the top-quark production asymmetries are due to NLO
QCD interference effects. Measurements of AFB at the Tevatron and AC at the LHC have
complementary sensitivity to new physics models 5,6. ATLAS presents two results in the lep-
ton+jets channel at

√
s = 8 TeV. In one analysis 7, a minimum tt invariant mass of 0.75 TeV

is imposed, and the final state is selected by looking for a resolved leptonic top-quark de-
cay and a hadronic decay which is reconstructed as a large R-jet with substructure where
R =

√
(Δη)2 + (Δφ)2. In the other presented analysis 8, three signal regions are used based on

the b-tag multiplicity. Full Bayesian unfolding is used to bring the distributions back to parton
level. The inclusive charge asymmetry is measured as AC = [4.2 ± 3.2 (stat.+ syst.)]% 7 and
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AC = [0.9 ± 0.5 (stat.+ syst.)]%8. CMS also presents an analysis in the lepton+jets channel9 at√
s = 8 TeV. The charge asymmetry is measured with a template fit using symmetric and asym-

metric templates of Υtt = tanhΔ |y|tt. The fit parameter α represents the relative contribution
of the symmetric and asymmetric templates. This results in AC = [0.33 ± 0.42 (stat.+ syst.)]%.
CMS presents a result in the dilepton channel 10, where the asymmetry is determined using the
final-state leptons and reconstructed top quarks, leading to AC = [1.1 ± 1.3 (stat.+ syst.)]%

based on the top quarks and Alep
C = [0.3 ± 0.7 (stat.+ syst.)]% based on the leptons. The results

are observed to be consistent with the SM, as seen from the summary in Fig. 1a. In addition,
all analyses provide differential measurements of the charge asymmetry in a variety of variables,
e.g. invariant mass m(tt), transverse momentum pT (tt) and velocity β(tt) of the top-quark pair.

3 Spin Correlations

In top-quark pair production, the SM predicts the spins of the top- and antitop-quark to be
correlated. The spin information of the top quark can be accessed using the decay products.
ATLAS presents an analysis 11 making use of the following double differential cross section:

1

N

d2N

d cos θ1dcosθ2
=

1

4
(1 +B1 cos θ1 +B2 cos θ2 − Chel cos θ1 cos θ2) (2)

where θ is the angle between the lepton direction in the top (anti-)quark parent rest frame
and the top (anti-)quark parent in the tt rest frame. B1,2 are proportional to the top-quark
polarisation and are considered to be zero. Using this equation, the spin correlation strength
Ahel can be directly extracted from Chel = −Ahelα1α2. ATLAS presents an analysis at

√
s =

7 TeV 11 in the dilepton channel that results in Ahel = 0.315 ± 0.061 (stat.) ± 0.049 (syst.).
CMS presents an analysis at

√
s = 8 TeV 12 in the dilepton channel where several asymmetry

variables are used to perform a direct measurement of the spin correlation strength and the
top-quark polarization. A measurement of the spin correlation strength can be interpreted in
terms of several BSM models. As an example, the CMS measurement has been used to set limits
on top-quark chromomagnetic couplings13 of −0.053 < Re(μt) < 0.026 for the chromomagnetic
dipole moment (CMDM) and −0.068 < Im(dt) < 0.067 for the chromo-electric dipole moment
(CEDM) both at the 95 % confidence level (CL). ATLAS presents an analysis at

√
s = 8 TeV 14

where the spin correlation measurement is interpreted in terms of a Minimal Super-Symmetric
Model (MSSM) where stop squarks decay 100 % into a top quark and a neutralino with the stop
squark mass very close to the top-quark mass. Stop squark masses between the top-quark mass
and 191 GeV are excluded at the 95 % CL. CMS presents an analysis at

√
s = 8 TeV 15 in the

lepton + jets channel where a matrix element method is used to set up a variable sensitive to spin
correlation. Using matrix elements for tt production and decay using SM spin correlations and
zero spin correlations, the likelihood ratio of these two hypotheses is used to perform a template
fit and a hypothesis testing procedure. A SM fraction of fSM = 0.72 ± 0.08 (stat.)+0.15

−0.13 (syst.)
is measured.

4 Flavour-changing Neutral Currents

In the SM, FCNC are suppressed at tree-level due to the GIM mechanism. This leads to very
small branching ratios of t → u/c +X with X = g, γ, Z,H of O(10−12 − 10−17). Several BSM
models, such as MSSM, 2HDM, predict enhanced couplings for FCNC with branching ratios
as high as 10−5. With the discovery of the Higgs boson, FCNC can now also be studied in tt
where one of the top quarks decays as t → u/c + H. A clear overview of the predictions can
be found in the reviews 16,17. CMS presents three analyses in this channel. One analysis 18

makes use of the high branching fraction of H → bb to look for tt production with decays of
t → Hq → bbq in one leg and t → Wb → lνb in the other, obtaining an observed limit of
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B(t → Hc) < 1.16% and B(t → Hu) < 1.92% at 95 % CL. Using the cleaner Higgs decay
channel H → γγ and looking for top-quark pairs with t → Hq → γγq and t → Wb → lνb or qqb,
observed limits are set of B(t → Hc) < 0.47% and B(t → Hu) < 0.42% at 95 % CL 19. Finally,
using tt events where t → Hq → ZZq orWWq and t → Wq → lνb, CMS reports an observed
limit of B(t → Hc) < 0.93% at 95 % CL 20. ATLAS presents an analysis at

√
s = 8 TeV 21

searching for FCNC in the channel t → Hq → bbq and t → Wb → lνb. Several signal categories
are used based on jet and b-tag multiplicity. An observed limit of B(t → Hc) < 0.56% and
B(t → Hu) < 0.61% is reported at the 95 % CL. In addition, a re-interpretation of previous
ttH searches is performed in this analysis and combined limits are presented. Summaries of the
observed limits on FCNC are shown in Fig. 1b-1d.

5 CP Violation

A first search for CP violation in the tt sector has been pursued by CMS in the l+jets channel by
inspecting T-odd observables 22. The observables are defined as O2 ∝ (−→p b +

−→p b)· (−→p l ×−→p j1),
O3 ∝ Ql

−→p b· (−→p l×−→p j1), O4 ∝ Ql(
−→p b−−→p b)· (−→p l×−→p j1) and O7 ∝ (−→p b−−→p b)z(

−→p b×−→p b)z. The
statistically limited results are found to be in agreement with no CP violation in tt production
and decay, and the following values have been measured for A′CP : O2 = +0.27 ± 0.41 (stat.) ±
0.01 (syst.), O3 = −0.71 ± 0.41 (stat.) ± 0.03 (syst.), O4 = −0.38 ± 0.41 (stat.) ± 0.03 (syst.),
O7 = −0.06 ± 0.41 (stat.) ± 0.01 (syst.).

6 Conclusions

Top-quark properties measurements at the LHC provide precision tests of the SM. Limits have
been set on FCNC and precision measurements of spin correlations and the charge asymmetry
are consistent with the SM.
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(a) Summary of top charge asymmetry (b) Summary of FCNC limits in CMS

(c) Summary of FCNC limits in ATLAS t → cX (d) Summary of FCNC limits in ATLAS t → uX

Figure 1: Summary of top charge asymmetry measurements at
√
s = 8 TeV at ATLAS and

CMS in Fig. 1a. Summary of the limits on FCNC for CMS in Fig. 1b and ATLAS in Fig. 1c-1d.
In the ATLAS summary plots, the orange exclusion region narrows down to smaller branching
ratios at the centre of the plot, while in the CMS summary plot the excluded region is on the
right of the observed branching ratio limits.
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2.
New Phenomena





SUSY Searches at ATLAS

J. M. Lorenz
on behalf of the ATLAS Collaboration

Ludwig-Maximilians-Universität München, Am Coulombwall 1, D-85748 Garching, Germany

Analyzing 3.2 fb−1 of proton–proton collision data at
√
s = 13 TeV, delivered by the LHC

and recorded by the ATLAS detector in Run 2, various SUSY searches for gluinos, stops and
sbottoms were pursued. The analyses focus on simple and robust analyses techniques and
are optimized for specific benchmark signatures. Stringent limits significantly superseding the
Run 1 limits are obtained.

1 Introduction

Supersymmetry (SUSY) is a well motivated theory beyond the Standard Model (SM), proposing
supersymmetric partner particles to all existing SM particles. If realized in nature, SUSY could
provide a solution to the hierarchy problem and could offer a candidate particle for Dark Matter.

An extensive search program was pursued during LHC Run 1 at a center-of-mass energy of√
s = 8 TeV, without finding any significant deviation from SM predictions.

Due to the increased center-of-mass energy of
√
s = 13 TeV in Run 2, the cross sections for

the pair-production of gluinos and squarks might significantly be increased with respect to Run 1.
Consequently, early-Run 2 searches focus on gluino, squark, stop and sbottom pair-production.
All searches discussed in these proceedings use the full proton–proton collision dataset of 2015
collected by the ATLAS detector1 with an integrated luminosity of 3.2 fb−1.

Example signatures targeted by these searches are shown in Figure 1. Assuming R-Parity
conservation, gluinos and squarks decay directly or via a cascade of other supersymmetric par-
ticles into the lightest supersymmetric particle (LSP). The LSP is assumed to be the lightest
neutralino, χ̃0

1, in these proceedings. As the LSP only interacts weakly and is neutral and stable,
it escapes the detector and leads to missing transverse energy (Emiss

T ).

Given the large gain in sensitivity, all searches opted for simple and robust analysis strate-
gies, in contrast to the sometimes complex analysis configurations of Run 1. The background
estimation techniques closely follow the respective analyses of Run 1.

Figure 1 – Examples for gluino and stop pair production and possible decays.
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Irreducible SM backgrounds are estimated using control regions. In these, Monte Carlo sam-
ples describing dominant backgrounds are normalized to data. Minor backgrounds are directly
taken from simulation. Reducible backgrounds are estimated using data-driven techniques.

2 Searches for gluino and squark pair-production

Depending on the complexity of the final state, searches look for different signatures.

The 0-lepton analysis3 targets supersymmetric models with direct decays of gluinos or
squarks to the LSP, although it is also sensitive to e.g. decays via an intermediate chargino
(g̃ → χ̃±1 qq, χ̃

±
1 → Wχ̃0

1, 1-step model). To achieve a wide sensitivity, the analysis uses seven
inclusive signal regions requiring ≥ 2 to ≥ 6 jets. Further selection criteria are applied as e.g.
requiring large Emiss

T and meff =
∑

pT(jets) +Emiss
T . The data agrees well with the background

estimates in all signal regions. Exclusion limits at 95 % CL on gluino masses are set in e.g. the
1-step model (Figure 2 left). Limits in this model reach up to 1.5 TeV, assuming light LSPs.

Figure 2 – Exclusion limits2 at 95 % CL by the 0-lepton3, the multi-jet4, the 1-lepton5 and the SS/3-lepton6 analyses
in selected supersymmetric models. Exclusive pair-production of gluinos is assumed in both models. The gluino
either decays via a χ̃±1 to the LSP (left) or via a χ̃±1 and a χ̃0

2 (right).

Considering more complex final states, as e.g. arising from cascade decays of the gluino
proceeding via intermediate sparticles, the final state might contain a high jet multiplicity. The
multi-jet analysis4 targets such scenarios using signal regions requiring between ≥ 7 and ≥ 10
jets. Sensitivity to supersymmetric models with top quarks in the final state is obtained by
requiring b-tagged jets in some of the signal regions. In all signal regions the data agrees with
the background estimates. Limits are calculated in various models, as e.g. in a model with
gluino pair-production and g̃ → qqχ̃±1 , χ̃

±
1 → Wχ̃0

2, χ̃
0
2 → Zχ̃0

1 (2-step model, Figure 2, right).

If W - or Z-bosons appear as product in the cascade decay, analyses requiring the presence
of leptons in the final state might be particularly sensitive, as they suppress the QCD multi-jet
background effectively. The 1-lepton analysis5 is optimized to the 1-step model shown in Figure 2,
left, by using six different signal regions. Two of those signal regions require an electron or muon
with low transverse momentum (7/6 < pT(e/μ) < 35 GeV), while the other four target events
with a lepton (l) with high transverse momentum (pT(e/μ) > 35 GeV). Further criteria on the

jet multiplicity, Emiss
T , meff and on mT =

√
2plTE

miss
T (1− cosΔφ(�plT, �p

miss
T )) help to suppress the

dominant tt̄ and W+jets backgrounds. The data is in good agreement with the background
expectations in all signal regions with the largest deviation being a 2σ excess in a signal region
requiring six jets. Limits on the gluino mass reach up to 1.6 TeV for small LSP masses.
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Events with same-sign leptons are predicted in many models beyond the SM, but are very
rare in the SM. The SS/3L-analysis6 exploits this by looking for final states with two same-
sign leptons or three leptons in four different signal regions using further criteria on Emiss

T ,
meff and partly requiring b-tagged jets. The main backgrounds are diboson or tt̄+vector boson
production. Also this analysis finds good agreement between data and background estimates
and e.g. sets in limits in the 2-step model (Figure 2, right).

If a Z-boson is explicitly produced in the cascade decay of a gluino, an analysis selection
requiring two opposite-sign leptons, a Z-window cut (on the invariant mass, mll, of the two
leptons) and large Emiss

T is very sensitive. Such an Z+Emiss
T analysis7 was performed in Run 1 and

found a 3σ (1.7σ) excess in the ee (μμ) channel (Figure 3, left). Due to the excess, the analysis8

was repeated using the 2015 data without modifying the event selection, although small changes
arise due to the new tracking layer in the ATLAS detector and changes in the reconstruction
software. Extensive validation studies of the background estimates were performed with the
important backgrounds being Z+jets, top or diboson events. A background expectation of
10.3± 2.3 is obtained, while 21 events are observed in the 2015 data (2.2σ, Figure 3, right).

Figure 3 – Distribution of the invariant mass of the two leptons selected in the Z+Emiss
T analysis using the dataset

(20.3 fb−1 at 8 TeV) selected in 2012 in the ee channel7 (left) or using the 2015 dataset at 13 TeV (3.2 fb−1) in a
ee+μμ selection8 (right).

3 Searches for stops and sbottoms

Analyses searching for stop or sbottom pair-production take advantage from the presence of
b-tagged jets in the final state. If e.g. pair-produced sbottoms decay directly to the LSP by
emitting a b-quarks, an analysis9 looking for final states with two b-tagged jets and a large Emiss

T

is sensitive. The data agrees well with the background expectations in the two signal regions.
Limits on the sbottom mass reach up to 840 GeV for small LSP masses.

Sbottoms and stops can also be produced in the decays of gluinos. The multi-b-jet analysis10

uses three different sets of signal regions vetoing the presence of any lepton or requiring an
electron or muon. The presence of three b-tagged jets is required, as well as a high jet multiplicity.
The data agrees with the background expectations in all signal regions. A statistical combination
of the some of the signal regions increases the sensitivity to models with gluino decays to stop
quarks and final states with four top quarks. Limits on the gluino mass reach ∼ 1760 GeV
assuming small LSP masses and depending on the model (Figure 4, left).

The stop 1-lepton analysis11 is optimized for signatures with stop pair-production and direct
decay to the LSP (t̃ → tχ̃0

1) and for gluino pair-production with g̃ → tt̃, t̃ → soft + χ̃0
1 where the

mass difference between stop and LSP is very small. The analysis selects final states with an
electron or muon and at least one b-tagged jet. Further requirements are made on e.g. various
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variants of mT and partly also using large radius-cone jets. The data agrees with the background
estimates with the largest deviation (2.3σ) arising in a signal region addressing models with small
mass differences between gluino and stop and stop and LSP (Figure 4, right).

The stop 2-lepton analysis12 searches for direct pair production of stops with subsequent
decays t̃ → χ̃±1 b, χ̃

±
1 → Wχ̃0

1. Events with two electrons or muons with opposite charge, two
b-tagged jets and large Emiss

T are selected. Backgrounds (diboson, tt̄) are further suppressed
using various kinematic criteria as for example a criterion on Emiss

T /meff . Limits in this model
reach up to stop masses of 575 GeV assuming small LSP masses.

Figure 4 – Exclusion limits at 95 % CL for models with exclusive gluino pair production and g̃ → ttχ̃0
1 (left) or

g̃ → tt̃, t̃ → soft + χ̃0
1 where the mass difference between stop and LSP is very small. Limits2 calculated by the

multi-b-jet10, the SS/3L6 (left) and the stop 1-lepton11 (right) analyses are shown.

4 Conclusions

The year 2015 was very productive for searches for gluinos, stops and sbottoms. Due to ana-
lyzing the first Run 2 data, the searches concentrated on pursuing simple analysis strategies to
fully benefit from the increased discovery potential. Strong limits were set which significantly
supersede the Run 1 limits. Few analyses reported excesses in the order of 2σ, as can be ex-
pected when considering many signal regions. The collaboration is looking forward to clarify
the situation with the 2016 data and to extend the search program to electroweak and RPV
SUSY signatures.
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SUSY searches in hadronic final states at CMS

Giovanni Zevi Della Porta for the CMS Collaboration
University of California, San Diego

Several searches for strongly-produced supersymmetric particles are presented. The searches
are based on a data sample of proton-proton collisions with a center-of-mass energy of 13 TeV
collected by the CMS experiment during the 2015 LHC run, corresponding to an integrated
luminosity of 2.3 fb−1. All searches focus on hadronic final states, with events characterized
by one or more jets, large missing transverse momentum, and no leptons. Events are classified
according to their visible and invisible energy, jet multiplicity and flavor content. Observed
event yields are found to be consistent with the expected yields from standard model back-
grounds, with no evidence of new physics. The results are interpreted using simplified models
of supersymmetry and expressed in terms of limits on the masses of new particles, reach-
ing 1.2 TeV and 1.7 TeV for the superpartners of light-quarks and gluons, respectively, and
extending by up to 300 GeV the limits of the previous LHC run.

1 Introduction

At the end of Run 1 of the LHC, more than 20 fb−1 of 8 TeV proton-proton collision had
been collected and analyzed by both the ATLAS and CMS experiments, searching for signs of
supersymmetry (SUSY). The data, found to be in very good agreement with the standard model
(SM), was used to set limits on several new physics scenarios. For simplified models of strongly-
produced R-parity conserving SUSY, the CMS searches reached cross-section sensitivities of a
few fb, and mass limitsa of 0.9 TeV for squarks and 1.4 TeV for gluinos1. The increase in energy
of Run 2, with proton-proton collisions reaching 13 TeV of center-of-mass energy, resulted in a
considerable growth in the pair-production cross-section of SUSY particles, depending on their
mass (a factor of 30 for the pair-production of 1.4 TeV gluinos).

SUSY searches in hadronic final states are among the most favored by the energy increase.
CMS analyses of the 2015 dataset focus both on inclusive and targeted searches. Inclusive
searches compare data to SM estimates across a large phase space, while targeted searches use
a fine-tuned selection to maximize sensitivity to specific SUSY models. We present the results
of four inclusive searches—Hmiss

T
2, MT2

3, αT
4, and Razor 5—named after the main variables

each analysis uses to discriminate signal from background, and two targeted searches for the
SUSY partners of top and bottom quark—stop 6 and sbottom 7—which are expected to have
small masses to maintain ‘natural’ levels of fine-tuning.

For each analysis, event yields are found to be consistent with the expected yields from SM
backgrounds, and we observe no evidence for new physics. The results are used to constrain
the production cross-section for several simplified models, as a function of the produced particle
mass (squark or gluino) and the mass of the lightest stable particle (LSP, indicated by the
symbol χ̃0

1).

a Cross-section limits can be converted to mass limits, since the SUSY production cross-section for each
simplified model is completely determined by the mass of the produced particles.
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2 Variables and Selection

The event selection specific to the hadronic final state requires large missing transverse momen-
tum (Emiss

T ), at least one jet, and zero leptons. Leptons are vetoed to reduce the background
from leptonic W decays, where the escaping neutrino can cause an Emiss

T signature.

In addition to this selection, the targeted searches employ dedicated techniques to reconstruct
hadronic top decays and to reject semi-leptonic tt. Top-tagging, based either on the substructure
of ΔR = 0.8 jets or on combinations of ΔR = 0.4 jets, allows to identify hadronic decays of the
top quark, reducing the size of all non-top backgrounds. Semi-leptonic tt events, in which the
lepton is lost and cannot be vetoed, can be rejected using the min[mT(bi, E

miss
T )] variable, built

from the Emiss
T and b-jets, which is constrained to be lower than mtop for these events.

The Emiss
T requirement is designed to reject the large multijet QCD background. Each

hadronic analysis uses Emiss
T in a different way, either by building an analogous quantity based

only on jets (Hmiss
T ), or by defining variables that combine the magnitude and direction of

Emiss
T with those of the jets in the event. The design of these variables is based on a few

well-motivated assumptions for the multijet background: multijet events have no true Emiss
T

(other than neutrinos from heavy-flavor decays inside jets); large imbalance in multijet events is
usually caused by experimental mismeasurement of one of the jets in the event; after clustering
all individual jets into two large objects (called mega-jets or pseudo-jets), the kinematics of
pseudo-jet system are similar to those dijet events.

The collection of variables used by hadronic searches to reject the multijet background is
given below. To allow for an easier comparisons between the variables, several of them are
described with a simplified formula, marked by the ≈ symbol, rather than using their exact
definition. The assumptions behind the simplified formulas are that (a) Hmiss

T and Emiss
T are

the same, meaning that there is no imbalance in objects, forward or soft, that are not included
in Hmiss

T , and (b) the pseudo-jets are massless. The first assumption is reasonable for most
signals, which are central, but less realistic for backgrounds which can have a large forward
component susceptible to mismeasurements. The second assumption is accurate in dijet events,
when each pseudo-jet only includes one jet, but becomes less precise as more jets are added to
each pseudo-jet. In the formulas below, the letter j represents individual ΔR = 0.4 jets, while
J1, J2, ΔφJ1,J2 and mJ1,J2 represent the two pseudo-jets, the azimuthal angle between them,
and their invariant mass.

• Hmiss
T = | −∑j p

j
T| ≈ Emiss

T . Search variable of the Hmiss
T and αT analyses.

• Hmiss
T /Emiss

T and (Emiss
T − Hmiss

T )/Emiss
T , used respectively by the αT and MT2 analyses.

Requirements on these variables effectively impose assumption (a).

• ΔφJ1,J2. Used to reject back to back configurations in the Razor analysis.

• MT2 ≈ mCT =
√
2pJ1T pJ2T (1 + cosΔφJ1,J2). Search variable of the MT2 analysis. Also used

in the stop and sbottom searches, with the hadronic tops or the two leading jets used as
inputs to the calculation.

• αT ≈
√
pJ2T /(2pJ1T (1− cosΔφJ1,J2)). Used by the αT analysis.

• M2
R = m2

J1,J2 + (Hmiss
T )2 and R2 ≈ Emiss

T (pJ1T + pJ2T + Emiss
T )/(2M2

R). Search variables of
the Razor analysis.

• Δφmin = mini[Δφ(Emiss
T , ji)], the minimum azimuthal angle between the Emiss

T (or Hmiss
T )

and the (typically four) leading jets. Used to reject Emiss
T caused by jet under-measurements

in the MT2, H
miss
T , stop, sbottom analyses

• Δφ∗min = mini[Δφ(Hmiss
T (no ji), ji)], where ‘Hmiss

T (no ji)’ is the Hmiss
T calculated using all

jets except ji. Used to reject Hmiss
T caused by jet mismeasurements in the αT analysis.
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The signal regions in each hadronic analysis are characterized by the choice of one or more
of the above variables, and by the specific subdivision of phase space in number of jets (with 9
or more jets being required in the most extreme regions), number of b-jets (up to 3 or more),
number of top tags (up to 2 or more), HT (up to 1.5 TeV or more). Inclusive analyses rely
on O(100) regions, while targeted searches for stop and sbottom use fewer regions. To aid in
reinterpretations, some inclusive searches 3 also provide results in O(10) ‘aggregate regions’,
built by combining several signal regions with similar characteristics.

3 Backgrounds Estimates and Results

The most important and difficult part of each analysis consists of accurately estimating the SM
background yields in each signal region. Backgrounds can be divided in three categories: QCD
multijet events (usually very few) which pass the Emiss

T selection, leptonicW events fromW+jets
or top (tt and single-top) in which the lepton is not found, and the irreducible background from
Z→ νν events.

Background estimates are based on control regions in data, to avoid the large theoretical
uncertainties that dominate MC predictions in the tails of distributions. The control regions
are usually chosen to probe a specific background in a phase space similar to that of the signal
region. For the multijet background, control regions can be created by inverting the Δφmin

requirement of the signal region, all other requirements remaining the same. For the leptonic
W control region, the lepton veto is inverted. The vast majority of Z→ νν events enters the
signal regions, so there is no natural control region for this process. Instead, similar processes
(Z→ 	+	−, γ+jets, and occasionally W+jets) can be used to emulate Z→ νν events by replacing
the Emiss

T requirements with identical requirements on the boson pT.

The control region yields are not expected to be identical to the signal region ones, so they
are multiplied by MC-based ‘transfer factors’ to obtain a background prediction in each signal
region. As a result of this procedure, the background uncertainty in each signal region includes
the statistical uncertainty in the corresponding control region and the systematic uncertainties
assigned to the MC-based transfer factors. The latter are driven by the differences in kinematics
and composition of signal and control regions.

In the Razor analysis, inclusive control regions are used to estimate all backgrounds si-
multaneously. The control regions are composed of events with low values of either MR or
R2, creating sidebands in the two-dimensional MR-R

2 plane. Using an analytic function, a
maximum-likelihood fit to the control region data is performed, and backgrounds are estimated
by extrapolating the fit result to the signal regions.

As no significant discrepancies are found between the background estimates and the data,
maximum likelihood fits are performed across all the signal regions of each analysis, under a
background-only and several signal-plus-background hypotheses, taking into account the uncer-
tainties coming from the background estimates and those on signal acceptance. In the Razor
analysis, the full two-dimensional plane, including both control and signal regions, is fitted. The
results of the fits are used to constrain models of new physics based on the CLs criterion.

Several simplified models of gluino and squark pair production are considered. For gluino
pair production, we study the decays g̃ → qq̄χ̃0

1, g̃ → bb̄χ̃0
1 and g̃ → tt̄χ̃0

1, each with 100%
branching fraction. More complex models, such as g̃ → qq̄χ̃±1 , χ̃

±
1 → Wχ̃0

1 or models with mixed
branching fractions such as g̃ → bb̄χ̃0

1/tt̄χ̃
0
1/tbχ̃

±
1 are also considered. For squark pair production,

the simplest decays are q̃ → qχ̃0
1, and the heavy flavor versions b̃ → bχ̃0

1 and t̃ → tχ̃0
1. The flavor

changing decay t̃ → cχ̃0
1 and the mixed decay t̃ → tχ̃0

1/bχ̃
±
1 are also considered. As an example

exclusion plot, Figure 1 (top left) shows the limits on gluino and LSP masses obtained by several
analyses, based on the g̃ → bb̄χ̃0

1 model. The top right shows the coverage of the MT2 analysis
for the q̃ → qχ̃0

1 model, including the cross-section limits as a function of light-squark and LSP
masses, for different degrees of degeneracy of the light-squark masses. The bottom right and
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bottom left plots show the limits for b̃ → bχ̃0
1 and t̃ → tχ̃0

1 obtained by the targeted stop and
sbottom searches.
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Figure 1 – (top right) Expected and observed exclusion limits for gluino pair-production as a function of the gluino
and LSP masses. (top right, bottom left, bottom right) Observed cross-section limits and expected/observed mass
limits for light, bottom and top squark production, as a function of the squark and LSP masses.
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Searches for supersymmetry in leptonic final states at CMS

M. Franco Sevilla, on behalf of the CMS Collaboration

Department of Physics, University of California, Santa Barbara, CA, USA

Results from searches for supersymmetry in single lepton, same-sign dilepton, opposite-sign
same-flavor dilepton, and multilepton final states are reported. The observed yields in data
samples corresponding to an integrated luminosity of 2.1–2.3 fb−1at

√
s = 13 TeV, recorded

by the CMS experiment at the LHC, are consistent with the expectations from standard
model backgrounds. For a massless lightest-supersymmetric-particle, bottom squarks below
650 GeV, top squarks below 730 GeV, and gluinos below 1600 GeV are excluded at 95% CL
for various decay modes. These values match or extend previous limits set with 8 TeV data.

1 Introduction

Supersymmetry (SUSY) is a compelling extension of the standard model (SM) that could provide
answers to some of the most pressing questions in fundamental physics. One of these questions,
the so-called hierarchy problem, refers to the extreme level of fine-tuning required for the mass
of the Higgs boson to be 32 orders of magnitude below the Planck scale. A natural answer
to this problem could be found in a low mass realization of SUSY1, with light Higgsinos, top
squarks, and left-handed bottom squarks, and with gluinos about a factor of two heavier than
the lightest squark.

In 2015, the LHC at CERN increased the center-of-mass energy of pp collisions to 13 TeV.
At this energy, the production cross-section of the not-yet-excluded Higgsinos (with masses of
200-400 GeV) increases by a factor of 2-3 with repect to the corresponding 8 TeV cross section.
The cross sections for 800 GeV top squarks and 1300 GeV gluinos increase by factors of 10 and
24, respectively. Given that the total amount of integrated luminosity recorded by the CMS
experiment at 13 TeV was 2.3 fb−1, about 9 times lower than the 8 TeV dataset employed in
previous SUSY searches, the 2015 CMS SUSY program focused on searches for strongly produced
sparticles, for which the sensitivity is expected to improve.

This note presents searches for top squarks and gluinos in the single lepton final state in
Secs. 2 and 3. Searches in the same-sign dilepton and three lepton or more (multilepton) final
states are presented in Sec. 4, and the results of the opposite-sign same-flavor (OSSF) dilepton
search is discussed in Sec. 5.
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2 Search for top squarks in the single lepton final state

This search2 selects events with a single isolated 20 GeV lepton (electron or muon), Emiss
T > 250

GeV, Njets ≥ 2 and at least one b-tag. After these requirements, the background is dominated
by tt and W+jets. This background is greatly reduced by requiring that mT, the transverse
mass of the lepton and the missing momentum, be greater than 150 GeV, far above the W mass.
The remaining background, 2	 tt primarily, is further reduced by vetoing additional soft leptons,
isolated tracks, and reconstructed τ leptons.

To increase signal sensitivity, the search region is divided into bins of Emiss
T , Njets, and two

variables that reconstruct the event under the 2	 tt hypothesis to further discriminate against
this background: Mw

T2 and modified topness.

The 2	 tt background is estimated in a control sample with two reconstructed leptons, and
the transfer factors are taken from simulation. The remaining W+jets background is estimated
from the Nb = 0 sample, while other small backgrounds are taken from simulation scaled to
their theoretical cross sections.
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Figure 1 – (Left) Results of the search for top squarks in the different signal regions. (Right) 95% CL exclusion
limits for top squarks decaying to neutralinos or charginos for various branching fractions.

Figure 1 (left) shows the results in the various signal bins. The observed yields are consistent
with the expectations from SM backgrounds, so exclusion limits on top squark production are
set [Fig. 1 (right)]. For low mχ̃0

1
and top squarks decaying to top quarks and neutralinos,

m
˜t < 730 GeV is excluded. This limit is comparable to the 8 TeV searches, as expected from

cross sections considerations (Sec. 1). As the t̃ → bχ̃±1 branching fraction increases (for almost
degenerate chargino/neutralino), the limits degrade rapidly.

3 Searches for gluinos in the single lepton final state

Two searches3,4 target gluino pair-production in the single-lepton final state with the gluinos
decaying as g̃ → ttχ̃0

1. The background estimation methods of these analyses fully exploit the
high multiplicity of this signal model by requiring significant amounts of initial state radiation,
which makes the hadronic activity in 1	 tt and 2	 tt events similar. The search region (single
high-pT lepton, high Emiss

T , Njets ≥ 5−6) is divided into 4 regions and ABCD methods separating
1	 tt from 2	 tt, and moderate hadronic activity from high hadronic activity, are applied. One
analysis defines the ABCD regions with themT andMJ (sum of masses of R = 1.2 jets) variables,
while the other uses Δφ (the angle between the reconstructed lepton and the missing transverse
momentum) and Njets.

With respect to models with low mχ̃0
1
, compressed models tend to have softer MJ distribu-

tions but similarly high jet multiplicities. As a result, the Δφ analysis has better sensitivity
to models where mχ̃0

1
is close to mg̃, as the exclusion limits in Fig. 2 (left) show. These limits

assume decoupled top squarks, but the impact of intermediate top squarks with m
˜t < mg̃ is also

studied. Figure 2 (right) compares the decoupled limit with the exclusion limits obtained for the
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extreme case in which the top squark has almost the smallest mass consistent with a two-body
decay, m

˜t = mχ̃0
1
+ 175 GeV. For this mass combination, the χ̃0

1 and top quark are almost at

rest in t̃ frame, which results in lower signal efficiency than for other values of m
˜t. The exclusion

limits only degrade slightly in most of the parameter space, except for low mχ̃0
1
where the χ̃0

1

carries very little momentum and the mT distribution of signal events becomes similar to that
of 1l tt events.
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Figure 2 – (Left) Exclusion limits at 95% CL for gluino pair production with top squarks decoupled. (Right)
Comparison of the gluino exclusion limits with decoupled (red) and intermediate (blue) top squarks with m

˜t =
mχ̃0

1
+ 175 GeV for the MJ analysis.

4 Searches for SUSY in the same-sign dilepton and multilepton final states

SUSY searches in final states with Emiss
T and a pair of same-sign leptons or three or more leptons

have reduced sensitivity to squarks and gluinos in the simplified model interpretation due to
branching fraction considerations. However, in realistic SUSY scenarios with several cascade
decays, the lepton multiplicity is generally higher. Moreover, events in these final states are rare
in the SM and thus can be a powerful probe of physics beyond the SM.

The main sources of background in these analyses are events with non-prompt leptons typi-
cally due to mis-identification, semileptonic decays from b or c quarks, or conversions. These two
searches5,6 estimate this contribution with the loose-but-not-tight method, which uses a sample
with leptons that satisfy loose requirements, but fail tight ones, and extrapolate its contribution
into the signal region by applying the factor εTL/(1 − εTL). Here, εTL is the probability of a
fake lepton that passes loose requirements to pass tight ones as well, and is measured in a QCD
control sample The next largest background comes from WZ events, which are estimated from
the simulation with a normalization obtained in a 3	 sample. Other rare irreducible backgrounds
are taken directly from simulation scaled to their theoretical cross sections.
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Figure 3 – Comparison of the observed and expected Emiss
T distributions for the same-sign dilepton (left), multi-

lepton off-Z (middle), and multilepton on-Z (right) selections.
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Figure 3 compares the observed Emiss
T distribution with that of the expected SM background.

No significant deviation is found, so exclusion limits are set on various signal models. Bottom
squarks decaying as b̃L → tWχ̃0

1 are excluded for m
˜bL

< 650 GeV. Additionally, a model-
independent exclusion limit is set on any process beyond the SM with σ · A · ε > 1.3 fb.

5 Searches for SUSY in the opposite-sign same-flavor dilepton final state

Both 8 TeV searches in the OSSF dilepton final state at ATLAS7 and CMS8 showed moderate
excesses over the SM, albeit in different kinematic regions: a 3.0σ excess in the on-Z region
for ATLAS and a 2.6σ excess in the off-Z region for CMS. More recently, ATLAS observed a
similar excess in the on-Z region at 13 TeV9. A new search10 selects events with two isolated,
OSSF leptons with pT > 20 GeV, Njets ≥ 2, and Emiss

T > 100 GeV. The majority of the
background processes produce as many events with a eμ pair as with ee+ μμ pairs, and, thus,
this background can be estimated in the opposite-flavor sample, after appropriate corrections are
applied to account for differences in lepton reconstruction. The Z+jets background is estimated
from the Emiss

T spectrum of γ+jets, after reweighting the photon momentum to that of the Z
boson and taking the Z+jets normalization from a 	+	− sample with low Emiss

T .
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Figure 4 – (Left) Distribution of m�� for the off-Z OSSF dilepton selection. (Right) Distribution of Emiss
T for the

on-Z OSSF dilepton selection. The last bin corresponds to the ATLAS-like search region.

Figure 4 (left) shows the results for the off-Z analysis. There is no sign of the excess seen
at 8 TeV in the 20 < m�� < 70 GeV region. A similar excess would have produced 61–86
additional events in the 13 TeV dataset, but the observed yields exclude excesses of 57 events or
more at 95% CL. Figure 4 (right) shows the results for the on-Z analysis. A bin with the same
requirements as the ATLAS search that saw a 3.0σ excess was added for this analysis. A similar
excess would have produced 12–19 additional events in the 13 TeV dataset, but the observed
yields exclude excesses of 9 events or more at 95% CL.
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Searches for New Physics in Boosted Topologies at ATLAS
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The Large Hadron Collider started data taking in proton-proton collisions at a centre-of-mass
energy of 13TeV. Using the dataset collected with the ATLAS detector in 2015 corresponding
to an integrated luminosity of 3.2 fb−1, many interesting physics results are already reported.
One of the most important physics programmes with ATLAS is searches for physics beyond the
Standard Model at the high mass region above 1TeV. The ‘boosted’ object tagging technique
is an important key to such searches. This paper reports on the latest ATLAS search results
for new physics using the boosted object tagging techniques.

1 Introduction

The Large Hadron Collider (LHC) started the Run-2 operation in 2015. The centre-of-mass en-
ergy of proton-proton collisions is increased to

√
s = 13TeV from 8TeV of Run-1. The ATLAS

detectora collected 3.2 fb−1 of data in the first year of Run-2. Since a more abundant production
of new particles is expected, particularly in the mass range above approximately 1TeV, the
sensitivities to some physics models beyond the Standard Model (SM) are already better than
those of the Run-1 analyses. In the early Run-2 period, one of the most important physics
programmes with the ATLAS collaboration is high-mass new physics searches. It is thus crucial
to precisely probe high-pT (‘boosted’) SM particles produced from the decay of a high-mass new
particle. In the case of a two-body decay of a SM particle, the geometrical distance in the η–φ
plane between the two child particles can be approximated by ΔR =

√
Δη2 +Δφ2 � 2m/pT,

where m and pT are the mass and the transverse momentum of the parent particle, respectively.
For particles with a large pT, the jets of the two daughter particles are merged in the calorime-
ter and can not be separated correctly by the standard ATLAS jet reconstruction algorithm i.e.
the anti-kt algorithm2 with a radius parameter of R = 0.4, which leads to mis-reconstruction
of the parent particle kinematics. An alternative algorithm is introduced to reconstruct the
boosted particles using ‘large-R jets’ with R = 1.0 to cover all hadronic activities from the

aThe ATLAS detector is a multi-purpose apparatus at the LHC. It takes cylindrical coordinate system of
(r, z, φ), where z-axis is defined along beam pipe direction and the origin at the interaction point in the centre of
the detector, r-coordinate is orthogonal to that and φ is an azimuthal angle. The pseudo-rapidity η is defined as
η = − ln tan (θ/2), where θ is a polar angle. The details the ATLAS detector can be found elsewhere1.
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decay. ‘Trimming’ 3 is applied to the large-R jet to subtract effects from pileup and underlying
event activity. The invariant mass of the large-R jet is reconstructed by four-momentum sum
of sub-constituents (i.e. ‘topo-clusters’), assuming that the topo-clusters are massless. Further-
more, ATLAS adapts several novel techniques to enhance signals of hadronically-decaying W/Z
bosons, top quarks and Higgs bosons in the boosted topologies using mass and ‘sub-structure’
information4 of the large-R jets, which is described by the energy correlation functions based
on energies and pair-wise angles of sub-constituents. This paper reports on the latest ATLAS
search results for high-mass new physics processes using the boosted-object-tagging techniques.

2 Search for diboson resonances

Searches for WW , WZ and ZZ resonances have been performed in four sub-channels based
on the number of leptons in the final state; the full-hadronic channel qqqq, the one-lepton
channel 	νqq, the two-lepton channel 		qq and the zero-lepton channel ννqq, where q, 	, and ν
denote quarks, charged leptons (electrons or muons) and neutrinos, respectively5. The boosted
W/Z → qq tagging technique6 is employed requiring the large-R jet to have a mass around theW
or Z mass and a two-prong-like sub-structure. The large-R jet is required to have pT > 200GeV.
In order to maximize the signal-to-background ratio, the 50% signal efficiency working point
is adapted, which ensure the background rejection of a factor 40–55 depending on pT. In the
full-hadronic channel, for the trigger of the data taking, the leading large-R jet is required to
have pT > 450GeV. After the requirement of at least two large-R jets tagged as a W and/or
Z boson, the dominant background process is the multi-jet production. Since modelling of the
multi-jet production is difficult, the background is estimated in a purely data-driven way. In the
zero-, one- and two-lepton channels, on the other hand, the multi-jet background is suppressed
by requirements of charged leptons and missing transverse momentum. The remaining SM
background processes are estimated by the Monte-Carlo simulation. The normalizations of the
main background processes, W/Z+jets and tt̄, are determined in data using dedicated control
samples selected to enrich corresponding processes. As a result of the analyses, the observed
data agree with the background predictions in all sub-channels. Figure 1 shows the expected and
observed 95% confidence level (CL) upper limits on the cross-section of new particle decaying
into WZ, as a function of resonance mass. Assuming a spin-1 W ′ → WZ signal in model A of
a simplified Lagrangian with a heavy vector triplet (HVT) 7, the strongest limit comes from the
zero-lepton channel and the mass range of less than 1.6TeV is excluded.
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A tagging technique for the boosted Higgs bosons decaying into a bottom quark pair H → bb
is used to search for WH and ZH resonances in the 	νbb, 		bb and ννbb sub-channels8. At least
one large-R jet with pT > 250GeV and a mass around 125GeV is required. No cut is applied
on the sub-structure variables for the signal acceptance. Instead, the presence of at least one
b-quark-induced jet candidate (b-jet) associated with the large-R jet is required using a new
b-tagging technique based on ‘track-jets’ reconstructed by the charged particle tracks using the
anti-kt algorithm with a radius parameter of R = 0.29. Track-jet has a better angular resolution
than the standard jet reconstructed based on topo-clusters. The working point to achieve 70%
efficiency to b-quarks is used in the analysis. Thanks to the good angular resolution and small
radius, high tagging efficiency is kept even in the highly-boosted topology. After the event
selections, the remaining SM background is dominated by W/Z+jets and tt̄. The normalizations
of the simulated events are estimated in data using control samples. As a result of the analyses,
one- and two-lepton channels exclude the masses of HVT W ′ → WH and Z ′ → ZH less than
about 1.4TeV at 95% CL.

3 Search for top–anti–top quark resonances

High-mass resonances decaying into top–anti–top quarks are searched for in the one-lepton
channel; tt̄ → 	νbqqb. The hadronically-decaying top quark t → qqb is reconstructed using
a large-R jet with a mass around the top-quark mass. The large-R jet is required to have
pT > 300GeV to ensure that all of the hadronic activities from the top quark are covered
by R = 1.0. A three-prong-like sub-structure using ‘N-subjettiness’ is further required in the
boosted top tagging algorithm11. The 80% signal efficiency working point is used for the signal
acceptance although the background rejection power is only about factor 4. At least one b-jet is
required in the event, which can suppress almost all SM backgrounds except for tt̄ production.
As with WH and ZH analyses, a new b-tagging technique using track-jets with 70% efficiency
working point is adapted. The SM backgrounds are estimated by the simulated samples. The
normalization of the tt̄ background is determined by fitting to data. A tiny contribution from
the multi-jet events with a mis-identified lepton is determined using a data-driven method. The
normalization ofW+jets background is estimated by the data. Figure 2 shows the invariant mass
distributions reconstructed by the lepton, the neutrino, the R = 0.4 jet closest to the lepton,
and the large-R jet tagged as a top quark. The data agree with the background predictions.
Exclusion limits are set on the production cross section times branching ratio for a hypothetical
Z ′ → tt̄ signal12. The existence of a narrow width (1.2% of its mass) leptophobic topcolour Z ′

in the range 0.7TeV < m < 2.0TeV is excluded at 95% CL.
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Figure 2 – The invariant mass distributions of the two reconstructed top quark candidates after a likelihood
fit to data assuming there is no signal for the e+jets (left) and μ+jets (right) channels. The SM background
components are shown as stacked histograms. The shaded areas indicate the total systematic uncertainties. The
ratio of the data to the final fitted expectation is shown in the lower panel, open triangles indicate that the ratio
point would appear outside the panel.

57



4 Search for vector-like quark resonances

Pair production of vector-like top quarks (T ) has been searched for in the one-lepton channel13.
In this analysis, one of the T quarks is assumed to decay into a 125GeV Higgs boson and a top
quark; T → Ht. For the other T quark, three decay modes are considered; T → Wb, Zt and Ht.
The large-R jet reconstruction technique is used to probe the boosted (two-prong) Higgs boson
and/or (three-prong) top-quark signals. Therefore, only a mass requirement of greater than
100GeV is applied to large-R jets without substructure requirements. The scalar sum of the
transverse momenta of all final state objects (hT) is used as a final discriminant. To maximize
the sensitivities to several final states of signals and to give constraints on the normalizations of
the SM backgrounds, the simultaneous fit to 11 sub-channels is performed, which are categorized
by the number of large-R jets, the number of R = 0.4 jets, and the number of b-jets in the event.
No significant excess is observed. Assuming the branching fraction of T → Ht to be 100%, a
range of T -quark masses below 900GeV is excluded at 95% CL.

5 Summary and conclusions

The latest ATLAS search results for high-mass diboson resonance, top–anti–top quark resonance
and pair production of vector-like T quarks have been reported. The boosted object tagging
technique plays a key role in probing such potential signals. No significant excesses above the
SM predictions are observed in the dataset collected during the first year of the LHC Run-2,
corresponding to an integrated luminosity of 3.2 fb−1. Exclusion limits are set on the production
cross sections for each signal.
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Contraints and prospects of the radiative gluino decay at the LHC
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At the end of the 8 TeV run, the ATLAS and CMS collaborations have ruled out a huge swath
of parameter space in the context of Minimally Supersymmetric Standard Model (MSSM).
These limits are however extremely model dependent and therefore have to be treated with
caution. For example, the limits on the gluino mass using the simplified model approach have
only constrained its three-body decays. In this work we show that existing ATLAS and CMS
analysis can also constrain the radiative gluino decay mode. We derive improved mass limits,
specially the mass difference between the LSP and the gluino is small.

1 Introduction

For over three decades, Supersymmetry (SUSY) has been one of the best motivated and most
studied beyond Standard Model (BSM) scenarios. In addition to being theoretically robust,
SUSY offers a rich phenomenlogy that could be probed at energy scales accessible at the LHC.
As an example, gluinos, the superpartners of gluons, have the largest pair-production cross section
at the LHC and have therefore been searched for extensively by experimental collabora- tions.
However, in the absence of a signal the interpretation of these null searches were to set limits on
the production cross section and masses of superpartners. However, interpreting the searches for
new physics (NP) is a non-trivial task, and extremely difficult to perform in a model independent
way. The early 7 and 8 TeV LHC searches focussed on the Constrained Minimal Supersymmetric
Standard Model (CMSSM)/ minimal SUPERGRAVITY (mSUGRA) scenarios. In the context
of CMSSM/MSUGRA the LHC searches impose a lower limit of about 1.7 TeV on the mass of
the gluinos. These limits are however extremely model dependent, and have to be treated with
caution. Indeed, if the lightest SUSY particle (LSP) is massive and degenerate with the squarks
and/or gluinos, the so-called ”compressed SUSY” scenarios, these limits can be significantly
altered. The later SUSY searches therefore took a more pragmatic approach, and relaxed some
of the underlying assumptions about the models. The current approach adopted by the ATLAS
and CMS collaborations is dubbed as the Simplified Model Spectra (SMS) to interpret the NP
searches in a less model-dependent way.

Within the interpretations of SUSY searches, if the first two generations of squarks are de-
generate, the limits on their masses are quite strong and above the TeV scale. In this case,
with light flavour squarks decoupled, then the two body decays are forbidden Whether from the
CMSSM/mSUGRA or the SMS interpretations of SUSY searches, if the

first and second generation squarks are degenerate, the limits on their masses are quite strong
and are pushed above the TeV scale. In this case, if the light flavour squarks decoupled mq̃ > mg̃,
the two body decays g̃ → qq̃ are forbidden. In such a situation, the experimental analyses has
published gluino mass limits in the SMS approach based on its three- body decays, g̃ → qq̄χ0

1,
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g̃ → qq̄′χ±1 . where χ0
1 and χ±1 , are the lightest neutralino and chargino respectively.

Since the limits on the masses of the first two generation of squarks has been pushed beyond
the TeV scale, the three-body decays can be heavily suppressed. Moreover, even in the case
where the third generation squarks are lighter, if the mass difference Δm = mg̃ −mχ0

1
is small,

the three-body decays are kinematically suppressed and official analyses loose their sensitivity.
However, there exists one decay mode which does not suffer from such suppression factors, which
has received little attention so far: that of the two-body radiative decay g̃ → gχ0

1.

2 Phenomenology of the radiative gluino decay

The radiative decay g̃ → gχ0
1 is induced dominantly by stops/tops loops. The lightest neutralino is

an admixture of wino- (W̃3), bino- (B̃) and higgsino-like (H̃) neutral spinors, the superpartners of
the neutral gauge eigenstates B̃, W̃3 and of the two Higgs doublet of the MSSM Hu,d respectively.
From an effective Lagrangian point of view, with all squarks decoupled, the decay width to a
wino-like neutralino is strongly suppressed as it is induced by a dimension seven operator,

Leff. =
1

m̃
χ̃0
1σ

μνPL,Rg̃
aGb

μνδab (1)

where m̃ is an effective squark mass scale. In the Higgsino case, this operator is obtained in the
effective theory from a top-top-gluino-higgsino operator in which the two top quarks form a loop

which emits a gluon. This diagram generates a logarithmic enhancement m2
t /m

2
g̃ ln
(
m2

t̃
/m2

t

)
,

where mt̃ is a common top squark mass, see 4 and references therein. The radiative gluino decay
into a bino-like neutralino does not benefit from such an enhancement. In a scenario where the
squarks are heavier than the gluino , with both the radiative and three-body modes are available
for the gluino to decay into, the logarithmic enhancement can lead to the loop decay being
dominant over other branching fractions. In case of very large squark masses, large corrections
originating from the large logarithm should be resummed 4. If the third generation squarks are
somewhat lighter than the the two other generations, and the tt̄ threshold is closed, the three-
body decay g̃ → bb̄χ̃0

1 can still compete with the radiative decay. In this case a hierarchical third
generation squark spectrum, with sbottoms heavier than the stops, can suppress the three-body
decay into b-quarks with respect to the loop decay, which can then dominate, see Fig. 1, taken
from 5.
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3 Gluino mass limits using the radiative decay

Since the radiative gluino decay has not been fully investigated at the run-1 of the LHC, we tried to
constrain the decay from the existing LHC searches. To this end, we recasted three official ATLAS
and CMS analyses within the MadAnalysis5 (MA5) framework 6,7 to derive mass limits applicable
in a scenario where the gluino loop decay dominates. The recasted searches are: an ATLAS
monojet analysis 10 , along with the ATLAS and CMS multijets analyses 11,12. These analyses are
now available on the MA5 Public Analysis Database 8,9. To derive the limits, we defined a SMS
scenario where BR(g̃ → gχ̃0

1) = 100%. For the signal, gluino pair production was generated using
MadGraph5 13, and passed on to PYTHIA-6.426 14 for showering and hadronization. The results
are presented in Fig. 2. The details about the recasting and limiting procedure can be found in5,9.
We observe that the interpretation (see the various red lines in Fig. 2, in particular the solid red
curve which corresponds to the recasted ATLAS monojet analysis) of recasted searches is indeed
sensitive to cases where the gluino-neutralino mass difference is small and complementary to the
official results (green, blue and purple lines in Fig. 2).
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Figure 2 – 95% CL exclusion contours for the radiative gluino decay simplified topology. The solid red line
corresponds to the mass limits obtained from the MA5 recasted ATLAS monojet analysis, the red broken line from
the MA5 recasted ATLAS multijet search and the dashed-dotted line from the MA5 recasted CMS multijet analysis.
For comparison, the official 95% CL exclusion lines for the g̃ → tt̄χ̃0

1 SMS from ATLAS (green dashed line)and
CMS (blue dashed line) and for g̃ → qq̄χ̃0

1 SMS from ATLAS (purple dashed line) are also shown.

4 Conclusion

The radiative gluino decay is a sensitive probe in scenarios where three-body decays are heavily
suppressed. The largest branching fractions for this decay pattern are obtained when the neu-
tralino is higgsino-like. By recasting official analyses within the MA5 framework we could exclude
in this scenario gluinos degenerate with neutralinos up to mg̃ � mχ̃0

1
� 750 GeV and close the gap

above the tt̄ threshold, assuming a simplified model where BR(g̃ → gχ̃0
1) = 100%. Constraining

the decay where the mass gap between the gluino and the neutralino is small can have important
consequences in situations where the gluino is the next-to-lightest SUSY particle, and specially
in solving the Dark Matter problem using gluino-neutralino coannihilation in the MSSM. The
complete investigation 5 of the work summarised here also explored the discovery prospects of the
gluino decay through its radiative decay at Run II of the LHC. In particular we showed that, at
the Monte Carlo level, a dijet search strategy may be more sensitive than a monojet one.
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DARK MATTER IN ATLAS

SILVIA RESCONI
on behalf of the ATLAS Collaboration

Istituto Nazionale di Fisica Nucleare, via Celoria 16, 20133 Milano, Italy

An overview of Dark Matter searches with the ATLAS experiment at the Large Hadron
Collider (LHC) is shown. Results of Mono-X searches requiring large missing transverse mo-
mentum and a recoiling detectable physics object (X) are reported. The data were collected in
proton-proton collisions at a centre-of-mass energy of 13 TeV and correspond to an integrated
luminosity of 3.2 fb−1. The observed data are in agreement with the expected Standard Model
backgrounds. Exclusion limits are presented for Dark Matter models.

1 Mono-X searches

Dark Matter (DM) can be produced at LHC if it interacts with Standard Model (SM) particles.
Since many theories of physics beyond the SM predict a weakly interacting DM candidate, it
can be measured only as missing transverse momentum (Emiss

T ) in the ATLAS detector [1]. To
tag those events a detectable physics object is required to be produced in association with DM
particles. The tag objects include single photons or jets as well as Z, W or Higgs bosons. Such
searches are known as mono-X searches and are characterized by a common strategy that consists
in requiring high Emiss

T and a high quality physics object with a large azimuthal separation from
Emiss

T . Events with mis-measured Emiss
T are removed requiring a large azimuthal separation

between the jets and Emiss
T or using pmiss

T , based on Inner Detector tracks, as a complementary
quantity to Emiss

T . Mono-X searches usually veto events with other physics objects in the final
state. The strategy to estimate the main backgrounds is based on Control Regions (CRs)
enriched in a specific background used to extract normalization factors which are tested in a
signal free Validation Region (VR) and then propagated to the Signal Region (SR).

2 Benchmark Models

ATLAS and CMS worked in collaboration with theorists to define benchmark models for kine-
matically distinct signals to be used in Run-2 searches [2]. A set of simplified models has been
proposed with some baseline assumptions: the DM particle is a Dirac fermion stable on collider
timescales and non-interacting with the detector; the particle mediating the interaction (media-
tor) is exchanged in the s-channel; each model is characterized by four parameters: the DM mass
mχ, the mediator mass mmed, the universal mediator coupling to quarks gq and the mediator
coupling to DM gχ. Mediator couplings to leptons are always set to zero in order to avoid the
stringent LHC bounds from di-lepton searches. Physics objects are produced from Initial State
Radiation (ISR) as shown in Figure 1 (left) except for the Higgs boson that is radiated by the
mediator as shown in Figure 1 (centre). Finally Effective Field Theory (EFT) Models, valid in
the approximation of very heavy mediators, are considered only if no simplified models providing
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similar kinematic distributions are available. This is the case for a dimension-7 operator with
direct DM-electroweak boson couplings shown in Figure 1 (right).

Figure 1 – Production of pairs of dark matter particles via an explicit s-channel mediator [2], med, with physics
object: γ, jet, W/Z Bosons produced from ISR (left), Higgs Boson (h) radiated by the mediator (centre) and
production of pairs of dark matter particles via an effective vertex (right).

3 Results at 13 TeV

3.1 Mono-photon search

Events with a final state composed of a single high transverse momentum photon, pγT and a
consequently large Emiss

T can be sensitive probes of scenarios predicting DM candidates [3]. The
event selection consists in the following criteria: Emiss

T > 150 GeV, the leading photon has to
satisfy the ”tight” identification criteria, to have pγT >150 GeV, |η| < 2.37 and to be isolated, the
photon and Emiss

T are required to be well separated: Δφ(γ, Emiss
T ) > 0.4, no electrons or muons

and no more than one jet. Only few Standard Model (SM) processes give such a mono-photon
final state. The dominant backgrounds consist in processes with a Z or W boson produced in
association with a photon, mainly Z(→ νν̄) + γ. They are estimated by rescaling the Monte
Carlo (MC) prediction with normalization factors obtained from a simultaneous fitting technique
based on single-bin CRs No excess is found in data over SM prediction and interpretation in
the context of the DM models described in Sec. 2 has been derived. Figure 2 (left) shows the
95% CL lower limits on M∗ for a dimension-7 operator EFT model as a function of dark matter
mass mχ. Results where EFT truncation is applied are also shown. Figure 2 (right) shows the
95% CL exclusion limits on the mmed- mχ parameter plane.

Figure 2 – Mono-photon limits [3]: 95% CL limits on M∗ for a dimension-7 operator EFT model with a contact
interaction of type γγχχ as a function of mχ (left), 95% CL exclusion limits for a simplified model involving an
axial-vector operator on the mmed- mχ parameter plane (right).

3.2 Mono-jet search

The mono-jet search [4] is characterized by a more complex signature in the final state but
provides more statistics compared to the mono-photon search. Events are required to have
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Emiss
T >250 GeV and a leading jet with pjetT >250 GeV and |η| < 2.4 plus a maximum of four

jets with pjetT > 30 GeV and |η| < 2.8. The leading jet and Emiss
T are required to be well separated:

Δφ(γ, Emiss
T ) > 0.4. The dominant backgrounds, consisting in processes with a Z or W boson

with associated jets, are constrained using MC samples normalized using data in selected CRs.
The normalization factors are extracted simultaneously using a global fit performed in exclusive
or inclusive Emiss

T bins to fully exploit the Emiss
T shape. No excess is found in data over SM

prediction and interpretation in the context of the simplified model described in Sec. 2 is
shown in Figure 3 (left). In Figure 3 (right) the results are translated into 90% CL exclusion
limits on the spin-dependent χ-proton scattering cross section as a function of mχ showing good
complementarity at low mχ values with results from direct detection experiments. The mono-jet
search shows also good complementarity with the di-jets search that has been re-interpreted in
the context of simplified models studied in mono-X searches.

Figure 3 – Mono-jet limits [4]: 95% CL exclusion limits for a simplified model involving an axial-vector operator
as a function of mχ and mA (the symbol mA stays for mmed) (left), 90% CL exclusion limit on the χ− pro-
ton scattering cross section as a function of mχ. Also shown are results from three direct dark matter search
experiments.

Figure 4 summarizes the ATLAS bounds on themmed-mχ parameter plane for mono-photon,
mono-jet and di-jets searches [5].

Figure 4 – Summary plot showing ATLAS bounds on the mmed- mχ parameter plane [5].
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3.3 Mono-W/Z(had) search

The final state consists of a boosted, hadronically-decaying W or Z boson recoiling against pair-
produced dark matter particles, manifesting in the detector as a single, large-radius (large-R)
jet [6].Therefore, selected events are composed of at least one large-R jet, high Emiss

T and no
leptons. The main backgrounds consist in W+jets, Z+jets and tt̄ that are normalized using data
in three CRs. A profile-likelihood fit to the Emiss

T distribution in the SR and in the CRs is used
to constrain the primary backgrounds and to extract the signal strength, μ, for the simplified
model described in Sec. 2. Figure 5 (left) shows the limit on μ of the vector-mediated simplified
model on the mmed- mχ parameter plane.

Figure 5 – Limits for mono-W/Z(had) [6]: 95% CL exclusion limit on μ in ( mχ, mmed) plane (left). Limits for
mono-Higgs [7]: 95% CL exclusion limits on σ(pp → hχχ)×BR(h → γγ) as a function of mmed (right).

3.4 Mono-Higgs search

The discovery of a boson in 2012 consistent with the Standard Model (SM) Higgs boson, has
opened up new possibilities in searches for new physics. In particular, events with a Higgs
boson decaying into two photons and Emiss

T in the final state can be sensitive probes of scenarios
predicting DM candidates [7]. The dominant backgrounds consist in the SM h → γγ, non-
resonant γγ, γ + jets, di-jets, Wγ, Wγγ production. The total background is evaluated from
the data performing an unbinned fit to the di-photon invariant mass distribution. Figure 5
(right) shows the 95% CL exclusion limits on the product of the cross section of pp → hχχ and
BR(h → γγ) as a function of the mmed for the simplified model described in Sec. 2.2.

3.5 Conclusions

First results of Mono-X searches in ATLAS on Run II data corresponding to a centre-of-mass
energy of 13 TeV have been presented. A good complementarity with direct detection searches
and di-jets searches have been shown. No deviations from SM predictions have been observed
so far but the increased luminosity expected in 2016 will permit to enhance their discovery and
exclusion power extending the reach of DM searches.
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Searches for DM and new physics with unconventional signatures at CMS

Annapaola de cosa on behalf of the CMS collaboration
Physik Institut, Universität Zürich

Witerthurerstrasse 190, CH-8057 Zürich, Switzerland

A selection of results on searches for Dark Matter candidates and new physics with unconven-
tional signatures with the CMS experiment is presented. The analyses are performed using
proton-proton collision data recorded with the CMS detector at a center-of-mass energy of 8
and 13 TeV. No deviation from standard model background expectation is found and exclusion
limits on new physics production are set.

1 Introduction

The search for the Higgs boson was one of the main motivations for the construction of the
Large Hadron Collider (LHC). With the discovery of the Higgs boson in 2012, the focus of the
scientific programme of the LHC moved toward the search for new physics beyond the Standard
Model (SM). Indeed, several extensions of the SM predict the existence of additional particles.
A comprehensive strategy has been settled down at the LHC to cover new possible physics
scenarios. The increase of the centre-of-mass energy of proton-proton collisions at LHC from
8 TeV to 13 TeV at the beginning of its Run-2, allowed to access new regions of the phase space
to search for exotic particles. In these proceedings we give an overview of recent findings of
the Compact Muon Solenoid (CMS) 1 experiment at the LHC in the search for Dark Matter
candidates and new physics with unconventional signatures.

2 Dark Matter searches

The SM of particle physics does not predict the observation of Dark Matter (DM) in the Universe.
Its existence represents one of the most compelling indirect evidence for new physics explaining
these phenomena. One of the most well-motivated candidates for DM are the Weakly Interact-
ing Massive Particles, WIMPs, predicted by many extensions of the SM. The hunt for WIMPs
involves a variety of experiments looking for non-gravitational signs of DM interaction with
ordinary matter: direct and indirect detection experiments and particle colliders. These exper-
iments probe SM-DM interaction from different perspective and covers complementary regions
of the phase space.
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Figure 1 – Missing momentum distribution for the monojet search (left); DM mass reach for vector interactions
(right)

If WIMPs couple to SM particles they can be produced directly in pair in SM-SM collisions.
Being stable on collider timescales, they would be prevented from decaying within the detector
volume. From an experimental perspective, this means that they would escape the detector
without leaving track of passage after production. However, similarly to neutrinos, their pro-
duction can be inferred looking for an imbalance in the total momentum reconstructed in the
collision in the plane transverse to the beams (Emiss

T ). Thus, DM production would appear as
an excess of data in the tails of the Emiss

T spectrum.

These proceedings focus on the most recent results of CMS DM searches in the mono-jet
channel 2 as well as in the DM production modes involving heavy flavour quarks 3 4.

The mono-jet channel is highly sensitive to a wide range of DM benchmark models. The
final state is characterised by a high-pT jet produced from initial state radiation and recoiling
against a pair of DM particles. Signal-like events are required to have at least one central, high-
pT jet (pT >100 GeV) and large missing momentum (Emiss

T >200 GeV). The largest source of
irreducible background is due to Z+jets events with the Z boson decaying to neutrinos. W+jets
events with the W decaying leptonically also contribute significantly to the background. A
veto on events with reconstructed leptons is applied to reduce this contribution. However, a
certain fraction of background events survives the selection if the lepton is not reconstructed
or does not fall within acceptance. The prediction of these backgrounds is constrained from
single lepton, dilepton and photon+jets control regions in data. The DM signal is extracted by
performing a fit to the observed Emiss

T distribution in data and results are interpreted in terms of
a simplified model 7 where the SM-DM interaction happens through a vector mediator. Data is
found in agreement with background expectation (Figure 1). Mediator masses up to 1.3 TeV are
excluded at 90%CL. Figure 1 shows the exclusion limits for Run-2 results compared to Run-1:
a comparable sensitivity is expected to be reached at roughly 5 fb−1.

Pseudoscalar and scalar type mediators are expected to have Yukawa-like couplings to the
SM quarks. Under this assumption coupling to heavy-flavour quarks is enhanced. The search
strategy to look for DM produced in association to top and bottom quarks relies relevantly on
the reconstruction of jets originated from the fragmentation and hadronization of bottom quarks
(b jets). The analysis is performed classifying the events to the number of identified b jets in the
event: 1 or 2 b jets categories. This strategy allows to target the cases in which both or only one
of the b quarks from DM+bb or DM+tt events are visible to the detector. Similarly to monojet
analysis, events in the signal region are selected only if they have large missing momentum
(Emiss

T >200 GeV). The contribution from multijet background events is suppressed requiring a
large azimuthal opening angle between the jets and the Emiss

T thus rejecting events with non-
genuine Emiss

T from jet mis-reconstruction. Background from electroweak processes is reduced by
vetoing the presence of leptons. After signal selection Z + jets and W + jets events, together
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Figure 2 – Missing momentum distribution for the DM plus heavy flavour quarks search(left); Exclusion limits
for scalar interactions as a function of mediator mass for a DM particle mass of 1 GeV(right).

with SM top pair events, represent the main backgrounds for this type of signal. Leptonic control
regions are defined in order to constraint the yields of these dominant backgrounds in the signal
regions. A simultaneous fit to the Emiss

T spectrum in all the regions is performed. Exclusion
limits on the total production cross section have been set for different mediator and DM particle
masses. The analysis has been performed on 13 TeV data collected by CMS. Figure 2 shows post-
fit distribution of Emiss

T for background and signal events compared to data (left) and expected
and observed limits for the combination of 1 and 2 b jet categories as a function of the mass of
a scalar mediator for a DM mass hypothesis of 1 GeV (right).

Many models predicting new physics propose the production of a single top quark in as-
sociation to an invisible state leading to a monotop signature. Such signatures can be either
produced via flavour changing interactions or via resonant production. A search for mono-top
signature in the single muon final state has been recently performed by CMS with data collected
at a centre-of-mass energy of 8 TeV collected by CMS during the Run-1 of LHC 4. Events are
selected requiring the reconstruction of an isolated muon produced in association to a b jet.
The distribution of the transverse mass of the reconstructed W boson, mW

T , is used to differen-
tiate signal-like from background-like events, as the mW

T shape is much brother when additional
invisible particles are produced in the events. The main backgrounds, W+jets and tt̄ events,
are modelled from control samples. The non-resonant scenario is excluded for invisible particle
masses up to 523 GeV, while the resonant scenario is excluded for invisible particle masses of
10 GeV and resonant particle masses up to 1610 GeV.

3 Unconventional signatures

Many theories beyond the SM predict the existence of new particles which could give rise to very
distinctive experimental signatures. Supersymmetric scenarios such as “split SUSY” or minimal
gauge mediated supersymmetry breaking (mGMSB) models predict the existence of long-lived
particles which would manifest with unconventional signatures in the detector. Atypical signa-
tures can arise also from processes predicted by the Arkani-Hamed, Dimopolous, Dvali (ADD)
model with n large extra spatial dimensions. According to this model microscopic black holes
(BH) can be formed leading to energetic high-multiplicity objects final states. In this report we
focus on the search for heavy stable charged particles 5 and on the search for black holes 6 in
proton–proton collisions at a centre-of-mass energy of 13 TeV.

Heavy stable charged particles (HSCPs) can have speed significantly less than c, or have
multiple or fractional charge. It is possible to distinguish these slow particles from speed-of-
light SM particles through their higher rate of energy loss via ionisation (dE/dx) and through
their longer time-of-flight (TOF) to the outer detector. HSCP can be distinguished by requiring
an anomalous high energy deposit in the tracker detector. Indeed, SM particles interact with
nearly flat ionisation energy loss of about 3 MeV/cm. Figure 3(left) shows the distribution of the
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Figure 3 – Distribution of the dE/dx estimator Ih as a function of the particle momentum for data and simulations
of singly and doubly charged particles(left); Cross section upper limits at 95% CL for various signal models (right).

harmonic estimator Ih for dE/dx as a function of momentum for data and for simulated signal
events for singly and doubly HSCP for different mass hypotheses. Two main search strategies
are employed to account for a wide variety of possible HSCP: “Tracker-only” and “Tracker +
TOF” analyses. The former requires tracks to be reconstructed in the silicon detectors, the
latter requires tracks to be reconstructed in the muon system as well. Tracker-only analysis
is based on dE/dx calculation, while tracker + TOF analysis exploits knowledge from muon
system making a requirement on the time-of-flight. Additional discrimination can be achieved
by reconstructing the mass of the particle according to an empirical formula, from its dE/dx
and momentum measurements. Background events tend to have low reconstructed mass with
respect to signal events. Figure 3(right) summarises the upper limits on the production cross
section for several models as a function of HSCP mass. Lower mass limits ranging up to 1590
GeV for gluinos are the most restrictive to date.

Higher-dimensional ADD models predict the formation of microscopic BHs in high-energy
collisions. Depending on the mass, we talk about semiclassical BHs (MBH >>MD, where MD

is related to Plank mass in D dimensions) and quantum BHs. Semiclassical BHs quickly decay
to a final state with a large number of energetic objects. As the BH mass approaches MD the
semiclassical BH hypothesis breaks down and BH becomes a quantum object. Quantum BHs
decay much faster than semiclassical BHs, typically into a pair of jets. An inclusive search
is performed to look for all BH decay final states. Events are classified in object multiplicity
bins. The ST variable defined as the scalar sum of the energy of all objects in the event, is the
observable used to discriminate signal-like events from background arising from QCD processes.
QCD background is estimated from data getting the expected shape of the ST distribution
from low multiplicity region which is signal-depleted, exploiting the invariance of ST shape with
respect to multiplicity. The expected total yield is rescaled to signal region at high multiplicity.
The analysis of 13 TeV data resulted in a significant expansion of previous limits from Run
1 with a lower limit on BH mass equal to 8.7 and 8 GeV for semiclassical and quantum BH
respectively.
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Searches for New Physics in Unconventional Signatures at ATLAS

H. Otono, on behalf of the ATLAS collaboration
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Various physics models predict new long-lived particles to be generated at the Large Hadron
Collider, which leave unconventional signatures in the detectors. In order to maximise our
discovery potential for new physics, the ATLAS experiment has developed novel analysis
techniques for the long-lived particles. In these proceedings, a new result with pp collisions
at

√
s = 13 TeV in LHC Run 2 is presented, which exploits the ionisation energy loss mea-

surements in the Pixel subsystem in the ATLAS detector to search for a massive charged
long-lived particle with a velocity significantly below the speed of light. Several other char-
acteristic searches performed with pp collisions at

√
s = 7− 8 TeV in LHC Run 1 are briefly

summarised.

1 Introduction

The Large Hadron Collider (LHC) finished Run 1 with pp collisions at
√
s = 8 TeV in 2012,

and Run 2 started in 2015; The centre-of-mass-energy is now increased to 13 TeV. The ATLAS
detector 1 is located at one of the collision points of the LHC and composed of an inner tracker
(ID), calorimeters (Calo) and a muon spectrometer (MS) from the inside to the outside. The ID
comprises a silicon pixel detector (Pixel), a silicon microstrip detector (SCT) and a transition
radiation tracker (TRT). The Calo has lead-liquid argon sampling electromagnetic calorimeters
(LAr) and iron-scintillator tile calorimeters (Tile). The MS consists of resistive-plate chambers
(RPC), thin-gap chambers (TGC), monitored drift tube chambers (MDT), and cathode strip
chambers (CSC).

The ATLAS detector is optimised for measuring the standard model particles from promptly
decaying heavier particles. This means that long-lived particles which leave the following signa-
tures could be missed: decaying far from the primary interaction point and/or passing through
the sub-detectors with β < 1 without decay. Such long-lived particles appear in a wide range of
models beyond the standard model having heavy intermediate particles 2,3,4,5,6,7,8, limited phase
space 9,10, weak interactions 11,12,13,14,15,16. Combinations of above reasons are also considered
17,18.
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2 A new result in the LHC Run 2

The Pixel subsystem has a capability to measure the energy loss, i.e., dE/dx, which is sensitive
to slow particles according to the Bethe-Bloch formule, e.g., a long-lived particle with a mass
at around the electro-weak scale which travels with β < 1. The latest search in Run 2 for
a new particle with high dE/dx in the Pixel subsystem was recently published 19, aiming to
discover stable or meta-stable gluino R-hadrons. The dataset used corresponds to an integrated
luminosity of 3.2 fb−1 in pp collisions at

√
s = 13 TeV.

Events are selected by a trigger requiring missing transverse momentum (Emiss
T ) with a

threshold of 70 GeV, then looking for an isolated and high-momentum track with at least seven
silicon hits for good momentum resolution. A threshold on the dE/dx is set at 1.80− 0.11|η|+
0.17η2−0.05|η|3 MeV/g/cm2; The correction of the η dependent terms is about 5%. Before Run
2, the Insertable B-Layer (IBL) was installed in the Pixel subsystem as an innermost layer, which
reduces the tail of the dE/dx distribution above 1.8 MeV/g/cm2 by 50% as shown in Figure 1.
The other requirements for the selected track are as follows: Emiss

T > 130 GeV, p > 150 GeV,
pT > 50 GeV and mT > 130 GeV. Compared to the search performed in Run 1 20, tracks
overlapping each other and coming from hadron jets are now rejected.

The main background events are high-pT tracks with high dE/dx due to instrumental effects,
which is estimated in the following steps:

• Extract shapes of p and η from the region of Emiss
T > 130 GeV and dE/dx < 1.8 MeV/g/cm2,

• Extract shape of dE/dx from the region of 70 GeV < Emiss
T < 130 GeV,

• Convert dE/dx to βγ, and obtain the mass distribution by using M = p
βγ ,

• Normalise the mass distribution in the M < 160 GeV region before the dE/dx selection.

The resulting estimate can be seen in Figure 2, showing good agreement between the data and
the expectation. The low-momentum region 50 GeV < p < 150 GeV is used to validate that
the method works.

Figure 1 – Calculated dE/dx distribution in the Pixel
subsystem 19 with IBL (black dots) and without IBL
(red triangles). Simulated dE/dx distribution for both
cases are also plotted.

Figure 2 – Mass distributions for data (black dots) and
expected background (red line) after all selections ex-
cept the ionisation requirement are applied 19. The
ratio between them is shown in the lower panel.

After the dE/dx selection, no evidence of a signal above the background is observed. Assum-
ing a fixed neutralino mass of 100 GeV, expected and observed upper limits on gluino R-hadron
production cross-sections as a function of lifetime are determined at 95% CL as shown in Figure
3. The mass limit improvement with regard to the Run 1 result is 490 GeV at maximum.
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Figure 3 – Excluded region of gluino R-hadron for lifetime and mass at
√
s = 13 TeV (red line) 19. The already

excluded region at
√
s = 8 TeV is also represented (blue line).

3 Searches in the LHC Run 1

Quite a few unconventional searches for long-lived particles were performed in pp collisions at√
s = 7 − 8 TeV as summarised in Table 1. No sign of new physics were observed yet. For a

charged long-lived particle, the dE/dx is also obtained in the TRT, LAr, Tile and MDT detectors,
and these measurements are used in searches for multi-charged long-lived particles 21,22. The
Calo and the MS have good timing resolution and can be used to directly measure a velocity of
particles from time-of-flight information 23. The stable charged particle which stops inside the
Tile and decays at some later time is also explored 24. If a charged massive particle decays to
a neutral particle with a small mass difference, a search for disappearing track reconstructed in
the ID is performed 25. For a neutral long-lived particle, its decay can be identified from decay
products by a stand-alone reconstruction of each subsystem 26,27,28,29,30.

4 Conclusion

Long-lived particles appear in various models beyond the standard model. Creative analysis
techniques exploiting all aspects of the ATLAS detector for the unconventional signatures have
been developed. A new result focusing on an ionisation loss in the Pixel subsystem is presented in
this proceedings, however no new physics have been discovered. Many of the other characteristic
searches performed in the LHC Run 1 are being conducted with the Run 2 data.
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Table 1: Searches for new physics with unconventional signatures performed by the ATLAS experiment in the
LHC Run 1.

Signature Sub-detector Reference

High dE/dx Pixel 20

High dE/dx Pixel + TRT + MDT 21

High dE/dx TRT + LAr 22
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Stop and late decay Tile 24
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BOOSTED-BOTTOM JET TAGGING AND BSM SEARCHES

ZACK SULLIVAN

Department of Physics, Illinois Institute of Technology,
Chicago, Illinois 60616-3793, USA

I present a new scheme for tagging boosted heavy flavor jets called “μx tagging” and its
application to TeV-scale physics beyond the Standard Model. Using muons from B hadron
decay to define a particular combination “x” of angular information, and jet substructure
variables, we identify a clean (εfake/εb ∼ 1/100) good efficiency (εb = 14%) tag. I demonstrate
the usefulness of this new scheme by showing the reach for discovery of leptophobic Z′ → bb̄
and tH± → ttb.

1 Introduction

As searches for new particles at the CERN Large Hadron Collider (LHC) shift to TeV-scale
energies, observation of their decays into jets becomes challenging. Dijet resonances are typi-
cally smaller than the QCD background unless top or bottom tags are applied. Unfortunately,
current b-tagging efficiencies degrade (28–15%) around 1–2 TeV for light-jet fake rates of 1–2%1

(producing low purity εfake/εb ∼ 1/10). At this conference, I presented a new method for flavor
tagging at TeV-scale energies called “μx boosted-bottom-jet tagging.”2 This method is derived
from kinematic first principles, and provides a 14% efficiency for b-tagging, with a factor of
10 improvement in fake rejection over existing tags (εfake/εb ∼ 1/100). In Sec. 2 I summarize
the μx definition and cuts, and plot its transverse momentum- and pseudorapidity-dependent
efficiencies. In Sec. 3 I briefly describe the reach provided by μx boosted-b tagging in an analysis
for discovery of a leptophobic Z ′ → bb̄. Following the recent provocative proposals to measure
H± → tb in tbH±-associated production at the LHC, I use the μx tag in Sec. 4 to provide a
realistic estimate of the reach at a 14 TeV machine. I summarize our results in Sec. 5.

2 μx boosted-b tag

In Ref. 2 we introduced the μx boosted-b tag, a high purity b tag for use with boosted jets
(pT > 500 GeV) based on the kinematics of semi-muonic B hadron decay and jet substructure.
At large momentum, the boost γB of the B hadron compresses its decay products into a narrow
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subjet at high energy. We define a “smart” angular lab frame observable

x ≡ γB tan θlab, (1)

where θlab is the angle between the muon and the direction of the B hadron in the jet. For
sufficiently boosted B hadrons (γB ≥ 3) the lab frame distribution of the muon count N vs. x
follows a universal shape. We define the μx boosted-b tag by first demanding x < 3 to capture
90% of muons from the B decays. Then we demand

fsubjet ≡ pT subjet

pT jet
≥ 0.5, (2)

to account for the observation that the hard fragmentation function for b quarks leads to the B
hadron subjet carrying a large fraction fsubjet of the total jet momentum.

Both cuts in the μx tag depend on identification of the subjet containing the B hadron.
While exact identification of the B is not possible, an effective proxy can be found by taking
standard anti-kT clustered jets with R = 0.4, and reclustering the muon and calorimeter tow-
ers using a smaller R = 0.04. Following the detailed reconstruction algorithm of Ref. 2, we
combine an identified probable charm subjet remnant, with double the muon momentum (as a
boosted neutrino proxy) to provide the input to γB and pT subjet. A custom μx tagging module
MuXboostedBTagging for DELPHES 1 is available on GitHub.3

In Fig. 1 we see μx tagging efficiencies as a function of pT and η for bottom jets, charm jets,
light-light jets (where the muon came from a light-flavor hadron), and light-heavy jets (where
a gluon split to bb̄/cc̄ — producing heavy-flavor hadrons in the final state). The kinematic
nature of the tagging variables leads to nearly flat pT efficiencies when pT > 500 GeV. The η
distribution is also flat except for B hadrons from gluon splitting. This leads to the intriguing
possibility that the g → bb̄ contribution to jets in the Monte Carlo could be calibrated using the
rapidity dependence of these highly-boosted jets.

Figure 1 – μx tagging efficiency vs. (left) jet pT and (right) ηjet. Solid (dashed) lines include μ = 0 (40) pileup
events.

3 Leptophobic Z ′ → bb̄ at the LHC

New neutral vectors, generically called Z ′ bosons, appear in many BSM models. In cases
where the decay to leptons is suppressed, we look to tag heavy flavors to overcome the QCD
dijet background. We examine the reach 2 at a 13 TeV LHC for a leptophobic Z ′ decaying to bb̄
or cc̄ using a U(1)′B Lagrange density 4

L =
gB
6
Z ′Bμq̄γ

μq, (3)

76



with flavor-independent coupling to quarks.

The signal and backgrounds are simulated using a MLM-matched MadEvent sample 5 and
CT14llo PDFs 6 fed through PYTHIA 8 7 into DELPHES. We demand one or two μx tags,
|ηj | < 2.7, and Δηjj < 1.5. We reconstruct a dijet mass out of the two leading-pT jets, and look
for a resonance in the mass window [0.85, 1.25]×MZ′B

.

We see the reach for 5σ discovery of this leptophobic Z ′ in Fig. 2 for a two-tag, and one-tag
inclusive sample, 8 compared to current exclusion limits from Ref. 4. In 100 fb−1 of integrated
luminosity at 13 TeV, a two b-tag analysis could discover a Z ′ of 3 TeV if the universal coupling
gB ∼ 2.5. The single-tag inclusive search is even more effective — allowing for discovery up to
1 TeV above mass limits from Run I. In the absence of a discovery, the one-tag search would
set a 95% C.L. exclusion that can access gB couplings a factor of 2 smaller than current limits,
and masses up to 2 TeV higher.
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Figure 2 – 5σ discovery reach for a leptophobic Z′ with universal coupling and one or two boosted-b tags at a
13 TeV LHC compared to exclusion limits from Ref. 4. Also shown is the 95% C.L. exclusion reach of the one-tag
analysis.

4 Associated top–charged Higgs production tH± → ttb

In the MSSM, associated production of charged Higgs with a top quark produces a final
state rich in b jets. Recent excitement was generated by a claim 9 that the “wedge region” in
tanβ (tanβ ∼ 6 where the h0 shares equal coupling to top and bottom) could be explored up to
2 TeV in H± mass at a 14 TeV LHC through the channel tbH± → tb(tb). In contrast, others 10

found that even 500 GeV could not be probed. We explore 11 whether the ∼ 2 TeV limit can be
reached in the wedge region, and how μx tagging performs in this final state.

Using MLM-matched samples for tH± → ttb generated in MadEvent, showered in PYTHIA,
and reconstructed in DELPHES, we look for final states involving one boosted-top tag, one μx

boosted-b tag, and a fully reconstructed t → blν decay (with a normal low-energy b tag). The
background is dominated by fake tags from tt̄j and tjj that we take as measured from CMS
data. After cuts on the relative pT and angle of the two leading jets, we find S/B ∼ 1/10. A
preliminary estimate of the reach in H±tb Yukawa coupling ytb and tanβ are shown vs. H±

mass in Fig. 3. Our analysis appears to extend the results of Ref. 10 up to 2 TeV — meaning
the wedge remains. It appears the wedge region will need to wait until a 100 TeV machine.
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Figure 3 – 95% C.L. exclusion limits that can be reached as a function of H± mass at a 14 TeV LHC for (left)
H±tb Yukawa coupling ytb and (right) tanβ.

5 Conclusions

At Moriond 2016 I presented the new μx boosted-bottom jet tag and its applications to
some important searches for new physics at the LHC. Combining angular information x from B
hadron decay with jet substructure fsubjet in TeV-scale jets allows for clean extraction of signals
for Z ′ and MSSM charged Higgs above backgrounds. We find that the reach for leptophobic Z ′

discovery at a 13 TeV LHC is about 1 TeV higher than current limits. If a Z ′ is not found, 95%
C.L. exclusion limits can be set up to 2 TeV higher, or gB couplings a factor of 2 smaller, than
the current limits.

Despite recent excitement, the search for MSSM charged Higgs in the mid-tanβ “wedge”
region in tH± → t(tb) will remain elusive. The signal appears to be too small when realistic
tagging efficiencies are applied. A 100 TeV collider is likely needed to fill this region. On the
other hand, the μx tag could be used to immediately improve the existing searches for W ′ → tb̄
in the boosted-top and boosted-bottom channel. 12 The μx boosted-bottom jet tag is a powerful
new tool in the exploration for physics beyond the Standard Model.
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SCALAR AND TENSOR GLUEBALL DECAY RATES
FROM THE WITTEN-SAKAI-SUGIMOTO MODEL

A. REBHAN
Institute for Theoretical Physics, TU Wien,

Wiedner Hauptstraße 8-10, A-1040 Vienna, Austria

The holographic Witten-Sakai-Sugimoto model is an almost parameter-free approximation to
large-Nc QCD with chiral quarks that in a number of cases gives surprisingly good quantitative
results for light meson physics. It also allows for predictions of the decay rates of glueballs
into pseudoscalar and vector mesons through the coupling of modes on the flavor branes to the
massive gravitational modes in the bulk. Including effects from finite quark masses leads to
an enhancement of the decay of scalar glueballs into heavier pseudoscalars in good agreement
with the decay pattern observed for the scalar glueball candidate f0(1710). Tensor glueballs
are found to have a large width when their masses are above the 2ρ and 2K∗ thresholds. With
a mass as suggested by lattice gauge theory the lowest tensor glueball appears to be too broad
to be observable, in contrast to the pseudoscalar glueball which may be a rather narrow state.

Glueballs, color-neutral bound states of gluons only, are a cornerstone prediction of QCD.
They appear as additional states in the meson spectrum usually made of quark-antiquark pairs,
but because of possible mixing of flavorless qq̄ states and glueballs, the experimental status of
the latter is still very unclear.1 In quenched lattice QCD, the glueball spectrum is fairly well
established,2 with a rather mild dependence on the number of colors3. Moreover, a recent study4

points to only comparatively small changes when dynamical quarks are included. This seems to
suggest that glueballs in real QCD may be approached from the large-Nc limit, where glueballs
are parametrically narrow and mixing is suppressed.

Gauge/gravity duality offers a possible avenue towards QCD in the large-Nc limit. In par-
ticular, the Witten-Sakai-Sugimoto model 5,6,7 is an almost parameter-free string-theoretic con-
struction that is connected to the low-energy limit of large-Nc QCD with massless quarks, albeit
the limitations of the supergravity approximation make it prohibitively difficult to systemati-
cally improve this model. Nevertheless, the Witten-Sakai-Sugimoto model has not only been
found to successfully reproduce several qualitative features of low-energy QCD, but frequently
gives quantitative predictions within 10-30% of experimental results.8

In this model, the confinement scale is related to a Kaluza-Klein scale MKK where a five-
dimensional supersymmetric Yang-Mills theory is dimensionally reduced to non-supersymmetric
pure Yang-Mills theory. Flavor D8 branes which accommodate chiral quarks in the fundamental
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representation are asymptotically separated in the extra spatial dimension, but they connect in
the bulk, thereby realizing chiral symmetry breaking. Vector mesons appear as flavor gauge field
modes on the D8 branes, relating MKK to the mass of the ρ meson, while the ’t Hooft coupling
at this scale is related to the pion decay constant. This gives6,7 MKK = 949 MeV and λ ≈ 16.63.
Matching alternatively 8 to the large-Nc lattice result of the ratio of string tension to m2

ρ gives a
lower value of λ ≈ 12.55. Encouragingly, with this range of parameters, the experimental decay
rate of ρ and ω mesons is covered by the result from the Witten-Sakai-Sugimoto model, which is
of order λ−1N−1

c and λ−4N−2
c , respectively.7 The model also provides a Witten-Veneziano mass

for the would-be U(1)A Goldstone boson,6 which combined with explicit quark masses yields
masses for η and η′ mesons that deviate only by ∼ 10% from experiment.9

The spectrum of glueballs in this model has been worked out already 2000 by Brower,
Mathur, and Tan10. The lightest (scalar) state turns out to correspond to an “exotic” graviton
polarization11, followed by a (mostly) dilatonic scalar and tensor mode which are degenerate
in mass. This appears to resemble the spectrum observed in lattice QCD, where the lightest
glueball is significantly lighter than the tensor glueball. However, with MKK fixed by the ρ
meson of the Sakai-Sugimoto construction, the lightest (“exotic”) scalar glueball comes out
at a mere ME ≈ 855 MeV, whereas the mostly dilatonic scalar (and the tensor) mode has
MD = MT = 1487 MeV, which is close to lattice results for the scalar glueball, but too light for
the tensor.

Decay rates for the holographic glueballs have been first considered by Hashimoto, Tan, and
Terashima12. Brünner, Parganlija, and myself 13 have revisited these calculations and extended
them beyond the lowest (exotic) mode. Surprisingly enough, the latter turns out to be much
broader than the heavier dilatonic scalar, which adds to the suspicion11 that the former might
have to be discarded from the model.a The predominantly dilatonic scalar is indeed more similar
to how a scalar glueball is usually represented in gauge/gravity duality. The result for its decay
rate into (massless) pions reads

Γ(GD → ππ)/MD ≈ 1.359/λN2
c ≈ 0.009 . . . 0.012. (1)

This is smaller than the experimental value 0.025(3) for the glueball candidates f0(1500) whose
mass would match almost perfectly with MD. Moreover, this isoscalar 0++ meson decays pre-
dominantly into four pions, whereas decay into four pions is very strongly suppressed in the
holographic model. Indeed, phenomenological models that favor f0(1500) as a glueball candi-
date15 do so with rather large mixing with qq̄ states, contrary to the working hypothesis of the
holographic approach.

In fact, recently attention has turned increasingly to the meson f0(1710) as a glueball
candidate.16,17,18 Its (not officially established) decay rate into pions indeed seems to match the
result (1). The main difficulty in accepting f0(1710) as glueball candidate is however the strong
flavor asymmetry in its decay pattern where decays into kaons dominate. To explain this, “chi-
ral suppression” of scalar glueball decay has been proposed19, but the underlying perturbative
reasoning appears questionable20. In the holographic setup, explicit quark mass terms almost
unavoidably lead to additional vertices between glueballs and pseudoscalar mesons. Brünner and
myself 21,9 have studied this question in the Witten-Sakai-Sugimoto model when it is deformed
by explicit mass terms and we have found that when the explicit mass terms couple in the same
manner as the Witten-Veneziano mass term the resulting decay pattern indeed reproduces that
of f0(1710) surprisingly well, see Table 1. Here we have extrapolated the mass of the glueball to
the observed mass of f0(1710) in a manner which keeps the dimensionless chiral result (1) fixed.
However, because the mass of f0(1710) is above the threshold of 2ρ and 2ω mesons, the decay
into four and six pions is no longer suppressed. Together with limits on the rate of decays into
ηη′ pairs 9, this represents a falsifiable prediction of the holographic model.

aAt best, the exotic scalar glueball could play a role as a broad glueball component of the σ meson as proposed
by Narison14 (albeit the σ meson itself is absent in the Witten-Sakai-Sugimoto model).
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Table 1: Experimental data from the Particle Data Group22 for the decay rates of the glueball candidates f0(1500)
and f0(1710) [in gray color: the latter combined with the branching ratio23 Br(f0(1710) → KK) = 0.36(12)]
compared to the results obtained for a pure glueball GD of same mass in the chiral Witten-Sakai-Sugimoto
(WSS) model13 and in a deformed model with finite quark masses21. Red color indicates a significant discrepancy
with a pure-glueball interpretation of the respective f0 meson.

decay Γ/M (exp.22) (WSS chiral13) (WSS massive21)

f0(1500) (total) 0.072(5) 0.027. . . 0.039 0.057. . . 0.079
f0(1500) → 4π 0.036(3) 0.003. . . 0.005 0.003. . . 0.005
f0(1500) → 2π 0.025(2) 0.009. . . 0.012 0.010. . . 0.014
f0(1500) → 2K 0.006(1) 0.012. . . 0.016 0.034. . . 0.045
f0(1500) → 2η 0.004(1) 0.003. . . 0.004 0.010. . . 0.013
f0(1500) → ηη′ 0.0014(6) 0 (∗) 0
f0(1710) (total) 0.081(5) 0.059. . . 0.076 0.083. . . 0.106
f0(1710) → 2K 0.029(10) 0.012. . . 0.016 0.029. . . 0.038

f0(1710) → 2η 0.014(6) 0.003. . . 0.004 0.009. . . 0.011

f0(1710) → 2π 0.012(+5
−6) 0.009. . . 0.012 0.010. . . 0.013

f0(1710) → 2ρ, ρππ → 4π ? 0.024. . . 0.030 0.024. . . 0.030

f0(1710) → 2ω 0.010(+6
−7) 0.011. . . 0.014 0.011. . . 0.014

f0(1710) → ηη′ ? 0 (∗) 0
(∗) If one relaxes9 the assumption21 of a universal coupling of all pseudoscalar mass terms, nonzero ηη′ rates are
possible in the WSS model with finite quark masses. In the case of f0(1710) an upper limit of Γ(ηη′)/Γ(ππ) � 0.04
(i.e. Γ(ηη′)/M � 0.0005) is obtained, if one requires that prediction for Γ(ππ)/Γ(KK) remains within the current
experimental error bar.9

Table 2: Extrapolation of tensor glueball decay13 with glueball mass M = MT = MD and when the latter is raised
to the mass of the tensor glueball candidate f2(1950), whose experimental width is 472(18) MeV [Γ/M = 0.24(1)],
or a typical lattice prediction ∼ 2.4GeV, for which the extrapolation from the WSS model predicts an extremely
broad tensor glueball.

decay M Γ/M

T → 2π 1487 0.013. . . 0.018
T → 2K 1487 0.004. . . 0.006
T → 2η 1487 0.0005. . . 0.0007
T (total) 1487 ≈ 0.02 . . . 0.03

T → 2ρ → 4π 1944 0.129. . . 0.171
T → 2K∗ → 2(Kπ) 1944 0.105. . . 0.157
T → 2ω → 6π 1944 0.043. . . 0.057
T → 2π 1944 0.014. . . 0.018
T → 2K 1944 0.009. . . 0.012
T → 2η 1944 0.0017. . . 0.0022
T (total) 1944 ≈ 0.30 . . . 0.42

T → 2K∗ → 2(Kπ) 2400 0.173. . . 0.250
T → 2ρ → 4π 2400 0.159. . . 0.211
T → 2ω → 6π 2400 0.053. . . 0.070
T → 2φ 2400 0.032. . . 0.051
T → 2π 2400 0.014. . . 0.019
T → 2K 2400 0.012. . . 0.016
T → 2η 2400 0.0025. . . 0.0034
T → 2η′ 2400 0.0004. . . 0.0005
T (total) 2400 ≈ 0.45 . . . 0.62

83



TheWitten-Sakai-Sugimoto model also predicts the decay pattern of tensor glueballs,13 which
should in fact be less sensitive to explicit quark mass terms. However, the lattice prediction of the
tensor glueball mass at around 2.4 GeV is very much above the holographic result. Extrapolating
the latter to such high masses, again by keeping the dimensionless chiral result of decay into
pairs of pseudoscalar mesons fixed, now gives a very large contribution from decays into 2K∗,
2ρ, 2ω, and 2φ vector mesons as shown in Table 2. This suggests that tensor glueballs in this
mass range may be too broad to be observable at all. A comparatively broad glueball candidate
is provided by the isoscalar f2(1950) which has Γ/M ≈ 0.24(1). With the corresponding mass
parameter, the holographic result of 0.3. . . 0.42 appears to be at least marginally comparable.

A more promising case seems to be that of pseudoscalar glueballs. According to the Witten-
Sakai-Sugimoto model, these glueballs should be rather narrow states.24
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WHAT THE STANDARD MODEL MAY NOT WANT YOU TO KNOW

D.M. GRABOWSKA
Institute for Nuclear Theory, Box 351550, Seattle, WA 98195-1550, USA

I discuss a recent proposal for a nonperturbative gauge invariant regulator for d-dimensional
chiral gauge theories. This proposal utilizes an extra dimension to localize fermions of definite
chirality on one of two d-dimensional surfaces. The theory also contains a d-dimensional gauge
field living on one of the surfaces; it interacts conventionally with the fermions localized there.
The gauge field is extended into the d+1 dimensional bulk via a flow equation and so interacts
with the fermions on the other surface via exponentially soft form factors. In the limit of an
infinite extra dimension and only if the fermions are in an anomaly-free representation, the low
energy theory can be interpreted as a local d-dimensional chiral gauge theory. I also discuss
the physical realization of this construction, including implications for the Strong CP problem
and early Universe cosmology.

1 Introduction

From experimental probes of its structure, we know that the Standard Model provides an ex-
cellent effective description of Nature below the TeV scale. Nevertheless, our incomplete under-
standing of how to regulate the path integral of a chiral gauge theory, arising from the conflict-
ing necessities of maintaining gauge invariance and taming ultraviolet behavior, means that the
Standard Model is not formally well-defined. It is known how to perturbatively regulate chiral
gauge theories, though there is no all-orders proof that the theory has the necessary properties.
However, a perturbative treatment cannot capture the complete behavior of a quantum field
theory – the effects of topology, for example, can never be seen perturbatively. A well-defined
theory must be nonperturbatively regulated.a The question of how to construct such a regulator
for chiral gauge theories has been a formidable problem for decades.1

Chiral gauge theories have several key properties that a nonperturbative regulator must
preserve. The regulator must allow for complex fermion representations and the theory must
be sensible only if the fermion representation is anomaly-free, as theories with gauge anomalies
are not unitary. Additionally, as the properties of weakly coupled chiral gauge theories can be
experimentally tested and we have strong agreement between theory and experiment, nonper-
turbatively and perturbatively regulated theories must agree in perturbation theory. As the only

aNote that by perturbative, we mean anything that can be seen in perturbation theory, even if it requires
summing to all orders.
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known nonperturbative regulator is the lattice, it is natural to try to define a lattice regulator for
chiral gauge theories. Unfortunately, there is a severe mismatch between the above mentioned
necessary requirements and the properties of the lattice. In terms of fermion representations,
the lattice only allows fermions in real representations due the the change in the spacetime
symmetry from SO(4) to hypercubic. Additionally, lattice field theories have a finite number
of degrees of freedom and thus can never be anomalous, as anomalies only occur in theories
with an infinite number of degrees of freedom.b Any proposal for a lattice regulated chiral gauge
theory must decouple half of the fermions in any gauge group representation, to allow for com-
plex representation, and must also have a path to failure for theories with anomalous fermion
representations, but not theories with anomaly-free ones.

The search for a nonperturbative regulator may also be a way to probe for new physics in
the Standard Model. The electroweak sector is the only know chiral gauge theory and, since
it is weakly coupled, its nonperturbative phenomena are exponentially suppressed. Therefore,
the existence of the fields that may be necessary to have a well-defined theory (such as mirror
fermions) could be experimentally hidden from us – their existence only hinted at because of
the requirements of a nonperturbative regulator.

2 Global Chiral Symmetry and the Lattice

Before attempting to define a lattice regulated theory with local chiral symmetry, let us first
address the question of how to define one with global chiral symmetry. The discretization of
spacetime not only forces the fermions to come in real representations, but also increases the
number of fermions. These so-called doublers can be removed, but usually at the cost of violating
chiral symmetry. Domain Wall Fermions (DWF) achieve global chiral symmetry by making use
of the fact that the mass of a Dirac fermion can be thought of as the overlap of left-handed (LH)
and right-handed (RH) fermions. By localizing LH fermions on one wall of an extra dimension
and RH fermions on another, the Dirac mass can be made exponentially small. This intuitive
picture is achieved by introducing d+ 1 dimensional fermions with a mass that depends on the
extra dimension.2 The DWF construction is shown explicitly in Fig. 1, where the extra dimension
is compactified: s ∈ [−L,L]. The Euclidean Lagrangian (in the continuum) is

L = ψ̄
(
/D
(R)
d + γd+1∂s − ε(s)Λ

)
ψ , ε(s) = sgn(s) , d = 2, 4 (1)

where /D
(R)
d is the d-dimensional Dirac operator for a fermion in the gauge group representation

R and Λ is a real mass scale. The sign of Λ determines the chirality of the fermion localized
on the wall at s = 0; it also serves as the UV cutoff for the theory. In the discretized theory,c

we identify Λ ∼ 1/a, where a is the lattice spacing. In this construction, the gauge fields are
d-dimensional and independent of s: fermions on both walls experience the same gauge field.

From continuum calculations, we know that U(1)A is anomalous and the divergence of the
axial vector current is nonzero; any lattice theory with global chiral symmetries must reproduce
this divergence correctly. DWF do so due to heavy fermions, with mass M ∼ Λ, that live in the
bulk of the extra dimension. Below their mass scale, these fermions decouple completely, apart
from a Chern-Simons term; this is called the Callan-Harvey mechanism.3 This residual term is
exactly of the form that is needed to correctly reproduce the U(1)A anomaly.

3 Chiral Gauge Theories on the Lattice

Since DWF allow for fermions of definite chirality to be spatially separated from their opposite
parity partners, it is conceivable that one could localize all the unwanted fermions on one surface

bFor example, the U(1)A anomaly in two dimensional QED can be seen by looking at massless fermions in a
box. One only recovers the correct axial vector current divergence if the Dirac sea is infinitely deep.

cTo put the theory on the lattice, follow the standard procedure for discretizing and add a Wilson term.
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Figure 1 – DWF on a compactified space. LH and
RH fermions are localized on the surfaces where the
mass change discontinuously.

Figure 2 – The effect of the flow on the gauge in-
dependent component of the gauge field, λ, in two
dimensional QED.

and then decouple only these via carefully chosen interactions. Most of the proposals for decou-
pling these so-called mirror fermions attempt to either make them massive 4,5 or confined.6,7,8,9

The first method requires breaking gauge invariance so that only mirror fermions acquire a large
mass; gauge invariance must somehow be restored in the large-volume, continuum limit. The
second requires picking the correct exotic interactions and tuning them in such a way that the
mirror fermions confine only with themselves; since this is a dynamical process, it is not guaran-
teed that a generic chiral gauge theory will have these specific confining phases.10,11,12 Recently
a new method, which involves giving the mirror fermions soft form factors, has been proposed.13

The mirror fermions are given soft form factors by introducing a gauge covariant flow equa-
tion for the gauge field,

∂sĀμ =
ξε(s)

|Λ| DμF̄μν , BC: Āμ(x, s = 0) = Aμ(x) , μ, ν = 1, . . . , d, (2)

where ξ controls how fast the gauge field flows and Aμ(x) is the integration variable in the path
integral. The properties of the flow equation are easiest to see with two-dimensional QED, where
the gauge field can be decomposed into gauge variant, ω, and gauge invariant, λ, components.
Each of these obey a separate flow equation,

∂sω̄ = 0 , ∂sλ̄ =
ξε(s)

|Λ| ∂μ∂μλ̄ , Āμ = ∂μω̄ + εμν∂ν λ̄ . (3)

Notice that the second equation is the heat equation and so the high momentum modes of λ
are damped out as it is extended into the bulk, as shown in Fig. 2. The fermions at s = 0 see
an unaltered gauge field; the mirror fermions, which we call ‘Fluff’, see a gauge field with form
factor e−p2/μ2

, where μ =
√
Λ/ξL and p is the gauge field momentum. Gauge invariance is

maintained since the gauge variant component, ω, does not flow.

We can use the Callan-Harvey mechanism, as above, to understand gauge anomalies. With
flowed gauge fields, the Chern-Simons term is non-local; it must vanish in order to interpret the
low-energy theory as a d = 2, 4 dimensional theory. The Chern-Simons term can vanish only
if the prefactor is zero.d This condition is exactly equivalent to the condition for an anomaly-
free fermion representation. Therefore, in this proposal, the only theories that have a sensible
d-dimensional interpretation are those with fermions in an anomaly-free representation!

For completeness, our proposal for a lattice regulated chiral gauge theory is as follows. The

dOne could also take ξ = 0, but then one recovers a vector gauge theory
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expectation value of any operator F in a chiral gauge theory is given by

〈F 〉 =
∫
[DA]e−S(A)Δ(A)F (A)∫

[DA]e−S(A)Δ(A)
, Δ(A) =

N∏
i=1

det
[
/̄D
(Ri)

d + γd+1∂s − Λiε(s)
]

det
[
/̄D
(Ri)

d + γd+1∂s − Λi

] (4)

where /̄D is the Dirac operator with gauge fields that obey the flow equation Eq. 2 and i =
1, 2, . . . N labels the d + 1 dimensional fermions with mass Λi and in representation Ri. The
determinants in the denominator of Δ are due to the Pauli-Villars fields needed to regulate the
tower of heavy bulk fermions.

4 Phenomenological Implications

One of the motivations for finding a lattice regulator is to discover the necessary particle content
of a well-defined chiral gauge theory. Therefore, one must ask whether the above regularization
introduces any new fields that are not simply lattice artifacts. The bulk fermions have a mass
M ∼ 1/a, and so they decouple (except for the Chern Simons term) in the continuum limit.
Fluff seems to do the same: taking the extra dimension to be infinite, gauge fields with any non-
zero momentum are completely damped out. However, certain gauge fields, such as instantons,
satisfy DμFμν = 0. These topological gauge fields do not flow and so the Fluff does not decouple
from them, even in the continuum limit. Hence Fluff is not a lattice artifact and this construction
may be taken as physical; the implications of doing so should be explored.

The effects of Fluff could potentially be observed in the neutron electric dipole moment
(EDM) and early Universe cosmology. A non-zero neutron EDM is due to CP violation in
the strong sector, though current measurements indicate that this violation is tiny. Recall that
CP is not a symmetry of QCD due to instanton effects, though the CP violating angle θ̄ is
only physical if there are no massless colored fermions. It is known from lattice QCD data
that the Standard Model quarks are massive; however, since Fluff interacts with the Standard
Model via instantons, the neutron EDM would be identically zero if Fluff remains massless after
electroweak symmetry breaking. Fluff could also affect early Universe cosmology, since as long
as it has gravitational interactions, it would contribute to the Einstein equations. However, it
might be possible to give Fluff soft form factors for gravity, using an equivalent flow equation
called Ricci Flow. These questions are currently under investigation.
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The current world-average of the strong coupling at the Z pole mass, αs(m
2
Z
) =

0.1181 ± 0.0013, is obtained from a comparison of perturbative QCD calculations com-
puted, at least, at next-to-next-to-leading-order accuracy, to a set of 6 groups of experimental
observables: (i) lattice QCD “data”, (ii) τ hadronic decays, (iii) proton structure functions,
(iv) event shapes and jet rates in e+e− collisions, (v) Z boson hadronic decays, and (vi) top-
quark cross sections in p-p collisions. In addition, at least 8 other αs extractions, usually with
a lower level of theoretical and/or experimental accuracy today, have been proposed: pion, Υ,
W hadronic decays; soft and hard fragmentation functions; jets cross sections in pp, e-p and
γ-p collisions; and photon F2 structure function in γ γ collisions. These 14 αs determinations
are reviewed, and the perspectives of reduction of their present uncertainties are discussed.

1 Introduction

The strong coupling αs, one of the fundamental parameters of the Standard Model, sets the scale
of the strength of the strong interaction between quarks and gluons, theoretically described by
Quantum Chromodynamics (QCD) 1. Its current value at the reference Z pole mass amounts 2

to αs(m
2
Z
) = 0.1186 ± 0.0013, with a δαs(m

2
Z
)/αs(m

2
Z
) ≈ 1% uncertainty—orders of magni-

tude larger than that of the gravitational (δG/G ≈ 10−5), Fermi (δGF/GF ≈ 10−8), and QED
(δα/α ≈ 10−10) couplings, making of αs the least precisely known of all fundamental constants
in nature. Improving our knowledge of αs is a prerequisite to reduce the theoretical uncer-
tainties in the calculations of all high-precision perturbative QCD (pQCD) observables whose
cross sections or decay rates depend on higher-order powers of αs, as is the case for virtually
all those accessible at the LHC. Chiefly, in the Higgs sector, the αs uncertainty is currently
the second major contributor (after the bottom mass) to the parametric uncertainties of its
dominant H → bb partial decay, and it’s the leading one for the H → cc, g g branching frac-
tions. The αs running impacts also our understanding of physics approaching the Planck scale,
e.g. the stability of the electroweak vacuum3 or the scale at which the interaction couplings unify.

The latest update of the Particle-Data-Group (PDG) world-average αs(m
2
Z
), obtained from a

comparison of next-to-next-to-leading-order (NNLO) pQCD calculations to a set of 6 groups of
experimental observables, has resulted in a factor of two increase in the αs uncertainty, compared
to the previous (2014) PDG value2. This fact calls for new independent approaches to determine
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αs from the data, with experimental and theoretical uncertainties different from those of the
methods currently used, in order to reduce the overall uncertainty of the αs world-average.
These proceedings provide a summary of all the αs determination methods described in detail
in refs. 1,2 where more complete lists of references can be found.

2 Current world αs(m
2
Z
) average

The six methods used in the latest global αs(m
2
Z
) extraction are shown in Fig. 1 (left, and

top-right) roughly listed by increasing energy scale 2:

1. The comparison of NNLO pQCD predictions to computational lattice QCD “data” (Wil-
son loops, quark potentials, vacuum polarization,..) yields αs(m

2
Z
) = 0.1187± 0.0012, and

provides the most precise αs extraction today. Its δαs(m
2
Z
)/αs(m

2
Z
) = 1% uncertainty

(dominated by finite lattice spacing and statistics) has, however, doubled since the previ-
ous PDG pre-average due to a new calculation of the QCD static energy 4 which is lower
than the rest of lattice-QCD analyses. The expected improvements in computing power
over the next 10 years would reduce the αs uncertainty down to 0.3%. Further reduction
to the ∼0.1% level requires the computation of 4th-order pQCD corrections.

2. The ratio of hadronic to leptonic tau decays, known experimentally to within ±0.23%
(Rτ,exp = 3.4697± 0.0080), compared to pQCD at next-to-NNLO (N3LO) accuracy, yields
αs(m

2
Z
) = 0.1192 ± 0.0018, i.e. δαs(m

2
Z
)/αs(m

2
Z
) = 1.5%. This uncertainty has slightly

increased (from ±1.3%) compared to the previous PDG revision to cover the different re-
sults obtained by various pQCD approaches (FOPT vs. CIPT, with different treatments
of non-pQCD corrections) 5. High-statistics τ spectral functions (e.g. from B-factories, or
ILC/FCC-ee in the future) and solving CIPT–FOPT discrepancies (and/or N4LO calcu-
lations, within a ∼10 years time scale) are needed to bring αs uncertainties below ∼1%.

3. The QCD coupling has been obtained from various analyses of proton structure func-
tions (including N3LO fits of F2(x,Q

2),Fc
2(x,Q

2),FL(x,Q
2), as well as global (approx-

imately) NNLO fits of PDFs) yielding a central value lower than the rest of methods:
αs(m

2
Z
) = 0.1156 ± 0.0023, with a moderate precision δαs(m

2
Z
)/αs(m

2
Z
) = 2% (slightly in-

creased from the previous ±1.7%, driven by the spread of different theoretical extractions).
Resolving the differences among fits, and/or full-NNLO global fits of DIS+hadronic data
(including consistent treatment of heavy-quark masses) would yield an αs extraction with
∼1% uncertainty. Ultimate uncertainties in the δαs(m

2
Z
)/αs(m

2
Z
) ≈ 0.15% range require

large-statistics studies at a future DIS machine (such as LHeC or FCC-eh) 6.

4. Combining the LEP data on e+e− event shapes and rates (thrust, C-parameter, N-
jet cross sections) with N2,3LO computations (matched, in some cases, with soft and
collinear resummations at N(2)LL accuracy), one obtains αs(m

2
Z
) = 0.1169 ± 0.0034. The

δαs(m
2
Z
)/αs(m

2
Z
) = 2.9% uncertainty is mostly driven by the span of individual extractions

which use different (Monte Carlo or more analytical) approaches to correct for hadroniza-
tion effects. Reduction of the non-pQCD uncertainties, e.g. through new e+e− jet data at
lower (higher)

√
s for the event shapes (jet rates), plus jet cross sections with improved

resummation (beyond NLL), are needed to reach αs uncertainties below 1%.

5. Three closely-related Z hadronic decays observables measured at LEP (R0
� = Γhad/Γ�,

σhad
0 = 12π/mZ · ΓeΓhad/Γ

2
Z, and ΓZ) compared to N3LO calculations, yield 7 αs(m

2
Z
) =

0.1196±0.0030 with δαs(m
2
Z
)/αs(m

2
Z
) ≈ 2.5%. Uncertainties at the permil level will require

high-precision and large-statistics measurements accessible e.g. with 1012 Z bosons at the
FCC-ee 8 (and associated 5-loop calculations, with reduced parametric uncertainties).
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6. Top-pair cross sections, theoretically known at NNLO+NNLL, are the first hadron col-
lider measurements that constrain αs at NNLO accuracy. From the comparison of CMS
data to pQCD, one obtains αs(m

2
Z
) = 0.1151± 0.0028 with a δαs(m

2
Z
)/αs(m

2
Z
) = 2.5% un-

certainty (mostly dominated by the gluon PDF uncertainties) 9. Preliminary combination
of all ttmeasurements at LHC and Tevatron increases its value to αs(m

2
Z
) = 0.1186±0.0033.

The χ2-average of the unweighted values for these 6 subgroups of observables (dashed lines
and shaded (yellow) bands in Fig. 1 left) is αs(m

2
Z
) = 0.1181 ± 0.0013, with a δαs(m

2
Z
)/αs(m

2
Z
)

= 1.1% uncertainty (dotted line and grey band in Fig. 1 left, and top-right panels) 2.

Figure 1 – Left: 6 classes of observables used to determine the current αs world average (dotted line and grey band).
Dashed lines and shaded (yellow) bands indicate the pre-average values of each subclass 2. Right: Summary of all
αs extraction methods: 6 world-average classes (top), and 8 other methods at lower level of accuracy (bottom).

3 Other αs extractions

There exist at least 8 other classes of observables, often computed at a lower accuracy (NLO,
or approximately-NNLO, aka. NNLO*), used to determine the QCD coupling (Fig. 1 right,
bottom), but not yet included in the world-average. Ordered by their energy scale, those are:

• The pion decay factor (Fπ,exp = 92.2 ± 0.03 ± 0.14 MeV) has been used to extract 10

αs(m
2
Z
) = 0.1174 ± 0.0017. Although the calculation is (“optimized”) NNLO, the low

scales involved challenge the validity of the pQCD approach.

• The jet-energy dependence of the soft (low-z) parton-to-hadron fragmentation func-
tions (FF), provides αs(m

2
Z
) = 0.1205 ± 0.0022 at NNLO*+NNLL accuracy, with a ∼2%

uncertainty 12, which could be halved including full-NNLO corrections.
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• γ-γ measurements of the photon structure function Fγ
2(x,Q

2) have been used to obtain
αs(m

2
Z
) = 0.1198 ± 0.0054 at NLO 16, with δαs(m

2
Z
)/αs(m

2
Z
) ≈ 4.5%. Extension to NNLO

(and inclusion of new B-factories data) would reduce this uncertainty to ∼2%.

• The Υ decay ratio Rγ ≡ Γ(Υ(1S) → γX)/Γ(Υ(1S) → X) (with X = light hadrons) has
been computed at NLO accuracy in the NRQCD framework. From the CLEO data one
obtains αs(m

2
Z
) = 0.119 ± 0.007, with a ∼6%, uncertainty shared equally by experimental

and theoretical systematics 11. NNLO corrections with improved long-distance matrix
elements, and more precise measurements of the γ spectrum (and of the parton-to-photon
FF) would allow for an extraction with δαs(m

2
Z
)/αs(m

2
Z
) ≈ 2% in a few years from now.

• From the scaling violations of the hard (high-z) parton-to-hadron FFs one extracts
αs(m

2
Z
) = 0.1176 ± 0.0055 at NLO, with ∼5% uncertainties, mostly of experimental ori-

gin 13. Extension of the global FF fits at NNLO accuracy, and inclusion of new datasets
(already available at B-factories) would allow reaching δαs(m

2
Z
)/αs(m

2
Z
) ≈ 2%.

• The NNLO∗ calculation of jet cross sections in DIS and photoproduction provides
αs(m

2
Z
) = 0.120 ± 0.004 with δαs(m

2
Z
)/αs(m

2
Z
) ≈ 3% precision today 14. Upcoming full-

NNLO analyses 15 could reduce this uncertainty to the ∼1.5% level, whereas a future DIS
machine (such as LHeC or FCC-eh) would further bring it below 1%.

• Measurements ofW hadronic decays, although computed at N3LO, provide today a very
imprecise αs(m

2
Z
) = 0.117 ± 0.030 with ±25% uncertainty, due to the poor LEP data 17.

A competitive αs extraction requires statistical samples of 108 W, available at FCC-ee,
which (combined with N4LO corrections) can ultimately yield δαs(m

2
Z
)/αs(m

2
Z
) ≈ 0.1%.

• Various jet observables at hadron colliders (ratio of 3- to 2-jets, 3-jet mass, inclu-
sive cross sections) have tested asymptotic freedom at TeV scales. Combining those, one
obtains αs(m

2
Z
) = 0.1179 ± 0.0023 at NLO accuracy, with δαs(m

2
Z
)/αs(m

2
Z
) ≈ 2% dom-

inated by theoretical uncertainties. The imminent incorporation of NNLO corrections 18

and a consistent combination (including correlations) of the multiple datasets available at
Tevatron and LHC, may reduce the αs uncertainties to the 1.5% level in the upcoming
years.

Assuming all 14 extraction methods discussed here are computed at NNLO (or above) accu-
racy, and provided that they yield consistent αs results, a simple weighted-average would have an
uncertainty of δαs(m

2
Z
)/αs(m

2
Z
) ≈ 0.35%, ∼3 times better than the present value. A permil-level

αs uncertainty requires high-precision future e+e− colliders with very large Z and W samples,
complemented with 4th-order pQCD corrections, and improved parametric uncertainties.
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M. Srebre for common work in two of the new αs extractions reported here.

References

1. D. d’Enterria and P. Z. Skands (eds.) et al., arXiv:1512.05194 [hep-ph]
2. K. A. Olive et al. [PDG Collab.], Chin. Phys. C 38 (2014) 090001; and S. Bethke, G. Dis-

sertori, G. Salam, http://pdg.lbl.gov/2015/reviews/rpp2015-rev-qcd.pdf (2015 update)
3. D. Buttazzo et al., JHEP 12 (2013) 089
4. A. Bazavov et al., Phys. Rev. D 90 (2014) 074038

94



5. D. Boito et al., Phys. Rev. D 991 (2015) 034003; A. Pich and A. Rdguez, arXiv:1605.06830
6. A. M. Cooper-Sarkar [LHeC study Group Collab.], arXiv:1605.08579 [hep-ph]
7. M. Baak et al. [Gfitter Group Collab.], Eur. Phys. J. C 74 (2014) 3046
8. M. Bicer et al. [TLEP Design Study Working Group], JHEP 1401 (2014) 164
9. S. Chatrchyan et al. [CMS Collab.], Phys. Lett. B 728 (2014) 496

10. J. L. Kneur and A. Neveu, Phys. Rev. D 88 (2013) 074025
11. N. Brambilla, X. Garcia i Tormo, J. Soto and A. Vairo, Phys. Rev. D 75 (2007) 074014
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Measurements of jet rates with the anti-kT and SiScone algorithms at LEP with
the OPAL detector

A. Verbytskyi
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München 80605, Germany

We study jet production in e+e− annihilation to hadrons with data recorded by the OPAL
experiment at LEP at centre-of-mass energies between 90GeV and 207GeV. The jet e+e−

production rates were measured for the first time with the anti-kT and SiScone jet clustering
algorithms. We compare the data with predictions by modern Monte Carlo event generators.

1 Introduction

The strong interactions in the Standard Model are described with Quantum Chromodynamics
(QCD). The verification of the predictions of QCD is essential for the understanding of Standard
Model and is instrumental for searches of the physics beyond the Standard Model. One of the
precise QCD predictions, which depends strongly on the only theory parameter, the constant of
strong interaction αs, is the topology of the e+e− → hadrons events, i.e. multi-jet events.

Recent theoretical developments allow to make predictions for this process even more precise
than before. In the same time, these events can be studied for the first time with the recently
developed jet clustering algorithms. The presented analysis aims to provide such measurements.

2 Jet algorithms

A jet clustering algorithm is a way to simplify the high energy collision event topology and exhibit
the underlying physics at the parton level. The main goal of such a procedure is to reconstruct
the kinematic variables of the partons produced during the primary hard interaction. The energy
and the momenta of the partons are reconstructed by combining momenta and energy of the
charged and neutral particles which are clustered into jets. Several jet algorithms are used to
perform the combination in different environments – e+e−, pp or e±p collisions. A detailed
overview of their properties can be found elsewhere 1. Basically, the contemporary algorithms
can be divided in two groups: the sequential recombination algorithms and the cone algorithms.

The jets clustered with the sequential recombination algorithms are defined with the clus-
tering procedure. The objects in the event are sequentially recombined into jets taking into
account a pairwise distance measure between them. The definition of the distance measure, the
order of recombination, the recombination scheme and the criteria to stop the procedure are the
intrinsic properties of the algorithm.

The cone algorithms use a concept of cone object, which is defined as a set of considered
objects with some given properties, e.g. having the jet energy above the defined threshold Ecut.

In this analysis two new jet algorithms, SiScone 2,3,4 and anti-kT
5,3 are applied to e+e− →

hadrons events. For both algorithms the used value of the R parameter, the angular jet size
(radius) was equal to 0.7 for the basic studies. The maximal fraction of the energy shared
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between jets was set to 0.75. For a comparison with previously published results a PxCone
algorithm was used 6.

3 The OPAL detector

A detailed description of the OPAL detector can be found elsewhere 7,8. Briefly OPAL is a
multi-purpose detector with 93% solid angle coverage. Tracking of charged particles was per-
formed by a central detector, enclosed in a solenoid which provided a uniform axial magnetic
field. The solenoid coil was surrounded by a time-of-flight counter array and a barrel lead-glass
electromagnetic calorimeter with a presampler. Outside the electromagnetic calorimetry, the
magnet return yoke was instrumented with streamer tubes to form a hadronic calorimeter. The
detector was completed with muon detectors outside the magnet return yoke. The integrated
luminosity was evaluated using small angle Bhabha scattering events observed in the forward
calorimeters 9.

4 Data and Monte Carlo samples

The analysis is based on the data samples obtained between 1995 and 2001 at the centre-of-
mass energies close to

√
s = 91,130, 136, 161, 172,183, 189, 192, 196, 200, 202,205, 207GeV(see a

summary elsewhere 10). For presentation purposes the results were combined into four samples
with the average energies

√
s = 91, 133, 177, 197GeV.

For the correction of the reconstructed events to the hadron (particle) level Monte Carlo
samples with simulation of e+e− → hadrons events were produced with KK2f 11 and hadronised
with Pythia 6.112 or Herwig 6.213 generators. For the reconstruction of the events at the particle
level all undecayed particles were used.

For the estimation of background from e+e− → W+W− → qqqq and e+e− → W+W− → qqll
processes, the Monte Carlo samples were produced with the grc4f2.1 14 and KORALW1.42 15

generators and hadronised with JETSET15. The samples above were passed through the Geant3-
based 16 OPAL detector simulation 17 and reconstructed in the same way as the data.

5 Event selection and reconstruction

The performed event selection is identical to the one used in the previous jet analyses10. Briefly,
the events where rejected if the tracking system, electromagnetic calorimeter or the trigger
system were inoperational, less than five tracks were reconstructed or the event had energetic
initial state radiation 9,10.

The events were required to have | cos θ| < 0.95, where the θ is the polar angle of the thrust
axis calculated from all track and cluster objects. The events with a high probability to contain
e+e− → W+W− → qqqq or e+e− → W+W− → qqll processes 18 were rejected.

The input for the reconstruction procedure at the (simulated) detector level was a set of
tracks and the electromagnetic calorimeter clusters. To avoid double counting of the clustered
objects an energy-flow algorithm 19,20, matching tracks to the clusters in the electromagnetic
calorimeter was applied.

The measured distributions of the jet rates were obtained in the following way. To take
into account the presence of e−e+ → W−W+ background events the simulated detector level
distributions of the e+e− → W+W− events weighted to the same luminosity as the data were
subtracted from the detector level distributions. The obtained distributions were corrected
bin-by-bin to the detector effects. The corrections were obtained as a ratio of the simulated
detector level distributions and the particle level distributions of the same events. Finally, the
distributions were normalised to the number of weighted entries.

The systematic uncertainties on the obtained results had several sources. The procedure
of systematic uncertainties estimation is exactly the same as in the previous analyses 10. The
dominant systematic effects are the hadronisation modelling uncertainties.
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6 Results and discussion

The results obtained with the SiScone and anti-kT jet algorithms are showna in Fig. 1.
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Figure 1 – The 2-,3- and 4-jet rates distributions with anti-kT R = 0.7 (left) and SiScone R = 0.7 (right) jet
clustering algorithms for

√
s = 91GeV. The data is corrected to the particle level. The KK2f Monte Carlo

samples are hadronised with Pythia6.

As the results of the clustering procedures strongly depend on the value of cone radius R
this dependence was studied, see Fig. 2.
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Figure 2 – The fraction of 2-, 3- and 4-jet rates with energy Ecut > 6GeV versus R for anti-kT (left) and SiScone
(right) jet clustering algorithm for

√
s = 133GeV. The data is corrected to the particle level.

The measurements obtained in the previous sections were compared to the predictions of
three Monte Carlo generators: Herwig++21, Pythia8.222 and SHERPA2.223. For the Herwig++
and SHERPA2.2 the default setups without specific hadronisation tunings were used. The
Pythia8 events were generated with the setup tuned to the LEPI data 22. All the Monte Carlo
simulated distributions describe the data well, see Fig. 3.

For these generators the hadronisation corrections were computed, see Fig. 4.

aOnly a part of results is shown.
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Figure 3 – The fraction of 2-, 3- and 4-jet rates distributions with anti-kT R = 0.7 (left) and SiScone R = 0.7
(right) jet clustering algorithms for

√
s = 177GeV for Monte Carlo predictions on the particle level.
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Figure 4 – The hadronisation corrections to fraction of 2-, 3- and 4-jet rates with anti-kT R = 0.7 (left) and
SiScone R = 0.7 (right) jet clustering algorithms for

√
s = 197GeV with different Monte Carlo generators. The

Evis stands for the visible energy in the event.

7 Summary

The jet rate observables in e+e− annihilations to hadrons were measured with various clustering
procedures. The new results obtained with clustering algorithms used earlier are consistent
with the previously published measurements. The results obtained with the recently developed
clustering algorithms provide an input for the validation of QCD and possibly precise estimation
of αs.
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RESULTS ON QCD AND RELATED TOPICS FROM TEVATRON

A. LUCÀ for the CDF and D0 Collaborations
Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare,

I-00044 Frascati, Italy

We present a summary of the results from studies of quantum chromodynamics (QCD) at
the Fermilab Tevatron collider in Run II, by the CDF and the D0 experiments. This review
covers a wide spectrum of topics. D0 analyses include measurements of J/ψ and Υ mesons
production, and the effective cross section of double parton interactions using diphoton + dijet
events. Analyses from CDF include a measurement of the central exclusive π+π− production,
as well as measurements of the inclusive isolated prompt photon cross section and the W
boson plus jets differential cross section.

1 Results

We briefly present recent studies performed by the CDF and D0 high energy experiments using
proton-antiproton (pp̄) collisions produced by the Fermilab Tevatron collider. The main goal
of these analyses is studying phenomena strongly dependent on the structure of the colliding
nucleons and interaction of their constituent partons in the perturbative and non-pertubative
regimes of quantum chromodynamics (QCD). The two general purpose detectors were built with
different technology and materials, making the results from the two experiments complementary
to each other. The relatively low trigger thresholds due to the nature of the colliding beams
and relatively low pileup allow studies of the particle spectra either completely or partially
inaccessible at the LHC experiments.

1.1 Evidence for the simultaneous production of J/ψ and Υ mesons at D0

Production of multiple quarkonium states provides insight into the parton structure of the
nucleon. We measured for the first time the cross section for simultaneous production of J/ψ
and Υ(1S; 2S; 3S) mesons in pp̄ collisions at

√
s = 1.96 TeV 1. The DP process is estimated

to give the dominant contribution to the total J/ψ and Υ production at the Tevatron and
in this analysis, we assume that there is no SP contribution. Because of the dominance of gg
interactions in producing heavy quarkonium states, the spatial distribution of gluons in a proton
is directly probed by the DP scattering rate, which represents simultaneous, independent parton
interactions. We find the first evidence of simultaneous production of prompt J/ψ and Υ (1S;
2S; 3S) mesons with a significance of 3.2 standard deviations. The process is expected to be
dominated by double parton scattering. The distribution of the azimuthal angle between the
J/ψ and Υ candidates is consistent with the double parton scattering predictions. Under the
assumption of it being entirely composed of double parton scattering, in the fiducial region of
pμT > 2 GeV and |ημ| < 2 we measure the cross section σDP(J/ψ+Υ) = 27±9(stat)±7(syst) fb.
We also measure the single J/ψ and estimate the single Υ(1S; 2S; 3S) production cross sections
in the same fiducial region as the J/ψ and Υ cross section and find the effective cross section
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for this gg dominated process to be σeff = 2.2± 0.7(stat)± 0.9(syst) mb, lower than the values
found in the qq̄ and qg dominated double parton processes. This suggests that the spatial region
occupied by gluons within the proton is smaller than that occupied by quarks.

1.2 Study of double parton interactions in diphoton-dijet events at D0

Information regarding the abundance of simultaneous double parton (DP) interactions
comprising two separate hard parton scatterings within a single hadron-hadron collision is a
subject of great interest, because the growing LHC luminosity provides an opportunity to
search for signals from new physics for which the DP events constitute a significant
background, especially in the multijet final state. For example, processes such as the
associated production of the Higgs and W bosons, with the Higgs boson decaying into a pair of
b quarks, have substantial DP backgrounds.

We present the first measurement of double parton scattering processes in a single pp̄ collision
with γγ+ dijet final states 2. In the chosen kinematic region pγ1T > 6 GeV, pγ2T >15 GeV,

|ηγ | < 1.0, |ηjets| < 3.5, and 15 < pjetsT < 40 GeV, photon separation ΔR > 0.4, photon-jet
separation ΔR > 0.9, and jet-jet separation ΔR > 1.4, we observe that 21.3 ± 6.7% of events
arise from double parton scattering. The parameter σeff , which characterizes the size of the
interaction region in a nucleon, is found to be σeff = 19.3 ± 1.4(stat) ± 7.8(syst) mb. The
obtained result agrees with all the measurements of σeff performed by various experiments up
to the present time, for processes dominated by qq̄ and qg initial states.

1.3 Measurement of central exclusive π+π− production in pp̄ collisions at√
s = 0.9 and 1.96 TeV at CDF

The analysis reported here selects scattering processes producing a pair of low
transverse-momentum (pT ) hadrons. Such processes are governed by nonperturbative physics.
The data set is collected in pp̄ collisions at

√
s = 0.9 and 1.96 TeV. Besides the pair of two

central, |η| < 1.3 particles, the analysis looks for the absence of the detector activity above
noise (rapidity gap) in all of the instrumented pseudorapidity region (1.3 < |η| < 5.9). Such
process is expected to be dominated by double pomeron exchange (DPE), where pomeron in
Regge theory is a pair of gluons in a color-singlet state. The DPE acts as a quantum number
filter for the central state, only allowing isotopic spin I = 0 with positive parity, C-parity and
G-parity, and dominantly even spin J, favoring states having valence gluons and no valence
quarks, such as glueballs. Exclusive production of f0, f2, χc0(2), and χb0(2) mesons is also
allowed. The two central tracks, assumed to be pions, are studied in two subsets: with a
requirement of pT > 0.4 GeV and pT > 1.0 GeV. The results are presented as differential cross
sections dσ/dM(ππ) from M(ππ) > 1.0 GeV in the first subset and from M(ππ) > 0.3 GeV
in the second subset. Fig. 1 shows the cross section for the first subset on the left and the
second subset on the right. The data feature a peak centered at 1270 MeV consistent with
f2(1270) meson with a shoulder on the high mass side presumably from f0(1370) meson. The
differential cross sections at the two energies are similar in shape, see Fig. 1, left. The ratio
R(0.9 : 1.96) = 1.284 ± 0.039 is shown below the left plot and is consistent with 1.3 expected
from Regge phenomenology (in the case of elastic scattering, when both proton and antiproton
are intact), falling as 1/ln(s). However, diffractive scattering is not excluded from the data,
which supposedly raises the ratio up to R(0.9 : 1.96) = 1.560 ± 0.056 at M(ππ) > 2.0 GeV.
The right plot in Fig. 1 features a sharp drop at around 1.0 GeV where f0(980) and the
K+K− threshold would occur. There is no sign of a prominent ρ0 signal, which is expected as
far as in DPE the process is forbidden and the photoproduction of ρ0-mesons is small.
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Figure 1 – Differential cross sections dσ/dM(ππ) for the pT > 0.4 GeV subset (left) and pT > 1.0 GeV subset
(right).

1.4 Measurement of W → �ν+ jets production cross section at CDF

The measurement of the production of jets in association with a W-boson in pp̄ collisions allows
for precision tests of perturbative quantum chromodynamics (pQCD). Moreover, the W+ jets
final state is also one of the main backgrounds for important standard model (SM) processes
like, for example, tt̄, single-top and Higgs boson production and for a variety of physics processes
beyond the SM. This analysis uses 9.0 fb−1 of data collected with the CDF detector in Run II 4,
and follows previous studies of jet pairs produced in association with a W−boson at CDF.

The W-bosons are identified through their leptonic decays to electrons and muons. The
cross sections of the W (→ e) and W (→ μ) are unfolded to particle level and then combined.
Measurements are performed in the kinematic region E�

T > 25 GeV, |η�| < 1.0, Ejet
T > 25 GeV,

|ηjet| < 2 and mW > 40 GeV/c2 and jets are reconstructed with JETCLU algorithm. Fig. 2
shows the measured cross-section as a function of the inclusive jet multiplicity (left) and the
leading jet ET (right). Experimental uncertainties are of the order of 8% for N≥ 1 jet up to 28%
for N≥ 4 jets, and about 5% for all the leading jet ET range considered. The main experimental
uncertainty is associated with the background modeling. Cross sections are compared with
theoretical predictions from alpgen interfaced with pythia. The dominant uncertainty in the
theoretical prediction is related to the variation of the renormalization and factorization scale.
The LO K-factor, alpgen+pythia predictions are consistent with the results.

1.5 Measurement of the inclusive isolated prompt photon cross section at
CDF

The measurement of inclusive prompt photon (γ) production cross section is an important
testing ground for pQCD, probing the parton distribution functions (PDF) and the parton-
to-photon fragmentation functions (FF). In addition, prompt photon production is a major
background for many other Standard Model (SM) processes such as a Higgs boson decays into
photon pairs (H → γγ) and in searches for new physics with signatures containing photons. At
the Tevatron, events with prompt photons with transverse energy Eγ

T < 100 GeV are produced
predominantly via quark-gluon Compton scattering qg → qγ, while at higher Eγ

T the quark-
antiquark annihilation process qq̄ → gγ plays a preeminent role. In addition to these direct
processes, they can also be produced through the collinear fragmentation of a final-state parton
into a photon, e.g. qq → qq → γX, where X can be any final-state particle. A measurement
of the differential cross section for the inclusive production of isolated prompt photons in pp̄
collisions at

√
s = 1.96 TeV is presented using the full dataset collected with the CDF detector

in Run II. The cross section is measured in the central pseudorapidity region (|ηγ | < 1.0) as
a function of photon transverse energy Eγ

T , from 30 GeV to 500 GeV. Our measurement is
unfolded back to particle level and compared to three theoretical predictions as shown in Fig. 3.
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Figure 2 – Measured cross section in the W → eν+ jets (blue dots) and W → μν+ jets (red squares) decay
channels as a function of inclusive number of jets (left) and inclusive leading jet ET (right). The lower figures
illustrate the ratio between measured cross sections and combination with the total systematic uncertainty.

Both pythia and sherpa calculations describe the shape of the differential cross section. The
data are in good agreement with the fixed-order NLO mcfm calculation.

Figure 3 – (Left) The measured γ+X cross section as a function of the photon transverse energy, Eγ
T , compared

with the pythia, sherpa and mcfm predictions. (Right) Data points centered at 1.0 and Data/Theory ratio
(dashed lines) of the inclusive prompt photon differential cross section. The inner (full) error bars on the data
points show statistical uncertainties (statistical and systematic uncertainties added in quadrature).
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QCD with jets and photons at ATLAS and CMS

Mario Campanelli, on behalf of the ATLAS and CMS collaborations
University College London WC1E 6BT London UK

Recent measurements from the ATLAS and CMS collaborations are testing QCD with un-
precedented precision and in a new energy regime. Measurements with jets and photons are
complementary and sensitive to both hard and soft scattering.

1 Introduction

QCD is a very successful theory, tested over decades in many experiments. Currently, multileg
and NLO Monte Carlo codes are very mature, NNLO calculations exist for several processes, and
electroweak corrections have been computed for instance for jet final states. So, what is still to
be learnt from QCD? Higher-order processes can still play a role in some regions of phase space,
in particular for multiple final states, and scale uncertainties still play an important role. Many
non-perturbative effects are important, especially for jets, like Parton Distribution Functions,
hadronisation and fragmentation, multiple parton interactions. Jet and photon measurements
are also important for validating the detector/trigger/reconstruction chain, being among the
first measurements performed at each new energy, and are “legacy” measurements for the fu-
ture. Measurements of multiple final states and complex variables, as well as combinations of
measurements taken at different energies, help testing, constraining and fitting QCD. Recent
results from both the ATLAS 1 and CMS 2 collaborations are presented.

2 Photon identification and jet recontruction

Considering that in a typical LHC collision there are about 109 jets per photon, the main
background to photons are π0 decays. The two experiments have different strategies to suppress
these backgrounds: ATLAS uses a nine-variable likelihood based on a 3D shower shape, while
CMS uses 2D deposits in crystals, collected as superclusters.

Jets are reconstructed in ATLAS by merging calorimeter cells with strong significance above
the noise into topoclusters, that are used as input to jet clustering; several a posteriori corrections
are applied to jets, reaching a Jet Energy Scale (JES) uncertainty of the order of 1%. In CMS,
jet constituents are Particle-Flow objects, where particles are identified by matching information
from the tracker to ECAL and HCAL culsters. This has been shown to give better performance
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with respect to the calorimeter- only jets, and to lead to a JES uncertainty between 1% and
3%3.

3 Photon cross-section measurements

ATLAS measured the inclusive photon cross-section using the full 2012 dataset 4. Identification
criteria have been independently tuned for standard and converted photons, and are orthogo-
nal to the photon isolation cut, therefore background can be estimated using a 2D data-driven
method based on the ABCD principle. The main uncertainties to this measurement are the
photon energy scale, the admixture between prompt photons and those coming from fragmen-
tation, and the correlations between the identification and isolation criteria. The cross-section
has been unfolded using a bin-by-bin technique, using an iterative Bayesian method. Data has
been compared to the JetPhox 5 and PeTer 6 calculations, as well as PYTHIA8 7 and SHERPA 8,
using the CT109 PDF set, with other sets giving very similar predictions. Comparisons between
theory and data, for the NLO calculations, are given in figure 1.
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Figure 1 – The ratio between inclusive photon cross-section in four rapidity bins and NLO theory predictions.
The grey band shows systematic uncertainties. 4

Preliminary results are also available from ATLAS for inclusive photons and photon pairs
collected in 2015, with a centre-of-mass energy of 13 TeV 10. These measurements were only
performed at detector level, using a similar selection as that of the 8 TeV paper; the inclusive
jet analysis has a comparison with the SHERPA Monte Carlo simulation, while the di-photon
one only shows the data points, without background subtraction.

Photons in association with multiple jets have been measured in CMS on the 7 TeV dataset.
11 Background to photons was estimated in Monte Carlo using a random cone technique for
prompt, and sidebands for non-prompt photons. The isolation distribution has been compared
to data. Several unfolded distributions have been presented, among others jet multiplicity,
transverse momentum and the Δ R between different combinations of jets and the photons have
been compared to NLO and multileg theory, including to the GoSam12 code corrected for parton
shower and underlying event.

4 Jet measurements

Inclusive jet cross-sections are among the most important basic measurements, and they are
sensitive to both hard-QCD and soft-QCD effects. They are very important for fitting PDF’s at
high transverse momenta. The main uncertainty associated to jet measurements is very often
the Jet Energy Scale, and its influence for PDF’s determination can be greatly reduced by
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taking ratios of cross-sections obtained at different centre-of-mass energies. Jets with the same
transverse momentum will share the same energy scale, but they will correspond to different
values of XF , increasing the amount of information that a simultaneous fit can provide. The
LHC delivered pp collisions at

√
s = 2.76 TeV, the energy corresponding to the average energy

per nucleon in heavy-ion collisions. Both ATLAS and CMS have measured the inclusive jet
cross-section at this energy, and studied the ratio of the inclusinve jet spectrum with respect
to data taken at 8 TeV. As it can be seen in figure 2, relative to the CMS measurement 13, the
improved precision of these measuments will allow better determination of PDF’s, especially
those relative to the forward region, where constraints are less stringent.
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Figure 2 – The ratio between the jet cross-section measured by CMS at centre-of-mass energies of 2.76 and 8 TeV,
in two rapidity bins. 13

The two experiments have also measured the inclusive cross-section at 13 TeV, albeit the
advancement of these analyses is different. The ATLAS measurement 14 is so far restricted
to jets with radius R=0.4 and only the central rapidity bin. Data are unfolded using an it-
erative method, and comparisons are made with the NLOJet++15 theoretical code, using non-
perturbative corrections and two PDF sets. The CMS analysis16 compares unfolded distributions
for jets reconstructed with radius parameters of R=0.4 and R=0.7, up to a rapidity of |y| < 4.7,
to NLO Monte Carlo (Powheg + Pythia8), NLOJet++, and leading-order Monte Carlo for sev-
eral PDF sets. A different behaviour is observed between the two jet radii, maybe indicating
some soft out-of-cone effects.

Multiple final states and complex observables can test QCD predictions in difficult configu-
rations. ATLAS measured four-jet production on the full 8 TeV dataset 17, and compared the
unfolded distributions to several general-purpose as well as multi-leg Monte Carlo generators.
The cross-section as a function of the scalar sum of transverse momenta of central jets, for
events where the largest rapidity separation of jets is larger than 4, is shown in figure 3. Some
discrepancy is visible, for regions of phase space where modelling is more difficult.

CMS has measured 18 several topological observables in 3-jet and 4-jet events for a centre-
of-mass energy of 7 TeV. In particular, the fraction of transverse energy of each jet with respect
to the total invariant mass of the system was measured, as well as the angles between the
planes containing jets. Comparisons were made with Madgraph, PYTHIA8 and Herwig++,
with precisions of the order of 5-10%. Overall, Madgraph shows the best agreement with data.

Another observable very sensitive to higher-order QCD effects is the azimuthal angle between
the two leading jets in an event. The measurement 19 has been performed over the whole 2012
dataset, at a centre-of-mass energy of 8 TeV. Analytical theory calculations can only extend to
a limited range in ΔΦ, while even leading order Monte Carlo codes show a good agreement with
data.
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Figure 3 – Unfolded four-jet differential cross section as a function of Σpcentral
T with Δymax

2j > 4, compared
to different theoretical predictions. The other details are as for figure 11. Some points in the ratio curves for
NJet/Sherpa fall outside the y-axis range, and thus the NLO uncertainty is shown partially, or not shown, in
these particular bins. 17

5 Conclusions

High-precision QCD measurements on 2011 and 2012 data are being complemented by the first
results from 2015. The combination of measurements taken at different energies allows cancel-
lation of uncertainties, and better constraints on theoretical inputs. Complex measurements of
multiple final states explore regions of phase-space where the current theory struggles to match
the data. For the future, the systematic exploration of more complex variables and final states,
combining several beam energies, will largely improve our understanding of QCD.
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We examine properties of small-radius jets, focusing on phenomenological applications to
the inclusive jet spectrum. We match fixed-order calculations with the leading-logarithmic
resummation of the jet radius (LLR), and propose a new prescription to evaluate theoretical
uncertainties for next-to-leading order (NLO) predictions. We also examine the R-dependent
next-to-next-to-leading order (NNLO) corrections, and include them in our calculation. We
discuss hadronisation corrections, which are derived from Monte Carlo generators. Finally,
we assemble these elements and compare the ratio of the inclusive jet spectra at two R values
obtained from our matched (N)NLO+LLR predictions to data from ALICE and ATLAS,
finding improved agreement.

1 Introduction

Achieving highly precise predictions is an essential goal of modern collider physics. It is impor-
tant in numerous contexts, notably: in Higgs physics, where accurate determination of couplings
are now one of the main goals; in PDF extractions, whose uncertainties feed back into all other
theoretical predictions; and in the determination of electroweak parameters. A large number of
analyses at the LHC rely on the use of jets, and as such, an understanding of how limits on
precision could be pushed in such processes would bring valuable insights.

We consider an archetypal hadron-collider jet observable, the inclusive jet spectrum, which
can provide a useful case study with both experimental and theoretical challenges. We aim to
investigate the R-dependence of jet spectra, focusing particularly on the small-radius limit.

2 Small-radius resummation

Building on previous work treating the resummation of leading logarithmic small-radius terms [1],
it is straightforward to express the small-R resummed inclusive “microjet” spectrum from the
convolution of the inclusive microjet fragmentation function, f incl

jet/k(pt/p
′
t, t), with the leading

order (LO) inclusive spectrum of partons with transverse momentum p′t and flavour k, dσ(k)

dp′t

σLLR(pt, R) ≡ dσLLR
jet

dpt
=
∑
k

∫
pt

dp′t
p′t

f incl
jet/k

(
pt
p′t
, t(R,R0, μR)

)
dσ(k)

dp′t
. (1)

Here we use an evolution variable t, defined by

t(R,R0, μR) =

∫ R2
0

R2

dθ2

θ2
αs(μR θ/R0)

2π
, b0 =

11CA − 4TRnf

6
, (2)

where R0 ∼ 1 is an angular scale at which the small-R approximation becomes valid.
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To verify the accuracy of the small-R approximation, we can compare the difference be-
tween R values obtained from a fixed-order calculation and the corresponding result obtained
from the expansion of the resummed result given by Eq. (1). Fig. 1 (left) shows 1

σLO

(
σNLO(R)−

σNLO(Rref)
)
as a function of R for both the small-R expansion and the exact fixed-order calcula-

tion (obtained with NLOJet++ [2]), takingRref = 0.1. We observe that the small-R approximation
works very well for values of the jet radius observing R ≤ 0.6.

Furthermore, to examine subleading terms beyond NLO, we take a NLO 3-jet calculation,
using the fact that

σNNLO(R)− σNNLO(Rref) = σNLO3j (R)− σNLO3j (Rref) . (3)

Comparing again the exact result with the expansion of the resummed spectrum, we can see in
Fig. 1 (right) that there are important subleading contributions of the form αn

s ln
n−1R. We will

include a subset of these terms by matching the LLR resummation with the exact R dependence
up to NNLO.
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Figure 1 – The exact and small-R approximation for the R dependence of the cross section, at NLO (left) and
NNLO (right).

3 Matching to fixed order

To obtain phenomenological predictions, we combine the LLR resummation with fixed-order
results. We achieve this by adopting a multiplicative matching scheme, given by

σNLO+LLR = (σ0 + σ1(R0))×
[
σLLR(R)

σ0
×
(
1 +

σ1(R)− σ1(R0)− σLLR
1 (R)

σ0

)]
, (4)

where σi is the contribution of order α2+i
s to the inclusive jet cross section, and the superscript

LLR signals predictions obtained from the small-R approximation. Because the two terms in
separate brackets in Eq. (4) lead to K-factors going in opposite directions, there is a partial can-
cellation of higher order effects. This leads to unphysical cancellations of the scale uncertainties
for certain values of the jet radius. Therefore, we propose an alternative method to estimate
missing higher orders uncertainties, which we obtain by evaluating the scale dependence inde-
pendently in each term, and adding the resulting uncertainties in quadrature.

Furthermore, because of the importance of subleading α2
s lnR terms highlighted in Fig. 1

(right), it is important to include them. To this end, we construct a stand-in for the full NNLO
result, denoted NNLOR, which contains the complete R dependence

σNNLOR(R,Rm) ≡ σ0 + σ1(R) + [σ2(R)− σ2(Rm)]. (5)

Here Rm is an arbitrary angular scale, which we will take as Rm = 1. We then extend the
NLO matching scheme described in Eq. (4) up to NNLO to obtain matched NNLOR+LLR

predictions [3].
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4 Non-perturbative effects

In order to compare our predictions with data, it is important to consider the impact of non-
perturbative effects. The two main sources of non-perturbative corrections are: hadronisation,
which is the transition from parton-level to hadron-level; and underlying event (UE), which
corresponds to multiple interactions of the partons in the colliding protons.

Their dependence on the jet radius is very different, therefore it is useful to examine them
separately: hadronisation is enhanced as 1/R at small radii, while the shift in jet pt from UE
scales as R2. The correction factors derived from 6 different Monte Carlo tunes is shown in
Fig. 2 as a function of R, both for hadronisation (left) and UE (right).

We include non-perturbative effects by rescaling the perturbative spectra with factors derived
from the average of several Monte Carlo tunes.

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0.05  0.2  0.4  0.6 0.1  1

pp 7 TeV
pt>100 GeV, |y|<0.5

ha
dr

on
is

at
io

n 
co

rr
ec

tio
n

R

Herwig6 - AUET2
Herwig++ - UE-EE-4

Pythia6 - P2011
Pythia6 - Z2
Pythia8 - 4C

Pythia8 - Monash13
 0.9

 0.95

 1

 1.05

 1.1

 1.15

 1.2

 1.25

 1.3

 0.05  0.2  0.4  0.6 0.1  1

pp 7 TeV
pt>100 GeV, |y|<0.5

U
E 

co
rr

ec
tio

n

R

Figure 2 – Non-perturbative corrections factors derived from Monte Carlo event generators, for hadronisation
(left) and underlying event (right).

5 Comparison to data

We can now compare our predictions with existing inclusive jet data from the ALICE and
ATLAS experiments.

The ATLAS data [4] is at centre-of-mass energy
√
s = 7 TeV, with two values of the jet

radius: R = 0.4 and R = 0.6. To best evaluate the compatibility of our predictions with the
experimental data, we take the ratio of the inclusive jet spectra at the two R values. This allows
us to study directly the R dependence, as a number of experimental and theoretical uncertainties
cancel in the ratio. In Fig. 3, we show the result of this comparison. Here we observe a much
better agreement of the experimental data with the NNLO(R) based predictions compared with
the plain NLO.
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Figure 3 – Comparison of theoretical predictions with data from the ATLAS collaboration [4].
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We also compare our results with inclusive jet data from the ALICE collaboration [5], taken
at

√
s = 2.76 TeV with R = 0.2 and R = 0.4. Taking again the ratio of these spectra, we show

a comparison with our theoretical predictions in Fig. 4. We can see substantial effects beyond
NLO from the resummation and the NNLO terms, with the NNLO+LLR seemingly providing
the best match for the experimental data.
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Figure 4 – Comparison of theoretical predictions with data from the ALICE collaboration [5].

6 Conclusion

We provided a detailed study of small-R effects in inclusive jet spectra, considering R-dependent
contributions up to NNLO which where matched with the LLR resummation. We studied non-
perturbative effects and included them as corrections factors for the comparison with experi-
mental data. Our work suggests that using multiple R values can provide a powerful handle on
systematic uncertainties. As such, we encourage experimental collaboration to use at least three
different R values for their jet measurements: R = 0.2− 0.3, where UE is suppressed, R = 0.4,
and R = 0.6 − 0.7 where hadronisation is suppressed. The computer code used for this study,
as well as additional figures, are available online [6].

Acknowledgements

This work has been done in collaboration with Mrinal Dasgupta, Gavin Salam and Gregory
Soyez, and was supported by the ILP LABEX (ANR-10-LABX-63) supported by French state
funds managed by the ANR within the Investissements d’Avenir programme under reference
ANR-11-IDEX-0004-02.

References

1. M. Dasgupta, F. Dreyer, G. P. Salam and G. Soyez, JHEP 1504 (2015) 039
doi:10.1007/JHEP04(2015)039 [arXiv:1411.5182 [hep-ph]].

2. Z. Nagy, Phys. Rev. D 68 (2003) 094002 doi:10.1103/PhysRevD.68.094002 [hep-
ph/0307268].

3. M. Dasgupta, F. A. Dreyer, G. P. Salam and G. Soyez, arXiv:1602.01110 [hep-ph].
4. G. Aad et al. [ATLAS Collaboration], JHEP 1502 (2015) 153 Erratum: [JHEP 1509

(2015) 141] doi:10.1007/JHEP02(2015)153, 10.1007/JHEP09(2015)141 [arXiv:1410.8857
[hep-ex]].

5. B. Abelev et al. [ALICE Collaboration], Phys. Lett. B 722 (2013) 262
doi:10.1016/j.physletb.2013.04.026 [arXiv:1301.3475 [nucl-ex]].

6. M. Dasgupta, F. A. Dreyer, G. P. Salam and G. Soyez, http://microjets.hepforge.org.

114



QCD AT HIGH-LUMINOSITY HADRON COLLIDERS a

F. Hautmann
Rutherford Appleton Laboratory and Theoretical Physics Dept., University of Oxford

This talk gives a brief introduction to open questions in jet physics and QCD which come to
the fore in the high-luminosity regime characterizing the upcoming phase of the Large Hadron
Collider and future hadron colliders.

Precision studies of the Standard Model (SM) and searches for rare processes beyond the SM
in experiments at the Large Hadron Collider (LHC) rely on the reduction of statistical errors
which will be achieved by the increase in luminosity at the LHC Run II and further boosted by
the high-luminosity upgrade foreseen for 2020.

For large luminosity, kinematic regions characterized by small event rates can be explored,
while new experimental challenges are posed by “pile-up”, i.e., the high number of overlaid
proton-proton collisions.

The focus of this article is on QCD theoretical issues arising in regions accessible at high
luminosity, and open questions in handling high pile-up, in particular regarding the treatment
of QCD jet correlations.

Consider the class of processes depicted in Fig. 1, where massive states such as Drell-Yan
lepton pairs, heavy flavor pairs, Higgs bosons, or new beyond-Standard-Model (BSM) states
are produced in association with jets. LHC kinematics is characterized by a very wide range
in rapidity which can be covered by detectors and where interesting physics signals can appear,
and by a very large range in the ratios of the energy scales S, sjj , and sH in Fig. 1.

Figure 1 – Production of heavy-mass states (Drell-Yan lepton pairs, heavy flavor pairs, Higgs bosons, new BSM
states) in association with jets at the LHC.

The exclusive phase space boundary region sH/S → 1 can be accessed with high luminosity,
and will be relevant to searches for high-mass BSM states as well as SM studies such as high-
mass tt̄ and Drell-Yan production. This is a region where color radiation is strongly suppressed.

aTalk at the 51st Rencontres de Moriond, La Thuile, March 2016.
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Reliable theoretical predictions will require QCD calculations to take into account infrared
gluon effects from the imbalance between virtual processes and real emission to all orders in
αs, and model nonperturbative color flow and color reconnection effects. Besides the partonic
channels, initial-state color-singlet channels become non-negligible near the exclusive phase space
boundary. An example is photon-photon production, whose impact on BSM heavy neutral Z ′-
boson searches is analyzed in Refs 1,2.

The region sjj ≈ S, with sjj 
 sH 
 ΛQCD, is also relevant to studies of new physics
effects at the highest energy scales. Because of the large dijet sub-energy this region probes the
dynamics of structure functions and parton cascades near the kinematic limit x → 1 3. However,
since sH/sjj � 1, the phase space opens up for finite-angle, multi-gluon radiation associated with
scattering in the high-energy limit 4. The interplay of these effects has never been investigated
before and will be explored in high-luminosity experiments.

Analyses performed at Run I have already pointed to the importance of dijet distributions
for increasing dijet masses — see e.g. the comparison in Fig. 2 5 of dijet mass measurements
in W -boson + jets production with the next-to-leading-order (NLO) calculation matched to
parton shower Blackhat + Sherpa 6 for masses in the region above 500 GeV. Similar effects
are seen in Fig. 2 from the comparison with the Alpgen7 Monte Carlo. See Ref.8 for discussion
of mass distributions in the context of transverse-momentum dependent (TMD) approaches
to parton cascades’ evolution, which go beyond the NLO+shower approach b by incorporating
kinematical corrections due to energy-momentum conservation constraints 11 and dynamical
contributions due to finite-angle multi-gluon radiation 12. See Ref. 13 for related comparisons of
vector boson transverse momentum pT measurements in Z-boson + jets production at Run I
with Madgraph 14 and Sherpa 15 Monte Carlo calculations in the region of pT of several
hundred GeV.

Figure 2 – Di-jet invariant mass measured 5 in LHC final states with W -boson + 2 jets, compared with parton-
shower Monte Carlo calculations.

With increasing luminosity, measurements of processes such as those in Fig. 1 face the
challenge of pile-up, which reaches the level of 50 proton-proton collisions per bunch crossing at

bIf TMD contributions are non-negligible for large jet masses, then extensions of parton distributions as e.g.
in Refs 9 are likely to become relevant, particularly in the forward region 10.
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Run II, and will be higher in higher-luminosity runs 16−26. This is especially severe in regions
outside tracker acceptances, where techniques based on precise vertex and track reconstruction
are not available.

Different effects of pile-up in Z-boson + jets production are discussed in Ref. 27. The dis-
cussion can be extended to other processes in Fig. 1. One effect consists of additional pile-up
particles in the jet cone, leading to a jet pedestal. Another is the overlapping of soft particles
from pile-up, which are clustered into jets. A further effect is the mistagging of high transverse
momentum jets produced from independent pile-up events. Several methods exist to take the
first two effects into account and correct for them. These include techniques based on the jet
vertex fraction 18 and charged hadron subtraction 20,28, the Puppi method 29, the SoftKiller
method 30, the jet cleansing method 31. It is pointed out in Ref. 32 that the third effect is
significant especially in correlation variables and can be treated using a jet mixing method.

Fig. 332 illustrates an example of Z-boson / jet correlation, showing the Z-boson pT spectrum
in Z + jet production. On the left one sees the result at zero pile-up (solid black curve), the
result for NPU = 50 pile-up collisions (dot-dashed black), and the result of applying the pile-up
removal method SoftKiller 30 (dashed blue); on the right is the result of applying the jet mixing
method32 (solid red). The main observation is that while methods designed to take into account
jet pedestal and soft particles from pile-up work well at the level of leading jet spectra, at the
level of correlations the effects left over after soft particle removal are non-negligible, and for
these one needs additional methods, of which the jet mixing approach provides an example.
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Figure 3 – Effects of pile-up (with number of pile-up collisions NPU = 50) on the Z-boson pT spectrum in Z + jet
production 32: (left) application of the pile-up removal method SoftKiller 30; (right) application of the jet mixing
method 32.

It is worth noting that the proposed jet mixing is a statistical method which is data driven,
and avoids dependence on Monte Carlo modeling. It also has the distinctive feature of not
requiring low pile-up runs but rather making use of experimental data recorded at high pile-up,
thus entailing no loss in luminosity 27.

We finally observe that the Run II Higgs-boson experimental program is closely linked to
aspects of QCD discussed above. In particular, as high statistics is reached in Higgs boson
production measurements, a new program of precision studies in gluon fusion at high mass
scales becomes possible 33, in which the Higgs boson may be used as a color-singlet pointlike
source (in the heavy top quark limit) which couples to gluons, and compared with electroweak
sources coupled to quarks, e.g. Drell-Yan production in a comparable mass range. With this,
one will be able to access for the first time strong-interaction effects such as color correlations,
polarized gluons in unpolarized beams, gluon fusion processes with double spin flip 8,33.
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We give a brief overview of our calculation of the next-to-next-to-leading order (NNLO) QCD
corrections to Z + jet production and how it can be used to describe the inclusive Z-boson
production at large transverse momentum. Our NNLO prediction is compared to the mea-
surements performed by the ATLAS and CMS collaborations at a centre-of-mass energy of
8 TeV, where both experiments observed tension between data and the NLO theory predic-
tion. We find that the NNLO QCD corrections are not able to fully resolve the tension with
the experiments in the case of unnormalised distributions. For normalised distributions, on
the other hand, we observe a substantial improvement in the agreement between theory and
data by including the NNLO QCD effects.

1 Introduction

The neutral-current Drell–Yan process, pp → Z/γ∗ → 	+	−, is among the most important
so-called “standard candle” processes at the LHC owing to its large production rate and clean
experimental signature. It allows to test the Standard Model prediction over the large kinematic
range that is accessible through this process and delivers crucial constraints in the fit of parton
distribution functions (PDFs). Moreover, it represents a powerful tool for detector calibration
on the experimental side and also constitutes an important background to many searches for
physics beyond the Standard Model.

A particularly interesting observable for this process is given by the transverse momentum
of the Z boson, which is caused by a partonic recoil and is determined by QCD dynamics.
One of the main motivations to study this observable, in particular multi-differentially, is its
sensitivity to the gluon distribution which is still poorly constrained at high x values. It is
important to note that predictions which are accurate to NNLO in QCD for the inclusive Z-
boson production cross section degrade to only an NLO-accurate prediction in this observable
due to the aforementioned recoil. ATLAS and CMS both observed a tension between their
measurements and existing NLO QCD predictions, highlighting the potential importance of
higher order corrections to this process.
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Figure 1 – A schematic diagram demonstrating the Z boson recoiling against hard radiation.

Building upon our recent calculation of the NNLO QCD corrections to Z+jet production1, we
exploit our highly flexible and stable numerical code to predict the Z-boson transverse momen-
tum distribution to NNLO accuracy. To this end, we transition to a setup that is fully inclusive
with respect to QCD radiation and instead impose a small transverse momentum cut on the Z
boson. This cut has the effect of enforcing the presence of some non-vanishing hadronic recoil as
illustrated in Fig. 1, which in turn guarantees the infrared finiteness of the NNLO calculation.

2 Phenomenological results

The experimental measurement of the transverse momentum of the Z boson, pZT, is presented in
form of fiducial cross sections for a restricted kinematical range of the final state leptons. We
compare our NNLO calculation to data by considering the same event selection cuts as used in
the ATLAS3 and CMS4 analyses based on data collected in Run I of the LHC with

√
s = 8 TeV.

In order to reduce the systematic uncertainty on the measurement, in particular the luminosity
uncertainty of about 3%, the transverse momentum distribution is commonly normalised to the
inclusive production cross section

1

σ
· dσ

dpZT
. (1)

We compute the NNLO corrections to the unnormalised pZT distribution using our recent calcu-
lation for Z + jet production by imposing a transverse momentum cut of 20 GeV

dσ

dpZT

∣∣∣∣∣
pZT>20 GeV

=
dσZ+jet

LO

dpZT
+

dσZ+jet
NLO

dpZT
+

dσZ+jet
NNLO

dpZT
. (2)

The normalisation in Eq. 1 is obtained from the Drell–Yan cross section

σ =

∫ ∞
0

dσ

dpZT
dpZT ≡ σZ

LO + σZ
NLO + σZ

NNLO. (3)

As discussed in detail in 2, the inclusion of the NNLO QCD effects does not fully resolve
the tension with the data for the unnormalised pZT distribution. However, inspecting the Drell–
Yan fiducial cross section, i.e. the normalisation in Eq. 3, revealed a systematic larger value
for the measured cross section compared to the NNLO prediction. Comparing normalised pZT
distributions, we observed a substantial improvement in the agreement between theory and
data which we will discuss in the following. For the respective comparison of unnormalised
distributions and further results we refer to 2, where also more details are given.

Figure 2 shows the comparison of the CMS measurement 4 to our calculation for the nor-
malised double-differential distribution with respect to pZT and the rapidiy of the Z boson (yZ),
as a ratio to the NLO prediction. The bands on the theory curves represent the scale uncertainty
as obtained through a variation of the renormalisation and factorisation scale by a factor in the

range [1/2, 2] from the central scale choice of μ =
√
m2

�� + (pZT)
2. We recognise the aforemen-

tioned tension at NLO where the measured data points lie systematically above the prediction.
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Figure 2 – The normalised double-differential transverse momentum distribution for the Z boson in windows of
rapidity of the Z boson, yZ, with an invariant mass cut on final state leptons of 81 GeV < m�� < 101 GeV. The
CMS data is taken from 4. The green bands denote the NLO prediction with scale uncertainty and the blue bands
show the NNLO prediction.

The NNLO corrections are uniform in rapidity and transverse momentum at the level of about
5–10%, and they decrease the residual theory uncertainty to 2–4%. The tension observed at
NLO is completely resolved by the inclusion of the NNLO corrections and we see very good
agreement between data and theory.

In Fig. 3 we present the normalised double-differential distribution with respect to the trans-
verse momentum of the Z boson and the invariant mass of the lepton pair, m��, normalised to
the NLO prediction and compare it to the ATLAS data 3. A striking tension between the NLO
prediction and the data is seen in the three higher mass bins where the data is significantly
overshooting the theory prediction. Not only do the NNLO corrections in these bins result in an
overall positive correction, but we also observe a slight deformation of the shape at lower pZT, in
particular for the m�� bin containing the Z-boson resonance. Again, the inclusion of the NNLO
corrections completely removes the tension with the data and we obtain excellent agreement.
The three lowest mass bins display a much larger scale uncertainty compared to the higher mass
bins and the data points are well captured within the theory errors both at NLO and NNLO.
The larger scale bands are a consequence of the event selection cuts that forbid the low-mass
bins to be populated at LO for the Drell–Yan process. Therefore, our NNLO prediction for the
normalisation in Eq. 3 is effectively only NLO accurate in these bins, with consequently larger
scale dependence that propagates to the normalised distribution.

3 Conclusions

We have presented the NNLO QCD corrections to Z-boson production at large transverse mo-
mentum and performed a comparison of the theory prediction to the ATLAS 3 and CMS 4 anal-
yses based on the 8 TeV Run I data of the LHC. Our calculation is performed using the parton-
level Monte Carlo generator NNLOjet which implements the antenna subtraction method for
NNLO calculations of hadron collider observables. Although a residual tension remains in the
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Figure 3 – The normalised double-differential transverse momentum distribution for the Z boson in windows of
invariant mass of the leptons, m��, with a rapidity cut on the Z boson of |yZ| < 2.4. The ATLAS data is taken
from 3. The green bands denote the NLO prediction with scale uncertainty and the blue bands show the NNLO
prediction with scale uncertainty.

unnormalised distributions also after including the NNLO QCD effects, we observe a dramatic
improvement in the agreement between theory and experiment in the case of normalised distri-
butions. Together with the reduced residual scale uncertainty, our calculation opens the way for
precision QCD studies for this observable.
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EMPLOYING HELICITY AMPLITUDES FOR RESUMMATION IN SCET
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Helicity amplitudes are the fundamental ingredients of many QCD calculations for multi-leg
processes. We describe how these can seamlessly be combined with resummation in Soft-
Collinear Effective Theory (SCET), by constructing a helicity operator basis for which the
Wilson coefficients are directly given in terms of color-ordered helicity amplitudes. This basis
is crossing symmetric and has simple transformation properties under discrete symmetries.

1 Introduction

Precise predictions for Standard Model backgrounds are important to uncover new physics at the
LHC. We focus on processes with hadronic jets, which receive large QCD corrections. There has
been tremendous progress in calculating these corrections in fixed-order perturbation theory,
using the spinor helicity formalism, color ordering techniques and unitarity based methods.
Currently, NLO predictions are available for processes with a large number of jets and their
computation has been largely automatized 1. Jet measurements often introduce a sensitivity to
QCD effects at a scale p well below the partonic center-of-mass energy Q. Here p corresponds
to e.g. the typical jet invariant mass or a veto on additional jets. The hierachy between p and Q
leads to large logarithms αn

s ln
m(p/Q) (m ≤ 2n) in the cross section, that require resummation.

Soft-Collinear Effective Theory (SCET) 2 is an effective theory of QCD that enables resum-
mation. It treats collinear and soft radiation (see Fig. 1) as dynamical degrees of freedom,

LSCET =
∑
n

Ln + Lsoft + Lhard , (1)

with Ln the Lagrangian for collinear radiation in the light-like n direction. The hard scattering
is integrated out, due to the large virtuality of the momentum exchange, giving rise to Lhard =∑

iCiOi. Describing the spin content of operators Oi with Dirac structures becomes cumbersome
for complicated final states. We discuss a helicity operator basis which makes it easy to construct
a complete basis and facilitates the matching from QCD onto SCET 3.

In SCET resummation is achieved by decoupling the collinear and soft degrees of freedom
in the Lagrangian ?, leading to the following (schematic) factorized cross section

dσ =

∫
dΦ({qi})M({qi})

∑
κ,λ

�C†λ1··(··λn)
({qi})Ŝκ

�Cλ1··(··λn)({qi})⊗
[
BκaBκb

∏
J

JκJ

]
, (2)
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Figure 1 – Schematic LHC collision. The collinear (green and blue) and soft radiation (orange) are described
dynamically in SCET. The hard scattering (zoomed in on the right) is encoded in matching coefficients.

where the underlying Born process is κa(qa)κb(qb) → κ1(q1)κ2(q2) · · ·. dΦ denotes the phase
space integral and M encodes the measurement on the hard kinematics. The restriction on
collinear and soft radiation is encoded by the beam functions B, jet functions J and soft function
S. The matching coefficient �Cλ1··(··λn) depends on the helicities λi of the colliding partons and
is a vector in color space. It cannot be combined with its conjugate, because the soft function
sitting between them is a color matrix. As we will see in Eq. 13, for our operator basis these
Wilson coefficients are directly given in terms of color-ordered helicity amplitudes.

2 Helicity operators

We start by constructing quarks and gluon fields with definite helicity and then use this to
construct our helicity operator basis. We will need the (conjugate) spinor with helicity ±

|p±〉 = 1± γ5
2

u(p) , 〈p± | = sgn(p0) ū(p)
1∓ γ5

2
, (3)

and the polarization vector for an (outgoing) gluon with momentum p (with reference vector k)

εμ+(p, k) =
〈p+|γμ|k+〉√
2〈k−|p+〉 , εμ−(p, k) = −〈p−|γμ|k−〉√

2〈k+|p−〉 . (4)

The smallest building blocks of operators are the quark and gluon fields χn,ω and Bμ
n,ω⊥,

where n = (1, n̂) denotes the collinear direction and ω = (1,−n̂) · p is the large component of
its momentum p. These fields are invariant under collinear gauge transformations through the
inclusion of Wilson lines. We define a gluon field of definite helicity by

Ba
i± = −ε∓μ(ni, n̄i)Baμ

ni,ωi⊥i
. (5)

This definition is chosen such that that at tree level,

〈gaλ(p)|Ba′
iλ′ |0〉 = δλ,λ′ δ

aa′ δ̃(p̃i − p) , 〈0|Ba′
iλ′ |gaλ(p)〉 = (1− δλ,λ′) δ

aa′ δ̃(p̃i + p) , (6)

where the delta function δ̃ only fixes the large momentum component p̃i = ωini/2. Exploiting
that fermions come in pairs, we define fermion vectors currents of definite helicity

J ᾱβ
ij+ =

√
2 εμ−(ni, nj)√

ωi ωj

χ̄ᾱ
i+ γμχ

β
j+

〈ninj〉 , J ᾱβ
ij− = −

√
2 εμ+(ni, nj)√

ωi ωj

χ̄ᾱ
i− γμχ

β
j−

[ninj ]
, (7)

which have similarly simple tree-level matrix elements.
It is now straightforward to write down the basis for a specific process. For example, for

ggqq̄H the helicity basis consists of a total of six independent operators,

Oab ᾱβ
++(±) =

1

2
Ba
1+ Bb

2+ J ᾱβ
34±H5 , Oab ᾱβ

+−(±) = Ba
1+ Bb

2− J ᾱβ
34±H5 , Oab ᾱβ

−−(±) =
1

2
Ba
1− Bb

2− J ᾱβ
34±H5 .

(8)
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The symmetry factors in front of the operators account for identical fields. They ensure the
validity of Eq. 11, leading to a simple matching equation.

For specific processes, it is convenient to decompose the color structure of the Wilson coef-
ficients using a color basis T a1···αn

k , where k runs over the allowed color structures. This yields

Ca1···αn

+··(··−) =
∑
k

Ck
+··(··−)T

a1···αn
k ≡ T̄ a1···αn �C+··(··−) . (9)

For the ggqq̄H process a suitable color basis is given by

T̄ abαβ̄ =
(
(T aT b)αβ̄ , (T

bT a)αβ̄ , tr[T
aT b] δαβ̄

)
. (10)

3 Matching

For our helicity operator basis, the tree-level matrix element of Lhard is equal to the Wilson
coefficient for the corresponding configuration of external particles,

〈g1g2 · · · qn−1q̄n|Lhard|0〉tree = C
a1a2···αn−1ᾱn

+··(··−) (p̃1, p̃2, . . . , p̃n−1, p̃n) , (11)

where gi ≡ gaiλi
(pi) stands for a gluon with helicity λi, momentum pi, color ai, and analogously

for (anti)quarks. This implies the tree-level matching equation

Ca1···ᾱn

+··(··−)(p̃1, . . . , p̃n) = −iAtree(g1 · · · q̄n) , (12)

where Atree is the tree-level QCD helicity amplitude.
In dimensional regularization, all loop corrections to the matrix element in Eq. 11 are scale-

less and vanish. These corrections consist of UV poles, which get renormalized, and IR poles,
which cancel in the matching because SCET is an effective theory of QCD. This implies,

Ca1···ᾱn

+··(··−)(p̃1, . . . , p̃n) = −iAfin(g1 · · · q̄n) ≡ −i T̄ a1···ᾱnẐ−1C
�Aren(g1 · · · q̄n)

Z
nq/2
ξ Z

ng/2
A

. (13)

Here Zξ, and ZA are the wave function renormalization of the quark and gluon field. ẐC is the
renormalization factor of the Wilson coefficient, which is a matrix in color space. At one-loop
order Afin is simply the IR-finite part of the renormalized QCD helicity amplitude.

As an explicit example, we consider ggqq̄H, for which the helicity operator basis was given
in Eq. 8. The color decomposition of the QCD helicity amplitudes into partial amplitudes is

A(g1g2 q3q̄4H5) = i
∑
σ∈S2

[T aσ(1)T aσ(2) ]α3ᾱ4
A(σ(1), σ(2); 3q, 4q̄; 5H)+i tr[T a1T a2 ] δα3ᾱ4B(1, 2; 3q, 4q̄; 5H).

(14)
Using the color basis in Eq. 10, we can read off the Wilson coefficients. E.g.

�C+−(+)(p̃1, p̃2; p̃3, p̃4; p̃5) =

⎛⎜⎝Afin(1
+, 2−; 3+q , 4

−
q̄ ; 5H)

Afin(2
−, 1+; 3+q , 4

−
q̄ ; 5H)

Bfin(1
+, 2−; 3+q , 4

−
q̄ ; 5H)

⎞⎟⎠ . (15)

Charge conjugation invariance halves the number of independent Wilson coefficients.

4 Properties

Our operator basis is automatically crossing symmetric, because the gluon fields Bi± can absorb
or emit a gluon, and the quark current Jij± can destroy or produce a quark-antiquark pair, or
destroy and create a quark or antiquark.
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The helicity operator basis has simple behavior under discrete symmetries. For example,

CBa
i± T a

αβ̄ C = −Ba
i±T

a
βᾱ , C J ᾱβ

ij±C = −J β̄α
ji∓ , (16)

Charge conjugation and parity invariance reduce the number of independent Wilson coefficients.
Since the polarizations of gluons can be treated in d rather than 4 dimensions, it is natural to

ask whether our helicity operator basis is complete. Operators with ε-dimensional polarizations
do arise in the matching for states with physical polarizations. They are also not generated
by the renormalization group evolution: The only communication between collinear sectors is
through soft radiation, which does not carry spin and therefore cannot change helicity.

5 Conclusions and outlook

We have described a helicity operator basis, that makes it straightforward to write down the
complete basis for a hard scattering process. It also facilitates the matching from fixed-order
calculations onto SCET, since the matching coefficients are directly given in terms of the color-
ordered helicity amplitudes. We demonstrated its ease by obtaining the Wilson coefficients for
pp → H + 0, 1, 2 jets, pp → W/Z/γ + 0, 1, 2 jets, and pp → 2, 3 jets at (next-to-)leading order 3.

The spin of the operators does not play a crucial role at leading power, as the helicities are
simply summed over in Eq. 2. This is not true for color, since soft gluons can exchange color.
However, at subleading power also the spin structure is essential, since soft gluons can then also
transfer spin. Our helicity approach was key in constructing a basis of subleading operators 4.

Spin information also needs to be kept track of when matching between different SCET
theories. For example, to describe two nearby hard jets one matches through an intermediate
SCET where the two nearby jets are not separately resolved 5. To keep track of this spin
information in the matching, helicity fields proved particularly useful 6.
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Inclusive and differential W/Z at CMS and ATLAS

Andrea Carlo Marini, on behalf of the ATLAS and CMS collaborations
Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge,MA, USA

The ATLAS and CMS collaborations report the latest measurements and updates on the
inclusive and differential cross section of the W and Z bosons production in pp collisions at
center-of-mass energies of 8 and 13TeV.

The ATLAS1 and CMS2 collaborations report the latest measurements of the inclusive and
differential W and Z boson production in pp collisions at center-of-mass energies (

√
s) of 8 and

13TeV. The high rate at the CERN large hadron collider (LHC), the clean signature, and the good
understanding of the detectors allow the experiments to perform precision tests of perturbative
quantum chromodynamics (pQCD) and further constrain the parton distribution functions (PDFs).
Drell–Yan (DY) events (pp→Z/γ∗+X→ 	+	−+X) are characterized by the presence of two hard
leptons (where only 	=μ, e are considered in the presented analyses) with opposite sign and same
flavour, while in W events (pp→W+X→ 	ν+X) a lepton and missing transverse energy (ET/ )
is present. The next-to next-to leading order predictions agree with the measurements across the
energy ranges probed so far, as shown in fig. 13.
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Figure 1 – Measurements of the total W+,
W−, W, and Z production cross sections times
branching fractions versus center-of-mass en-
ergy for CMS and experiments at lower-energy
colliders3.

The φ∗η distribution is used as a probe for the transverse momentum of the Z boson (p��
T)

4, but
having only angular variables in its definition, a very accurate experimental result can be achieved,
allowing for very precise comparison with resummation techniques or with different expansion in
the perturbation theory. The double differential cross section measurements in φ∗η–y

��, p��
T–y

��,
φ∗η–m

��, and p��
T–m

�� at
√
s = 8TeV, covering a wide phase space in both the DY mass (m��)

and the rapidity (y��) of the Z boson have been presented5. Fig. 2 shows, as an example, the
differential measurement of p��

T–m
�� (left) and the φ∗η–m

�� (right). The proton PDFs have a crucial
importance in the understanding the standard model (SM), and therefore in putting constrains
of new physics phenomena. The forward-backward asymmetry (AFB) in DY events can be used
to constrain the u- and d-quark weak couplings and the effective weak mixing angle. Moreover,
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Figure 2 – Left, the distribution of (1/σ)dσ/dφ∗η at Born level in each region of y��, shown as a ratio to the central
rapidity region (|y��|<0.4), for events at the Z-boson mass peak at

√
s = 8TeV measured by ATLAS. Right, the ratio

of (1/σ)dσ/dp��

T as predicted by various MC generators to the combined Born-level data, in six different regions of
m�� for |y��| < 2.4 at

√
s = 8TeV measured by ATLAS5.

deviations with respect to the SM predictions can be used to probe beyond the SM physics. The
double differential measurements of AFB at

√
s = 8TeV in y�� and m�� has been reported6, and

the central rapidity (y��<1) region is shown in fig. 3-left. The W charge asymmetry is sensitive
to the different valence and sea quark contributions in the proton PDFs, particularly in the high
pseudo-rapidity (η) region. The differential measurement of the W asymmetry in ημ has been
presented7, and shown in fig. 3-right.
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Figure 3 – Left, the combined (μ+μ− and e+e− ) unfolded AFB distributions in the central rapidity region dif-
ferentially in m�� at

√
s = 8TeV measured by CMS6. Right, comparison of the measured W charge asymmetry

differentially in ημ at
√
s = 8TeV measured by CMS7.

Preliminary results on the datasets corresponding to the 2015 LHC run have been also shown,
and are summarized here. Although the experiments use similar definitions, small differences are
present in the fiducial phase-space, leptons are required to have both pT>25GeV, and electrons
|ηe|<2.5, but for CMS |ημ|<2.4 while for ATLAS |ημ|<2.47. The Z mass window also differs
between ATLAS and CMS, being 66–116GeV for the first and 60–120GeV for the latter, and
finally ATLAS uses the born level definition while CMS the “dressed” level. Detector level plots
are shown in fig. 4. The total inclusive cross section of the DY boson production is extracted
and compared to different PDFs sets3,8,9 (fig. 5). CMS provides also an updated measurement to
the full 2015 datasets in the muon channel σZ

tot=1870±2(stat)±35(syst)±51(lumi) and reduced
luminosity uncertainty10.
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by ATLAS8 (left) and CMS3 (right) detectors. Data are compared to MC simulation for signal and backgrounds.

The W cross section measurements require exactly one lepton in the event. In the signal
extraction, CMS uses analytical fit functions to the ET/ distributions, while ATLAS uses template
based fit of the transverse mass (mT) but asking for an additional requirement ET/ > 25GeV
(fig. 7). Detector level plots are shown in fig. 6. The correlation of the systematics effects among
the different cross section measurements, e.g. luminosity, allows to extract their ratio very precisely.
In fig. 8 shows as example the cross-section ratio for W/Z in the above defined fiducial volume.
The same results but distinguishing the charge of the W as well as the inclusive W asymmetry

129



 [pb]±W
fidσ

5000 5500 6000 6500 7000 7500 8000 8500 9000

ATLAS Preliminary
-113 TeV, 85 pb

(inner uncert.: PDF only)

±W

 exp. uncertainty⊕lumi
exp. uncertainty

ABM12LHC
CT10nnlo
NNPDF3.0
MMHT14nnlo68CL

17000 18000 19000 20000 21000 22000

PreliminaryCMS  (13 TeV)-143 pb

Theory: FEWZ (NNLO)

Observation: NNPDF3.0

Observation

 lumi)⊕Uncertainty (exp., exp. 

(inner uncertainty: PDF only)

 [pb]W
totσ

NNPDF3.0
 pb-470

+56019700

CT14
 pb-550

+56020020

MMHT2014
 pb-390

+43020170

ABM12LHC
 pb-220

+26020280

HERAPDF15
 pb-410

+96020480

Figure 7 – The total inclusive cross section for the W production at
√
s = 13TeV measured by ATLAS8 (left) and

CMS3 (right) compared to different PDF sets.

Z
fidσ / ±W

fidσ
9 9.2 9.4 9.6 9.8 10 10.2 10.4 10.6 10.8

ATLAS Preliminary
-113 TeV, 85 pb

total uncertainty
stat. uncertainty

ABM12LHC
CT10nnlo
NNPDF3.0
MMHT14nnlo68CL

Z
fidσ / ±W

fidσ = W/ZR

Figure 8 – Comparison of measured total inclusive cross section ratios between Z and W productions at
√
s = 13TeV

with predictions for different PDF sets8,3.

are also presented for the total and fiducial volume3,8. Further tests on the pQCD are performed
by looking at the associate jet production with the Z boson. ATLAS and CMS use both the
anti-kT algorithm with radius parameter R=0.4 and pT>30GeV requirement, but slightly different
rapidity acceptance: |yjet|<2.5 for the first and |yjet|<2.4 for the latter11,12. The probing of the jet
kinematics can be performed by looking at the number of associated jets (fig. 9), their pT, or the
HT=

∑
j∈jet pTj of the event (fig. 10). Jet kinematics in Monte Carlo (MC) is sensible to both to

the matrix element and the parton shower simulation.
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Figure 10 – pT of the leading jet (left) and HT distribution (right) in DY events at
√
s = 13TeV measured by CMS

compared to NLO MC predictions11.

Differential distributions in p��
T, φ

∗
η, y

��, and lepton pT (p�
T), are also presented10 and shown

in figs. 11–14. MCs that don’t have resummation are expected to fail in the low p��
T region, while

high order corrections show their importance in the high p��
T regime. High y�� region is sensitive to

different PDFs contirbution, and p�
T is sensitive to Sudakov shoulder logarithms.
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An impressive effort is made by the two collaborations to produce new results at the highest
available center-of-mass energies, and to consolidate the one with previous datasets. Data are
compared to the most recent theory calculations, in order to exploit limitations and deviations of
the current available models.
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Precision diboson observables at the LHC
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In these proceedings, we report on certain ratios of diboson differential cross sections can be
used as high-precision observables at the LHC, motivated by the restoration of SU(2)×U(1)
at high energy. Writing leading-order diboson partonic cross sections in a form that makes
their SU(2) × U(1) and custodial SU(2) structure more explicit than in previous literature,
identifies important aspects of this structure that survive even in hadronic cross sections.
Focusing on higher-order corrections to ratios of γγ, Zγ and ZZ processes, we argue that
these ratios can be predicted to better than 5%, which should make them useful in searches
and characterization of new phenomena. The ratio of Zγ to γγ is especially promising in the
near term, due to large rates and to exceptional cancellations of QCD-related uncertainties.

1 Introduction

In the Standard Model the electroweak (EW) bosons originate from a triplet and singlet of
SU(2)×U(1), becoming massive and mixing after symmetry breaking. But at the high energies
accessible to the LHC, the symmetry breaking effects are moderated, and one might imagine
the underlying SU(2) × U(1) structure might more directly relate diboson processes to one
another. It turns out that although this naive expectation is not automatically satisfied, there
are nevertheless some elegant and interesting relations.

We identify several independent ratios of diboson measurements that are special at tree
level and that offer moderate to excellent potential for both high-precision predictions and high-
precision measurements.1 These ratios, in contrast to the differential cross sections themselves,
are flat or slowly-varying as functions of pT (and other kinematic variables), making them stable
against certain experimental problems. Moreover, many of them receive markedly smaller QCD
corrections then the cross-sections themselves, especially at high pT .

2 Organization at leading order

Well above the scale of EW symmetry breaking, we may rewrite the SM EW bosons W±, Z, γ
as the triplet w±, w3 and singlet b of massless gauge bosons of SU(2) × U(1), along with the
Goldstone scalars φ±, φ3. Dibosons will receive contributions from varying combinations of bb,
wb, ww, and φφ final states. Moreover, the ww contribution can we further decomposed into
an SU(2) singlet (ww1) and triplet piece (ww3). (A quintet ww contribution is also possible,
for states such as W+W+, but they require two final-state jets, and so will not be considered.)
Of the non-Goldstone contribution, only ww3 receives contributions from the s-channel, fabc-
proportional contribution, being the only SU(2)-antisymmetric contribution.

As a result, in the massless limit only three types of amplitudes contribute to all processes:

a1 ∝ M(bb) ∝ M(wb) ∝ M(ww1) , a3 ∝ M(ww3) , aφ ∝ M(φφ) . (1)

133



Squared amplitudes relevant for diboson production are then:2

|a1|2 = t̂

û
+

û

t̂
, |a3|2 = t̂û

4ŝ2
− 1

8
+

1

32

(
t̂

û
+

û

t̂

)
, (2)

(a1a3) =

(
t̂− û

2ŝ

)
+

1

4

(
t̂

û
− û

t̂

)
, |aφ|2 = t̂û

4ŝ2
. (3)

((a1a3) is shorthand for Re(a�1a3).) The ai amplitudes transform simply under t̂ ↔ û exchange:

a1(t̂, û) = a1(û, t̂), a3(t̂, û) = −a3(û, t̂), |aφ(t̂, û)| = |aφ(û, t̂)|. (4)

These properties of a1 and a3, required by Bose statistics and by the fact that ww1 (ww3) is
symmetric (antisymmetric) in the two ws, explain why in eqs. (2)–(3) only (a1a3) is antisymmet-
ric under t̂ ↔ û. These amplitudes allow us to write all the diboson cross-sections in a notation
that makes their symmetry properties manifest.

The neutral bosons are produced by various linear combinations of bb, wb, and ww1, and so
are all proportional to |a1|2. Inserting the appropriate coupling constants and writing V 0 = γ, Z,
the partonic cross sections take the form

dσ̂

dt̂
(qq̄ → V 0

1 V
0
2 ) =

Cq
12

ŝ2
|a1|2 , (5)

where

Cq
γγ =

1
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πα2
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4
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2
W c2W
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(
L2Q2 +R2Q2

)
, Cq
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1

2

πα2
2c

4
W

Nc

(
L4 +R4

)
. (6)

Here, Q is the electric charge of the quark, L = T3 − YL t2W , and R = −YR t2W (with tW the
tangent of the Weinberg angle).

Production of W±γ and W±Z does involve a ww3 contribution, with the resulting cross
sections being

dσ̂

dt̂
(qq̄′ → W±γ) =

π|Vud|2α2
2s

2
W

Nc ŝ2

[
Y 2
L

2
|a1|2 ± 2YL(a1a3) + 4|a3|2

]
, (7)

dσ̂

dt̂
(qq̄′ → W±Z) =

π|Vud|2α2
2

Nc ŝ2

[
s2W t2WY 2

L

2
|a1|2 ∓ 2s2WYL(a1a3) + 4c2W |a3|2 + 1

2
|aφ|2

]
, (8)

Because of the smallness of Y 2
L = 1/36 and the relative factor of (8 cW )−1 suppressing |aφ|2, the

|a3|2 terms naively dominate the cross sections. Conversely, by taking differences of cross-sections
with respect to the sign of rapidity difference, sign(η0−η±), of the charged and neutral bosons, all
terms except of the a1a3 interference terms can be made to cancel. The W−W+ processes can be
organized is a similar manner, with analogous statements about anti-symmetrized cross-sections
but no clear dominant term in the symmetric ones.

We must make sure that these partonic relations can still be accessed in physical cross-
sections after convolution against parton distribution functions (PDFs). This turns out to be
the case, even after finite mass effects are included, if cross sections are presented differentially

in m̄T , the average transverse momentum of the bosons, where mT i =
√
p2T i +m2

i . Then

dσ

dm̄T
(pp → V1V2) =

∑
q,q′

∫
dŝ

s

∫
2m̄T√
1− 4m̄2

T
ŝ

dσ̂

dt̂
(qq′ → V1V2)

∫
dy fq(x1) fq′(x2) , (9)

and the integral over PDFs and kinematic variables factorizes. Because of this fact, along with
the earlier observation that certain anti-symmetric or symmetric cross sections have very similar
kinematic dependences, with only coupling strengths differing, we are naturally lead to consider
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ratios of such differential cross-sections. We propose that the following ratios are of interest for
their ability to highlight dependence on either particular parameters of the EW sector or PDFs,
while suppressing dependence on the other through cancellations between the cross sections:

• R1a =
σS(Zγ)

σS(γγ)
, R1b =

σS(ZZ)

σS(γγ)
, R1c =

σS(ZZ)

σS(Zγ)
,

• C2a =
σS(W

+γ)

σS(W−γ)
, C2b =

σS(W
+Z)

σS(W−Z)
, D2a =

σA(W
+γ)

σA(W−γ)
, D2b =

σA(W
+Z)

σA(W−Z)
,

R±2 =
σS(W

±Z)

σS(W±γ)
, A±2 =

σA(W
±Z)

σA(W±γ)
,

• R3 =
σS(W

+W−)
σS(V 0

1 V
0
2 )

, A3 =
σA(W

+W−)
σA(WV 0)

, (10)

where V 0 denotes Z or γ, and σA(WV 0) is some linear combination of σA(W
+V 0) and σA(W

−V 0).
Discussions of the specific merits of each ratio are presented in Frye et al.1

3 Higher-order corrections for neutral dibosons

The preceding statements would not be of much use if they only held at leading order, since
EW processes at the LHC are known to receive large higher-order corrections. For the simplest
of these observables, the R1 ratios, we have carried out a study of these corrections.

NLO QCD corrections were studied with the help of MCFM.3 For fixed-order predictions
to be reliable, cuts must be chosen carefully beyond leading order to avoid the presence of
large logarithms multiplying terms of O(αS), thereby spoiling the reliability of the perturbative
expansion.4 A choice of staggered, sliding cuts makes sure ratios of kinematic variables do not
get too large anywhere in accessible phase space:

pT (V2) >
1

2
pT (V1), HT =

∑
jets

|pjT | <
1

2
pT (V2). (11)

After defining the cuts in this way, most QCD corrections do cancel in these ratios, except
for the region where a final-state jet is collinear with a vector boson. There the photon has
a collinear singularity which must be regulated with, e.g., a fragmentation function, while the
Z singularity is regulated by its mass. A naive cone-based isolation procedure introduces a
large sensitivity to non-perturbative fragmentation functions that are not very well constrained.
This effect can be ameliorated through a “staircase” isolation method,5 where progressively
weaker isolation from hadronic activity is applied at larger angles from the photon, leaving
small theoretical uncertainties.

Large corrections are known to occur at NNLO from gg → V 0
1 V

0
1 contributions. These can

shift the ratios by 5–20%, due in part to an accidental cancellation in gg → Zγ, but the resulting
uncertainties on the shifts are small. Shifts also come from higher-order EW corrections. These
can be 5–10%, but the corresponding uncertainty on that value is also small.

These statements are summarized in fig. 1. This plot shows results for R1a, the ratio of Zγ
to γγ cross sections differential in m̄T , obtained for the 13 TeV LHC. The upper portion of the
plot shows the ratio R1a as would be measured in 6 bins of 5–6% statistical uncertainty; the last
bin includes events with m̄T extending up to the kinematic limit. The open circles indicate a LO
prediction, while the closed circles are our result including NLO and gg-initiated production. The
dominant corrections are driven by the gluon PDF, and decrease with m̄T . The error bars on the
closed circles indicate the expected statistical errors at 300 fb−1. The shaded band indicates the
theoretical uncertainties mentioned in the previous paragraphs, with all uncertainties combined
linearly, except for PDF extraction uncertainties which are combined in quadrature with the
others. This combination gives a conservative estimate of known uncertainties.
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Figure 1 – R1a with higher-order corrections as described in the text. Projections for experimental uncertainties
are also shown for 300 fb−1 (R1a). Analogous results for R1b and R1c are presented in Frye et al.1

4 Conclusions and outlook

We have proposed a wide variety of ratios using LO reasoning about the SU(2)×U(1) structure
of the SM. We have also shown that for the neutral diboson processes, higher-order corrections
do not contradict this reasoning. We are optimistic that a few of the remaining variables will
be as precisely predictable as the R1 ratios. In the meantime, we hope that our methods will
inspire invention of other precision observables, perhaps more sophisticated and less obvious, for
the LHC and for hadron colliders of the future.
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We review the computations of the next-to-next-to-leading order (NNLO) QCD corrections to
vector-boson pair production processes in proton–proton collisions. Our calculations include
the leptonic decays of W and Z bosons, consistently taking into account all spin correlations,
off-shell effects and non-resonant contributions. For massive vector-boson pairs we show in-
clusive cross sections, applying the respective mass windows chosen by ATLAS and CMS to
define Z bosons from their leptonic decay products, as well as total cross sections for stable
bosons. Moreover, we provide samples of differential distributions in fiducial phase-space re-
gions inspired by typical selection cuts used by the LHC experiments. For the wide majority
of measurements, the inclusion of NNLO corrections significantly improves the agreement of
the Standard Model predictions with data.

1 Introduction

Vector-boson pair production at the Large Hadron Collider (LHC) provides an important test of
the electroweak (EW) sector of the Standard Model (SM) at the TeV scale. As these processes
are sensitive to the gauge-boson self-interactions, any small deviation in the observed rates or in
the kinematical distributions could give a hint towards new physics, which could be modelled on
the basis of higher-dimensional operators in the form of anomalous couplings. Vector-boson pair
production processes also constitute backgrounds in many direct new-physics searches, and in
Higgs-boson studies the neutral final states represent irreducible backgrounds in the respective
decay channels H → ZZ/W+W−/Zγ.
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2 Results

All calculations reviewed here have been carried out with Matrixa, a new tool that is based
on the Monte Carlo program Munichb, interfaced with the OpenLoopsc generator of one-
loop scattering amplitudes 1, and includes an automated implementation of the qT -subtraction

2

and -resummation 3 formalisms. This widely automated framework has already been used, in
combination with the two-loop scattering amplitudes of Refs. 4,5, for the calculations of Zγ 6,7,
W±γ 7, ZZ 8,9, W+W− 10,11 and W±Z 12 production at NNLO QCD as well as in the resummed
computations of the ZZ and W+W− transverse-momentum spectra 13 at NNLL+NNLO.

In Figure 1 we provide predictions for the inclusive ZZ, W+W− and W±Z cross sections at
different orders in QCD perturbation theory for the relevant centre-of-mass energies. All these
results are calculated with NNPDF3.0 parton distribution functions (PDFs) 14, and compared
to the cross sections determined by ATLAS and CMS from their respective measurements. Our
findings are briefly discussed in Sections 2.2–2.4. The histograms in Figures 2–4 are taken from
the original publications and thus use the respective input parameters as specified therein.
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Figure 1 – Total cross sections at LO, NLO, NLO′ + gg (NLO plus loop-induced gg contribution, evaluated
with NNLO PDFs) and NNLO for ZZ (left), W+W− (center) and W±Z (right) production, with uncertainties
from conventional 7-point scale variations, are shown and compared to experimental results from ATLAS and
CMS, where available. For each collider energy, the left column refers to cross sections evaluated with on-shell
W and/or Z bosons, while the second (third) column gives fully inclusive off-shell results for four-lepton final
states, corrected for their branching ratios, with only mass-window cuts corresponding to the respective ATLAS
(CMS) analyses applied. In case of W+W− production, the H → WW ∗ production cross section predicted in
NNLO QCD (from Ref. 11) is added to the ATLAS predictions for

√
s = 8, 13 and 14TeV, but not to the CMS

predictions, in line with the published experimental setups. At
√
s = 7TeV results both with (left) and without

(right) the Higgs-mediated contribution are shown.

2.1 Fiducial cross sections and differential distributions for Zγ and W±γ production

Measurements of V γ final states have been carried out by ATLAS and CMS using the data
sets at centre-of-mass energies of 7TeV 15,16,17 and 8TeV 18,19. Due to the massless photon in
the final state, a total cross section cannot be defined. Instead, we investigate cross sections
in the fiducial phase-space regions chosen by the experiments (see Refs. 6,7). The higher-order
corrections for W±γ are significantly larger than those for Zγ: This can be traced back to a
suppression of the W±γ Born contributions due to a radiation zero, which is broken only beyond
leading order (LO). The loop-induced gluon–gluon contribution to Zγ production amounts to

aMatrix is the abbreviation of “Munich Automates qT subtraction and Resummation to Integrate X-
sections”, by M. Grazzini, S. Kallweit, D. Rathlev, and M. Wiesemann. In preparation.

bMunich is the abbreviation of “MUlti-chaNnel Integrator at Swiss (CH) precision”—an automated parton
level NLO generator by S. Kallweit. In preparation.

cThe OpenLoops one-loop generator, by F. Cascioli, J. Lindert, P. Maierhöfer, and S. Pozzorini, is publicly
available at http://openloops.hepforge.org.
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only about 10% of the O(α2
s ) corrections. We find significantly larger corrections if the applied

selection cuts suppress resonant configurations with the photon emitted from the final-state
leptons in Born kinematics. As expected, a jet veto results in a serious reduction of the higher-
order effects. The agreement with experimental data is significantly improved, in particular
for inclusive W±γ production. Figure 2 illustrates these findings by means of the transverse-
momentum distribution of the photon in Zγ and W±γ production.
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Figure 2 – Distributions in the transverse momentum of the photon in Zγ production (left), and in W±γ produc-
tion without (center) and with (right) a jet veto applied are shown, and compared to ATLAS data 15.

2.2 Inclusive cross sections and normalized differential distributions for ZZ production

Various measurements of ZZ hadroproduction have been carried out at the LHC by both ATLAS
and CMS at 7TeV 20,21, 8TeV 22,23 and 13TeV 24,25, which are in good agreement with NNLO
QCD predictions. With typical definitions of fiducial phase-space regions, the higher-order
corrections within fiducial cuts 9 mimick those ones found for the fully inclusive results 8 (see
Figure 1). The loop-induced gluon–gluon contribution amounts to about 60% of the full O(α2

s )
corrections. In Figure 3 we show normalized distributions in the four-lepton invariant mass, the
leading-lepton pT and the azimuthal angle between the two reconstructed Z bosons. Due to the
large experimental uncertainties, a slightly improved shape agreement can be found only for the
last one, which is non-trivial only beyond LO, and thus more affected by the NNLO corrections.
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Figure 3 – Normalized distributions in the four-lepton invariant mass (left), the leading-lepton pT (center) and
the azimuthal angle between the two reconstructed Z bosons (right) are shown, and compared to CMS data 23.

2.3 Inclusive cross sections and differential distributions for W+W− production

TheW+W− cross section has been measured at the LHC by both ATLAS and CMS at 7TeV26,27

and 8TeV 28,29, agreeing well with the respective SM predictions in NNLO QCD. In order to
suppress the enormous background from top-quark pairs, typical fiducial cuts imply a jet veto.
Consequently, higher-order effects are quite different for inclusive results 10 (see Figure 1) and
predictions within fiducial phase-space regions11: Whereas the loop-induced gluon–gluon contri-
bution amounts to only about one third of the O(α2

s ) effects in the inclusive case, it dominates
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if a jet veto is applied, and the genuine corrections to the qq̄ channel become even negative. In
Figure 4 we show distributions in the dilepton invariant mass, the pT of the dilepton system
and the azimuthal angle between the two leptons. By and large the NLO′ + gg approximation,
which was considered the best prediction before full NNLO results were known, reproduces the
NNLO result quite well. However, we find shape distortions of up to about 10% throughout. In
phase-space regions that imply the presence of QCD radiation, NLO′ + gg cannot approximate
the shapes of full NNLO corrections.
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Figure 4 – Distributions in the dilepton invariant mass (left), the pT of the dilepton system (center) and the
azimuthal angle between the two leptons (right) are shown. The applied phase-space cuts are inspired by the
ATLAS analysis 28, but we do not apply any lepton-isolation criteria with respect to hadronic activity.

2.4 Inclusive cross sections for W±Z production

The inclusive W±Z cross section has been measured with good precision at the LHC by ATLAS
and CMS at centre-of-mass energies of 7TeV 30,31 and 8TeV 32,31. Also an early measurement
at 13TeV 33 by CMS is already available. The agreement with theory predictions is significantly
improved by including the recently calculated NNLO corrections 12 (see Figure 1), in particular
for LHC Run 1 data. As for W±γ production, the large corrections are explained by a radiation
zero, here in the leading helicity amplitudes at Born level, which is overcome only beyond LO.
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SOFT QCD AT THE CMS AND ATLAS EXPERIMENTS

GÁBOR I. VERES on behalf of the CMS and ATLAS Collaborations
CERN, Geneva, Switzerland

A short overview of some of the recent results on soft QCD processes at the LHC will be
presented from the ATLAS and CMS experiments. The discussion will proceed starting from
the most inclusive to the more differential and rare phenomena. New results include total
inelastic cross section measurements; studies of minimum bias collisions (charged particle η
and pT distributions and two-particle correlations in high-multiplicity events); features of
the underlying event (multiplicity and ΣpT distributions in the presence of a high-pT track,
jet, Z boson or tt pair); minijets characterizing the transition between the soft and hard
QCD regimes; dijets with a rapidity gap (as a signature of color-singlet exchange); Müller-
Navelet dijets and their angular decorrelations (as an attempt to search for signs of the BFKL
evolution and deviations from DGLAP); and finally, Double Parton Scattering (DPS) studies
using various final states (4-jet events, γ + 3 jets, 2 b-jets and 2 jets, and same-sign WW
boson pairs).

1 Introduction

While the focus of the research program of the largest LHC experiments is going beyond the
Standard Model and studying the recently discovered Higgs particle, a small fraction of the
beam time is devoted to investigations at low luminosity, where various fundamental questions
of the strong interaction, described by non-perturbative Quantum Chromodynamics, can be
studied. Both the ATLAS and CMS experiments are very active in producing new results on
soft QCD, inelastic cross sections, diffraction, double parton scattering, underlying event, among
other topics. Some of the recent results will be discussed in this short contribution.

2 Results

The most inclusive measurement at the world-record collision energy,
√
s = 13 TeV, is the

inelastic proton-proton cross section, which was made public first by the ATLAS Collaboration1.
The events were selected by the MBTS scintillators, capturing all inelastic events except soft
diffraction below a diffractive mass of about 13 GeV. The results were then extrapolated to
the full inelastic phase space, giving 73.1 ± 0.9 (exp.) ±6.6 (lum.) ±3.8 (extr.) mb, which is
slightly (by 1 σ) smaller than predictions by the PYTHIA8 model (78.4 mb) and various other
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calculations (77.2–81.6 mb, see Table 3 in 1 for references). CMS has measured the inelastic
p+Pb cross section at

√
s = 5.02 TeV with similar methods, corrected for photon-induced

contributions, experimental acceptance and instrumental effects. The result is the largest cross
section ever measured at the LHC: 2061 ± 3 (stat) ±34 (syst) ±72 (lumi) mb 2, which agrees
with the Glauber-model 3 prediction, and extends the

√
s-range covered experimentally by 1.5

orders of magnitude, as can be seen on the left panel of Fig. 1.
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Figure 1 – Left: Inelastic hadronic cross sections for p+Pb collisions as a function of the centre-of-mass energy 2.
The measurement described here (circle, with error bars obtained from the quadratic sum of all uncertainties)
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represent the predictions from different MC models. The bottom insert shows the ratio of the MC over the data.

The most important recent results concerning the features of minimum bias p+p colli-
sions are: the first physics publication at 13 TeV 4, which includes charged-hadron pseudo-
rapidity distributions for inelastic events by the CMS experiment (dNch/dη||η|<0.5 = 5.49 ±
0.01 (stat) ±0.17 (syst)); the incredibly detailed study by ATLAS at 8 TeV consisting of many
experimental variables 5; and the collection of η, pT and nch (number of primary charged parti-
cles) distributions measured at 13 TeV by ATLAS6, for inelastic events with at least one particle
with pT > 0.5 GeV. The nch distribution can be seen on the right panel of Fig. 1.

The CMS experiment has also continued to study two-particle correlations in high-multiplicity
events at

√
s = 13 TeV 7, and has shown that the number of correlated particles to a trigger

particle, as a function of pT and event multiplicity, is independent of
√
s, as shown in Fig. 2.

Another topic of interest is the underlying event (UE) in coincidence with a hard process,
namely a high-pT or high-mass object. A recent result from ATLAS at 13 TeV can be seen
on the right panel of Fig. 2 on the detector-level multiplicity density in the transverse angular
region as a function of the transverse momentum of the leading charged particle in the event 8.
The CMS collaboration also produced similar preliminary data using leading jets as the hard
scale, and compared to results obtained at

√
s = 0.9, 2.76 and 7 TeV 9. ATLAS has published a

very detailed characterization of the underlying event in p+p collisions that produce a Z boson
at 7 TeV 10. Finally, CMS confirmed that there is no need for separate heavy-quark MC tunes
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to describe the UE by measuring UE features at 13 TeV in tt events 11.
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Panel (a) shows the associated yield as a function of pT for events with Noffline
trk ≥ 105. On panel (b) the associated

yield for 1 < pT < 2 GeV/c is shown as a function of multiplicity Noffline
trk . Curves represent calculations from

the gluon saturation model. Right: Comparison of detector level data and MC predictions for average track
multiplicity density values as a function of leading track transverse momentum in the transverse region 8. The
bottom panel shows the ratio of MC predictions to data.

The transition between soft and hard QCD, the parton saturation scale, and multi-parton
interactions can all influence the particle and jet pT spectra at low pT , where the fixed-order
parton-parton cross section in theory diverges. The CMS collaboration has measured the per-
event yield of charged particles (and charged-particle jets) integrated above a pmin

T parameter,
in order to study this transition at 8 TeV 12.

Moving to harder processes, dijets separated by a wide interval of rapidity are important
tools to study color-singlet exchange and BFKL effects. Both the ATLAS and CMS experiments
have studied high-pT dijets with a rapidity gap between them at

√
s = 7 TeV, where no other

particles are produced in the gap. ATLAS has determined the gap survival probability to be
0.16± 0.04 (stat) ±0.08 (syst) 13. CMS has seen clear evidence for color-singlet exchange in the
form of an excess in dijet cross section, compared to the PYTHIA6 event generator, once the
number of charged particles in a rapidity gap between the jets was restricted to zero 14. The
fraction of those dijets as a function of the pT of the second-leading jet can be seen on the left
panel of Fig. 3. Azimuthal angle decorrelations between jets are sensitive to the implementation
of the colour-coherence effects in the DGLAP MC generators, and thus were studied by CMS
at 7 TeV 15. It was found that NLL BFKL analytical calculations at large rapidity separation
between the two jets agree well with the experimental data.

Signatures of double parton scattering (DPS) can be searched for by selecting final states
that can be both produced by single- and double-parton scattering, but with different angular
distributions or kinematical variables. The ATLAS experiment has produced preliminary data
at 7 TeV on DPS in the four-jet final state, where the hard double-parton scattering was stud-
ied using neural networks. The assumption was that the DPS events consist of random dijet
combinations 16. The distribution of the ΔpT

12 variable, which is the ratio of the magnitude of the
vector sum and the scalar sum of the pT of the two jets, for various types of events can be seen
on the right panel of Fig. 3. Based on the measured fraction of DPS events, the effective cross
section was obtained to be 16.1+2.0

−1.5 (stat) +6.1
−6.8 (syst) mb. The CMS experiment has obtained

preliminary results on DPS in various other channels, like the photon + 3 jet final state 17, the
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events with two b-jets and two other jets 18, and events with same-sign WW boson pairs 19. The
first of these analyses is not very sensitive to discriminating between SPS and DPS events at the
present thresholds, while the last one has resulted in an upper limit of 1.12 pb on the same-sign
WW cross section, and a 5.91 mb lower limit (95% CL) on the effective cross section.
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Figure 3 – Left: The fraction of dijets with a rapidity gap as a function of the pT of the second-leading jet for
40 < pjet2T < 60 GeV, 60 < pjet2T < 100 GeV, and 100 < pjet2T < 200 GeV at

√
s = 7 TeV, and by D0 and CDF

at
√
s = 1.8 TeV 14. Right: Normalized distributions of the variable ΔpT

12 defined in 16, for the single parton
scattering (SPS), complete double parton scattering (DPS) and semi-double parton scattering (sDPS) samples as
indicated in the legend.
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Nuclear Physics Group for their kind support.

References

1. ATLAS Collaboration, ATLAS-CONF-2015-038 (2015)
2. CMS Collaboration, arXiv:1509.03893 [hep-ex].
3. R. J. Glauber and G. Matthiae, Nucl. Phys. B 21, 135 (1970)
4. CMS Collaboration, Phys. Lett. B 751, 143 (2015)
5. ATLAS Collaboration, arXiv:1603.02439 [hep-ex].
6. ATLAS Collaboration, Phys. Lett. B 758, 67 (2016)
7. CMS Collaboration, Phys. Rev. Lett. 116, no. 17, 172302 (2016)
8. ATLAS Collaboration, ATL-PHYS-PUB-2015-019 (2015)
9. CMS Collaboration, CMS-PAS-FSQ-15-007 (2015)

10. ATLAS Collaboration, arXiv:1602.08980 [hep-ex].
11. CMS Collaboration, CMS-PAS-TOP-15-017 (2015)
12. CMS Collaboration, Phys. Rev. D 92, no. 11, 112001 (2015)
13. ATLAS Collaboration, Phys. Lett. B 754, 214 (2016)
14. CMS Collaboration, CMS-PAS-FSQ-12-001 (2015)
15. CMS Collaboration, arXiv:1601.06713 [hep-ex].
16. ATLAS Collaboration, ATL-PHYS-PUB-2015-058 (2015)
17. CMS Collaboration, CMS-PAS-FSQ-12-017 (2015)
18. CMS Collaboration, CMS-PAS-FSQ-13-010 (2015)
19. CMS Collaboration, CMS-PAS-FSQ-13-001 (2015)

146



Latest KLOE results on hadron physics

V. De Leo on behalf of the KLOE-2 Collaboration

INFN Sezione di Roma Tre

KLOE data have been exploited to obtain new precise results on the isospin-violating decay
η → π+π−π0. The new analysis, performed using a data set of 1.6 fb−1, with a new scheme
and improved Monte Carlo simulation, determines with very good accuracy the parameters of
the decay matrix element, including a gX2Y term, and overpasses in precision previous results
published by KLOE in 2008.We report also on the evaluation of the branching fraction for
the process φ → ηe+e− obtained with an accuracy improved by a factor of five with respect to
the previous most precise measurement, and the transition form factor, which is in agreement
with VMD expectations. For the first time also the measurement of the transition form factor
and the most precise determination of the branching fraction has been performed for the
conversion decay φ → π0e+e−.

1 The KLOE detector

Data were collected with the KLOE detector at DAΦNE, the Frascati e+e− collider, which
operates at a center of mass energy W = mφ ∼ 1020 MeV . The KLOE detector consists of
a large cylindrical drift chamber (DC), surrounded by a fine sampling lead-scintillating fibers
electromagnetic calorimeter (EMC) inserted in a 0.52 T magnetic field. The DC 1, 4 m diameter
and 3.3 m long, has full stereo geometry and operates with a gas mixture of 90% helium and
10% isobutane. Momentum resolution is σ(p⊥)/p⊥ ≤ 0.4%. Position resolution in r - φ is 150
μm and σz ∼ 2mm. Charged tracks vertices are reconstructed with an accuracy of ∼ 3 mm.
The EMC 2 is divided into a barrel and two endcaps, for a total of 88 modules, and covers 98%
of the solid angle. Arrival times of particles and positions of the energy deposits are obtained
from the signals collected at the two ends of the calorimeter modules, with a granularity of
∼(4.4× 4.4) cm2, for a total of 2240 cells arranged in five layers. Cells close in time and space
are grouped into a calorimeter cluster. The cluster energy E is the sum of the cell energies, while
the cluster time t and its position r are energy weighted averages. The respective resolutions
are σE/E = 5.7%/

√
E(GeV ) and σt = 57ps/

√
E (GeV ) ⊕ 100 ps.

2 Precision measurement of the η → 3π Dalitz plot distribution

The decay η → 3π violates isospin invariance. Electromagnetic contributions to the process
are very small3 and the decay is induced dominantly by the strong interaction via the u,d mass
difference. The η → 3π decay is therefore an ideal laboratory for testing chiral perturbation
theory, ChPT 4. In fact, the reliability of the ChPT calculations could be tested by using the
Dalitz plot distribution. On the other hand, the precise experimental distributions could be used

directly for the dispersive analyses to determine the Q ratio (Q2 ≡ m2
s−m̂2

m2
d
−m̂2 with m̂ = 1

2(md+mu))

without relying on the higher order ChPT calculations5. For the η → 3π Dalitz plot distribution,

147



the normalized variables X and Y are commonly used:

X =
√
3
Tπ+ − Tπ−

Qη
;Y =

3Tπ0

Qη
− 1, (1)

with Qη = Tπ+ + Tπ− + Tπ0 = mη − 2mπ+ −mπ0 .
Ti are kinetic energies of the pions in the η rest frame. The squared amplitude of the decay

is parametrized by a polynomial expansion around (X,Y )=(0,0):

|A(X,Y )|2 � 1 + aY + bY 2 + cX + dX2 + eXY + fY 3 + gX2Y + .... (2)

The Dalitz plot distribution can be fit using this formula to extract the parameters a,b,...,
usually called the Dalitz plot parameters. The most precise previous measurement is given by
the KLOE 2008 analysis where 1.34· 106 events have been selected4. In the analysis described
in this proceedings a four times higher statistics was used. A reduction in the systematic error
was reached and for the first time also the g parameter was determined5.
Fig. 1 shows the experimental Dalitz plot distribution after the background subtraction.

Figure 1 – Experimental Dalitz plot distribution after background subtraction represented by the two dimensional
histogram with 371 bins.

The final results for the Dalitz plot parameters, including systematic effects, are as follows:
a = −1.095± 0.003+0.003

−0.002
b = +0.145± 0.003± 0.005
d = +0.081± 0.003+0.006

−0.005
f = +0.141± 0.007+0.007

−0.008
g = −0.044± 0.009+0.012

−0.013

With g parameter set to zero the results are:
a = −1.104± 0.003± 0.002
b = +0.142± 0.003+0.005

−0.004
d = +0.073± 0.003+0.004

−0.003
f = +0.154± 0.006+0.004

−0.005

These results confirm the tension with the theoretical calculations on the b parameter, and
also the need for the f parameter. In comparison to the previous measurements from other
experiments 5, the present results are the most precise.

While the polynomial fit of the Dalitz plot density gives valuable information on the matrix
element, integrated asymmetries are very sensitive in assessing the possible presence of C viola-
tion in amplitudes of given ΔI. In particular, left-right asymmetry - related to the c parameter
in our fit - tests C violation with no specific ΔI constraint; quadrants asymmetry tests C vi-
olation for ΔI = 2 and sextants asymmetry tests C violation for ΔI = 14. The values of the
charge asymmetries are all consistent with zero:
ALR = (−5.0± 4.5+5.0

−11 ) · 10−4
AQ = (+1.8± 4.5+4.8

−2.3) · 10−4
AS = (−0.4± 4.5+3.1

−3.5) · 10−4.
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3 Meson Transition Form Factor (TFF)

The conversion decays of a light vector resonance (V ) into a pseudoscalar meson (P ) and a
lepton pair, V → Pγ∗ → P	+	− is an ideal tool to investigate the nature of mesons. In fact,
in these processes the squared dilepton invariant-mass, m2

��, corresponds to the virtual photon
4-momentum transferred squared, q2 and its distribution is strictly dependent on the underlying
electromagnetic dynamical structure of the transition V → Pγ∗6. Further, the discrepancy
between the experimental data from NA607 and Lepton G8, and the Vector Meson Dominance
(VMD) prediction for the ω → π0μ+μ TFF Fωπ

0(q2) increased the interest on the study of the
conversion decays. The coupling of the mesons to virtual photons is described by the Transition
Form Factor (TFF), FV P (q

2). In the Vector Meson Dominance model, VMD, the transition
form factor is parametrized as:

FV P (q
2) =

1

1− q2/Λ2
V P

→ bV P ≈ Λ−2V P (3)

where bV P is the slope of the TFF.

3.1 Vector to pseudoscalar conversion decay φ → π0e+e−

A sample of ∼ 9500 signal events was selected from a data set of 1.7 fb−1 to obtain the first
measurement of the transition form factor |Fφπ0(q2)| and a new measurement of the branching
ratio of the decay 6.

Figure 2 – Comparison between the measurement of |Fφπ0(q2)|2 (black points) and the theoretical predictions
for this quantity based on: the dispersive analysis of Ref.9 (orange and cyan bands) and Ref.11 (blue dashed line),
the chiral theory approach of Ref.10 (green band), and the one-pole VMD model (solid red line) (see Eqs. (49)
and (50) of Ref.11).

In Fig. 2, the results on |Fφπ0(q2)|2 are compared with three different theoretical predictions.
The best agreement is obtained with the Unconstrained Resonant Chiral Theory (UChT), with
parameters extracted from a fit of the NA60 data10. The same sample was also used in order
to evaluate the BR of the process φ → π0e+e−. The result has been obtained in the full

√
q2

range by using an extrapolation based on the theoretical model in agreement with the data:
BR(φ → π0e+e−) = (1.35 ± 0.05+0.05

−0.10) × 10−5. This measurement improves significantly the
results obtained by SND and CMD-2 experiments12,13, and is in agreement with theoretical
predictions.

3.2 Vector to pseudoscalar conversion decay φ → ηe+e−

The analysis of the decay chain φ → ηe+e−, η → 3π0, has been performed on a data sample
of about 1.7 fb−1. At the end of the analysis chain, 30.577 events are selected, with ∼ 3%
background contamination. A precise measurements of both, the BR(φ → ηe+e−), and the
transition form factor slope bφη are obtained 14.
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Figure 3 – Fit to the |Fφη(q2)|2 distribution as a function of the e+e− invariant mass. The blue curve is the fit
result, and in dashed blue the functions obtained for Λφη = Λφη ± 1σ are reported. VMD expectations are
superimposed in pink dashed line while the curve obtained from Ref.15 is reported in red empty dots.

The |Fφη(q2)|2 distribution has been fitted as a function of the e+e− invariant mass with two
free parameters, one corresponding to the normalization and the other to Λφη, reported in Fig.
3, together with the predictions from the VMD and from Ref.15. From this fit, the following
value of the slope bφη has been obtained14: bφη = (1.25±0.10) GeV−2.
The result on the BR(φ → ηe+e−) is given by: BR(φ → ηe+e−) = (1.075 ± 0.007 ± 0.038)×
10−4)14. The BR(φ → ηe+e−) is in agreement with VMD predictions17 and with the SND and
CMD-2 results16. The transition form factor slope is in agreement with VMD predictions17, with
a precision that is a factor of five better than previous SND measurement.
This analysis was also used to derive the upper limit for the production of a light dark boson U
in φ → ηU → ηe+e− decay14.

4 Conclusions

Large data sample of light mesons available at KLOE provided important results on decay
dynamics and transition form factor, together with limits on new physics, giving the most
precise measurements for the study of the process η → 3π and on the TFF for φ → π0e+e− and
φ → π0e+e−.
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MEASUREMENT OF BARYON ELECTROMAGNETIC FORM FACTORS AT
BESIII

C. MORALES MORALES on behalf of BESIII Collaboration

Helmholtz-Institut Mainz, 55099 Mainz, Germany

The Beijing e+e−-collider (BEPCII) is a double-ring symmetric collider running at
√
s be-

tween 2.0 and 4.6 GeV. This energy range allows the BESIII-experiment to measure baryon
electromagnetic form factors in direct e+e−-annihilation and in initial state radiation pro-
cesses. In this paper, results on e+e− → pp̄ and e+e− → ΛΛ̄ based on data collected by
BESIII in 2011 and 2012 are presented. Expectations from the BESIII high luminosity energy
scan from 2015 and from radiative return at different

√
s are also reported.

1 Introduction

Form factors (FFs) account for the non point-like structure of hadrons. Depending on its spin,
s, a hadron has 2s+1 form factors. The FFs are analytic functions of the momentum transferred
by the virtual photon, q. They are real in the space-like region (q2 < 0) and complex in the
time-like region (q2 > 0) for q2 > 4m2

π. FFs at q2 < 0 are determined by elastic scattering of
electrons from hadrons available as targets. FFs at q2 > 0 are measured in annihilation processes
e+e− ↔ hh.

The Born differential cross section of the e+e−-annihilation into a baryon-antibaryon pair,
e+e− → BB, in center-of-mass (c.m.) reads 1

dσBorn(q2, θ∗B)
dΩ

=
α2βC

4q2

[
(1 + cos2θ∗B)|GM (q2)|2 + 1

τ
sin2θ∗B|GE(q

2)|2
]
, (1)

with GE and GM the Sachs FFs, θ∗B the polar angle of the baryon, m the baryon mass, τ =
4m2/q2 and β =

√
1− 1/τ . The Coulomb factor, C = y/(1 − exp(−y)) with y = πα/β,

accounts for the electromagnetic BB interactions of point-like baryons 2. Angular integration of
the previous equation gives the total cross section:

σBorn(q2) =
4πα2βC

3q2

[
|GM (q2)|2 + 1

2τ
|GE(q

2)|2
]
. (2)
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An effective form factor (EFF) can be defined as

|G(q2)|2 = 2τ |GM (q2)|2 + |GE(q
2)|2

2τ + 1
=

σBorn(q2)

(1 + 1
2τ )(

4πα2βC
3q2

)
, (3)

which is equivalento to |GM (q2)| under the working hypothesis |GE(q
2)| = |GM (q2)|. The

simultaneous extraction of |GE | and |GM | without any assumption is only possible by measuring
the angular distributions of the outgoing particles (Eq. 1).

The process of e+e−-annihilation can also be accompanied by the emission of one or several
high energy photons from the initial state (ISR). The differential cross section reads:

d2σISR

dq2dθ∗γ
=

1

s
·W (s, x, θ∗γ) · σBorn(q2), (4)

where x = 2E∗γ/
√
s = 1 − q2/s,

√
s is the c.m. energy of the collider, and E∗γ and θ∗γ are the

energy and polar angle of the ISR photon in the c.m. The radiator function W (s, x, θ∗γ) describes
the probability of the ISR photon emission 3. Due to the ISR photon emission, the hadronic
invariant mass in the final state is reduced below

√
s up to the production threshold of the

hadronic state.

2 The BESIII experiment and data sets

BEPCII is a double ring e+e− symmetric collider running at
√
s from 2.0 to 4.6 GeV. The design

luminosity is 1× 1033 cm−2s−1 at a beam energy of 1.89 GeV. BESIII is a cylindrical detector
which covers 93% of the full solid angle 4. It consists of the following sub-detectors: a Multilayer
Drift Chamber (MDC); a Time-of-Flight plastic scintillator (TOF); a CsI(Tl) Electro-Magnetic
Calorimeter (EMC); a superconducting magnet of 1T and a Muon Chamber (MUC). BESIII has
accumulated the world′s largest samples of e+e-collisions in the tau-charm region. Furthermore,
in 2015 BESIII peformed a high luminosity scan in 21 energy points between

√
s = 2.0 and 3.08

GeV, with about 555 pb−1 luminosity. These statistics are the highest in this energy region.

3 Measurement of e+e− → pp

In June 2015, BESIII published the measurement of the channel e+e− → pp̄ at 12 c.m. energies
between 2.2324 and 3.6710 GeV 5. These data were collected in 2011 and 2012 and correspond
to a luminosity of 157 pb−1. The Born cross section was extracted according to

σBorn =
Nobs −Nbkg

L · ε(1 + δ)
, (5)

where the number of background events is subtracted from the observed signal event candidates,
normalized with the luminosity at each scan point, L, and corrected with the selection efficiency
of the process, ε, times the ISR radiative correction factor up to next-to-leading order (NLO),
(1 + δ). The ConExc generator 6 was used both for the efficiency and the radiative factor
evaluation. The accuracy in the cross section measurements was between 6.0% and 18.9% up to√
s < 3.08 GeV. The EFF was extracted according to Eq. 3 and is shown in Fig. 1 (left) together

with previous experimental results 7,8,9,10,11,12,13. A fit to the polar angular distribution of the
proton in c.m. was performed according to Eq. 1 and |GE/GM | and |GM | were extracted for
three energy points (Fig. 1 (center and right)).

While the measurements by the different experiments concerning the EFF show very good
agreement, this is not the case of the ratio, where the measurements by BaBar 9 and PS170 10

disagree for low q2.
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Figure 1 – (Left) Proton effective form factor, (center) |GE/GM | and (right) |GM | in the time-like region.

4 Measurement of e+e− → ΛΛ

BESIII has preliminary results on the measurement of the channel e+e− → ΛΛ̄. The analysis is
based on 40.5 pb−1 collected in 4 different scan points during 2011 and 2012. The lowest energy
point is at 2.2324 GeV, only 1 MeV above the ΛΛ̄-threshold. This makes it possible to measure
the cross section almost at threshold. To use as much statistics as possible, both events where
Λ and Λ̄ decay to the charged mode (BR(Λ → pπ−) = 64%) and events where the Λ̄ decays
to the neutral mode (BR(Λ̄ → n̄π0) = 36%) are selected. In the first case, the identification
relies on finding two monoenergetic charged pions and a possible p̄-annihilation. In the second
case, the n̄-annihilation is identified through the use of Multivariate Analysis of EMC variables.
Additonally, a monoenergetic π0 is reconstructed to fully identify the channel. For the higher
energy points, only the charged decay modes of Λ and Λ̄ are reconstructed by identifying all the
charged tracks and using the event kinematics. The preliminary results on the measurement of
the Born cross section are shown in Figure 2 (left) together with previous measurements 14,15.
The cross section at threshold is found to be 318± 47± 37 pb. Given that the Coulomb factor
in Eq. 1 is equal to 1 for neutral baryon pairs, the cross section is expected to go to zero at
threshold. This result confirms BaBar′s measurement 15 but with much higher q2 accuracy. The
BESIII measurement improves at least by 10% previous results at low q2 and even more above
2.4 GeV. The lambda EFF was also extracted (Fig. 2 (b)).
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Figure 2 – (Left) Measurements of e+e− → ΛΛ̄ cross section and (right) Λ effective form factor.

5 Summary and outlook

Using data samples colllected in test runs in 2011 and 2012, BESIII has measured the Born
cross section of e+e− → pp at 12 c.m energies from 2.2324 to 3.6710 GeV. The corresponding
effective electromagnetic form factor was also extracted. In addition, the ratio of electric to
magnetic form factors, |GE/GM |, and |GM | were extracted for the three data samples with
larger statistics (

√
s = 2232.4, 2400.0 and 3050.0-3080.0 MeV). The measured cross sections

were in agreement with recent results from BaBar, improving the overall uncertainty by about
30%. The |GE/GM | ratios were close to unity and consistent with BaBar results in the same
q2 region. At present, the precision in the measurement of |GE/GM | is dominated by statistics.
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Using the high luminosity scan data collected by BESIII in 2015, statistical accuracies below
10% are expected to be achieved. In addition, using the 7.4 fb−1 data collected above 3.77
GeV BESIII can also measure the e+e− → pp channel using radiative return. The ISR visible
luminosity for this channel is comparable to BaBar′s one using their total collected luminosity
(∼ 500 fb−1). Thus, the analysis of this channel will also lead to very competitive results.

Measurements with unprecedented statistics are also expected for the channels e+e− → nn̄
and e+e− → nn̄γ. This will allow the determination of the e+e− → nn̄ Born cross section
and the neutron effective form factor with much higher accuracies than the ones achieved so
far16,17,18,19 and in a much larger q2 region. Furthermore, the first measurement of the |GE/GM |
of the neutron in the time-like region will be possible for serveral q2.

The process e+e− → ΛΛ has also been studied using data samples at
√
s = 2.2324, 2.400,

2.800 and 3.080 GeV. The cross section has been measured for the first time very close to
threshold and found to be 318± 47± 37 pb at

√
s = 2.2324 GeV. The substantial cross section

1.0 MeV above threshold is unexpected for neutral baryon pairs and points towards a more
complicated underlying physics scenario. The Born cross sections at other energies have been
measured and found to be consistent with previous experimental results, but with improved
precision. Besides, the corresponding electromagnetic effective form factor of Λ was deduced.
Using BESIII scan data from 2015, a full determination of the lambda FFs is possible. The
imaginary part of the FFs leads to polarization observables that can be observed by studying
Λ parity violating decays. This is the case of the relative phase between the lambda FFs. The
expected statistical accuracies in the measurement of the lambda polarization range between
6 and 17%. The corresponding accuracies for the |GE/GM | of the lambda range between 14
and 29%. Similar measurements might also be possible in other hyperon channels like e+e− →
ΛΣ̄0,Σ0Σ̄0,Σ+Σ̄−,Ξ0Ξ̄0,Σ−Σ̄+,Ω−Ω̄+,Λ+

c Λ̄
−
c .
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Recent Hadronic Results from Belle

V. Gaur
Tata Institute of Fundamental Research, Mumbai

(On behalf of the Belle Collaboration)

We report measurements of the branching fraction of B0 → ψ(2S)π0, B0 → ηπ0, B0 → ρ+ρ−

and B0
s → K0K0. For B0 → ρ+ρ− we also present results on the longitudinal polarization

fraction and time-dependent CP violating parameters. The results are obtained from the data
with the Belle detector 1 at the KEKB asymmetric energy e+e− collider 2.

1 Introduction

Charmless hadronic B decays give rise to the final states that do not contain any charm quark.
These decays mainly proceed via the CKM-suppressed b → u tree and b → (s, d)g penguin dia-
grams, and have branching fractions two to four orders of magnitude lower than the CKM-favored
b → c transitions, allowing us to use them as a probe to search for physics beyond the standard
model (SM). At Belle B decay candidates are identified using two kinematic variables: beam-

energy constrained mass, Mbc =
√
E2

beam − |∑i �pi|2 and energy difference, ΔE =
∑

iEi−Ebeam,
where Ebeam is the beam energy, and �pi and Ei are the center-of-mass momentum and energy
of the i-th daughter of the reconstructed B, respectively. Continuum e+e− → qq events, where
q is u, d, s or c are the primary source of background. To suppress this contamination, variables
describing the event shape topology are typically combined into a multivariate analyzer, such as
an neural network3 or a Fisher discriminant. We use an unbinned extended maximum likelihood
fit based on different discriminating variables. The fit usually includes signal, continuum, charm
and charmless B background components.

2 B0 → ψ(2S)π0

The B0 → ψ(2S)π0 decay proceeds via the dominant b → cc̄d tree transition followed by strongly
suppressed b → dcc̄ loop process. These decays are sensitive to CP violating phase φ1. In absence
of penguin contribution, direct CP asymmetry, ACP = 0 and mixing induced CP asymmetry,
SCP = − sin(2φ1). The non-vanishing ACP and deviation of SCP from − sin(2φ1) can arise due
to penguin contaminations, hence these quantities provide a useful probe for new physics. These
decays can also help constrain the penguin pollution in b → cc̄s transitions 4,5,6.

The ψ(2S) candidate is reconstructed from l+l−(l = e, μ) and J/ψπ+π−(J/ψ → l+l−). To
identify theB-meson candidates, in addition to ΔE we use the modified beam-energy constrained

mass, M
′
bc =

√
(Ebeam)2 −

∣∣∣∣�pψ(2S) +√(Ebeam − Eψ(2S))2 −m2
π0

�pπ0

|�pπ0 |
∣∣∣∣2. Continuum background

is suppressed by requiring the ratio of second-to-zeroth-order Fox-Wolfram moments 7 to be less
than 0.5. This criterion removes 50% of the continuum background with negligible loss of signal
efficiency. All four sub-decay modes for ψ(2S) are combined for the branching fraction (B)
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measurement. A two dimensional ΔE −M
′
bc fit is performed with the signal, other b → (cc̄)q

decays, and combinatorial background as various fit components. Figure 1 shows ΔE and M
′
bc

projections of the fit for the candidate events in a signal dominated region.

We measure the branching fraction B(B0 → ψ(2S)π0) = [1.17±0.17(stat)±0.08(syst)]×10−5

with a significance of 7.2 standard deviations. This constitutes the first observation of the decay8.
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Figure 1 – Projections of the fit to the B0 → ψ(2S)π0 data in the entire fit region onto ΔE (left) and M
′
bc (right).

Points with error bars are the data while the solid black curves represent the fit results. Green hatched curves
denote the B0 → ψ(2S)π0 signal component, blue dash-dotted curves show the cc̄ background component, and
red dotted curves indicate the combinatorial background.

3 B0 → ηπ0

The B0 → ηπ0 decay is highly suppressed in the SM and proceeds mainly via b → u Cabibbo- and
colour-suppressed tree and b → d penguin diagram. Predicted B is in the range (2−12)×10−79,10.
The B value can be used to constrain isospin-breaking effects on the CP violating phase sin 2φ2

measured in B → ππ 11,12. It can also help constrain the CP violating parameter governing time
dependence (SCP ) of B

0 → η
′
K0 13,14.

Candidate η mesons are reconstructed via η → γγ and η → π+π−π0. For continuum back-
ground suppression we employ a neural network to effectively combine 19 event-shape variables.
We require neural network output (CNB) > 0.1 to reject 85% of the continuum background while
retaining 90% of the signal. Later, its transformed variable

C ′NB = log

[
CNB − CNB,min

CNB,max − CNB

]
, (1)

is used, whose distribution can be modeled easily. We perform a simultaneous fit to ΔE, Mbc

and C ′NB to extract the signal yield with signal, continuum and rare B background (arises due
to B decays mediated via b → u, d, s transitions) as various fit components. Figure 2 shows ΔE,
Mbc and C ′NB signal enhanced projections of the fit for the candidate events.

We measure B(B0 → ηπ0) = [1.17 ± 0.17(stat) ± 0.08(syst)] × 10−5 with a significance of
3 standard deviations, and set a 90% confidence-level (CL) upper limit of B(B0 → ηπ0) <
6.5 × 10−7. Inserting our measured value into Eq. (19) of Ref. 11 gives the result that the
isospin-breaking correction to the weak phase φ2/α measured in B → ππ due to π0 − η − η

′

mixing is less than 0.97o at 90% CL. As such, we obtain a 40% improvement on this value with
respect to the previous one 15.
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Figure 2 – Projections of the simultaneous fit: (a), (b) Mbc; (c), (d) ΔE; (e), (f) C′NB . The left (right) column
corresponds to η → γγ (η → π+π−π0) decays. Points with error bars are data; the green dashed, red dotted and
magenta dot-dashed curves represent the signal, continuum and charmless rare backgrounds, respectively, and the
blue solid curves represent the total PDF.

4 B0 → ρ+ρ−

The B0 → ρ+ρ− decay proceeds dominantly via the b̄ → ūud̄ tree-level transition and is sensitive

to φ2 = arg
(
− VtdV

∗
tb

VudV
∗
ub

)
. If tree only, then SCP is directly related to sin(2φ2) and ACP = 0.

However, possible penguin contributions can shift φ2 and SCP as
√
1−ACP

2 sin(2(φ2 +Δφ2)).
The value of Δφ2 can be extracted from an isospin analysis or SU(3) flavour symmetry. The
former is performed with inputs from ρ0ρ+ 16 and ρ0ρ0 measurements 17.

Candidate B mesons are reconstructed via B+ → ρ+ρ− where ρ± → π±π0 and π0 → γγ.
For continuum background suppression, we use a Fisher discriminant FS/B constructed out of
12 event-shape variables. We require FS/B > 0 to reject 80% of continuum background while

retaining 80% of signal. At the Υ (4S) resonance a quantum-entangled B0B̄0 pair is produced.
When one of the two B mesons (B0

CP ) decays in the CP eigenstate of interest at time tCP , the
flavor q of the other B meson (B0

tag, decaying at time ttag) determines the flavor of B0
CP at the

latter time: q = +1 for B0
tag = B0 and q = −1 for B0

tag = B̄0. The time interval between the
decays of the two B mesons is given as Δt ≡ tCP − ttag. We perform a nine dimensional fit to
ΔE, Mbc, dipion invariant masses m(π+π0) and m(π−π0), FS/B, Δt, q, and ρ± helicity angles

cos(θ+H) and cos(θ−H) for extracting the signal yield. The helicity angle is defined as the angle
between one of the daughters of ρ± mesons (here charged pions) and the B flight direction in
the corresponding rest frame of the ρ±. The fit includes signal, continuum, non-peaking and
peaking BB background as various components. Lastly, perform an isospin analysis to obtain a
constraint on φ2. Figure 3 shows various signal enhanced projections of the fit for the candidate
events.

We measure B(B0 → ρ+ρ−) = [28.3±1.5(stat)±1.5(syst)]×10−6, fL = 0.988±0.012(stat)±
0.023(syst), ACP = 0.00 ± 0.10(stat) ± 0.06(syst) and SCP = −0.13 ± 0.15(stat) ± 0.05(syst).
From the isospin analysis, two solutions are found, of which one is consistent with other indirect
measurements φ2 = (93.7 ± 10.6)0. The size of penguin contribution is found to be consistent
with zero Δφ2 = (0.0± 9.6)0 18.

5 B0
s → K0K0

The B0
s → K0K0 decay mainly proceeds via b̄ → s̄ penguin. The decay is of particular interest

due to its large predicted B value, in the range (1.6− 2.7)× 10−5 19,20. The presence of non-SM
particles or couplings may enhance it up to 3 × 10−5 21. The ACP of this decay mode is a
promising observable to search for NP; its value is not more than 1% in SM, while it can be 10
times larger in presence of supersymmetry with the B remaining unaffected 22.

The K0 mesons are reconstructed via the decay K0
S → π+π− based on a neural network

(NN)3. For continuum suppression we implement a second NN based on 19 event-shape variables.
We require CNN > −0.1 to reject 85% of the continuum background while retaining 83% of
the signal. We translate CNN to C ′NN using similar function as Eq.(1). We perform a three
dimensional fit to ΔE, Mbc and C ′NN to extract the signal yield with signal and continuum
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Figure 3 – Projections of the fit to the data in signal-enhanced regions. The (black) points represent the data,
and the solid (blue) curves represent the fit result. The hashed (red) areas show the B0 → ρ+ρ− contribution,
and the bright-shaded (cyan) areas show all four-pion final states. (a) and (d) The short-dashed (dark green)
curves show the nonpeaking BB contribution and the long-dashed (bright green) curves show the total nonpeaking
background. (b), (c), (e), and (f) The dash-dotted (dark green) line shows the contribution from all BB decays.
(g) The dash-dotted (magenta) curve shows the continuum contribution, and the dark (green) area shows the
entire contribution from BB decay. (h) The dashed (dark green) curve shows the nonpeaking BB contribution.

background as fit components. Figure 4 shows ΔE, Mbc and C ′NN signal enhanced projections
of the fit for the candidate events.

We measure B(B0
s → K0K0) = [19.6+5.8

−5.1(stat) ± 1.0(syst) ± 2.0(NB0
s B̄

0
s
)] × 10−6 with a

significance exceeding 5 standard deviations 23.
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Figure 4 – Projections of the fit to the data in signal-enhanced regions. The points with error bars are data,
the green dashed curves denote the signal, magenta dotted curves represent the continuum background, and blue
solid curves show the total fit.

6 Summary

In summary, we obtain B[B0 → ψ(2S)π0] = [1.17 ± 0.17(stat) ± 0.08(syst)] × 10−5 with a
significance of 7.2 standard deviations which constitutes the first observation of the decay. The
B (B0 → ηπ0) is measured to be [1.17± 0.17(stat)± 0.08(syst)]× 10−5, which corresponds to a
90% CL upper limit of B(B0 → ηπ0) < 6.5× 10−7, with a significance of 3 standard deviations.
This constitutes the first evidence for the decay and the isospin-breaking correction to the weak
phase φ2/α measured in B → ππ decays due to π0− η− η

′
mixing is less than 0.97o at 90% CL.

We obtain B(B0 → ρ+ρ−) = [28.3 ± 1.5(stat) ± 1.5(syst)] × 10−6, fL = 0.988 ± 0.012(stat) ±
0.023(syst), ACP = 0.00 ± 0.10(stat) ± 0.06(syst) and SCP = −0.13 ± 0.15(stat) ± 0.05(syst).
From an isospin analysis, two solutions are found of which one is consistent with other indirect
measurements φ2 = (93.7± 10.6)0 and the size of penguin contribution is found to be consistent
with zero. Lastly, we measure B(B0

s → K0K0) = [19.6+5.8
−5.1(stat)±1.0(syst)±2.0(NB0

s B̄
0
s
)]×10−6

with a significance of 5.1 standard deviations which indicates the first observation of the decay.
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5.
Heavy Flavours





LHCb results on 13 TeV pp collisions

F. ALESSIO on behalf of the LHCb Collaboration
CERN, Geneva, Switzerland

By using the very first proton-proton collision data of the LHC Run II, the LHCb experiment
performed a series of early measurements, including the cross-sections for quarkonia, beauty
and charm productions. The results have been carried out by exploiting a new scheme for
the LHCb software trigger, where the algorithm has been split in two stages. This enables
the alignment and calibration of the detector to be performed in real time, hence achieving
an optimal reconstruction performance already at the online trigger level. In turn, this gives
the possibility to finalise physics analyses directly from data objects produced by the online
reconstruction. Physics results will be discussed here with some emphasis on the performance
and technical implementation of this novel trigger approach.

1 Introduction

The LHCb experiment1 is dedicated to precision measurements of heavy flavour physics with the
main aim to probe physics beyond the Standard Model, by studying very rare decays of beaut-
y and charm-flavoured hadrons, and by measuring CP -violating observables precisely. In the
challenging environment of the LHC accelerator, high precision measurements can reveal New
Physics phenomena as differences with Standard Model predictions. Flavour physics can then
provide hints of new phenomenology even before direct discoveries of new particles performed
by the ATLAS and CMS experiments.

2 The LHCb detector and online trigger system

The LHCb detector is a single-arm forward spectrometer that covers the pseudorapidity range
2 < η < 5. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector (VELO)2 surrounding the pp interaction region, a large area silicon-strip
detector (TT) located upstream of a dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors (IT) and straw drift tubes (OT) 3 placed downstream.
The combined tracking system has a momentum resolution Δp/p that varies from 0.4% at 5
GeV/c to 0.6% at 100 GeV/c and an impact parameter resolution of 20 μm for tracks with
high transverse momentum. Charged hadrons are identified using two ring-imaging Cherenkov
detectors (RICH) 4. Photons, electrons and hadrons are identified by a calorimeter system
consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a
hadronic calorimeter. Muons are identified by a system composed of alternating layers of iron
and multiwire proportional chambers 5. The online event selection is performed by a trigger 6,
which consists of a hardware stage (L0), based on information from the calorimeter and muon
systems, followed by software stages (HLT1 and HLT2), which apply a full event reconstruction.

The spatial alignment of a detector and the accurate calibration of its subcomponents are
important elements to achieve the best physics performance 7.
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Figure 1 – LHCb software trigger schemes for Run I and Run II.

A more effective selection and a higher signal purity of relevant decay channels can be
achieved by a real-time alignment and calibration. The LHCb trigger strategies for Run I and
Run II are sketched in Fig. 1. The online event reconstruction in Run I was simpler than that
used offline and did not have the latest alignment and calibration constants applied. In Run II,
the selected events after the first stage of the software trigger are buffered on local disks and an
automatic calibration and alignment is performed. The alignment is evaluated using a dedicated
event sample that can be enriched also with well known particle decays (e.g. D0 → Kπ,
J/ψ → μμ) and the calibration is run on several nodes of the farm used for the trigger within few
minutes. This online procedure enables the best possible calibration and alignment information
to be used at the trigger level and, therefore, provide better reconstruction performance in the
trigger8. It also minimises the differences between online and offline reconstruction performance,
and allows some physics analyses to be run directly on a dedicated trigger output, commonly
referred to as Turbo Stream 9. This approach allows physics candidates to come out of the Turbo
Stream ready for physics analyses only few hours after having been recorded, with optimal
calibration and alignment.

3 Data taking in 2015

In 2015, for the beginning of Run II, the LHC operation team commissioned the accelerator
for a higher target energy, moving from 4 TeV/beam achieved in 2012 to 6.5 TeV/beam. The
commissioning phase included a step-by-step increase of the total intensity of the beams, finally
reaching 2244 nominal bunches, for final a peak luminosity of 5× 1033 cm−2s−1 in ATLAS and
CMS, about half of the nominal values of the LHC. At the centre-of-mass energy of 13 TeV
in 2015, the LHCb experiment collected a total of 320 pb−1 with a global efficiency of about
88%, as shown in the left part of Fig. 2. Even though the LHC accelerator increased the total
intensity of the beams throughout the whole year, the LHCb experiment collected data at a
fixed value of μ, defined as the average number of visible pp interactions per bunch crossing.
This is shown in the right part of Fig. 2.

This was possible owing to a mechanism called Luminosity Levelling 10, where the beams
are separated in the vertical plane in order to keep the target value of luminosity and pileup.
This allows the detector to record data in a stable way, collecting a very homogeneous dataset,
thus easing the online and offline processing of events and allowing for a consistent selections of
physics candidates.
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Figure 2 – Left, LHCb integrated recorded and delivered luminosity in 2015 with efficiency breakdown. Right,
LHCb average μ.

4 J/ψ production

The study of heavy quarkonium production in pp collisions provides important information on
both the perturbative and the non-perturbative regimes of quantum chromodynamics (QCD).
Heavy quarkonium production can be described in two stages. The first is the short-distance
production of a heavy quark pair, QQ̄, which can be described perturbatively, and the second is
the non-perturbative hadronisation of the heavy quark pair into quarkonium state, such as the
J/ψ meson. The non-perturbative part cannot be calculated reliably, and must be determined
using experimental data. After almost forty years of theoretical and experimental efforts, the
hadronic production of quarkonia is still not fully understood. In pp collisions, J/ψ mesons
can be produced directly from hard collisions of partons, through the feed-down of excited
charmonium states, or via decays of b-flavoured hadrons. The first two sources are collectively
referred to as prompt J/ψ production, while the third process is referred to as J/ψ-from-b.

The LHCb experiment has performed measurements of both prompt J/ψ and J/ψ-from-b
with the very first collisions at

√
s = 13 TeV 11. The analysis was performed using the Turbo

Stream candidates of both prompt J/ψ and J/ψ-from-b, using a dataset corresponding to an
integrated luminosity of Lint = 3.05 ± 0.12 pb−1. Events were selected in the J/ψ kinematic
range of pT < 14 GeV/c and 2.0 < y < 4.5 using J/ψ decaying to μ+μ− final states. The
separation between the prompt J/ψ and J/ψ-from-b was performed using a pseudo decay time
defined as

tz =
(zJ/ψ − zPV )×MJ/ψ

pz
. (1)

The values of measured double differential cross-sections for prompt J/ψ and J/ψ-from-b mesons,
in the acceptance pT < 14 GeV/c and 2.0 < y < 4.5, integrated over all (pT; y) bins, are:

σ(prompt J/ψ, pT < 14 GeV/c, 2.0 < y < 4.5) = 15.30± 0.03± 0.86 μb, (2)

σ(J/ψ − from− b, pT < 14GeV/c, 2.0 < y < 4.5) = 2.34± 0.01± 0.13 μb, (3)

where the first uncertainties are statistical and the second systematic. Double differential cross-
sections at various centre-of-mass energies as function of pT and y bins are reported in Ref. 11

along with a comparison to theorethical predictions.

5 Open charm production

Measurements of charm production cross-sections in proton-proton collisions are important tests
of the predictions of perturbative QCD. The range of pT and y accessible to LHCb enables QCD
calculations to be tested in a region where the fraction carried by the initial state partons can
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reach values below 10−4. In this region the uncertainties on the gluon parton density functions
are large, exceeding 30%, and LHCb measurements can be used to constrain them. The charm
production cross sections are also important in evaluating the rate of high-energy neutrinos
created from the decay of charm hadrons produced in cosmic ray interactions with atmospheric
nuclei. Such neutrinos constitute an important background for experiments such as IceCube 13

searching for neutrinos produced from astrophysical sources.
LHCb performed measurements of the cross-sections for the prompt production of D0, D+,

D+
s and D∗(2010)+ (D∗+) at

√
s = 13 TeV 12. The analysis was performed using the Turbo

Stream candidates of charm D mesons, from an integrated luminosity of Lint = 4.98±0.19 pb−1.
Events were selected in the kinematic range of pT < 8 GeV/c and 2.0 < y < 4.5 using the
log(χ2

IP ) distribution to separate prompt D mesons from those decaying from b hadrons.
The measured double differential cc̄ cross-sections in the kinematic range of pT < 8 GeV/c

and 2.0 < y < 4.5, integrated over all (pT; y) bins, is:

σ(pp → cc̄X, pT < 14 GeV/c, 2.0 < y < 4.5) = 2940± 3± 180± 160 μb (4)

where the uncertainties are statistical, systematic and due to the knowledge fragmentation
fraction, respectively. A description of the systematic uncertainties and a comparison with
theoretical expectations are given in Ref. 12.

6 Conclusions

In 2015, the LHCb experiment performed a set of measurements with first collisions at
√
s =

13 TeV. They include the J/ψ and open charm production cross sections. This was achieved
owing to a very flexible software trigger enabling a novel real-time calibration and alignment
procedure to be applied. Physics objects for final analyses are therefore prepared already in
the software trigger with offline-like reconstruction quality, allowing results to be available soon
after the data taking.
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Measuring heavy-flavor properties plays an important role in the physics program of the
ATLAS and CMS experiments operating at the LHC. Such measurements provide stringent
tests for the description of QCD processes and, at the same time, new insights in hadron
spectroscopy and indirect searches for physics phenomena beyond the Standard Model (SM).
Both the ATLAS and CMS experiments already delivered a lot of new results in the heavy
flavor sector and this note is meant to summarize some of the most recent ones, focusing on
measurements of production cross sections, decay polarizations, oscillations and rare decays.

1 Introduction

The ATLAS1 and CMS2 detectors are designed to cover a wide spectrum of physics phenomena,
including the study of heavy flavor properties, exploiting their inner tracking detectors, elec-
tromagnetic and hadronic calorimeters, and muon spectrometers. Many results on heavy-flavor
particle production and their properties have been published since the start of LHC operations.
This contribution presents a brief summary of results recently obtained analyzing proton-proton
collisions recorded at

√
s = 7 TeV and 8 TeV in 2011 and 2012, paving the way for studies on

the first data collected at
√
s = 13 TeV during 2015.

2 Prompt and non-prompt production of J/ψ and ψ(2S)

Two different charmonium production mechanisms are expected at the LHC; prompt production,
in which the particle is directly produced in a primary interaction or through feed-down from
heavier states, and non-prompt production, in which the particle originates from B hadron
decays. Studying the two mechanisms provides a powerful tool to validate theoretical models of
charmonium production; in particular, prompt production can be compared to non-relativistic
QCD (NRQCD) predictions 3, while non-prompt production measurements are used to validate
Fixed Order Next-to-Leading Logarithm (FONLL) calculations 4.
The differential production cross section is measured by the ATLAS experiment5, using 2.1 fb−1

(11.4 fb−1) of pp collision data at
√
s= 7 TeV (8 TeV); this result complements a study previously

published by the CMS experiment 6, based on the analysis of 4.55 and 4.90 fb−1, respectively
for J/ψ and ψ(2S) decays, of pp collision data at

√
s = 7 TeV.

For the prompt production mechanism, the predictions from the NRQCD model are found to
be in good agreement with the observed data points. For the non-prompt production, the fixed-
order next-to-leading-logarithm calculations reproduce the data reasonably well, with a slight
overestimation of the differential cross-sections at the highest transverse momenta explored.
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Both experiments are currently on their way to produce updated results with data collected at√
s = 13 TeV.

3 Measurement of D∗, D and Ds production cross sections

The study of a set of exclusive decays of the D∗, D+ and D+
s mesons is performed by the ATLAS

experiment 7, to understand charm production at the LHC at both
√
s = 7 TeV and 8 TeV.

Differential production cross sections are measured and compared with a large set of predictions,
including FONLL, General-Mass Variable-Flavor-Number Scheme (GM-VFNS) and NLO QCD
calculations matched with leading-logarithm parton-shower Monte Carlo simulation (NLO-MC).
The measurement is essential for tuning and validating the MC generators, affecting many studies
performed at the LHC, and shows that all theoretical calculations are consistent with data in
terms of normalization, within the large theoretical errors, while the shape is best described by
the GM-VFNS prediction.

4 Study of the B+
c → J/ψD+

s and B+
c → J/ψD∗+s decays

The ATLAS experiment presents a study of the B+
c → J/ψD+

s and B+
c → J/ψD∗+s decays (with

J/ψ → μ+μ−), using 4.9 fb−1 (20.6 fb−1) of pp collisions recorded at
√
s = 7 TeV (8 TeV) 8.

A two-dimensional likelihood fit to the B+
c invariant mass and the angle between μ+ and D+

s

candidates in the muon pair rest frame is used to extract the number of observed decays,
measuring, at the same time, the transverse polarization fraction in the B+

c → J/ψD∗+s decay.
Ratios of branching fractions for the two processes are measured with respect to the J/ψπ+

decay and one with respect to the other.
The results turn out to be compatible with what has previously been measured by LHCb 9 and
they are compared with various theoretical calculations, showing a particular good agreement
with perturbative QCD predictions and discrepancies always below two standard deviations.

5 Ratio of b-quark fragmentation fractions fs/fd

The B0
s → J/ψφ and B0

d → J/ψK∗0 decays are studied by the ATLAS experiment in pp collision
data recorded at

√
s = 7 TeV and 8 TeV, in order to determine the ratio of fragmentation

fractions fs/fd
10.

The ratio of reconstructed decay candidates is converted into the ratio of B meson yields; the
final fs/fd measurement is then extracted using an ad-hoc perturbative QCD calculation of
branching-fraction ratio 11. The measurement was repeated in pT and pseudorapidity intervals,
showing no visible dependence on either variable, and compared to previous experimental results,
turning out to be in good agreement with recent LHCb results 12, while significantly improving
the world average.

6 Angular analysis of the B0 → K∗0μ+μ− decay

The B0 → K∗0μ+μ− decay is forbidden at tree level, but allowed via loop processes, so it can
be sensitive to new physics phenomena, as particles predicted by models beyond the SM can
enter these loops.
The study of the angular distributions and the differential branching fractions in this decay is
performed by the CMS experiment, using pp collisions recorded at

√
s = 8 TeV 13. Individual

unbinned extended maximum likelihood fits to invariant mass and two angular variables are
performed in different q2 bins, extracting differential distributions for the branching fraction,
the longitudinal polarization fraction of K∗0 candidates, and the forward-backward asymmetry
of muons.
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The results are found to be consistent with what is predicted by the SM, using QCD factorization
techniques for low q2 bins and operator product expansion for high q2 bins. The analysis is also
combined with results previously obtained at

√
s = 7 TeV and shows good agreement with what

measured by the BaBar 14, Belle 15, CDF 16 and LHCb 17 experiments.

7 CP-violating phase φs and the decay width difference ΔΓs in B0
s → J/ψφ decays

The B0
s meson can decay into the J/ψφ final state (with J/ψ → μ+μ− and φ → K+K−), which

is a mixture of CP -odd and CP -even eigenstates. The study of this decay can thus be used
to measure CP violation, which comes from the interference between the decay and mixing
processes.
The corresponding parameters, including the CP -violating phase φs, the decay width Γs, and
the width difference between the mass eigenstates ΔΓs are measured by the ATLAS 18 and
CMS 19 experiments, using pp collisions recorded at

√
s = 8 TeV. The parameters are extracted

by a simultaneous fit using the “opposite side tagging” to infer the initial flavor probability of
B0

s candidates and a likelihood containing the invariant mass, the proper decay time and the
angular variables of each decay.
The results obtained by the two experiments are mutually compatible and show similar uncer-
tainties; they are also compatible with what is predicted by the SM and with what has been
measured by the LHCb experiment 20,21.

8 Searches for rare Bs → μ+μ− and Bd → μ+μ− decays

Flavor-changing neutral-current (FCNC) processes are highly suppressed in the SM, so their
study is a powerful probe of new physics phenomena. The Bs → μ+μ− and Bd → μ+μ−

branching fractions are particularly interesting, because of their additional helicity suppression
and the availiability of accurate SM predictions. Significant deviations from the predicted SM
values are instead foreseen in models involving non-SM heavy particles.
The CMS collaboration reports the observation of Bs → μ+μ− 22 and, in combination with
the LHCb experiment, evidence of Bd → μ+μ− 23. The analysis is based on data collected at√
s = 7 TeV and 8 TeV and the resulting branching fraction measurements are statistically

compatible with SM predictions, imposing stringent constraints on several theories beyond the
SM.
The ATLAS experiment reports the result of searches for both rare decays24, performed using pp
collision data collected at 7 and 8 TeV, yielding an upper limit and a measurement, respectively
for the Bd → μ+μ− and the Bs → μ+μ− branching fractions, which are consistent with the SM
expectation within 2.0 standard deviations.
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An overview of selected results on CP violation in beauty and charm decays at LHCb is
presented. The first observation of D0–D0 mixing in D0 → K+π−π+π− decays is shown.
A measurement of direct CP violation in D0 → K+K− and D0 → π+π− decays is shown.
Several results which constrain the CKM angle γ are shown and a new combination of LHCb
results on γ is presented which leads to the worlds most precise single experiment measurement
of γ = (70.9+7.1

−8.5)
◦.

1 Introduction

Quark mixing in the Standard Model (SM) is described by the 3 × 3 unitary CKM maxtrix
which dictates the coupling strength between different flavours of quarks. The elements of the
CKM matrix demonstrate a hierachical coupling across quark generations, with elements further
from the diagonal having progressively weaker couplings. The CKM theory is highly predictive,
giving rise to a huge range of phenomena over a large energy scale, and can be expressed in
terms of just 4 independent parameters. Furthermore, the CKM mechanism gives rise to a CP
violating phase, which is the only source of CP violation in the SM. Measuring the values of
the CKM parameters, and subsequently the amount of CP violation in the SM, can provide
evidence of new physics (NP) arising in loops of heavy meson decays. Beauty (B) mesons are
a fantastic laboratory to study CP violation and the CKM matrix. Firstly, they are heavy
and subsequently have an abundance of different decay modes that can be studied. Secondly,
theoretical prediction of their behaviour within the framework of the SM is easier than that of
the lighter mesons. Thirdly, they are in the third family of quarks in the SM and consequently
one would expect NP effects to be larger when studying their decays. Charm (D) meson decays
are especially interesting because they are the only up type quark whose flavour structure can
be studied. Moreover, knowledge of the CKM parameters helps to significantly reduce the
theoretical uncertainties for NP searches in rare decays.

2 Charm

One of the phenomological consequences of the CKM matrix is that neutral mesons can change
flavour, know as neutral meson mixing. The oscillation period for a D0 is much smaller than
for K0, B0 and B0

s mesons (see for example Ref. [1]). Neutral charm meson oscillation (D0–
D0 mixing), although small, is now well established. However, significant enchancement of
mixing, or observation of CP violation in charm decays would be a clear indication of NP and
consequently study of mixing and direct CP violation in charm decays is an important probe of
the SM.
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2.1 First observation of D0–D0 oscillations in D0 → K+π−π+π−

LHCb has recently performed a time dependent analysis of D0 → K+π−π+π− decays with
a dataset corresponding to an integrated luminosity of 3fb−1 [2]. The initial D0 flavour is
tagged using the decay D∗+ → D0π+ where the charge of the “bachelor” pion unambigously
tags the flavour of the D0. Interference between the Cabibbo favoured right sign decay, D0 →
K−π+π−π+, and the doubly Cabibbo supressed wrong sign decay, D0 → K+π−π+π−, ampli-
tudes is sensitive to D0–D0 mixing. The ratio of wrong sign to right decays is evaluated in bins
of the decay time, as shown in Fig. 1(a). Under the no mixing hypothesis one would expect
this distribution to be flat. The shape of this distribution can be used to measure the mixing
relative to the coherence of the D0 → Kπππ Dalitz plane, as shown in Fig. 1(b). This is a clear
observation of neutral charm mixing and is the first time D0–D0 mixing has been observed in a
decay other than D0 → Kπ.
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Figure 1 – Results of LHCb’s time dependent analysis of D0 → K+π−π+π− decays [2].

2.2 Search for CPV in D0 → K+K− and D0 → π+π− decays

LHCb has recently performed the world’s most precise measurement of CP asymmetry in D0 →
K+K− and D0 → π+π− decays [3]. The D0 flavour is tagged, as above, using D∗+ → D0π+

decays and the mass difference between the D∗+ and the D0, δm = m(D∗+)−m(D0), is fitted to
extract the number of signal candidates in order to compute the asymmetry, ACP (f), between
the yields of D∗+ → D0(f)π+ and D∗− → D0(f)π−.

After correcting for production and detection asymmetries LHCb find ΔACP = ACP (K
+K−)−

ACP (π
+π−) = (−0.10 ± 0.08 (stat) ± 0.03 (syst))%, which is consistent with no direct CP vio-

lation. When performing a combination with analyses of the indirect CP asymmetries, AΓ, in
D0 → K+K− and D0 → π+π− decays [4] and direct and indirect asymmetries, ACP and AΓ,
in semileptonic B− → D0μ−ν decays [5, 6] the no CPV hypothesis at the current precision is
further supported.

3 Beauty and the CKM angle γ

The CKM angle γ is the least well known constraint of the B0 unitarity triangle. It can be
accessed using tree decays, which make it theoretically very clean, of favoured B− → D0K−

and supressed B− → D0K− decays where the D0 and D0 decay to the same final state. The
best sensitivity arises from combining the results of severeal different modes which use different
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Table 1: A list of the inputs used in the LHCb γ combination.

LHCb Inputs Auxilliary Inputs

B decay D decay Method Ref. Decay Parameters Source Ref.

B+ → DK+ D → hh GLW/ADS [13] Charm mixing HFAG [25]
B+ → DK+ D → hπππ GLW/ADS [13] D → Kπππ (δD, κD, rD) CLEO+LHCb [26]
B+ → DK+ D → hhπ0 GLW/ADS [19] D → ππππ (F+) CLEO [27]
B+ → DK+ D → K0

Shh GGSZ [18] D → Kππ0 (δD, κD, rD) CLEO+LHCb [26]
B+ → DK+ D → K0

SKπ GLS [20] D → hhπ0 (F+) CLEO [27]
B0 → D0K	0 D → Kπ ADS [21] D → K0

SKπ (δD, κD) CLEO [28]
B+ → DK+ππ D → hh GLW/ADS [22] D → K0

SKπ (rD) CLEO [28]
B0

s → D∓s K± D+
s → hhh TD [23] D → K0

SKπ (rD) LHCb [29]

B0 → D0K+π− D → hh Dalitz [24] B0 → D0K	0 (κB , RB , ΔB) LHCb [24]
B0 → D0K	0 D → K0

Sππ GGSZ [15] B0
s → D+

s K
− (φs) LHCb [30]

methods depending on the D0 final state: (quasi)-CP even final states (GLW method) [7, 8],
Cabibbo favoured and doubly Cabibbo supressed final states (ADS method) [9,10], 3 body final
states (GGSZ method) [11] and a few others. LHCb has recently performed the world’s most
precise single experiment measurement of the angle γ and finds γ = (70.9+7.1

−8.5)
◦ [12]. Two of the

most recent input analyses and the γ combination are presented in this section.

3.1 GLW/ADS analysis of B± → D0K±(π±) decays with 2 and 4-body final states

LHCb has recently performed an update of this analysis with a dataset corresponding to an
integrated luminosity of 3fb−1 [13]. Several amplitude ratios, double ratios and charge asymme-
tries are measured using both the GLW modes (D0 → K+K−, D0 → π+π−, D0 → π+π−π+π−)
and the ADS modes (D0 → K±π∓, D0 → K±π∓π+π−). The analysis observables are highly
sensitive to γ although have several solutions.

3.2 GGSZ analysis of B0 → D0K�0 decays

The CKM angle γ is also accesible from the B0 → D0K�0 system. LHCb has recently performed
two analyses of this decay, one model dependent [15] and one model independent [14], using the
GGSZ method in which D0 → K0

Sπ
+π−(K+K−). The model-dependent method is used for

the LHCb γ combination as it has the best a priori sensitivity. The stategy is to fit the B0

invariant mass and then perform a fit for the CP observables to the signal candidates using a
Dalitz model from the BaBar collaboration [16, 17] after tagging the initial flavour of the B0.
This analysis has a single but broad solution for γ.

3.3 LHCb combiantion of the CKM angle γ

LHCb has performed a combination of all measurements which constrain the CKM angle γ [12].
A full list of the inputs used is given in Table 1.

[h!]

The results of the LHCb γ combination are shown in Fig. 2 where the measured value is
γ = (70.9+7.1

−8.5)
◦. The unknown hadronic parameters are found to be rDK

B = 0.1006+0.0059
−0.0060,

δDK
B = (141.1+6.1

−7.7)
◦, rDK	0

B = 0.217+0.044
−0.048 and δDK	0

B = (189+24
−20)

◦.

4 Conclusion

The CKM matrix is an incredibly successful description of the quark sector in the SM and
measurements of its elements are becoming increasingly precise. Finding new sources of CP
violation would be a solid indication of NP. A few highlights of recent LHCb results in beauty
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Figure 2 – Two-dimensional confidence intervals for γ vs. rDK
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B (right) for CP analyses in the
B+ → D0K+ (left) and B0 → D0K	0 (right) systems shown alongside the full LHCb combination.

and charm decays have been presented here. There are excellent prospects for greater precision
and further understanding with upcoming data from Run 2 of the LHC.
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Rare decays are flavour changing neutral current processes that are loop-suppressed in the
Standard Model (SM). New particles in SM extensions can therefore give significant contri-
butions, modifying branching fractions and angular distributions. Consequently, rare decays
are particularly sensitive probes for New Physics (NP). These proceedings will summarize
the latest results from the LHCb experiment on rare decays. While most results are in good
agreement with SM predictions, some tensions that recently appeared in rare semileptonic
b→ s�+�− decays will also be discussed.

1 Introduction

Rare decays that proceed via b → s(d) quark level transitions constitute flavour changing neutral
currents and, in the SM, are forbidden at tree-level and can only occur at loop-level. Contri-
butions from NP can therefore be comparably large and significantly affect branching fractions
and angular distributions. Precision measurements of rare decays therefore constitute sensitive
searches for NP. Furthermore, they allow to determine the underlying operator structure of po-
tential new contributions in global fits 1,2,3,4. These proceedings present recent results on rare
decays from LHCb, determined using 3 fb−1 of data taken during the LHC Run 1.

2 Observation of the very rare decay B0
s → μ+μ−

The very rare decay B0
s → μ+μ− is not only loop but also helicity suppressed. Due to the

fully leptonic final state, the decay is experimentally well accessible and theory predictions are
particularly precise. The SM prediction for the branching fraction of the decay is given in Ref.5 as
B(B0

s → μ+μ−)SM = (3.66±0.23)×10−9. The related decay B0→ μ+μ− is further suppressed by
the ratio of CKM matrix elements |Vtd/Vts|2, resulting in a SM prediction of B(B0→ μ+μ−)SM =
(1.06 ± 0.09) × 10−10. The decays are particularly sensitive to contributions from NP in the
(pseudo)scalar sector, since these possible new contributions are enhanced compared to the
SM contribution. The ratio of the branching fractions of the two decays is R = B(B0 →
μ+μ−)SM/B(B0

s → μ+μ−)SM = 0.0295+0.0028
−0.0025 for the SM, as well as in NP models with the

property of minimal flavour violation.
The CMS and LHCb collaborations have performed a combined analysis 6. Figure 1 (left)

shows the signal candidates overlaid with a combined fit sharing signal and nuisance parameters.
The measured branching fractions are B(B0

s → μ+μ−) = (2.8+0.7
−0.6)× 10−9 and B(B0→ μ+μ−) =

(3.9+1.6
−1.4) × 10−10, in agreement with the SM prediction at 1.2σ and 2.2σ, respectively. The

decay B0
s → μ+μ− is observed with a significance of 6.2σ. First evidence is found for the decay

B0 → μ+μ− with a significance of 3.0σ. The branching fraction ratio is R = 0.14+0.08
−0.06 and is

shown in Fig. 1 (right). It is compatible with the SM and minimal flavour violation at 2.3σ.
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Figure 1 – (Left) B0
(s)→ μ+μ− candidates in the combined CMS and LHCb dataset. (Right) branching fraction

ratio R = B(B0→ μ+μ−)/B(B0
s → μ+μ−). The dark (light) green regions define the 1σ (2σ) confidence intervals.

3 Rare electroweak penguin decays

3.1 The decay B0→ K∗0μ+μ−

The rare decay B0→ K∗0μ+μ− gives access to many angular observables that are sensitive to
NP contributions. The decay is fully defined by three decay angles �Ω = (θl, θK , φ), and q2, the
invariant mass of the dimuon system squared. The CP -averaged angular distribution in a bin
of q2 is given by 7

1

d(Γ + Γ̄)/dq2
d3(Γ + Γ̄)

d�Ω
=

9

32π

[ 3

4
(1− FL) sin

2 θK + FL cos
2 θK +

1

4
(1− FL) sin

2 θK cos 2θl

− FL cos
2 θK cos 2θl + S3 sin

2 θK sin2 θl cos 2φ

+ S4 sin 2θK sin 2θl cosφ+ S5 sin 2θK sin θl cosφ

+
4

3
AFB sin2 θK cos θl + S7 sin 2θK sin θl sinφ

+ S8 sin 2θK sin 2θl sinφ+ S9 sin
2 θK sin2 θl sin 2φ

]
,

where FL denotes the longitudinal polarisation fraction of the K∗0 and AFB the forward-
backward asymmetry of the dimuon system. In Ref. 8 an alternative parametrisation using the

P
(′)
i observables was proposed, that are designed such that hadronic form-factor uncertainties

cancel at leading order. An example is the observable P ′5, defined as P ′5 = S5/
√
FL(1− FL).

The LHCb collaboration performed the first full angular analysis of the decayB0→ K∗0μ+μ−9.
Figure 2 (left) shows AFB overlaid with SM predictions from Refs. 1,10. In the q2 region
1.1 < q2 < 6.0GeV2/c4, the data lies below the prediction, but overall good agreement is
observed. The observable P ′5 is given in Fig. 2 (right), together with the SM prediction from
Ref. 11. In the two q2 bins [4, 6]GeV2/c4 and [6, 8]GeV2/c4 local deviations from the SM pre-
diction are observed that correspond to 2.8σ and 3.0σ. A global analysis of all CP -averaged
B0→ K∗0μ+μ− observables finds a global deviation of 3.4σ from the SM prediction. The CP
asymmetries A3,...,9 are also measured and show good agreement with the SM expectation.

3.2 The decay B0
s → φμ+μ−

The decay B0
s → φμ+μ− is the dominant b→ sμ+μ− decay in the B0

s system. The fact that the
final state φ(→ K+K−)μ+μ− is not flavour specific reduces the number of angular observables
accessible in this decay compared to the decay B0→ K∗0μ+μ−. LHCb performed a full angular
analysis and measurement of the differential branching faction 12. The angular observables are
found to be in good agreement with SM predictions. Figure 3 (left) shows the differential
branching fraction, overlaid with the SM predictions from Refs. 1,10,13. In the low q2 region
1 < q2 < 6GeV2/c4 the differential branching fraction is found to be 3.3σ below the SM
prediction.
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3.3 The decay B+→ π+μ+μ−

The decay B+ → π+μ+μ− is a b → dμ+μ− transition and therefore in the SM suppressed
by |Vtd/Vts|2 compared to the corresponding b → sμ+μ− decay B+ → K+μ+μ−. LHCb has
performed a measurement of the differential branching fraction and the CP asymmetry of this
decay 14. Figure 3 (right) shows the differential branching fraction, overlaid with SM predictions
from Refs. 15,16,17. Good agreement of the data with the SM predictions is observed, which is
further improved in Ref. 16 where contributions from light resonances are included. The CP
asymmetry of the decay is measured to be ACP = −0.11± 0.12± 0.01, in good agreement with
the SM expectation.

In addition, the size of the CKM matrix elements |Vtd| and |Vts| as well as their ratio are
determined as |Vtd| = 7.2+0.9

−0.8 × 10−3, |Vts| = 3.2+0.4
−0.4 × 10−2 and |Vtd/Vts| = 0.24+0.05

−0.04. Recent
form-factors from lattice calculations allow for a determination of the CKMmatrix elements from
rare decays 14,18 with a precision similar to the determination from mixing measurements 19,20.

4 Lepton universality tests using rare decays

The ratio RK(q2min, q
2
max) = [

∫ q2max

q2min
dB(B+→ K+μ+μ−)/dq2]/[

∫ q2max

q2min
dB(B+→ K+e+e−)/dq2] is

a sensitive test of lepton universality. In the SM, the value ofRK in the range 1 < q2 < 6GeV2/c4

is precisely predicted to be 1 ± O(10−3) 21. Hadronic uncertainties largely cancel in the ratio.
The LHCb collaboration finds RK = 0.745+0.090

−0.074 ± 0.036, in tension with the SM prediction at
2.6σ 22. Further lepton universality tests at LHCb are in preparation, including measurements of
RK∗ and Rφ. Furthermore, the RK measurement motivates searches for lepton flavour violating
decays 23,24.
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5 Conclusions

Recent results on rare decays from LHCb have been presented. While most are in good agreement
with SM predictions, some tensions exist, most notably in the angular observables of the decay
B0 → K∗0μ+μ−, the branching fraction of B0

s → φμ+μ− and RK . Global fits of the data
on rare b → s transitions indicate a significance of this tension of around 3–4σ 1,2. While
consistent NP explanations for the deviations in the form of new heavy gauge bosons 24,25,26,27

and leptoquarks 23,28,29,30 have been discussed, underestimated hadronic uncertainties cannot be
excluded 31,32,33.

The presented measurements motivate further work both in theory as well as experiment.
With the upcoming Run 2 data, LHCb will perform further analyses of rare b → s decays,
including additional tests of lepton universality and searches for lepton flavour violating decays.
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REVIEW OF GLOBAL FITS OF b → s��̄
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1 Introduction

Global fits of rare b → s		̄ decays have developed into a field of its own within the last five
years thanks to the tremendous progress in detailed measurements made mainly by LHCb for
exclusive channels B → K(∗)μμ̄. Whereas in 2010 the main objective was to explore whether
the most important effective ΔB = 1 couplings could be constrained at all 1 with the handful of
results from Belle and CDF, nowadays the experimental measurements allow to constrain the
magnitude of the whole set of these couplings simultaneously 2. Moreover, the precision and the
variety of the experimental results put these fits on to a stage where a better understanding of
the theory of exclusive decays is required in view of discrepancies with standard model (SM)
predictions, which can not be unambiguously disentangled from hadronic effects yet.

The global fits determine values of the effective couplings in the ΔB = 1 effective theory

Leff ∝
∑

�=e,μ,τ

∑
i

C�
iO

�
i + h.c. (1)

where the sum extends in principle over the complete set of operators i = SM, SM’, S+P, T
governing at the parton level b → s + (γ, 		̄) transitions. It comprises operators present in the
SM = 7, 9, 10, their chirality flipped counterparts SM’ = 7′, 9′, 10′, as well as (pseudo-)scalar
S+P and tensorial operators T, with a complete list for example in 3. The S+P and T couplings
are helicity suppressed w.r.t. SM+SM’ couplings in the majority of angular observables in
B → K(∗)		̄, and hence global fits concentrate usually on the determination of the latter. Still,
in some observables it is the other way around and their current measurements in the angular
analysis of B → Kμμ̄ in combination with Br(Bs → μμ̄) allow to constrain also S+P and T
couplings in full generality2. For the reminder, we will focus on global fits of SM+SM’ couplings.

The discrepancies for SM couplings were first reported in 2013 4 based on measurements of
angular observables in B → K∗μμ̄ from LHCb with 1/fb and persisted after the announcement
of the preliminary results with 3/fb last year at this conference. Meanwhile LHCb published
the full analysis 5, which lead to updates of global fits 6,7,8 of data with muons as final leptons.
On the other hand there are no experimental updates yet concerning the hint for violation of
lepton-flavour universality in the ratio RK ≡ Br(B+ → K+μμ̄)/Br(B+ → K+eē). It had been
measured by LHCb in 2014 9 and deviates from the SM expectation of RK ≈ 1 10 by 2.6σ. Here
additional measurements are awaited, like the analogous RK∗ for B → K∗		̄ and other proposed
ratios.

179



2 Fit methodology

The fit methodologies can differ in principle, although this is not really the case for the latest
fits 6,7,8, where the authors take care for comparability among them. These categories are:

The choice of “model-independent scenarios”: The focus is on scenarios where subsets of
SM+SM’ couplings can deviate from the SM prediction. The scenarios vary from single-coupling
scenarios to allowing all six of them. The absence of new CP violating phases beyond the CKM-
mechanism is always assumed, corresponding to minimal flavour violating (MFV) scenarios —
for beyond-MFV see for example 2.

The choice and inclusion of theory uncertainties: A variety of nuisance parameters (�ν)
enter the observables, which are either of short-distance (CKM, quark masses) or long-distance
character (heavy-to-light form factors, etc.). The largest number are due to lacking power
corrections in the adopted 1/mb expansions, which are parameterised ad hoc as polynomials in
the dilepton-invariant mass q2. The size of these parameters is chosen following dimensional
arguments, since there are only a few first-principle estimates of some 11,12 of these effects. In
consequence, the global fits depend on O(100) �ν-parameters.

The statistical approach: Meanwhile there are O(100) measurements — counting bins in q2

— that are combined with their theory predictions in the likelihood L( �C, �ν). It depends on
effective couplings �C, at most six real parameters, and O(100) �ν-parameters. In a Bayesian
inference, L enters Bayes theorem as the probability of the data given some model and values of
parameters. Then theory uncertainties due to �ν-parameters are accounted for by “marginalising
over them” by numerical integration after the simultaneous fit of �C and �ν. In a Frequentist
approach the �ν-parameters are “profiled over” by maximising L within their subspace. Both
approaches are computationally very expensive, requiring algorithms to handle integration or
finding extrema in high dimensions. Only for the Bayesian case the marginalisation has been
performed 13,2,14. Instead the majority of global fits adopt a χ2( �C) ≡ −2 lnL( �C)

χ2( �C) � [ �Oexp − �Oth( �C)
]T ·
[
Σ̂exp + Σ̂th[�ν]

(
�C = �CSM)

]−1 · [ �Oexp − �Oth( �C)
]
. (2)

Here a theoretical correlation Σ̂th among observables �O appears that has been determined from
predictions of �Oth made by fixing �C = �CSM to their SM values and a sample of �ν-parameters
generated from some “prior” distribution, including their correlations. In this way non-gaussian
theoretical correlations are neglected as well as the dependence on �C. The authors usually verify
that using �C �= �CSM, for example the best-fit values, in the determination of Σ̂th does not affect
the outcome of the fit.

The choice of experimental data: Currently, the wealth of information entering global fits
comes from exclusive decays with 	 = μ, whereas only few and less precise measurements exist
for 	 = e. The channels with the highest statistics in LHCb are B+ → K+μμ̄ and B0 → K∗0μμ̄,
whereas CMS, Belle, CDF, Babar and ATLAS have less precision. The angular distribution
of B0 → K∗0(→ Kπ)μμ̄ offers a large set of optimised or non-optimised observables that are
available in several q2-bins. Remarkably, LHCb has measured them using two methods 5 , firstly
an unbinned maximum likelihood fit and secondly using the method of principal moments. While
the first gives smaller errors than the second, it involves some model-dependent assumptions,
like the absence of S+P and T operators. It will be instructive to see in the future, whether
measurements of the two methods will converge, since the methods of moments central values
tend more towards SM predictions of P ′5 and AFB for the q2-bins with largest deviations from
the SM. Latest fits include also angular observables of Bs → φ(→ KK)μμ̄. Further information
enters from branching fractions, including also the iso-spin partner modes of B0 → K0 and
B+ → K∗+, as well as the radiative B → K∗γ and leptonic Bs → μμ̄ decays. Concerning
inclusive measurements from B-factories, B → Xsγ provides strong constraints on C7,7′ whereas
B → Xs		̄ will become important once Belle II provides preciser measurements. The fit 7

uses for exclusive b → sμμ̄ decays only LHCb data, whereas 6,8 include also results from other
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experiments. Further, only8 compare fits based on data from the likelihood fit versus the method
of moments.

3 Fit results

The authors of the latest global fits perform fits of various scenarios, various subsets of observ-
ables and fits of only 	 = μ and 	 = e, μ data. Furthermore they take great care within their
means to assess the influence of various power corrections.

Only 	 = μ data: Based on the improvement of χ2 at the best-fit point versus the χ2-value
at the SM point �C = �CSM, the most efficient model-independent scenarios always include new
physics contributions in CNP

9 ≈ −1.1 ± 0.2, corresponding to a negative shift w.r.t to the SM
CSM
9 ≈ 4.2 of roughly 25%, strengthening the first observations from 2013 4. The according

operator O9 = [s̄γμPLb][μ̄γ
μμ] has a vectorial coupling to leptons. For example 7 find that the

p-value of the SM of 16% increases to 63% for scenario with only C9, which results in a pull
value of the SM of 4.5σ and the next best single-coupling scenario is C10 with p-value of 25%
and pull of 2.5σ. On the other hand constrained scenarios C9 = −C10, C9 = −C9′ and C9 =
−C10 = −C9′ = −C10′ have pull values of 4.2σ, 4.8σ and 4.1σ, respectively. These scenarios
resolve the main deviations from the SM for the observables P5′ (or S5) and Br(Bs → φμμ̄).
Scenarios involving more couplings are not more efficient than single-coupling scenarios. The fit
of all six SM+SM’ couplings has a pull for the SM of 3.6σ. The tension of the data obtained
with the method of moments with the SM is reduced due to different central values and larger
uncertainties. For example the new physics contribution from the maximum likelihood fit of
CNP
9 ≈ −1.04 ± 0.25 reduces to CNP

9 ≈ −0.68 ± 0.35 9 with similar findings in 8. Finally it is
noted that also data of baryonic Λb → Λμμ̄ data at high q2 has been used to fit SM-couplings
C9,10 in combination with inclusive data 15, exploiting latest lattice predictions of Λb → Λ form
factors 16. In this case the fit prefers a positive new physics contribution to C9, contrary to
global fits.

Lepton-flavour non-universality: The tension of the SM with the combination of 	 = e, μ
data increases mainly due to the deviation of RK �= 1. The lepton-index on the couplings had
been omitted before. In these fits new physics is preferred in muonic couplings Cμ

9 , whereas it is
optional for the electronic ones Ce

9 . In all scenarios the pull values for the SM go up slightly 6,7,8.

New physics versus power corrections: The fact that global fits prefer new physics in the
coupling C9 has to be taken with a grain of salt due to unknown power corrections from hadronic
effects, which are suppressed in principle by 1/mb. They appear naturally due to operator mix-
ing of four-quark operators into O9 with the largest effects from the current-current operators
O2(1) ∝ [s̄γμPL(T

a)c][c̄γμPL(T
a)b] and lead effectively to C9 → Ceff

9,i = C9 + Mi(q
2), where

Mi(q
2) is q2- and K∗-polarisation (i = 0,⊥, ‖) dependent. Close to the narrow J/ψ and ψ′ res-

onances, the Mi(q
2) are dominated by long-distance effects from the processes B → K(∗)(cc̄) →

K(∗)		̄ exceeding the short-distance b → s		̄ part by two orders of magnitude. One of the few
known power corrections so far is soft-gluon emission off the cc̄ pair, which has been calculated at
q2 � 1GeV2 � 4m2

c ≈ 6 GeV2 via a non-local OPE and combined with a dispersion relation for
the hadronic amplitude B → K(∗)		̄ up to m′ψ

11. The actual prediction has a sign that increases

in principal the tension of the SM with data. However, in the latest global fits 6,7,8 only the
magnitude is used as an additional uncertainty being conservative by allowing for both signs.
Recently, the Mi(q

2) of B → K∗		̄ have been fitted from data below q2 � 8 GeV2 assuming a
second-order polynomial in q2 implying three complex parameters per K∗-polarisation ampli-
tude 14. The found size exceeds soft-gluon emission effects by factor five to ten, implying huge
power corrections compared to dimensional arguments and the explicit calculation of soft-gluon
emission. Currently no mechanisms are known or imagined that could cause such large effects,
but of course their existence can not be excluded. On the other hand, such power corrections
can not generate lepton universality violating contributions necessary to explain RK .
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The authors of global fits account also for other non-perturbative corrections via nuisance
parameters, like further 1/mb corrections when using form factor relations, or duality violation
of the local OPE at high q2, also form factor uncertainties have been increased. The results of
the fits are not qualitatively affected by these variations. Furthermore, data of only branching
ratios as well as data of only optimised or non-optimised angular observables exhibit both
complementary deviations from SM expectations. Similarly, deviations from SM expectations
are also found when restricting the data in the fit to a specific low- or high-q2 bin. These detailed
studies in 6,7,8 served to strengthen the confidence that the observed deviations are not due to
underestimated power corrections, although it can not be excluded at present.

By the end of run II of LHC in 2018, LHCb is expected to have accumulated at least three
and close to four times of current event numbers for B → K(∗)μμ̄. This will increase the precision
in the measurement of angular observables, comparing also maximum likelihood and method of
moments, and allow also to pursue consistency tests for theory at low- and high-q2 17. On the
other hand, a distinct signal of lepton universality violation in rare b → s		̄ decays would be
spectacular and doubtlessly independent of potentially large power corrections.
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New Physics in the Flavour Sector

ANDREAS CRIVELLIN
Paul Scherrer Institut, CH–5232 Villigen PSI, Switzerland

Several experiments observed deviations from the Standard Model (SM) in the flavour sector:
LHCb found a 4 − 5σ discrepancy compared to the SM in b → sμ+μ− transitions (recently
supported by an Belle analysis) and CMS reported a non-zero measurement of h → μτ with a
significance of 2.4σ. Furthermore, BELLE, BABAR and LHCb founds hints for the violation
of flavour universality in B → D(∗)τν. In addition, there is the long-standing discrepancy in
the anomalous magnetic moment of the muon. Interestingly, all these anomalies are related to
muons and taus, while the corresponding electron channels seem to be SM like. This suggests
that these deviations from the SM might be correlated and we briefly review some selected
models providing simultaneous explanations.

1 Introduction

The discovery the Higgs at the LHC provided the final ingredient of the SM. While no direct
evidence for physics beyond the SM was found during the first LHC run, there are some in-
teresting indirect hints for NP in the flavor sector, mainly in semileptonic decays of B-mesons,
the SM-forbidden decay h → μτ of the Higgs boson and the long-lasting discrepancy in the
anomalous magnetic moment (AMM) of the muona.

b → s�+�−: Deviations from the SM found by LHCb 4 in the decay B → K∗μ+μ− arise
mainly in an angular observable called P ′5 5, with a significance of 2–3σ depending on assumptions
made for the hadronic uncertainties 6,7,8. This measurement recently received support from a
(less precise) BELLE measurement 9. In the decay Bs → φμ+μ−, LHCb also uncovered 10

deviations compared to the SM prediction from lattice QCD 11,12 of 3.5σ significance 7. LHCb
has further observed lepton flavor universality violation (LFUV) in B → K	+	− decays 13

across the dilepton invariant-mass-squared range 1GeV2 < m2
�� < 6GeV2. Here, the measured

ratio branching fraction ratio R(K) = Br[B→Kμ+μ−]
Br[B→Ke+e−] disagrees with the theoretically clean SM

prediction by 2.6σ. Combining these observables with other b → s transitions, it is found that
NP is preferred over the SM by 4–5σ 14,15,16.

B → D(∗)τντ : Hints for LFUV in these modes were observed first by the BaBar collab-
oration 17 in 2012. These measurements have been confirmed by BELLE 18,19 and LHCb has

aWe do not discuss the anomaly in ε′/ε 1 here for which possible solutions include Z′ bosons 2 or the MSSM 3.
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remeasured B → D∗τντ 20. For the ratio R(X) ≡ Br[B → Xτντ ]/Br[B → X	ν�], the current
HFAG average 21 of these measurements is R(D)exp = 0.397 ± 0.040 ± 0.028 , R(D∗)exp =
0.316±0.016±0.010 . Comparing these results to the SM predictions 22 RSM(D) = 0.297±0.017
and RSM(D∗) = 0.252± 0.003, there is a combined discrepancy of 4.0σ 21.

h → μτ : In the Higgs sector, CMS has presented results for a search for the lepton-flavor-
violating (LFV) decay mode h → μτ , with a preferred value 23 Br[h → μτ ] =

(
0.84+0.39

−0.37
)
%.

This is consistent with the less precise ATLAS measurement 24, giving a combined significance
for NP of 2.6σ, since such a decay is forbidden in the SM. This decay mode is of considerable
interest because it hints at LFV in the charged-lepton sector, whereas up to now, LFV has only
been observed in the neutrino sector via oscillations.

aμ: The AMM of the muon aμ ≡ (g− 2)μ/2, provides another motivation for NP connected
to muons. The experimental value of aμ is completely dominated by the Brookhaven experiment
E821 25 and is given by aexpμ = (116 592 091± 54± 33)× 10−11, where the first error is statistical
and the second systematic. The SM prediction is 26 aSMμ = (116 591 855 ± 59) × 10−11, where
almost the entire uncertainty is due to hadronic effects. This amounts to a discrepancy between
the SM and experimental values of Δaμ = aexpμ −aSMμ = (236±87)×10−11 , i.e. a 2.7σ deviationb.

2 Explanations

b → s�+�−: Here a flavour changing neutral current is required which can be naturally gener-
ated at tree-level by a Z ′ vector bosons 27,28,29,30,31,32,33,34,35,36 or by leptoquarks 37,38,39,40,41,42.

B → D(∗)τντ : Here a tree-level NP contribution is required in order to generate the
desired effect of the order of 25% compared to the SM. Charged Higgses 43,44,45,46,47 are one
possibility, leading to large effects in the q2 distribution. In addition, leptoquarks provide a
valid explanation 48,49,50,40,41,51,52,42 but also charged vector bosons are possible 53.

aμ: NP in b → sμ+μ− should also contribute to the AMM of the muon. Explanations
besides supersymmetry (see for example Ref. 54 for a review) include leptoquarks 55,56, new
scalar contributions in two-Higgs-doublet models (2HDM) 57,47, and very light Z ′ bosons 58,59

h → μτ : Since the B physics anomalies are related to τ and μ leptons, a connection
to h → μτ seems plausible. As the central value for the h → μτ branching ratio is large, loop
effects are in general not sufficient to generate the desired effect60. Furthermore, also adding only
vector-like fermions is not sufficient as the bounds from τ → 3μ and τ → μγ are too stringent 61.
Therefore, introducing additional scalars is the most popular option (see for example 62,63,31,60).

Figure 1 – Schematic picture of the implications for new particles from the various anomalies.

bLess conservative estimates even lead to discrepancies up to 3.6σ in aμ
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3 Selected models for simultaneous explanations of anomalies

Multi Higgs Lμ − Lτ model: h → τμ and b → sμ+μ− 31,32

Adding to a gauged Lμ − Lτ model with vector like quarks 30 a second Higgs doublet with
Lμ − Lτ charge 2 can naturally give an effect in h → τμ via a mixing among the neutral
CP-even components of the scalar doublets. In this setup a Z ′ boson, which can explain the
b → sμ+μ− anomalies, gives sizable effects in τ → 3μ which are potentially observable at LHCb
and especially at BELLE II. One can avoid the introduction of vector-like quarks by assigning
horizontal charges to quarks as well 32. Then, the effects in b → s, b → d and s → d transitions
are related in an MFV-like way by CKM elements and the Z ′ can have an observable cross
section at the LHC.

Leptoquarks: b → sμ+μ− and b → cτν 41

While in b → cτν both leptoquarks and the SM contribute at tree-level, in b → sμ+μ− one
compares a potential tree-level NP contribution to a loop effectc. However, as b → cτν involves
three times the third generation (assuming that the neutrino is of tau flavour in order to get
interference with the SM contribution) but b → sμ+μ− only once. Therefore, leptoquarks with
hierarchical flavour structure, i.e. predominantly coupling to the third generation 64,65, can
explain simultaneously b → sμ+μ− and b → cτν in case of a C9 = −C10 (left-handed quark and
lepton current) solution for b → sμ+μ−. In this case one predicts sizable effects in B → K(∗)ττ ,
Bs → τ+τ− and Bs → μ+μ− below the SM, while the effects in b → sτμ are at most of the
order of 10−5.

2HDM X: aμ and b → cτν 47

In a 2HDM of type X, the couplings of the additional Higgses to charged leptons are enhanced
by tanβ. As, unlike for the 2HDM II, this enhancement is not present for quarks, the direct
LHC bounds on H0, A0 → τ+τ− are not very stringent and also b → sγ poses quite weak
constraints. Therefore, the additional Higgses can be light which, together with the tanβ
enhanced couplings to muons, allows for an explanation of aμ. If one adds couplings of the
lepton-Higgs-doublet to third generation quarks, one can explain b → cτν as well by a charged
Higgs exchange. In case of a simultaneous explanation of aμ and b → cτν (without violating
bounds from τ → μνν) within this model, sizable branching ratios (reaching even the % level)
for t → Hc, with mH ≈ 50− 100GeV and decaying mainly to ττ , are predicted. Again, such a
signature could be observed at the LHC.

Lμ − Lτ flavon model: aμ, h → τμ and b → sμ+μ− 66

In this model one adds vector-like leptons to the gauged Lμ − Lτ model of Ref. 30and one can
explain h → τμ via a mixing of the flavon (the scalar which breaks Lμ − Lτ ) with the SM
Higgs. Furthermore, one can account for aμ by loops involving the flavon and vector-like leptons
without violating the τ → μγ bounds as this decay is protected by the Lμ − Lτ symmetry.
Despite the effects already present in the model of Ref. 31, one expects order one effects in
h → μ+μ− detectable with the high luminosity LHC.

4 Conclusions

In these proceedings we reviewed the anomalies in the flavour sector related to charged leptons
together with some of their possible explanations. Interestingly, all anomalies involve muons
and/or taus while the corresponding electron channels seem to agree with the SM predictions.
This coherent picture of lepton flavour (universality) violationd agrees with the stringent LEP
constraints and suggests that the anomalies could be related, hinting at an unified explanation
within a NP model. In Fig. 1 we show in a schematic way which relations among the anomalies
and new particles arise. Specific NP models can of course include the addition several new

cAlternatively, there is one leptoquark representation for which one can explain b → sμ+μ− by a loop effect
and b → cτν at tree-level in the case on anarchic couplings 51 and even explain the AMM of the muon.

dFor the implications in Kaon decays see 67.
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particles, potentially explain all anomalies and predict correlations among them and with other
observables or processes detectable in future experiments.
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Flavor Universality Violations in B Decays. Phys. Rev. Lett., 109:161801, 2012.

49. N. G. Deshpande and A. Menon. Hints of R-parity violation in B decays into τν. JHEP, 01:025,
2013.

50. Yasuhito Sakaki, Minoru Tanaka, Andrey Tayduganov, and Ryoutaro Watanabe. Testing lepto-
quark models in B̄ → D(∗)τ ν̄. Phys. Rev., D88(9):094012, 2013.

51. Martin Bauer and Matthias Neubert. One Leptoquark to Rule Them All: A Minimal Explanation
for RD(∗) , RK and (g − 2)μ. 2015.

52. Svjetlana Fajfer and Nejc Konik. Vector leptoquark resolution of RK and RD(∗) puzzles. Phys.

187



Lett., B755:270–274, 2016.
53. Admir Greljo, Gino Isidori, and David Marzocca. On the breaking of Lepton Flavor Universality

in B decays. JHEP, 07:142, 2015.
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62. Miguel D. Campos, A. E. Cárcamo Hernández, Heinrich Päs, and Erik Schumacher. Higgs → μτ
as an indication for S4 flavor symmetry. 2014.

63. Julian Heeck, Martin Holthausen, Werner Rodejohann, and Yusuke Shimizu. Higgs in Abelian
and non-Abelian flavor symmetry models. Nucl. Phys., B896:281–310, 2015.

64. Sheldon L. Glashow, Diego Guadagnoli, and Kenneth Lane. Lepton Flavor Violation in B Decays?
Phys. Rev. Lett., 114:091801, 2015.

65. Bhubanjyoti Bhattacharya, Alakabha Datta, David London, and Shanmuka Shivashankara. Si-
multaneous Explanation of the RK and R(D(∗)) Puzzles. Phys.Lett., B742:370–374, 2015.

66. Wolfgang Altmannshofer, Marcela Carena, and Andreas Crivellin. A Lμ − Lτ theory of Higgs
flavor violation and (g − 2)μ. 2016.

67. Andreas Crivellin, Giancarlo D’Ambrosio, Martin Hoferichter, and Lewis C. Tunstall. Lepton
flavor (universality) violation in rare kaon decays. Phys. Rev., D93:074038, 2016.

188



HEAVY FLAVOR STUDIES AT THE TEVATRON

A. DRUTSKOY
National Research Nuclear University MEPhI, Kashirskoe highway 31,

Moscow, 115409 Russia

Recent results obtained at the Tevatron experiments D0 and CDF in the area of the
heavy flavor physics are reported. The B+

c production cross section times its semileptonic
B+

c → J/ψ �+X decay branching fraction relative to that for the B+ → J/ψK+ decay
mode is measured by the CDF collaboration. The X(4140) state is studied with the full
D0 data sample. The inclusive non-prompt production of the X(4140) state is confirmed
and a strong evidence for the inclusive prompt production of this state is obtained for the
first time. Using the full D0 data sample a narrow structure, X(5568), is observed for the
first time in the channel X(5568) → B0

sπ
±, with B0

s → J/ψφ. The mass and natural
width of the new state are measured to be m = 5567.8 ± 2.9 (stat)+0.9

−1.9 (syst) MeV/c2 and

Γ = 21.9 ± 6.4 (stat)+5.0
−2.5 (syst) MeV/c2, and the significance including look-elsewhere effect

and systematic uncertainties is 5.1σ.

1 The B+
c → J/ψ 	+X decay branching fraction measurement at CDF

The ratio of the B+
c production cross section times its semileptonic decay B+

c → J/ψ 	+X
branching fraction to that for the B+ → J/ψK+ decay mode is measured with the full CDF run
II dataset of 8.7 fb−1 [1]. In 1998 this ratio was already measured by CDF with a smaller data
sample of 360 fb−1 [2]. To select B+

c candidates the J/ψ particles reconstructed through the
μ+μ− decay channel are matched with a third track, identified as a muon, and associated with
the J/ψ vertex. The invariant mass of the J/ψ μ± combination for the signal events must lie
within the (4-6) GeV/c2 range. A total of 1370 B+

c → J/ψ 	+X event candidates are observed
in data within this mass range. Backgrounds due to a misidentified J/ψ or third muon and
contributions from bb̄ background or other decay modes are estimated and subtracted (Fig. 1).
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Figure 1 – The J/ψ �+ invariant mass distribution of the B+
c candidate events is shown by points with error bars.

The Monte Carlo simulated signal sample events and the calculated backgrounds are superimposed.
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After background subtraction 739.5±39.6 signal events within the (4-6) GeV/c2 mass range
are obtained. Using this number the ratio of the production cross section times branching ratio
of the B+

c → J/ψ 	+X decay to the B+ → J/ψK+ decay is measured for the pT > 6 GeV/c
and |y| < 0.6:

σ(B+
c )× B(B+

c → J/ψ 	+X)

σ(B+)× B(B+ → J/ψK+)
= 0.211± 0.012(stat.)+0.021

−0.020(syst.) (1)

2 Inclusive production of X(4140) state at D0

A study of the inclusive production of the X(4140) state is performed by D0 using the full data
sample of 10.4 fb−1 [3]. The X(4140) state was first seen by the CDF collaboration in 2009 as
a narrow structure in the J/ψφ system near threshold in the decay B+ → J/ψφK+ [4].

In this study the results of a search for inclusive X(4140) production in pp̄ collisions,
promptly, by pure QCD, or non-promptly, through weak decays of b hadrons, are reported.
The measured production rates are normalized to the rate of the process B0

s → J/ψφ measured
with the same dataset. Two ranges of the J/ψφ invariant mass are used: M(J/ψφ) < 4.36
GeV/c2 and 4.8 < M(J/ψφ) < 5.7 GeV/c2. To separate prompt and non-prompt production
the data are divided into three subsamples using the distance Lxy between the primary vertex
and the J/ψφ decay vertex in the plane transverse to the beam direction. The three ranges of
Lxy are: -0.025 < Lxy <0 cm, 0 < Lxy < 0.025 cm, and Lxy >0.025 cm. Region 1 includes half
of the prompt events and almost no B-decay events. Region 2 includes the remaining half of
all prompt events and a fraction of non-prompt events. The rest of non-prompt events populate
region 3, whereas prompt events cannot lie in this region.

Extracting from the fit the X(4140) signal (Fig. 2) and the B+ meson signal in the selected
Lxy regions, and assuming that the non-prompt production ratio of X(4140) to B+ is the
same for the regions 2 and 3, the numbers of signal events are obtained in all studied regions.
Using this method, strong evidence for prompt X(4140) production is obtained for the first
time with significance, including systematic uncertainties, of 4.7σ. The significance of non-
prompt production, including systematic uncertainties, is 5.6σ. The fraction of X(4140) events
originating from b hadrons is measured to be fb = 0.39 ± 0.07(stat) ± 0.10(syst). Assuming a
relativistic Breit-Wigner line shape, we measure the mass and width of the X(4140) state to be
M = 4152.5± 1.7(stat)+6.2

−5.4(syst) MeV/c2 and Γ = 16.3± 5.6(stat)± 11.4(syst) MeV/c2.
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Figure 2 – The J/ψφ invariant mass distributions in the X(4140) mass window are shown by points with error
bars for the three Lxy regions (1-a, 2-b, 3-c) described in the text. The fit results are shown by curves. The
arrows indicate locations of structures, which have been observed by other experiments but not confirmed.

3 Observation of a new B0
sπ
± state at D0

During the last few years several resonant states that cannot be conventional quark-antiquark
mesons or three-quark baryons have been observed. These discoveries open up a new era of
multi-quark hadron spectroscopy. It is important to test all possible combinations of heavy and
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light mesons, which cannot be conventional states. One such system is the combination of the

heavy B0
s or B

0
s meson and the light π± meson.

The B0
sπ
± invariant mass spectrum was studied using a data sample of 10.4 fb−1 collected

with the D0 detector at the Fermilab Tevatron collider. Candidate events are required to include
a pair of oppositely charged muons in the invariant mass range 2.92 < m(μ+μ−) < 3.25 GeV/c2,
consistent with J/ψ decay, accompanied by two additional particles of opposite charge assumed
to be kaons with an invariant mass of 1.012 < m(K+K−) < 1.030 GeV/c2, consistent with φ
decay, and a third charged particle assumed to be a pion. To form a B0

sπ
± combination, we select

the B0
s candidates in the mass range 5.303 < m(J/ψφ) < 5.423 GeV/c2. To reduce background,

we impose a cone cut on the difference between the directions of the B0
s candidate and the pion

to be ΔR =
√
Δη2 +Δφ2 < 0.3, where η is the pseudorapidity and φ is the azimuthal angle. To

improve the resolution of the invariant mass of the B0
sπ
± system and to remove the measured

B0
s mass bias, we define it as m(B0

sπ
±) = m(J/ψφπ±)−m(J/ψφ) + 5.3667 GeV/c2.

3.1 Backgrounds

Background in the B0
sπ
± invariant mass spectrum results from random combinations of selected

B0
s candidates with low momentum charged particles coming mostly from the primary vertex.

The B0
s candidates include genuine B0

s mesons and the combinatorial background under the B0
s

signal. The B0
sπ
± background with a real B0

s meson is modeled using a Pythia based Monte
Carlo simulation of events containing a B0

s meson and additional pions tuned to reproduce
the B0

s transverse momentum distribution in data. The background with a false B0
s meson is

modeled using the sideband events obtained from data. The combined background is obtained
by mixing the MC and sideband events in the correct proportion, as determined from the B0

s

mass spectrum fit (Fig. 3a).
The combined background is then modeled by a function of the parameter m0 = mBπ −Δ,

where mBπ ≡ m(B0
sπ
±) and Δ = 5.5 GeV/c2, of the form:

Fbgr(m0) = P4(C1=0) × exp (P2) . (2)

Here P4(C1=0) and P2 are fourth- and second-order polynomials, and the linear term of the first
polynomial is set to zero. This empirical function gives a good description of the combined
backgrounds, as seen in Fig. 3a.
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Figure 3 – a) The combined background for the m(B0
sπ
±) distribution described in the text and the fit to that

distribution with the ΔR < 0.3 cone cut and without the cone cut. b) The m(B0
sπ
±) distribution obtained with

the full D0 data sample together with the fit results.
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3.2 Extraction of signal parameters

The B0
sπ
± invariant mass spectrum is shown in Fig. 3b with the cone cut. An enhancement

is seen near 5.57 GeV/c2. To extract the signal parameters, the distribution is fitted with a
function that includes two terms: the background term Fbgr(mBπ) with fixed shape parameters
as in Fig. 3a and the signal term Fsig(mBπ,MX ,ΓX), modeled by a relativistic S-wave Breit-
Wigner function convolved with a Gaussian detector resolution function and with the mass-
dependent efficiency of the cone cut. Here MX and ΓX are the mass and the natural width of
the resonance. Normalization parameters for signal and background terms and the Breit-Wigner
parameters MX and ΓX are allowed to vary in the fit.

The fit yields the mass and width of MX = 5567.8± 2.9 MeV/c2, ΓX = 21.9± 6.4 MeV/c2,
and the number of signal events of N = 133 ± 31. The statistical significance of the signal
is defined as

√−2 ln(L0/Lmax), where Lmax and L0 are likelihood values at the best-fit signal
yield and the signal yield fixed to zero. The local statistical significance is 6.6σ for the given
mass and width values. With the look-elsewhere effect taken into account, the global statistical
significance is 6.1σ. When the systematic uncertainties are included, the significance of the
observed signal including the look-elsewhere effect is reduced to 5.1σ. We also extract the signal
from the m(Bsπ

±) distribution without the ΔR cone cut, fixing the mass and natural width
of the signal and the background mass shape to their default values. We perform a fit in the
restricted range m(B0

sπ
±) < 5.7 GeV/c2 and find the number of signal events to be 106± 23.

We also measure the ratio ρ of the yield of the new state X(5568) to the yield of the B0
s

meson in two kinematic ranges, 10 < pT (B
0
s ) < 15 GeV/c and 15 < pT (B

0
s ) < 30 GeV/c, by

repeating the m(B0
sπ) fits with free mass and width parameters for the X(5568) signal. The

results for ρ are (9.1 ± 2.6 ± 1.6)% and (8.2 ± 2.7 ± 1.6)%, respectively, with an average of
(8.6 ± 1.9 ± 1.4)%. The combined factor of the soft pion kinematic acceptance, reconstruction
efficiency, and selection efficiency is obtained from a simulated samples of events with a spinless
particle of mass equal to 5568 MeV/c2 decaying to B0

s and a charged pion. The pion efficiency
increases with pT (B

0
s ) from (26.1 ± 3.2)% to (42.1 ± 6.5)% for the two pT (B

0
s ) ranges. Within

uncertainties, the production ratio ρ does not depend on pT (B
0
s ).

3.3 Cross-checks

As a cross-check, we extract a pure B0
sπ
± signal by performing fits of the number of B0

s events
in the J/ψφ mass distribution in 20 MeV intervals in the range 5.5 < m(B0

sπ
±) < 5.9 MeV/c2.

A fit to the dependence of resulting B0
s yields on m(B0

sπ
±), with the mass and natural width

fixed to the previously obtained values, gives 118 ± 22 signal events. This result confirms that
the observed signal is due to B0

sπ
± candidates with genuine B0

s mesons and thus eliminates the
possibility of non-B0

s processes mimicking the signal.
The stability of the result is checked by examining subsamples with a) different signs of the

π± meson, b) different ranges of the azimuth and rapidity, c) the distance between the B0
s vertex

and the primary vertex changed to five standard deviations, d) different B0
s mass windows (1.7σ,

1.5σ, 1.2σ), e) different B0
sπ
± momentum intervals (pT > 9 GeV/c, pT > 12 GeV/c), and f)

different cone cuts (ΔR < 0.2, ΔR < 0.15). Taking into account the efficiencies of these cuts,
no unexpected behaviors are observed in these tests.
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TWO-BODY CHARMED B MESON DECAYS IN FACTORIZATION
ASSISTED TOPOLOGICAL AMPLITUDE APPROACH

CAI-DIAN LÜ AND SI-HONG ZHOU
Institute of High Energy Physics, Beijing 100049, People’s Republic of China

We analyze the two-body charmed B meson decays Bu,d,s → D(∗)P (V ) in the factorization
assisted topological amplitude approach, where P (V ) denoting a light pseudoscalar (vector)
meson. Different from the conventional topological diagram approach, flavor SU(3) symmetry
breaking effects are taken into account. Therefore only four universal nonperturbative param-
eters are introduced to describe the contribution from non-factorization diagrams for all the
decay channels. The number of free parameters and the χ2 per degree of freedom are both
significantly reduced comparing with the conventional topological diagram approach. With
the 4 fitted parameters, we predict the branching fractions of 120 decay modes induced by
both b → c and b → u transitions, which are well consistent with the measured data or to be
tested on the future experiments. We also investigated the relative size of different topological
diagrams, isospin violation, flavor SU(3) symmetry breaking effects, compared with previous
approaches.

1 Introduction

The charmed hadronic B mesons decays B → D(∗)P (V ) are of great interest attributed to
their theoretical application of heavy quark symmetry. These processes serve as a good testing
ground for various theoretical issues in hadronic B decays, such as factorization hypothesis,
flavor SU(3) symmetry breaking, and isospin violation, which are essential for the study on CP
asymmetry in other channels. Experimentally, plenty of two-body charmed hadronic B decays
have been observed from the heavy flavor experiments1. In the theoretical side, the factorization
of the color-favored decays has been proved within the QCD factorization approach 2and the
soft-collinear effective theory3. However, the color suppressed modes was found with a very large
branching ratio experimentally, which provide evidence for a failure of the naive factorization
and for sizeable relative strong-interaction phases between different isospin amplitudes 4. This
was confirmed in the perturbative QCD (PQCD) approach based on kT factorization 5,6,7. The
rescattering effects of B → D(∗)P (V ) had also been studied within some models 8. Under the
assumption of the flavor SU(3) symmetry, the global fits were performed in the topological quark
diagram approach 9, where the magnitudes and the strong phases of the topologically distinct
amplitudes were studied, but the information of SU(3) asymmetry was lost. Due to the large
difference between pseudoscalar and vector meson, their χ2 fit has to be performed for each
category of decays to result in three sets of parameters.

Recently, the factorization assisted topological amplitude (FAT) approach was proposed
to study the two-body hadronic decays of D mesons 10,11. By involving the non-factorizable
contributions and the SU(3) symmetry breaking effect, most theoretical predictions of the D
decays were in much better agreement with experimental data. The prediction of direct CP
asymmetry in D meson decays by this approach is in the best precision than before 12. In this
framework, the two-body hadronic weak decay amplitudes are firstly decomposed in terms of
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some distinct quark diagrams similar to the conventional topological diagrammatic approach.
Then in order to keep the flavor SU(3) breaking effects in the decay amplitudes, we factorize out
the decay constants and form factors formally from each topological amplitude. The topological
amplitude is then universal for all decay channels after factorization of those hadronic parameters
that can be treated as nonperturbative parameters for non-factorization topological diagrams
or they are effective Wilson coefficients for factorization contributions.

In the present work, we shall generalize the FAT approach to study the two-body charmed
non-leptonic B mesons decays. Only 4 theoretical parameters need to be fitted from the available
experimental data for 31 decay channels.

2 The Amplitudes of B → D(∗)P (V ) decays in FAT Approach

The topological diagrams in the b → c transitions includes color-favored tree emission diagram
T , color-suppressed tree emission C, and W -exchange diagram E, as shown in Fig.1. Note that
the W -annihilation diagram A does not occur in the b → c transition processes, but only appears
in the b → u transitions. In terms of the factorization hypothesis, the three diagrams of the
B → DP modes can be written as

TDP
c = i

GF√
2
VcbV

∗
uqa1(μ)fP (m

2
B −m2

D)F
B→D
0 (m2

P ), (1)

CDP
c = i

GF√
2
VcbV

∗
uqfD(m

2
B −m2

P )F
B→P
0 (m2

D)χ
C
c e

iφC
c , (2)

EDP
c = i

GF√
2
VcbV

∗
uqm

2
BfB

fD(s)
fP

fDfπ
χE
c e

iφE
c , (3)

where the subscript c stands for the processes induced by b → c transition. a1 is the effective
Wilson coefficient for factorization diagram T . fP and fD are the decay constants of the light
pseudoscalar meson and D meson, respectively. FB→D

0 and FB→P
0 are the scalar form factors

of the B → D and B → P transitions. The contributions from non-factorization dominated
diagram C are parameterized as χC

c , with its relative strong phase φC
c ; while the contributions

from W exchange diagram E are χE
c and φE

c .

Figure 1 – Topological diagrams in the b → c transitions: (a) the color-favored tree diagram, T ; (b) the color-
suppressed tree diagram, C; and (c) the W -exchange annihilation-type diagram, E. Note that the E diagram

occurs only in the B
0
d and B

0
s decays.

Similarly to the amplitudes of B → DP decays, the topological amplitudes of T , C and E
of the B → D∗P and B → DV decays can be given respectively by

TD∗P
c =

√
2GFVcbV

∗
uqa1(μ)fPmD∗A

B→D∗
0 (m2

P )(ε
∗
D∗ · pB), (4)

CD∗P
c =

√
2GFVcbV

∗
uqfD∗mD∗F

B→P
1 (m2

D∗)(ε
∗
D∗ · pB)χC

c e
iφC

c , (5)

ED∗P
c =

√
2GFVcbV

∗
uqmD∗fB

fD∗
(s)

fP

fDfπ
χE
c e

iφE
c (ε∗D∗ · pB); (6)

and

TDV
c =

√
2GFVcbV

∗
uqa1(μ)fV mV F

B→D
1 (m2

V )(ε
∗
V · pB), (7)
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CDV
c =

√
2GFVcbV

∗
uqfDmV A

B→V
0 (m2

D)(ε
∗
V · pB)χC

c e
iφC

c , (8)

EDV
c =

√
2GFVcbV

∗
uqmV fB

fD(s)
fV

fDfπ
χE
c e

iφE
c (ε∗V · pB). (9)

In above functions, ε∗D∗ and ε∗V represent the polarization vectors of the D∗ and V meson,
respectively. fD∗ and fV are the decay constants of the corresponding vector mesons. FB→D

1

and FB→P
1 stand for the vector form factors of B → D and B → P transitions, AB→D∗

0 and
AB→V

0 are the transition form factors of B → D∗ and B → V , respectively. Note that, after
factorizing out the corresponding form factors and decay constants, we can use the same non-
perturbative universal parameters for all the three categories of B → DP , B → D∗P and
B → DV decays. The total number of free parameters to be fitted from experimental data is
four. This is contrast to the conventional topological diagram approach 9, where 15 parameters
needed for the three categories of processes.

3 Numerical results and discussion

With the 31 experimental data induced by b → c transition 13 and using χ2 fit, we extract the
four parameters with the best-fitted values as

χC
c = 0.48± 0.01, φC

c = (56.6+3.2
−3.8)

◦, χE
c = 0.024+0.002

−0.001, φE
c = (123.9+3.3

−2.2)
◦, (10)

with χ2/d.o.f. = 1.4. Even though with much more parameters than us, the χ2 per degree
of freedom is larger than ours in ref. 9. With so many parameters, they lost the predictive

power of the branching fractions, because there are not enough data of B → D
(∗)

P (V ) decays.
By contrast, with only 4 fitted parameters, we can predict 120 branching fractions of b → c
and b → u transition processes 14, where we had employed an approximation that the four non-
factorizable parameters in the b → u processes are the same as those in the b → c processes. The
factorizable contribution from W annihilation diagram A are calculated in the pole model 15.
Our results are consistent with experimental data or to be tested in the LHCb and Belle-II
experiments in the future.

The hierarchies of topological amplitudes are obtained as follows:

|TDP
c | : |CDP

c | : |EDP
c | ∼ 1 : 0.45 : 0.1 (11)

|TD∗P
c | : |CD∗P

c | : |ED∗P
c | ∼ 1 : 0.36 : 0.1 (12)

|TDV
c | : |CDV

c | : |EDV
c | ∼ 1 : 0.31 : 0.1. (13)

It is obvious that the amplitudes of non-factorizable dominated color-suppressed C diagrams
are relatively larger in the FAT approach compared with the QCD-inspired methods 2,3,6,7, for
example, the relation were |TDP

c | 
 |CDP
c | ∼ |EDP

c | in the PQCD approach. The relatively
larger C diagrams have significant impacts on the processes without T diagrams. For example,

the topological amplitudes of B
0 → D0ρ0 and D0ω decays are (E − C)/

√
2 and (E + C)/

√
2,

respectively. The branching fraction of the D0ρ0 mode is predicted to be almost one half of that
of the D0ω mode in the PQCD approach 6, since C and E diagrams contribute destructively for
the former mode but constructively for the latter one, which does not agree with the experiment.
However, this issue can be easily explained in the FAT approach in which both channels are
dominated by the C diagram. It is easy to see that there is non-negligible difference for the C
contributions between different category of decays B → DP , B → D∗P and B → DV . This
is the major reason that the conventional topological digram approach can not fit the three
categories of decays together. On the other hand, the strong phase of C diagram in eq.(10) is
universal for all three kinds of decays, which agree with the soft-collinear effective theory 16.

The isospin-amplitude ratio in B → Dπ system showing significant deviation from the
heavy-quark limit can be traced back to the large color-suppressed C topologies due to ignored
contributions from E diagrams. The flavor SU(3) symmetry breaking effect in B → DM is
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about 10 ∼ 20% at the amplitude level. By test the SU(3) symmetry breaking effect in the
B−u → D0K− and B−u → D0π−, we conclude that the source of SU(3) symmetry breaking
is mainly from the decay constants of light mesons in T diagram dominated decay modes as

factorization hypothesis expected. The SU(3) symmetry breaking effect in B
0
s → D∗∓s K± and

B
0
s → D∗∓s π± is a little smaller than measurements implies they might be more sizable than we

expected.

4 Conclusions

Under the framework of the factorization assisted topological amplitude approach, we analyzed
B → D(∗)P (V ) decays. By using the factorization results for T diagram, only four universal
nonperturbative parameters for non-factorization dominated C and W exchange diagram E
were introduced to be fitted from the 31 well measured branching fractions. With the fitted
results, we then predicted the branching fractions of all 120 Bu,d,s → D(∗)P (V ) decay modes.
For the modes induced by b → c transition, most results agree with the experimental data well.
Comparing with previous topological diagram analysis, the number of free parameters and the
χ2 per degree of freedom are both significantly reduced. The SU(3) symmetry breaking is more
than 10%, and even reach 31% at the amplitude level. The unmeasured branching fractions,
especially those processes dominated by b → u transition, and possible larger SU(3) symmetry
breaking effects will be measured or tested in the ongoing LHCb experiment and the forthcoming
Bell-II experiment.
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Hadron spectroscopy at BESIII, including XYZ and light hadron states

I. GARZIA, on behalf of the BESIII Collaboration

INFN - Sezione di Ferrara, Polo Scientifico e Tecnologico, via Saragat 1,
44122 Ferrara, Italy

The large data set collected at the center-of-mass energy of the J/ψ resonance by the BESIII
detector represents the perfect laboratory to study light hadron spectroscopy and to search
for new hadron states. In addition, a dedicated program has started in 2012 with the aim to
search for and to study charmonium-like states, i.e. XY Z states, by means of data collected
in the energy range (4−4.6) GeV. In this proceedings, we report the latest analyses performed
by the BESIII Collaboration with the purpose to understand and expalin the nature of the
new observed X light-hadron and Zc charmonium-like states.

1 Light hadron Spectroscopy

The study of light hadron spectroscopy represents a fundamental tool to understand the structure
of the hadrons and their interactions. To cover this topic, more than 1.3 × 109 J/ψ events are
collected in by the BESIII detector 1 in 2009 and 2012.

The first observation of the X(1835) state was done by the BESII experiment as a peak in
the η′π+π− invariant mass distribution in the J/ψ → γη′π+π− decay 2, and then confirmed by
BESIII in the same process 3 with a statistical significance larger than 20σ. The mass and width
are found to be M = 1836.5±3±+5.6

−2.1 MeV/c2 and Γ = 190±9±+38
−36 MeV/c2, where the first and

second uncertainties represent the statistical and systematic contribution. In addition, in the
η′π+π− spectra, other X states (i.e. X(2120), X(2370)) are observed with significance larger
that 6.4σ. The X(1835) state is recently observed in the ηK0

SK
0
S invariant mass spectra in the

J/ψ → γηK0
SK

0
S process 4, and the spin-parity quantum number are determined to be JP = 0−

by performing a partial wave analysis (PWA).

Despite all these studies, the nature of the observed states is still unclear, and a lot of
speculations can be found in literature 6. However, due to the proximity of the pp̄ threshold
to the X(1835) mass, one could assume the X(1835) state as a pp̄ bound state 7. A strong
enhancement was observed by BESIII at the pp̄ mass threshold in the J/ψ → γpp̄ decays 5,
referred as X(pp̄), and the quantum number established to be JP = 0− by a PWA. No similar
structure are observed in related channels, like J/ψ → ωpp̄, Υ(1S) → γpp̄, and ψ′ → γpp̄ 8.

A preliminary BESIII analysis studies the η′π+π− line shape of X(1835) in the J/ψ →
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Figure 1 – Preliminary fit results 9 obtained by using (a) a simple Breit-Wigner function, (b) the Flattè formula,
and (c) a coherent sum of two Breit-Wigner functions. The dotted vertical line shows the pp̄ threshold, the dots
with error bars refer to the data, the solid blue curve is the total fit result, the dashed red curve is the X(1835)
state, and the short-dashed and dash-dot curves show the f1(1500) and X(2120) contributions, respectively.
The non-resonant η′π+π− fit result is represented by the long-dashed curve, while the shaded histogram are
background events from phase-space MC simulation. In (b) the additional X(1920) resonance, represented by the
dash-dot-dot-dotted curve, is needed to improve the fit result (the significance of this peak is 5.7σ). The insets
show the data and the global fit results between 1.8 GeV/c2 and 1.95 GeV/c2.

Figure 2 – Comparison of masses and widths measurements at BESIII. The error bars include statistical, system-
atic, and, where applicable, model uncertainties. Dotted line indicates the pp̄ mass threshold.

γη′π+π− channel 9 using 1.09 × 109 J/ψ events collected in 2012. A significant change in
the slope is observed in correspondence of the pp̄ threshold, which cannot be described by a
simple Breit-Wigner (BW) function, as shown in Fig. 1(a). If the X(1835) state is a pp̄ bound
state, it should have a strong coupling to the 0− pp̄ system, and the line shape of X(1835) at
the pp̄ threshold would be affected by the opening of the X(1835) → pp̄ decay mode. This
model is studied by means of the Flattè formula 10, and the result is shown in Fig 1(b). We
find a very large coupling between X(1835) and the pp̄ final state: the fit yields a value of
g2pp̄/g

2
0 = 2.31 ± 0.37+0.86

−0.60, where g2pp̄ is the coupling strength to the pp̄ decay mode, and g20 is
the sum of g2 of all decay modes other that X(1835) → pp̄. In a second model, we assume that
the line shape distortion is produced by the interference of the X(1835) state with a narrow
resonance near the pp̄ threshold, denoted as X(1870), and the fit result is shown in Fig 1(c).
Both models give a significance larger that 7σ, which means that with the current statistic we
cannot ruled out any significant conclusion about the nature of the X(1835) state.

A summary of several BESIII measurements of masses and widths of different X states is
reported in Fig. 2. More studies and the analysis of new decay modes are ongoing in BESIII,
which may help to shed light about the nature of the states observed around 1.85 GeV/c2.

2 XY Z charmonium-like states

In the last decade, many new particles in the charmonium mass region were observed. Most
of these new states have properties that are not consistent with the conventional charmonia,
and might be good candidate for exotic states. They are generally called XY Z states. The
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first charmonium-like states were first observed at the B factories: the X(3872) at KEKB 11,
and the Y (4260) at SLAC 12. In 2013, a new charged structure in the charmonium region,
called Zc(3900)

±, was observed around 3.9 GeV in the J/ψπ± mass distribution in the e+e− →
π+π−J/ψ process 13 by the BESIII Collaboration, using 525 pb−1 of data collected at the
center-of-mass (c.m.) energy of 4.260 GeV. The unbinned maximum likelihood fit to the J/ψπ±

invariant mass yields a mass and a width ofMZc(3900) = 3899.0±3.6±4.9 MeV/c2 and ΓZc(3900) =
46 ± 310 ± 20 MeV, respectively, and the measured cross section of the process is found to be
consistent with the production of the Y (4260). This new structure, immediately confirmed also
by Belle Collaboration14 and CLEO-c data15, couples to charmonium and carries electric charge,
which is suggestive of a tetraquark state. In BESIII we search for the neutral counterpart,
Zc(3900)

0, in the process e+e− → π0π0J/ψ using an integrated luminosity of 2809.4 pb−1

distributed over the energy range from 4.190 GeV to 4.420 GeV 16. A clear structure close to 3.9
GeV/c2 is observed in the π0J/ψ invariant mass spectra with a significance larger that 10σ, as
shown in Fig. 3(left) for the three largest data sets. The measured mass and width are consistent
with the charged state, and the Born cross sections for e+e− → π0π0J/ψ is almost half of those
for e+e− → π+π−J/ψ 14, consistent with the isospin symmetry expectation for resonances.

Figure 3 – (Left) Simultaneous fit to the π0J/ψ invariant mass distribution for the three largest data sets collected
at the c.m. energy of 4.230 GeV (b), 4.260 GeV (b), and 4.360 GeV (c) 16. Dots represent the data, solid lines
the unbinned maximum likelihood fit results, and dashed lines the fitted backgrounds. (Right) Projections of
the simultaneous fit to the M(DD∗) spectra for e+e− → π0(DD∗)0 18. The sum of the simultaneous fit to the
M(DD∗) spectra for different decay modes at different c.m. energy is shown in the lower plot.

More recently, we observed other two states (Zc(4020)
±,0) in the processes e+e− → hcπ

+π−17

and e+e− → hcπ
0π0 18 using 13 c.m. energy points from 3.000 GeV to 4.420 GeV, where the

hc resonance is reconstructed in its radiative decay hc → γηc, and the ηc in 16 exclusive hadron
decay channels. The significance for the charged Zc(4020) is estimated to be > 8.9σ, while that
for the neutral counterpart is > 5σ. Also in this case, the Born cross section ratios for charged
and neutral modes agree with isospin asymmetry.

It is interesting to note that the Zc(3900) (Zc(4020)) lies just above the DD∗ (D∗D∗) thresh-
old, which motivate the assumption that it can coupling to DD∗ (D∗D∗). At BESIII, we analyze
the process e+e− → π±(DD∗)∓ using a data sample of 1092 pb−1 and 826 pb−1 at the c.m.
energy of 4.23 GeV and 4.26 GeV, respectively 19. A double tag (DT) method is used, which
means that we reconstruct the bachelor charged pion and the D meson pairs in the final state. A
strong enhancement is observed in the DD∗ invariant mass distributions, which correspond to a
resonance, called Zc(3885)

±. The same data sets and analysis strategy are used to search for the
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Zc(3885)
0 in the neutral channel e+e− → π0(DD∗)0 18. Also in this case, a clear enhancement

near the DD∗ mass threshold is visible around 3.9 GeV/c2, as shown in the right plot of Fig. 3.
Assuming the presence of a resonance close to the threshold, the line shape is modeled by means
of a relativistic S-wave BW function convoluted with a phase space term, and an unbinned
maximum likelihood fit to the M(DD∗) invariant mass spectra is performed simultaneously for
the two energy points. The mass and width of the neutral resonance are found to be consistent
with the results reported for the charged Zc(3885)

± 17, with a statistical significance larger than
10σ.

A partial reconstruction technique is used to study the processes e+e− → π±(D∗D∗)∓ 21,
and e+e− → π0(D∗D∗)0 22: only the bachelor pion, and the D and D originating from D∗

and D∗ decays are detected. The enhancements observed near the D∗D∗ mass threshold in the
π±,0 recoiling mass spectra can be explained taking into account a charmonium-like resonance,
namely Zc(4025)

±,0.
All the resonances described in this section have similar properties. However, more inves-

tigation and sophisticated analyses are needed in order to understand the relation between the
different states.

3 Conclusions

The BESIII Collaboration has reached important results not only in the light hadron spec-
troscopy field, but it also provided new inputs for searching of exotic states. New data will be
collected in the next years and new analyses are ongoing: promising results are expected in the
near future.
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6.
Higgs





What do ATLAS and CMS know about h(125) from LHC Run 1?

Q. Buat
(On behalf of the ATLAS and CMS Collaborations)

Department of Physics, Simon Fraser University, Burnaby BC, Canada

During the first data-taking campaign the ATLAS and CMS detectors collected about 50 fb−1

of proton-proton collision data delivered by the LHC. Using this dataset the Higgs boson has
been observed by the two experiments. These proceedings review the measurements of the
Higgs boson couplings to the Standard Model particles as well as its mass, width, spin and
CP properties.

1 Introduction

The Higgs boson was introduced in 1964 1,2,3 as a potential solution to the electroweak symme-
try breaking problem in the Standard Model (SM) of particle physics. Between 2010 and 2012,
the ATLAS 4 and CMS 5 detectors each collected about 25 fb−1 of proton-proton collision data
delivered by the LHC. Using these datasets the Higgs boson has been observed by both exper-
iments 6,7 and measurements of its properties have been performed. The different production
modes and decays predicted by the SM have been explored.

2 Bosonic decays

The three bosonic decays of the SM Higgs boson provide the most sensitive search channels.
They individually give strong evidence of the presence of a new particle. The presence of leptons
and photons in the final state of those channels provides search regions that are relatively free of
jet-induced background. Figure 1 illustrates the results of ATLAS and CMS in the H → γγ 8,9,
H → ZZ 10,11 and H → WW 12,13 channels.

Figure 1 – (Left) ATLAS diphoton mass spectrum 8, (middle) CMS four-lepton mass spectrum 11, (right) CMS
WW transverse mass spectrum 13.

203



The H → γγ and H → ZZ → llll channels benefit from a fully reconstructed final state
providing the best resolution to measure the mass14 of the Higgs boson. Combining the measure-
ments from ATLAS and CMS, the Higgs mass has been measured to be mH = 125.09±0.24GeV.

To reach the sub-percent level of precision, detailed studies of the calorimeters and muon
spectrometers have been performed. In particular, a precise in-situ calibration has been derived
using the Z → ll and J/ψ → ll datasets. Figure 2 summarizes the measurements performed
by ATLAS and CMS in the different channels as well as various combinations. Combining
the results of the two experiments allows to significantly reduce the uncertainty. However the
combined uncertainty of 240MeV is still largely statistically limited.

Figure 2 – ATLAS and CMS mass measurement results 14. Measurements by each experiment in each channel,
as well as full and per-channel combinations are shown.

The H → γγ and H → ZZ channels are also used to measure the total and differential Higgs
boson production cross-section. ATLAS 15 measures the total production cross section to be
σpp→H = 33.0±5.3 (stat)±1.6 (syst) pb. Differential cross sections are also studied as a function
of Higgs boson transverse momemtum, Higgs boson rapidity, number of jets in the event, and
transverse momentum of the leading jet. The measurements indicate that the total production of
the Higgs boson is larger than the state-of-the-art theoretical prediction and that it is produced
with larger transverse momentum and more associated jets than predicted. CMS 16,17 measures
a fiducial cross section in the diphoton and four-leptons channels and study its dependence
on various kinematic distributions as well. The results are found to be in agreement with the
theoretical predictions within the limited statistics of the data samples.

3 Fermionic decays and ttH production

To probe the Yukawa couplings of the Higgs boson, the H → bb and H → τ+τ− decays channel
are investigated 18,19,20,21. Those signatures are experimentally very challenging. In both chan-
nels there is a large contribution of jet-induced background. The analysis classify events into
specific topologies targeting the associated production with a vector boson (VH) and the vector
boson fusion (VBF) production mode. The ATLAS and CMS datasets exhibit clear evidence
of a signal consistent with the SM Higgs boson in the H → τ+τ− channel with a deviation
above the SM background of 4.4 and 3.4 standard deviations (σ) respectively (3.4σ and 3.7σ
expected). In the H → bb channel, the analyses are not yet sensitive to the SM Higgs boson.

Searches for the associated production of the Higgs boson with a pair of top quarks provides
a direct access to the top Yukawa coupling. ATLAS 22 and CMS 23 perform the search in several
decay modes (bb, γγ, WW and ττ). By combining the results in their individual channels,
ATLAS and CMS exclude the background-only hypothesis with a significance of 3.1σ and 3.4
σ respectively (1.4σ and 1.2σ expected).
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Figure 3 – (Left) log10(S/B) distribution of the events selected in the ATLAS bb analysis 18, (right) CMS ditau
invariant mass estimator spectrum 21.

4 ATLAS and CMS combined couplings results

Figure 4 – Global fit result of the ratios of
production cross-sections and branching ra-
tios using gg → H → ZZ as reference 24.

The results from the two experiments obtained in the
individual channels are combined to provide more accu-
rate measurements of the couplings of the Higgs boson
to the SM particles. While those couplings are let free in
this combination24, the other properties of the observed
new particle are assumed to follow the SM expectations.
Figure 4 shows the results of a fit of ratios of cross-
section and branching ratios. The gg → H → ZZ chan-
nel provides the smallest theoretical uncertainty and
one of the smallest overall uncertainties. It has there-
fore been chosen as the denominator for the definition
of ratios of cross-section and branching-ratios. Assum-
ing the SM branching ratios, the combined fit provides
an observation of the VBF production mode with a sig-
nificance of 5.4σ (4.7σ expected). The fit also provides
evidence for the VH production mode with a signifi-
cance of 3.5σ (4.2σ expected). The ttH production
mode is observed with a significance of 4.4σ exhibit-
ing a 2.4σ excess above the SM predictions. Finally,
combining ATLAS and CMS provides an observation of
H → τ+τ− with a significance of 5.5σ (5.0σ expected).
A fit to the combined ATLAS and CMS data with the global signal strenght μ as the parameter
of interest results in the best fit value:

μ = σ/σSM = 1.09+0.07
−0.07(stat)

+0.04
−0.04(expt)

+0.03
−0.03(thbgd)

+0.07
−0.06(thsig) (1)

5 Width studies and CP measurements

The predicted width of a 125 GeV SM Higgs boson is ΓH = 4.07 MeV. Using the constraint on
the lifetime of the Higgs boson in the ZZ decay channel, a lower limit of 3.5 × 10−9MeV has
been set by CMS 25. An upper limit of 1.7GeV 26 can be set from the mass distribution in the
diphoton and 4l decay channels. An indirect, more stringent, constraint can be set by measuring
the ratio between on-shell and off-shell production of gg → H → V V . This constraint relies on
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the knowledge of the coupling ratio between off-shell and on-shell production which could be
modified by the presence of new physics in the loop corrections. ATLAS 27 set an indirect limit
ΓH < 22.7MeV (33MeV expected) and CMS 28 set a 95% C.L. limit of ΓH < 22MeV (33MeV
expected) a.

ATLAS 30 and CMS 31,32 have compared the SM 0+ scenario against alternate spin and
parity scenarios. Those studies have been performed in the three bosonic decays using variables
sensitive to the angle between the decay products of the Higgs boson. The spin-2 hypothesis
as well as the pure alternate parity scenario are strongly disfavoured by the ATLAS and CMS
datasets. Constraints on scenarios allowing a mixture of the SM spin-0 and a spin-0 CP-even
or CP-odd state are weaker.

6 Rare decays

Current constraints on the SM decay channels of the Higgs boson still leave the possibility
for additional decay modes. Searches for invisible decays have been performed by ATLAS 33

and CMS 34. Different topology targeting gluon-fusion, vector-boson-fusion and VH production
modes are investigated. No excesses above the SM prediction are found. Combining the three
search channels, CMS set a limit on σ × B(H → inv)/σSM of 36%.

7 Conclusions

Using the LHC Run 1 data ATLAS and CMS have discovered a new particle compatible with
the SM Higgs boson. Extensive studies have confirmed that its properties are consistent with
the SM predictions. However most of those measurements are still statistically limited. The
large dataset expected for Run 2 and beyond will be crucial to determine if the Higgs boson
behaves according to the SM expectations or if beyond-standard-model effects arise.
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HIGGS RESULTS FROM ATLAS

ELEONORA BENHAR NOCCIOLI

Department of Physics, Yale University
217 Prospect St, New Haven, CT 06511, United States

This document presents the most recent ATLAS results on the searches for additional heavy
scalars, which could confirm the existence of an extended Higgs sector. The new results
include searches for charged as well as for neutral heavy Higgs bosons, decaying to a variety
of final states. All analyses are performed using the 2015 LHC pp collision data at 13 TeV
centre-of-mass energy, corresponding to an integrated luminosity of 3.2 fb−1 recorded with
the ATLAS detector.

1 Introduction

The discovery of a neutral scalar particle with a mass of approximatly 125 GeV at the Large
Hadron Collider (LHC) in 2012 1,2 has provided important insight into the mechanism of elec-
troweak symmetry breaking. Experimental studies of the properties of this new particle have
demonstrated consistency with the Standard Model (SM) predictions. However, it remains pos-
sible that the discovered particle is part of an extended Higgs sector, a scenario which is favoured
by a number of theoretical models. The existence of such an extended sector would be confirmed
by the observation of additional scalars, thus motivating the wide variety of searches carried out
by ATLAS 3, and presented in this document. All analyses are performed using the 2015 LHC
pp collision data at 13 TeV centre-of-mass energy, corresponding to an integrated luminosity of
3.2 fb−1 recorded with the ATLAS detector.

2 Searches for heavy neutral Higgs bosons decaying to SM vector bosons

Many BSM models predict the existence of a heavy neutral scalar decaying to a pair of SM
electroweak bosons. An important probe into physics beyond the SM is thus represented by
analyses searching for a heavy Higgs decaying via WW , ZZ and Zγ.

2.1 Search for H→Zγ→(		/J)γ

To improve the sensitivity of the search, both the leptonic and hadronic decay modes of the
Z boson are studied, which are sensitive to complementary mass ranges. The leptonic analysis
looks for an electron or muon pair consistent with a Z decay, while the hadronic analysis identifies
boosted Z bosons from the merged di-jet cluster reconstructed as a single, large-radius, jet J .
In both cases, the invariant mass distribution of the background is parameterized by a smooth
function with free parameters, which are adjusted to the data. No significant signal excess in
the invariant mass distribution of the final state particles is found, and limits are set on the
production cross section times branching ratio (see Fig 1a) 4.
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Figure 1: Limits on the production cross section times the branching ratio for a heavy resonance decaying
to (a) a Z boson and a photon (leptonic and hadronic results overlaid) 4, and (b) a pair of W bosons
(	ν	ν and 	νJ analyses combined) 5.

2.2 Search for H→WW →	ν	ν/	νJ

As for the Zγ search, different WW final states are considered: H →WW → 	ν	ν and H →
WW → 	νJ , where again 	 = e, μ and J is a single large jet. The transverse mass mT of the
system is used as discriminating variable in the 	ν	ν analysis, while the semi-leptonic analysis
considers the reconstructedWW invariant mass, m�νJ . The main backgrounds, arising from top-
quark and WW production processes and from W/Z+jets production in the 	ν	ν and in the 	νJ
channels, respectively, are estimated from a simultaneous fit to the signal and control regions.
No evidence of a high mass Higgs has been found, and limits are set on σ× BR(H→WW ) in
the mass range between 600 and 3000 GeV, as shown in Fig.1b 5.

2.3 Search for H→ZZ→		νν

A search for high-mass resonances in events with large missing transverse momentum and a Z
boson decaying into e+e or μ+μ is also performed by ATLAS. After applying the selection re-
quirements, aimed at significantly reducing the background contamination, the dominant source
of background is ZZ production, followed by WZ production, both estimated using simulation,
with the WZ normalisation taken from data. The remaining backgrounds are predicted using
data driven methods. No significant deviation is found in the distribution of the transverse mass
with respect to the SM prediction, and upper limits are set on σ× BR(H→ZZ) for high-mass
narrow-width Higgs bosons (see Fig.2a) 6.
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Figure 2: Limits on σ× BR(H → ZZ) at 95% CL for a narrow-width, heavy-Higgs boson in the H →
ZZ→ 		νν (b) 6, and in the H→ZZ→ 		qq (b) searches. Results for three different values of the width
are also shown in (b) 7.
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2.4 Search for H→ZZ→		qq

The search is performed in the final state in which one Z boson decays to a pair of electrons
or muons, and the other Z boson decays hadronically. The hadronic Z boson candidate is
reconstructed either as a pair of small-radius jets (resolved analysis) or as one large-radius
jet (merged or boosted analysis). The two analyses are mutually exclusive, with the Z →
		 candidates first passed to the merged analysis, and if they fail, to the resolved analysis.
Background contributions from Z+jets and top-quarks are evaluated from a simultaneous fit
to both signal and control regions, whereas diboson production is estimated from MC. As no
deviation is observed in the invariant mass distributions, limits are set on σ× BR(H→ZZ) for
a narrow resonance, as well as for a resonance with a 5, 10, or 15% width, as shown in Fig.2b 7.

3 Search for heavy neutral Higgs bosons decaying to di-Higgs

While the production cross section for Higgs-boson pairs is extremely small in the SM, it is
enhanced in many BSM models. Searches for a heayy neutral scalar decaying into a pair of SM
Higgs thus offer great potential in the search for new phenomena.

3.1 Search for H→hh→bbγγ

This search is performed in the bbγγ final state, and profits both from the large BR of the h→bb
decay and from the clean signal of the h→γγ decay. A counting approach is adopted in order to
estimate the number of signal and background events within mbbγγ windows, defined to contain
95% of simulated di-Higgs events for each mass hypothesis. The signal region is required to
have 2 b-tagged jets, while a control region with 0 b-tagged jets is used to provide a data-driven
estimate of the continuum background. No excess was found with respect to the background-
only hypothesis, and limits are set on the cross section times branching ratio in the mass range
of 280-400 GeV, as shown in Fig.3a 8.
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Figure 3: Limits on the production cross section times the branching ratio for a heavy resonance decaying
to di-Higgs, in the bbγγ a 8 and in the bbbb b 9 final states.

3.2 Search for H→hh→bbbb

The dominant h→ bb decay mode is exploited in this search, with the four b-jets either recon-
structed as distinct jets, or as a pair of large-radius jets. The resolved analysis is used up to
resonance masses of 1.1 TeV (where its expected sensitivity is higher), while the boosted analysis
is used above 1.1 TeV. The analysis sensitivity is increased by including in the boosted analysis
a channel with only three b-tagged jets, in addition to the channel with four b-tagged jets. The
dominant multijet background source, as well as the contribution from tt events, are modelled
using data. No significant data excess is observed above the estimated background, and limits
are set on the cross section times branching ratio to the bbbb final state (see Fig.3b) 9.
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4 Search for charged Higgs boson decaying via H±→τν

Charged Higgs bosons produced in association with a top quark and decaying via H±→τν are
searched for in this analysis. The final state is characterised by the presence of a hadronic τ decay
and missing transverse momentum, as well as a hadronically-decaying top quark, resulting in the
absence of electrons or muons. The backgrounds are categorised based on what object is identi-
fied as the hadronically-decaying τ (a jet, an electron or muon, or a true τ), and different data-
driven techniques are used for their evaluation. Limits are set on σ(pp→ [b]tH±)×BR(H±→τν)
between 1.9 pb−1 and 15 fb−1, for charged Higgs boson masses ranging from 200 to 2000 GeV10.

5 Search for heavy neutral Higgs bosons decaying to τ leptons

The search for neutral Higgs bosons decaying to a pair of τ leptons is performed in the mass
range of 200 GeV – 1.2 TeV. Both the τhadτhad and τlepτhad channels are considered, where τlep
and τhad represents the leptonic and hadronic decays of the τ candidates, respectively. The
background processes for the τlepτhad channel are split depending on whether the lepton and/or
τhad are correctly identified or not. Simulated events are used to estimate the contribution from
the former category, while data-driven methods are employed if the objects are misidentified.
The dominant multi-jet background in the τhadτhad channel is also evaluated from data. The
data are found to be in good agreement with the SM expectations, hence results are given in
terms of limits on the production cross section times branching fraction. The results are also
interpreted in a range of MSSM scenarios 11.

6 Search for a heavy neutral CP-odd Higgs boson decaying to Zh

The final states considered for this search include cases where h decays to a pair of b quarks, and
the Z boson decays either to two electrons, two muons, or two neutrinos. As already seen for
other analyses, both the resolved and merged regime are considered, and the division between
the two categories is defined by pZT greater than (merged) or less than (resolved) 500 GeV. The
events are further split depending on the number of b-tagged jets. The main backgrounds, arising
from Z+jets and tt events, are constrained in control regions included in the final likelihood fit.
No significant excess beyond the expectation from background studies is observed in the data.
The data are thus used to set limits on the production cross sections times branching fractions in
the range of [4.0, 0.017]pb−1 ([6.9, 0.026]pb−1) for mA = [220, 2000] GeV, assuming gluon-fusion
(b-quark-associated) exclusive production 12.
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Recent Higgs Results from CMS
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Recent results from the CMS collaboration on studies of Higgs boson production are presented.
Searches for the 125 GeV Higgs boson using various Standard Model production and decay
modes have been performed using pp collisions from the LHC at

√
s = 13 TeV during 2015.

The
√
s = 13 TeV dataset, as well as data collected at

√
s = 7 and 8 TeV, have also been used

to place constraints on physics beyond the Standard Model involving extended Higgs sectors.

1 Introduction

The existence of a Higgs boson with a mass of around 125 GeV has been established by the
CMS and ATLAS collaborations using pp collisions delivered by the LHC at

√
s =7 and 8 TeV

during 2011-2012. Extensive studies using this dataset have shown this boson’s properties to
compatible with the predictions of the Standard Model (SM). In order to probe further the
nature of this particle, the LHC has been upgraded during a long shutdown to achieve a higher
center of mass energy (

√
s =13 TeV) and instantaneous luminosity (∼ 1×1034 cm−2 s−1) which

will allow the experiments to accumulate much larger datasets. The dataset collected by the
CMS experiment in 2015 has been used to begin to rediscover the H(125) boson as well as place
constraints on physics beyond the SM (BSM) involving extended Higgs sectors.

2 (Re)-Discovering H(125) at
√
s = 13 TeV

The CMS analysis of the H→ γγ decay mode 1 is one of the most sensitive discovery channels
owing to its excellent mass resolution and relatively low background. The mass resolution in this
channel depends on the photon energy resolution, which is calibrated using Z→ e+e− events, and
the correct diphoton vertex assignment, which is achieved using a multivariate (MVA) estimator
with an overall efficiency of ∼83%. The reduction of fake photons from jet backgrounds is aided
by a photon identification MVA which includes shower shape and isolation variables. Events are
divided into several categories targeting different SM production modes. The event categories
include tt̄H leptonic and hadronic categories, two vector boson fusion (VBF) categories, and
4 untagged categories dominated by gluon fusion production. The significance of the excess
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of events at mH = 125.09 GeV is 1.7σ (2.7σ) observed (expected) and the signal strength
(μ ≡ σ/σSM) is measured to be μ = 0.69+0.47

−0.42 .
The CMS analysis of the H→ZZ→4	 decay mode2 is another highly sensitive discovery chan-

nel. This channel also has excellent mass resolution and has the highest signal to background
ratio. The irreducible ZZ background is obtained from simulation and two separate data driven
methods are used to estimate the contamination of events with misidentified leptons. The events
are separated into a VBF tagged category using a matrix element (ME) discriminant and an
untagged category dominated by gluon fusion production. A second ME discriminant which
separates gg →H→ZZ from qq̄ →ZZ is used in the construction of a 2D likelihood. The signifi-
cance of the excess of events at mH = 125.09 GeV is 2.5σ (3.4σ) observed (expected). The signal
strength is measured to be μ = 0.82+0.57

−0.43 and the fiducial cross section for Higgs boson production
and decay to 4 leptons is measured to be σfid. = 2.48+1.46

−1.13(stat.)
+0.28
−0.18(sys.)

+0.01
−0.04(model dep.) fb.

The study of the tt̄H production mode at
√
s = 13 TeV is extremely interesting due to the

large increase in production cross section compared to
√
s = 8 TeV, as well as its sensitivity to

potential new physics contributions. The search has been performed by CMS using the tt̄H(bb̄) 3

and tt̄H multi-lepton 4 final states, as well as in the tt̄H(γγ) 1 final state (described above). The
tt̄H(bb̄) channel is divided in to lepton+jets and dilepton event categories. Discrimination of
the tt̄H signal against the large tt̄(+bb̄) background is achieved using a boosted decision tree
(BDT) and the matrix element method (MEM). The tt̄H multi-lepton channel is divided into
same-sign dilepton and trilepton categories, and the final discriminating variable is formed using
two separate BDTs which discriminate the tt̄H signal from either tt̄ or tt̄V backgrounds. The
combined signal strengths are measured to be μ = −2.0+1.8

−1.8 in the tt̄H(bb̄) channel, μ = 0.6+1.4
−1.1

in the tt̄H multi-lepton channel, and μ = 3.8+4.5
−3.6 in the tt̄H(γγ) channel.

A selection of the results on the search for the H(125) boson using the
√
s = 13 TeV dataset

are shown in Fig. 1.
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Figure 1 – Left: Measured signal strength in the H→ γγ decay channel at mH = 125.09 GeV in the various event
categories. Center: Measured fiducial cross section of pp → (H→ 4�)+X as a function of

√
s. Right: Measured

signal strengths at mH = 125.09 GeV in the various tt̄H(bb̄) event categories.

3 Searches for BSM Higgs Boson Production

The CMS collaboration has recently released a summary of the constraints on BSM Higgs boson
production using the

√
s = 7 and 8 TeV dataset 5. These results include constraints on the

extended higgs sector of several models based on the observed couplings of the H(125). The
measured couplings provide strong constraints on two Higgs doublet models (2HDMs) with Type
I and Type II couplings. The measured couplings constrain the 2HDM parameter cos(β − α)
to be small, which corresponds to the SM limit. In addition to these indirect constraints,
various direct searches for heavy Higgs-like bosons performed at

√
s =7 and 8 TeV have also

been summarized. The searches are interpreted in the context of a benchmark 2HDM and two
benchmark MSSM models: mmod+

h and the hMSSM. These results are shown in Fig. 2.
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Figure 2 – Top Row: Contraints from the measured couplings of the H(125) boson at
√
s =7 and 8 TeV on 2HDMs

with Type I (left) and Type II (right) couplings. Bottom Row: Summary of constraints from direct searches for
additional Higgs bosons at

√
s =7 and 8 TeV in the context of various benchmark BSM models.

CMS has also performed searches for heavy Higgs-like bosons decaying to ZZ using the√
s = 13 TeV dataset. These searches include an analysis of the 4	 2 and 2	2ν 6 final states. The

search in the 2	2ν final state is performed using the transverse mass (mT) of the 2	 + Emiss.
T

system, while the search in the 4	 final state uses the four-lepton invariant mass. No significant
excess is observed and the results are used to place limits on the production cross section as a
function of the heavy Higgs boson mass and width. These results can be seen in Fig. 3.
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Figure 3 – Upper limit on the cross section times branching ratio of gg →X→ZZ→ 4� (left), gg →X→ZZ→ 2�2ν
(middle) and qq → qqX→ qqZZ→ qq2�2ν as a function of mX for various width hypotheses.

An important channel in direct searches for 2HDMs when cos(β − α) → 0 is H→ZA, where
A represents the heavy pseudo-scalar of the 2HDM Higgs sector. This channel has been studied
by CMS at

√
s = 13 TeV using the H→Z(	+	−)A(bb̄) decay channel 7. Signal regions are formed

in the mbb̄ −m�+�−bb̄ plane centered on mA −mH. The results, shown in Fig. 4, are interpreted
in the context of the Type II 2HDM with cosβ − α = 0.01.

Searches for a heavy resonance decaying to two Higgs bosons have been performed by CMS
using

√
s = 13 TeV dataset in the H(bb̄)H(bb̄) 8 and H(bb̄)H(ττ) 9 decay channels. In both

searches, a kinematic fit is used to reconstruct the resonance mass. In the H(bb̄)H(bb̄) channel the
background shape is extracted from data using mass sidebands, while in the H(bb̄)H(ττ) channel
the main backgrounds (tt̄, multijet, Z+jets) are estimated using simulation with corrections
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Figure 4 – Upper limit on the cross section times branching ratio of H→ZA as a function of mA for mH=300 GeV
(left) and mH=500 GeV (right).

derived from data. No significant excesses are observed in these searches and the results are
shown in Fig. 5.
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4 Conclusions

The results presented here summarize the Higgs physics program at CMS during 2015. Searches
for the H(125) have been performed using the

√
s = 13 TeV dataset, demonstrating the analysis

techniques and performance of the CMS detector and nearly re-establishing its presence. New
interpretations of the

√
s = 7 and 8 TeV datasets have been performed to demonstrate the

remaining viable parameter space for BSM models, and several new direct searches for heavy
Higgs-like bosons have been performed using the

√
s = 13 TeV dataset.
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Jet-vetoed Higgs cross section in gluon fusion at N3LO+NNLL with small-R
resummationa

Pier Francesco Monni

Rudolf Peierls Centre for Theoretical Physics,University of Oxford, Oxford OX1 3NP, UK

Predictions for the jet-veto efficiency and zero-jet cross section in Higgs production through
gluon fusion are presented. The results incorporate the N3LO corrections to the total cross
section, the NNLO corrections to the 1-jet rate, NNLL resummation for the jet pt, LL resum-
mation for the jet radius dependence, and known finite-mass corrections. For 13 TeV collisions,
and using our default choice for the renormalisation and factorisation scales, μ0 = mH/2, the
matched prediction for the zero-jet cross section increases the pure N3LO prediction by about
2% and the two have comparable uncertainties. Relative to NNLO+NNLL results, the new
prediction for the zero-jet cross section is 3% larger and the uncertainty reduces from about
10% to 4%. We comment on the validity of the resummation in this regime and on the
interpretation of the results.

1 Introduction

In some Higgs boson decay modes (most notably WW ∗ and ττ), it is standard to perform
different analyses depending on the number of accompanying jets. This is because different jet
multiplicities have different dominant backgrounds. Of particular importance for the WW decay
is the zero-jet case, where the dominant top-antitop background is dramatically reduced. For
precision studies it is important to predict accurately the fraction of signal events that survive
the zero-jet constraint, and to assess the associated theory uncertainty. Jet-veto transverse
momentum thresholds used by ATLAS and CMS are relatively soft (pt,veto ∼ 25 − 30 GeV),
hence QCD real radiation is constrained by the cut and the imbalance between virtual and
real corrections results in logarithms of the form ln(pt,veto/mH) that should be resummed to
all orders in the coupling constant. This resummation has been carried out to next-to-next-to-
leading logarithmic accuracy (NNLL , i.e. including all terms αn

s ln
k(pt,veto/mH) with k ≥ n− 1

in the logarithm of the cross section) and matched to next-to-next-to-leading order (NNLO )
in 1,2,3. More recently, the N3LO total gluon-fusion cross section has been computed in 4, and
the NNLO corrections to the Higgs plus one-jet cross-section was obtained in 5,6,7,8. Moreover,
the LL resummation of logarithms of the jet-radius R has been studied in 9.

All these recent results were merged together 11 to obtaind a prediction for the jet-veto
cross-section accurate at the N3LO+NNLL+LLR order. The effect of heavy-quark masses has
been considered following the procedure outlined in 12. The code used to produce the following
results can be downloaded from b.

aWork in collaboration with Andrea Banfi, Fabrizio Caola, Frédéric A. Dreyer, Gavin P. Salam, Giulia Zan-
derighi, Falko Dulat

bhttps://jetvheto.hepforge.org/
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2 N3LO+NNLL+LLR cross section at 13 TeV

In this section we report predictions for the jet-veto efficiency and cross section in Higgs-boson
production in gluon fusion at the LHC. The reader should refer to the original work 11 for
additional information. The fixed-order prediction is obtained by combining the N3LO total cross
section for Higgs production in gluon fusion 4 and the inclusive one-jet cross section at NNLO 7,
both in the heavy-top limit. In the latter, the qq channel is included only up to NLO, and
missing NNLO effects are estimated to be well below scale variation uncertainties 6. Exact top-
and bottom-mass effects up to NLO are included in the jet-veto efficiency and cross section 13.
Beyond NLO, we use the heavy-top result, without any modifications. The resummation of the
logarithms ln(mH/pt,veto) NNLL accuracy is performed following the procedure of 1, with the
treatment of quark-mass effects as described in 12. Finally, logarithms of the jet radius are
resummed to LL accuracy, following the approach of 9.

We consider 13 TeV LHC collisions with a Higgs-boson mass of mH = 125 GeV. For the
top and bottom pole quark masses, we use mt = 172.5 GeV and mb = 4.75 GeV. Jets are
defined using the anti-kt algorithm

14, with radius parameter R = 0.4, and perform the momen-
tum recombination in the standard E scheme (i.e. summing the four-momenta of the pseudo-
particles). We use PDF4LHC15 parton distribution functions at NNLO with αs(mZ) = 0.118
(PDF4LHC15 nnlo mc) 15. The impact of higher-order logarithmic corrections is probed by intro-
ducing a resummation scale Q as shown in 1. The central prediction for the jet-veto efficiency
is obtained by using the matching scheme (a) 11, setting the renormalisation and factorisation
scales to μR = μF = mH/2, and the resummation scale relative to both top and bottom con-
tributions to Q = Q0 = mH/2. To determine the perturbative uncertainties for the jet-veto
efficiency we follow the Jet-Veto efficiency (JVE) method as outlined in 11. This differs from the
original method of 10,1 which has been modified to take into account the excellent convergence
observed at the perturbative order considered here 11. The uncertainty band is determined as
described below.

We vary μR, μF by a factor of 2 in either direction, requiring 1/2 ≤ μR/μF ≤ 2. Maintaining
central μR,F values, we also vary Q in the range 2

3 ≤ Q/Q0 ≤ 3
2 . As far as the small-R effects

are concerned, subleading logarithmic effects are estimated by means of a second resummation
scale R0, which acts as the initial radius for the evolution of the gluon-jet fragmentation which
gives rise to the lnR terms. We choose the default value R0 = 1.0, and vary it conservatively
by a factor of two in either direction. Finally, keeping all scales at their respective central
values, we replace the default matching scheme (a) with scheme (b), as defined in 11. The final
uncertainty band is obtained as the envelope of all the above variations. We do not consider
here the uncertainties associated with the parton distributions (which mostly affect the cross
section, but not the jet-veto efficiency), the value of the strong coupling or the impact of finite
quark masses on terms beyond NLO. Moreover, our results do not include electro-weak effects.

Starting from the jet-veto efficiency, the zero-jet cross section is obtained as Σ0−jet(pt,veto) =
σtot ε(pt,veto), and the inclusive one-jet cross section as Σ≥1−jet(pt,min) = σtot (1− ε(pt,min)).
The associated uncertainties are obtained by combining in quadrature the uncertainty on the
efficiency obtained as explained in 11 and that on the total cross section, for which we use plain
scale variations. In the left plot of Figure 1 we show the comparison between our best prediction
for the jet-veto cross section (N3LO+NNLL+LLR) and the previous NNLO+NNLL accurate
prediction, both including mass effects. We see that the impact of the N3LO correction on the
central value is in the range 2-3% at relevant jet-veto scales. The uncertainty band is significantly
reduced when the N3LO corrections are included, going from about 10% at NNLO down to about
4% N3LO. Figure 1 (right) shows the comparison between the N3LO+NNLL+LLR prediction
and the pure N3LO result. We observe a shift of the central value of the order of 2% for
pt,veto > 25 GeV when the resummation is included. In that same pt,veto region, the uncer-
tainty associated with the N3LO prediction is at the 3% level, comparable with that of the
N3LO+NNLL+LLR prediction. The fact that resummation effects are nearly of the same order
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Figure 1 – N3LO+NNLL+LLR best prediction for the jet-veto cross section (blue/hatched) compared to
NNLO+NNLL (left) and fixed-order at N3LO (right).

as the uncertainties of the fixed order calculation suggests that the latter might be accidentally
small. This situation is peculiar to our central renormalisation and factorisation scale choice,
μR = μF = mH/2, and does not occur at, for instance, μR = μF = mH (see 11 for details and
numerical results for the LHC).

In summary, we have observed that N3LO effects amount to a 3% increase with respect to
the NNLO result, and resummation effects on top of the the N3LO prediction yield a further 2%
increase for the zero-jet cross section. Given that the jet-veto logarithms that we are resumming
are not yet dramatically large at these pt,veto values, one may wonder whether the latter increase
is accidental given that the resummation does not account for regular higher-order terms which
could be sizeable. In order to study this, we plot in figure 2 the remainder of the fixed-order
perturbative expansion defined as the difference between the fixed-order prediction at a given
perturbative order and the corresponding expansion of the resummed result. The remainder is
shown as a fraction of the fixed-order result, which quantifies how much of the latter is accounted
for by the jet-veto logarithms. The right plot of figure 2 shows the remainder at 13 TeV for
the NLO, NNLO, and N3LO predictions. We observe that the NNLO and N3LO remainders
amount to about 20% of the respective fixed-order cross section, indicating that the logarithms
constitute the dominant part of the perturbative expansion. At these pt,veto scales, however, the
αs suppression is still effective, which explains why the fixed-order prediction still gives a good
description of the 0-jet cross section.

In the NNLO and N3LO remainder shown in the right plot of figure 2 we do not subtract
the constant terms of the expansion (indicated by C2 and C3 in the plots). These constant
terms are taken into account in the matching, but for a precise numerical determination of the
individual contributions one should use stable runs down to very small values of pt,veto. This
can be easily done at NNLO, and the impact of including the NNLO constant C2 is shown in
the left plot of figure 2.c We see that when one includes the C2 in the expansion, the remainder
tends to become even smaller (between 10% and 15%) at the relevant pt,veto scales.

Given that the constants C2 and C3 are included in our matched result, we
conclude that the 2% difference between the N3LO and the matched predictions for
the 0-jet cross section genuinely accounts for about 80% of yet higher-order effects

cThe plot shows the remainder in the case of 8 TeV colliseions. This choice for the centre-of-mass energy is
irrelevant for this study. The situation will not change for 13 TeV collisions.
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for this observable. Therefore these effects must be taken into account for a precise
determination of the zero-jet cross section.
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Figure 2 – The left plot shows the remainder of the 0-jet cross section at NLO and NNLO at 8 TeV, after
subtracting the resummed jet-veto logarithms. The right plot shows the remainder at 13 TeV up to N3LO.
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NNLO predictions with MCFM 8 : applications to high mass diphoton searches
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Recent progress in techniques for computing differential Next-to-Next-to Leading Order
(NNLO) predictions for LHC physics has resulted in several new applications for phenomenol-
ogy. In this talk we present a brief overview of the NNLO processes available in MCFM
8. As a well motivated example we use MCFM to produce differential distributions for high
invariant mass photon pairs. This channel has come under increased scrutiny recently given
the excess observed in LHC data around 750 GeV.

1 Introduction

The second run of the LHC will require accurate theoretical predictions for a multitude of different
final states. Of particular importance are the signal and background processes related to the study
of the Higgs boson. Indeed, one of the primary advantages of the larger data set accumulated
over Run II is the detailed study of the differential properties of the Higgs. The quality of the
experimental data emerging from the LHC has necessitated ever increasing perturbative accuracy
from theoretical predictions. In order to match the accuracy of the observed cross sections Next-
to-Next-to Leading Order predictions are needed.

The historical bottleneck for NNLO predictions related to the regularization of the many
InfraRed (IR) singularities present across the different phase spaces. However, over the past couple
of years a variety of techniques have matured, allowing for a suite of predictions at NNLO. One
such technique is Soft Collinear Effective field Theory (SCET) inspired slicing 1,2,3. A powerful
implementation of the method uses the N -jettiness global event shape4 to separate the calculation
into two portions. If the N -jettiness observable τN is less than some cutoff τ cutN then one uses a
factorization theorem, derived from SCET to approximate the calculation. Crucially, the second
region of phase space τN > τ cutN contains only singly unresolved IR limits and is thus amenable
to calculation using existing NLO technology.

An example of an NLO Monte Carlo code which is well suited to this application is MCFM.
MCFM contains a suite of predictions at NLO, which uses analytic matrix elements to produce
differential distributions. The analytic control allows for the possibility to integrate deep into the
singular regions required for the N -jettiness slicing method. As a result MCFM has been used

aSpeaker
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to produce NNLO results for, V + j 2,5,6, V H 7 and γγ 8, and general color singlet, predictions
recently 9. Additionally, the code is stable and efficient enough to allow for public release.

2 NNLO processes included in MCFM 8

The recently released MCFM 8 package contains a suite of predictions at NNLO accuracy 9.
With any slicing method a crucial test is to ensure that, for small enough choices of the slicing
parameter τ cutN the predictions become insensitive to the exact choice of the parameter. For each
of the processes in the public release the dependency on this parameter has been tested 8,9, and,
where appropriate, compared to results available in the literature. After the dependency has been
studied, and controlled, a fit to the power corrections can be obtained. This is advantageous since
it allows for an estimate of the accuracy for any given choice of τ cutN , relative to the asymptotic
value obtained in the fit. As τ cutN is decreased the separate results above and below the cut grow
as a power of log τN resulting in larger MC uncertainties in the sum. This allows for a user
defined choice in running the code, if a fast run is required, (for instance in estimating PDF
uncertainties) then the code can be run quickly with larger τ cutN . More detailed calculations, for
instance producing predictions to be compared with LHC data can be obtained with longer runs
with lower τ cutN .

As an example we present a list of benchmark processes obtained using MCFM 8 in table 1.
The phase space selection requirements for the different processes can be obtained from the
distributed MCFM documentation. The purpose of this summary is to present results which
can be readily obtained on limited computer resources (for instance over a couple of hours on a
typical 8 core desktop computer). As such the power corrections are around 1% of the total cross
section. Table 1 already highlights the range of the impact of NNLO corrections for a variety
of LHC processes. For processes such as W , Z and WH production the corrections are rather
mild, and the primary advantage of the NNLO calculation is a more reliable estimate of the
theoretical uncertainty based on the improved scale dependence. For processes such as H γγ and
ZH production the impact is much larger.

Table 1: Benchmark cross-sections at NLO and NNLO, a detailed discussion of parameters and settings can be
found in the MCFM manual. δσMC represents the uncertainty from Monte Carlo statistics, while δσpc is an
estimate of the uncertainty due to neglected power corrections at NNLO.

Process nproc σNLO ± δσMC
NLO σNNLO ± δσMC

NNLO ± δσpc
NNLO

W+ 1 4.218± 0.002 nb 4.327± 0.038± 0.043 nb
W− 6 3.314± 0.001 nb 3.256± 0.035± 0.033 nb
Z 31 884.9± 0.3 pb 897.1± 5.2± 9.0 pb
H 112 1.395± 0.001 pb 1.857± 0.007± 0.019 pb
γγ 285 27.90± 0.01 pb 43.62± 0.09± 0.44 pb
W+H 91 2.203± 0.002 fb 2.279± 0.011± 0.023 fb
W−H 96 1.495± 0.001 fb 1.533± 0.006± 0.015 fb
ZH 110 0.7537± 0.0004 fb 0.8453± 0.0021± 0.0085 fb

3 An application to high invariant mass diphotons

As an example of a phenomenological application of MCFM 8 we consider the production of a pair
of photons at the LHC operating at

√
s = 13 TeV. This channel is currently of great interest due

to the excess observed in the data at around mγγ = 750 GeV 10,11. If confirmed, this observation
would revolutionize particle physics and mark the end of the Standard Model. A detailed study
of this channel was performed in ref 8, here we do not aim to recreate this, but instead focus on
the high mass region. If the excess is confirmed as a new resonance the major priority becomes
to discriminate between the various theoretical models proposed to explain the excess. In order
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to achieve this, kinematic observables must be probed beyond the invariant mass of the photon
pair, so it becomes crucial that that existing continuum production is well modeled.

We require the following phase space selection requirements,

pγ, hardT > 0.4mγγ pγ, softT > 0.3mγγ |ηγ | < 2.4

mγγ > 500 GeV

Additionally the ATLAS crack between 1.37 ≤ |ηγ | < 1.52 is excluded. These cuts are designed
to mimic the recent experimental analysis, while the last cut limits us to the signal region at high
invariant masses. We isolate the photons using the smooth cone 12 criterion,

Eiso
T (ΔR) < εpγT

(
1− cosΔR

1− cosR0

)n
, (1)

with n = 2, R0 = 0.4 and ε = 0.1. We use the CT14 NNLO 13 pdf set for all predictions, and
set the central scale choice to be μ = mγγ . We present our results in figures 1 and 2, we present
distributions for four of the key observables which will be used for model discrimination in the
event of a future discovery. We investigate the hardest and softest photon pT ’s, the combined
pT of the photon pair, and their rapidity. The lower panels illustrate the impact of the NNLO
correction, which is sizable in each distribution. Therefore it is essential that NNLO predictions
are used in future analysis.
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Figure 1 – The transverse momentum spectrum for the hardest (left), and softest (right) photon, with invariant
masses ≥ 500 GeV, the fiducial cuts mimic the recent ATLAS analyses.

4 Conclusions

The second run of the LHC requires exquisite theoretical predictions to match the quality of the
data. Typically this mandates NNLO accuracy for a multitude of different processes. Thankfully,
recent theoretical advances have resulted in a large number of processes which have become
available at this order. In this talk we have discussed those which have recently been included in
MCFM 8, and presented a new phenomenological study of the production of high invariant mass
photon pairs.
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Figure 2 – The transverse momentum for the photon pair (left), and rapidity (right) with invariant masses ≥ 500
GeV, the fiducial cuts mimic the recent ATLAS analysis.
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THE NA61/SHINE HADRON PRODUCTION MEASUREMENTS FOR THE
T2K EXPERIMENT

M. PAVIN
LPNHE,University Pierre and Marie Curie, 4 Place Jussieu, 75005 Paris

In order to measure neutrino oscillation parameters, long-baseline accelerator neutrino experi-
ments are using MC simulations to determine initial neutrino flux. Uncertainties of the hadron
production models limit the knowledge of the neutrino flux. Additional hadron production
measurements are needed to reduce this uncertainty. The only experiment currently capable
of providing such measurements is the NA61/SHINE experiment. I present recently published
NA61/SHINE hadron production measurements for the T2K experiment which include spec-
tra of hadrons (π±, K±, p, K0

s and Λ) in the proton-carbon interaction at 31 GeV/c and π±

spectra exiting the surface of the T2K replica target.

1 The T2K experiment and its requirements

The T2K experiment 1 is a long-baseline neutrino experiment located in Japan. The main
goal of the T2K collaboration is is to measure νμ → νe appearance 2 and νμ disappearance.
The powerful neutrino beam is created at the J-PARC neutrino beam facility by impinging
protons of the 31 GeV kinetic energy into the 90 cm long graphite target. Charged hadrons
are focused by a powerful magnets and directed into a decay volume, where they decay on the
neutrinos. By changing the polarity of the focusing magnets, it is possible to focus positively or
negatively charged hadrons (mostly pions and kaons) and thus produce neutrino or antineutrino
enhanced beam. Neutrino oscillation parameters are measured by comparing the interaction
rates and the neutrino beam composition in the near 1 and far (Super-Kamiokande 3) detector.
Prediction of the T2K neutrino flux is based on the FLUKA 20114,5 and GEANT3 6 simulation.
Large uncertainties of the hadroproduction models limit the precision of the neutrino oscillation
measurements. Hadron production measurements are needed in order to reduce the uncertainty
of the neutrino flux below 5% which is the T2K goal. Without additional measurements, flux
uncertainty would be around 30%. The T2K collaboration requires measurements of the spectra
of hadrons (π±, K±, K0

s and Λ, p) coming from the proton-carbon interactions at 31 GeV/c
in the bins of polar angle and momentum. The only experiment capable of providing such
measurements is the NA61/SHINE experiment 7. Phase space (polar angle vs. momentum) for
the neutrino parent particles (π± and K± with the overlaid NA61/SHINE coverage is shown in
the figure 1.

2 The NA61/SHINE experiment

The NA61/SHINE experiment is a fixed target experiment located at the north area of the SPS
at CERN. The main goals of the NA61/SHINE experiment are: search for the critical point
of strongly interacting matter, hadron production measurements for the T2K experiment and
Fermilab neutrino experiments and more precise simulation of the cosmic ray air showers. The
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Figure 1 – Polar angle vs. momentum for the neutrino parent particles with the overlaid NA61/SHINe coverage.
From left to right: π+ phase space in the neutrino mode, K+ phase space in the neutrino mode, π− phase space
in the antineutrino mode and K− phase space in antineutrino mode.

NA61/SHINE setup 7 consists of 3 TPC detectors in the magnetic field, 2 large TPC detectors,
time-of-flight wall and various smaller detectors which are added or removed depending on the
beam and target used.

2.1 Hadron production measurements for the T2K experiment

Data for the T2K experiment were collected in 2007, 2009 and 2010 by using 31 GeV/c proton
beam and 2 targets: a thin carbon target and a T2K replica target. Measurements with the thin
target are used for constraining primary proton-carbon interactions which account for around
60% of the T2K neutrino flux. In contrast to the thin target, measurements with the T2K
replica target include primary interactions and re-interactions in the target which account for
more than 90% of the T2K neutrino flux. Results of the measurements performed in 2007 were
published 7,8,9 and used for the T2K beam simulation. Results of the thin and T2K replica
target measurements performed in 2009 have been recently published 10,11 and will be discussed
in the next two subsections. Analysis of the T2K replica target data taken in 2010 is ongoing.

2.2 Measurements of the hadron spectra in the proton-carbon interactions at 31GeV/c

In the analysis of the data, different particle identification techniques were used in order to
maximize coverage of the phase space and cross-check the results. For charged hadrons, we used
3 different identification techniques: dE/dx identification, combined dE/dx and time-of-flight
identification and no identification (just for π−). This allows us to measure spectra in the regions
of the phase space where one technique fails (for example in the region where Bethe-Bloch curves
overlap). Spectra of the neutral hadrons have been extracted by fitting the invariant mass of
the decay candidates in the detector. All results have been fully corrected with the Monte
Carlo. Systematic uncertainty for the π± spectra is around 5%, while for other hadrons it
is up to 15%. Detailed description of the different analysis techniques and overview of the
systematic uncertainties can be found in the article 10. The results are presented in the form of
differential multiplicities as required for the T2K collaboration (see section 1). Also, comparisons
of the results with various MC model predictions (VENUS 4.12 12,13, EPOS 1.99 14, GiBUU
16 15,16 and several GEANT4 physics lists) were made. In the figure 2 K− spectra are presented
and compared with the model predictions. In this case, EPOS 1.99 gives the most accurate
description of the spectra. This is the first measurement of the K− spectra in NA61/SHINE,
since it was not performed in 2007 because of the low statistics. Spectra of π±, K+, p, K0

s and
Λ with the MC predictions can be found in the article 10. It is important to note that none of
the models give accurate predictions for all particle spectra. Presented results are being used in
the T2K beam simulation. The total uncertainty of the T2K neutrino flux after the re-weighting
of the flux with the thin target measurements is reduced down to 10% (as shown in figure 3).
To reach the T2K goal of 5%, accurate re-weighting which includes re-interactions in the T2K
target is necessary. For this reason, hadron spectra exiting the surface of the T2K replica target
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are needed.
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Figure 2 – K− spectra and comparison with models.
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Figure 3 – T2K neutrino flux uncertainty in the neutrino mode (left) and in the antineutrino mode (right).
Previous error was calculated with the NA61/SHINE measurements from 2007.

2.3 Measurements of the π± spectra in the p + T2K replica target interactions at 31GeV/c

Measurements of the hadron spectra coming from the surface of the T2K replica target has one
major difference with respect to the thin target measurements. Since neutrino flux depends on
the position along the target surface from which neutrino parent particles are coming, target
is divided into 5 longitudinal bins and downstream target face. TPC tracks were extrapolated
towards the target surface and stored in the longitudinal bins. For each longitudinal bin, analysis
similar to the analysis of the thin target dataset was performed. The results are shown in the
form of differential multiplicities in the bins of momentum, polar angle and longitudinal position
along the target surface. Spectra of the π+ exiting the target surface together with FLUKA
2011 prediction are shown in the figure 4. Each column represents different longitudinal bin.
Largest systematic contribution is due to the track extrapolation and can be up to 10%. Full
results for the π± and detailed description of the analysis can be found in the article 11. These
results will be used in the T2K beam simulation, but in order to reach the uncertainty of the
flux below 5% , K± spectra exiting the T2K replica target surface are also needed. Extraction
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Figure 4 – T2K neutrino flux uncertainty 17 in the neutrino mode (left) and in the antineutrino mode (right).
Previous error was calculated with the NA61/SHINE measurements from 2007.

of the K± spectra from this dataset is not possible because of the low statistics, but analysis of
the high-statistics T2K replica target dataset recorded in 2010 is ongoing.

3 Conclusions

Precise measurements of the neutrino oscillation parameters in the long-baseline accelerator
neutrino experiments are not possible without the dedicated hadron production measurements.
These measurements for the T2K experiment were performed in the NA61/SHINE experiment
at CERN. Spectra of hadrons coming from the proton-carbon interactions at 31GeV/c measured
in 2009 were presented and compared with the MC models. The results show that none of the
selected models describe our results accurately for all hadrons. These results have already been
used in the T2K neutrino beam simulation and total neutrino flux uncertainty was reduced
from around 30% to 10%. Also, spectra of charged pions exiting the surface of the T2K replica
target have been presented. These results alongside with the results from the ongoing analysis
will further reduce uncertainty of the T2K neutrino flux. The NA61/SHINE collaboration will
perform new hadron production measurements for the Fermilab neutrino experiments.
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Measurements of the Deep Inelastic Scattering (DIS) neutrino cross-section ratios between
Carbon, Iron, and Lead to Scintillator are presented by the MINERvA collaboration. These
flux-integrated cross-section ratios are presented as a function of the Bjorken scaling variable
x, and as a function of neutrino energy. Events in this sample span the neutrino-energy
range of 5-50 GeV. Data is low relative to the GENIE prediction in the nuclear shadowing
region, x < 0.1. These results have been published and can be found in Reference [2]. Future
measurements using a 〈6〉 GeV neutrino beam will also be discussed.

1 Introduction

Deep Inelastic Lepton Scattering describes the interaction between a lepton and a nucleon with
that has a larger amount of energy transfer than either quasi-elastic or resonance events. Charged
lepton scattering experiments have been testing the quark-parton model for several decades and
have found intriguing deviations from the expected behavior 4. Neutrino DIS measurements
present experimental challenges, such as the unknown a priori energy of the incoming lepton.
Thus the incoming neutrino energy must be determined by reconstructing the outgoing particles
from the interaction. The traditional variables used to describe the kinematics of the interaction
are as follows. The hadronic invariant mass of the event, denoted as W , is calculated as follows:

W 2 = M2
N + 2MNEhad −Q2 (1)

Where MN is the mass of the struck nucleon, and Ehad is the hadronic energy of the final
state. The squared four-momentum transfer between the lepton and the nucleus is:

Q2 = 4EνEμsin
2 θμ
2

(2)

And finally the Bjorken scaling variable x, calculated by:

x =
Q2

2MNEhad
(3)

Measurements of charged lepton scattering cross section ratios between heavy (Pb, Fe, Ca)
to light (D2) nuclei have shown x dependent nuclear effects that can be separated into four
distinct regions. The nuclear shadowing region with x < 0.1 is characterized by a reduction in
the ratio below 1.0 of heavy to light nuclei due to hadronic fluctuations that result in destructive
interference of multiple coherent scattering. The anti-shadowing region with 0.1 < x < 0.3 is
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characterized by an increase in the ratio above 1.0. The “EMC” region with 0.3 < x < 0.65
is characterized by an unexplained dip in the ratio. And finally, the Fermi motion region with
x > 0.65 shows a dramatic increase in the ratio due to the upper limit on x for the nucleus being
x < A, rather than x < 1 for a nucleon.

2 The MINERvA Detector

The MINERvA experiment is a dedicated neutrino cross section experiment located in the
Neutrinos in the Main Injector (NuMI) beamline at Fermilab. It consists of a hexagonal fine
grained scintillator tracking core, with planes arranged in three orientations for unambiguous
three dimensional track reconstruction. Electromagnetic and hadronic calorimeter regions wrap
around the central core and cover the downstream end of the detector. The most upstream
component of the detectors consists of several solid passive nuclear targets of Carbon, Iron, and
Lead, with active tracking modules in between. Diagrams of the detector and the nuclear target
region can be seen in figures 1 and 2. More details can be found in Reference [1].

Figure 1 – The MINERvA Detector. The front of the MINOS near detector is also shown.

Figure 2 – A zoomed in view of the nuclear target region. Photos of the individual targets are shown, as well as
their arrangements between scintillator modules. The nuclear target region sits at the most upstream end of the
MINERvA Detector.

3 Analysis and Results

The signal for this analysis is events that have a Q2 ≥ 1GeV2 and a W ≥ 2 GeV, and neutrino
energies ranging from 5-50 GeV. The neutrino energy is measured by adding together the energy
of the muon measured in the MINOS near detector (see figure 1) and the hadronic energy in
the event, measured calorimetrically. Differences in the acceptance between the different targets
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and the tracker region are calculated using a GEANT4 simulation. Background events are
divided into two kinematic categories, those with W > 2 GeV2 and Q2 < 1 GeV, and those with
W < 2 GeV2 and Q2 > 1 GeV. The normalizations of these two regions are fit simultaneously.
Background events originating from neighboring scintillator planes are also subtracted from the
nuclear target samples. Further information about the background subtraction methods and
acceptance calculations can be found in reference [2].

The resulting ratios of A/CH are shown in figure 3. For comparison, the simulation in 3
represents the GENIE simulation 3 which tunes x dependent nuclear effects for every nucleus
to electron scattering data on iron. The x range of 0.3-0.75 shows good agreement with the
simulation in all targets. The largest disagreements to the simulation are seen at low x (x < 0.2),
which are consistent with the nuclear shadowing expected with the axial-vector current.

Figure 3 – Red histogram displays GENIE simulation results. Black points represent MINERvA data.

4 Potential for DIS in Higher Energy Beam

In 2013, the NuMI beamline tuning was changed so that the average neutrino energy moved from
〈3.5〉 GeV to 〈6〉 GeV. This increased the flux and the average interaction cross section, since
the cross section increases with the neutrino energy. Additionally, since DIS is the dominant
interaction process for neutrino energies greater than 5 GeV, the percentage of events that are
DIS increases. The DIS ratio analysis in the higher energy beam will be systematics limited,
with a statistical error of less than 10% over all Bjorken-x values.
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Figure 4 – Comparisons of the flux between the lower energy beam, peak energy 3.5 GeV, and the medium energy
beam, peak energy 6 GeV.

5 Conclusions

MINERvA is the first experiment able to do precision measurements to study neutrino DIS on
multiple nuclear targets simultaneously. MINERvA is currently taking data in the 〈6〉 GeV
neutrino energy beam, and further results will be forthcoming.
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One of the most fascinating challenges in the context of parton density function (PDF) is the
determination of the best combined PDF uncertainty from individual PDF sets. Since 2014
multiple methodologies have been developed to achieve this goal. In this proceedings we first
summarize the strategy adopted by the PDF4LHC15 recommendation and then, we discuss
about a new approach to Monte Carlo PDF compression based on clustering through machine
learning algorithms.

1 The PDF4LHC15 recommendation and tools for LHC Run II

In October 2015 the PDF4LHC Working Group released a new set of guidelines for the com-
bination of PDF sets, known as the “PDF4LHC15 recommendation” published in Ref. 1. This
updated recommendation proposes the construction of a combined prior PDF set of Monte Carlo
(MC) replicas, where each replica comes from global PDF determinations. The prior set is then
compressed to a minimal number of PDF members through reduction algorithms specialized in
the removal of information redundancy.

The PDF4LHC15 prior consists in Nrep = 900 MC replicas from NNPDF3.0 2, CT14 3 and
MMHT2014 4. Eigenvectors from CT14 and MMHT2014 are transformed into MC replicas
through the method developed by Watt and Thorne in Ref.6 and implemented in the LHAPDF6 5

library. The PDF sets entering in the current combination satisfy requirements which guarantee
the consistency of results: use global datasets, compute theoretical predictions and DGLAP in
the GM-VFNS, set αs to the PDG average 7.

The subsequent step consists in removing the redundant information from the prior set
through reduction algorithms. For the PDF4LHC15 recommendation we have used 3 different
strategies: CMC-PDF 8, MC2H 9 and Meta-PDF 10. The CMC-PDF approach outputs a subset
of MC replicas which preserves the statistical properties of the prior set. The MC2H strategy
provides a symmetric Hessian PDF set obtained by using the MC replicas themselves as the
basis of the linear representation in combination with principal component analysis (PCA)
to reproduce the PDF covariance matrix with arbitrary precision. The Meta-PDF approach
refit each MC replica with a flexible meta-parametrization, from which the best constrained
combination are found by diagonalization of the covariance matrix on the PDF space.

The delivery of results in the MC representation is useful when considering regions where
predictions are non-Gaussian, such as searches at high-masses and generally wherever the PDF
is probed at large x. On the other hand, Hessian sets are useful for many experimental needs,
e.g. when using nuisance parameters, or when high accuracy is required. The PDF4LHC15
recommendation delivers sets at NLO and NNLO with nf = 4, 5, noted as: PDF4LHC15 mc, the
compressed Monte Carlo set with Nrep = 100 obtained with CMC-PDF; PDF4LHC15 100, the
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symmetric Hessian set with Neig = 100 obtained with MC2H; PDF4LHC15 30, the symmetric
Hessian set with Neig = 30 obtained with Meta-PDF.

Finally, thanks to developments for the PDF4LHC15 recommendation, a recent Hessian
reduction algorithm called Specialized Minimal PDF (SMPDF) was published in Ref. 11. The
SMPDF methodology constructs PDFs designed to provide an accurate representation of PDF
uncertainties for specific processes or classes of processes with a minimal number of PDF error
sets.

2 Monte Carlo PDF compression through machine learning

In the next paragraphs we present a new concept of compression approach for MC PDFs based
on clustering through machine learning algorithms.

Let us consider a generic PDF set composed by a large number of MC replicas. Starting from
a simple visual inspection we observe that groups of replicas have similar shapes, positions and
lengths. This observation suggests that in the PDF space there is a limited number of shapes and
directions privileged by replicas and so, if we want to reduce the number of members contained
in a PDF set we should extract the most important replicas and their respective weights. This
observation is illustrated in Figure 1 by the analogy of the politicians and their parties in a
parliament which in our case study are identified to PDF replicas. The left plot shows the initial
distribution of elements. In this example similar objects are identified by a color, and we have 5
groups. The right plot shows the most representative exemplars of each group and their weight.
The next step is to setup a clustering algorithm able to identify the number of groups, the most
representative exemplars and their weights.

Figure 1 – Illustrative example of the clustering idea. A parliament is composed by several elements (left), for
each of them it is possible to determine the most representative exemplars and the fraction of elements similar to
them (right).

Here we use Affinity Propagation (AP), by messaging passing algorithm presented in Ref. 12

where the authors show its impressive capability of grouping data with complex structure. The
choice of this particular algorithm is motivated by its capability of determining automatically
the number of final clusters and its members without requiring as input an a prior knowledge
or guess of the number of clusters. The only requirement of AP is to set a distance definition
to quantify the similarity between elements of a given ensemble of PDF replicas. In the AP
approach, we construct a similarity matrix, defined as:

Si,j = −d(�i, �j), (1)

where d(�i, �j) is the distance estimator defined by the user. We performed the current analysis
with the squared euclidean distance between the arc-length of replicas defined as:

�k =
nf∑

α=−nf

∫ 1

0

√√√√1 +

(
df

(k)
α (x, Q)

dx

)2

dx, (2)
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where k is the replica index and α runs over the nf independent PDF flavors at the factorization
scale Q. We observed that similar results are also obtained when using just the spatial euclidean
distance between replicas.

In Figure 2 we show the results of this clustering procedure for the NNPDF3.0 NLO set with
Nrep = 1000 replicas.

Figure 2 – Examples of clustering of MC replicas using affinity propagation and arc-length distance metrics.

The AP algorithm identifies 14 clusters which are represented by different colors for the
down (left plot) and strange (right plot) PDFs. The final step consists in computing the weight
associated to each cluster center exemplar. For each cluster i we define its associated weight,
wi, as:

wi = Ni/Nrep,
∑
i

wi = 1, (3)

where Ni is the number of elements contained in the cluster i. The output of this procedure is
a MC set of PDFs with Nrep = 14 MC replicas and a list of Nrep weights.

In Figure 3 we compare the central value and its uncertainty for the down and strange PDFs
for the NNPDF prior and the compressed set obtained with AP. For the AP PDF set we plot the
weighted mean and standard deviation. In general, we observe that a good level of agreement
is obtained. Furthermore, in Figure 4 we compare theoretical predictions of both sets for the

Figure 3 – Comparisons for central values and uncertainties between the prior PDF set and the affinity propagation
clustering compression.

ATLAS inclusive jets setup with |η| < 0.3 from Ref. 14 (left plot) and a tt̄ rapidity distribution
at LHC with

√
s = 13 TeV (right plot). Also in this case, the level of agreement is satisfactory.

Similar results are obtained when using the PDF4LHC prior set. This approach has two
advantages in comparison to the CMC-PDF method: the instantaneous computation time, and
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Figure 4 – Comparisons of theoretical predictions for the prior PDF set and the affinity propagation clustering
compression sets. Plots obtained with SMPDF.

the possibility to compress to a very lower number of replicas due to the flexibility of weights.
We are confident that this or similar approaches based on the idea of weighting MC replicas are
the right future direction to obtain fast and outstanding compression performance of MC PDF
sets.
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We present the first official release of the nCTEQ nuclear parton distribution functions
(nPDFs) with errors. The main addition to the previous nCTEQ PDFs is the introduc-
tion of PDF uncertainties based on the Hessian method. Another important improvement is
the inclusion of pion production data from RHIC giving us a handle to constrain gluon PDF.
In this presentation we briefly discuss the framework of our analysis and concentrate on the
comparison of our results with those of other groups.

1 Introduction

Nucleons and nuclei can be described using the language of parton distribution functions (PDFs)
which is based on factorization theorems 1,2,3. The case of a free proton is extremely well
studied. Several global analyses of free proton PDFs, based on an ever growing set of precise
experimental data and on next-to-next-to-leading order theoretical predictions, are regularly
updated and maintained 4,5,6,7. The structure of a nucleus can be effectively parametrized in
terms of protons bound inside a nucleus and described by nuclear PDFs (nPDFs). These nPDFs
contain effects on proton structure coming from the strong interactions between the nucleons
in a nucleus. Similarly to the PDFs of free protons, nuclear PDFs are obtained by fitting
experimental data including deep inelastic scattering on nuclei and nuclear collision experiments.
Moreover, as the nuclear effects are clearly dependent on the number of nucleons, experimental
data from scattering on multiple nuclei must be considered. In contrast to the free proton PDFs
where quark distributions for most flavors together with the gluon distribution are reliably
determined over a large kinematic range, nuclear PDFs precision is not comparable due to the
lack of accuracy of the current relevant data. In addition, the non-trivial dependence of nuclear
effects on the number of nucleons requires a large data set involving several different nuclei.
Nevertheless, nuclear PDFs are a crucial ingredient in predictions for high energy collisions
involving nuclear targets, such as the lead collisions performed at the LHC.

In this contribution we present the new nCTEQ15 nuclear PDFs that were recently released 8

and compare them with analyses from other groups providing nPDFs 9,10,11. All the details of
the analysis can be found in ref. 8 here we will mostly concentrate on the differences with other
nPDFs.

2 nCTEQ global analysis

In the presented nCTEQ analysis we use mostly charged lepton deep inelastic scattering (DIS) and
Drell-Yan process (DY) data that provide respectively 616 and 92 data points. Additionally we
include pion production data from RHIC (32 data points) that have potential to constrain the

239



gluon PDF. To better asses the impact of the pion data on our analysis two fits are discussed: (i)
the main nCTEQ15 fit using all the aforementioned data, and (ii) nCTEQ15-np fit which does not
include the pion data. The framework of the current analysis, including parameterization, fitting
procedure and precise prescription for the Hessian method used to estimate PDF uncertainties
is defined in ref. 8 to which we refer the reader for details.

In both presented fits, we use 16 free parameters to describe the nPDFs, that comprise 7
gluon, 4 u-valence, 3 d-valence and 2 d̄ + ū parameters. In addition, in the nCTEQ15 case the
normalization of the pion data sets is fitted which adds two more free parameters. Both our fits,
nCTEQ15 and nCTEQ15-np describe the data very well. Indeed, the quality of the fits as measured
by the values of the χ2/dof (0.81 and 0.84 for the nCTEQ15 and nCTEQ15-np fits respectively),
confirms it. Figure 1a shows the bound proton PDFs resulting from the two fits. It clearly

(a) (b)

Figure 1: (a) Comparison of bound proton lead PDFs from the nCTEQ15 fit (blue) and the
nCTEQ15-np fit without pion data (gray) at the initial scale Q = 1.3 GeV. (b) Comparison of
the nCTEQ15 fit (blue) with results from other groups: EPS09 (green), DSSZ (orange), HKN07
(red). Shown are bound proton lead PDFs at scale Q = 10 GeV.

shows that the pion data impact the gluon distribution, and to a lesser extent the uv, dv and s
PDFs. The inclusion of the pion data decreases the lead gluon PDF at larger x (� 10−1), and
increases it at smaller x whereas the error bands are reduced in the intermediate to larger x
range. For most of the other PDF flavors, the change in the central value is minimal. For these
other PDFs, the inclusion of the pion data generally decreases the size of the error band.
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3 Comparison with other nPDFs

We now compare the nCTEQ15 PDFs with other recent nuclear parton distributions in the litera-
ture, in particular HKN079, EPS0910, and DSSZ11. Our data set selection and technical aspects
of our analysis are closest to that of EPS09 on which we focus our comparison. As an example
in Fig. 1b we present comparison of the bound proton lead PDFs at the scale Q = 10 GeV from
the different groups.

For most flavors, ū, d̄, s and g, there is a reasonable agreement between predictions. Even
though, for the gluon, there is a larger spread in the predictions form the various PDF sets; we
can see a distinct shape predicted by the nCTEQ15 and EPS09 fits whereas HKN07 and DSSZ
have similar, much flatter behavior in the small to intermediate x region and deviates from each
other in the higher x region; however, all these differences are nearly contained within the PDF
uncertainty bands.

Examining the u- and d-valence distributions, one can see that HKN07, EPS09, DSSZ sets
agree quite closely with each other throughout the x range. While the nCTEQ15 fit uncertainty
bands generally overlap with the other sets, we see on average the uv distribution is softer while
the dv distribution is harder. This difference highlights an important feature of the nCTEQ15

fit; namely, that the uv and dv are allowed to be independent, whereas other groups assume the
corresponding nuclear corrections to be identical. There is no physical motivation to assume the
uv and dv nuclear corrections to be universal however the sensitivity of the currently available
data to these differences is limited,a which allows for good data description even with this
assumption.

This additional freedom in the nCTEQ15 valence distributions results in the difference between
the bound proton valence distributions that is seen in Fig. 1b. Even though the difference is
substantial we need to remember that the bound proton distributions are not really objects of
interest, they are merely a very convenient way of parameterizing the actual quantities that are
physically important – the full nuclear PDFs. The nuclear PDFs provide the distributions of
partons in the whole nucleus and are combinations of bound proton and bound neutron PDFs

fA = Z/Afp/A + (A− Z)/Zfn/A, (1)

with Z being the number of protons and A the number of protons and neutrons in the nucleus. If
we examine the differences between the full nuclear PDFs of the different groups, Fig. 2, we can
see that the agreement between valence distributions is excellent. This means that the relatively
big discrepancy on the level of bound proton valence PDFs vanishes due to the averaging of u
and d distributions occurring when bound proton and bound neutron PDFs are summed.

4 Conclusions

We have presented the recent nCTEQ15 nuclear PDFs. The analysis have been performed in the
CTEQ framework and used Hessian method to determine PDF errors. The resulting nPDFs are
publicly available in our internal PDS format (with corresponding interface) as well as in the
new LHAPDF6 format. They can be downloaded from the nCTEQ 12 and LHAPDF 13 websites.

We find relatively good agreement between our nCTEQ15 nPDFs and those from other groups
especially with EPS09. However, there are certain differences in both methodologies and results.
One of them is the difference in treatment of the valence distributions which leads to differences at
the level of bound proton PDFs which, however, vanish when full nuclear PDFs are constructed.

The errors of the nCTEQ15 PDFs are comparable in size to those of EPS09 but they tend
to be bigger than the HKN and DSSZ ones. Even with these relative consistency in the error
determination it should be kept in mind that nPDF errors are still significantly underestimated.

aOne of the reasons for this lack of sensitivity is the fact that older DIS data have been corrected for the
neutron access and in turn have lost its ability to distinguish between uv and dv distributions.
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Figure 2: Full nuclear lead PDFs from different groups at the scale of Q = 10 GeV.

This is caused by the limited number of free parameters in the fitting procedure and assumptions
like the one on the valence distributions; unfortunately this kind of assumptions are currently
unavoidable due to the lack of experimental data covering different kinematic regions.

The LHC proton-lead and lead-lead data have the potential to help further constrain nPDFs
and in particular to obtain better sensitivity to the difference between uv and dv distributions
unfortunately their current precision is still limited.
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RENORM TENSOR-POMERON DIFFRACTIVE PREDICTIONS

K. GOULIANOS

The Rockefeller University, 1230 York Avenue, New York, NY 10065-6399, USA

Predictions of the elastic scattering, total-inetastic, and total proton-proton cross sections,
based on a Regge theory inspired tensor-Pomeron implementation of the RENORM model for
hadronic diffraction, are compared to the latest experimental measurements at the LHC. The
measured cross sections are in good agreement within the experimental uncertainties of the
data and the theoretical uncertaities of the model reaching down to the ∼1% level.

1 Introduction

In dis-2015 (Spring 2015), we summarized 1, the pre-lhc predictions of the total, elastic and
total-inelastic, as well as the single- and double-diffractive components of the proton-proton cross
section at high energies, based on the renorm/mbr model 2. We compared the measurements
of the sd and dd cross sections from the Tevatron and the lhc with the predictions of the
model and found excellent agreement. Good agreement was also observed between the model
predictions and the total, elastic, and total inelastic cross sections obtained at the Tevatron at√
s = 1.8 TeV, and at the lhc at

√
s = 7 and 8 TeV.

The success of the predictions of the renorm/mbr model for all the above cross sections
at the Tevatron and lhc up to

√
s = 8 TeV prompted an extrapolation to

√
s = 13 TeV, the

nominal foreseen colliding-beam energy at the lhc in Summer 2015. For σtot, σel and σinel,
we predicted 108 mb, 32 mb and 77 mb, respectively, with uncertainties of ∼ 11% in all cases,
mainly due to the uncertainty in the energy-squared scale parameter s0 of the model.

In Summer 2015, we updated the value of s0 to a more precise one based on a tensor glueball
interpretation of the Axial Field Spectrometer (AFS) exclusive charged di-pion data 3,4,5. This
change in renorm/mbr decreases the uncertainties in the predictions of the total, elastic, and
total-inelastic cross sections to less than 2% from Tevatron to lhc energies, with little or no
effect on the mean values, and yields cross sections in excellent agreement with the measurements
by atlas at

√
s = 7 TeV and by totem at

√
s = 7 and 8 TeV, as discussed below.
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2 RENORM cross sections

The total, elastic, and total-inelastic cross sections in the renorm/mbr model depend on the
value of the energy-squared scale parameter, s0. Quoting verbatim from Ref. 1,

“The total cross section (σtot) is expressed as 6

σp±p
tot = 16.79s0.104 + 60.81s−0.32 ∓ 31.68s−0.54 for

√
s ≤ 1.8 TeV, (1)

σp±p
tot = σCDF

tot + π
s0

[(
ln s

sF

)2 − (ln sCDF

sF

)2]
for

√
s ≥ 1.8 TeV, (2)

where s0 and sF are the energy and (Pomeron flux) saturation scales, s0 = 3.7 ± 1.5 GeV2

and
√
sF = 22 GeV, respectively. For

√
s ≤ 1.8 TeV, where there are Reggeon contributions,

we use the global fit expression 7, while for
√
s ≥ 1.8 TeV, where Reggeon contributions are

negligible, we employ the Froissart-Martin formula 8,9,10. The two expressions are smoothly
matched at

√
s ≈ 1.8 TeV. The σel for

√
s ≤ 1.8 TeV is obtained from the global fit 7, while

for 1.8 <
√
s ≤ 50 TeV we use an extrapolation of the global-fit ratio of σel/σtot, which is

slowly varying with
√
s, multiplied by σtot. The total non-diffractive cross section is given by

σND = (σtot − σel)− (2σSD + σDD + σCD).”

3 Tensor-Pomeron predictions

The partial wave analysis of the afs exclusive π± data 5, performed in terms of a fit with a
model with S-wave and D-wave amplitudes as a function of the di-pion mass up to 2.3 GeV,
leads to the results presented in Fig. 1.
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Figure 1 – Extraction of tensor-Pomeron parameters from a Gaussian fit to the exclusive π± Axial Field Spec-
trometer data: mean mass value 〈Mπ+π−〉 = 2.10 GeV and width Δ = ±0.68 GeV.
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The D-wave dominates at masses above ∼ 2 GeV, and according to the presumed interpretation
in Ref. 5 it corresponds to a spin-2 tensor glueball of mass Mtgb. A Gaussian fit to this enhance-
ment yields Mtgb = 2.10± 0.68 GeV. Identifying M2

tgb with the saturated glueball-like enhance-

ment of the mbr-model parameter s0 (see Eq. 2) yields s0 = 4.42±0.34 GeV2. Using this value in
Eq. 2, we predicted for σtot, σel, and σinel at 13 TeV cross sections of 103.7±1.9 mb, 30.2±0.8 mb,
and 73.5± 1.3 mb, respectively. The atlas- and totem-measured cross sections at

√
s = 7 and

8 TeV 11,12,13 are shown in Table 1 along with the mbr predictions. The measurements are in
good agreement with the predictions. Also shown is a recent measurement of the total inelastic
cross section by atlas at

√
s = 13 TeV 14, σinel = 73.1± 0.9 (exp)± 0.6) (lumi)± 3.8 (extr.) mb,

which is in excellent agreement with the mbr prediction.

Table 1: The total, elastic, and total inelastic MBR predictions at
√
s = 7, 8 and 13 TeV compared to measure-

ments at the lhc by totem and atlas. The tensor-Pomeron-based prediction of σinel at
√
s = 13 TeV agrees

with the atlas measurement of σinel (exp) at the ∼ 1% level.

It should be emphasized that the tensor-Pomeron hypothesis predics directly only the total
cross section. As discussed above, the elastic cross section for

√
s ≤ 1.8 TeV is obtained from

the global fit 7, while for 1.8 <
√
s ≤ 13 TeV we use an extrapolation of the global-fit ratio of

σel/σtot, which is slowly varying with
√
s, multiplied by σtot. The total inelastic cross section

is calculated as the difference between the total and elastic. Thus, a measured lower σel would
result in a higher σinel. As seen in Table 1, the mbr σel is larger than the totem and cms
measurements by ∼ 2 mb at both

√
s=7 and 8 TeV, which could imply a higher mbr prediction

for σinel at 13 TeV by ∼ 2 mb as well. This interplay between σel and σinel should be kept in
mind as measurements of σel and σtot at

√
s = 13 TeV become available in the near future.

4 Summary and conclusions

We have presented predictions of the elastic scattering, total-inelastic, and total proton-proton
cross sections at the lhc, based on a Regge theory inspired tensor-Pomeron implementation of
the RENORM model for hadronic diffraction. All measured cross sections are in good agreement
within the experimental uncertainties of the data and the theoretical uncertainties of the model
down to the ∼1% level.
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HEAVY-ION PHYSICS AFTER 50 YEARS OF MORIOND

Jan Fiete Grosse-Oetringhaus
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CERN, 1211 Geneva 23, Switzerland

The 50th anniversary of the Rencontres de Moriond QCD marks also 30 years of heavy-ion
beams in the CERN SPS. On this account, these proceedings give an introduction to heavy-ion
physics and discuss the major findings of the last years. In addition, an outlook for the next
decade is given.

Ultrarelativistic heavy-ion collisions are uniquely giving access to the Quark-Gluon Plasma
(QGP) phase in the QCD phase diagram. In this phase, which has prevailed in the early universe,
quarks and gluons are not bound to hadrons but are deconfined. This allows for the study of
interesting and up to now poorly explored features of non-perturbative QCD.

The evolution of a heavy-ion collision begins with depositing a large amount of energy
in a small volume. After a pre-equilibrium phase, a QGP droplet thermalizes. This droplet
undergoes a rapid expansion while it cools down. Finally, after about 10 fm/c, quarks and
gluons confine to hadrons which are eventually observed in the detector. The experimental
study of heavy-ion collisions utilizes the observed particles to investigate the collision dynamics
and the subsequent expansion with the aim of understanding the properties of the QGP. Collider
experiments studying these collisions are ALICE, ATLAS, CMS and LHCb at the Large Hadron
Collider (LHC) at CERN as well as STAR and PHENIX at the Relativistic Heavy-Ion Collider
(RHIC) at BNL.

These proceedings give an introduction to the basic concepts of heavy-ion physics together
with a discussion of the major findings of the last years. In addition, an outlook for the next
decade is given.

Centrality The centrality of the collision, i.e. the impact parameter of the two colliding ions,
is accessible experimentally by measuring the number of produced particles or the transverse
or forward energy. This allows for measurements as a function of centrality where in central
collisions (impact parameter close to 0) a hotter and denser QGP extending over a large volume
is formed and thus larger medium effects are expected than in peripheral collisions (large impact
parameter).1
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Flow The overlap region between the two colliding ions is not isotropic in collisions with
a non-zero impact parameter. As a consequence of the large pressure gradients prevailing in
the QGP, this spatial anisotropy is translated into a momentum-space anisotropy2. The latter
is measurable in the final state by a modulation of the particle production as a function of
azimuthal angle ϕ:

dN/dϕ ∝ 1 + 2v2 cos 2(ϕ−ΨRP) (1)

with respect to the reaction plane of the collision ΨRP (spanned by the impact parameter and
beam direction vectors). This has been unambiguously observed at RHIC3, see the left panel of
Fig. 1 showing that the QGP is strongly coupled. The so-called elliptic flow v2 emerges already in
a purely geometric picture of the colliding nuclei. Taking into account also the nucleon positions
within the nuclei and their fluctuations, higher-order flow coefficients are expected:

dN/dϕ ∝ 1 +
∑

2vn cosn(ϕ−Ψn). (2)

A direct signal of these higher-order coefficients has been observed at the LHC4, see the right
panel of Fig. 1.
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Figure 1 – Left panel: Flow coefficient v2 in Au–Au collisions at
√
sNN = 130GeV as a function of centrality

(expressed as fraction of multiplicity, most central on the right, from Ref.3. Data points are shown as symbols while
the boxes show the result of an ideal hydrodynamic calculation. Right panel: Azimuthal two-particle correlations
in the 1% most central Pb–Pb collisions at

√
sNN = 2.76TeV (from Ref.4). A characteristic double-hump structure

is visible dominated by the third-order flow coefficient v3.

These flow coefficients are well describeda by hydrodynamical calculations which model the
QGP as a viscous fluid governed by certain transport properties. Most important is the shear
viscosity over entropy density ratio η/s. The high precision of the measurements led to its deter-
mination in the range 0.08 to 0.2 where the spread is due to different initial-state models. This
rather small value is an effective temperature-independent value which is used in the calcula-
tions. However, it is expected that η/s is temperature-dependent. The exact dependence is today
still unknown6. Future differential measurements, i.e. event-plane and flow-angle correlations,
will allow to determine the temperature dependence as well as to study other hydrodynamical
properties like the bulk viscosity.

Jet Quenching Partons produced in hard scatterings in the initial collision traverse through
the QGP and lose energy by radiative and collisional energy loss. This leads to a suppression of
particle production in particular at high pT, measurable by the nuclear modification factor:

RAA =
dNAA/dpT

Ncoll dNpp/dpT
(3)

aOne notable exception are vn coefficients in ultra-central (0.2% most central) collisions.5
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where dNAA/dpT (dNpp/dpT) is a yield in AA (pp) collisions and Ncoll indicates the number
of nucleon–nucleon scatterings. A value of RAA below unity shows suppression which has been
measured out to very large pT at LHC for charged particles and jets. Exemplarily, the left
panel of Fig. 2 presents the RAA for charged particles which are significantly suppressed and for
not strongly interacting probes like γ, Z0 and W± which penetrate the QGP unaltered.7 These
results can be used to constrain the medium property q̂ = μ2/λ (μ is the average momentum
transfer and λ the average mean free path) which governs the energy loss. The right panel
of Fig. 2 presents the current limits on this quantity.8 The more precise determination of this
parameter as well as the study of where the energy dissipated in the medium reappears is topic
of ongoing research.
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sNN = 2.76TeV (from Ref. 7). Right panel: Limits on q̂/T 3 (from the JET collaboration8).

Heavy Flavor The study of mesons with charm or beauty content is promising as the cc̄ and
bb̄ production cross section is calculable in perturbative QCD. Further, they are not produced
thermally in the QGP and thus their abundance is much better known than those of charged
particles. Due to the dead cone effect, radiation of energy is suppressed for angles close to the
momentum direction of the parton.9,10 This results in a quark-mass dependence of the energy
loss where particles containing heavier quarks have a smaller suppression. The first sign of this
effect has been recently observed at the LHC11, presented in the left panel of Fig. 3. The RAA of
D mesons is found to be similar to the one of charged particles and significantly lower than the
one of non-prompt J/ψ from B decays. While the direct comparison of these values is difficult
as the pT ranges are not identical and details on the fragmentation etc. have to be taken into
account, models that include mass-dependent energy loss indeed reproduce the data.11

In addition to the strong energy loss of charm quarks, a non-zero v2 is measured for D
mesons13, see the right panel of Fig. 3. The fact that this elliptic flow is observed shows that
there are sufficient medium-charm interactions for the build up of a momentum-space anisotropy.
Future work is aiming at a better precision of these studies including the measurement of higher-
order flow addressing the question if charm quarks are fully thermalized in the QGP.

Quarkonia The study of charmonium (cc̄ states) and bottomonium (bb̄ states) in the QGP
allows to study if the medium reaches the deconfined state: the large density of color charges
causes a screening effect causing a change of the binding potential of the qq̄ pair and eventually
its dissociation.14 This results in a suppression in the RAA of observed quarkonia in heavy-ion
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collisions. This effect can be canceled by so-called statistical recombination where at high
√
s

the large abundance of charm quarks results in a regeneration of particles.15,16

Suppression of J/ψ has been observed at SPS, RHIC and LHC. The left panel of Fig. 4
presents the RAA as a function of centrality for RHIC and LHC.17 The suppression is smaller
at LHC than at RHIC understood as evidence for statistical recombination. This difference is
even more pronounced at low pT where the density of charm quarks is higher: RAA increases
for smaller pT for LHC while it is almost independent of pT at RHIC.19

The color screening effect should depend on the binding energy of the quarkonium which
depends on its state. The right panel of Fig. 4 presents the RAA for J/ψ, ψ(2S), Υ(1S), Υ(2S)
and Υ(3S). The smaller the binding energy, the larger is the observed suppression confirming
the color-screening picture.
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Collectivity in Small Systems Collective effects like flow are traditionally associated to
large collisions systems like Pb–Pb or Au–Au as it was presumed that the system must be
sufficiently large and long-lived such that the hydrodynamic treatment is valid. In recent years,
observations in small collision systems like pp and p–Pb have resulted in a paradigm shift.
The earliest hint came from a measurement at LHC showing that in very high multiplicity
pp collisions the near-side peak is accompanied by a long-range ridge structure20, see the left
panel of Fig. 5. The same structure has been found in high multiplicity p–Pb collisions21 where
subsequently, and most important, a double-ridge structure was discovered22,23, see the right
panel of Fig. 5. The discovery of the second ridge was of particular importance as this is a well
known structure from flow phenomena in heavy-ion collisions (dominated by v2).
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Subsequently, the found structures in p–Pb collisions have been confirmed to involve at least
8 particles24, have higher orders than v2

24,25, and to be dependent on the type of particle26.
These findings are consistent with hydrodynamic calculations27 implying the possibility that a
QGP is formed in these collisions. At the same time calculations based on gluon saturation at
low x are also successful in explaining some of the observations28. While there is strong evidence
for collective effects in p–Pb collisions, there is no sign of significant in-medium energy loss, for
example measured by the RpA of jets29,30.

Recently, new results from high multiplicity pp collisions became available31,32, hinting at v2
and maybe v3 also in pp collisions. However, the quantitative results are strongly dependent on
the method to isolate these structures from the dominating jet structures, showing that future
work is needed on this important topic. The search for collectivity in small systems including the
confrontation of results from small and large collisions systems and finding a universal theoretical
description bears large potential for the understanding of the underlying physics.

The Next Decade Looking ahead to the next decade of heavy-ion physics, a rich program
is in front of us. At the LHC, the already ongoing Run 2 will provide large samples of Pb–Pb
(5.02TeV) and p–Pb (5.02 TeV and 9.3TeV) collisions as well as high-multiplicity pp collisions
(13TeV). For the first time, LHCb joined the Pb–Pb run. Significant detector upgrades are
planned during 2019–2020 for all large LHC experiments. Noteworthy in the heavy-ion context
is the improved data-taking rate for ALICE (factor 100) and LHCb (factor 10) compared to
the current situation. During LHC Run 3 and 4, an integrated luminosity of about 10 nb−1 is
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expected for Pb–Pb collisions. While interesting events out of this sample will be recorded by
ATLAS and CMS in the usual triggered approach, ALICE changes its strategy and will record
all 1011 events giving unique access to rare low pT signals like D mesons and low-mass dileptons.

At RHIC, the Beam Energy Scan II is planned for 2018–2019 with collisions at
√
sNN = 7–

20GeV of various collision systems. In about 5 years, sPHENIX is expected to take data
concentrating on dijets, photons and b-jets with an anticipated data sample of 50 nb−1. In
addition, the FAIR complex at GSI, already taking data with HADES, is evolving with a possible
start of data taking at SIS100 in the early 2020th.

In summary, heavy-ion physics has entered a precision era with the startup of LHC and has
surprised with several unexpected discoveries. A versatile and rich program is ahead in the next
decade.
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RESULTS ON HEAVY ION COLLISIONS AT LHCB

Yanxi ZHANG on behalf of the LHCb collaboration
LAL, Université Paris-Sud, CNRS/IN2P3, Orsay, France

Heavy flavor production is important in heavy ion collisions to study both cold and hot nuclear
matter effects. The LHCb experiment can make unique contribution to heavy ion physics,
owing to the full particle identification of the detector in the forward region and the ability to
collect fixed target data with proton or lead beams. This report describes recent results with
proton-lead collision data collected in 2013 and the prospect of heavy-ion studies at LHCb.

1 Introduction

At high energy densities, hadrons are transformed into quark gluon plasma (QGP), a new state
of matter in which quarks and gluons are deconfined and move like freely. The hot QGP medium
is expected to be produced in high energy heavy nucleus-nucleus collisions. The formation and
properties of the QGP can be studied with heavy flavor production. Heavy flavors are produced
via hard interactions at the early stage of the nucleus-nucleus collision, so they will interact with
the QGP when they traverse the medium later on. In nucleus-nucleus collisions, the heavy flavor
production is also affected by cold nuclear matter effects (CNM), which are present regardless
of the formation of QGP. To disentangle the CNM effects from the QGP effects, heavy flavor
production in proton-nucleus collisions could be studied. In this report, we present the heavy-
ion physics programs at LHCb and summarize the results on heavy flavor production studies in
proton-lead data collected by the LHCb detector.

2 LHCb detector and data taking

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity range
2 < η < 5. The LHCb experiment is designed for precision measurements in the b and c quark
sectors, but it is becoming a general purpose detector in the forward rapidity range. The LHCb
detector consisting of the tracking systems, the hadron particle identification, calorimeters and
the muon system, is fully instrumented in the fiducial region. This feature makes it possible to
study the heavy flavors in a unique kinematic region, namely low transverse momentum pT, large
rapidity y, very large or small Feynman xF , complementary to other LHC experiments. The
details of the design and performances of the LHCb detector could be found in the references 1,2.

So far the LHCb experiment has collected data of proton-proton (pp), proton-lead (pPb)
and lead-lead (PbPb) collisions, and also proton- or lead-gas fixed target collisions thanks to the
System for Measuring the Overlap with Gas (SMOG) 3 at LHCb. The fixed target data will be
discussed in detail later. These data are collected at different discrete nucleon-nucleon center-of-
mass energies,

√
sNN, from 54 GeV to 13 TeV. The analyses presented in this report are based

on the pPb data taken at
√
sNN = 5 TeV in 2013. Since the LHCb detector covers only one

direction of the full acceptance, there are two distinctive beam configurations at LHCb for the
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pPb collisions. In the forward (backward) configuration, the proton (lead) beam enters LHCb
detector from the interaction point. The proton beam and the lead beam have different energies
per nucleon in the laboratory frame, so the nucleon-nucleon center-of-mass frame is boosted
in the proton direction with a rapidity shift Δy = 0.46. The LHCb acceptance for forward
(backward) collision is 1.5 < y∗ < 4 (−5 < y∗ < −2.5),a and the corresponding integrated
luminosity is about 1.1 nb−1 (0.5 nb−1) for the forward (backward) collisions.

3 Prompt D0 production

At LHCb, the D0 candidate is fully reconstructed in the D0 → K−π+ decay mode, and selec-
tions are applied exploring the large impact parameter and particle identification of the K−π+

tracks, and vertex displacement of the D0 candidate 4. The signal and background events are
discriminated by fitting the invariant mass distribution, and the prompt D0 and D0 from b
hadron decays (D0-from-b) are separated by fitting the impact parameter significance (χ2

IP) of
the D0 candidate. The χ2

IP and invariant mass distribution for the forward sample, integrating
over all kinematic bins, are given in Fig. 1. LHCb is the unique experiment that could separate
the D0-from-b component down to zero pT region. For the cross-section measurements, the
reconstruction efficiency and particle identification efficiency are calibrated using data, and the
distribution of the number of tracks in simulation is corrected to match that in data.
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Figure 1 – The distributions of (left) log(χ2
IP) and (right) invariant mass of the D0 candidate in the forward

sample.

The double differential cross-section as a function of pT and y∗ is measured in the range
0 < pT < 8 GeV, and 1.5 < y∗ < 4 (−5 < y∗ < −2.5) for the forward (backward) sample. The
nuclear modification factor, RpPb, is determined to be the cross-section in pPb collisions over
that in pp collisions at the same center-of-mass colliding energy, normalized by the number of

binary colliding pairs A (A = 208 for pPb collisions), as RpPb(y
∗, pT) = 1

A × σpPb(y
∗,pT,

√
sNN)

σpp(y∗,pT,
√
sNN) .

The reference cross-section in pp collisions at 5 TeV is determined by extrapolation from results
at 7 and 13 TeV 5,6 with the method described in reference 7. The reference cross-section
measurements in pp collisions at 5 TeV is underway. In Fig. 2, the RpPb as a function of pT
integrated over the rapidity range 2.5 < |y∗| < 4 are given for the backward (left) and forward
(right) data. The large uncertainties are dominated by the extrapolated reference cross-section.
Generally speaking, the nuclear modification factor in the forward sample is smaller than that in
the backward sample. Good agreements are found between LHCb measurements and the MNR
calculations 10 with CTEQ6M 11 and EPS09NLO 12 parton distribution functions.

aThe rapidity y∗ is defined in the nucleon-nucleon rest frame with the momentum direction of proton as positive
z-axis
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The forward-backward ratio, RFB, is defined as RFB(|y∗|, pT) = σpPb(+|y∗|,pT)
σpPb(−|y∗|,pT) , and system-

atic uncertainties largely cancel in the ratio. The RFB as a function of pT and y∗ is given in
Fig. 3, and the results suggest significant production asymmetry between the forward and back-
ward acceptance, indicating strong nuclear matter effects. The measurements are in reasonable
agreement with MNR calculations.
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4 Quarkonium productions

LHCb also studied the CNM effects in pPb data using the productions of quarkonia, including
J/ψ, ψ(2S) and Υ mesons 7,8,9. The prompt J/ψ and ψ(2S) mesons are separated from those
from b-hadron decays, allowing to study the CNM effects for both components. The results
of RpPb for the quarkonium states are given in Fig. 4. It can be seen that in the forward
sample, J/ψ production in pPb is strongly suppressed compared to that in pp, the suppression
for ψ(2S) is even stronger, while that for Υ(1S) is modest. In the backward data sample, RpPb

is compatible with unity for J/ψ and Υ mesons, but intriguing strong suppression is seen for
ψ(2S), suggesting that the mechanism for ψ(2S) production in pPb collisions is not the same as
that for J/ψ, which is to be understood. In the forward sample, RpPb for ψ-from-b is closer to
unity than for prompt ψ mesons, which indicates that the open bottom hadrons in pPb are less
suppressed compared to prompt charmonium. The measurements of RpPb for J/ψ and Υ are in
good agreements with various theoretical calculations referred to in the corresponding paper.
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5 Prospects of LHCb heavy ion studies

At LHCb, the fixed target program benefits from the SMOG device. When noble gas is injected
in SMOG, the proton and lead beams can collide with the gas similar to fixed target collisions.
With different choices of noble gases, we are able to explore different sizes of colliding systems.
In the past, LHCb has already collected short runs of SMOG collisions, including pNe at

√
sNN =

110 GeV, and PbNe at
√
sNN = 54 GeV, and clear J/ψ signals are observed in these samples.

LHCb also collected PbPb collisions in 2015, and more will be available in the coming years.

6 Summary

In conclusion, heavy flavors are good tools to study the physics in heavy ion collisions, and
LHCb has demonstrated its capabilities to contribute significantly to heavy ion studies. LHCb
has studied cold nuclear matter effects using quarkonia and open charm productions with the
pPb data at

√
sNN = 5 TeV. LHCb also collected PbPb collisions, allowing to study rich physics

programs covering heavy flavours, electroweak, soft QCD and QGP physics. LHCb is also unique
to do fixed target physics, exploiting colliding systems of different sizes at low energies using the
SMOG system.
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Heavy-ion measurements at ATLAS

T. Bold on behalf of the ATLAS Collaboration

AGH University of Science and Technology, Al. Mickiewicza 30, Krakow, Poland

The ATLAS experiment at the LHC participated in the heavy-ion programme since its be-
ginning. Utilising versatile detector capabilities a number of unique measurements have been
performed. In this brief proceedings, a summary of only a fraction of ATLAS measurements
is presented.

1 Introduction

The relativistic heavy-ion (HI) collisions were studied, first in order to find the deconfined quark-
gluon matter, and then to study its properties. The former task has been declared complete
by the experiments at RHIC 1. The HI collisions at the LHC are carried with energies per
nucleon

√
snn = (Z/A) · √spp where

√
spp is the maximum centre-of-mass energy of the p-p

programme possible at the time. In addition the p-p collision at reference energies are provided.
The energies, and thus initial state temperatures achieved at the LHC are therefore about ten
times higher. As a result the hot medium created has bigger volume and higher energy density
as compared to that reached at RHIC.

All main LHC detectors record data during HI collisions. The ALICE 2 is the experiment
dedicated to the HI measurements. The general purpose ATLAS 3 experiment is as well suit-
able for the HI measurements thanks to the wide coverage in pseudorapidity of the trackers,
calorimetry and muon detectors.

In the HI programme at ATLAS two areas can be identified. A soft sector in which the anal-
yses aim at elucidating long-wavelength properties of the system such as long-range azimuthal or
longitudinal correlations. The measurements in the hard sector result in a better understanding
of Quark Gluon Plasma (QGP) short-range interactions and typical measurements are quench-
ing/suppression of various hard probes. Selected results from the aforementioned two sectors
will be presented after the brief introduction of the ATLAS detector setup, trigger and data
processing in HI runs.

2 ATLAS during HI data taking

The ATLAS experiment took Pb-Pb, p-Pb and p-p data for the HI analyses. The instantaneous
luminosity is low during the HI runs and thus the pile-up handling is comparatively easier than
in p-p and is reduced to filtering of events with pile-up collisions. All ATLAS sub-detectors
are fully operational. The recording strategy is such that about half of events is taken using
minimum-bias triggers and the rest with events fulfilling hard scattering characteristics; like
presence of high-pT jet, e/γ or μ. Collision data is reconstructed with fine tuned algorithms
capable of handling high occupancy events and correcting for the underlying event.

261



3 Soft sector measurements
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From the rich set of interesting measure-
ments of the soft HI sector from ATLAS,
the results of the “ridge” effect 4 5 and
forward-backward correlations 6 are pre-
sented. The “ridge” effect, a long-range
azimuthal multiplicity correlation is stud-
ied by construction of the correlation
function and its Fourier analysis. The
analysis is performed in p-p and p-Pb col-
lision systems in event classes selected ac-
cording to the charged particle multiplic-
ity. The correlation function, C(Δη,Δφ),
shown in Fig. 1, is constructed with par-
ticle pairs from the same event and cor-
rected for detector effects by normalisa-
tion of correlation constructed by taking
particles form distinct events.

The characteristic peak at (Δη,Δφ) =
(0, 0) is attributed to a short-range cor-
relation due to the jets and in-flight res-
onance decays. The broad structure at
Δφ = π is present due to the back-to-
back topology of the QCD di-jet events
and or resonances at rest decays. After
applying the requirement of the Δη > 2
separation, the concurrent fit of the re-
coil and the Fourier components to ex-
tract the second, v2, harmonics of the dNch/dφ ∝ 1 + Σnvn cos[n(φ − ψn)] distributions is
performed, as in the Pb-Pb analysis. They are shown for p-Pb and p-p systems in Fig. 1. A
striking similarity is found between the Pb-Pb, p-Pb and p-p systems in pT-dependence of v2
coefficients. Higher harmonics v3 and v4 measured in p-Pb are found to be also of similar mag-
nitude and behaviour as in Pb-Pb. In the p-p no dependence is observed on collision energy and
event multiplicity. These measurements may suggest that it is possible that in small systems the
QGP creation and evolution is the reality or in Pb-Pb collisions the hydrodynamical evolution
picture is not complete.

In the forward-backward correlation measurement the correlation function
C(η1, η2) = 〈N(η1)N(η2)〉/〈N(η1)〉〈N(η2)〉 is constructed. It is then decomposed into a short-
range component whose magnitude is quantified by

√
Δsrc, and long-range component which is

proportional to 1 + 〈a21〉η1η2.
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6.

Scaling of characteristic parameters is
shown in Fig. 2. The 〈a21〉 scales with
multiplicity as a power-law function and
a similarity between all collision systems
suggests a scenario of many independent
sources of particles emission. The strik-
ing fact that the short-range component
changes from system to system while the
long-range does not points to the simi-
larities in longitudinal dynamics at the
initial stage of the collisions.
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4 Hard probes

Among the numerous hard probes measurements ATLAS performed the improved analysis of the
jet quenching 7 in Pb-Pb and charge asymmetry in p-Pb W→ μν decays 8. In the first analysis
the Bayesian unfolding technique is applied in order to disentangle detector effects and UE from
genuine jet quenching effects. The di-jet asymmetry is studied by means of xJ = pT,2/pT,1, a
ratio of sub-leading to the leading jets pT as a function of leading jet pT and centrality as shown in
Fig. 3. The (1/N)dN/dxJ distributoion in Pb-Pb as compared to the p-p reference shows most
significant modifications in central events while becomes comparable in peripheral collisions.
However in most central collisions the sub-leading jet suppression disappears when events with
a very high pT of the leading jet are selected. There observations point to a conclusion of path
dependence of the hard scattered parton interaction with QGP loosing a fraction of the energy
outside of the jet cone.
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Figure 3 – Jets asymmetry (1/N)dN/dxJ distribution in bins of centrality (left) and pT (right) of the leading jet
in Pb-Pb (red) and p-p (blue) collisions 7.

The study of W → μν in p-Pb 8 allows to shed light on Glauber-Gribov 9 models in which
the proton cross-section fluctuates in each collision. This would lead to modified scaling of
production yields with centrality. Using an electroweak probe like W , for which QGP influence
is absent, the scaling with a number of binary collisions can be tested. The result of the
measurement is shown in Fig. 4. The Glauber model, which assumes no fluctuations, adheres
best to the binary scaling picture known from Pb-Pb measurements. The W production also is
sensitive to the PDF modification due to the dominant u + d̄ and ū + d production channels.
Thanks to the asymmetry in the p-Pb collision system the nuclear PDF modification can result
in modified dNW /dη for W+ and W−. Measured yields are shown in Fig. 5 with a comparison
to the MC in which the non-nuclear proton CT10 PDF is used. A discrepancy can be observed
in the most centra collisions in the charge asymmetry.

5 Summary and outlook

ATLAS performed multiple measurements on the HI data so far 10, some reported here. They
aim to elucidate the short- and long-wavelength properties of QGP in the soft and hard scales, re-
spectively. Results of long-range azimuthal correlations in small systems and forward-backward
correlations in Pb-Pb, p-Pb and p-p have been shown as examples of the soft-sector measure-
ments. Presented, unfolded jet-quenching measurements shade light on the partons energy loss
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in QGP and W boson production scaling and asymmetry in p-Pb collisions help to advance
understating of the binary scaling picture and influence of nuclear PDFs. High luminosity data
collected in 2015 at yet increased centre-of-mass energy are being analyzed. They will advance
understanding of HI physics.
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THE RIDGE EFFECT

B. Schenke

Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA

Two particle correlation measurements in small systems like proton-proton or proton-lead
collisions show strikingly similar features to those in heavy ion collisions. In particular one
observes a long-range correlation in pseudo-rapidity with an azimuthal cos(2Δφ) modulation,
dubbed the (double-)ridge. I review the current theoretical status on interpreting this effect in
small systems. Its origin could be dominated by final state effects like in heavy ion collisions
or initial state effects, whose importance should increase with decreasing system size.

1 Introduction

Two-particle correlations of charged hadrons visualized in two dimensions as a function of Δη
and Δφ, the difference in the two particles’ pseudo-rapidity and azimuthal angle, respectively,
show a characteristic (double-)ridge like structure (see Fig. 1). This long range correlation in
pseudo-rapidity with a typically dominant cos(2Δφ) modulation in azimuth is well understood
in heavy ion collisions.1,2 It emerges from fluctuating initial transverse collision geometries that
vary weakly with rapidity and are transformed into anisotropic final particle distributions via
the almost perfect fluid evolution of the medium.3 As shown in Fig. 1, the same ridge structure
is seen in (high-multiplicity) p+p and p+Pb collisions. In the following we discuss the current
status of the interpretation of the ridge in small systems. A recent review gives more detail on
this topic.4
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2 Hydrodynamics

In heavy ion collisions viscous fluid dynamic calculations with a fluctuating initial state can
describe the coefficients VnΔ of the Fourier expansion of the azimuthal structure at large |Δη|
quantitatively.3 This includes both the average values and the event-by-event distributions.9,10

Because the ridge structure looks very similar in small collision systems (that reach similar
multiplicities as peripheral heavy ion collisions), it is a logical first assumption that it is produced
by the same physical mechanism. In fact, predictions for two-particle correlations within a
hydrodynamic framework were made early on.11,12,13,14

Different calculations within the hydrodynamic framework produce rather different results
for the Fourier coefficients in p+Pb collisions when different prescriptions for the initial state
are used. In a Glauber Monte Carlo model 15 that has all participating nucleons contribute
equally to the initial geometry, much better agreement with the data is achieved compared to
the IP-Glasma model 16,17, where the initial geometry is closer to the actual overlap region of
the proton and the heavy nucleus. Agreement of the latter model with the data can be much
improved if a more fluctuating substructure of the proton is taken into account.18

Both this strong sensitivity to the initial state and the fact that the applicability of hy-
drodynamics in small systems itself is questionable makes the quantitative theoretical results
very uncertain. The applicability of hydrodynamics can be quantified by the Knudsen number,
which measures the ratio of a microscopic to a macroscopic scale (like the mean free path to
the system size). It was shown to be significantly larger over a larger fraction of the system
evolution than in heavy ion collisions for a given shear viscosity.19 The values of the Knudsen
number reached indicate that one approaches the limits of where the hydrodynamic description
of a system should be trusted.

However, even if viscous hydrodynamics is not the appropriate framework to describe them,
final state effects that generate the observed collective behavior can still be important.

3 Initial state correlations

It has been shown that the particle production mechanism in high-multiplicity p+p or p+Pb
collisions itself leads to correlations at least qualitatively compatible with the experimentally
observed ridge structure.4 In particular, in the color glass condensate framework, long range
correlations in rapidity and cos(2Δφ) azimuthal structures appear naturally. Various existing
calculations use different approximations, which have been recently compared.20

Here, we focus on the situation where both the target and the projectile are considered dense,
which should be a good limit for very high multiplicity events. This limit is described by the
classical Yang-Mills framework, thus calculations can be done in the IP-Glasma picture, which
is also used to produce initial conditions for hydrodynamic calculations as discussed above.

In the IP-Glasma framework one computes the gluon fields produced in the collision from the
gluon fields of the two incoming nuclei by means of solving the Yang-Mills equations. From these
gluon fields one can compute the gluon transverse momentum spectra. Using these to determine
two-gluon correlations one extracts the Fourier coefficients of their azimuthal distribution (the
rapidity correlations are long because the solutions are boost-invariant). Even at the initial time,
immediately after the collision, V2Δ is non-zero. The third harmonic V3Δ is built up during the
time evolution of the gluon fields via the source-free Yang-Mills equations.21

The magnitude of these coefficients for the gluon distribution is close to that of charged
hadrons in the experimental data. A direct comparison requires the inclusion of a hadronization
mechanism, which has been done in other color glass condensate calculations of the ridge 22, but
is still work in progress in the dense-dense limit.

It is important to point out that the calculation finds the magnitude of the Fourier coefficients
for gluons in the initial state to be much smaller in heavy ion collisions. This can be understood
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when considering that the physical interpretation of these initial correlations involves produc-
tion of gluons from the same “flux-tube” or correlated region in the transverse plane. Gluons
produced from different flux tubes are uncorrelated. Thus, the correlation strength is suppressed
by the number of flux tubes. In central heavy ion collisions, which have a large overlap area,
this number is large and the effect from initial correlations negligible. This also emphasizes the
necessity for final state effects to generate the observed correlations in heavy ion collisions.

4 Status of distinguishing the two pictures

Various observables have been suggested to prove that final state effects described by viscous
hydrodynamics have an important effect. Here we list several of them and review what various
models predict for them:

• Mass splitting of the mean transverse momentum and Fourier coefficients of the azimuthal
anisotropy: This effect is natural in any picture where particles are produced from a
common moving source, like a fluid cell in hydrodynamics.23 So the initial state frame-
work together with a certain hadronization mechanism where particles are produced from
a fragmenting string, which has an effective transverse momentum, produces a similar
effect.24

• The observed four-particle cumulant c2{4} changes sign at a certain multiplicity in p+Pb
collisions.25 This can be seen as the final state collectivity setting in at this multiplicity.
However, there are alternative explanations in the initial state framework that predict such
behavior.26

• Systematic study of small systems with expected differences in the initial geometry: At
RHIC different systems such as p+Au, d+Au and 3He+Au have been analyzed.27 On
average one expects a somewhat larger elliptic shape in d+Au and a larger triangular
shape in 3He+Au compared to p+Au collisions. This is because some of the events will
have configurations where the two or three nucleons of the projectile, respectively, are
arranged in a certain way in the transverse plane of the collision. The hydrodynamic
framework thus predicts 28 a larger elliptic flow in d+Au collision, and triangular flow v3
in 3He+Au consistent with the experimental data. The same analyses have not yet been
conducted in the purely initial state frameworks.

• Equality of higher order cumulants v2{4} ≈ v2{6} ≈ v2{8} . . . was observed in p+Pb colli-
sions at the LHC.29 Because in hydrodynamics all particles are correlated with a common
geometry, this is a result expected in this framework. This is however not necessarily a
unique feature of the hydrodynamic framework and still needs to be investigated within
the initial state models.

There is further observables one should consider, like Hanbury-Brown-Twiss radii in various
collision systems,30 to draw conclusions about the origin of the ridge effect in small systems.
While every observable seems consistent with the hydrodynamic framework, contributions from
initial state correlations, clearly present in the theoretical analysis, thus far could not be excluded
by any piece of data.

5 Conclusions

Initial state correlations with a double-ridge like azimuthal structure are clearly present. The
question is whether and if so in which system and at what multiplicity they contribute a notice-
able or even dominant effect compared to final state effects, which we know dominate in heavy
ion collisions. Currently no observable presents clear evidence of either scenario. A way to
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clarify the situation will be to develop a computational framework that includes both initial and
final state effects. Varying the system size and multiplicity should then lead to a clear answer.
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Latest heavy flavor and quarkonia results with PHENIX

M. SHIMOMURA
Department of Physics,Nara Women’s Univ.,Kitauoya Nishimachi,

Nara 630-8263, Japan

With a new silicon vertex detector, so called VTX, PHENIX has succeeded to measure the
yields of electrons from charm and bottom hadron decays in Au+Au at

√
sNN= 200 GeV

collisions. We compared the fraction of charm and bottom electrons to previously published
p+p results and found out that the bottom suppressed less than charm at 3 < pT < 4 GeV/c
while the bottom suppressed equal to charm at pT > 4 GeV/c. This is the first observation
of the bottom suppression at RHIC.

1 Introduction

Relativistic heavy ion collisions have been considered as a unique way to create the quark-gluon
plasma (QGP), which is the phase of de-confined quarks and gluons. The Relativistic Heavy Ion
Collider (RHIC) at Brookhaven National Laboratory was constructed to create and study the
QGP. The experiment started since 2000, and we have obtained a lot of results which indicate
that QGP is successfully created. Since charm quark and bottom quark masses (a few GeV)
are much larger than QGP temperature (300∼600 MeV), they are dominantly produced via the
hard scatterings at the initial nucleon-nucleon collisions and are not produced from QGP, thus
the production of these can be calculated by pQCD. Higgs mass is heavy so that it is heavy
even if the chiral restoration takes place. They do interact with QGP, but the number of heavy
quarks are conserved because they are not destroyed by the strong interaction. Therefore, the
modification of heavy quarks is the key to explore the nature of QGP and its interactions.

2 Motivation

One of the most surprising observations at RHIC-PHENIX is that the heavy quarks strongly
interact with QGP. Previous PHENIX measurement shows a strong suppression of the heavy
quark production at high transverse momentum 1 and a substantial flow in the measurement of
single electrons from semi-leptonic decays of bottom and charm hadrons2. In order to understand
this suppression and flow, two energy loss mechanisms had been proposed. One is the collisional
energy loss, which is multiple elastic scattering.
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This is treated as Brownian motion and is appeared in low pT region. Collisional energy
loss is sensitive to the diffusion parameter which is directly coupled to the medium coupling.
The other is radiative energy loss though gluon radiation. The energy loss is larger for gluon
and light quark and smaller for heavy quark due to dead cone effect.3. Each effect has the
different dominant pT regions. Both mechanisms expected that the amplitude of the energy
loss depends on the quark masses, however, it has been observed that the amplitude of heavy
quark suppression was similar with that of light quarks. In order to understand the heavy quark
suppressions more, especially about the mass dependence, a new silicon vertex detector (VTX)
is installed in 2011. This detector is capable to measure the bottom and charm components
separately in the single electron measurement. We present the first result of bottom-charm
separation using VTX in this article.

In addition to this heavy flavor measurement, we also performed the charmonia analysis at
small system . Charmonia is created mainly in the initial state as same as heavy quarks while it
can be broken in the QGP which is different from the heavy quarks. If ψ’is more weakly bounded
than the J/ψ , they have different mass width and different break up cross section. Therefore, if
we can measure ψ’ and J/ψ separately, this can be a interesting probe looking at the suppression
pattern in QGP in order to study the property of QGP. Using a new forward VTX (FVTX), we
performed this measurement in small system such as p+Au and p+Al collisions as a baseline
measurement and we present it in this article also.

3 Results

From the measurement of the electron yields from charm and bottom hadron decays separately,
we obtained the calculated bottom and charm components as well as their backgrounds in
minimum bias Au + Au collisions at

√
sNN = 200 GeV4 compared with the invariant yield of

inclusive heavy flavor electrons measured by the data recorded in 20042 as shown in the left top
panel of Figure 1. Left bottom panel shows the ratio between the data and the results from the
unfolding method which use Bayesian inference methods to determine parent charm and bottom
hadron pT distributions. The unfolded results are in good agreement with the measure data
within the uncertainties.4

We also obtained the ratio of bottom origin electrons to bottom and charm origin electrons
as shown in the right panel of Figure 1. The bottom electron fraction in p + p collisions at√
s = 200 GeV from PHENIX 6 and STAR 7 is also shown comparing with the pQCD(FONLL)

calculation 5 in same figure. While result in p+p is consistent with pQCD calculation, Au+Au
result is clearly different from p+p result and decreasing at high pT . This indicates that bottom
and charm have different suppression pattern as a function of pT .

The left panel of Figure 2 shows RAA for electrons from bottom and charm hadron decays
separately as well as inclusive heavy flavor electrons, which is previously measured. We found
that both bottom and charm origin electrons in Au+Au collisions are strongly suppressed com-
pared with that in p+p at high pT region (pT > 4 GeV/c) while bottom suppressed less than
charm at lower pT .

From the measurement of the ψ’(2s) and J/ψ separately, the ratio of the ψ’(2s) to J/ψ is
obtained in p+Au, p+Al and d+Au at

√
s = 200 GeV at some rapidity bins as indicated in

Figure 2. We found that the strong suppression of ψ’(2s) in the A-going side where the rapidity
is negative, but not in the p-going side where the rapidity is positive. The breakup effect in
collisions with nucleons does not explain this large suppression and neither initial state effect.
This might be due to the other effect and we need more study to investigate the effect. 8
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Figure 1 – (Left)Invariant yield of inclusive heavy flavor electrons measured using the data recorded in 2004
compared with the calculated bottom and charm components as well as their backgrounds. Bottom panel shows
the ratio between the data and the results from the unfolding method. The unfolded results are in good agreement
with the measure data within the uncertainties.(Right)The ratio of bottom origin electron to bottom and charm
origin electron, which are compared with the FONLL calculation.The bottom electron fraction in p+ p collisions
at

√
s = 200 GeV from PHENIX and STAR is also shown.

ψ

ψ

ψ

ψ ±

±

Figure 2 – (Left)RAA for electrons from bottom and charm hadron decays separately as well as inclusive heavy
flavor electrons, which is previously measured. (Right)The yield ratio of ψ’(2s) to J/ψ in p+Au, p+Al and d+Au
at

√
s = 200 GeV at some rapidity bins.

4 Summary and Outlook

With PHENIX VTX, which was installed in 2011, we succeeded in measurement of bottom
origin electron and charm origin electron separately in Au+Au at 200 GeV collisions. From
the comparison of Au + Au and p+ p data, we observed the electron yield from charm hadron
decay was more suppressed than that from bottom hadron decay at pT < 4 GeV/c while similar
amplitude of suppression were observed at higher pT . This is the first observation of bottom
suppression at RHIC. These results have large uncertainty in current measurement and the
new data analyses using VTX with approximately 10 times higher statistics which was taken
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in 2014 are ongoing. It will improve uncertainties significantly. Moreover, p+p data taken in
2015 will give the baseline measurement for this analysis using the same method. Moreover, we
also succeeded to measure the the ψ’(2s) and J/ψ separately in p+Au, p+Al and d+Au using
FVTX, and found that the only in the A-going side ψ’(2s) has strong suppression compared
with J/ψ. We need more detailed study for this effect.
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Open heavy-flavour and quarkonium production in Pb-Pb and p-Pb collisions
measured by the ALICE detector at the LHC

D. Caffarri for the ALICE Collaboration
CERN, Geneva, Switzerland

Open heavy-flavour and quarkonia measurements are important tools to study the hot and
dense partonic medium formed in ultra-relativistic heavy-ion collisions. The modification of
their production in those collisions, with respect to the pp and p–Pb ones, can help in the
characterization of this medium. Quarkonia and open heavy-flavour production is measured
in ALICE in the three different collision systems, at mid- and forward rapidity. A selection of
those results recently obtained in Pb–Pb and p–Pb collisions by the ALICE Collaboration is
presented.

1 Introduction

The Large Hadron Collider (LHC) allows the study of ultra-relativistic collisions of heavy-ions,
in particular Pb-Pb and p-Pb collisions. The ALICE experiment 1 was built to study in detail
these interactions involving ions, in order to characterize the deconfined, highly dense and hot
state of nuclear matter, known as the Quark-Gluon Plasma (QGP).

Pairs of charm and anti-charm quarks can be produced in the scattering between two partons
with very high momentum transferred. At the LHC energy, those pairs are produced mainly
via gluon fusion at tree level process or via gluon splitting or flavour excitation at higher order
processes 2. Charm quarks that hadronise with light quarks form open heavy-flavour hadrons;
in case heavy quarks pair among themselves, a quarkonium bound state is produced. A non-
perturbative approach needs to be considered, when the relative velocity of the quarks pair is
similar to the quarks pair mass 3. For the quarkonium case, non-relativistic QCD approaches,
including colour-singlet and colour-octet fragmentation processes were found to improve the
agreement between data and calculations, albeit dominated by the still large theoretical uncer-
tainties 4.

The modification of the production yields in Pb-Pb collisions allow to study how charm
quarks interact with the medium and, in particular, how they lose energy while passing through
it. This energy loss can occur via elastic scatterings of heavy quarks with other partons of the
medium or via inelastic processes that induce gluon radiation. Theoretical calculations show
that this energy loss depends on the colour charge and the mass of the parton that traverses
the medium. Gluons should lose more energy than light quarks due to their larger Casimir
factor 5,6. Heavy quarks are expected to lose less energy than light quarks due to their larger
mass that reduces the probability of gluon emission 7,8. Quarkonia, instead, can escape from
the medium only if their binding energy is larger than the colour screening potential generated
by the deconfined medium 9. Excited quarkonia states are more likely to melt in the medium,
because their binding energy is smaller with respect to their correspondent ground states. Due
to the large number of cc̄ pairs produced in the collisions at LHC energies, quarkonia states could
also be “regenerated” from cc̄ quarks produced in different hard scatterings 10. Cold Nuclear
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Matter (CNM) effects, as modification of the Parton Distribution Functions in the nuclei 11,
gluon radiation 12 or comover interactions 13 can modify the heavy-quark production. These
effects can be studied via p-Pb collisions that were first delivered by the LHC in 2013.

Open heavy-flavour particles produced at mid-rapidity (|η| < 0.9) are measured in ALICE 1

by the full reconstruction of D-meson decay topologies with displaced vertices and by measuring
the spectra of electrons from open heavy-flavour hadron decays. At forward rapidity (−4 < η <
−2.5), their production is studied via muons coming from open heavy-flavour hadron decays.
Quarkonia production is measured at mid (forward) rapidity via the di-electron (muon) decay
channel; for both cases quarkonia are reconstructed down to transverse momentum pT=0.

Results will be presented in terms of the nuclear modification factor RAA (RpPb): the ratio
of the spectra measured in Pb–Pb (p–Pb) collisions, scaled by the number of binary nucleon-
nucleon collisions, divided by the one measured in pp collisions, as a function of transverse
momentum (pT) or rapidity (y).

2 Open heavy-flavour results

In order to study the interaction of charm quarks with the medium, the D-meson nuclear mod-
ification factor in Pb–Pb collisions has been measured by ALICE as a function of transverse
momentum as reported in Fig. 1, left, for two centrality classes (0-10% and 30-50%) 15. A sup-
pression of about a factor 5-6 at pT ∼ 10 GeV/c is observed for the most central collisions. For
the centrality class 30-50% the suppression is reduced to a factor about 3 in a similar momentum
range. In the same figure also the D-meson RpPb is shown and it is compatible with unity 16.
This result confirms that the suppression observed in Pb–Pb collisions comes from an interaction
of partons with the hot and dense nuclear medium. ALICE measured also the RpPb of leptons
from open heavy-flavour decays and no difference from unity was found at backward, central
and forward rapidity. Models that include Cold Nuclear Matter effects are in good agreement
with the measurements 14.
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Figure 1 – Left: Prompt D-meson RAA (average of D0, D+ and D∗+) as a function of pT in Pb–Pb collisions
at

√
sNN = 2.76 TeV in the 0–10% and 30–50% centrality classes 15. Prompt D-meson nuclear modification

factor RpPb (average of D0, D+ and D∗+) as a function of pT in p–Pb collisions at
√
sNN = 5.02 TeV 16. Right:

Comparison of the average D-meson RAA in 8 < pT < 16 GeV/c with charged pions in the same pT range 17 and
J/ψ from B decays in 6.5 < pT < 30 GeV/c.

The D-meson RAA was also been studied by ALICE as a function of the centrality of the
collisions: a larger suppression is observed for central collisions than for peripheral ones. For
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the momentum range 8 < pT < 16 GeV/c (Fig. 1, right) 17, the D-meson results are compared
to non-prompt J/ψ, coming from B-hadron decay, measured by the CMS experiment 18 in an
equivalent kinematic range and to charged pions measured by ALICE. A larger suppression
is observed for D mesons than for non-prompt J/ψ while it is similar for π± and D mesons.
Theoretical calculations that include a dependence on parton mass and colour charge of the
energy loss, can reproduce the results 17.

The study of the D+
s -meson production in Pb–Pb collisions is sensitive to the strangeness

enhancement observed in heavy-ion collisions. ALICE performed this measurement for the first
time in central Pb–Pb collisions 19. The results for strange and non-strange D mesons are
compatible within uncertainties and no conclusions can be drawn from the current Run1 data.

3 Quarkonia results

ALICE measured the RpPb of J/ψ in three different rapidity regions: a suppression is observed
in the central and forward region, differently to what is measured at backward rapidity where
no suppression is reported 20. The results are presented as a function of rapidity in Fig. 2, left,
integrated over pT

21. The results show a good agreement with models that include shadowing,
coherent energy loss or Colour Glass Condensate calculations 20.
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Figure 2 – Left: J/ψ and ψ(2S) RpPb as a function of rapidity integrated over pT
21. Right J/ψ nuclear modification

factor measured in Pb–Pb collisions at
√
sNN = 2.76 TeV as a function of centrality for three transverse momentum

intervals 23.

The measurement of the RpPb of the excited state ψ(2S) has also been performed by AL-
ICE21. Results are presented in Fig. 2, left. A similar suppression has been observed at backward
and forward rapidity, differently from what is observed for the J/ψ and to what it would be
expected, considering the similar initial-state effects for the two charmonium states. Models
that include shadowing or coherent energy loss cannot describe the suppression observed at
backward rapidity. ALICE performed also more differential studies on the ψ(2S) suppression
and no significant pT dependence is observed 21. A larger difference between the two states,
instead, is observed for central events, in the backward region 22. In the forward region, J/ψ and
ψ(2S) show very similar patterns as a function of the multiplicity of the collision. Models that
include break up of the resonance due to comovers or hadron gas in the final state reproduce
the observed trend 22.

The RAA of J/ψ at forward rapidity in Pb–Pb collisions is shown as a function of centrality
for three different momentum intervals in Fig. 2, right 23. J/ψ with pT > 2 GeV/c show a larger
suppression in central collisions than in the peripheral ones. Low-pT J/ψ, instead, show flatter
trend as a function of centrality. The CNM effects inferred from the J/ψ suppression in p–Pb
collisions at the forward rapidity region are not enough to explain the suppression observed in
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Pb–Pb collisions. These results are, indeed, in agreement with models that include melting of
the J/ψ in the medium due to the colour screening and J/ψ regeneration 23.

ALICE also published the results of the Υ(1S) RpPb, showing a similar value as the J/ψ, in
the forward and backward rapidity regions, within uncertainties 24 (Fig. 3, left). The results are
in agreement with theoretical calculations, though their current large uncertainties. In Pb–Pb
collisions, instead, a strong suppression of Υ(1S) state is observed, as shown in Fig. 3, right.
Comparing the ALICE and CMS results25, the suppression appears to be larger at forward than
at central rapidities 26.
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FINITE TEMPERATURE QCD: QUARKONIUM SURVIVAL AT AND
BEYOND Tc AND DIMUON PRODUCTION IN HEAVY ION COLLISIONS
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(3) Instituto de Fisica, Pontificia Universidad Catolica de Chile, Casilla 306, Santiago 22, Chile

(4) Centro Cientifico-Tecnologico de Valparaso, casilla 110-V, Valparaso, Chile

Finite temperature QCD sum rules are applied to the behaviour of charmonium and bottonium
states, leading to their survival at and beyond the critical temperature for deconfinement. Di-
muon production in heavy-ion collisions in the ρ-region is also discussed.

1 Thermal QCD Sum Rules

In this talk I briefly review the method of QCD sum rules (QCDSR), and its extension to finite
temperature 1. The basic objects in QCDSR are local current-current correlators built from
QCD as well as from hadronic fields, e.g. the correlator of conserved vector currents is

Πμν(q
2) = i

∫
d4x eiqx < 0|T (Vμ(x)V

†
ν (0))|0 >

= (−gμν q
2 + qμqν)Π(q

2) , (1)

where Vμ(x) involves either quark fields or hadronic fields. Subsequently, a relation between the
two representations is obtained by invoking Cauchy’s theorem in the complex squared energy
s-plane, Fig. 1 (Right Panel), (global quark-hadron duality), i.e.

s0∫
0

ds f(s)
1

π
ImΠ(s) = − 1

2πi

∮
|s|=s0

f(s)Π(s) ds , (2)

where f(s) is some analytic function of s, the left-hand-side involves the hadronic spectral func-
tion, and the right-hand-side the QCD representation. This allows for a relation between QCD
and hadronic physics. After introducing the temperature through quark and hadron propagators,
the sum rules lead to results on the temperature behaviour of hadronic and QCD parameters,
from T = 0 up to the critical temperature for deconfinement Tc. This is done analytically, in
contrast to numerically as in lattice QCD (LQCD). Among the results are e.g. the near equality
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of the critical temperatures for chiral-symmetry restoration and quark deconfinement 2, the con-
firmation of deconfinement in light-light 3 and heavy-light quark bound states4, etc. In contrast,
for the case of heavy-heavy quark hadrons the method predicted the survival of charmonium
(J/ψ, ηc, χc)

5-6, and bottonium (Υ, ηb)
7.

In order to introduce T -dependent phenomenological parameters, both hadronic as well as
QCD, one considers a typical hadronic spectral function depicted in Fig.1 (Left Panel) as a
function of the squared energy, s ≡ E2 . At T = 0 there might be a a pole on the positive
real axis, corresponding to a hadronically stable particle, e.g. the pion. This is followed by
some resonances (poles on the second-Riemann sheet) with finite widths/lifetimes. Beyond
some threshold value s = s0, the spectral function becomes smooth, and should be accounted
for by perturbative QCD (PQCD). There is ample evidence for such a scenario from data
on e.g. electron-positron annihilation into hadrons, tau-lepton decay, etc. Turning on the
temperature will result in a rearrangement of the spectrum, the higher the temperature the
more the distortion. The pole on the positive real axis will move into the second Riemann
sheet, thus generating a T -dependent finite width for the hadron. At the same time, the original
resonances will become broader, while the PQCD threshold s0 will move towards the origin. As
T approaches the critical temperature for deconfinement, Tc, the resonances would have melted
and s0(Tc) would be close to, if not at the origin. In summary, the phenomenological hadronic
parameters are expected to be the width, Γ(T ), and the coupling of the resonance, f(T ), to the
current entering the correlator Π(s). The resonance mass, while potentially dependent on the
temperature, it is not a relevant order parameter. In fact, even if the resonance mass would
eventually approach the origin, it would not disappear from the spectrum unless its coupling
would vanish, and/or its width diverge. In practice it is found that the resonance mass depends
only mildly on temperature, in some channels decreasing, and in others increasing slightly with
increasing T . The phenomenological QCD order parameter is identified with s0, which should
be a decreasing function of T , vanishing at T = Tc to signal deconfinement.

Realistic Spectral Function (T) 

Im (s) 

s  E2 s0(T) s0(0) 

Figure 1 – Left: Hadronic spectrum at zero and at finite temperature. Right: Complex squared-energy s-plane.

2 Quarkonium Results

In order to have reference results Fig.2 (Left Panel) shows the thermal behaviour of the rho-
meson width 3, clearly indicating deconfinement at T = Tc. Figure 2 (Right Panel) shows the
behaviour of the QCD threshold s0(T )/s0(0) in the axial-vector (pion, a1) channel (dash curve)
and in the vector channel (solid curve). The former corresponds to chiral-symmetry restoration,
and the latter to deconfinement. The slight difference in critical temperatures is well within the
uncertainty of the method. As expected, the QCD threshold moves towards the origin, as the
width diverges. Not shown is the behaviour of the current-hadron coupling (the ρ and the a1
mesons), which decreases monotonically with increasing T , vanishing at T = Tc. Qualitatively
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similar results are obtained in the case of heavy-light pseudoscalar and vector mesons 4.

Figure 2 – Left: Rho-meson width Γρ(T )/Γρ(0) as a function of T/Tc. Right: The QCD threshold ratio s0(T )/s0(0)
in the axial-vector channel (dash curve), and in the vector channel (solid curve) as a function of T/Tc.

In contrast to these results, the situation in the heavy-heavy-quark sector is entirely dif-
ferent 5-7. In fact, while the width initially increases, as for light quark systems, it eventually
decreases substantially at and above Tc (see Fig.3 (Left Panel)). The QCD threshold, s0(T )
while decreasing with increasing T , it does so only mildly up to 40%, and remains non-zero
and frozen well above Tc (see Fig.3 (Right Panel)). Finally, not shown here, the current-hadron
coupling initially remains fairly constant, to eventually increase substantially at and above Tc

(see Fig.4 in5). Similar results are obtained in the scalar and pseudoscalar charmonium channels
6,thus unambiguously pointing to the survival of charmonium. Finally, results for bottonium in
the vector (Υ) and pseudoscalar (ηb) channels

7 are similar to those of charmonium, except that
solutions to the QCD sum rules do not extend beyond Tc. It is rather important to mention
that lattice QCD has obtained, for the first time, results for the thermal widths of bottonium 8,
in full qualitative agreement with 7.

Figure 3 – Left: J/ψ width ΓV (T )/ΓV (0) as a function of T/Tc. A contrast with Fig.1 (Left Panel) indicates
J/ψ survival at and beyond Tc. Right: The QCD threshold ratio s0(T )/s0(0) as a function of T/Tc for the J/ψ.
Notice the vertical scale indicating the non-vanishing of this ratio, thus J/ψ survival at and beyond Tc .

It is known that potential models fail to obtain these results. It is likely that this is due to
the absence in these models of a centre cut in the complex energy ω-plane (s ≡ ω2), extending
from ω = −|q| to ω = +|q|, with q the three-momentum. This is a purely relativistic effect,
usually referred to as the scattering term, present in some channels, and absent in others1.
When a reference frame at rest with respect to the thermal medium is chosen (vanishing three-
momentum), the centre cut in the energy-plane shrinks to a point, leading in some cases to the
appearance of a delta function of the energy, and to a null result in others. This term depends
quadratically on the temperature, thus contributing mainly close to the critical temperature. It
also may have a dependence on the current quark mass associated with the correlation function.
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For light quarks the scattering term is independent of the quark mass, but for heavy quark
correlators the scattering term is proportional to the square of the quark mass, thus rendering
it important close to Tc.

3 Dimuon Production in Heavy-Ion Collisions

Once the T -dependent ρ-meson parameters, mass, width, and coupling, Mρ, Γρ, and fρ , have
been determined3 it is straightforward to predict the di-muon production rate for In-In collisions,
as measured at CERN by the NA60 collaboration9. This parameter-free prediction10 is shown in
Fig. 4 (dash-dot line) together with the NA60 data, and the rate for the case of T -independent
ρ-meson parameters (dash curve). The ρ-meson broadening effect, first proposed in this context
some 25 years ago11, is quite dramatic. It should be emphasized, though, that this QCD result is
not expected to account for the di-muon spectrum away from the ρ-meson region. To accomplish
this one would need models of hadronic interactions 12.
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Figure 4 – Dimuon production in In-In collisions from the NA60 Collaboration. Dash-dot line is the QCD
prediction with independently determined ρ-meson thermal parameters. Dash curve is for no thermal dependence.
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RECENT RESULTS ON ANISOTROPIC FLOW AND RELATED
PHENOMENA IN ALICE
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85748 Garching, Germany

The exploration of properties of an extreme state of matter, the Quark–Gluon Plasma, has
broken new ground with the recent Run 2 operation of the Large Hadron Collider with heavy-
ion collisions at the highest energy to date. With the heavy-ion data taken at the end of
2015, the ALICE Collaboration has made the first observation of anisotropic flow of charged
particles and related phenomena in lead-lead collisions at the record breaking energy of 5.02
TeV per nucleon pair. The Run 2 results come after the proton-lead collisions, which provided
a lot of unexpected results obtained with two- and multi-particle correlation techniques. In
these proceedings, a brief overview of these results will be shown. We will discuss how they
further enlighten the properties of matter produced in ultrarelativistic nuclear collisions. We
indicate the possibility that, to leading order, the striking universality of flow results obtained
with correlation techniques in pp, p–A and A–A collisions might have purely mathematical
origin, and that physical conclusions therefore could be drawn only from the subleading orders.

1 Introduction

Properties of an extreme state of nuclear matter, the Quark–Gluon Plasma (QGP), produced
in ultra-relativistic heavy-ion collisions can be studied by measuring the anisotropic flow phe-
nomenon with correlation techniques 1,2,3. Anisotropic flow is sensitive both to the initial ge-
ometry of the volume containing the produced nuclear matter and to its transport properties
and equation of state. Anisotropic pressure gradients developed in an interacting medium are a
sufficient condition for anisotropic flow to develop, which turns into the observable anisotropic
distribution of produced particles in heavy-ion collisions. Such anisotropic distributions can
be parameterized with the azimuthal angle ϕ and are conveniently quantified with the Fourier
series 4:

f(ϕ) =
1

2π

[
1 + 2

∞∑
n=1

vn cos[n(ϕ−Ψn)]

]
. (1)

In this sense, flow harmonics vn and symmetry planes Ψn quantify the anisotropic flow phe-
nomenon, and both degrees of freedom can be related to the QGP properties. Using the orthog-
onality relations of trigonometric functions, from Eq. (1) it follows that vn = 〈cos[n(ϕ−Ψn)]〉,
where angular brackets denote an average over all particles in an event. However, this rela-
tion cannot be used in practice to measure flow harmonics vn due to in experiment unknown
symmetry planes Ψn. Instead, estimates for vn can be obtained using correlation techniques
involving two or more particles, for which the only required input are the azimuthal angles ϕ of
reconstructed particles in a heavy-ion collision.

Anisotropic flow is a collective phenomenon typically engaging all produced particles. This
unique feature can be used to discriminate flow correlations from correlations stemming from
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other physical phenomena, which predominantly occur only among few particles (so called non-
flow correlations). When only anisotropic flow is present, any apparent correlation among
produced particles can be attributed solely to the existence of common anisotropic pressure
gradients, which develop as a response of the strongly interacting system to the initial spatial
anisotropies characteristic for non-central heavy-ion collisions. Written mathematically, in this
case any joint multi-variate probability density function (p.d.f.) of n azimuthal angles ϕ1, . . . , ϕn

fully factorizes:

f(ϕ1, . . . , ϕn) = fϕ1(ϕ1) · · · fϕn(ϕn) , (2)

where on the right hand side is the product of the normalized marginalized p.d.f.’s, fϕi(ϕi),
1 ≤ i ≤ n, each of which is the same 5 and is given by Eq. (1). Due to above factorization, any
azimuthal correlation can be related to vn and Ψn degrees of freedom, introduced in Eq. (1), and
therefore each one in principle can provide an independent estimate for them. When factorization
in Eq. (2) breaks down due to presence of nonflow, more reliable estimates for vn and Ψn can
be obtained with multi-particle cumulants, which by construction are less sensitive to nonflow
effects as the order of correlator increases 3.

2 Anisotropic flow in small systems?

The recent flow measurements with multi-particle cumulants in the collisions of light and heavy
nuclei, like p–Pb at LHC 6,7,8 or p–Au, d–Au and 3He–Au at RHIC 9,10, have flared a lot of
discussions, both among theorists and experimentalists. Since to leading order these measure-
ments resemble the features observed in the heavy-ion collisions (see Fig. 1, left and middle
panels), which are attributed to collective anisotropic flow, it is very tempting to interpret them
the same way for smaller systems. This interpretation is challenged by the outcome of Monte
Carlo studies for e+e− systems 11 in which neither the QGP existence nor collective effects are
expected, where to leading order multi-particle cumulants exhibit yet again the similar universal
trends, both for v2 and v3 harmonics.

In the next section we provide a new possible explanation for such a universal leading order
behaviour seen everywhere.

3 Correlation techniques in a nutshell

Correlation techniques are applicable in the anisotropic flow analysis only if all effects of self-
correlations are exactly removed. This can be achieved by expressing all azimuthal correlations
analytically in terms of Q-vectors 12, evaluated for different harmonics 13,14. The Q-vector for
harmonic n is a complex number which is defined for a set of M particles as:

Qn ≡
M∑
k=1

einϕk , (3)

where ϕk labels the azimuthal angle of the kth particle. Each multi-particle azimuthal correlation
can be expressed as a combination of the Q-vectors. This implies that all of their statistical
properties can be determined from the statistical properties of the Q-vectors. For any random
observable, the statistical properties are completely determined by its p.d.f., or equivalently by
its characteristic function, φ(k), which by definition is the inverse Fourier transform of p.d.f.
Recently, the analytic expressions for the characteristic functions of real and imaginary parts of
Q-vectors were derived for the most general case of anisotropic flow for M particles 15:

φReQm(k) =

⎡⎣J0(k) + 2
∞∑
p=1

(−1)p
[
c2p·mJ2p(k)− ic(2p−1)·mJ2p−1(k)

]⎤⎦M , (4)
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and

φImQm(k) =

⎡⎣J0(k) + 2
∞∑
p=1

[
c2p·mJ2p(k) + is(2p−1)·mJ2p−1(k)

]⎤⎦M . (5)

Harmonics cn and sn in the above expressions originate from the alternative parametrizationa of
initial single-particle Fourier-like p.d.f. in Eq. (1). Therefore, the characteristic functions of real
and imaginary parts of the Q-vector are solely given in terms of Bessel functions of the first kind.
This has a remarkable consequence for the statistical properties of Q-vectors, because both of the
above characteristic functions are dominated by the J0(k) term, since this is the only term which
is not weighted with the initial Fourier harmonics cn and sn (which are typically smaller than 0.1
in magnitude), and since all J0(k), J1(k), J2(k), etc., are comparable in magnitude. This leads
us to conclude that, since the dominant J0(k) term is always present (even for the case of random
walk), to leading order we will always see universal trends in the distributions of Q-vectors, i.e.
their distributions exhibit a purely mathematical attractor. Since all multi-particle azimuthal
correlations can be expressed analytically in terms of Q-vectors, we conjecture that the striking
universality of flow results obtained with correlation techniques in pp, p–A and A–A collisions
can be attributed solely to the fact that they exhibit a purely mathematical attractor as well.
The analogous derivation of characteristic functions for multi-particle azimuthal correlations,
which at the present is out of reach, will either prove or disprove this conjecture. b If proved
correct, any flow analysis relying on multi-particle correlation techniques would need to draw
physical conclusions only from sub-leading orders, and the observed leading order universalities
in a vastly different colliding systems per se would have no physical meaning.

4 First flow results from Run 2

Finally, we report the first results of v2, v3 and v4 of charged particles in Pb–Pb collisions at a
center-of-mass energy per nucleon pair of

√
sNN = 5.02 TeV 16. Theoretical predictions for the

dependence of anisotropic flow on collision energy can be found elsewhere 17,18,19,20,21. The data
used were recorded with the ALICE detector in November 2015 in Run 2 at the LHC. A sample
of 140 k Pb–Pb collisions passed the selection criteria. The measurements are performed in the
central pseudorapidity region |η| < 0.8 and for the transverse momentum range 0.2 < pT < 5
GeV/c. Compared to Run 1 results from Pb–Pb collisions at

√
sNN = 2.76 TeV, the anisotropic

flow coefficients v2, v3 and v4 are found to increase (see Fig. 1, right panel) on average by
(3.0± 0.6)%, (4.3± 1.4)% and (10.2± 3.8)%, respectively, in the centrality range 0−50%, which
is found to be compatible with hydrodynamic model calculations 18,21. The detailed theoretical
study of various parameterizations of the temperature dependence of shear viscosity to entropy
density ratio was performed in 21, out of which the Run 2 flow results seem to favor the constant
value for shear viscosity to entropy density ratio. The transverse momentum dependence of
anisotropic flow does not change appreciably between the two LHC energies, which indicates
that the increase in integrated flow coefficients can be attributed mostly to an increase in average
transverse momentum between Run 1 and Run 2 LHC energies 16.
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The hot and dense strongly interacting Quark-Gluon Plasma (sQGP) created in ultra-
relativistic heavy-ion collisions can be probed by studying high-pT particle production and
parton energy loss. Similar measurements performed in p-Pb collisions may help in deter-
mining whether initial or final state nuclear effects play a role in the observed suppression
of hadron production at high-pT in Pb–Pb collisions. By examining the nuclear modification
factors through the comparison of identified hadron yields in different collision systems one
can gain insight into particle production mechanisms and nuclear effects.

1 Introduction

A Large Ion Collider Experiment 1 (ALICE) at the LHC is dedicated to study the strongly
interacting deconfined medium of quarks and gluons, the Quark-Gluon Plasma (QGP), created in
ultra-relativistic heavy-ion collisions2. At the early stage of the collision some partons experience
scatterings with large momentum transfer while propagating through the created medium and
they lose energy. In Pb–Pb collisions this leads to a suppression of high-pT particles in the
final state (via jet quenching 3,4) with respect to the hadron yields expected in a scenario of
incoherent superposition of pp collisions. The measured suppression of charged hadrons is larger
than observed at RHIC 5 due to the higher energy density reached at the LHC. In this context,
p–Pb collisions can be used as a control experiment to establish whether initial state effects play
a role in the observed suppression of hadron production in Pb–Pb collisions.

In order to study the suppression and to disentangle hot (QGP specific) and cold (e.g.
Cronin-enhancement 6) nuclear matter effects, the nuclear modification factors (RpPb, RAA) are
introduced:

RpPb =
d2NpPb/dydpT

〈TpPb〉 d2σINEL
pp /dydpT

, RAA =
d2NAA/dydpT

〈TAA〉 d2σINEL
pp /dydpT

,

where NpPb(NAA) and σINEL
pp represent the particle yield in p–Pb (Pb–Pb) and the inelastic

cross-section in pp collisions, respectively. In p–Pb (similar to Pb–Pb), the nuclear overlap
function is defined as 〈TpPb〉 = 〈Ncoll〉 /σNN

INEL. It is determined from the Glauber model 7 and
proportional to the average number of binary nucleon-nucleon collisions 〈Ncoll〉. In the absence
of nuclear effects the RpPb is expected to be equal to unity.

ALICE has excellent particle identification capabilities (PID) in the central barrel (|η| < 0.9).
The two main tracking detectors, the Inner Tracking System (ITS) and the Time Projection
Chamber (TPC) allow for PID via measurement of the specific energy loss. The Time Of Flight
(TOF) detector and the High Momentum Paricle Identification Detector (HMPID) identify
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particles by measuring the time-of-flight and the Cherenkov angle, respectively.
These proceedings give an overview of recent ALICE results on the nuclear modification

factors for charged as well as identified light-flavour hadrons in Pb–Pb and p–Pb collisions.

2 RAA and RpPb for charged particles

The nuclear modification factor, RAA, in Pb–Pb collisions at
√
sNN = 2.76TeV is shown for two

centrality intervals 8 in the top left panel of Fig. 1. There is a significant suppression of charged
hadron yields for the most central (0-5%) collisions. The nuclear modification factor exhibits
a minimum at around pT = 6-7 GeV/c and a significant rise for pT > 7 GeV/c, indicating
a reduction of the relative energy loss. For peripheral collisions (70-80%) only a moderate
suppression and a weak pT dependence is observed.
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Figure 1 – RAA and RpPb of charged particles. (Top left) RAA is shown in central (0-5%) and peripheral (70-80%)
Pb–Pb collisions. (Bottom left) Comparisons of RAA and RpPb measured by ALICE and CMS. (Right) RpPb

from ALICE for |ηcms| < 0.3 (symbols) are compared to model calculations (bands or lines).

The observed suppression at a given centrality is a consequence of the interplay of the parton
pT distribution, the medium density and the gluon-to-quark ratio. The relative contributions of
these effects can be studied in comparison to models. In general, all the models capture the rise
of RAA due to a decrease of the relative energy loss with increasing pT, but there are remarkable
quantitative deviations in some cases.

In the bottom left panel of Fig. 1 the nuclear modification factor, RpPb, in p–Pb collisions at√
sNN = 5.02TeV is shown for charged particles 9, in comparison with RAA for most central (0-

5%) collision measured by ALICE and CMS. Moreover, comparisons are also shown for particles
which are not sensitive to QCD dynamics (direct photon, W±, Z0) measured by CMS.
For pT � 2 the RpPb is consistent with unity showing that the large suppression observed for
RAA at high-pT is related to the jet quenching in QGP and not to inital state effects.

A comparison of the p–Pb data to models is crucial for the understanding of cold nuclear
matter effects. In the right panel of Fig. 1 RpPb for |ηcms| < 0.3 is compared to theoretical
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predictions. Some predictions based on the Colour Glass Condensate (CGC) model are con-
sistent with the measurement within uncertainties. Leading order (LO) pQCD calculations
incorporating cold nuclear matter effects underpredict the data at high pT, while the shadowing
calculations based on NLO with EPS09s PDF’s and DSS fragmentation functions describe the
data well for pT > 6 GeV/c. The HIJING 2.1 model (with shadowing) describes the trend
observed in the data.

3 RAA and RpPb for identified light-flavour hadrons

The nuclear modification for identified particles gives more details about the in-medium inter-
actions of partons fragmenting into hadrons due to the different color Casimir factors of quarks
and gluons.
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Figure 2 – RAA for different particle species in six centrality intervals in Pb–Pb collisions.

Fig. 2 shows the RAA for π±, K± and p(p̄) for six centrality classes in Pb–Pb collisions 10.
Results show that all particle species are equally suppressed for pT > 10 GeV/c. This indicates
that particle ratios are similar to those of jets in the vacuum. Also, jet quenching does not have
effect on the particle species composition of the hard core of the quenched jet.
At lower pT (< 10 GeV/c) protons are less suppressed for all centralities. This mass dependence
of the nuclear modification of the pT spectra 11 is consistent with radial flow.
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Figure 3 – (Left) RpPb for different particle species in NSD p–Pb collisions. (Right) Proton-to-pion ratios for
different V0A multiplicity classes in p–Pb collisions compared to pp data.

The left panel of Fig. 3 shows the identified hadron RpPb compared to that for inclusive
charged particles in non-single diffractive (NSD) p–Pb events 12. The nuclear modification
factors at high pT (> 10 GeV/c) are consistent with unity within uncertainties, suggesting that
final state effects do not play a role. Around pT = 4 GeV/c the RpPb for protons is above unity.
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This enhancement is ∼3 times larger than that for charged hadrons. Conversely, for charged
pions and kaons the enhancement is below that of charged particles. A similar enhancement of
protons was seen in Pb–Pb data and a similar pattern was observed at RHIC.
Since the calculation of 〈TpPb〉 is technically more intricate for the smaller p–Pb system 13,
spectra modification is studied via the multiplicity dependence of the proton-to-pion ratio in
the right panel of Fig. 3. For pT < 10 GeV/c a strong multiplicity dependence is visible, which
is qualitatively similar to that observed in Pb–Pb collisions by ALICE. Conversely, at high pT
the trends are similar to pp measurements at

√
s = 2.76TeV and at

√
s = 7TeV.

4 Summary

The RAA of charged hadrons shows suppression for all centralities, with the strongest effect for
the most central (0-5%) case and decreasing towards higher pT with the decrease of the relative
parton energy loss. On the other hand, the RpPb follows binary collision scaling at high pT
indicating that the strong suppression in Pb–Pb is due to final state effects.

For light-flavoured particles, the RAA shows no particle species dependence at high pT within
uncertainties, which points out the fact that jet quenching does not produce large particle species
dependent effects in the hard core of the jet, and that all fragments lose energy coherently. At
lower pT, protons are less suppressed for all centralities and the mass dependence is a reflection
of radial flow. At the same time, the RpPb for protons shows a moderate Cronin enhancement at
intermediate pT, while pions and kaons are rather lower than charged hadrons, which indicates
little or no nuclear modification. At high pT, the yields of species are consistent with binary
collision scaling.
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Highly energetic jets are sensitive probes for the kinematics and the topology of nuclear col-
lisions. Jets are collimated sprays of charged and neutral particles, which are produced in
the fragmentation of hard scattered partons in the early stage of the collision. The measure-
ment of nuclear modification of charged jet spectra in p–Pb collisions provides an important
way of quantifying the effects of cold nuclear matter in the initial state on jet production,
fragmentation, and hadronization. Unlike in Pb–Pb collisions, modifications of jet production
due to hot nuclear matter effects are not expected to occur in p–Pb collisions. Therefore,
measurements of nuclear modifications in charged jet spectra in p–Pb collisions (commonly
known as RpPb) can be used to isolate and quantify cold nuclear matter effects. Potential
nuclear effects are expected to be more pronounced in more central p–Pb collisions due to a
higher probability of an interaction between the proton and the lead-nucleus. To measure the
centrality dependence of charged jet spectra, it is crucial to use a reliable definition of event
centrality, which ALICE developed utilizing the Zero-Degree Calorimeter (ZDC).

1 Introduction

Jets can conceptually be described as the final state produced in a hard scattering. Therefore,
jets are an excellent tool to access a very early stage of the collision. The jet constituents repre-
sent the final state remnants of the fragmented and hadronized partons that were scattered in
the reaction. While all the detected particles have been created in a non-perturbative process
(i.e. by hadronization), ideally, jets represent the kinematic properties of the originating partons.
Thus, jets are mainly determined by perturbative processes due to the high momentum transfer
between two partons and the cross sections can be calculated with pQCD. This conceptual defini-
tion is descriptive and very simple, the technical analysis of those objects is complicated though.

This article presents minimum bias and centrality-dependent results for charged jets mea-
sured in proton–lead collisions at

√
sNN = 5.02 TeV with the ALICE experiment. Due to lack of

space, the focus will be on the presentation of the results, leaving out most technical details that
are summarized very briefly in a single section. A detailed description of the analyses presented
in these proceedings can be found in the respective publication 1 2.
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2 Experimental details

The data were recorded with ALICE, the dedicated heavy-ion experiment at the LHC studying
properties of the quark-gluon plasma and the QCD phase diagram in general. The detector is
designed as a general-purpose heavy-ion detector 3 to measure and identify hadrons, leptons,
and also photons down to very low transverse momenta.

For the charged jet analysis, mainly data from the ALICE TPC 4 – a time projection cham-
ber –, and the ITS 5 – a six-layered silicon detector – is used to form charged-particle tracks
that serve as the basic ingredient to jet reconstruction. For event triggering, the VZERO 6 scin-
tillation counters are utilized. The centrality estimation method makes use of the Zero-Degree
Calorimeter (ZDC), a quartz fibers sampling calorimeter located 116 m from the interaction
point. Details on the centrality selection can be found here 7.

To identify jets, the anti-kT algorithm 8 implemented in the FastJet 9 package is used. The
track cuts for those particles are chosen in order to obtain a uniform charged track distribution
in the full η − φ plane and only tracks with |η| < 0.9 and pT > 150 MeV/c are accepted for the
jet finding procedure.

To avoid edge effects, only jets fully contained within the acceptance are used for further
analysis.

Two corrections are applied to the raw jets after reconstruction: background correction,
which includes the subtraction of the mean event background density and the consideration of
the background fluctuations within the event, and the correction for detector effects.

While the background density is subtracted on a jet-by-jet basis, region-to-region fluctuations
of the background are measured by probing the transverse momentum in randomly distributed
cones and comparing it to the average background. While the background subtraction can be
applied for each jet, the background fluctuations can only be taken into account on a probabilistic
basis in an unfolding procedure.

Like the background fluctuations, detector effects – e.g. from the limited single-particle
tracking efficiency – are considered in a Singular Value Decomposition (SVD) unfolding proce-
dure 10.

3 Results

Figure 1a shows the charged jet nuclear modification factor for R = 0.2 and R = 0.4, respec-
tively. It has been measured with 20 and 120 GeV/c jet momentum and shows no significant
modification within the uncertainties. A good agreement with NLO pQCD calculations (not
shown) is observed for both resolution parameters 1.

The centrality-dependent results are shown in Figs. 1b and c – Fig. 1b shows the cross
section measurement in bins of centrality, in Fig. 1c the nuclear modification factor is depicted
in bins of centrality. Like for the minimum bias results, no significant modification and there-
fore also no centrality dependence has been observed in the measured range between 20 and 120
GeV/c. In addition, a comparison to ATLAS data on full jet measurements in Fig. 2 (left)
shows a good agreement in the comparable region of transverse momentum and pseudo rapidity.

As a very simple measure for the jet collimation, the jet cross section ratio was measured
for R = 0.2/R = 0.4, see Fig. 2 (right). Within the uncertainties, it shows no significant
modification in bins of centrality. This observable was also calculated in pp collisions and
several Monte Carlo simulations were performed (not shown here). A good agreement has been
observed.
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Figure 1 – (a) Charged jet nuclear modification factor for R = 0.2 and R = 0.4 for minimum bias p–Pb collisions.
(b) Centrality-dependent charged jet cross sections in p–Pb collisions. Note that the spectra are not corrected
for the number of binary collisions. (c) Centrality-dependent charged jet nuclear modification factor for R = 0.2
and R = 0.4 for p–Pb collisions.
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Figure 2 – Left: Comparison of the ALICE and ATLAS charged jet nuclear modification factors for R = 0.4 and
different centralities for p–Pb collisions. Right: Centrality-dependent jet cross section ratios R = 0.2/R = 0.4.

4 Summary

In the two data analyses presented here, charged jets were measured in p-Pb collisions at
√
sNN =

5.02 TeV at the LHC with the ALICE experiment both for minimum bias events and in bins of
centrality. A good agreement of the minimum bias cross sections with NLO pQCD calculations
was observed for both analyzed resolution parameters R = 0.2 and R = 0.4.

The nuclear modification factors show no significant effect, neither pointing to a strong
nuclear modification nor to a strong centrality dependence. In addition, the result is compatible
with the ATLAS full jet measurement.

The charged jet cross section ratio does not point to any (strong) change in the jet structure
compared to pp collisions and several Monte Carlo simulations. Additionally, the ratio exhibits
no significant centrality dependence.
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Longitudinal Spin Physics at STAR

Brian Page
(for the STAR Collaboration)

Department of Physics, Brookhaven National Laboratory,
Upton, NY 11973 USA

An overview of recent longitudinal spin physics results from the STAR Collaboration focusing
on gluon and sea quark polarization measurements is presented. The impact of these results
on global analyses by the DSSV and NNPDF groups is also discussed.

1 Introduction

While Quantum Chromodynamics (QCD) is accepted as the theory which governs the strong
interaction, many of its aspects remain poorly understood. For example, it is not clear how the
spin of the proton is built up from the spins and angular momenta of its constituent quarks and
gluons. There is a similar lack of understanding on the dynamic origin of the low momentum
‘sea’ of light quarks and anti-quarks inside the proton. Gaining insight into these puzzles was
a primary motivation behind the spin program at the Relativistic Heavy Ion Collider (RHIC).
These proceedings will highlight recent results compiled using data taken with the STAR detector
at RHIC which shed light on these outstanding questions.

2 Gluon Contribution to the Proton Spin

The total spin of the proton can be broken down into contributions from the helicities and
angular momenta of its quarks and gluons:

< SP >=
1

2
=

1

2
ΔΣ+ΔG+ L (1)

ΔΣ =

∫ 1

0
(Δu+Δd+Δū+Δd̄+ . . .)dx

ΔG =

∫ 1

0
Δg(x,Q2)dx

where ΔΣ is the contribution from the spins of the quarks and anti-quarks, ΔG is the contri-
bution from the gluon spin, and L is the contribution from parton orbital angular momentum.

Deep inelastic scattering (DIS) experiments with polarized fixed targets have shown that
quark and anti-quark helicities account for only about 30% of the spin of the proton in the
momentum fraction range 0.001 ≤ x ≤ 1.0 1 meaning that the majority of the proton spin must
be carried by orbital angular momentum or gluon helicity. The gluon helicity contribution can be
obtained by measuring scaling violations of the g1(x,Q

2) structure function, which is accessible
in polarized DIS. Unfortunately, the Q2 coverage of existing polarized fixed target DIS data is
too limited to significantly constrain the gluon contribution to the proton spin.
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Figure 1 – (Left) STAR inclusive jet ALL vs parton jet pT for mid-rapidity (upper panel) and forward rapidity
(lower panel) jets. Results are compared to the central values of several global analyses (error bands omitted for
clarity). (Right) Best fit values of the integral of Δg(x) for the original and new DSSV extractions. The x-axis
is the integral over 0.05 ≤ x ≤ 1.0 and the y-axis is over 0.001 ≤ x ≤ 0.05.

With its ability to collide polarized protons, RHIC can probe gluon polarization at leading
order via quark-gluon and gluon-gluon hard scattering. The observable sensitive to ΔG in
longitudinally polarized pp collisions is the longitudinal double spin asymmetry ALL. ALL is
defined as:

ALL =
σ++ − σ+−

σ++ + σ+− (2)

where σ++ and σ+− represent the cross sections for some final state when the protons have
the same or opposite helicity, respectively. To date, the most precise ALL measurements from
STAR have utilized inclusive jet final states. The inclusive jet ALL obtained from data taken in
2009 at

√
s = 200 GeV 2 is shown in the left panel of figure 1. The transverse momenta of the

jets were corrected to parton level and the sample was divided into two pseudorapidity ranges,
which emphasize different partonic kinematics. The data are compared to a number of global
analyses and lie above the DSSV extraction from 2008 1, which included RHIC results from the
2005 and 2006 runs and found a gluon polarization consistent with zero.

The 2009 STAR inclusive jet results, along with inclusive π0 results from the PHENIX
collaboration 3, have been included in the latest next-to-leading order global analyses from the
DSSV 4 and NNPDF 5 groups. The most recent DSSV best fit value for the integral of Δg(x)
over two x ranges is presented in the right panel of figure 1 along with two older fits. The result
of the integration of Δg(x) over the range 0.05 ≤ x ≤ 1.0 is 0.20+0.06

−0.07, which is the first non-zero
value to be extracted. While the 2009 data reduced the uncertainty in the 0.05 ≤ x ≤ 1.0
range, the low x region is still largely unconstrained. The DSSV result is in good agreement
with the recent extraction from the NNPDF collaboration, which uses a flexible neural network
in their PDF fits, and finds a value for the integral of Δg(x) to be 0.23 ± 0.06 over the range
0.05 ≤ x ≤ 1.0 6.

Recently, STAR has begun measuring ALL using di-jet final states. Because the correlated
two-jet system captures more information from the initial hard scattering, di-jets can place
tighter constraints on partonic quantities such as x. Figure 2 presents the preliminary STAR
di-jet ALL from 2009 and 2012 taken at

√
s = 200 and 510 GeV, respectively. The data points

are plotted as a function of di-jet invariant mass divided by
√
s so they can be shown on the

same scale. Theoretical predictions using the newest DSSV and NNPDF polarized PDF sets are
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Figure 2 – Di-jet ALL as a function of invariant mass divided by
√
s for

√
s = 200 (blue) and 500 (red) GeV

together with theoretical predictions.

also shown. The 510 GeV data extend to lower M/
√
s (which corresponds to lower x) while the

200 GeV data gives better precision at higher values. The asymmetries agree very well in the
overlapping mass range.

3 Sea Quark Polarization

When considering the contribution to the total spin of the proton, it is the sum of quark and
anti-quark helicity distributions which is relevant, as shown in equation 1. The flavor separated
quantities can also provide important insight on proton structure, such as the origin of the
light quark sea. It was originally thought that the sea arose via gluon splitting which should
result in equal numbers of ū and d̄ quarks, however, subsequent Drell-Yan experiments 7,8 would
show an excess of d̄ over ū. Many models exist 9 which describe the d̄/ū ratio relatively well.
While these models tend to show similar behavior for the unpolarized ratio, their predictions
differ for some spin dependent observables, making measurements of the polarized anti-quark
distributions particularly interesting.

RHIC provides a unique and elegant mechanism for the study of the individual quark and
anti-quark helicity distributions via the production of real W bosons from polarized pp collisions.
At RHIC, W bosons are produced primarily via u + d̄ and d + ū s-channel scattering and, at
STAR, are detected in the electron (positron) plus neutrino decay channel. The polarized PDFs
are probed by measuring a longitudinal single-spin asymmetry AL:

AL =
σ+ − σ−

σ+ + σ−
(3)

where σ+ and σ− are the cross sections for W production from collisions where the polarized
proton beam had positive or negative helicity, respectively (the spin orientation of the other
beam is averaged over). The asymmetry is often presented as a function of the pseudorapidity
of the charged decay lepton, and, due to the V − A structure of the weak interaction and the
kinematics of W decay, the regions of large positive or negative pseudorapidity are sensitive to
specific quark or anti-quark flavors.

Figure 3 presents the STAR W±AL results from data taken in 2011 and 2012 10 as a func-
tion of the pseudorapidity of the charged decay lepton. The data are compared with several
theoretical models and the overall agreement is good, especially for W+. However, there is some
tension between data and theory in the negative pseudorapidity W− region where the Δū distri-
bution dominates. In fact, preliminary analysis by the DSSV group finds that the most recent
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Figure 3 – AL from W± production plotted as a function of the decay lepton pseudorapidity compared with
several theoretical models. Data from 2011 and 2012 were combined using a profile likelihood method and error
bars on the points represent the 68% confidence intervals.

STAR data changes the sign of the best fit of the integral of Δū over the region 0.05 ≤ x ≤ 1.0
compared to previous extractions 11.

4 Summary

The STAR longitudinal spin program has greatly enhanced the understanding of the polarized
structure of the proton. The inclusion of STAR jet results into global analyses give evidence for
the first non-zero gluon contribution to proton spin and W boson asymmetries have significantly
constrained polarized quark and anti-quark PDFs. With several high-statistics data sets being
analyzed, STAR is poised to provide even greater constraints on these quantities in the future.
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DOUBLE HELICITY ASYMMETRY IN π0 PRODUCTION AT MIDRAPIDITY
IN POLARIZED p+ p COLLISIONS AT

√
s = 510 GeV

INSEOK YOON for the PHENIX COLLABORATION

The Research Institute of Basic Science, Seoul National University, 1, Gwanak-ro, Gwanak-gu, Seoul,
08826, Republic of Korea

PHENIX measurements are presented for the cross-section and double-helicity asymmetry

(ALL) of inclusive π0 production (Aπ0

LL) at midrapidity from p + p collisions at
√
s = 510

GeV from data taken in 2012 and 2013 at the Relativistic Heavy Ion Collider (RHIC). The
next-to-leading order (NLO) perturbative QCD (pQCD) calculation agrees excellently with

the presented cross-section result. The Aπ0

LL follows an increasingly positive asymmetry as
functions of pT and

√
s at the fixed xT . The latest global analysis results, which support the

positive spin contribution of gluon (ΔG), agrees excellently with the presented asymmetry re-
sult. The asymmetry result extends the experimental sensitivity to the previously unexplored
x region down to x ∼ 0.01 and provides additional constraints on ΔG.

1 Motivation

Since the EMC experiment1 showed that the spin contribution of quarks (ΔΣ) to the proton spin
is strikingly small, it has been revealed that understanding ΔG is very important to understand
the spin structure of the proton. Along with several measurements of polarized deep inelastic
scattering (DIS) and polarized semi-inclusive DIS (SIDIS), RHIC polarized p+ p collisions and
PHENIX measurements of ALL of inclusive π0 (Aπ0

LL) at
√
s = 62.4 GeV 2 and

√
s = 200 GeV

3 and STAR measurements of ALL of inclusive jets (AJet
LL ) at

√
s = 200 GeV 4 constrained

the helicity gluon distribution (Δg) successfully. Resultingly, the QCD global analyses have
observed positive ΔG 5,6.

However, a large uncertainty remained in Δg, especially in the small x region, limits the
understanding of ΔG. Thus expanding the experimental sensitivity to smaller x region is very
important. To access the smaller x region, PHENIX measures Aπ0

LL at a higher collision energy,√
s = 510 GeV 7. The Aπ0

LL measurements at
√
s = 510 GeV can access a smaller x region

0.01 < x while the Aπ0

LL measurements at
√
s = 62.4 GeV and at

√
s = 200 GeV can access x

regions 0.06 < x and 0.02 < x respectively and the AJet
LL measurement at

√
s = 200 GeV can

access an x region 0.05 < x.

2 Definition and Interpretation of ALL

2.1 Factorization and π0 Cross-Section

The π0 cross-section can be understood through factorization. The QCD factorization theorem
allows to separate the cross-section into two parts: partonic reaction cross-section (σ̂) which
governs short-distance physics and is calculable via pQCD and long-distance functions such as
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parton distribution functions (PDF) and fragmentation functions (FF) which are uncalculable
but universal.

To check the validity of the factorization, midrapidity π0 cross-section at
√
s = 510 GeV is

measured as Figure 1. The experimental π0 cross-section is compared to NLO pQCD calculations
performed with MWTS 2008 PDFs 8 and DSS14 FFs 9. That excellent agreement assures that
factorization is valid and the our understanding of parton-to-hadron fragmentation becomes
mature.

Figure 1 – Midrapidity π0 production cross-section at
√
s = 510 GeV as function of pT . NLO pQCD calculation

with theory scale μ = pT /2 (dotted line), pT (solid line) and 2pT (dashed line). (top) Relative difference between
the data and theory. (bottom) 7

2.2 Definition and Interpretation of ALL

The ALL of final state hadron C in longitudinally polarized proton collisions, p + p → C +X,
can be defined in terms of differences in cross-section as

ALL =
dΔσ

dσ
=

dσ++ − dσ+−
dσ++ + dσ+−

(1)

where σ++ (+−) stands for hadron production cross-section in same (opposite) proton helicity
collisions.

The polarized cross-section, Δσ can be factorized into:

Δσ =
∑
a,b,c

Δfa(xa, μ)⊗Δfb(xb, μ)⊗Δσ̂c
ab(xaPa, xbPb, PC/zc, μ, μ

′)⊗DC
c (zc, μ

′) (2)

where Δf = f+(x, μ)− f−(x, μ) is a helicity PDF describing the difference in density of partons
being aligned (+) and anti-aligned (-) with the proton’s helicity at a certain Bjorken x. σ̂c

ab is
a partonic cross-section for the process a + b → c. DC

c (zc, μ
′) is a FF of a parton c into a final

state hadron C at a fractional energy zc. The unpolarized cross-section can be factorized in a
similar way.

Aπ0

LL is a good probe to access Δg because not only the π0 cross-section is well understood
as shown in Figure 1 but also π0 at mid-rapidity is predominantly created in gluon-gluon and
quark-gluon scattering.
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3 Introduction to PHENIX Spin Runs and Configuration

RHIC is the world’s only one polarized proton collider and the unique facility to explore the
spin structure of the proton. The direction of the proton spin can be controlled at the bunch
level. Proton bunches with every combination of the spin directions collide within 8 bunch
crossings∼848 ns. It helps to suppress the occurrence of any systematic uncertainty due to
variation of trigger efficiency or detector acceptance.

Since 2003, PHENIX has taken several spin runs including not only longitudinal but also
transverse runs. Longitudinal spin data at

√
s = 510 GeV taken in 2012 and 2013 is analyzed in

this measurement. The integrated luminosities are 20 (108) pb−1 and average polarizations are
P̄B = 0.55± 0.02 (0.55± 0.02) and P̄Y = 0.57± 0.02 (0.56± 0.02) for 2012 (2013) data, where
PB and PY are the polarization of RHIC’s “Blue” and “Yellow” beams.

3.1 PHENIX Configuration

The PHENIX experiment consists of two mid-rapidity and two forward-rapidity spectrometers.
The mid-rapidity spectrometers specialize in hadron, electron and photon identification and
cover |η| < 0.35 in pseudorapidity and 2× π

2 in azimuth.
For π0 reconstruction, two high-granularity electromagnetic calorimeters (EMCal) at mid-

rapidity are used. The EMCals are made up of 6 sectors of Pb-Scintillator sampling calorimeters
and 2 sectors of Pb-Glass Cherenkov radiator. The calorimeters are well-suited to measure
photons from π0 decays. Photons are being triggered when certain energy thresholds in adjacent
4x4 blocks of EMCal towers are reached.

For luminosity measurements, beam-beam counters (BBC), two arrays of 64 quartz Cherenkov
radiators with PMTs, are used which are located at 3.1 < |η| < 3.9. To estimate systematic
uncertainty from relative luminosity, a second set of luminosity detectors is needed. The zero-
degree calorimeters (ZDC) which consist of W-Cu absorber and polymethyl methacrylate optical
fiber Cherenkov radiator with PMTs at position of |η| > 6 are used for this. Both detectors
have full azimuthal coverage. While BBCs are sensitive mostly to charged particles, ZDCs
predominantly measure neutral particles, in particular neutrons.

4 Analysis Procedures

Eq. 1 can be re-written in terms of experimental observables as

ALL =
1

PBPY

N++ −RN+−
N++ +RN+−

;R =
L++

L+−
(3)

where N++ (+−) is the yield of π0 candidates from same (opposite) helicity collisions, and R is
the relative luminosity of same and opposite helicity collisions.

For R measurement, the luminosity miscount due to multiple collisions per bunch crossing
and finite resolution of vertex width of luminosity detectors is fully corrected. As the collision
rate increased especially during the 2013 running period, the effect of the multiple collisions
becomes the dominant source of luminosity miscount and should be corrected. As only events
with vertexes within ±10 cm (±30 cm) of the nominal collision point is used in cross-section
(asymmetry) measurement, luminosity miscount by the finite width resolution has been cor-
rected.

To correct for the asymmetry and dilution due to the combinatorial background, the asym-
metries are also evaluated for background events in the sideband regions below and above the
π0 peak (47-97 MeV/c2 and 177-227 MeV/c2). The actual Aπ0

LL is then calculated from the the
π0 peak asymmetry (APeak

LL ) and the background asymmetry (ASide
LL ) as:

Aπ0

LL =
APeak

LL − rASide
LL

1− r
(4)
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where r is the background fraction under the π0 peak. It is obtained by Gaussian process
regression.

5 Result and Discussion

The measurement results are shown by Figure 2. The world’s first non-zero asymmetry in
inclusive hadron production is observed. ΔG in the so-far measured region via different channel
at the higher Q2 by agreeing DSSV14 theory curves which are mainly derived from STAR AJet

LL

at
√
s = 200 GeV and support the positive ΔG. As the scale increases, the asymmtries the

the same xT also increase due to DGLAP evolution. As the measurement extends the probed
x region, 0.01 < x, the measurement provides an additional constraint on ΔG 10. It is an
important step to understand the spin structure of proton.

Figure 2 – Midrapidity Aπ0

LL vs pT in p + p collision at
√
s = 510 GeV. Error bars are combined statistical and

point-to-point systematic uncertainties. The yellow band is uncertainty from R. The DSSV14 theoretical curve

with 90% C.L. band 6 is shown by green band. (left) The Aπ0

LL vs xT (red) with Aπ0

LL at
√
s = 200 GeV (blue) 3

and corresponding theory curves. 5,6,11 (right) 7
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QCD and High Energy Interactions: Moriond 2016 Theory Summary

Thomas Becher
Albert Einstein Center for Fundamental Physics, Institut für Theoretische Physik, Universität Bern,

Sidlerstrasse 5, CH-3012 Bern, Switzerland

I summarize the theory talks presented at the 50 year anniversary conference. The talks
covered a wide range of topics, but common threads included next-to-next-to-leading order
predictions for many 2 → 2 processes, beyond QCD lattice simulations, work on the set of per-
sistent flavor physics anomalies, and discussions of the significance and possible explanations
of the diphoton excess at 750GeV.

1 Introduction

This year’s conference marked the 50 year anniversary of the Moriond meetings. Having these
conferences become a place where important new results are announced and at the same time
preserving the informal Moriond spirit is a big achievement. Congratulations to the organizers!
Thanks to some celebratory talks, I finally learned where Moriond is and I enjoyed hearing
about the early conferences and how the physics landscape looked at the time. Since many of
the changes in our field are adiabatic, they are not always noticeable as they are happening and
a longer-term perspective can be quite useful to realize how much has changed.

Given the short duration of the talks at the conference, speakers can only summarize their
work. When reporting on the 38 theory talks given at this year’s conference, I will therefore
necessarily violate the rule that one should not summarize summaries. The wide array of topics
covered makes it challenging to say something coherent, but on the plus side the large number
of talks provides some statistics to identify new developments in the field and common threads
connecting the work presented by different participants.

2 BSM Excesses

The excess in the diphoton rate at 750GeV presented by ATLAS 1 and CMS 2 last December
was dominating not only the session on Beyond the Standard Model (BSM) physics, but also
the dinner-table discussions at the conference, and the new experimental results 3,4 presented at
the Moriond conferences added to the excitement. While no additional data was collected, the
further analyses performed since December all somewhat strengthened the excess. For ATLAS,
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the new results included a dedicated analysis for the spin-2 hypothesis with looser cuts, as well
as a reanalysis of the 8TeV data and a check on their compatibility with the excess observed at
13TeV. CMS managed to add 0.6 fb−1 of data collected when their magnet was switched off.
They increased their sensitivity by 10% and their mass resolution by 30%. The largest excess is
now also at 750GeV, while the December results had preferred an invariant mass of 760GeV.

There were strong, diverging opinions voiced at the conference as to whether the excess is a
statistical fluctuation or a new particle. As a general rule, given the high stakes, the experimental
speakers and participants emphasized the low global significance of the individual results, which
are 2.0σ for ATLAS and 1.6σ for CMS (with 8 and 13TeV results combined), while theorists
tended to stress the fact that both experiments see the excess and focus on the highest local
significances reported, i.e. 3.9σ at 13TeV and 2σ at 8TeV from ATLAS, and 3.4σ for CMS (with
8 and 13TeV results combined). The good thing is that we won’t have to wait much longer to
know more. After the conference ended, the LHC has successfully resumed running and by now
it has already collected more than three times the data of last year’s run. If the resonance is
really there, we should have confirmation by the time of summer conferences.

If this excess turns into a discovery, it is difficult to overstate its importance and I agree with
Abdelhak Djouadi’s statement that it would be the “most important discovery since decades”.
It would be the observation of the first particle beyond the Standard Model (SM) and would
likely be followed by a plethora of additional states in the not too distant future, as stressed by
Alessandro Strumia in his overview talk.5 This would finally provide guidance on how to extend
the SM and it would be extremely interesting to understand the role of the newly discovered
states in addressing some of the shortcomings of the SM (dark matter, strong CP problem,
naturalness, . . . ). Given these prospects, it is not astonishing that the excess caused tremendous
excitement and prompted a lot of work on possible explanations. As a result, more than 350
theory papers with possible explanations were written, demonstrating that such a resonance
can be accommodated in many New Physics scenarios even though such a signal was generally
not anticipated. Alessandro Strumia gave a very nice overview over the different options and
I refer to his contribution to the proceedings for more details and references.5 Concerning the
different possible explanations, it’s good to keep in mind that at this point we know precious
little about the new particle (assuming it is there). We only know the mass and production cross
section times branching fraction to γγ (the width could be large or small). Gauge invariance
then implies that it also couples to Z-bosons, so it will be important to search for a signal in
Zγ and ZZ production (with a suitable coupling to W -pairs, one could suppress one of these
channels but not both). The most minimal option was discussed by Tanumoy Mandal, who
checked whether it is possible to explain the resonance in a model, where the new particle does
not couple to gluons and quarks but is produced by colliding photons from the initial state.6

This leads to tensions with the 8TeV data since the number of photons at 13TeV is not much
larger than at 8TeV. Indeed, parton luminosity considerations make a production from gluon
or heavy-quark fusion most likely.

Let me briefly go over the other talks in the BSM session. Carlos Wagner discussed three
versions of the NMSSM, aptly named the good, the bad and the ugly. The good news is that the
NMSSM can provide the necessary alignment to explain the good agreement of Higgs physics
with the SM.7 With some tuning (the bad), it can also provide the enhancement of the Higgs
rate in tt̄h observed in Run I.8 Finally, allowing for R-parity violation (the ugly) also the flavor
anomalies, together with the 750GeV excess can be accommodated. Brian Shuve discussed
collider signatures from hidden sectors and long-lived particles. There are many different models
in this category and they yield interesting signals such as displaced jets. Finally, Alexander
Belyaev discussed dark-matter searches at the LHC in NSUSY9 and within the EFT framework.
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3 Flavor Puzzles

The flavor session started with an overview talk by Zoltan Ligeti. He reminded us that the
commissioning of SuperKEKB is ongoing and that the Belle II experiment will start soon. The
design luminosity of this new machine is 40 times larger than the luminosity achieved by the
KEKB collider. Also, NA62 is scheduled to have around 200 run days this year which would
translate into about 50 events in K+ → π+νν̄ at SM level. These new, larger data sets are
certainly welcome since flavor physics is in an interesting quantum-mechanical superposition.
On the one hand, the CKM picture of CP violation has been confirmed with good precision, see
the left plot in Figure 1, but at the same time, there are currently several interesting, and in
some cases persistent, anomalies observed, which were the focus of the talks at the conference.
They include deviations from the SM predictions in

• R(D(∗)) = Γ(B → D(∗)τ ν̄)/Γ(B → D(∗)�ν̄) with � = e, μ,

• R(K) = Γ(B → Kμ+μ−)/Γ(B → Ke+e−),

• angular distributions in B → K∗μ+μ−,

• Γ(Bs → φμ+μ−)

• g − 2 of the muon,

• h → τμ.
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Figure 1 – Left: Status of the CKM fit. Right, from Z. Ligeti: the different flavor physics anomalies as “an
undefined function of an ill-defined variable: the theoretical cleanliness.”

The significance of each deviation is shown in Figure 1, taken from Z. Ligeti’s talk. In the
same plot he orders the deviations by “theoretical cleanliness”. Flavor observables are mostly
measured in low-energy processes, and strong-interaction effects can make it difficult to arrive
at theoretical predictions with controlled, small uncertainties. However, there are a variety
of theoretical tools which can make precise computations possible. For example, the B → D
transition form factor can be accurately computed using lattice methods 10,11 and heavy-quark
symmetry relates the B → D and B → D∗ transitions so that the ratios R(D) and R(D∗) are
predicted with high precision. The nature and size of the error bars makes it unlikely that QCD
effects can explain the observed 4σ deviation shown in the left panel in Figure 2. (Recently,
a method was proposed 12 to also check QED corrections which the experiments include using
PHOTOS; at least for R(K), they seem to be well modeled.13) It would be somewhat ironic if
New Physics would be observed in tree-level transitions since the main selling point of flavor
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Figure 2 – Left: Ratios R(D) and R(D∗). Right: Form factor ratio P ′5(q
2).

physics is that it has great sensitivity to New Physics in rare processes, which are forbidden at
tree level in the SM.

Flavor Changing Neutral Current (FCNC) transitions are a prime example of such rare
processes. Interestingly, in B → K∗μ+μ− a deviation is observed in the ratio P ′5 of form factors
displayed in the right plot in Figure 2 showing results from LHCb.14 The two bins marked in
red show a deviation of 2.8σ and 3.0σ. The theoretical description of the B → K∗ transition
is far more involved than for the ratios R(D(∗)). Lattice computations cannot be used in the
low-q2 region where the deviation is observed. Instead one relies on form factor relations in the
heavy-quark limit and tries to reduce QCD corrections by using form factor ratios such as P ′5.15

The proper way to analyze New Physics effects is to use a low-energy effective Lagrangian and
the most interesting operators in this context are

O7 ∝ mb s̄σμνPLb F
μν , O9 ∝ s̄γμPLb �̄γ

μ� , O10 ∝ s̄γμPLb �̄γ
μγ5� . (1)

In the SM only left-handed operators are present, PL = 1
2(1 − γ5), but New Physics can also

induce opposite chirality operators. Several groups have performed global fits of b → s�+�−

transitions, the ones published during the last year include16,17,18,19. Christoph Bobeth presented
a thorough review of the fits and the theoretical assumptions that go into them. He stressed that
these fits are “serious business” and that it is necessary to look at the fine print when assessing
and comparing results. The main issue one faces is that the fit must distinguish corrections to the
heavy-quark limit from New Physics contributions. Unfortunately, these power corrections can
only be estimated. The fits leave the size of the corrections open, but rely on the form obtained
using model calculations. One then fits New Physics contributions to the Wilson coefficients
of the operators together with hadronic and other input parameters. A common feature of the
fits is that the best fit point is obtained with a new- physics contribution CNP

9 ≈ −0.25CSM
9

while the other operators can be kept at their standard-model values, as first observed in 20.
The deviation in R(K) can be accommodated by allowing for lepton-flavor dependent Wilson
coefficients. In the fit of Descotes et al. 17, the SM hypothesis has a pull of 4σ for � = μ and
even 5σ for � = e, μ (the p-value of the SM hypothesis is 16%).

It is interesting to ask what kind of New Physics could give rise to the pattern of anomalies
we currently observe. Andreas Crivellin, discussed different models which can explain some or
all of the above deviations. The deviations in b → s�+�− can be explained, for example, by a Z ′.
If one wants to explain R(D(∗)), charged Higgs bosons or leptoquarks are an option. Indeed, a
suitable leptoquark model can simultaneously explain the deviations in both observables as well
as the deviation in the muon g − 2. For a detailed discussion and a list of references proposing
different explanations, I refer the reader to Andreas Crivellin’s contribution to the proceedings.21

One comment I cannot resist to make is that one should carefully choose which anomalies one
wants to explain and which ones are better left alone because they will eventually go away.
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The preferred non-zero value for Br(h → τμ) from CMS 22 and ATLAS 23, for example, is not
significant (combined the deviation is a 2.6σ effect) and looks too large to be true. Indeed, new
preliminary CMS results 24 seem to lower the significance even further.

The only theory talk in the flavor session not directly concerned with deviations from the
SM was given by Cai-Dian Lü who presented a global analysis of B → DM decays, where M is
a light meson.25 His analysis relies on factorization and SU(3) relations (using the topological
amplitude approach). After fixing the input parameters using a subset of decay modes, the
branching ratios obtained for the more than one hundred decays in this category seems to match
quite well to the available experimental results and provide predictions for the ones which have
yet to be measured.

4 Perturbative QCD: the year of NNLO

One thing I found striking at this year’s conference was the large number of results for 2 → 2
collider processes at next-to-next-to-leading (NNLO) order in perturbation theory. Indeed, at
this point the list of NNLO predictions for 2 → 2 processes is almost complete (an important
missing item is the 2-jet cross section, for which partial results are available 26) and public codes
to compute fiducial cross sections for a variety of these processes are becoming available.

In the past few years, the majority of talks were concerned with NLO computations and
their automatization. There has been tremendous progress in this area and we have reached a
stage where matched NLO computations for simple processes are easily available through public
codes. Theory efforts in this area now focus on the automation of NLO EW effects, which are
generically of similar size as NNLO QCD effects but are enhanced by Sudakov logarithms at
high energies, and on the inclusion of decays of unstable particles and off-shell effects, which
are small in inclusive cross sections, because they are suppressed by Γ/m, but can be large
in distributions. The relevance of off-shell effects was discussed by Malgorzata Worek who
presented the NLO result for top pair production in association with a jet, including the top
and W decays.27,28 Including the decays, one ends up with the process pp → e+νeμ

−ν̄μbb̄j. The
resulting computation involves heptagon diagrams and is obviously very challenging. Together
with Mike Trott’s result on h → γγ at one-loop including d = 6 operators in the SM effective
field theory 29, these were the only talks at NLO, all other speakers were presenting NNLO
results.

The progress in NLO computations is often celebrated as the “NLO revolution” since it is
based in part on methods which are radically different than the traditional way of doing such
computations and which tame the strong increase in complexity for higher-multiplicity processes.
The avalanche of NNLO results, on the other hand, seems to be based on clever ideas improving
and extending existing technology. Key ingredients for the new results are improved methods
for solving differential equations for two-loop integrals 30,31 and new mathematical techniques to
handle the resulting iterated integrals.32 Using these techniques the two-loop amplitudes were
obtained for arbitrary massive vector bosons in the state 33,34,35,36,37,38 and implemented in a
public code.39 Not only the two-loop integrals, but also the real-emission corrections are very
challenging at NNLO and also in this area there has been a lot of recent progress. Interestingly,
the results presented at the conference were computed using a variety of methods for their
computation, namely

1. Antenna subtraction 40 (for pp → Z + j, talk by Alexander Huss),

2. Sector improved residue subtraction 41 (for pp → tt̄, talk by David Heymes),

3. Slicing: qT -subtraction
42 (for pp → γγ, pp → Wγ, pp → ZZ, pp → WW , talk by Stefan

Kallweit) and N -jettiness subtraction 43,44 (for pp → γγ, pp → WH, pp → ZH, pp → V H
followed by H → WW , talk by Ciaran Williams),
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4. Projection to Born 45 (pp → h in vector-boson fusion, talk by Alexander Karlberg).

(A fifth method, CoLoRFulNNLO, recently produced first results in e+e−.46,47) It is interesting
that all these quite different approaches now produce phenomenological results, despite the fact
that some of them have been introduced only during the past year. The above list only shows
results presented at the conference, it is therefore incomplete and suffers from some selection
bias (for example, it is missing the pp → H+j 48,49 results obtained using a version 50 of Method
2). Nevertheless is interesting to observe that the largest number of results was obtained using
slicing methods. These methods use a variable v (concretely qT or N -jettiness) which vanishes
in the purely virtual limit. If the variable is non-zero, one therefore has at least one emission
and can use existing NLO codes to compute the observable. In the small-v region, on the other
hand, one can simplify the problem by expanding in v and using the inclusive cross section.
The fact that one can recycle NLO results and codes is, I think, an important reason for the
high rate with which 2 → 2 NNLO results were produced using Methods 3 during the last year.
The same fact greatly helps automatizing these computations. Stefan Kallweit discussed in his
talk this automatization for V V ′ production using qT -subtraction. The NLO computations for
qT �= 0 are based on the OpenLoops framework.51 The variable qT can only be used for slicing
if the final-state particles are color neutral. To also deal with with jets in the final state, one
can use an event-shape variable as we pointed out in 52. N -jettiness 53 is an extension of thrust
to processes with several jets and can serve for this purpose. By computing pp → W + j it
was demonstrated 43 that this method is indeed practical. Ciaran Williams presented several
computations based on this method and discussed progress in producing a version of MCFM
which includes NNLO for selected processes. A new version of this code with NNLO for color-
singlet processes was indeed released shortly after the conference 54, among them diphoton
production which is shown in Figure 3. The plot shows that the NNLO predictions agree nicely
with the ATLAS measurement, except for an excess in the region around mγγ ≈ 750GeV.
Ciaran Williams was stressing the importance of computing rather than fitting backgrounds.
Backgrounds are not necessarily smooth and there is not always enough side-band data to
reliably fit the them. However, while the mγγ spectrum indeed has some features, in particular
near mγγ = 2mt, these are per-cent level effects and a fit with a smooth function works well.

Figure 3 – Left: Diphoton production at NNLO 55 compared to ATLAS data. Right: Higgs cross section with a
jet veto.56

Given the large number of NNLO results presented at the conference, I will not comment
on them individually, but a common feature is that in all cases the corrections lead to a better
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agreement with data. Also, as expected, their inclusion reduces the scale variation. At the
same time, it is not uncommon that the NNLO corrections lie outside the NLO scale variation
bands, highlighting the well-known fact that these bands are a relatively crude way of estimating
theoretical uncertainties. Interestingly, for the few cases where they are known, namely Higgs
production in gluon fusion (with 56 or without 57 a jet veto) and in vector boson fusion 58 the
N3LO order corrections do lie inside the NNLO bands. Of course, whether scale-variation bands
overlap depends on the default value of the scale which one adopts and it is not always clear
what value one should adopt in a given process. For top production David Heymes discussed
this issue in detail in his talk. He presented differential predictions for top production 59,60,61

and demonstrated that dynamical scales can significantly improve the apparent convergence for
quantities like the invariant mass of the top-pair or the transverse momentum of the top.

A crucial ingredient for the computation of any hadron-collider process are parton distri-
butions (PDFs). In the mini-session on the topic Stefano Carrazza presented the PDF4LHC15
recommendation, a new PDF combination of the PDF4LHC working group.62 The new com-
bination is based on sets which include Run I data and is more convenient and meaningful
than the earlier envelope prescription (though not universally accepted 63). The most impor-
tant ingredient to PDF fits are DIS data and Volodymyr Myronenko presented the final HERA
combination and associated HERAPDF2.0 set.64 Aleksander Kusina presented nCTEQ15, a new
nuclear PDF set.65 Finally, Brian Page and Inseok Yoon presented results for polarized proton
collisions obtained at STAR66,67 and PHENIX68, which are for example interesting to study the
spin-content of the proton.

5 From fixed-order perturbation theory to resummation and back

As discussed above, choosing the renormalization and factorization scales wisely is important,
but if processes are sensitive to several disparate physical scales, there is no theoretically pre-
ferred scale choice and to be conservative one should simply vary the scales to cover the entire
range of physical scales which are relevant in a given observable. To do better than this, one has
to first factorize the physics at the different scales and then compute each part at its appropriate
scale. By using evolution equations for the individual factors, one then manages to resum the
terms which are enhanced by logarithms of the scale ratios.

Important examples of multi-scale problems are jet (sub-)structure observables, which are
playing an increasingly important role at the LHC. The main goal of such observables is to
distinguish ordinary QCD jets from jets containing heavy quarks, electroweak bosons or BSM
particles, which is difficult if the decay products are highly boosted. Zack Sullivan discussed
b-tagging and presented a new b-tagger for boosted jets.69,70 Jesse Thaler gave an overview over
recent developments in the field of jet substructure. While most substructure studies are based
on parton shower Monte-Carlo programs, there has been a lot of progress in understanding
jet structure from first principle computations. He illustrated this point using the example
of momentum balance among subjets. This is a collinear unsafe observable, but interestingly
Sudakov suppression renders it calculable and the result has several interesting features.71 Jesse
and collaborators then used the CMS opendata 72 to verify that these are indeed present in the
experimental data. Frederic Dreyer showed how to resum the leading logarithms (LL) of the jet
radius R in jet processes.58,73,74 Varying R gives an interesting additional handle on systematic
effects since hadronisation corrections are suppressed at large R, while underlying-event effects
are suppressed at small R. The subleading log terms at NNLO turn out to be sizeable and he
included those arising at NNLO by matching to fixed order.

The talks at the conference made it clear that the relationship between fixed order and
resummed computation can be quite synergistic. For example, the singular terms in the phase-
space integrals arise from soft and collinear emissions which are precisely the regions responsible
for the occurrence of large logarithms. The slicing methods discussed in the previous section
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are based on factorization theorems for the cross section when the slicing parameter goes to
zero. Originally, these factorization theorems were derived to perform resummation, but now
prove useful for NNLO fixed-order computations. Conversely, it is clear that the computation of
the ingredients of the factorization theorems require fixed-order computations. The automated
NLO fixed-order codes can therefore be used to perform automated resummation, as we did
for jet-veto cross sections.75 An important ingredient for resummations are the so-called hard
functions and Wouter Waalewijn showed that by using a suitable operator basis, QCD on-shell
amplitudes are equal to bare Wilson coefficients in SCET.76

The most precise available predictions for collider processes combine higher-log resummation
with fixed-order results. The result for the Higgs cross section in the presence of a jet veto
presented by Pier Francesco Monni is a very impressive example of such a prediction. Using
the N3LO fixed-order result for the total Higgs cross section 57 together with the NNLO result
for Higgs in association with a jet 49, one obtains the cross section in the presence of a jet
veto to N3LO. Pier Francesco and collaborators then combine this with NNLL resummations of
logarithms of the jet veto scale and LL resummation of logarithms of the jet radius R to obtain
the highly accurate prediction for jet-veto efficiency shown in Figure 3.

Having discussed all these higher-order computations and higher-logarithmic resummations,
I should stress that it is equally important to identify good observables, i.e. observables which
have intrinsically small uncertainties and are suitable for precision studies. Marat Freytsis and
collaborators have analyzed ratios of diboson cross sections.77 Analyzing the SU(2)×U(1) struc-
ture of these processes and its breaking, they are able to identify ratios, such as σ(Zγ)/σ(γγ),
in which QCD uncertainties cancel to a large degree.

6 Beyond QCD lattice gauge theory

Another thing I found remarkable was that none of the talks in the lattice session was on lattice
QCD. The only QCD talk of the session was by Anton Rebhan who was using the Witten-Sakai-
Sugimoto model to compute glueball decays.78,79,80 However, in this case the absence of evidence
is not evidence of absence (to use one of the cliche sentences of which physics papers are full
of). There is an increasing number of QCD physics results obtained using lattice simulations as
witnessed by the fact that there is a working group dedicated to compiling and averaging these
results.81 However, the large increase in computer power and new powerful algorithms now make
it possible to also study BSM theories, as stressed by Rich Brower in his talk. An interesting
scenario to explore is whether the Higgs could be the dilaton of a near-conformal model. To
address this question Anna Hasenfratz and collaborators have studied SU(N) gauge theory
with Nf = Nl +Nh fermions. Above their mass scale, the additional Nh heavy quarks slow the
running of the coupling and can lead to a near-conformal model with a broken chiral symmetry
for the Nl light fermions. The case Nl +Nh = 4+ 8 was explored using staggered fermions and
this pilot study indeed observed a window where the coupling is running slowly, together with
a relatively light 0++ state (which should then play the role of the Higgs).82,83 Of course, such a
theory would involve a tower of resonances in the few-TeV range and observing such resonances
experimentally would be a strong motivation to explore such scenarios in detail. It is great to
see numerical simulations of BSM theories, but it is fair to say that these simulations are still at
the level of toy models trying to establish certain general properties of strongly coupled theories
and that there is a long way to go to make contact with experiments.

Dorota Grabowska presented a very interesting proposal for a lattice formulation of chiral
gauge theories such as the SM.84 Thanks to ’t Hooft and Veltman 85, we have a perturbative
expansion for chiral gauge theories, but it is of course important to also have a non-perturbative
formulation since there can be effects which are not captured by perturbation theory. The ba-
sic problem is that lattice formulations necessary include chiral doublers and one then needs a
mechanism to decouple these mirror fermions in the continuum limit. For global chiral sym-
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metries several formulations exist which achieve this, among them domain wall fermions.86 The
formulation of chiral gauge theory she presented is based on domain-wall fermions but uses
gradient flow to extend the gauge field into the fifth dimension. The gradient flow dampens
high-momentum gauge-field modes along the fifth dimension and effectively provides a soft form
factor for these. To make the construction appear less intimidating for non-experts like myself
Dorota calls the resulting mirror fermions “fluffy”. She stressed that at this point there are still
open questions which need to be studied to prove that the formulation indeed has all the correct
properties in the continuum limit. Once these are addressed it will be interesting to see what
non-perturbative effects arise due to the presence of the fluffy mirror fermions.

7 The Riches and Ridges of Heavy-Ion Collisions

The full complexity and richness of QCD is at play in heavy-ion collisions, which were the topic
of the last day of the conference. Jan Fiete Grosse-Oetringhaus gave a great overview of the
current status and discussed the different available probes of the Quark-Gluon Plasma (QGP).
These include particle flow and particle correlations, which measure global properties of the
expanding medium after the collision, as well as the modification of hard probes by the medium.
Among the hard probes are jet quenching and quarkonium production. A common theme among
the theory presentations was that the different physics (hard QCD, QGP, cold nuclear effects,
hadronisation, . . . ) in heavy-ion collisions can be difficult to disentangle, since it can produce
the same phenomena.

A case study for this was presented by Elena Ferreiro who discussed quarkonium suppression
and its interesting history. Around 2000, the suppression of quarkonium production due to
screening effects in the medium was thought of as a clean probe of the QGP and the experimental
discovery of the suppression was initially celebrated as “compelling evidence” for the QGP.
However, Elena and collaborators then showed that the same suppression could also arise due
to hadronisation effects involving co-moving particles.87 Also, more RHIC data showed less
suppression than theoretically predicted. To explain this also regeneration, either in the medium
or at the phase boundary, has to be considered. She concluded that while the quarkonium
suppression is understood qualitatively, the interplay of different competing mechanisms makes
precise predictions difficult. To distinguish different models, measurements of excited states
such as ψ(2S) can be crucial.

Carlos Salgado presented progress in the theoretical description of jet quenching, in partic-
ular the description of in-medium parton branching. In his treatment 88, the original jet can be
thought of as a set of vacuum-like subjets with a jet radius set by the medium scale. On smaller
scales the jets evolve under the standard collinear evolution, while medium induced radiation
destroys color-coherence over larger scales. Carlos stressed that while we have a qualitative
understanding of jet-quenching, there remain open issues. In particular, measurements seem to
suggest that the deviations of the quenching parameter from an ideal estimate seem to depend
on global properties of the collision rather than, as one would expect, the local properties of the
medium.89

Another interesting puzzle was presented by Björn Schenke and was also main topic in the
discussion session following the talks. This concerns the ridge, see Figure 4, a structure in two-
particle correlations which is long range in the rapidity difference Δη and manifests itself as two
bumps in the difference of azimuthal angles Δφ. The structure can be analyzed as a function
of the centrality by performing a Fourier analysis in Δφ. The Fourier coefficients define flow
coefficients vn, the lowest few of which were precisely measured by ALICE 90 a few years ago
and agree nicely with theoretical predictions obtained using relativistic hydrodyamics.91 Interest-
ingly, the same kind of structure also arises in high-multiplicity proton-proton and proton-lead
collisions, which do not involve a QGP and where a hydrodynamical description is presumably
not appropriate. A possible explanation is that it is caused by inital-state correlations. The
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experimental results and different computations of the effects are compared and reviewed in the
papers 92,93.
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Figure 4 – Two-particle angular correlations in proton-proton and lead-lead collisions, from ?. The red arrow in
the middle plot marks the ridge, two-particle correlations arising from the presence of the expanding medium.
Interestingly, similar correlations are also present in high-multiplicity proton-proton events, see the right plot.

8 Conclusions

As stressed in the introduction, sometimes it helps to look at developments over a longer period
to get a perspective on how things are evolving. I enjoyed David Enterria’s review 94 of αs,
in which he not only discussed the current status but also showed how the precision of αs

increased over the years, see Figure 5. The increase in precision is impressive and testament
to our ever-increasing ability to control and compute QCD effects. The many NNLO results
shown at the conference demonstrate that even in the difficult hadron-collider environment, we
now have predictions at few per cent accuracy for many observables and have entered an area
of precision QCD.

αα

Figure 5 – Developement of the precision of αs over time.

At the same time, QCD remains very challenging and interesting and with every increase in
precision, one encounters new open questions and problems. In the case of αs the overall picture
is very consistent with the QCD running, but a closer look at the different determinations reveals
several tensions and difficulties. For example, the two most precise determinations (from lattice
QCD 95 and e+e− event shapes variables 96) differ by about 4σ. These issues are reflected in an
increased uncertainty in the current PDG world average which is now αs(MZ) = 0.1181±0.0013
corresponding to an uncertainty of 1.1%, about twice as large as it was in the previous edition.

Hopefully the new larger datasets at the energy frontier and in the flavor sector will even-
tually reveal New Physics. To explore it, our ability to control QCD effects will play a crucial
role. It will be interesting to see where the next 50 years of Moriond conferences will take us!
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