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Current status of Higgs boson decays
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Channel BR[%] Results from 
CMS(Run II) References

bb 58 ~3.8σ CMS-HIG-16-044

WW 22 ~4.7σ CMS-PAS-HIG-16-021

gg 8.6 -

ττ 6.3 ~5.9σ CMS-HIG-16-043

cc 2.9 -

ZZ 2.6 ~7σ CMS-HIG-16-041

γγ 0.23 ~5.6σ CMS-HIG-16-040

Zγ 0.15 95% CL UL

μμ 0.022 95% CL UL

γ*γ—>llγ 3.2x10-5 95% CL UL

J/ψ γ 2.8x10-6 95% CL UL

❖ SM-like Higgs observed in many standard decay 
channels

❖ For the rest, 95% CL upper limit on σ/σSM has been 
set

❖ From Run I, BR(H—>BSM) < 34% at 95% CL [arXiv:
1606.02266]

❖ Allows significant contribution from exotic decays

❖ Room for H—> invisible, H —> lepton flavour 
violation (LFV) 

❖ Many BSM scenarios also allow SM-like Higgs to 
decay to two light scalars

Rare decays

❖ In summary, following decays fall under rare decays of Higgs:

❖ H—>LFV (35.9 fb-1 at 13 TeV)

❖ H—>aa—>μμ (2.5 fb-1 at 13 TeV)

❖ H—>Zγ (8TeV)

❖ H—>J/ψγ (8TeV)

❖ H—>γ*γ (8TeV)

❖ H—>μμ —-> covered in Adrian Perieanu’s talk

❖ H—>invisible —> covered in Kajari Mazumdar’s talk

covered in this talk

2



Lepton flavour violation
❖ LFV decays forbidden in SM but occur in many new physics scenarios (e.g. some effective field theories 

(EFT), certain two Higgs doublet models, composite Higgs models, Randall-Sundrum models)

❖ Searches for H—>μτ and H—>eτ provide unique ways to probe off-diagonal Yukawa couplings

❖ LHC can provide stronger constraints than any other current precision measurements on  H—>μτ and 
H—>eτ

❖ Tight bounds on BR(H—>μe) < O(10
-9

) from μ—>eγ decays

❖ Stringent bounds till date

❖ LHC cannot perform better

❖ CMS results from Run I 

❖ H—>μτ:  2.4σ excess 

❖ H—>eτ: No excess
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PAS: HIG-17-001

Bounds on BR(H—>μe) from Run I

13 TeV 35.9 fb-1



Analysis strategy 
❖ Channels and final states looked at with 35.9 fb

-1
 of 

data:

❖ H—>eτh  , H—>eτμ  , H—>μτh  , H—>μτe

❖ Categories with 0, 1, and 2 jets plus exclusive 2-jets 
VBF category

❖ Backgrounds modeled using MC and data 
sidebands (jets mis-identified as leptons from data 
driven)

❖ Dominant contributions from Z—>ττ, W+jets

❖ Signal extraction: 

❖ A BDT is trained in each category with various 
kinematic discriminants (pT, mT, collinear 
mass(mcol) , ∆φ/η of e/μ/τ)

❖ BDT is then fitted with signal and background 
models

❖ Cross-check measurement by performing a fit to 
mcol

Selec1on!for!cut8based!results!
•  µτh:!!

–  mT(τh,MET)!<!105/105/105/85!GeV!(0!
jet,!1!jet,!2jets!low!mjj!/!2!jets!high!mjj)!

•  eτh:!
–  !mT(τh,MET)!<!60!GeV!

•  µτe:!!
–  mT(µ,MET)!>!60/40/15/15!GeV!
–  Δφ(e,MET)!>!0.7/0.7/0.5/0.3!
–  Δφ(eµ)!>!2.5/1.0/0.0/0.0!

•  eτµ:!
–  Pζ!>!860!GeV!
–  mT(e,MET)!>!60!GeV!
–  Δφ(µ,MET)!<!1.0!

HIG8178001!approval,!Cécile!Caillol!(UW)! 12!

Cuts( based( on( the( fact( that( the(

only(source(of(MET(is(from(the(tau(

decay,( and( is( essenDally( aligned(

with(the(visible(tau(decay(product.(

(

No( Dght( cut( on( the( lepton( pT(

(unlike( Run$1( analysis)( to( prevent(

the( reducible( background( from(

peaking( at( the( same( place( as( the(

signal.(

H! τ

MET!

e/µ!

Visible!τ
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mcol provides an estimate of mH, 
reconstructed using all visible particles



Limits on Branching ratio18 8 Results
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Figure 6: Observed and expected 95% CL upper limits on the B(H ! µt) for each individual
category and combined. Left: BDT fit analysis. Right: Mcol fit analysis.

Table 6: Expected and observed upper limits at 95% CL and best fit branching fractions in
percent for each individual jet category, and combined, in the H ! et process obtained with
the BDT fit analysis.

Expected limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 0.90 < 1.59 < 2.54 < 1.84 < 0.64
eth < 0.79 < 1.13 < 1.59 < 0.74 < 0.49
et < 0.37

Observed limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 1.22 < 1.66 < 2.25 < 1.10 < 0.78
eth < 0.73 < 0.81 < 1.94 < 1.49 < 0.72
et < 0.61

Best fit branching fractions (%)
0-jet 1-jet 2-jets VBF Combined

etµ 0.47 ± 0.42 0.17 ± 0.79 -0.42 ± 1.01 -1.54 ± 0.44 0.18 ± 0.32
eth -0.13 ± 0.39 -0.63 ± 0.40 0.54 ± 0.53 0.70 ± 0.38 0.33 ± 0.24
et 0.30 ± 0.18

21

Table 7: Expected and observed upper limits at 95% CL and best fit branching fractions in
percent for each individual jet category, and combined, in the H ! et process obtained with
the Mcol fit analysis.

Expected limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 0.94 < 1.21 < 3.73 < 2.76 < 0.71
eth < 1.52 < 1.93 < 3.55 < 1.76 < 0.97
et < 0.56

Observed limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 1.27 < 1.26 < 3.90 < 1.78 < 0.85
eth < 1.53 < 2.07 < 3.65 < 3.39 < 1.31
et < 0.72

Best fit branching fractions (%)
0-jet 1-jet 2-jets VBF Combined

etµ 0.46 ± 0.43 0.07 ± 0.39 0.13 ± 1.13 -1.38 ± 1.03 0.21 ± 0.36
eth 0.18 ± 0.35 0.45 ± 0.60 0.29 ± 1.13 2.03 ± 0.47 0.51 ± 0.41
et 0.23 ± 0.24

), %τ e→(HΒ95% CL Limit on 
0 2 4 6 8 10 12 14

 0.61% (0.37%)    
τ e→H

 1.10% (1.84%)    
, VBFµτ e
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, 2 Jetsµτ e
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, 1 Jetµτ e
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, VBFhτ e
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, 0 Jetshτ e
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Observed
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 (13 TeV)-135.9 fbCMS

Figure 9: Observed and expected 95% CL upper limits on the B(H ! et) for each individual
category and combined. Left: BDT fit analysis. Right: Mcol fit analysis.

95% CL(obs/
exp) on BR Best-fit BR

H—>μτ(Run I) <1.51/0.75% 0.84 +/- 0.38%

H—>μτ(Run II) <0.25/0.25% 0.00 +/- 0.12%

H—>eτ(Run I) <0.69/0.75% -0.10+/-0.36%

H—>eτ(Run II) <0.61/0.37% 0.30+/-0.18%
5
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Limits on Yukawa couplings

❖ 95% CL upper limit on BR(H—>μτ) and BR(H—>eτ) can be interpreted in terms of 
LVF Yukawa couplings:

22 9 Summary

shows a summary of the new 95% CL upper limits. The BDT fit analysis is more sensitive than418

the Mcol fit analysis, with expected limits reduced by about a factor of two. In both cases the419

results are dominated by the systematic uncertainties.420

Table 8: Summary of the observed and expected upper limits at the 95% CL and the best fit
branching fractions in percent for the H ! µt and H ! et processes, for the main analysis
(BDT fit) and the cross check (Mcol fit) method.

Observed (expected) limits (%) Best fit branching fraction (%)
BDT fit Mcol fit BDT fit Mcol fit

H ! µt < 0.25 (0.25)% < 0.51 (0.49) % 0.00 ± 0.12 % 0.02 ± 0.20 %
H ! et < 0.61 (0.37) % < 0.72 (0.56) % 0.30 ± 0.18 % 0.23 ± 0.24 %

The constraints on B(H ! µt) and B(H ! et) can be interpreted in terms of LFV Yukawa
couplings [41]. The LFV decays et and µt arise at tree level from the assumed flavour violating
Yukawa interactions, Y`a`b where `a, `b denote the leptons, `a, `b = e, µ, t and `a 6= `b. The
decay width G(H ! `a`b) in terms of the Yukawa couplings is given by:

G(H ! `a`b) =
mH

8p

�|Y`b`a |2 + |Y`a`b |2�,

and the branching fraction by:

B(H ! `a`b) =
G(H ! `a`b)

G(H ! `a`b) + GSM
.

The SM H decay width is assumed to be GSM = 4.1 MeV [90] for mH = 125 GeV. The 95%421

CL upper limit on the Yukawa couplings derived from the expression for the branching frac-422

tion above is shown in Table 9. The limits on the Yukawa couplings derived from the BDT fit423

analysis results are shown in Fig. 10.

Table 9: 95% CL observed upper limit on the Yukawa couplings, for the main analysis (BDT fit)
and the cross check (Mcol fit) method.

BDT fit Mcol fitq
|Yµt|2 + |Ytµ|2 < 1.43 ⇥ 10�3 < 2.05 ⇥ 10�3

p|Yet|2 + |Yte|2 < 2.26 ⇥ 10�3 < 2.45 ⇥ 10�3

424

9 Summary425

The search for lepton flavour violating decays of the Higgs boson in the µt and et channels,426

with the 2016 data collected by the CMS detector, is presented in this paper. The data set427

analysed corresponds to an integrated luminosity of 35.9 fb�1 of proton-proton collision data428

recorded at
p

s = 13 TeV. The results are extracted by a fit to the output of a boosted deci-429

sion trees discriminator trained to discriminate the signal from backgrounds. The results are430

cross-checked with an alternate analysis that fits the collinear mass distribution after apply-431

ing selection criteria on kinematic variables. No evidence is found for lepton flavour violating432

Higgs boson decays. The observed (expected) limits on the branching fraction of the Higgs433

boson to µt and to et are found to be less than 0.25 (0.25)% and 0.61 (0.37)%, respectively, at434

95% confidence level. These limits constitute a significant improvement over the previously435

obtained limits by CMS and ATLAS using 8 TeV proton-proton collision data corresponding to436
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Figure 10: Constraints on the flavour violating Yukawa couplings, |Yµt|, |Ytµ| (left) and
|Yet|, |Yte| (right), from the BDT result. The expected (red solid line) and observed (black solid
line) limits are derived from the limit on B(H ! µt) and B(H ! et) from the present analy-
sis. The flavour-diagonal Yukawa couplings are approximated by their SM values. The green
(yellow) band indicates the range that is expected to contain 68% (95%) of all observed limit ex-
cursions from the expected limit. The shaded regions are derived constraints from null searches
for t ! 3µ or t ! 3e (dark green) [41, 91, 92] and t ! µg or t ! eg (lighter green) [41, 92].
The blue solid lines are the CMS limits from [44] (left) and [45](right). The purple diagonal line
is the theoretical naturalness limit YijYji  mimj/v2 [41].

an integrated luminosity of about 20 fb�1. Upper limits on the off-diagonal µt and et Yukawa437

couplings are derived from these constraints, and found to be
q
|Yµt|2 + |Ytµ|2 < 1.43 ⇥ 10�3

438

and
p|Yet|2 + |Yte|2 < 2.26 ⇥ 10�3 at 95% confidence level.439
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❖ Distinguishing between an SM Higgs boson from a non-SM 
Higgs boson with slightly different couplings can be a 
challenge

❖ Looking at some exotic non-SM decay modes of Higgs 
can shed some light

❖ Some of the possible exotic non-SM decay modes:

❖ H—>2a —>4μ  — New result from CMS at 13 TeV, 
focus for this talk

❖ H—>aa—>4τ

❖ H—>aa—>2μ2τ

❖ H—>aa—>2μ2b

Decay to light scalar searches

❖ Model independent search

❖ Two specific scenarios studied:

❖ Next-to-minimal supersymmetric model (NMSSM): 

❖ Higgs sector contains 3 CP-even Higgs boson h1,2,3 and 2 CP-odd Higgs boson a1,2

❖ SUSY models with “dark” sectors (dark SUSY)

❖ Coupling of Higgs boson to lightest neutralino (n1) which decays: n1—>nD + γD 
[nD is the dark neutralino]

❖ γD  (dark photon) can be long-lived

1

1 Introduction

The observation of a SM-like Higgs boson [1, 2] with a mass near 125 GeV/c2 in searches for the
Standard Model (SM) Higgs boson [3–5] at the Large Hadron Collider (LHC) raises the question
of whether this new particle is the SM Higgs boson. The precision of the comparisons of the
new particle’s production and decay properties with the final states predicted by the SM will
improve with additional data from the LHC. However, distinguishing between a SM Higgs
boson from a non-SM Higgs boson with couplings moderately different from the SM values
will remain a challenge. Searches for non-SM Higgs boson production and decay modes are
particularly well-motivated as they provide a complementary search that could open a window
to new physics.

We present an analysis that explores one of the non-SM decay modes of a Higgs boson (h) which
includes the production of two new light bosons (a). Each boson a subsequently decays to a
boosted pair of oppositely charged muons that are isolated from the rest of the event activity:

h ! 2a + X ! 4µ + X,

where X denotes possible additional particles from cascade decays of a Higgs boson.

The Higgs boson production cross section may be enhanced compared to the SM depending on
the specific parameters of the model. The search described in this paper is designed to be inde-
pendent of the details of specific models. We study two specific scenarios: the next-to-minimal
supersymmetric standard model (NMSSM) and supersymmetric models with additional “hid-
den” or “dark” sectors (dark SUSY).

Figure 1: Left: Feynman diagram of the NMSSM benchmark process h1,2 ! 2a1 ! 4µ. Right:
Feynman diagram of the dark SUSY benchmark process h ! 2n1 ! 2nD + 2gD ! 2nD + 4µ.

The NMSSM [6–14] extends the minimal supersymmetric standard model (MSSM) [15–17] by
an additional gauge singlet field under a new U(1)PQ symmetry in the Higgs sector of the su-
perpotential. Compared to the MSSM, the NMSSM naturally generates the mass parameter (µ)
in the Higgs superpotential at the electroweak scale [18] and significantly reduces the amount
of fine tuning required [19–21]. This leads to an extension of the Higgs sector compared to
the MSSM. The Higgs sector of the NMSSM consists of 3 CP-even Higgs bosons h1,2,3 and 2
CP-odd Higgs bosons a1,2. Note that the new light Higgs boson a1,2 can couple to the SM-like
Higgs h1,2 and substantially broaden the phenomenology of the Higgs sector. Specifically in
the NMSSM, the CP-even Higgs bosons h1,2 can decay via h1,2 ! 2a1. In this decay, one of
the CP-even Higgs bosons is a SM-like Higgs boson that could correspond to the newly ob-
served particle at the LHC with a mass near 125 GeV/c2 [1, 2], and a1 is a new CP-odd light
Higgs boson [22–26]. The new light boson a1 couples weakly to SM particles with the coupling
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NMSSM Dark SUSY
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Luca Pernié H-16-035: h→2a→4μ approval, 18.Oct.2016

Motivation

3

❖ Exploration of Beyond the Standard Model scenarios using final state with 4μ


❖ Analysis considers a non-SM decay of a Higgs boson (h) decaying to a pair of new 
light bosons (a), which each subsequently decay to a pair of oppositely charged 
muons

❖ Analysis has been developed in a way to be model independent


❖ Easy reinterpretation for new physics models that predict similar final state 

µ

µ

µ

µ

+

+

µdi− 1

di−µ2a 0

h
a 0

0

X

p

p+

+

13 TeV 2.8 fb-1

Mass range
of light scalars(a/γD):
0.25 < M < 8.5 GeV

escapes 
detection



Analysis strategy
❖ Either cut on probability of common vertex fit OR 

cut on ∆R( μ+μ-) for forming a di-muon system

❖ Compatibility of reconstructed di-muon mass:

❖ |m1-m2| < 0.13 + 0.065(m1+m2)/2; last term 
corresponds to the dimuon mass resolution

❖ No constraint on M4μ to maintain the model 
independence

❖ Background estimation:

❖ Events containing bb in the final state 
(Leading background)

❖ Modeled as a 2D template in the plane of 
invariant mass of 2 di-muon 
systems(m1,m2)

❖ Background di-muon mass templates - 
derived from a control region in data

❖ Minor backgrounds: pp —> 4 muons (EWK) 
and Prompt  J/ψ estimated from MC and 
data respectively 8
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CMS Preliminary

 (13 TeV)-1 = 2.8 fbintL

Figure 3: Distribution of the invariant masses mµµ1 vs. mµµ2 for the isolated dimuon systems
including the 4 events in the data (shown as empty circles) surviving all selections except for the
requirement that these two masses fall into the diagonal signal region mµµ1 ' mµµ2 (outlined
with dashed lines). The triangle identifies the single event observed in the signal region. The
intensity of the shading indicates the background expectation which is a sum of the bb and the
direct J/y pair production contributions.

and the triangle inside the diagonal corridor represents the only observed event in the signal
region shown in Fig. 3. The background estimation has been performed by varying the isolation
cut up to 50 GeV, and the result has proven to be stable within 20%. This value has been used
as an additional uncertainty on the bb estimation.

The direct J/y pair production is estimated using a combination of Monte Carlo simulation
(for both SPS and DPS production mechanisms) and data at 13 TeV. A pure sample of prompt
double J/y events is collected using special triggers and a low pT muon selection criterion.
Additionally, a method based on dimuon isolation is used to remove the contribution of non-
prompt J/y in data. A simulation-to-data scale factor is extracted in the control region and is
used to correct for the estimation from simulation in the signal region. This yields an estimate
of the total contribution from prompt double J/y events to the background in the signal region
of 0.064 ± 0.020 events.

The distribution of the total expected contribution to the background in the (m1, m2) plane is
Bbb(m1, m2) + B2J/y(m1, m2), i.e. a sum of the bb and direct J/y pair production contributions.
The expected background contribution is shown by the intensity of the shading in Fig. 3. The
background expectation in the diagonal signal region is 0.74 ± 0.34 (stat.)±0.15 (syst.) events,
where the uncertainty accounts for both statistical and systematic effects, and it is compatible
with the single event observed in the signal region (marked as a triangle).

5 Systematic uncertainties

Different sources of systematic uncertainties are associated with the expected yields and distri-
butions of signal and background processes and the data. The selection efficiencies of offline
muon identification and isolation have been corrected in order to match the data. An un-
certainty of 1% has been associated to each muon for both isolation and identification. The

1 candidate event observed in the 
signal region consistent with the 

background prediction (=0.74 +/- 0.34 +/- 0.15)



Limits on Dark SUSY

❖ Model independent limits on 

❖ σ(pp—>2a)xBR
2
(a—>2μ)xαgen are derived, where αgen is the generator level kinematic and geometric 

acceptance

❖ 95% CL UL on  σ(pp—>2a)xBR
2
(a—>2μ)xαgen  = 1.7 fb

❖ Limits (σ(pp—>2a)xBR
2
(a—>2μ) ) on any model can now be set using the above by knowing the αgen

❖ Model independent limits used to put limits on Dark SUSY

❖ Life-time of γD is related to mass by kinetic mixing parameter ε 
9

mn1 = 10 GeV
mnD = 1 GeV



Limits on NMSSM

❖ Model independent limits used to put limits on NMSSM
10

h1: non-SM model Higgs
Limits driven by h1 in this region

h2: non-SM model Higgs
Limits driven by h2 in this region



H    Zγ

❖ Loop-induced decay—> can be sensitive to BSM particles

❖ Could be enhanced w.r.t SM while μ(H—>γγ)~1 (e.g. in composite models)

❖ Signature: 2 same flavour isolated leptons and 1 isolated photon

❖ BR(H—>Zγ—>llγ) ~ 0.009% at 125 GeV [l=e,μ]

❖ Large background from SM Zγ and Z+jets (S/B ~0.3)

❖ Analysis strategy: Shape based analysis

❖ Signal shape: fit MC mllγ with a function

❖ Background: estimated from data by fitting with a suitable function

❖  5 categories:

❖ Di-jet: VBF production mode

❖ 4 untag classes based on pT, η and R9 of the final objects

❖ 95% CL UL on σ/σSM ~ 10 11

Phys. Lett. B 726 (2013) 587

Run II
results

expected soon

(7+8) TeV (5+19.6) fb-1



Η   γ*γ and H   J/ψγ
❖ H—> γ* γ: Internal conversion of γ* to μμ/ee

❖ different from H—>γγ (γ—>ee):  since that happens in the detector 
region

❖ Can probe novel couplings

❖ BR(H—>γ* γ—>llγ) ~ 3.22 (7.36)x10
-5

  for μμγ (eeγ) for mH = 125 
GeV

❖ 95% CL UL on σ/σSM ~6.7 

❖ H—>J/ψ γ: 

❖ probes H—>cc coupling: another test of coupling to 2nd generation 

❖ SM BR(H—>J/ψ γ) ~2.8x10
-6 

with BR(J/ψ γ—>μμγ) ~ 0.059

❖ 95% CL UL on BR(H—>J/ψ γ) ~ 1.5x10
-3

 (~540 times of the SM) at 
125 GeV

❖ Very challenging to probe even at HL-LHC!

12

Run II
results

expected soon

8 TeV 19.6 fb-1

Phys. Lett. B 573 (2015) 341



Conclusions
❖ Rare decays of Higgs are being widely looked for at CMS in 

various channels

❖ No significant hints so far

❖ In LFV, the H—>μτ excess is excluded with 2016 data and no 
significant excess in H—>eτ

❖ ‘Model independent’ limits put on BR(H—>aa)

❖ H—>Zγ, H—>J/ψ γ and H—> γ*γ analysis with 13 TeV data 
ongoing 

❖ expected early next year - stay tuned!

13



Thank you
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Constraints on LVF decays

16
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M. Mitra, M. Spannowsky
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Limits on Branching ratio18 8 Results
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Figure 6: Observed and expected 95% CL upper limits on the B(H ! µt) for each individual
category and combined. Left: BDT fit analysis. Right: Mcol fit analysis.

Table 6: Expected and observed upper limits at 95% CL and best fit branching fractions in
percent for each individual jet category, and combined, in the H ! et process obtained with
the BDT fit analysis.

Expected limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 0.90 < 1.59 < 2.54 < 1.84 < 0.64
eth < 0.79 < 1.13 < 1.59 < 0.74 < 0.49
et < 0.37

Observed limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 1.22 < 1.66 < 2.25 < 1.10 < 0.78
eth < 0.73 < 0.81 < 1.94 < 1.49 < 0.72
et < 0.61

Best fit branching fractions (%)
0-jet 1-jet 2-jets VBF Combined

etµ 0.47 ± 0.42 0.17 ± 0.79 -0.42 ± 1.01 -1.54 ± 0.44 0.18 ± 0.32
eth -0.13 ± 0.39 -0.63 ± 0.40 0.54 ± 0.53 0.70 ± 0.38 0.33 ± 0.24
et 0.30 ± 0.18

21

Table 7: Expected and observed upper limits at 95% CL and best fit branching fractions in
percent for each individual jet category, and combined, in the H ! et process obtained with
the Mcol fit analysis.

Expected limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 0.94 < 1.21 < 3.73 < 2.76 < 0.71
eth < 1.52 < 1.93 < 3.55 < 1.76 < 0.97
et < 0.56

Observed limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ < 1.27 < 1.26 < 3.90 < 1.78 < 0.85
eth < 1.53 < 2.07 < 3.65 < 3.39 < 1.31
et < 0.72

Best fit branching fractions (%)
0-jet 1-jet 2-jets VBF Combined

etµ 0.46 ± 0.43 0.07 ± 0.39 0.13 ± 1.13 -1.38 ± 1.03 0.21 ± 0.36
eth 0.18 ± 0.35 0.45 ± 0.60 0.29 ± 1.13 2.03 ± 0.47 0.51 ± 0.41
et 0.23 ± 0.24
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Figure 9: Observed and expected 95% CL upper limits on the B(H ! et) for each individual
category and combined. Left: BDT fit analysis. Right: Mcol fit analysis.

Run I Run II

17

95% CL(obs/
exp) on BR Best-fit BR

H—>μτ(Run I) <1.51/0.75% 0.84 +/- 0.38%

H—>μτ(Run II) <0.25/0.25% -0.005 +/- 
0.121%

H—>eτ(Run I) <0.69/0.75% -0.10+/-0.36%

H—>eτ(Run II) <0.61/0.37% -0.30+/-0.18%



Limits on Yukawa couplings

❖ 95% CL upper limit on BR(H—>μτ) and BR(H—>eτ) can be interpreted in terms of LVF Yukawa couplings from Run II

22 9 Summary

shows a summary of the new 95% CL upper limits. The BDT fit analysis is more sensitive than418

the Mcol fit analysis, with expected limits reduced by about a factor of two. In both cases the419

results are dominated by the systematic uncertainties.420

Table 8: Summary of the observed and expected upper limits at the 95% CL and the best fit
branching fractions in percent for the H ! µt and H ! et processes, for the main analysis
(BDT fit) and the cross check (Mcol fit) method.

Observed (expected) limits (%) Best fit branching fraction (%)
BDT fit Mcol fit BDT fit Mcol fit

H ! µt < 0.25 (0.25)% < 0.51 (0.49) % 0.00 ± 0.12 % 0.02 ± 0.20 %
H ! et < 0.61 (0.37) % < 0.72 (0.56) % 0.30 ± 0.18 % 0.23 ± 0.24 %

The constraints on B(H ! µt) and B(H ! et) can be interpreted in terms of LFV Yukawa
couplings [41]. The LFV decays et and µt arise at tree level from the assumed flavour violating
Yukawa interactions, Y`a`b where `a, `b denote the leptons, `a, `b = e, µ, t and `a 6= `b. The
decay width G(H ! `a`b) in terms of the Yukawa couplings is given by:

G(H ! `a`b) =
mH

8p

�|Y`b`a |2 + |Y`a`b |2�,

and the branching fraction by:

B(H ! `a`b) =
G(H ! `a`b)

G(H ! `a`b) + GSM
.

The SM H decay width is assumed to be GSM = 4.1 MeV [90] for mH = 125 GeV. The 95%421

CL upper limit on the Yukawa couplings derived from the expression for the branching frac-422

tion above is shown in Table 9. The limits on the Yukawa couplings derived from the BDT fit423

analysis results are shown in Fig. 10.

Table 9: 95% CL observed upper limit on the Yukawa couplings, for the main analysis (BDT fit)
and the cross check (Mcol fit) method.

BDT fit Mcol fitq
|Yµt|2 + |Ytµ|2 < 1.43 ⇥ 10�3 < 2.05 ⇥ 10�3

p|Yet|2 + |Yte|2 < 2.26 ⇥ 10�3 < 2.45 ⇥ 10�3

424

9 Summary425

The search for lepton flavour violating decays of the Higgs boson in the µt and et channels,426

with the 2016 data collected by the CMS detector, is presented in this paper. The data set427

analysed corresponds to an integrated luminosity of 35.9 fb�1 of proton-proton collision data428

recorded at
p

s = 13 TeV. The results are extracted by a fit to the output of a boosted deci-429

sion trees discriminator trained to discriminate the signal from backgrounds. The results are430

cross-checked with an alternate analysis that fits the collinear mass distribution after apply-431

ing selection criteria on kinematic variables. No evidence is found for lepton flavour violating432

Higgs boson decays. The observed (expected) limits on the branching fraction of the Higgs433

boson to µt and to et are found to be less than 0.25 (0.25)% and 0.61 (0.37)%, respectively, at434

95% confidence level. These limits constitute a significant improvement over the previously435

obtained limits by CMS and ATLAS using 8 TeV proton-proton collision data corresponding to436
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Figure 10: Constraints on the flavour violating Yukawa couplings, |Yµt|, |Ytµ| (left) and
|Yet|, |Yte| (right), from the BDT result. The expected (red solid line) and observed (black solid
line) limits are derived from the limit on B(H ! µt) and B(H ! et) from the present analy-
sis. The flavour-diagonal Yukawa couplings are approximated by their SM values. The green
(yellow) band indicates the range that is expected to contain 68% (95%) of all observed limit ex-
cursions from the expected limit. The shaded regions are derived constraints from null searches
for t ! 3µ or t ! 3e (dark green) [41, 91, 92] and t ! µg or t ! eg (lighter green) [41, 92].
The blue solid lines are the CMS limits from [44] (left) and [45](right). The purple diagonal line
is the theoretical naturalness limit YijYji  mimj/v2 [41].

an integrated luminosity of about 20 fb�1. Upper limits on the off-diagonal µt and et Yukawa437

couplings are derived from these constraints, and found to be
q
|Yµt|2 + |Ytµ|2 < 1.43 ⇥ 10�3

438

and
p|Yet|2 + |Yte|2 < 2.26 ⇥ 10�3 at 95% confidence level.439
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Systematics in LVF decays



Limits on Dark SUSY

❖ Model independent limits used to put limits on Dark SUSY
20

Run I Run II

mn1 = 10 GeV
mnD = 1 GeV



Limits on NMSSM

❖ Model independent limits used to put limits on NMSSM
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LFV
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Branching fraction of CP odd Higgs
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Systematics in light scalar decays of Higgs
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H—>aa—>4μ

Dark SUSY NMSSM
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Background estimation
❖ EWK to 4 muons (minor contribution): pp—>4μ: contribution is estimated using MC simulation

❖ Prompt  J/ψ(minor contribution): estimated with a combination of data and MC simulation

❖ Events containing bb in the final state (Leading background)

❖ Leading contribution from b-quark decays to pairs of muons via double semileptonic decays or resonances, 
i.e. ω, ρ, φ, J/ψ

❖ Estimated from data: 

❖ Modeled as a 2D template in the plane of invariant mass of 2 di-muons: Bbb(m1,m2), m1 refers to the 
dimuon system with muon pT > 17 GeV

❖ Templates: S17 (both muon pairs contain a high pT muon); Smix (just one contains a high pT muon), 
constructing from bb enriched egion

6 4 Background estimation
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Figure 2: The S17 (left) and Smix (right) templates (solid lines) for dimuons obtained with
background-enriched data (solid circles) samples.

as a Cartesian product S17 ⇥ Smix. Both templates are shown in Fig. 2.

This distinction is necessary as the shape of the dimuon invariant mass distribution depends on
the transverse momentum thresholds used to select muons and whether the muons are in the
central (|h| < 0.9) or in the forward (0.9 < |h| < 2.4) regions of the detector. This dependency is
due to the differences in momentum resolution of the barrel and endcap regions of the tracker.
The S17 shape is measured using a data sample enriched in bb events with exactly one dimuon
and one orphan muon under the assumption that one of the b-quarks decays to a dimuon
containing at least one muon with pT > 17 GeV/c and |h| < 0.9, while the other b-quark decays
semileptonically, resulting in an orphan muon with pT > 8 GeV/c. For the Smix shape, we use
a similar sample and procedure but only require the dimuon to have both muons with pT >
8 GeV/c, while the orphan muon has to have pT > 17 GeV/c and |h| < 0.9. Both data samples
used to measure background shapes are collected with the same trigger and with kinematic
properties similar to those bb events passing the selection criteria of the main analysis. These
event samples do not overlap the sample containing two dimuons that is used for the main
analysis and they have negligible contributions from non-bb backgrounds. The S17 and Smix
distributions are fitted with a parametric analytical function using a combination of Bernstein
polynomials [64], Crystal Ball, and Gaussian functions [65] describing all SM resonances (w,
r, f, J/y, and y). The normalization of SM resonances has been allowed to vary freely. The
results of the fits are shown in Fig. 2. Once the Bbb(m1, m2) template is constructed, it is used
to provide a description of the bb background shape in the main analysis.

To normalize the constructed Bbb(m1, m2) template, we use the data events that satisfy all of
the analysis selections but fail the m1 ' m2 requirement. These selections yield 4 events in the
off-diagonal sideband region of the (m1, m2) plane, leading to an expected number of 0.68+0.54

�0.32
bb events in the diagonal signal region. The estimated uncertainty in the expected number of
bb events is dominated by the statistical uncertainty, and it follows a Poisson nature due to the
low statistics.

These 4 events in the off-diagonal sidebands of the (m1, m2) plane are shown as empty circles,
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Figure 2: The S17 (left) and Smix (right) templates (solid lines) for dimuons obtained with
background-enriched data (solid circles) samples.

as a Cartesian product S17 ⇥ Smix. Both templates are shown in Fig. 2.

This distinction is necessary as the shape of the dimuon invariant mass distribution depends on
the transverse momentum thresholds used to select muons and whether the muons are in the
central (|h| < 0.9) or in the forward (0.9 < |h| < 2.4) regions of the detector. This dependency is
due to the differences in momentum resolution of the barrel and endcap regions of the tracker.
The S17 shape is measured using a data sample enriched in bb events with exactly one dimuon
and one orphan muon under the assumption that one of the b-quarks decays to a dimuon
containing at least one muon with pT > 17 GeV/c and |h| < 0.9, while the other b-quark decays
semileptonically, resulting in an orphan muon with pT > 8 GeV/c. For the Smix shape, we use
a similar sample and procedure but only require the dimuon to have both muons with pT >
8 GeV/c, while the orphan muon has to have pT > 17 GeV/c and |h| < 0.9. Both data samples
used to measure background shapes are collected with the same trigger and with kinematic
properties similar to those bb events passing the selection criteria of the main analysis. These
event samples do not overlap the sample containing two dimuons that is used for the main
analysis and they have negligible contributions from non-bb backgrounds. The S17 and Smix
distributions are fitted with a parametric analytical function using a combination of Bernstein
polynomials [64], Crystal Ball, and Gaussian functions [65] describing all SM resonances (w,
r, f, J/y, and y). The normalization of SM resonances has been allowed to vary freely. The
results of the fits are shown in Fig. 2. Once the Bbb(m1, m2) template is constructed, it is used
to provide a description of the bb background shape in the main analysis.

To normalize the constructed Bbb(m1, m2) template, we use the data events that satisfy all of
the analysis selections but fail the m1 ' m2 requirement. These selections yield 4 events in the
off-diagonal sideband region of the (m1, m2) plane, leading to an expected number of 0.68+0.54

�0.32
bb events in the diagonal signal region. The estimated uncertainty in the expected number of
bb events is dominated by the statistical uncertainty, and it follows a Poisson nature due to the
low statistics.

These 4 events in the off-diagonal sidebands of the (m1, m2) plane are shown as empty circles,
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Figure 3: Distribution of the invariant masses mµµ1 vs. mµµ2 for the isolated dimuon systems
including the 4 events in the data (shown as empty circles) surviving all selections except for the
requirement that these two masses fall into the diagonal signal region mµµ1 ' mµµ2 (outlined
with dashed lines). The triangle identifies the single event observed in the signal region. The
intensity of the shading indicates the background expectation which is a sum of the bb and the
direct J/y pair production contributions.

and the triangle inside the diagonal corridor represents the only observed event in the signal
region shown in Fig. 3. The background estimation has been performed by varying the isolation
cut up to 50 GeV, and the result has proven to be stable within 20%. This value has been used
as an additional uncertainty on the bb estimation.

The direct J/y pair production is estimated using a combination of Monte Carlo simulation
(for both SPS and DPS production mechanisms) and data at 13 TeV. A pure sample of prompt
double J/y events is collected using special triggers and a low pT muon selection criterion.
Additionally, a method based on dimuon isolation is used to remove the contribution of non-
prompt J/y in data. A simulation-to-data scale factor is extracted in the control region and is
used to correct for the estimation from simulation in the signal region. This yields an estimate
of the total contribution from prompt double J/y events to the background in the signal region
of 0.064 ± 0.020 events.

The distribution of the total expected contribution to the background in the (m1, m2) plane is
Bbb(m1, m2) + B2J/y(m1, m2), i.e. a sum of the bb and direct J/y pair production contributions.
The expected background contribution is shown by the intensity of the shading in Fig. 3. The
background expectation in the diagonal signal region is 0.74 ± 0.34 (stat.)±0.15 (syst.) events,
where the uncertainty accounts for both statistical and systematic effects, and it is compatible
with the single event observed in the signal region (marked as a triangle).

5 Systematic uncertainties

Different sources of systematic uncertainties are associated with the expected yields and distri-
butions of signal and background processes and the data. The selection efficiencies of offline
muon identification and isolation have been corrected in order to match the data. An un-
certainty of 1% has been associated to each muon for both isolation and identification. The

X =

27



Event yield in Η  —> γ*γ and H  —> J/ψγ
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Event yield in H —> Zγ
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