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From The Particle Adventure
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• We have discovered a Higgs boson in 2012. So far, the particle shows properties 
consistent with the Standard Model (→Attilio Andreazza’s talk). 

arXiv:1507.04548

Eur. Phys. J. C 
75 (2015) 212
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From The Particle Adventure
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• However, current constraints on the Higgs total width is rather loose: <~5×ΓHSM   
& there is still room for BSM decays. 

• We are at the stage to further investigate & understand the properties of the 
Higgs boson/Yukawa couplings, and the electroweak sector as a whole. 

• I will present an overview of such studies from a flavor perspective in particular.
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Tristan du Pree will cover the other BSM decays. 

Phys. Lett. B 
736 (2014) 64

Eur. Phys. J. C 75 (2015) 335
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• Flavor violation

• Lepton Flavor Violation (LFV)

• H→μτe, eτμ, eτh, eμ (CMS), H→μτh (ATLAS, CMS)

• Z→eμ (ATLAS, CMS)

• Z′, ντ→eμ, eτ, μτ (ATLAS), eμ (CMS) 

• Z′→ττ (ATLAS)

• W′→τντ (CMS)

• RPV t t*→bℓbℓ (ATLAS)

• Flavor Changing Neutral Currents (FCNC)

• t→qH(→γγ) (ATLAS, CMS)

• t→qH(→multi-lepton) & combination (CMS)

• Light-flavor Yukawa couplings

• H→ee (CMS), μμ (ATLAS, CMS)

• H→J/ψγ (ATLAS, CMS), ϒ(nS)γ (ATLAS)

• Run-2 Prospects

~

~ ~

• t→qZ, qγ  (ATLAS, CMS)

• BSM single top (ATLAS, CMS)
→ Sridhara Dasu’s & Sandro Palestini’s talks

© Particle 
Zoo 

→ Dai 
Kobayashi’s 
talk

• MFV dark matter search (mono-b)
→ Priscilla Pani’s talk



Flavor Violation
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• Standard Model Higgs boson conserves the flavor symmetry (Yij is diagonal). 

• In general, Yij can be non-diagonal, which leads to a flavor violation. 
Flavor violation itself would be a discovery of BSM physics. 

• Naturally occurs in models with more than one Higgs doublet.

• Can arise in SUSY, composite Higgs models, Randall-Sundrum, etc.

R.Harnik, J.Kopp, J.Zupan, JHEP 03 (2013) 026
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Higgs decays to ⌧µ and ⌧e using data from an existing h ! ⌧⌧ search. We also discuss a

strategy for a dedicated h ! ⌧µ search and comment on di↵erences with the SM h ! ⌧⌧

searches. We will see that the LHC can make significant further progress in probing the

Higgs’ flavor violating parameters space with existing data. We conclude in section 6.

In the appendices, we give more details on the calculation of constraints from low-energy

observables.

2 The framework

After electroweak symmetry breaking (EWSB) the fermionic mass terms and the couplings

of the Higgs boson to fermion pairs in the mass basis are in general

LY = �mif̄
i
Lf

i
R � Yij(f̄

i
Lf

j
R)h+ h.c.+ · · · , (2.1)

where ellipses denote nonrenormalizable couplings involving more than one Higgs field

operator. In our notation, fL = qL, `L are SU(2)L doublets, fR = uR, dR, ⌫R, `R the weak

singlets, and indices run over generations and fermion flavors (quarks and leptons) with

summation implicitly understood. In the SM the Higgs couplings are diagonal, Yij =

(mi/v)�ij , but in general NP models the structure of the Yij can be very di↵erent. Note

that we use the normalization v = 246GeV here. The goal of the paper is to set bounds

on Yij and identify interesting channels for Higgs decays at the LHC. Throughout we will

assume that the Higgs is the only additional degree of freedom with mass O(100GeV) and

that the Yij ’s are the only source of flavor violation. These assumptions are not necessarily

valid in general, but will be a good approximation in many important classes of new physics

frameworks. Let us now show how Yij 6= (mi/v)�ij can arise in two qualitatively di↵erent

categories of NP models.

A single Higgs theory. Let us first explore the possibility that the Higgs is the only

field that causes EWSB (see also [10, 15, 19, 23, 32–34]). For simplicity let us also assume

that at energies below ⇠ 200GeV the spectrum consists solely of the SM particles: three

generations of quarks and leptons, the SM gauge bosons and the Higgs at 125GeV. Addi-

tional heavy fields (e.g. scalar or fermionic partners which address the hierarchy problem)

can be integrated out, so that we can work in e↵ective field theory (EFT)—the e↵ective

Standard Model. In addition to the SM Lagrangian

LSM = f̄ j
Li /Df j

L + f̄ j
Ri /Df j

R � ⇥
�ij(f̄

i
Lf

j
R)H + h.c.

⇤
+DµH

†DµH � �H

✓
H†H � v2

2

◆
2

,

(2.2)

there are then also higher dimensional terms due to the heavy degrees of freedom that were

integrated out:

�LY = ��0
ij

⇤2

(f̄ i
Lf

j
R)H(H†H) + h.c.+ · · · , (2.3)

Here we have written out explicitly only the terms that modify the Yukawa interactions.

We can truncate the expansion after the terms of dimension 6, since these already su�ce to

– 3 –

Higgs-fermion coupling

• H→μτ, eτ, eμ
• Z→eμ
• Z′, vτ→eμ, eτ, μτ
• Non-universal Z′→ττ, W′→τντ
• RPV t t*→bℓbℓ

• t→qH
Flavor Changing Neutral CurrentLepton Flavor Violation

~~ Charged lepton flavor violation may have 
different origin from the neutrino oscillation.

LHC has high sensitivity for FCNC for the 
top quark→Higgs. 
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• Direct searches are performed for H→μτ, eτ, eμ (CMS), H→μτh (ATLAS)

• Similar signatures as the SM H→ ττ, but with a prompt/higher-pT muon & 
different Missing ET event topologies.  

• Similar selections/strategies between CMS & ATLAS for H→μτh. Some differences 
in the kinematic cuts, jet binning & mass reconstruction (collinear vs Missing Mass Calculator). 
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6Figure 6. Constraints on the flavor violating Yukawa couplings |Ye⌧ |, |Y⌧e| (upper left panel), |Yeµ|,

|Yµe| (upper right panel) and |Yµ⌧ |, |Y⌧µ| (lower panel) of a 125GeV Higgs boson. The diagonal
Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of
constant BR for h ! ⌧e, h ! µe and h ! ⌧µ, respectively, whereas thick blue lines are the LHC
limits derived in section 5.1. (These limits could be greatly improved with dedicated searches on
existing LHC data, see section 5.3.) Shaded regions show the constraints discussed in section 3
as indicated in the plots. Note that g � 2 [EDM] searches (diagonal black dotted lines) are only
sensitive to parameter combinations of the form Re(Y↵�Y�↵) [Im(Y↵�Y�↵)]. We also show limits
from a combination of g � 2 and EDM searches with marginalization over the complex phases
of the Yukawa couplings (green shaded regions). Note that (g � 2)µ provides upper and lower
limits (as indicated by the double-sided arrows in the lower panel) if the discrepancy between the
measurement and the SM prediction [38, 43] is taken into account. The thin red dotted lines show
rough naturalness limits YijYji . mimj/v2 (see section 2).

Here we use the same notation for the Wilson coe�cients as in [48] and display only nonzero

contributions, which are
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R.Harnik, J.Kopp, J.Zupan, JHEP 03 (2013) 026

• Indirect constraints from previous experiments are stringent for μ→e, but rather 
moderate for τ-related FV. ⇒ BR(H→μe)<Ơ(10-8), BR(H→μτ, eτ)<Ơ(10%). 
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• Direct searches are performed for H→μτ, eτ, eμ (CMS), H→μτh (ATLAS)

• Similar signatures as the SM H→ ττ, but with a prompt/higher-pT muon & 
different Missing ET event topologies.  

• Similar selections/strategies between CMS & ATLAS for H→μτh. Some differences 
in the kinematic cuts, jet binning & mass reconstruction (collinear vs Missing Mass Calculator). 
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Phys. Lett. B 749 (2015) 337

• Dominant BG ⇒ Z→τμτe, mis-ID leptons, dibosons. Z→τμτe estimated from embedding 
technique from Z→μμ (Z→μμ data with μ’s replaced by simulated τ decays.)

• Data agree with the expectation within uncertainty. 

10 7 Results

used in the fit have a statistical uncertainty in each mass bin that is included as an uncertainty
which is uncorrelated between the bins.

Potential uncertainties in the shape of the misidentified lepton backgrounds have also been
considered. In the H ! µte channel the misidentified lepton rates fµ, fe are measured and
applied in bins of lepton pT and h. These rates are all adjusted up or down by one standard
deviation (s) and the differences in the shape of the resultant Mcol distributions are then used as
nuisance parameters in the fit. In the H ! µth channel the t misidentification rate ft is found
to be approximately flat in pT and h. To estimate the systematic uncertainty the pT distribution
of ft is fit with a linear function and the rate recomputed from the fitted slope and intercept.
The modified Mcol distribution that results from the recomputed background is then used to
evaluate the systematic uncertainty.

7 Results
The Mcol distributions after fitting for signal and background are shown in Fig. 3 and the event
yields in the mass range 100 < Mcol < 150 GeV are shown in Table 6. The different channels
and categories are used to set a 95% CL upper limit on the branching fraction of LFV H decay
in the µt channel, B(H ! µt).

Table 6: Event yields in the signal region, 100 < Mcol < 150 GeV after fitting for signal
and background. The expected contributions are normalized to an integrated luminosity of
19.7 fb�1. The LFV Higgs boson signal is the expected yield for B(H ! µt) = 0.84% with the
SM Higgs boson cross section.

Sample H ! µth H ! µte
0-Jet 1-Jet 2-Jets 0-Jet 1-Jet 2-Jets

misidentified leptons 1770 ± 530 377 ± 114 1.8 ± 1.0 42 ± 17 16 ± 7 1.1 ± 0.7
Z ! tt 187 ± 10 59 ± 4 0.4 ± 0.2 65 ± 3 39 ± 2 1.3 ± 0.2
ZZ, WW 46 ± 8 15 ± 3 0.2 ± 0.2 41 ± 7 22 ± 4 0.7 ± 0.2
Wg — — — 2 ± 2 2 ± 2 —
Z ! ee or µµ 110 ± 23 20 ± 7 0.1 ± 0.1 1.6 ± 0.7 1.8 ± 0.8 —
tt 2.2 ± 0.6 24 ± 3 0.9 ± 0.5 4.8 ± 0.7 30 ± 3 1.8 ± 0.4
tt 2.2 ± 1.1 13 ± 3 0.5 ± 0.5 1.9 ± 0.2 6.8 ± 0.8 0.2 ± 0.1
SM H background 7.1 ± 1.3 5.3 ± 0.8 1.6 ± 0.5 1.9 ± 0.3 1.6 ± 0.2 0.6 ± 0.1
sum of backgrounds 2125 ± 530 513 ± 114 5.4 ± 1.4 160 ± 19 118 ± 9 5.6 ± 0.9
LFV Higgs boson signal 66 ± 18 30 ± 8 2.9 ± 1.1 23 ± 6 13 ± 3 1.2 ± 0.3
data 2147 511 10 180 128 6

The observed and the median expected 95% CL upper limits for the H mass at 125 GeV are
given for each category in Table 7. Combining all the channels, an expected upper limit of
B(H ! µt) < (0.75 ± 0.38)% is obtained. The observed upper limit is B(H ! µt) < 1.51%
which is above the expected limit due to an excess of the observed number of events above
the background prediction. The fit can then be used to estimate the branching fraction if this
excess were to be interpreted as a signal. The best fit values for the branching fractions are
given in Table 7. The limits and best fit branching fractions are also summarized graphically in
Fig. 4. The combined categories give a best fit of B(H ! µt) = (0.84+0.39

�0.37)%. The combined
excess is 2.4 standard deviations which corresponds to a p-value of 0.010 at MH = 125 GeV. The
observed and expected Mcol distributions combined for all channels and categories are shown
in Fig. 5. The distributions are weighted in each channel and category by the S/(S + B) ratio,
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Phys. Lett. B 749 (2015) 337, arXiv:1508.03372

• Slight excess in the 2-jet bin for CMS.
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Figure 2: Distributions of the mass reconstructed by the Missing Mass Calculator, mMMC
µ⌧ , in SR1 (left) and SR2

(right). The background distributions are determined in a global fit. The signal distribution corresponds to Br(H !
µ⌧)=25%. The bottom panel of each sub-figure shows the ratio of the observed data and the estimated background.
The grey band for the ratio illustrates post–fit systematic uncertainties on the background prediction. The statistical
uncertainties for data and background predictions are added in quadrature for the ratios. The last bin in each
distribution contains overflow events.

Table 2: Data yields, signal and post–fit OS–SS background predictions (see eq. (1)) for the 110 GeV<
mMMC
µ⌧ <150 GeV region. The signal predictions are given for Br(H ! µ⌧)=0.77%. The background predictions

are obtained from the combined fit to SR1, SR2, WCR and TCR. The post–fit values of systematic uncertainties
are provided for the background predictions. For the total background, all correlations between various sources of
systematic uncertainties and backgrounds are taken into account. The quoted uncertainties represent the statistical
(first) and systematic (second) uncertainties, respectively.

SR1 SR2
Signal 69.1 ± 0.8 ± 9.2 48.5 ± 0.8 ± 7.5

Z ! ⌧⌧ 133.4 ± 6.9 ± 9.1 262.6 ± 9.7 ± 18.6
W+jets 619 ± 54 ± 55 406 ± 42 ± 34

Top 39.5 ± 5.3 ± 4.7 19.6 ± 3.1 ± 3.3
Same–Sign events 335 ± 19 ± 47 238 ± 16 ± 34

VV + Z ! µµ 90 ± 21 ± 16 81 ± 22 ± 17
H ! ⌧⌧ 6.82 ± 0.21 ± 0.97 13.7 ± 0.3 ± 1.9

Total background 1224 ± 62 ± 63 1021 ± 51 ± 49
Data 1217 1075

uncertainty, a↵ecting both the shape and normalization of signal and backgrounds, are the uncertainty234

on the ⌧had energy scale [34] (measured with ±(2–4)% precision) and uncertainties on the embedding235

method used to model the Z ! ⌧⌧ background [28]. Less significant sources of experimental uncertainty,236

a↵ecting the shape and normalization of signal and backgrounds, are the uncertainty on the jet energy237

scale [32, 56] and resolution [57]. The uncertainties in the ⌧had energy resolution, the momentum scale238

and resolution of muons, and the scale uncertainty on Emiss
T due to the energy in calorimeter cells not239

August 6, 2015 – 06:31 9

CMS

ATLAS

0-jet 1-jet 2-jets

SR1 
mT(μ,ETmiss)>40 GeV

(100<Mcol<150 GeV)

SR2 
mT(μ,ETmiss)<40 GeV

Dominant BG ⇒ 
Fake τ BG from W
+jets, Z→τμτh, 
multijet, ttbar. 
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• Slight excess of 2.4σ significance is observed in CMS (1.3σ in ATLAS). 

• Best fit BR(H→μτ) = 0.84+0.39-0.37% [CMS], 0.77±0.62% [ATLAS]

• Limit: BR(H→μτ) < 1.51% obs (0.75% exp) [CMS], 1.85% (1.24%) [ATLAS]@95%CL
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• No excess observed in H→eτμ,eτh, eμ channels for all 
categories. 

• BR(H→eτ) < 0.70%@95%CL. Best fit -0.10. 

• BR(H→eμ) < 0.036%@95%CL.
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Z→eμ Search
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• Require low ETmiss & veto jets to suppress the Z→ττ, diboson, and ttbar BGs. 

• Dominant BG: Z→ττ. 

• BR(Z→eμ) < 7.5 × 10-7 (ATLAS), 7.3 × 10-7 (CMS) @ 95%CL. Surpassing the 
previously most stringent direct limit from LEP (< 1.7 × 10-6). 
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Phys. Rev. D 90, 072010 (2014), CMS-PAS-EXO-13-005
• Indirect limits: BR(Z→eμ) < 10-12 (μ→3e), 10-10 (μ→eγ)
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Phys. Rev. Lett. 115, 031801 (2015),  CMS-PAS-EXO-13-002
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`0 • Search for LFV motivated from RPV SUSY models, 
LFV Z′, and quantum black holes.  

• Bump hunting for opposite-sign different-flavor 
dileptons (eμ, eτ, μτ for ATLAS; eμ for CMS). 

• Collinear neutrino approximation considered for 
mass reconstruction in eτ/μτ channels. 
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Z′→eμ,eτ,μτ Results
Phys. Rev. Lett. 115, 031801 (2015), 

CMS-PAS-EXO-13-002, 
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λ′311=0.11, λ′i3k=0.07

• Limits placed on RPV SUSY, LFV Z′, or quantum BH 
production times branching ratio. 

• These results significantly extend constraints 
from previous results from the Tevatron & LHC.
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JHEP 07 (2015) 157

• Non-universal lepton couplings to Z′ can explain observed flavor anomalies.                     
(e.g. anomalous dimuon production@D0, excess of B→D(*)τ-vτ@BaBar, Belle)

• τhadτhad, τμτhad, τeτhad channels are considered. 

• Main BGs: Z→ττ, multijet for τhadτhad & Z→ττ, W+jets for τμτhad, τeτhad.

• No excess observed. Stronger constraints on the G(221) [SU(2)×SU(2)×SU(1)] 
parameter space than the indirect limits from LEP & CKM unitarity. 
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• First search for W′ decaying to τhad & ντ.                        
Decays to 3rd generation could be enhanced in case 
of non-universal coupling. 

• Main BGs: W→τντ, multijet.  

• Significantly expanding the limits for large cot θE. 
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New heavy gauge bosons are predicted by various extensions of the standard model (SM).
Charged heavy gauge bosons are generally referred to as W0 [1]. Non-universal gauge inter-
action models (NUGIM) [2–4] predict a larger W0-boson branching fraction to the third gener-
ation of fermions. Searches for a W0 boson decaying to a tau lepton and neutrino have never
been performed before, while the electron and muon channels have been studied extensively
at the Tevatron [5, 6] and by the ATLAS and CMS experiments at the LHC [7, 8]. This Letter
describes a search for a W0 boson decaying to a tau lepton and a neutrino with the CMS detec-
tor [9] at the CERN LHC, using proton-proton collisions collected in 2012 at a center-of-mass
energy of 8 TeV. The data set corresponds to an integrated luminosity of 19.7 ± 0.5 fb�1. The
results are interpreted in the context of the sequential standard model (SSM) W0 boson [1] as
well as an extended gauge group NUGIM [2, 10, 11]. The signature of a W0-boson event is
similar to that of a W-boson event in which the W boson is produced “off shell” with a high
mass. The hadronic decays of the tau lepton are experimentally distinctive because they re-
sult in low charged hadron multiplicity. In contrast, the decays W0 ! tnt ! enentnt and
W0 ! tnt ! µnµntnt cannot be distinguished from W0 ! ene and W0 ! µnµ, thus they suffer
from lower signal to background significance and are ignored. Events of interest are those in
which the only detectable products of the W decay form a single hadronically decaying tau
(th).

In the SSM, the W0 boson is a heavy analogue of the W boson. It is a narrow resonance with
fermionic decay modes and branching fractions similar to those of the SM W boson, with the
addition of the decay W0 ! tb, which becomes relevant for W0-boson masses larger than
180 GeV. If the W0 boson is heavy enough to decay to top and bottom quarks, the SSM branch-
ing fraction for the decay W0 ! tn is 8.5%. Under these assumptions, the total width of a
1 TeV W0 boson is about 33 GeV. Decays of the W0 boson into WZ dibosons are considered to
be suppressed, as assumed by previous searches in other final states [8, 12]. If the W0 interacts
with left-handed particles and right-handed anti-particles (V-A coupling), interference with the
SM W boson is expected [13–15]. Models with non-universal couplings predict an enhanced
branching fraction to the third generation of fermions and explain the large mass of the top
quark. In the model studied in this analysis [2, 10, 11], the weak SM SU(2)W group is a low-
energy limit of two gauge groups, a light SU(2)l and a heavy SU(2)h, which couple only to
the light fermions of the first two generations and to the heavy fermions of the third genera-
tion, respectively. These two groups mix such that an SM-like SU(2)W and an extended group
SU(2)E exist. The second SU(2)E extended gauge group gives rise to additional gauge bosons
such as a W0. The mixing of the two gauge groups is described by a mixing angle of the ex-
tended group qE, which modifies the coupling to the heavy bosons. Hence the mixing changes
the production cross section and, as illustrated in Fig. 1, the branching fractions of the W0. For
cot qE & 3 the W0 boson decays to fermions of the third generation only, whereas at cot qE = 1
the branching fractions are identical to those of the SSM, and the W0 couples democratically to
all fermions. For cot qE < 1 the decays into light fermions are dominant. The decay into WZ
dibosons is negligible in this model. In either model, the presence of a W0-boson signal over
the W-boson background could be observed in the distribution of the transverse mass (MT) of
the th and the missing transverse energy (Emiss

T ):

MT =
q

2 pt
T Emiss

T (1 � cos Df(t,~pmiss
T )), (1)

where pt
T denotes the pT of the th and Emiss

T = |~pmiss
T |, where ~pmiss

T is defined as �Â~pT of all
reconstructed particles. The angle in the transverse plane between ~pmiss

T and the direction of th
is denoted Df(t,~pmiss

T ).

The major SM backgrounds are dominated by W and Z+jets production and are generated

cot θE: mixing of 
two extended SU(2) 

groups.

arXiv:1508.0430



SUSY 2015, August 29, 2015Hideki Okawa

RPV Stop Search

18

b

b̄

`+

`�

p

p

t̃

t̃⇤

�0

�0

) 1
bl + m0

bl
)/(m1

bl - m0
bl

 (m
0 0.2 0.4 0.6 0.8 1

En
tri

es
/0

.0
5 

-110

1

10

210

310

Total background
tt

*γZ/
Single top
Other
B-L stop (500 GeV)
B-L stop (800 GeV)
B-L stop (1000 GeV)

ATLAS Simulation Preliminary

-1 = 8 TeV, 20.3 fbs

ATLAS-CONF-2015-015• RPV SUSY model w/ spontaneously 
broken local U(1)B-L symmetry.     
Only lepton number is violated.

• eebb,eμbb,μμbb final states 
considered. 

• HT>1100 GeV, mbl asymmetry  ≤ 
0.2, Z veto on higher mbl (mbl0).  

 [GeV]0
blm

200 300 400 500 600 700 800

En
tri

es
/1

00
 G

eV

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5
ATLAS Preliminary

-1=8 TeV, 20.3 fbs

Data

Total pdf

tt

*γZ/

Single top

Other

SR 400

 [GeV] T H
0 500 1000 1500 2000 2500 3000

En
tri

es
/1

00
 G

eV

-210

-110

1

10

210

310

410

510

610
Total background
tt

*γZ/
Single top
Other
B-L stop (500 GeV)
B-L stop (800 GeV)
B-L stop (1000 GeV)

ATLAS Simulation Preliminary

-1 = 8 TeV, 20.3 fbs

Excluded 
highest stop 

mass



SUSY 2015, August 29, 2015Hideki Okawa

FCNC t→qH(→γγ) Search

19

 [GeV] jγγ m
0 50 100 150 200 250 300 350 400 450 500

 E
nt

rie
s/

10
 G

eV
 

0
10
20
30
40
50
60
70
80
90

100
ATLAS

-1 L dt = 20.3 fb∫ =  8 TeV, s

Hadronic Selection   

  (a) 

Data
j, norm. to data γγSHERPA 

Signal, B = 5%

 [GeV] jjj m
0 50 100 150 200 250 300 350 400 450 500

 E
nt

rie
s/

10
 G

eV
 

0
2
4
6
8

10
12
14
16
18
20
22 ATLAS

-1 L dt = 20.3 fb∫ = 8 TeV, s

Hadronic Selection   
 < 191 GeV   jγγ 156 < m

  (b) 

Data 
j, norm. to dataγγSHERPA 

Signal, B = 5%

 [GeV] jγγ m
0 50 100 150 200 250 300 350 400 450 500

 E
nt

rie
s/

10
 G

eV
 

0
2
4
6
8

10
12
14
16
18
20

ATLAS

-1 L dt = 20.3 fb∫ = 8 TeV, s

Leptonic Selection   
No b-tag   

  (a) 

Data

), normalised to luminosityγ & W(tt

))γ & W(t l, norm. to data- (t→j γγSHERPA 

Signal, B = 5%

 [GeV] jνl m
0 50 100 150 200 250 300 350 400 450 500

 E
nt

rie
s/

10
 G

eV
 

0
1
2
3
4
5
6
7
8
9

10
ATLAS

-1 L dt = 20.3 fb∫ = 8 TeV, s

Leptonic Selection   
No b-tag   

 < 191 GeV   jγγ156 < m

  (b) 

Data

), normalised to luminosityγ & W(tt

))γ & W(t l, norm. to data- (t→j γγSHERPA 

Signal, B = 5%

JHEP 06 (2014) 008, CMS-PAS-TOP-14-019
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γ • Seach for flavor-changing neutral currents in top decays 
using ttbar processes. Look for peak at γγj invariant mass 
& Wj (leptonic + hadronic channels).

• Leptonic channel: 
non-resonant γγ 
production, multijet, 
ttbar, Wγ, real Higgs 
decay.

• Hadronic channel:  
non-resonant γγ 
production, multijet, real 
Higgs decay.

Backgrounds
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• BR(t→cH) < 0.79% (0.51%) 
[ATLAS], 0.71% (0.47%) 
[CMS] @95%CL

• BR(t→uH) < 0.65% (0.42%) 
[CMS]

• √(λtcH2+λtuH2) < 0.17 [ATLAS]

JHEP 06 (2014) 008, CMS-PAS-TOP-14-019
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t→qH(→multilepton) & Combination
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CMS-PAS-HIG-13-017, CMS-PAS-HIG-13-034
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• Used same-sign dilepton & trilepton SRs. 

• BR(t→cH) < 0.93% obs (0.89% exp)

• √(λtcH2+λtuH2) < 0.18

• Combination w/ γγ channel leads to                 
BR(t→cH) < 0.56% & √(λtcH2+λtuH2) < 0.14 
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Light-Flavor Yukawa Couplings
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• Yukawa couplings are among the most arbitrary in the electroweak 
symmetry breaking mechanism.

• Light-flavor lepton/quark couplings to the Higgs boson provide useful 
insights to the nature of the Yukawa couplings. 

• Universal or non-universal Higgs couplings to fermions. 

• Decays to a quarkonium & γ (“exclusive approach”; cf. E.Stamou’s talk) 
may offer sensitivity to both magnitude & sign of the Yukawa couplings. 

• Probe for physics beyond the Standard Model. 

H q

V
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q

Vq
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 arXiv:1507.0303
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H→μμ
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• ggF & VBF categories

• Analytic BG modeling 
similar to γγ channel.

Phys. Lett. B 738 (2014) 68, Phys. Lett. B 744 (2015) 184
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• σ × BR < 7.0 obs (7.2 exp) (σ × BR)SM          
[ATLAS], 7.4 (6.5) (σ × BR)SM [CMS]

• Confirmed non-universal couplings 
(same as the τ-lepton). 

• Need HL-LHC data for measuring the 
SM H→μμ process (Adrian Perieanu's talk). 
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H→ee

25

• ggF & VBF categories. Using analytic BG modeling.

• No excess from SM expectation. BR(H→ee)<1.9×10-3 @95% CL.

• Another confirmation of non-universal couplings of the Higgs boson. 

Phys. Lett. B 744 (2015) 184
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• SM BR(H→ee)~5×10-9.

• Inaccessible at the LHC.
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H/Z→J/ψ γ, ϒ(nS)γ
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Phys. Rev. Lett. 114 (2015) 121801, arXiv:1507.0303

• Simultaneous fits are 
performed to mμμγ & mμμ 
for ATLAS and to mμμγ for 
CMS.

• No significant H/Z→𝒬γ 
signals are observed. 
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• SM BR(H→J/ψγ)=2.8×10-6, 
BR(H→Υ(nS)γ)=(6.1,2.0,2.4)×10-10

• Considered μ+μ-γ final state. 

• Signal efficiency [ATLAS]:                     
22% for J/ψγ, 28% for Υ(nS)γ

• mμμγ (mμμ) resolution [ATLAS]:        
1.2-1.8% (1.4-2.4%)
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H/Z→J/ψ γ, ϒ(nS)γ
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√
s = 8 TeV • First LHC searches for H/Z→𝒬γ. 

• BR(H→J/ψγ)<1.5×10-3@95%CL 
[ATLAS, CMS]

• Interesting analyses, but challenging for the SM H→J/ψγ, ϒ(nS)γ due to the very 
low expected yields, even at the HL-LHC. 

• However, the method can also be used for general H→𝒬γ, where 𝒬 is a 
meson from light quarks. It provides interesting programs for BSM search.  

Phys. Rev. Lett. 114 (2015) 121801, arXiv:1507.0303
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Run-2 Prospects
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• Lepton flavor violation

• CMS (H→μτe, μτh, etc.): New τ-reconstruction 
algorithm developed for Run-2.   

• Z′→eμ: Already started looking at meμ distribution. 
Will make use of the significantly increased cross 
section in 13 TeV. 

•  Flavor changing neutral current

• Will benefit from enhanced production of the ttbar 
process. First ttbar cross section measurements 
were performed w/ 13 TeV data by ATLAS/CMS 
(ATLAS-CONF-2015-033, CMS-PAS-TOP-15-010). 
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• LHC provides rich program for flavor studies. 

• Understanding the Yukawa couplings of the Higgs boson is crucial 
after the discovery of a Higgs boson, and there could be flavor 
violating processes in the electroweak sector. 

• No observation of charged lepton flavor violation so far. However, 
there is 2.4σ (1.3σ) excess in the H→μτ from CMS (ATLAS). Further 
investigations are ongoing.

• We had fruitful results regarding the light-flavor Yukawa couplings as 
well. No sign of deviations from the Standard Model so far. 

• Analyses are rapidly progressing with Run-2 data!!  



backups
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Higgs Signal Strength
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13 vs 8 TeV

3346 

13 TeV / 8 TeV inclusive pp cross-section ratio !
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At 1034 cm–2 s–1 @ 13 TeV 
pp the LHC produces: !
-  200 Hz W → lν
-  19 Hz Z → ll!
-  8 Hz top pair!
-  0.5 Hz Higgs!
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H→μτ Search
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DRAFT

The LFV signal is searched for by performing a fit to the mass distribution in data, mMMC
µ⌧ , reconstructed135

from the observed muon, ⌧had and Emiss
T objects by means of the Missing Mass Calculator [36] (MMC).136

Conceptually, the MMC is a more sophisticated version of the collinear approximation [37]. The main137

improvement comes from requiring that the relative orientations of the neutrinos and other ⌧–lepton decay138

products are consistent with the mass and kinematics of a ⌧–lepton decay. This is achieved by maximising139

a probability defined in the kinematically allowed phase space region. The MMC used in the H !140

⌧⌧ analysis [28] is modified to take into account that there is only one neutrino from a hadronic ⌧–141

lepton decay in LFV H ! µ⌧ events. For a Higgs boson with mH = 125 GeV, the reconstructed mMMC
µ⌧142

distribution has a roughly Gaussian shape with a full width at half maximum of ⇠19 GeV. The analysis is143

performed “blinded” in the 110 GeV< mMMC
µ⌧ <150 GeV regions of SR1 and SR2, which contains ⇠94%144

of the expected signal events.145

Table 1: Summary of the event selection criteria used to define the signal and various control regions (see text).
Cut SR1 SR2 WCR TCR

pT(µ) >26 GeV >26 GeV >26 GeV >26 GeV
pT(⌧had) >45 GeV >45 GeV >45 GeV >45 GeV

mT(µ, Emiss
T ) >40 GeV <40 GeV >60 GeV –

mT(⌧had, Emiss
T ) <30 GeV <60 GeV >40 GeV –

|⌘(µ) � ⌘(⌧had)| <2 <2 <2 <2
Njet – – – >1

Nb�jet 0 0 0 >0

4 Background estimation146

The background estimation method takes into account the background properties and composition dis-
cussed in section 3. It also relies on the assumption that the shape of the mMMC

µ⌧ distribution for the
multi–jet background is the same for OS and SS events. This assumption was verified in the published
H ! ⌧⌧ search [38]. In addition, it was confirmed using a dedicated control region, MJCR, with an
enhanced contribution from the multi–jet background. Events in this control region are required to pass
all criteria for SR1 and SR2 with the exception of the requirement on |⌘(µ) � ⌘(⌧had)|, which is reversed:
|⌘(µ) � ⌘(⌧had)| > 2. Therefore, the number of the total OS background events, Nbkg

OS in each bin of the
mMMC
µ⌧ (or any other) distribution in SR1 and SR2 can be obtained according to the following formula:

Nbkg
OS = rQCD · Ndata

SS + NZ!⌧⌧
OS�SS + NZ!µµ

OS�SS + NW+jets
OS�SS + Ntop

OS�SS + NVV
OS�SS + NH!⌧⌧

OS�SS, (1)

where the individual terms are described below. Ndata
SS is the number of SS data events, which are domi-147

nated by W+jets events but also contain contributions from multi–jet and other backgrounds. The frac-148

tions of multi–jet background in SS data events inside the 110 GeV< mMMC
µ⌧ <150 GeV mass window149

are ⇠17% and ⇠44% in SR1 and SR2, respectively. The contributions Nbkg�i
OS�SS = Nbkg�i

OS � rQCD · Nbkg�i
SS150

are add–on terms for the di↵erent backgrounds components (where bkg–i indicates the ith background151

source: Z ! ⌧⌧, Z ! µµ, W+jets, VV , H ! ⌧⌧ and events with t–quarks), which also account for com-152

ponents of these backgrounds already included in SS data events.3 The factor rQCD = Nmulti�jet
OS /Nmulti�jet

SS153

3 The rQCD · Nbkg�i
SS correction in the add–on term is needed because same–sign data events include multi–jet as well as elec-

troweak events (Z ! ⌧⌧, Z ! µµ, W+jets, VV , H ! ⌧⌧ and events with t–quarks) and their contributions cannot be
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4 4 Event selection

jet in the event with pT > 30 GeV by DR > 0.4 and to have an impact parameter consistent with
the primary vertex.

The events are then divided into categories within each sample according to the number of
jets in the event. Jets are required to pass identification criteria [52], have pT > 30 GeV and lie
within the range |h| < 4.7. The zero jet category contains signal events produced by gluon-
gluon fusion. The one-jet category contains signal events produced by gluon-gluon fusion
and events produced in association with a W or Z boson decaying hadronically. The two jet
category is enriched with signal events produced by vector boson fusion.

Table 1: Selection criteria for the kinematic variables after the loose selection.

Variable H ! µte H ! µth
[GeV] 0-jet 1-jet 2-jet 0-jet 1-jet 2-jet
pµ

T > 50 45 25 45 35 30
pe

T > 10 10 10 — — —
pt

T > — — — 35 40 40
Me

T < 65 65 25 — — —
Mµ

T > 50 40 15 — — —
Mt

T < — — — 50 35 35
[radians]
Df~pµ

T�~p
th
T
> — — — 2.7 — —

Df~pe
T�~Emiss

T
< 0.5 0.5 0.3 — — —

Df~pe
T�~pµ

T
> 2.7 1.0 — — — —

The signal variable is the collinear mass, Mcol, which provides an estimator of the reconstructed
H mass using the observed decay products. This is constructed using the collinear approxima-
tion [54] which is based on the observation that since the mass of the H is much greater than
the mass of the t, the t decay products are highly Lorentz boosted in the direction of the t. The
neutrino momenta can be approximated to be in the same direction as the other visible decay
products of the t and the component of the missing transverse energy in the direction of the vis-
ible t decay products is used to estimate the transverse component of the neutrino momentum.
Figure 1 shows Mcol for the signal and background compared to data for each of the categories
in each channel after the loose selection. The signal simulation for B(H ! µt) = 100% is
shown. The principal backgrounds are estimated with data using techniques described in Sec-
tion 5. There is good agreement between data and the background estimation. The agreement
is similar in all of the kinematic variables that are subsequently used to suppress backgrounds.
The analysis is performed “blinded” in the region 100 < Mcol < 150 GeV.

Next, a set of kinematic variables is defined and the criteria for selection are determined by
optimizing for S/

p
S + B where S and B are the expected signal and background event yields

in the mass window 100 < Mcol < 150 GeV. The signal strength is set according to the SM H
production cross section at MH = 125 GeV with B(H ! µt) = 10%. This value for the LFV
H branching fraction is chosen because it corresponds to the limit from indirect measurements
as described in Ref. [4]. The optimization was also evaluated assuming B(H ! µt) = 1% and
negligible change in the optimal values of selection criteria was observed. The criteria for each
category, and in each channel, are given in Table 1. The variables used are the lepton trans-
verse momenta p`T with ` = t, µ, e; azimuthal angles between the leptons Df

~p`1
T �~p`2

T
; azimuthal

angle Df~p`T�~Emiss
T

; the transverse mass M`
T =

p
2p`TEmiss

T (1 � cos Df~p`T�~Emiss
T

). Events in the vec-
tor boson fusion category are required to have two jets separated by a pseudorapidity gap
(|Dh| > 3.5) and to have a dijet invariant mass greater than 550 GeV. In the H ! µte channel

• Some differences in the kinematic selections (Δϕμ,τ, Δημ,τ) & discriminating 
variable (mass reconstruction w/ collinear approximation vs Missing Mass 
Calculator).

ATLASCMS
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4 4 Event selection

jet in the event with pT > 30 GeV by DR > 0.4 and to have an impact parameter consistent with
the primary vertex.

The events are then divided into categories within each sample according to the number of
jets in the event. Jets are required to pass identification criteria [52], have pT > 30 GeV and lie
within the range |h| < 4.7. The zero jet category contains signal events produced by gluon-
gluon fusion. The one-jet category contains signal events produced by gluon-gluon fusion
and events produced in association with a W or Z boson decaying hadronically. The two jet
category is enriched with signal events produced by vector boson fusion.

Table 1: Selection criteria for the kinematic variables after the loose selection.

Variable H ! µte H ! µth
[GeV] 0-jet 1-jet 2-jet 0-jet 1-jet 2-jet
pµ

T > 50 45 25 45 35 30
pe

T > 10 10 10 — — —
pt

T > — — — 35 40 40
Me

T < 65 65 25 — — —
Mµ

T > 50 40 15 — — —
Mt

T < — — — 50 35 35
[radians]
Df~pµ

T�~p
th
T
> — — — 2.7 — —

Df~pe
T�~Emiss

T
< 0.5 0.5 0.3 — — —

Df~pe
T�~pµ

T
> 2.7 1.0 — — — —

The signal variable is the collinear mass, Mcol, which provides an estimator of the reconstructed
H mass using the observed decay products. This is constructed using the collinear approxima-
tion [54] which is based on the observation that since the mass of the H is much greater than
the mass of the t, the t decay products are highly Lorentz boosted in the direction of the t. The
neutrino momenta can be approximated to be in the same direction as the other visible decay
products of the t and the component of the missing transverse energy in the direction of the vis-
ible t decay products is used to estimate the transverse component of the neutrino momentum.
Figure 1 shows Mcol for the signal and background compared to data for each of the categories
in each channel after the loose selection. The signal simulation for B(H ! µt) = 100% is
shown. The principal backgrounds are estimated with data using techniques described in Sec-
tion 5. There is good agreement between data and the background estimation. The agreement
is similar in all of the kinematic variables that are subsequently used to suppress backgrounds.
The analysis is performed “blinded” in the region 100 < Mcol < 150 GeV.

Next, a set of kinematic variables is defined and the criteria for selection are determined by
optimizing for S/

p
S + B where S and B are the expected signal and background event yields

in the mass window 100 < Mcol < 150 GeV. The signal strength is set according to the SM H
production cross section at MH = 125 GeV with B(H ! µt) = 10%. This value for the LFV
H branching fraction is chosen because it corresponds to the limit from indirect measurements
as described in Ref. [4]. The optimization was also evaluated assuming B(H ! µt) = 1% and
negligible change in the optimal values of selection criteria was observed. The criteria for each
category, and in each channel, are given in Table 1. The variables used are the lepton trans-
verse momenta p`T with ` = t, µ, e; azimuthal angles between the leptons Df

~p`1
T �~p`2

T
; azimuthal

angle Df~p`T�~Emiss
T

; the transverse mass M`
T =

p
2p`TEmiss

T (1 � cos Df~p`T�~Emiss
T

). Events in the vec-
tor boson fusion category are required to have two jets separated by a pseudorapidity gap
(|Dh| > 3.5) and to have a dijet invariant mass greater than 550 GeV. In the H ! µte channel
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used in the fit have a statistical uncertainty in each mass bin that is included as an uncertainty
which is uncorrelated between the bins.

Potential uncertainties in the shape of the misidentified lepton backgrounds have also been
considered. In the H ! µte channel the misidentified lepton rates fµ, fe are measured and
applied in bins of lepton pT and h. These rates are all adjusted up or down by one standard
deviation (s) and the differences in the shape of the resultant Mcol distributions are then used as
nuisance parameters in the fit. In the H ! µth channel the t misidentification rate ft is found
to be approximately flat in pT and h. To estimate the systematic uncertainty the pT distribution
of ft is fit with a linear function and the rate recomputed from the fitted slope and intercept.
The modified Mcol distribution that results from the recomputed background is then used to
evaluate the systematic uncertainty.

7 Results
The Mcol distributions after fitting for signal and background are shown in Fig. 3 and the event
yields in the mass range 100 < Mcol < 150 GeV are shown in Table 6. The different channels
and categories are used to set a 95% CL upper limit on the branching fraction of LFV H decay
in the µt channel, B(H ! µt).

Table 6: Event yields in the signal region, 100 < Mcol < 150 GeV after fitting for signal
and background. The expected contributions are normalized to an integrated luminosity of
19.7 fb�1. The LFV Higgs boson signal is the expected yield for B(H ! µt) = 0.84% with the
SM Higgs boson cross section.

Sample H ! µth H ! µte
0-Jet 1-Jet 2-Jets 0-Jet 1-Jet 2-Jets

misidentified leptons 1770 ± 530 377 ± 114 1.8 ± 1.0 42 ± 17 16 ± 7 1.1 ± 0.7
Z ! tt 187 ± 10 59 ± 4 0.4 ± 0.2 65 ± 3 39 ± 2 1.3 ± 0.2
ZZ, WW 46 ± 8 15 ± 3 0.2 ± 0.2 41 ± 7 22 ± 4 0.7 ± 0.2
Wg — — — 2 ± 2 2 ± 2 —
Z ! ee or µµ 110 ± 23 20 ± 7 0.1 ± 0.1 1.6 ± 0.7 1.8 ± 0.8 —
tt 2.2 ± 0.6 24 ± 3 0.9 ± 0.5 4.8 ± 0.7 30 ± 3 1.8 ± 0.4
tt 2.2 ± 1.1 13 ± 3 0.5 ± 0.5 1.9 ± 0.2 6.8 ± 0.8 0.2 ± 0.1
SM H background 7.1 ± 1.3 5.3 ± 0.8 1.6 ± 0.5 1.9 ± 0.3 1.6 ± 0.2 0.6 ± 0.1
sum of backgrounds 2125 ± 530 513 ± 114 5.4 ± 1.4 160 ± 19 118 ± 9 5.6 ± 0.9
LFV Higgs boson signal 66 ± 18 30 ± 8 2.9 ± 1.1 23 ± 6 13 ± 3 1.2 ± 0.3
data 2147 511 10 180 128 6

The observed and the median expected 95% CL upper limits for the H mass at 125 GeV are
given for each category in Table 7. Combining all the channels, an expected upper limit of
B(H ! µt) < (0.75 ± 0.38)% is obtained. The observed upper limit is B(H ! µt) < 1.51%
which is above the expected limit due to an excess of the observed number of events above
the background prediction. The fit can then be used to estimate the branching fraction if this
excess were to be interpreted as a signal. The best fit values for the branching fractions are
given in Table 7. The limits and best fit branching fractions are also summarized graphically in
Fig. 4. The combined categories give a best fit of B(H ! µt) = (0.84+0.39

�0.37)%. The combined
excess is 2.4 standard deviations which corresponds to a p-value of 0.010 at MH = 125 GeV. The
observed and expected Mcol distributions combined for all channels and categories are shown
in Fig. 5. The distributions are weighted in each channel and category by the S/(S + B) ratio,
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Table 1: Summary of the event selection criteria used to define the signal and various control regions (see text).
Cut SR1 SR2 WCR TCR

pT(µ) >26 GeV >26 GeV >26 GeV >26 GeV
pT(⌧had) >45 GeV >45 GeV >45 GeV >45 GeV

mT(µ, Emiss
T ) >40 GeV <40 GeV >60 GeV –

mT(⌧had, Emiss
T ) <30 GeV <60 GeV >40 GeV –

|⌘(µ) � ⌘(⌧had)| <2 <2 <2 <2
Njet – – – >1

Nb�jet 0 0 0 >0

H ! ⌧⌧ search [38]. In addition, it was confirmed using a dedicated control region, MJCR, with an
enhanced contribution from the multi–jet background. Events in this control region are required to pass
all criteria for SR1 and SR2 with the exception of the requirement on |⌘(µ) � ⌘(⌧had)|, which is reversed:
|⌘(µ) � ⌘(⌧had)| > 2. Therefore, the number of the total OS background events, Nbkg

OS in each bin of the
mMMC
µ⌧ (or any other) distribution in SR1 and SR2 can be obtained according to the following formula:

Nbkg
OS = rQCD · Ndata

SS + NZ!⌧⌧
OS�SS + NZ!µµ

OS�SS + NW+jets
OS�SS + Ntop

OS�SS + NVV
OS�SS + NH!⌧⌧

OS�SS, (1)

where the individual terms are described below. Ndata
SS is the number of SS data events, which are domin-

ated by W+jets events but also contain contributions from multi–jet and other backgrounds. The fractions
of multi–jet background in SS data events inside the 110 GeV< mMMC

µ⌧ <150 GeV mass window are
⇠17% and ⇠44% in SR1 and SR2, respectively. The contributions Nbkg�i

OS�SS = Nbkg�i
OS � rQCD · Nbkg�i

SS
are add–on terms for the di↵erent backgrounds components (where bkg–i indicates the ith background
source: Z ! ⌧⌧, Z ! µµ, W+jets, VV , H ! ⌧⌧ and events with t–quarks), which also account for com-
ponents of these backgrounds already included in SS data events.3 The factor rQCD = Nmulti�jet

OS /Nmulti�jet
SS

accounts for potential di↵erences in flavour composition (and, as a consequence, in jet ! ⌧had fake
rates) of final–state jets introduced by the same–sign or opposite–sign charge requirements. The value of
rQCD = 1.10 ± 0.14 is obtained from a multi–jet–enriched control region in data, as discussed in detail in
ref. [38]. It was verified in the MJCR in this search.

The largely irreducible Z/�⇤ ! ⌧⌧ background is modelled by Z/�⇤ ! µµ data events, where the muon
tracks and associated energy deposits in the calorimeters are replaced by the corresponding simulated
signatures of the final–state particles of the ⌧–lepton decay. In this approach, essential features such as
the modelling of the kinematics of the produced boson, the modelling of the hadronic activity of the
event (jets and underlying event) as well as contributions from pile–up are taken from data. Therefore,
the dependence on the simulation is minimized and only the ⌧–lepton decays and the detector response
to the ⌧–lepton decay products are based on simulation. This hybrid sample is referred to as embedded
data in the following. A detailed description of the embedding procedure can be found in ref. [39]. The
Z/�⇤ ! ⌧⌧ normalization is a free–floating parameter in the final fit to data and it is mainly constrained
by events with 60 GeV<mMMC

µ⌧ <110 GeV in SR2.

The W+jets and Z ! µµ backgrounds are modelled by the ALPGEN [40] event generator interfaced with
PYTHIA8 [41] to provide the parton showering, hadronization and the modelling of the underlying event.

3 The rQCD · Nbkg�i
SS correction in the add–on term is needed because same–sign data events include multi–jet as well as elec-

troweak events (Z ! ⌧⌧, Z ! µµ, W+jets, VV , H ! ⌧⌧ and events with t–quarks) and their contributions cannot be
separated.
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Table 2: Data yields, signal and post–fit OS–SS background predictions (see eq. (1)) for the 110 GeV<
mMMC
µ⌧ <150 GeV region. The signal predictions are given for Br(H ! µ⌧)=0.77%. The background predictions

are obtained from the combined fit to SR1, SR2, WCR and TCR. The post–fit values of systematic uncertainties
are provided for the background predictions. For the total background, all correlations between various sources of
systematic uncertainties and backgrounds are taken into account. The quoted uncertainties represent the statistical
(first) and systematic (second) uncertainties, respectively.

SR1 SR2
Signal 69.1 ± 0.8 ± 9.2 48.5 ± 0.8 ± 7.5

Z ! ⌧⌧ 133.4 ± 6.9 ± 9.1 262.6 ± 9.7 ± 18.6
W+jets 619 ± 54 ± 55 406 ± 42 ± 34

Top 39.5 ± 5.3 ± 4.7 19.6 ± 3.1 ± 3.3
Same–Sign events 335 ± 19 ± 47 238 ± 16 ± 34

VV + Z ! µµ 90 ± 21 ± 16 81 ± 22 ± 17
H ! ⌧⌧ 6.82 ± 0.21 ± 0.97 13.7 ± 0.3 ± 1.9

Total background 1224 ± 62 ± 63 1021 ± 51 ± 49
Data 1217 1075

5 Systematic uncertainties

The largest systematic uncertainties arise from the normalization (±10% uncertainty) and modelling5 of
the W+jets background. The uncertainties on rQCD (±12.7%) and on the normalization (±6% uncer-
tainty) and modelling of Z ! ⌧⌧ also play an important role. The other major sources of experimental
uncertainty, a↵ecting both the shape and normalization of signal and backgrounds, are the uncertainty
on the ⌧had energy scale [34] (measured with ±(2–4)% precision) and uncertainties on the embedding
method used to model the Z ! ⌧⌧ background [28]. Less significant sources of experimental uncertainty,
a↵ecting the shape and normalization of signal and backgrounds, are the uncertainty on the jet energy
scale [32, 56] and resolution [57]. The uncertainties in the ⌧had energy resolution, the momentum scale
and resolution of muons, and the scale uncertainty on Emiss

T due to the energy in calorimeter cells not
associated with physics objects are taken into account, however, they are found to be relatively small.
The following experimental uncertainties primarily a↵ect the normalization of signal and backgrounds:
the ±2.8% uncertainty on the integrated luminosity [58], the uncertainty on the ⌧had identification e�-
ciency [34], which is measured to be ±(2–3)% for 1–prong and ±(3–5)% for 3–prong decays, the ±2.1%
uncertainty for triggering, reconstructing and identifying muons [29,59], and the ±2% uncertainty on the
b–jet tagging e�ciency [33].

Theoretical uncertainties are estimated for the signal and for the H ! ⌧⌧, VV and Z ! µµ (with µ !
⌧fake

had ) backgrounds, which are modelled with the simulation and are not normalized to data in dedicated
control regions. Uncertainties due to missing higher–order QCD corrections on the production cross
sections are found to be [60] ±10.1% (±7.8%) for the Higgs boson production via gluon fusion in SR1
(SR2), ±1% for the Z ! µµ background and for VBF and VH Higgs boson production, and ±5% for
the VV background. The systematic uncertainties due to the choice of parton distribution functions used
in the simulation are evaluated based on the prescription described in ref. [60] and the following values
are used in this analysis: ±7.5% for the Higgs boson production via gluon fusion, ±2.8% for the VBF

5 Some of these uncertainties (e.g., uncertainties due to mMMC
µ⌧ shape corrections and extrapolation uncertainties) are discussed

in the text above.
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95% CLs Upper Limits
J/ ⌥(1S) ⌥(2S) ⌥(3S)

Pn
⌥(nS)

B (Z ! Q �) [ 10�6 ]

Expected 2.0+1.0
�0.6 4.9+2.5

�1.4 6.2+3.2
�1.8 5.4+2.7

�1.5 8.8+4.7
�2.5

Observed 2.6 3.4 6.5 5.4 7.9

B (H ! Q �) [ 10�3 ]

Expected 1.2+0.6
�0.3 1.8+0.9

�0.5 2.1+1.1
�0.6 1.8+0.9

�0.5 2.5+1.3
�0.7

Observed 1.5 1.3 1.9 1.3 2.0
� (pp ! H)⇥ B (H ! Q �) [fb]

Expected 26+12
�7 38+19

�11 45+24
�13 38+19

�11 54+27
�15

Observed 33 29 41 28 44

BR(H→J/ψγ)<1.5×10-3 for CMS


