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CP Violating Higgs
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line makes it clear that even with these model dependent
assumptions, EDM measurements can not establish the
overall sign of the Higgs photon coupling.
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FIG. 7. We show the results of our parameter extraction for
the ‘true’ point defined in Eq.(8) for NS = 12800 events. This
roughly corresponds to the projected final LHC luminosity of
⇠ 3000fb�1 and assumes an e�ciency of ⇠ 60% We show fit
results for A��

2 vs A��
3 (floating all couplings). The turquoise

circle corresponds to the ⇠ 68% confidence interval obtained
in the golden channel while the pink ring indicates the pro-
jected sensitivity which will be achieved in h ! �� [48] for the
same luminosity. We also show in the thin green line shows the
highly model dependent constraint coming from the electron
EDM [37, 38]. For this constraint we have assumed that the
mass of the states which generate these operators is a TeV and
that the Higgs has O(1) couplings to first generation fermions.

Thus we can see very simply from Fig. 7 that by the
end of running, the LHC should be able to establish the
CP nature of the Higgs to photon couplings in the golden
channel and in particular be able to determine the over-
all sign of the A��

2 coupling. As can also be seen from
Fig. 7 this is something that can not be unambiguously
established using the h ! �� channel and EDM mea-
surements. This makes the golden channel the unique
method capable of determining these properties in the
near future.

D. Comments on Results and Approximations

Of course the results we have presented in this study
are the ideal case. We have used simply the LO fully
di↵erential cross section for h ! 4` and performed

fits to data generated from the analytic expression it-
self. There are a number of additional e↵ects we ne-
glected including production, background, and NLO de-
cay e↵ects [49, 50]. However, all of these e↵ects which
we have neglected are sub dominant [24, 31, 32] and do
not become important until we begin to reach the level
of sensitivity needed to measure the SM prediction for
the e↵ective Higgs couplings. Thus they do not qualita-
tively change the results presented here and in particu-
lar the conclusion that the LHC has excellent prospects
of directly establishing the CP properties of the Higgs
coupling to photons. To make more precise statements a
more detailed framework is needed which includes these
various e↵ects. We believe much progress can be made
on all of these aspects and that sensitivity closely ap-
proximating Figs. 5-7 can be achieved during LHC run-
ning. We leave a study of all of these e↵ects to ongo-
ing work [40, 42] building on the framework introduced
in [24, 31, 32].

IV. CONCLUSIONS

We have examined the expected sensitivity of the
h ! 4` golden channel to the loop induced couplings
of the Higgs boson to ZZ, Z�, and �� gauge boson pairs
for values approximating those predicted by the Stan-
dard Model. We have demonstrated qualitatively that the
golden channel has excellent prospects of directly estab-
lishing the CP nature of the Higgs couplings to photons,
well before the end of LHC running and perhaps even
before a high luminosity upgrade, with less optimistic
prospects for the ZZ and Z� loop induced couplings.
Specifically we find that with ⇠ 100�400fb�1 of lumi-

nosity the LHC will begin to reach the levels necessary to
measure the loop induced Standard Model e↵ects which
generate the Higgs coupling to photons. This of course
warrants further study, but indicates that the golden
channel is capable of directly probing the CP properties
of the Higgs couplings to photons, including the overall
sign at the LHC. We have emphasized that this is a
measurement which can not be made in the h ! ��
channel or in other indirect approaches without making
model dependent assumptions. This makes the golden
channel the unique method capable of determining
these properties in the near future and we encourage ex-
perimentalists at the LHC to carry out this measurement.
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! “Higgs Portal” model extends SM to include weakly interacting massive particles (WIMPs) 
coupling to Higgs boson

! Dark matter-nucleon scattering as well as decay rate inferred from Higgs invisible decays

! Translate BRi,u < 0.37 (0.39) obs. (exp.) at 95% CL (5-channel + Zh) into limits on DM rate 
(depends on WIMP spin)

! Significantly more sensitive at low 
mass for vector WIMP than direct 
detection experiments assuming 
Higgs Portal model

! Sensitivity dominated by 5-channel 
coupling combination
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Top Partner Searches
Summary of Direct Stop Pair Production 

• These results are also interpreted in various mass hierarchies 
for stop, chargino, neutralino. 

26 March 2014 Moriond QCD and High Energy Interactions 16 

CMS Public ATLAS Public 

Razor analysis will be mentioned in the next 
“Inclusive  SUSY  Searches  at  the  LHC”. 
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Tuning!
uneasiness in 
cosmology

• Before COBE, upper limit 
on CMB anisotropy kept 
getting better and better

• Before 1998, the universe 
appeared younger than 
oldest stars
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• “crisis in standard 

cosmology”
• it turned out a little “fine-

tuned”
• low quadrupole
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“Big Bang not yet dead
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“Bang! A Big Theory May Be Shot”
A new study of the stars could rewrite 
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Fig. 16.— The binned three-year angular power spectrum (in black) from l = 2 − 1000, where it provides acosmic variance limited measurement of the first acoustic peak, a robust measurement of the second peak,and clear evidence for rise to the third peak. The points are plotted with noise errors only (see text). Notethat these errors decrease linearly with continued observing time. The red curve is the best-fit ΛCDM model,fit to WMAP data only (Spergel et al. 2006), and the band is the binned 1σ cosmic variance error. The reddiamonds show the model points when binned in the same way as the data.
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Higgs couplings to τe



τe is similar to τµ.... but:

Electron EDM is 
interesting here!
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Figure 3: Diagram leading to muonium–antimuonium oscillations.
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Figure 4: A diagram contributing to the anomalous magnetic moment g � 2 of the muon through

FV couplings of the Higgs to ⌧µ.

where "X and #X are the spin orientations of particle X. We can work in the non-

relativistic limit here. For a contact interaction, the spatial wave function of muonium,

�
1s = exp(�r/aM)/[⇡a3M ]1/2 only needs to be evaluated at the origin. (Here r is the

electron–antimuon distance and aM = (me +mµ)/(memµ↵) is the muonium Bohr radius.)

The resulting mass splitting between the two mass eigenstates of the mixed M–M̄ system

is [34],

�M = 2 |M
¯MM | = |Yµe + Y ⇤

eµ|2
2⇡a3m2

h

, (19)

and the time-integrated conversion probability is

P (M ! M̄) =

Z 1

0

dt�µ sin2(�M t) e��µt =
2

�2

µ/(�M)2 + 4
. (20)

The bound from the MACS experiment [33] then translates into |Yµe + Y ⇤
eµ| < 0.079.

D. Constraints from magnetic dipole moments

The CP conserving and CP violating parts of the diagram in Fig. 4 generate magnetic

and electric dipole moments of the muon, respectively. Since the experimental value of the

11

electron EDM:

ee

Higgs couplings to τe



A Dedicated Search
A CMS-like VBF analysis:     Looks promising!
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Figure 10: Signal and background rates for h ! ⌧µ events in a CMS-like search (see text) as

a function of the reconstructed µ–⌧ invariant mass m⌧µ for a vector boson fusion-enriched event

sample. In the left panel the transverse mass cut mT (µ,pmiss,T ) < 40 GeV is included, while in

the right panel it is omitted. The QCD multijet background and the small tt̄ background, are not

included. The value chosen for
q

Y 2

⌧µ + Y 2

µ⌧ is well within the region allowed by other searches for

flavor violation in the µ–⌧ system (see Sec. III).
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• p
T `

> 20, 10, 7, 7 GeV for lepton p
T

order

• |⌘
`

| < 2.4 for the lepton rapidity

• 40 GeV  M1

• 12 GeV  M2

• m
h

= 125 GeV

where M1 and M2 are the reconstructed masses of the
two lepton pairs. In reconstructing M1 and M2 we always
impose M1 > M2 and take M1 to be the reconstructed
invariant mass for a particle and anti-particle pair which
is closer to the Z mass. Note however that two other
lepton pairings are possible and equally valid, but we
leave an exploration of these alternate reconstructions to
ongoing work [41].

B. E↵ective � as Function of Number of Events

Using the definition in Eq.(6) we fit to the ‘true’ pa-
rameter point,

~A
o

= (0, 0, 0, 0, 0, 0), (8)

where we allow all six parameters in ~A to float simul-
taneously in the fit. The ‘true’ point ~A

o

in Eq.(8) is
roughly the prediction of the SM until getting to a preci-
sion of O(10�2 � 10�3) (where for example the SM pre-
dicts AZ�

2 = 0.007 and A��

2 = �0.008 [43]3 when the
Z and photon are both on-shell) so it serves as a good
‘bench mark’ point for us to estimate the sensitivity to
the various couplings.

In Fig. 6 we show the result for � vs N
S

for the six
parameters defined in Eq.(1). Since all parameters are
floated simultaneously these sensitivity projections in-
clude all correlations between the various couplings. We
indicate by the green dashed line the value ⇠ 0.008 (cor-
responding to the magnitude of h�� e↵ective coupling
predicted by the SM at 125 GeV for on-shell external
photons) which we use as an approximate threshold for
the necessary sensitivity to begin to probe these cou-
plings in the SM. On the top axis we also show an es-
timate for the expected LHC luminosity multiplied by
e�ciency while the vertical gray dashed line indicates a
rough estimate for the final LHC luminosity which will
be achieved (⇠ 3000fb�1) using production cross section
and h ! 4` branching ratios branching fraction values
obtained from [44, 45]

There are a number of interesting features to note in
these results. The first is that the sensitivity to the ��
couplings is greater than for Z� and especially than for
ZZ. This was to be expected from our considerations

3 Note we have done a conversion from the convention in [43] to
obtain these values.
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FIG. 6. We combine the 2e2µ, 4e, and 4µ channels. On the
top axis we also show an approximate projection for the lu-
minosity ⇥ e�ciency needed at the LHC to obtain a given
number of signal events. The vertical gray dashed line indi-
cates a rough estimate for the final LHC luminosity which will
be achieved (⇠ 3000fb�1) using production cross section and
branching fraction values obtained from [44, 45]. All couplings
are floated simultaneously and defined in Eq.(1).

of the invariant mass and � di↵erential mass spectra in
Sec. IID as well as ‘total widths’ defined in Eq.(4).
The next interesting feature is the slopes of the various

curves. Discuss slopes of the di↵erent curves and cross
over features here. Refer to integrated magnitude figures.
Perhaps the most interesting feature in Fig. 6 is that for

the �� couplings, � reaches values . O(10�2) at around
& 1000 events which corresponds to roughly 100fb�1 of
luminosity assuming 100% e�ciency. Of course in real-
ity the e�ciency is much lower than this and there are
large uncertainties on the production cross section, but
conservatively we estimate this number of events can be
reached with ⇠ 300fb�1. The level of precision reached
in the �� couplings with ⇠ 1000 events starts to become
of the same order or smaller than the O(10�2 � 10�3)
loop e↵ects which generate A��

2 in the SM. It is quite
remarkable that the LHC will likely reach this level of
sensitivity in the Higgs couplings to photons even before
a high luminosity upgrade.

Of course it is around this level of precision that loop
momentum e↵ects start to become important. The o↵-
shell nature of the intermediate vector bosons means
these loop momentum e↵ects could be sizable when ap-
proaching this level of precision. In addition there are de-
tector and production e↵ects which must be accounted

Y. Chen, RH, R. Vega-Morales, in preparation
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