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see updates  
David Sperka

The  measurements of the Higgs boson in the main!
decay channels show good agreement !
with the SM predictions"
!
Testing rare decays can further gauge prediction !
for SM couplings to di#erent particles or can be !
enhanced by BSM contributions"
!
BR(H→BSM) < 34% "
(Run I, arXiv:1606.02266)"
!
!
Room for larger"
$ H→rare"
$ H→Invisible"
$ H→lepton ßavor violation (LFV)

Why looking for rare decays ? 
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Channel BR [%]
bb 58
WW 21
gg 8.2
"" 6.3
cc 2.9
ZZ 2.6
!! 0.23

Channel BR [%]
%% 0.022

Z!→! ll 5.2 10
3.9 10

ZZ→4! 0.1

Rare Decays

 [GeV]HM
80 100 120 140 160 180 200

H
ig

gs
 B

R
 +

 T
ot

al
 U

nc
er

t

-410

-310

-210

-110

1

LH
C

 H
IG

G
S

 X
S

 W
G

 2
01

3

bb

�o�o

!!

cc

gg

�a�a �aZ

WW

ZZ

! *!→%%!



Andrea Carlo Marini 12 March 2018

!
$ SM H decays to invisible only through H→ZZ→4!  (BR=0.1%)"
!
!
$ Higgs boson decays to invisible Þnal states predicted by many BSM theories"
$ testing BSM invisible particles with m < m H/2

Higgs to invisible searches

3

$ All Higgs production processes can be used"
$ Event  signature: presence of a large !

missing transverse momentum"
$ Tag by the visible recoil of the system

Decay Mode Dataset ID

H→inv (qqH)

H→inv (ggH) arXiv:1712.02345

V(→jj )H(→inv) arXiv:1712.02345

Z(→ll )H(→inv) arXiv:1711.00431

NEW
HIG-17-02336 fb-1, 13 TeV

36 fb-1, 13 TeV

36 fb-1, 13 TeV

36 fb-1, 13 TeV
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Invisible Higgs search tags event due to the extra activity in the event:"
!
$ mono-jet tag, aiming to measure ggH process, !

where the Higgs system is boosted and recoils !
against a jet which is visible in the event"

!
!
!
$ mono-V tag, aiming at VH topology, the V (W or Z) !

can be tagged and recoil against missing momentum. !
Both hadronic and leptonic decays of the V are exploited"

!
!
!
$ VBF tag most sensitive channel, due to its unique topology,!

that makes it distinguishable from the main backgrounds "
$ Two well separated forward backward jets"

$ Large invariant mass (mjj ) and pseudo rapidity gap (#&)"

$ Jets are not color connected (low activity in the rapidity gap)

Higgs to invisible searches
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Selection of the H→Inv in the VBF tag"
$ two high energetic jets: !

large rapidity gap, #&(j1,j2), !

large invariant mass, mjj  > 200 GeV"

$ large missing energy: trigger  pT
miss > 250 GeV"

!
$ Two strategies :!

!
shape analysis based on mjj !

new approach, use the full discrimination power of !
the invariant mass distribution  
 
cut & count, cross-validate shape analysis, !
minimize model dependence !
more extreme selection to optimize sensitivity !
as in Run I"

VBF tag
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$ Main background is Z→!!  and W+jets production"
!
$ Constrained using dilepton (Zee, Z%%) and single lepton (We! , W%! )!

control regions constrains Z→!!  and W+jets respectively"
$ Leptons added to the p T

miss to mimic the search region"

Background Estimation

6HIG-17-023

l
l

j

j

j

j

pT
miss

$ QCD multi-jet enriched CR with inverted p T
miss !

and #$ (pT
miss,j) requirements

12 7 Results
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Figure 3: The mjj distributions in the single-muon (left) and single-electron (right) control sam-
ples. Data are compared to the simulation, before (dashed red) and after (solid blue) perform-
ing the Þt. Signal region data are not included in the Þt. The Þlled histograms indicate all
processes other than W(! ! )+jets (QCD). The last bin includes all events with mjj > 3.5 TeV. The
description of the lower panels is as in Fig. 2.

region between 1.5 and 2 TeV. Detailed studies have been performed and none of the dimuon405

sample selections are found to be the cause of this discrepancy. Therefore, the deÞcit is consis-406

tent with being a statistical ßuctuation. Figure 5 (left) shows the mjj distribution in the signal407

region, obtained after applying the cut-and-count selection, where backgrounds are normal-408

ized either to the post-Þt rate obtained from the control-region-only Þt (solid stack) or to the409

prediction from a background-only Þt performed across signal and control regions (dark blue410

line). Figure 5 (right) shows the same results for the ! " jj spectrum. Similarly, the observed mjj411

and ! " jj distributions in the control regions of the cut-and-count analysis, along with the re-412

sults obtained from both the control-region-only Þt and the background-only one, are reported413

in Fig. 12, 13, 14 and 15 of the the Appendix A.414

7.1 Upper limits on B(H ! inv )415

The results of this search are interpreted in terms of an upper limit on the product of the Higgs
boson production cross section and its branching fraction to invisible particles, #B(H ! inv ),
relative to the predicted cross section assuming SM interactions, #SM. Observed and expected
95% CL upper limits are computed via an asymptotic approximation of the CL s method [60, 61],
using a proÞle likelihood ratio test statistic [62] in which systematic uncertainties are modelled
as nuisance parameters following a frequentist approach [63]. The proÞle likelihood ratio is
deÞned as:

q = " 2! ln L = " 2 ln
L (data|#B(H ! inv )/ #SM, ö$a)
L (data|# öB(H ! inv )/ #SM, ö$)
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Observed (expected) 95% CL upper limits on !
the BR(H→inv) are:"
!
• Cut-and-count analysis: 0.52 (0.27) 
• Shape analysis:   0.28 (0.21)

Limits on H to invisible production

7HIG-17-023

$ Run I: cut&count: 0.44 (0.31)
JHEP 02 (2017) 135
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Figure 4: The observed mjj distribution of the shape analysis signal region compared to the
post-fit backgrounds from various SM processes. On the left, the predicted backgrounds are
obtained from a combined fit to the data in all the control samples but excluding the signal
region. On the right, the predicted backgrounds are obtained from a combined fit to the data in
all the control samples, as well as in the signal region, assuming the absence of any signal. Ex-
pected signal distributions for a 125 GeV Higgs boson produced through ggH and qqH modes,
and decaying exclusively to invisible particles, are overlaid. The last bin includes all events
with mjj > 3.5 TeV. The description of the ratio panels is the same as in Fig. 2.

Table 4: Expected event yields in the signal region and in the control samples of the cut-and-
count analysis for various SM processes. The background yields and the corresponding un-
certainties are obtained from a combined fit to data in all the control samples, but excluding
data in the signal region. The expected total signal contribution for the 125 GeV Higgs boson,
decaying exclusively to invisible particles, and the observed event yields are also reported.

Process Signal Region Dimuon CR Dielectron CR Single-Muon CR Single-Electron CR
Z(!! ) (QCD) 799 ± 72 - - - -
Z(!! ) (EW) 275 ± 34 - - - -
Z(!! ) (QCD) - 90.1 ± 7.9 64.7 ± 5.8 26.8 ± 1.2 4.9 ± 0.2
Z(!! ) (EW) - 32.7 ± 4.3 25.0 ± 3.4 5.9 ± 0.3 2.4 ± 0.2
W(! ! ) (QCD) 497 ± 33 0.2 ± 0.2 0.8 ± 0.6 891 ± 31 533 ± 21
W(! ! ) (EW) 145 ± 11 0.1 ± 0.1 - 416 ± 16 260 ± 11
Top-quark 43.7 ± 9.8 5.3 ± 1.6 3.7 ± 1.1 126 ± 22 83.1 ± 15.4
Dibosons 19.9 ± 6.1 2.6 ± 1.3 0.9 ± 0.5 23.5 ± 4.9 16.1 ± 4.1
Others 3.3 ± 2.6 - - 25.6 ± 20.7 2.9 ± 2.9
Total Bkg. 1784 ± 97 131 ± 8 95.2 ± 5.9 1515 ± 34 902 ± 24
Data 2053 114 104 1512 914
Signal mH = 125 GeV 851 ± 148 - - - -

where " B̂(H ! inv) represents the value of the signal strength that maximises the likelihood416

L for the data, while #̂ and #̂a denote the best fit estimates for the nuisance parameters and the417

estimates for a given fixed value of " B(H ! inv)/" SM, respectively.418
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$ The observed (expected) 95% CL limit on B(H→inv) (assuming SM) is 0.24 (0.18) 

Combination of Invisible searches

8

16 8 Combination of Higgs invisible searches

Table 6: Analyses used in this combination, showing Þnal state, expected signal composition
along with their observed and expected upper limits on B(H ! inv ). The relative contribu-
tions assume SM production cross sections.

Analysis Final state Signal composition Observed limit Expected limit

qqH-tagged VBF-jets+ pmiss
T 52% qqH, 48% ggH 0.28 0.21

VH-tagged
Z(!! ) + pmiss

T [11] 79% qqZH, 21% ggZH 0.40 0.42
V(qq") + pmiss

T [12] 39% ggH, 7% qqH, 33% WH, 21% ZH 0.50 0.48
ggH-tagged jets + pmiss

T [12] 76% ggH, 10% qqH, 4% WH, 3% ZH 0.64 0.58

sections, due to renormalization/factorization scale variations and PDF uncertainties, are also455

correlated across the categories. In contrast, since the jet kinematics in the VBF search differs456

from those in the other analyses, jet energy scale and resolution uncertainties are correlated457

only across the ggH and VH tagged categories. Finally, theoretical uncertainties applied to458

the V+ jets (QCD) ratios are assumed uncorrelated between the VBF analysis and the other459

searches. The correlation schema applied in the combination is summarized in Table 7 of the460

supplementary material in Appendix A.461

Observed and expected upper limits on ! B(H ! inv )/ ! SM are computed at 95% CL and are462

presented in Fig. 7 (left). Assuming SM cross sections for each production mode, the combi-463

nation yields an observed (expected) upper limit of B(H ! inv ) < 0.24 (0.18). The proÞle464

likelihood ratios as a function of B(H ! inv ), for both the combined Þt and each individual465

search channel, are reported in Fig. 7 (right). Results are shown for both data and an Asimov466

dataset [60], deÞned by Þxing the nuisances parameters to their maximum likelihood estimate467

obtained from a Þt to the data in which B(H ! inv ) = 0 is assumed.468
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Figure 7: On the left, observed and expected 95% CL upper limits on ! B(H ! inv )/ ! SM for
both individual categories targeting qqH, Z (!! )H, V (qq")H and ggH production model, as well
as their combination, assuming a SM Higgs boson with a mass of 125 GeV. On the right, proÞle
likelihood ratios as a function of B(H ! inv ). The solid curves represent the observations in
data, while the dashed lines represent the expected result assuming the absence of any signal.
The observed and expected likelihood scans are reported for the full combination, as well as
for the individual qqH, Z (!! )H, V (qq")H and ggH tagged analyses.
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Figure 7: On the left, observed and expected 95% CL upper limits on sB(H ! inv)/sSM for
both individual categories targeting qqH, Z(!! )H, V(qq")H and ggH production model, as well
as their combination, assuming a SM Higgs boson with a mass of 125 GeV. On the right, profile
likelihood ratios as a function of B(H ! inv). The solid curves represent the observations in
data, while the dashed lines represent the expected result assuming the absence of any signal.
The observed and expected likelihood scans are reported for the full combination, as well as
for the individual qqH, Z(!! )H, V(qq")H and ggH tagged analyses.

interaction between a DM particle and atomic nuclei, which may be mediated by the exchange496

of a Higgs boson, producing nuclear recoil signatures that can be interpreted in terms of the497

DM-nucleon scattering cross section. The sensitivity of these experiments depends mainly on498

the DM particle mass (mc). If mc is smaller than half of the Higgs boson mass, the Higgs boson499

invisible width (Ginv) can be translated, within an effective field theory approach, into a spin-500

independent DM-nucleon elastic scattering cross section, as outlined in Ref. [9]. This translation501

is performed assuming that the DM candidate is either a scalar or a fermion; the dimensionless502

nuclear form-factor fN is assumed to be equal to 0.326 [66]. The conversion from B(H ! inv)503

to Ginv uses the relation B(H ! inv) = Ginv/(GSM + Ginv), where GSM is set to 4.07 MeV. Fig-504

ure 8 (right) shows the 90% CL upper limits on the spin-independent DM-nucleon scattering505

cross section as a function of mc, for both the scalar and the fermion DM scenarios. These limits506

are computed at 90% CL so that they can be compared with those from direct detection exper-507

iments such as LUX [67], PandaX-II [68], CDMSlite [69] and CRESST-II [70], which provide508

the strongest constraints in the mc range probed by this search. In the context of Higgs-portal509

models, the result presented in this letter provides the most stringent limits for mc smaller than510

20 or 7 GeV, assuming a fermion or a scalar DM candidate, respectively.511

9 Summary512

A search for invisible decays of the Higgs boson is presented using 13 TeV proton-proton colli-513

sion data, collected by the CMS experiment in 2016 and corresponding to an integrated lumi-514

nosity of 35.9 fb# 1. The search targets events in which the Higgs boson is produced through515

vector boson fusion (VBF). The data are found to be consistent with the predicted standard516

model (SM) backgrounds. An observed (expected) upper limit of 0.28 (0.21) is set, at 95%517

confidence level (CL), on the invisible branching fraction, B(H ! inv), of the 125 GeV Higgs518
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Figure 7: On the left, observed and expected 95% CL upper limits on ! B(H ! inv )/ ! SM for
both individual categories targeting qqH, Z (!! )H, V (qq")H and ggH production model, as well
as their combination, assuming a SM Higgs boson with a mass of 125 GeV. On the right, proÞle
likelihood ratios as a function of B(H ! inv ). The solid curves represent the observations in
data, while the dashed lines represent the expected result assuming the absence of any signal.
The observed and expected likelihood scans are reported for the full combination, as well as
for the individual qqH, Z (!! )H, V (qq")H and ggH tagged analyses.

interaction between a DM particle and atomic nuclei, which may be mediated by the exchange496

of a Higgs boson, producing nuclear recoil signatures that can be interpreted in terms of the497

DM-nucleon scattering cross section. The sensitivity of these experiments depends mainly on498

the DM particle mass (m" ). If m" is smaller than half of the Higgs boson mass, the Higgs boson499

invisible width ( ! inv ) can be translated, within an effective Þeld theory approach, into a spin-500

independent DM-nucleon elastic scattering cross section, as outlined in Ref. [9]. This translation501

is performed assuming that the DM candidate is either a scalar or a fermion; the dimensionless502

nuclear form-factor fN is assumed to be equal to 0.326 [66]. The conversion fromB(H ! inv )503

to ! inv uses the relation B(H ! inv ) = ! inv / (! SM + ! inv ), where ! SM is set to 4.07 MeV. Fig-504

ure 8 (right) shows the 90% CL upper limits on the spin-independent DM-nucleon scattering505

cross section as a function ofm" , for both the scalar and the fermion DM scenarios. These limits506

are computed at 90% CL so that they can be compared with those from direct detection exper-507

iments such as LUX [67], PandaX-II [68], CDMSlite [69] and CRESST-II [70], which provide508

the strongest constraints in the m" range probed by this search. In the context of Higgs-portal509

models, the result presented in this letter provides the most stringent limits for m" smaller than510

20 or 7 GeV, assuming a fermion or a scalar DM candidate, respectively.511

9 Summary512

A search for invisible decays of the Higgs boson is presented using 13 TeV proton-proton colli-513

sion data, collected by the CMS experiment in 2016 and corresponding to an integrated lumi-514

nosity of 35.9 fb# 1. The search targets events in which the Higgs boson is produced through515

vector boson fusion (VBF). The data are found to be consistent with the predicted standard516

model (SM) backgrounds. An observed (expected) upper limit of 0.28 (0.21) is set, at 95%517

conÞdence level (CL), on the invisible branching fraction, B(H ! inv ), of the 125 GeV Higgs518



Andrea Carlo Marini 12 March 2018

Probing 2nd generation of leptons"
!
Search for a tiny peak over a big background (DY)"
$ 2 oppositely charged muons"
!
Other objects used for categorization"
$ hadronic activity in the event"
$ b tag jets,"

!
$ Muon momentum resolution,!

 corrections to align MC to data!
derived from J/'  and Z boson"

!
!
$ About 58% of signal e(ciency"

Search for Higgs into muons 

9
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* iterative process
* maximize gain

SIG2=signal 2/background

GAIN=SIG2New1+SIG2New2 -SIG2Old

* step1: estimate SIG 2 for all events

* step2: 
- split events according to max | !  | of 
the 2 muons
- categories: New1 & New2 
- check gain

* step 3: if gain > 0 continue
É
* step n: if gain ~ 0 stop
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both muons  
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Signal Fraction [%]
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$ BDT to enhance S/B discrimination"
$ loosely correlated with VBF production"

!
!

$ Extra categorization on |&%| to gauge peak resolution

Categorization and Signal extraction

1023Adrian Perieanu SUSY - Mumbai 1xth December ’17
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* Boosted Decision Tree: 
maximise separation between signal and 
background events 

* input variables:
- pT and !  of the dimuon system 

- |"! | and |"# | between the muons 

- !  values of the two highest - pT jets

- invariant mass of the two highestÐmass

dijet pairs

-  |"! | between the jets in the two highest

mass pairs

- number of jets with |! | < 2.4 and |! | > 2.4

- number of b-tagged jets

- missing energy in transverse plane

* BDT output:

for event categories we used the  transformed 

BDT response: uniform signal expectation 

st: signal top 
V: W, Z 
TTX: tt V-

-
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$ Setting 95% CL upper limit on the SM production strength modiÞers ( %/%SM) !
in combination with Run I:    2.64 (1.89) "

!
$ No signiÞcant excess observed

Results

11

38Adrian Perieanu Varna 29th August Õ17

Run I & Run II

70 12 Results
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Figure 12.6: 95% CL upper limit on the signal strength modiÞer (left) and p-value signiÞcance
(right).

Table 12.3: Combined Limits

mH [GeV]
Expected Limits

Observed limit
! 2s ! 1s median 1s 2s

120 0.96 1.28 1.79 2.54 3.46 1.41
121 0.95 1.30 1.81 2.54 3.46 1.21
122 0.99 1.31 1.82 2.56 3.49 1.38
123 0.97 1.30 1.82 2.60 3.54 1.93
124 1.00 1.33 1.86 2.63 3.59 2.53
125 1.01 1.35 1.89 2.68 3.65 2.64
126 1.04 1.39 1.94 2.75 3.74 2.43
127 1.08 1.44 1.99 2.81 3.84 2.15
128 1.08 1.46 2.04 2.89 3.94 1.87
129 1.12 1.49 2.08 2.95 4.05 1.65
130 1.15 1.53 2.14 2.99 4.13 1.45
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* a milestone in the dimuon Higgs decay 
search for a mass of 125 GeV is achieved: 

- combined (expected) ! /! SM : 2.68 (1.89)

- signiÞcance: 0.98
- signal strength: 0.9 +1.0 /-0.9

- observed (expected) upper limit on               
branching fraction: 5.7 (5.1) x 10 -4

Higgs: ""  channel below 2 x ! /! SM

HIG-17-019

$ Paper draft being Þnalized 
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Searches of SM Higgs decaying into Z !  and ! *!  "
in the leptonic channels:"

$ H → Z!  → ! ll    (l=e, %)"

$ H → ! *!  → ! ll   (l=%) "
!

$ Probe couplings to many particles in the loop,"
$ Enhance understanding of SM H"

!
$ Z/! * → ll decays have little background contamination"

$ In the H → ! *!  search only the muon channel is used!
because the boost of the ! * makes the decay products !
collimated (challenging to trigger and to identify)

Searches for H➔Zγ and H➔! *!

12HIG-17-007

Andrew Brinkerhoff

H ! Z! ! ℓℓ!
¥ H! Z!  decays very similar to H ! !!

• Z!  branching fraction = 0.154%, !!  = 0.227% 

• But huge backgrounds in Z! qq and Z! "" , 
only 6.7% in ÒgoldenÓ Z! ee /""  channels

• Even here, higher backgrounds from SM Z+!

¥ Basic analysis strategy (ATLAS & CMS)

• Select ee!  /##!  events with m(ℓℓ) ~ 91 GeV 

• Categorize to suppress Z+!  background and 
enhance VBF Higgs signal

• Measure m(ℓℓ! ) signal peak over analytic fit 
to data in wide mass window as background

9
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1 Introduction

The observation of a new resonance decaying to two bosons and with decay modes and prop-
erties consistent with those of the standard model (SM) Higgs boson has been reported by
the ATLAS [1, 2] and CMS [3, 4] collaborations. Measurements of the basic properties of this
resonance, such as the mass [5] and the coupling strength to vector bosons and fermions [1Ð
4, 6], have been reported. Within the SM, the partial width for the H ! Z! decay channel
(! Z! ) is rather small, resulting in a branching fraction between 0.11% and 0.25% in the 120Ð
160 GeV [7, 8] mass range. A measurement of! Z! provides important information on the un-
derlying dynamics of the Higgs sector because it is induced by loops of heavy charged particles,
just as for the H ! !! decay channel. The contributing diagrams to ! Z! are shown in Fig. 1.
! Z! is sensitive to physics beyond the SM, and could be substantially modiÞed by new charged
particles without affecting the gluon-gluon fusion Higgs boson production cross section [9],
such as derived from an extended Higgs sector [10], or by the presence of new scalars [11, 12].
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Figure 1: Diagrams contributing to ! Z! .

This paper describes the Þrst search for a Higgs boson in the H ! Z! Þnal state at the LHC
in the 120Ð160 GeV mass range, with the Z boson decaying into an electron or a muon pair.
This is a clean Þnal-state topology with an effective mass peak resolution of about 1-3%. To
improve the sensitivity of the search, the selected dilepton-plus-photon events are subdivided
into classes according to their mass resolution and the signal-to-background ratio, for both the
electron and muon channels. The dominant backgrounds consist of the irreducible contribution
from the SM Z ! production, and the reducible backgrounds from Þnal-state-radiation in DrellÐ
Yan or Z decays, and Z plus jets, where a jet is misidentiÞed as a photon. A previous search for
H ! Z! has been performed at the Tevatron for masses above 140 GeV [13].

Results are based on data samples recorded by the CMS experiment corresponding to inte-
grated luminosities of 5.0 fb " 1 at 7 TeV and 19.6 fb" 1 at 8 TeV in proton-proton collisions.

2 The CMS detector

A detailed description of the CMS detector can be found in Ref. [14]. The central feature of
the CMS apparatus is a superconducting solenoid, 13 m in length and 6 m in diameter, which
provides an axial magnetic Þeld of 3.8 T. Within the Þeld volume there are several particle
detection systems. Charged-particle trajectories are measured by silicon pixel and strip track-
ers, covering 0 # " # 2# in azimuth and |$| < 2.5 in pseudorapidity, where $ is deÞned
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The observation of a new resonance decaying to two bosons and with decay modes and prop-
erties consistent with those of the standard model (SM) Higgs boson has been reported by
the ATLAS [1, 2] and CMS [3, 4] collaborations. Measurements of the basic properties of this
resonance, such as the mass [5] and the coupling strength to vector bosons and fermions [1Ð
4, 6], have been reported. Within the SM, the partial width for the H ! Zg decay channel
(! Zg) is rather small, resulting in a branching fraction between 0.11% and 0.25% in the 120Ð
160 GeV [7, 8] mass range. A measurement of! Zg provides important information on the un-
derlying dynamics of the Higgs sector because it is induced by loops of heavy charged particles,
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! Zg is sensitive to physics beyond the SM, and could be substantially modiÞed by new charged
particles without affecting the gluon-gluon fusion Higgs boson production cross section [9],
such as derived from an extended Higgs sector [10], or by the presence of new scalars [11, 12].
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This paper describes the Þrst search for a Higgs boson in the H ! Zg Þnal state at the LHC
in the 120Ð160 GeV mass range, with the Z boson decaying into an electron or a muon pair.
This is a clean Þnal-state topology with an effective mass peak resolution of about 1-3%. To
improve the sensitivity of the search, the selected dilepton-plus-photon events are subdivided
into classes according to their mass resolution and the signal-to-background ratio, for both the
electron and muon channels. The dominant backgrounds consist of the irreducible contribution
from the SM Z g production, and the reducible backgrounds from Þnal-state-radiation in DrellÐ
Yan or Z decays, and Z plus jets, where a jet is misidentiÞed as a photon. A previous search for
H ! Zg has been performed at the Tevatron for masses above 140 GeV [13].

Results are based on data samples recorded by the CMS experiment corresponding to inte-
grated luminosities of 5.0 fb " 1 at 7 TeV and 19.6 fb" 1 at 8 TeV in proton-proton collisions.

2 The CMS detector

A detailed description of the CMS detector can be found in Ref. [14]. The central feature of
the CMS apparatus is a superconducting solenoid, 13 m in length and 6 m in diameter, which
provides an axial magnetic Þeld of 3.8 T. Within the Þeld volume there are several particle
detection systems. Charged-particle trajectories are measured by silicon pixel and strip track-
ers, covering 0 # f # 2p in azimuth and |h| < 2.5 in pseudorapidity, where h is deÞned
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The observation of a new resonance decaying to two bosons and with decay modes and prop-
erties consistent with those of the standard model (SM) Higgs boson has been reported by
the ATLAS [1, 2] and CMS [3, 4] collaborations. Measurements of the basic properties of this
resonance, such as the mass [5] and the coupling strength to vector bosons and fermions [1Ð
4, 6], have been reported. Within the SM, the partial width for the H ! Z! decay channel
(! Z! ) is rather small, resulting in a branching fraction between 0.11% and 0.25% in the 120Ð
160 GeV [7, 8] mass range. A measurement of! Z! provides important information on the un-
derlying dynamics of the Higgs sector because it is induced by loops of heavy charged particles,
just as for the H ! !! decay channel. The contributing diagrams to ! Z! are shown in Fig. 1.
! Z! is sensitive to physics beyond the SM, and could be substantially modiÞed by new charged
particles without affecting the gluon-gluon fusion Higgs boson production cross section [9],
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This paper describes the Þrst search for a Higgs boson in the H ! Z! Þnal state at the LHC
in the 120Ð160 GeV mass range, with the Z boson decaying into an electron or a muon pair.
This is a clean Þnal-state topology with an effective mass peak resolution of about 1-3%. To
improve the sensitivity of the search, the selected dilepton-plus-photon events are subdivided
into classes according to their mass resolution and the signal-to-background ratio, for both the
electron and muon channels. The dominant backgrounds consist of the irreducible contribution
from the SM Z ! production, and the reducible backgrounds from Þnal-state-radiation in DrellÐ
Yan or Z decays, and Z plus jets, where a jet is misidentiÞed as a photon. A previous search for
H ! Z! has been performed at the Tevatron for masses above 140 GeV [13].

Results are based on data samples recorded by the CMS experiment corresponding to inte-
grated luminosities of 5.0 fb " 1 at 7 TeV and 19.6 fb" 1 at 8 TeV in proton-proton collisions.

2 The CMS detector

A detailed description of the CMS detector can be found in Ref. [14]. The central feature of
the CMS apparatus is a superconducting solenoid, 13 m in length and 6 m in diameter, which
provides an axial magnetic Þeld of 3.8 T. Within the Þeld volume there are several particle
detection systems. Charged-particle trajectories are measured by silicon pixel and strip track-
ers, covering 0 # " # 2# in azimuth and |$| < 2.5 in pseudorapidity, where $ is deÞned
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Figure 3:The di! erential distribution of the invariantZ! mass (mZ! ) for (a) Higgs bosons withmH = 125 GeV in the
low pTt categories and (b) high-mass spin-0 particles produced via gluonÐgluon fusion and withmX = 1000 GeV,
using the narrow width assumption (NWA). The markers show themZ! distributions and the solid and dotted lines
the Þtted parameterisations used in the searches. The bottom part of the Þgures shows the residuals between the
markers and the parameterisation.

the simultaneous Þt. The parameterisation is done separately for each of the three models considered,
a spin-0 resonance and a spin-2 resonance produced via either gluonÐgluon or quarkÐantiquark initial
states.

Figure3 shows the MC-simulatedmZ! distribution atmH = 125 GeV for the lowpTt categories and at
mX = 1000 GeV. Similar Þt qualities are obtained for all the categories in both searches.

Additionally, the signal e" ciency deÞned as the number of events satisfying all the selection criteria (as
given in Section4) normalised to the total number of events is needed to extract" · B(H/ X ! Z! ) from
the measured yield. For theH ! Z! search, the signal e" ciency times the acceptance in each category
are shown in Table2.2

For the search for high-mass resonances, the signal e" ciency is parameterised as a function of the res-
onance mass with an exponentiated second-order polynomial. Figure4(a) shows the reconstruction and
selection e" ciency forX ! Z(! ##)! events for a spin-0 resonance produced in gluonÐgluon fusion,
separately forZ ! eeandZ ! µµ. The e" ciencies range from about 30% to about 46% in the mass
range from 250 GeV to 2.4 TeV. For a spin-0 resonance produced via vector-boson fusion, the e" ciency
is larger by up to 4% over the full resonance mass range considered. Figure4(b) shows the reconstruction
and selection e" ciency for spin-2 resonances produced via gluonÐgluon and quarkÐantiquark initial states
as a function of the resonance mass. For spin-2 resonances produced in gluonÐgluon (quarkÐantiquark)
initial states, the e" ciencies range from about 22% (28%) to about 35% (54%) in the mass range from

2 The e" ciency di! erence betweenmH = 125 GeV andmH = 125.09 GeV is estimated to be smaller than 1%.
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H → Z!  → ! ll    (l=e, %)                  and             H → ! *!  → ! ll   (l=%) "

$ separation at mll = 50 GeV"

$ 2 leptons and 1 photon"
!
$ Additional categorization in order to increase S/B, di#erent production mode and !

to enhance the peak resolution"

Selection Criteria & Categorization
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Lepton tag 

Dijet tag 
Njets) 2, "
#&jj>3.5, mjj  > 500 GeV

Boosted tag: 
pT! ll  > 60 GeV

Untag categories: 
enhance momentum !
resolution of muon,"
electron and photons
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$ Signal e(ciency 22Ð29%, sensitivity enhancement by categorization 11Ñ18%
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$ Background is Þtted with smoothly falling!
functional forms"
!

$ Pseudo-data are thrown in order to minimize the!
bias of the chosen functional form"

!
!
!
!
!
!
!
$ Signal is modeled with a "

$ Double sided ÒCrystal BallÓ function!
and a Crystal Ball + a Normal distribution!
for the ! *!  and Z! channels

Signal Extraction
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10 4 Signal and background modeling
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Figure 2: Background model Þt to the mµµ! distribution for all event classes for the H ! ! " ! !
µµ! selection. The green and yellow bands represent the 68% and 95% uncertainties in the Þt
to the data.
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Figure 3: Background model Þt to the mee! distribution for untagged 1 (top left), untagged 2
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$ 95% CL upper limit on the SM strength modiÞer placed

Results
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15

130 GeV. Figure 7 shows the combined limit for the H ! Z! ! !! ! channel. The expected331

exclusion limits at 95% conÞdence level are between 9 and 3.8 times the SM cross section and332

the observed limit ßuctuates between about 11 and 6 times the SM cross section.333

Finally, Figure 8 shows the expected limit for each category and the combined limit for both334

channels for mH = 125 GeV. The combined observed (expected) limit is 3.9 (2.0) for a 125 GeV335

Higgs boson decaying to !! ! . After combining both the analyses, H ! ! " ! ! µµ! and336

H ! Z! ! !! ! and considering the background-only hypothesis, the observed p-value at337

mH = 125 GeV is 0.02 which corresponds to around two standard deviations. The combined338

expectedp-value for a SM Higgs boson at mH = 125 GeV is 0.16, corresponding to a signiÞcance339

of around one standard deviation.340

6 Summary341

A search has been performed for a SM Higgs boson decaying into a dilepton and a photon. The342

analysis uses a dataset from proton-proton collisions at a center-of-mass energy of 13 TeV, cor-343

responding to an integrated luminosity of 35.9 fb # 1. No signiÞcant excess has been found and344

the limits on the Higgs production cross section times the corresponding branching fractions at345

the LHC have been derived. The expected exclusion limits at 95% conÞdence level are around346

2.3Ð2.1 (9Ð3) times the SM cross section in the H! ! " ! ! µµ! (H ! Z! ! !! ! ) channel in347

the mass range from 120 and 130 GeV, and the observed limit ßuctuates between about 4 and348

1.4 (11 and 6) times the SM cross section. Finally, the H! ! " ! ! µµ! and H ! Z! ! !! !349

analyses have been combined formH = 125 GeV, obtaining an observed (expected) 95% upper350

limit of 3.9 (2.0) times the standard model cross section.351
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Figure 6: Exclusion limit, at 95% conÞdence level, on the cross section of H! ! " ! ! µµ! as a
function of the Higgs boson mass based on 35.9 fb# 1 of data taken at 13 TeV.
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$ Combination at m H=125 GeV

Combination at mH = 125 GeV
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Figure 8: Exclusion limit, at 95% confidence level, on the cross section of H ! !! ! for a SM
Higgs boson of mH = 125 GeV. The upper limits of each analysis category, as well as their com-
binations, are shown. Black full (empty) circles show the observed (expected) limit. Red circles
show the expected upper limit assuming a SM Higgs boson decaying to !! ! decay channel.
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$ Observed (expected) upper limit !
for %/%SM(H→! ll ) is 3.9 (2.0)"

!
$ corresponding to a p-value !

of ~2%
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NEW

NEW

CMS has a broad program of rare and invisible Higgs searches:"
$ Probing SM Higgs through rare decays, and next generation of particles"

$ Presented H → %% and newly H → Z! and H → ! *! searches"
!

$ Invisible searches may open BSM scenarios:"
$ looking for direct production of invisible Higgs"
$ presented the most sensitive !

channel for SM H →inv !
in the VBF tag"

!
!
!
Observation are in agreement with !
SM theory

Summary

17



Backup



Andrea Carlo Marini 12 March 2018

Selection of the H→Inv in the VBF tag"

$ pTj1 > 80 and GeV, pTj2 > 40 GeV, |&j1|<3 or |&j2|<3"

$ pT
miss > 250 GeV"

$ #$  (pT
miss,jet1..4) > 0.5"

$ #&(j1,j2) > 1.0, mjj  > 200 GeV, #$ (j1,j2) < 1.5!

shape analysis based on mjj  
$ cut & count,!

#&(j1,j2) > 4.0, mjj  > 1.3 TeV, #$ (j1,j2) < 1.5"
!
!
$ Lepton veto (reduce W+jets):"

$ pT 
e,% > 10 GeV |&%(e)|<2.4 (2.5), pT 

" h > 18 GeV |&|<2.3"
!
$ Photon veto (reduce ! +jets and V! ):"

$ pT!  > 15 GeV, |&! |<2.5"
!

$ B-jet veto (reduce ttbar):"
$ pT

b > 20 GeV, |&b|<2.4

Selection in the VBF tag
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$ H → Z!  → ! ll    (l=e, %)"

$ pT
%1(e1) > 20 (25) GeV, pT

%2(e2) > 5 (10) GeV, |&%(e)| < 2.4 (2.5)"
$ pT!  > 30 GeV , |&! | < 2.5)"

$ mll > 50 GeV, mll+mll ! > 185 GeV, pT! /mll !  > 15/110 "
!

$ Additional categorization in order to increase S/B, di#erent production mode and !
to enhance the peak resolution"

Selection Criteria & Categorization
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Lepton tag: 
pT

% > 7 GeV or pT
e > 7 GeV

Dijet tag: 
Njets)2,p Tj>30GeV,|&j|<4.7"

#&jj>3.5,|&! ll-(&j1+&j2)/2|<2.5"

mjj  > 500 GeV, #$ (! ll,jj )>2.4 

Boosted tag: 
pT! ll  > 60 GeV

4 untag categories: 
enhance momentum !
resolution of muon,"
electron and photons
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$ Signal e(ciency ~29%(~22%) for %  (e), sensitivity enhancement by categorization ~18%
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$  H → ! *!  → ! ll   (l=%)  "

$ pT
% > 20 (4) GeV"

$ mll < 50 GeV"

$ J/' and Y resonances are excluded (2.9<m %%<3.3 GeV, 9.3<m%%<9.7 GeV) 

Selection and Categorization

21

3 untag categories: 
enhance momentum !
resolution of the muons,"
and the photon

Dijet tag: 
Njets)2,p Tj>30GeV,|&j|<4.7"

#&jj>3.5,|&! ll-(&j1+&j2)/2|<2.5"

mjj  > 500 GeV, #$ (! ll,jj )>2.4

$ Signal e(ciency ~26%, sensitivity enhancement by categorization ~11%
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$ PreÞt uncertainties for H → Z! and H → ! *!

Systematic Uncertainties

22

14 5 Results

Table 4: Sources of systematic uncertainties considered in the H! Z! ! !! ! and H ! ! " ! !
µµ! analyses. The pre-Þt values of the nuisance parameters are shown averaged over all the
categories in the analysis in the second column which either affect the normalization of the
simulated signal event yields or the mean and resolution of m!! ! .

Sources H ! Z! ! !! ! H ! ! " ! ! µµ!
Theory
- Gluon-gluon fusion cross section (scale) 3.9% 3.9%
- Gluon-gluon fusion cross section (PDF) 3.2% 3.2%
- Vector boson fusion cross section (scale) +0.4% -0.3% +0.4% -0.3%
- Vector boson fusion cross section (PDF) 2.1% 2.1%
- W associate production (scale) +0.5% -0.7% +0.5% -0.7%
- W associate production (PDF) 1.9% 1.9%
- Z associate production (scale) +3.8% -3.1% +3.8% -3.1%
- Z associate production (PDF) 1.6% 1.6%
- Top pair associate production (scale) +5.8% -9.2% n.a.
- Top pair associate production (PDF) 3.6% n.a.
Underlying Event/Parton Shower
- Muon 3% 4.7%
- Electron 3% n.a.
Branching fraction 5.7% 6%
Luminosity 2.5% 2.5%
Lepton identiÞcation (ID) and isolation
- Muon channel 0.6% 2%
- Electron channel 1.2% n.a.
Photon identiÞcation (ID) and isolation
- Muon channel 2.3% 1.6%
- Electron channel 2.2% n.a.
Pileup reweighting
- Muon channel 0.6% 0.3%
- Electron channel 0.9% n.a.
R9 reweighting
- Muon channel 6.5% 9%
- Electron channel 6.8% n.a.
Trigger
- Muon 1.3% 4%
- Electron 1% n.a.
Energy/Momentum Ð muon channel
- signal mean 0.04% 0.08%
- signal resolution 4% 5%
Energy Ð electron channel
- signal mean 0.15% n.a.
- signal resolution 4% n.a.
Jet energy scale
- Muon 2.5% 3.8%
- Electron 2.7% n.a.
Jet energy resolution
- Muon 0.3% 0.7%
- Electron 0.3% n.a.

The expected and observed exclusion limits at 95% conÞdence level for the process H! ! " ! !327

µµ! are shown in Figure 6. The expected limits are between 2.3 and 2.1 times the SM cross328

section and the observed limit ßuctuates between about 4 and 1.4 times the standard model329

cross section. The limits are calculated at 1 GeV intervals in the mass range of 120< mH <330



Andrea Carlo Marini 12 March 2018

$ Dominant uncertainties for H inv VBF

Systematic Uncertainties

23

6.3 Minor backgrounds 9

Table 2: Experimental and theoretical sources of systematic uncertainties applied on the V+ jets
transfer factors, which enter in the simultaneous Þt used to estimate V + jets (QCD) and
V+ jets (EW) backgrounds as constrained nuisance parameters. In addition, the impact on the
Þtted signal strength, ! B(H ! inv )/ ! SM, is also reported in the last column after perfoming
the mjj shape analysis Þt to the observed data across signal and control regions.

Source of uncertainty Ratios Uncertainty vs mjj Impact on ! B(H ! inv )/ ! SM

Theoretical uncertainties
Renorm. scale V+ jets (EW) Z("" )/ W(! " ) (EW) 9Ð12% 48%
Renorm. scale V+ jets (QCD) Z("" )/ W(! " ) (QCD) 9Ð12% 23%
Fact. scale V+ jets (EW) Z("" )/ W(! " ) (EW) 2Ð7% 4%
Fact. scale V+ jets (QCD) Z("" )/ W(! " ) (QCD) 2Ð7% 2%
NLO EW corr. Z("" )/ W(! " ) (QCD) 1Ð2% < 1%
PDF V+ jets (QCD) Z("" )/ W(! " ) (QCD) 0.5Ð1% < 1%
PDF V+ jets (EW) Z("" )/ W(! " ) (EW) 0.5Ð1% < 1%

Experimental uncertainties
pmiss

T trigger All ratios ⇡ 2% 18%
Muon id. eff. W(µ" )/ W(! " ), Z(µµ)/ Z("" ) ⇡ 1% (per leg) 8%
Muon reco. eff. W(µ" )/ W(! " ), Z(µµ)/ Z("" ) ⇡ 1% (per leg) 8%
Ele. id. eff. W(e" )/ W(! " ), Z(ee)/ Z("" ) ⇡ 1.5% (per leg) 4%
Ele. reco. eff. W(e" )/ W(! " ), Z(ee)/ Z("" ) ⇡ 1% (per leg) 3%
# veto W(CRs)/ W(! " ), Z("" )/ W(! " ) ⇡ 3.5 (3)% for EW (QCD) 13%
Muon veto W(CRs)/ W(! " ), Z("" )/ W(! " ) ⇡ 2.5 (2)% for EW (QCD) 7%
Ele. veto W(CRs)/ W(! " ), Z("" )/ W(! " ) ⇡ 1.5 (1)% for EW (QCD) 5%
Jet energy scale Z(CRs)/ Z("" ), W(CRs)/ W(! " ) ⇡ 1 (2)% for Z/Z (W/W) 2%
Ele. trigger W(e" )/ W(! " ), Z(ee)/ Z("" ) ⇡ 1% < 1%

genuine pmiss
T . However, jet mismeasurement and instrumental effects may give rise to large325

pmiss
T tails. A ! $ extrapolation method [52] is used to estimate this background from data,326

where a QCD multijet enriched control sample is obtained by selecting events that fail the ! $327

requirement between the jets and the pmiss
T vector, but still fulÞll the remaining event selection328

criteria. A transfer factor is derived from simulated QCD multijet events and is used to estimate329

the background in the signal region from the event rate measured in the low- ! $ control sample.330

The low- ! $ region contains a signiÞcant contamination from V + jets backgrounds, which have331

genuine pmiss
T . They contribute about 40% in the total event yield for mjj smaller than 500 GeV,332

and about 80% for mjj > 3 TeV. This contamination is estimated from simulation and subtracted333

from the event yield measured in the low- ! $ sample. An uncertainty of 20% is assigned while334

performing the subtraction, which results in an uncertainty of about 30% in the estimated QCD335

multijet background in the signal region. The MC statistical uncertainty of the QCD multijet336

samples, which affects the transfer factor prediction, is also considered and is found to vary337

between 40Ð100% as a function ofmjj. Lastly, a validation of this ! $ method is performed using338

an purer sample of QCD multijet events that pass the analysis requirements but have pmiss
T in339

the range between 100Ð175 GeV. In this validation region, the predicted QCD background is340

found to agree with the observation within 50%, which is taken as an additional conservative341

source of uncertainty.342

The remaining background sources include top quark production and diboson (VV) processes,343

which are estimated directly from simulation. The pT distribution of the top quark in simulated344

events is corrected to match the observed pT distribution in data [53]. An uncertainty of about345

10% is assigned to the overall top quark background normalization, while an additional 10%346

uncertainty is added to account for the modelling of the top quark pT distribution in simulation.347

The overall normalization of the diboson background has an uncertainty of about 15% [54, 55].348

The uncertainties in the top quark and diboson backgrounds are correlated across signal and349

control samples. Moreover, several experimental sources of uncertainty are assigned to the350

backgrounds estimated from simulation. An uncertainty of 2.5% in the integrated luminosity351
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