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Introduc-on	  -‐	  Mo-va-on	  
•  Observed	  H(125)	  an	  excellent	  opportunity	  to	  look	  for	  new	  physics	  at	  LHC	  	  	  

•  Branching	  frac-on	  (BF)	  of	  Higgs	  to	  beyond-‐the	  Standard	  Model	  (BSM)	  
par-cles	  constrained	  by	  fits	  of	  coupling	  constants	  to	  SM	  par-cles	  

•  BF(h	  →	  BSM)	  up	  to	  O(50%)	  depending	  on	  Higgs	  produc-on	  cross	  
sec-on	  

•  Small	  total	  width	  of	  Higgs	  (≈4	  MeV)	  means	  even	  a	  small	  BSM	  coupling	  
can	  translate	  into	  detectable	  signature	  

•  Current	  precision	  of	  measurements	  of	  couplings	  to	  SM	  par-cles	  
leaves	  ample	  room	  for	  BSM	  physics	  	  

•  Explicit	  search	  for	  (BSM)	  Exo-c	  Higgs	  boson	  decays	  presents	  an	  
alterna-ve	  opportunity	  for	  discovery	  of	  BSM	  physics	  

•  provide	  the	  best	  window	  on	  dark	  maUer	  
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Outline	  
Exo,c	  Higgs	  boson	  decays	  with	  ATLAS	  and	  CMS	  
•  Decays	  to	  dark	  vector	  bosons	  –	  Zdark	  (Zd)	  

–  H→Z(d)Zd→4l	  (ATLAS)	  
•  Lepton	  Flavor	  Viola-ng	  (LFV)	  decays	  

–  H→μτe,	  μτh	  (CMS)	  
–  H→μτhad	  (ATLAS)	  	  

•  Flavor	  Changing	  Neutral	  Current	  (FCNC)	  decays	  
–  t	  →qH	  (H→γγ)	  	  (ATLAS)	  
–  t	  →qH	  (H→γγ)	  (CMS)	  
–  t	  →ch	  (mul,-‐lepton+di-‐photon)	  (CMS)	  

•  Decays	  to	  a	  light	  pseudoscalar	  neutral	  Higgs	  boson	  (α)	  as	  in	  NMSSM	  
–  Η→αα→2μ2τ	  	  (ATLAS)*	  
–  Η→αα→4γ	  	  (ATLAS)	  	  
–  Η→αα→4μ	  (CMS)**	  

•  Exo-c	  Higgs	  decays	  to	  Photon+MET	  	  
–  (VBF)	  H→{1	  or	  2γ}	  +	  ETmiss	  (ATLAS)***	  
–  H→{1	  or	  2γ}	  +	  ETmiss	  	  (CMS)	  

•  Run-‐2	  prospects	  	  
•  Conclusions	  
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See	  also	  at	  this	  conference:	  	  
*	  Poster:	  B.	  Kaplan	  (ATLAS)	  	  
**	  Talk:	  A.	  Mohammadi	  (CMS)	  
***	  Poster:	  C.	  Bernius	  (ATLAS)	  



H	  →Z(d)Zd→4l	  (ATLAS)	  	  
ATLAS	  (8	  TeV)	  

arXiv:1505.07645	  
	  Submi<ed	  to	  PRD	  	  

Look	  for	  excess	  in	  m34	  
m12	  closest	  to	  mZ	  	  

Based	  on	  SM	  Higgs	  to	  4l	  analysis	  	  

Look	  for	  excess	  in	  mll	  
|m12-‐m34|=min	  

Higgs	  as	  a	  portal	  to	  the	  hidden/dark	  sector	  	  

Light	  exo-c	  gauge	  boson	  Zd:	  mZd<mZ	  	  

115	  GeV	  <m4l	  <130	  GeV	  

cosmic-ray muons, the impact parameter in the bending plane (d0) is required to be within 1 mm of the
primary vertex.

In order to avoid double-counting of leptons, an overlap removal procedure is applied. If two reconstruc-
ted electron candidates share the same ID track or are too close to each other in η and φ (∆R < 0.1), the
one with the highest transverse energy deposit in the calorimeter is kept. An electron within ∆R = 0.2 of a
muon candidate is removed, and a calorimeter-based reconstructed muon within ∆R = 0.2 of an electron
is removed.

Once the leptons have been selected with the aforementioned basic identification and kinematic require-
ments, events with at least four selected leptons are kept. All possible combinations of four leptons
(quadruplets) containing two same-flavor, opposite-charge sign (SFOS) leptons, are made. The selected
leptons are ordered by decreasing transverse momentum and the three highest-pT leptons should have
respectively pT > 20 GeV, pT > 15 GeV and pT > 10 GeV. It is then required that one (two) leptons
match the single-lepton (dilepton) trigger objects. The leptons within each quadruplet are then ordered in
SFOS pairs, and denoted 1 to 4, indices 1 and 2 being for the first pair, 3 and 4 for the second pair.

5 H → ZZd → 4!

5.1 Search strategy

The H → ZZd → 4# search is conducted with the same sample of selected 4# events as used in Refs. [23,
24] with the four-lepton invariant mass requirement of 115 < m4# < 130 GeV. This collection of events
is referred to as the 4# sample. The invariant mass of the opposite-sign, same-flavor pair closest to the
Z-boson pole mass of 91.2 GeV [83] is denoted m12. The invariant mass of the remaining dilepton pair
is defined as m34. The H → 4# yield, denoted n(H → 4#), is determined by subtracting the relevant
backgrounds from the 4# sample as shown in Eq. (1):

n(H → 4#) =n(4#) − n(ZZ∗) − n(t  t) − n(Z + jets). (1)

The other backgrounds from WW , WZ, ZJ/ψ and ZΥ are negligible and not considered.

The search is performed by inspecting the m34 mass spectrum and testing for a local excess consistent
with the decay of a narrow Zd resonance. This is accomplished through a template fit of the m34 dis-
tribution, using histogram-based templates of the H → ZZd → 4# signal and backgrounds. The signal
template is obtained from simulation and is described in Sec. 5.2. The m34 distributions and the expected
normalizations of the t  t and Z+jets backgrounds, along with the m34 distributions of the H → ZZ∗ → 4#
background, are determined as described in Sec. 5.4. The pre-fit signal and H → ZZ∗ → 4# background
event yields are set equal to the H → 4# observed yield given by Eq. (1). The expected yields for the 4#
sample are shown in Table 1.

In the absence of any significant local excess, the search can be used to constrain a relative branching
ratio RB, defined as:

6

BGs:	  H→ZZ*→4l	  determined	  from	  data,	  ZZ*	  (MC),	  U	  ̄,	  Z+jets	  (DD)	  	  	  

BGs:	  (MC)	  H→ZZ*→4l,	  ZZ*→4l	  
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mll<mH/2	  

mΖd-‐mll<δm=	  5/3/4.5	  GeV	  -‐	  4e/4μ/2e2μ	  	  

Model	  independent	  analysis	  



H→Z(d)Zd→4l	  (ATLAS)	  	  

95%	  CL	  limits:	  BR(H→ZZd→4l)	  <	  	  (1-‐9)	  ×	  10−5	  

95%	  CL	  limits:	  RB	  <	  0.4	  (0.2)	  
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leptons (quadruplets) containing two same-flavor,288

opposite sign (SFOS) leptons, are made.289

V. H ! ZZd ! 4`290

A. Search strategy291

The H ! ZZd ! 4` search is conducted with292

the same sample of 4` events selected by the H !293

ZZ⇤ ! 4` measurements [26, 27]. This collection294

of events is referred to as the 4` sample, and m
12

295

is defined as the invariant mass of the opposite-296

sign, same-flavor pair with an invariant mass clos-297

est to the PDG value of Z-boson pole mass of 91.2298

GeV [79]; then the invariant mass of the remain-299

ing dilepton pair is defined as m
34

. The H ! 4`300

sample is defined as the subset of the 4` sample301

after the subtraction of the backgrounds as shown302

in Eq. (1):303

n(H ! 4`) = n(4`)�n(ZZ⇤)�n(tt̄+Z+jets) ⌘ N
(1)

The search is performed by inspecting the m
34

304

mass spectrum, testing for a local excess consistent305

with the decay of a narrow Zd resonance. This is306

accomplished through a template fit of them
34

dis-307

tribution, using histogram-based templates of the308

H ! ZZd ! 4` signal and backgrounds. The sig-309

nal template is obtained from the simulation and310

is described in Section VC. The m
34

distributions311

and the pre-fit normalizations of the tt̄ and Z+jets312

backgrounds, along with the m
34

distributions of313

the H ! ZZ⇤ ! 4` background, are determined314

as described in Section VD. The estimated pre-fit315

yields for the 4` sample are shown in Table I. The316

quantity of interest is the relative branching ratio317

RB , defined as:318

RB =
BR(H ! ZZd ! 4`)

BR(H ! 4`)

=
BR(H ! ZZd ! 4`)

BR(H ! ZZd ! 4`) +BR(H ! ZZ⇤ ! 4`)
(2)

where RB is zero in the Standard Model. A likeli-319

hood function (L) is defined as a product of Pois-320

son probability densities (P) in each bin (i) of the321

m
34

distribution, and is used to obtain a measure-322

ment of RB :323

L(⇢, µH , ⌫) =
NbinsY

i=0

P(nobs

i |nexp

i )

=
NbinsY

i=0

P(nobs

i |µH ⇥ (nZ⇤

i + ⇢⇥ nZd
i ) + bi(⌫))

(3)

where µH is the normalization of the H ! ZZ⇤ !324

4` background, ⇢ the parameter of interest, ⇢⇥µH325

the strength of the H ! ZZd ! 4` signal, and326

⌫ represents the systematic uncertainties on the327

background estimates that are treated as nuisance328

parameters. The likelihood to observe the yield329

in some bin, nobs

i , given the expected yield, nexp

i ,330

is then a function of the expected yields of H !331

ZZd ! 4` (µH ⇥ ⇢ ⇥ nZd
i ) and H ! ZZ⇤ ! 4`332

(µH ⇥ nZ⇤

i ), and the contributions of backgrounds333

bi(⌫).334

An upper bound on ⇢ is obtained from the335

binned likelihood fit to the data, and used in Eq.(2)336

to obtain a measurement of RB , taking into ac-337

count the detector acceptance (A) and reconstruc-338

tion e�ciency ("):339

RB =
⇢⇥ µH ⇥N

⇢⇥ µH ⇥N + C ⇥ µH ⇥N

=
⇢

⇢+ C
(4)

where C is the ratio of the products of the ac-
ceptances and reconstruction e�ciencies of H !
ZZd ! 4` to H ! ZZ⇤ ! 4`:

C =
AZZd ⇥ "ZZd

AZZ⇤ ⇥ "ZZ⇤
. (5)

The acceptance is defined as the fraction of gen-340

erated events that are within a fiducial volume,341

defined by applying the p
T

> 6 (7) GeV and342

|⌘| < 2.7 (2.47) requirements used in this search343

to muons (electrons) selected at the particle level.344

The reconstruction e�ciency is defined as the frac-345

tion of events within the fiducial volume that are346

reconstructed and selected as part of the 4` signal347

sample.348

B. Event Selection349

The object and event selection follow the ap-350

proach used for the H ! ZZ⇤ ! 4` measure-351

ments [26, 27]. The Higgs boson candidate is352

formed by selecting two pairs of SFOS leptons.353

The value of m
12

is required to be between 50 GeV354

and 106 GeV. The value of m
34

is required to be355

Observed	  data	  well	  described	  by	  SM	  expectaHon=>Upper	  limits	  set	  
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• Renormalization and factorization scales and647

PDF+↵s uncertainties on the backgrounds648

that are normalized with their theory cross649

sections, namely, H ! ZZ⇤, ZZ, WZ. For650

H ! ZZ⇤, the scale and PDF uncertainties651

in ggF, VBF, V H and tt̄H productions are652

taken from Refs. [85–87].653

• Limited MC statistical uncertainties in the654

tt̄, Z+jets, Z+Quarkonia and WW/WZ.655

• The luminosity uncertainty of 2.8% is applied656

to all signal yields, as well as to the back-657

ground yields that are normalized with their658

theory cross sections.659

• The detector systematics uncertainties due660

to uncertainties in the electron and muon661

identification e�ciencies are estimated662

within the acceptance of the signal region663

requirements. There are several components664

to these uncertainties. For the muons,665

uncertainties in the reconstruction, identifi-666

cation e�ciency and momentum resolution667

and scale are included. For the electrons,668

uncertainties in the reconstruction, iden-669

tification e�ciency, isolation and impact670

parameter significance requirement, energy671

scale and energy resolution are considered.672

These amount to ⇠ 6.5/2.6/3.2% on the673

signal and background yields in final states674

4e/4µ/2e2µ.675

E. Results and interpretation676

Figure 8 shows the distributions of the Dilepton677

invariant mass (for m
12

and m
34

combined) and678

absolute mass di↵erence �m = |m
12

�m
34

| after679

the loose signal region requirements. Four data680

events pass the loose signal region requirements,681

one in the 4e channel, two in the 4µ channel and682

one in the 2e2µ channel. The data event in the 4e683

channel has a low �m and passes the tight signal684

region requirements with 23.5  mZd  26.5 GeV685

as shown in Table V: the local significance (the686

Poisson probability of observing nd data events687

when nb events are expected) of this event is about688

1.4�. The dilepton masses of the data events are689

21.8 GeV and 28.1 GeV as shown in Fig. 8. One690

of the two 4µ events also has a low �m and passes691

the signal region selection with 20.5  mZd 692

21.0 GeV and a local significance of about 1.3�.693

The dilepton masses of the data event are 23.2 GeV694

and 18.0 GeV as shown in Fig. 8. The other 4µ695

event and the 2e2µ event have a large �m and fail696

the tight signal region requirements. In the mZd697

range of 15 to 30 GeV where four data events pass698

the loose signal region requirements, histogram in-699

terpolation [80] is used in the step of 0.5 GeV to700

obtain the signal acceptances and e�ciencies at the701

hypothesized mZd where there are no simulations702

of H ! ZdZd ! 4`. The expected numbers of703

signal, background and data events, after apply-704

ing all the signal region cuts including the dilepton705

mass dependent cut are shown in Table V. For each706

hypothesized mZd , the upper limits are computed707

from a maximum likelihood fit to the of numbers708

data and expected signal and backgrounds event709

in the tight signal regions, following the CLs mod-710

ified frequentist formalism [81, 82] with the profile711

likelihood test statistic [83]. The nuisance parame-712

ters associated to the systematic uncertainties de-713

scribed in Section VID are profiled. The parame-714

ter of interest in fit is signal strength µd defined as715

the ratio of the H ! ZdZd ! 4` rate relative to716

the SM H ! ZZ⇤ ! 4` rate:717

µd =
� ⇥BR(H ! ZdZd ! 4`)

[� ⇥BR(H ! ZZ⇤ ! 4`)]
SM

. (10)

The systematic uncertainties in the electron and718

muon identification e�ciencies, renormalization719

and factorization scales and PDF are 100% cor-720

related between the signal and backgrounds. Be-721

cause of the low number of event counts, the toy722

MC is used to computed the 95% CL upper bound723

µd in each of the final states and their combi-724

nation, and for each of the hypothesized mZd .725

The 95% confidence level upper bounds on the726

H ! ZdZd ! 4` rates are shown in Fig. 9 relative727

to the SM Higgs boson process H ! ZZ⇤ ! 4` as728

a function of the hypothesized mZd for the com-729

bination of the three final states 4e, 2e2µ and 4µ.730

731

The simplest benchmark model is the SM plus732

a dark vector boson and a dark Higgs boson as733

discussed in Ref. [6], where the branching ratio734

of Zd ! `` is given as a function of mZd . This735

can be used to convert the measurement of the736

upper bound on the signal strength µd into an up-737

per bound on the branching ratio BR(H ! ZdZd)738

assuming the SM Higgs boson production cross-739

section. Figure 10 shows the 95% CL upper limit740

on the branching ratio of H ! ZdZd as a function741

of mZd using the combined µd of the three final742

states. The weaker bound at higher mZd is due to743

the fact that the branching ratio Zd ! `` drops744

slightly at higher mZd [6]. The H ! ZdZd decay745

can be used to obtain a mZd -dependent limit on746

an e↵ective Higgs mixing parameter  [6]:747

 = ⇣ ⇥ m2

H

|m2

H �m2

S |
, (11)

H→ZZd→4l	  	   H→ZdZd→4l	  	  

2	  (4e,	  4μ)	  observed	  events	  with	  significance	  1.7	  σ	  

95%	  CL	  limits	  BR(H→ZdZd→4l):	  	  (2-‐3)	  ×	  10−5	  	  



Lepton	  Flavor	  Viola,ng	  (LFV)	  decays	  	  
H→μτe,	  H→μτh	  (CMS)	  

•  Direct	  LFV	  search	  in	  H→μτe,	  H→μτh	  (MH	  =	  125	  GeV)	  	  
•  LFV	  decays	  can	  occur	  in	  models	  with	  more	  than	  one	  Higgs	  doublet,	  in	  

supersymmetric	  models,	  composite	  Higgs	  boson	  models,	  models	  with	  flavor	  
symmetries,	  Randall–Sundrum	  models	  etc.	  	  

•  Each	  channel	  is	  separated	  into	  0,	  1,	  and	  2	  jet	  categories:	  gg,	  VBF	  H-‐produc-ons	  

Two'Channels'each'with'three'Categories'

•  Two channels are studied: H!τhadµ and H!τeµ 
•  Each channel is separated into 0, 1, and 2 jet categories 

–  0 and 1 jet corresponds to GG Higgs production 
    2 jet corresponds to VBF Higgs production 

6 

Similar	  signatures	  with	  SM	  H→τμτe,	  H→τμτh	  
•	  	  Muon	  prompt	  -‐	  higher	  momentum	  than	  in	  SM	  	  
•	  	  Fewer	  neutrinos	  give	  different	  missing	  energy	  
and	  topology	  	  

•  collinear	  with	  the	  τ	  decay	  products	  	  

H	  →	  μτe	  	  
•  Dominant	  background:	  Z→	  τμτe	  	  
•  Other	  backgrounds:	  jets	  faking	  

leptons	  in	  W+jets,	  QCD	  mul--‐jets	  
and	  U	  ̄+jets	  	  

H	  →	  μτh	  	  
•  Dominant	  background:	  jets	  faking	  τ	  in	  W+jets,	  QCD	  

mul--‐jet	  and	  U	  ̄+jets	  	  
•  Other	  backgrounds:	  Z→	  ττ,	  Z	  +	  jets	  and	  U	  ̄+jets	  
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Lepton	  Flavor	  Viola,ng	  (LFV)	  decays	  	  
H→μτe,	  H→μτh	  (CMS)	  	  	  

•  A	  slight	  excess	  of	  signal	  events	  -‐	  s-ll	  consistent	  
within	  background	  uncertain-es	  	  	  
•  significance	  of	  2.4	  standard	  devia-ons	  

•  Best	  fit	  branching	  frac-on	  	  
•  B(H	  →	  μτ)	  =	  (0.84	  +0.39	  -‐0.37	  )%	  	  

•  Constraint	  on	  the	  branching	  frac-on	  	  
•  B(H	  →	  μτ)	  <	  1.51	  (0.75)%	  at	  95%	  CL	  

•  BR	  limit	  <1.51%	  constrain	  the	  μ-‐τ	  Yukawa	  
couplings	  <3.6x10-‐3	  	  

•  It	  improves	  the	  indirect	  current	  bound	  by	  
an	  order	  of	  magnitude.	  	  
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All	  categories	  combined,	  each	  category	  weighted	  by	  significance	  (S/(S	  +	  B))	  

Post-‐Fit	  Mcol	  
100	  <	  Mcol	  <	  150	  GeV	  	  

LFV	  B(H	  →	  μτ)	  =	  0.84%	  	  

H→eτ,	  H→eμ	  will	  be	  published	  soon!	  



Lepton	  Flavor	  Viola,ng	  (LFV)	  	  
decays	  H→μτhad	  (ATLAS)	  

ATLAS	  (8	  TeV)	  
HIGG-‐2014-‐08	  
To	  be	  submi<ed	  to	  JHEP	  

No	  significant	  excess	  of	  data	  over	  SM	  BGs	  
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95%	  CL	  Br(H→μτhad)	  obs	  (exp.)	  <	  1.85%	  (1.24	  	  +0.50	  	  -‐0.35)%	  	  	  

Best	  fit	  Br(H→μτhad)	  =	  (0.77±0.62)%	  	  

Post-‐fit	  	  
110	  GeV	  Mμτ

MMC	  <	  150	  GeV	  	  

Backgrounds:	  
•  μ+τhad:	  irr.	  Z/γ*→ττ	  (dominant	  in	  SR2),	  VV→μτ+Χ	  

(V=W,Z),	  U	  ̄,	  single-‐top,	  SM	  H→ττ	  
•  fake	  τhad:	  W+jets	  (dominant	  in	  SR1),	  QCD	  mul--‐

jet,	  VV,	  U	  ̄,	  t,	  Z→μμ+jets	  	  

Small	  excess	  found	  in	  SR2	  	  
120	  GeV	  <	  Mμτ

MMC	  <	  140	  GeV	  	  =>	  significance	  2.2	  σ	  	  
SR1+SR2	  =>	  combined	  significance	  1.3	  σ	  

Signal	  regions	  (SR1,	  SR2)	  defined	  as:	  	  
•  SR1:	  mT(μ,	  ETmiss)	  >	  40	  GeV,	  mT(τhad,	  ETmiss)	  <	  40	  GeV	  
•  SR2:	  mT(μ,	  ETmiss)	  <	  30	  GeV,	  mT(τhad,	  ETmiss)	  <	  60	  GeV	  



Flavor	  Changing	  Neutral	  Current	  (FCNC)	  	  
decays	  t→qH	  (H→γγ)	  	  (ATLAS)	  

ATLAS	  (7+8	  TeV)	  	  
JHEP06(2014)008	  

•  FCNC	  involving	  light	  u/c	  quark	  highly	  suppressed	  in	  the	  SM,	  Br≈10-‐15	  
•  Might	  be	  enhanced	  by	  several	  orders	  of	  magnitude	  in	  BSM,	  up	  to	  ≈10-‐3	  
•  LHC	  is	  a	  top	  factory	  :	  can	  search	  for	  rare	  decays	  with	  high	  sensi-vity	  	  
•  H	  →	  γγ	  appears	  as	  the	  most	  sensi-ve	  mode:	  large	  number	  of	  events,	  clean	  signature	  	  

•  Start	  from	  standard	  H	  →	  γγ	  selec-on	  
•  	  ≥	  2	  -ght-‐isolated	  leading	  (sub-‐

leading)	  γ,	  ET>40	  GeV	  (30	  GeV)	  
•  Enrich	  the	  U	  ̄topology	  
•  BGs	  (non-‐resonant)	  :	  di-‐photon,	  U	  ̄,	  W	  prod.	  	  

•  t→qH,	  H(125)	  
•  t→bW,	  W	  decays:	  	  

•  hadronically	  (7+8	  TeV):	  ≥	  4	  jets,	  ≥	  1	  b-‐tag,	  top	  
invariant	  mass	  cuts	  (γγj	  and	  jjj)	  

•  leptonically	  (8	  TeV):	  1	  lepton,	  ≥	  2	  jets,	  mT>30	  GeV,	  
≥	  1	  b-‐tag,	  invariant	  mass	  cuts	  (γγj	  and	  lνj)	  
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Analyse	  the	  γγ	  invariant	  mass	  distribu-on	  (SM	  H→γγ	  analysis)	  	  
mγγ	  hadronic	  selec-on	  	  

mγγ	  discrimina-ng	  variable	  in	  the	  fit	  	  	  

•  Hadronic	  channel:	  m1=mγγj,	  m2=mjjj	  	  
•  m1:	  [156-‐191]	  GeV,	  m2:	  [130-‐210]	  GeV	  

•  Leptonic	  channel:	  m1=mγγj,	  m2=mlνj	  	  
•  m1:	  [156-‐191	  GeV],	  m2:	  [135-‐205]	  GeV	  	  	  



Flavor	  Changing	  Neutral	  Current	  (FCNC)	  decays	  
t→qH	  (H→γγ)	  	  (ATLAS)	  

95%	  CL	  Limit	  on	  Br:	  Br	  <	  0.79	  (0.51)%	  	  

Fixing	  mH	  =	  125.5	  GeV	  	  

FiUed	  branching	  ra-o	  (Br)	  t→c(u)H:	  	  
Br=	  0.22 	  +0.31	  -‐0.26	  	  %	  

corresponding	  to	  a	  signal	  yield	  of	  	  

Ns	  =	  3.1 	  +4.3	  -‐3.7	  

corresponding	  to	  a	  limit	  on	  the	  λtqH	  coupling	  :	  	  

	  <	  1.92	  √Br	  <	  0.17	  (0.14	  expected)	  

to	  be	  compared	  to	  top	  quark	  Yukawa	  coupling	  λUH	  ~	  1	  	  

For	  H	  ~	  HSM	  and	  B(t	  →	  cH)	  =	  1%	  	  
No	  significant	  excess	  found	  	  
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the hadronic selection, or two jets (at least one b-tagged), Emiss
T and an isolated lepton for

the leptonic selection, plus kinematic conditions designed to enhance the fraction of events

with a tt topology.

A sideband technique was used to constrain the background, and an expected upper

limit on the t → cH decay branching ratio in the absence of signal of 0.51% was calculated.

No statistically significant excess was observed in the data, and a limit of 0.79% was set at

the 95% confidence level for mH = 125.5 GeV. From this limit, an upper limit on the λtcH

coupling of 0.17 was obtained, with an expected value of 0.14. As the analysis is equally

sensitive to the t → uH and t → cH modes, the limit obtained can more generally be

expressed as
√

λ2
tcH + λ2

tuH < 0.17.
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Flavor	  Changing	  Neutral	  Current	  (FCNC)	  	  
decays	  t→q(c,u)H	  (H→γγ)	  (CMS)	  

CMS	  (8TeV)	  	  
CMS-‐PAS-‐TOP-‐14-‐019	  	  
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No	  significant	  excess	  observed	  

Observed	  (Expected)	  95%	  CL	  limit	  B	  t→cH:	  0.47	  (0.71)%	  
Observed	  (Expected)	  95%	  CL	  limit	  B	  t→uH:	  0.42	  (0.65)%	  

•  Analysis:	  H→γγ	  cut	  based	  photon	  selec-on	  criteria	  
•  Hadronic/leptonic	  channels:	  ≥4	  jets,	  1	  b-‐tagged/	  ≥	  1	  lepton	  (e	  or	  μ),	  

≥	  2	  jets,	  1	  b-‐tagged	  	  

•  Resonant	  diphoton	  backgrounds:	  SM-‐H	  (γγ)(MC-‐UH)	  
•  Non-‐resonant	  diphoton	  backgrounds:	  fit	  to	  data	  
•  100	  GeV	  ≤	  Mγγ	  ≤	  180	  GeV	  
•  B	  (t	  →	  c,u	  H)	  =	  1%	  	  	  
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Figure 3: Signal strength at 95% CL as a function of the branching fraction B for t ! cH of the
hadronic (top left), leptonic (middle left), and combined (bottom left) channels. Signal strength
at 95% CL as a function of the branching fraction B for t ! uH of the hadronic (top right),
leptonic (middle right), and combined (bottom right) channels.

6 6 Systematic Uncertainties
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Figure 1: Selected Mgg distribution of data and fit result of the hadronic channel. The blue
dashed line represents the component of the non-resonant diphoton background while the
blue solid line represents the total background. The green and yellow areas represent the re-
gions within one and two standard deviations of the non-resonant diphoton background fit,
respectively.
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Figure 2: Selected Mgg distribution of data and fit result of the leptonic channel. The blue
dashed line represents the component of the non-resonant diphoton background while the
blue solid line represents the total background. The green and yellow areas represent the re-
gions within one and two standard deviations of the non-resonant diphoton background fit,
respectively.

Hadronic	  channel	  
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Flavor	  Changing	  Neutral	  Current	  (FCNC)	  	  
decays	  t→ch	  (mul,-‐lepton+di-‐photon)	  (CMS)	  

CMS	  (8TeV)	  	  
arXiv:1410.2751v2	  
CMS-‐PAS-‐HIG-‐13-‐034	  	  

Mul--‐channel	  coun-ng	  experiment	  approach:	  	  	  

•  Mul--‐lepton	  event:	  >=	  3	  isolated	  and	  prompt	  leptons	  (e,	  μ,	  τh),	  >=2	  electrons	  or	  muons	  (“light”	  leptons)	  
•  Lepton+di-‐photon	  event:	  photon	  pair	  +	  ≥1	  lepton	  
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•  Using	  di-‐photon	  and	  mul--‐lepton	  search	  channels	  that	  are	  sensi-ve	  to	  the	  decay	  t→ch,	  (B(t→ch)=1%)	  	  
•  Upper	  combined	  limit	  on	  B(t→ch),	  observed	  0.56%,	  expected	  0.65%	  	  
•  Significant	  improvement	  over	  the	  earlier	  limit	  of	  1.3%	  from	  the	  mul--‐lepton	  search	  alone	  (Phys.	  Rev.	  D	  

90	  (2014)	  032006)	  
•  Le�-‐	  and	  right-‐	  handed	  top-‐charm	  flavor	  viola-ng	  Higgs	  Yukawa	  couplings	  limit	  

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  <	  0.14	  (0.65)%	  

Available on the CERN CDS information server CMS PAS HIG-13-034

CMS Physics Analysis Summary

Contact: cms-pag-conveners-higgs@cern.ch 2014/03/04

Combined multilepton and diphoton limit on t ! cH

The CMS Collaboration

Abstract

Based on the CMS inclusive multilepton analysis and a CMS 2HDM search involving
lepton and photon final states, we present a 95 % CL limit on the branching ratio
of the flavor-changing decay t ! cH. The data sample corresponds to 19.5 fb�1 of
integrated luminosity in pp collisions at

p
s = 8 TeV collected by the CMS experiment

at the LHC in 2012. We find that B(t ! cH) < 0.56 %, corresponding to a bound
on the left- and right-handed top-charm flavor violating Higgs Yukawa couplings ofq
|lH

tc |2 + |lH
ct |2 < 0.14. The observed bound is consistent with the expected bound

of 0.65 %.



Decays	  to	  a	  light	  pseudo-‐scalar	  neutral	  
Higgs	  boson	  (α)	  (NMSSM)	  
Η→αα→2μ2τ	  (ATLAS)*	  

ATLAS	  (8	  TeV)	  	  
arXiv:1505.01609	  
	  Submi<ed	  to	  PRD	  	  

2mτ<mα<2mb:	  	  
1	  α→ττ,	  1	  α→μμ	  

mα:	  3.7-‐50	  GeV	  

mH	  =	  125	  GeV	  

Dominant	  BG:	  	  
Z/γ*	  and	  U	  ̄	  
(J/Ψ,	  Y)	  	  
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*	  See	  also	  Poster	  	  
B.	  Kaplan	  (ATLAS)	  

BR(h→αα)=10%	  
mα=5,	  10,	  20	  GeV	  

BR(h→αα)=10%	  
mα=5,	  10,	  20	  GeV	  

Scan	  of	  mH	  (mα=5	  GeV)	  
mH	  =100-‐500	  GeV	  	  

No	  significant	  excess	  of	  data	  

Consistent	  with	  expected	  limits	  
Most	  stringent	  limit	  3.5%	  for	  mα=3.75	  GeV	  

95%	  CL	  limits	  on	  produc-on	  rate:	  	  
σ(gg→H)	  x	  BR	  (H→αα):	  2.33	  pb-‐0.72	  pb	  



Decays	  to	  light	  pseudoscalar	  	  
neutral	  Higgs	  boson	  (α)	  
Η→αα→4γ	  (ATLAS)	  

ATLAS	  (8	  TeV)	  
EXOT-‐2013-‐24	  	  
To	  be	  submi<ed	  to	  	  
Eur.	  Phys.	  J.	  C	  	  

mh	  =	  125	  GeV,	  	  10	  GeV	  <	  mα	  <	  62	  GeV	  	  

No	  significant	  excess	  of	  data	  over	  SM	  BGs	  
Consistent	  with	  SM	  expected	  limits	  

300	  <	  MH	  <	  900	  GeV	  
10	  GeV	  <	  mα	  <	  mH/2	  	  

Signature:	  ≥	  3	  isolated	  photons	  
•  Signal:	  “tight”	  γ1,2:	  pT	  >	  22	  GeV,	  γ3,(4):	  pT>17	  GeV	  	  
•  Isola-on:	  ET(cone40)	  <	  4	  GeV	  
•  Backgrounds:	  irr.	  (2,3,4)	  prompt	  photons,	  photon(s)+jet(s)	  
•  Combina-on	  of	  data-‐driven	  (for	  jets)	  and	  MC	  

Many	  extensions	  of	  SM	  Higgs	  sector	  	  
include	  CP-‐odd	  par-cles	  (α)	  with	  	  
couplings	  to	  Higgs	  and	  branching	  ra-os	  	  
to	  photons	  visible	  at	  LHC	  	  

Th.	  Lagouri,	  Yale	  Univ.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  EPS	  HEP	  (22-‐29	  Jul	  2015)	   14	  

σ/σSM	  x	  BR	  (h→αα)	  x	  BR(α→γγ)2	  <	  10-‐3	   σH	  x	  BR	  (h→αα)	  x	  BR(α→γγ)2<	  0.02	  pb	  10	  <	  mα<	  90	  GeV	  	  	  

<	  0.001	  pb	  mα	  up	  to	  245	  GeV	  

MH:	  600	  GeV	  

Resonance	  search	  in	  m23	  spectrum	  	  

MH	  =	  600	  GeV	  ≈3×10−4	  -‐	  ≈4×10−4	  	  	  	  

mh	  =	  125	  GeV	  



Decays	  to	  a	  light	  pseudo-‐scalar	  neutral	  	  
Higgs	  boson	  (α)	  (NMSSM)	  

Η→αα→4μ	  (CMS)*	  

CMS	  (8	  TeV)	  	  
arXiv:1506.00424	  
Submi<ed	  to	  Phys.	  Le<.	  B	  	  

Light	  boson	  masses	  in	  the	  range	  2mμ<mα<2mτ	  (0.25-‐3.55	  GeV)	  

•  95%	  CL	  upper	  limits	  for	  NMSSM	  on	  
σ(pp→h1/2→2α1)B2(α1→2μ)	  as	  a	  func-on	  of	  	  
•  mh1	  (86	  <mh1<	  125	  GeV)	  and	  	  
•  mh2	  (mh2	  >	  125	  GeV)	  	  

•  Limits	  compared	  to	  predicted	  rate	  (solid	  curve),	  
with	  simplified	  scenario	  
•  σ(pp→hi→2α1)=	  0.008	  σSM	  

•  NMSSM	  Higgs	  sector:	  3	  CP-‐even	  neutral	  Higgs	  bosons	  h1,2,3,	  2	  CP-‐odd	  neutral	  Higgs	  bosons	  α1,2	  
and	  a	  pair	  of	  charged	  Higgs	  bosons	  h±	  	  

•  h1,2→2α1,	  h1	  or	  h2	  can	  be	  the	  boson	  observed	  at	  125	  GeV	  
•  α1→2μ,	  2	  pairs	  of	  isolated	  muons	  (di-‐muons),	  m1μμ≈m2μμ	  within	  detector	  resolu-on	  

BGs	  dominated	  by	  bb-‐	  and	  J/ψ	  pair	  produc-on	  	  
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1	  event	  obs.	  2.2±0.7	  SM	  exp.	  	  	  

*	  See	  also	  Talk	  
A.	  Mohammadi	  (CMS)	  



Exo,c	  Higgs	  Decays	  to	  Photon+MET	  	  
(VBF)	  H→{1	  or	  2	  isol.	  γ}	  +	  ETmiss	  (ATLAS)*	  

ATLAS	  (8	  TeV)	  
ATLAS-‐CONF-‐2015-‐001	  	  

•  Exo-c	  Higgs	  decay	  in	  GMSB	  and	  NMSSM	  
•  VBF	  produc-on	  facilitates	  beUer	  data-‐

driven	  γ+jets	  and	  mul--‐jet	  background	  
es-mates	  than	  ggH	  	  

•  VBF	  Higgs	  boosted	  in	  transverse	  plane:	  γ	  
and	  ETmiss	  not	  necessarily	  back-‐to-‐back,	  
use	  angles	  to	  define	  control	  regions	  	  

γ+EΤmiss+jj	  	   γγ+EΤmiss+jj	  	  

(a) (b)

Figure 1: Diagrams for the production and decay of the Higgs-boson leading to (a) the �+Emiss
T + j j final

state and (b) the �� + Emiss
T + j j final state. Such signals are predicted by GMSB (h ! G̃ �̃0 ! G̃ G̃ �

or h! �̃0 �̃0 ! G̃ � G̃ �) and NMSSM (h! �̃0
2 �̃

0
1 ! �̃0

1 �̃
0
1 � or h! �̃0

2 �̃
0
2 ! �̃0

1 � �̃
0
1 �) models.

1 Introduction

A particle consistent with the Standard Model (SM) Higgs-boson (h) was observed by the ATLAS [1]
and CMS [2] collaborations in 2012. The Higgs-boson was observed in various SM channels, and the
observed data was fit to obtain the coupling constants to SM fermions and gauge bosons. These fits help
constrain the branching fraction (BF) of the Higgs-boson to beyond-the Standard Model (BSM) parti-
cles [3]. Depending on the Higgs-boson production cross section, BF(h !BSM) could be O(50%) [4].
Supersymmetric (SUSY) [5–13] extensions to the SM can explain the mass of the Higgs-boson and
address the hierarchy problem [14–19]. In certain extensions the Higgs-boson is predicted to decay
into SUSY particles. Specifically, a class of gauge mediated supersymmetry breaking (GMSB) mod-
els [20–25] predict a Higgs-boson decay to a nearly massless gravitino G̃ (the lightest supersymmetric
particle, LSP) and a neutralino �̃0 (the next-to-lightest supersymmetric particle, NLSP), where the mass
of the neutralino is between half the Higgs-boson mass and the Higgs-boson mass (mh/2 < m�̃0 <
mh) [26]. The neutralino decays to a photon (�) and a gravitino, which escapes detection and leads to a
signature of � + missing transverse momentum (whose magnitude is denoted Emiss

T ). In GMSB models,
many mechanisms exist [27–31] to generate a Higgs-boson mass compatible with that observed, without
changing the phenomenology of the models considered in this search. Next-to-Minimal Supersymmetric
Standard Models (NMSSM) [32] also predict a � + Emiss

T signature where the Higgs-boson decays to
the next-to-lightest neutralino �̃0

2 (NLSP) and the lightest neutralino �̃0
1 (LSP), and the �̃0

2 decays to a
photon and a �̃0

1. This decay chain also occurs when mh/2 < m�̃0
2
< mh. In the NMSSM, the mass

di↵erence between the dominantly bino-like NLSP and singlino-like LSP is more free, when compared
to the MSSM [4]. The GMSB and NMSSM decays leading to this signature are shown in Fig. 1 (a). The
case where m�̃0 < mh/2 (or m�̃0

2
< mh/2) is also considered, which leads to a diphoton + Emiss

T signature,
as shown in Fig. 1 (b). The analysis is optimized for the � + Emiss

T signature.
For Higgs-boson production via vector-boson-fusion (VBF), the Higgs-boson is produced along with

two jets. These “VBF jets” are widely separated in pseudorapidity ⌘1 and have a high di-jet invariant
mass, m j j. In the VBF topology, the Higgs-boson is often boosted in the transverse plane, forcing the
decay products to be closer to each other, so the photon and Emiss

T are not necessarily back-to-back.
Additional variables, such as the angles between the VBF jets, the photon, and the Emiss

T , can be used

1The ATLAS reference system is a Cartesian right-handed coordinate system, with nominal collision point at the origin.
The anti-clockwise beam direction defines the positive z-axis, with the x-axis pointing to the center of the LHC ring. The
pseudorapidity is defined as ⌘ = -ln(tan(✓/2), where the polar angle ✓ is taken with respect to the positive z direction.

1
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1 Introduction

A particle consistent with the Standard Model (SM) Higgs-boson (h) was observed by the ATLAS [1]
and CMS [2] collaborations in 2012. The Higgs-boson was observed in various SM channels, and the
observed data was fit to obtain the coupling constants to SM fermions and gauge bosons. These fits help
constrain the branching fraction (BF) of the Higgs-boson to beyond-the Standard Model (BSM) parti-
cles [3]. Depending on the Higgs-boson production cross section, BF(h !BSM) could be O(50%) [4].
Supersymmetric (SUSY) [5–13] extensions to the SM can explain the mass of the Higgs-boson and
address the hierarchy problem [14–19]. In certain extensions the Higgs-boson is predicted to decay
into SUSY particles. Specifically, a class of gauge mediated supersymmetry breaking (GMSB) mod-
els [20–25] predict a Higgs-boson decay to a nearly massless gravitino G̃ (the lightest supersymmetric
particle, LSP) and a neutralino �̃0 (the next-to-lightest supersymmetric particle, NLSP), where the mass
of the neutralino is between half the Higgs-boson mass and the Higgs-boson mass (mh/2 < m�̃0 <
mh) [26]. The neutralino decays to a photon (�) and a gravitino, which escapes detection and leads to a
signature of � + missing transverse momentum (whose magnitude is denoted Emiss

T ). In GMSB models,
many mechanisms exist [27–31] to generate a Higgs-boson mass compatible with that observed, without
changing the phenomenology of the models considered in this search. Next-to-Minimal Supersymmetric
Standard Models (NMSSM) [32] also predict a � + Emiss

T signature where the Higgs-boson decays to
the next-to-lightest neutralino �̃0

2 (NLSP) and the lightest neutralino �̃0
1 (LSP), and the �̃0

2 decays to a
photon and a �̃0

1. This decay chain also occurs when mh/2 < m�̃0
2
< mh. In the NMSSM, the mass

di↵erence between the dominantly bino-like NLSP and singlino-like LSP is more free, when compared
to the MSSM [4]. The GMSB and NMSSM decays leading to this signature are shown in Fig. 1 (a). The
case where m�̃0 < mh/2 (or m�̃0

2
< mh/2) is also considered, which leads to a diphoton + Emiss

T signature,
as shown in Fig. 1 (b). The analysis is optimized for the � + Emiss

T signature.
For Higgs-boson production via vector-boson-fusion (VBF), the Higgs-boson is produced along with

two jets. These “VBF jets” are widely separated in pseudorapidity ⌘1 and have a high di-jet invariant
mass, m j j. In the VBF topology, the Higgs-boson is often boosted in the transverse plane, forcing the
decay products to be closer to each other, so the photon and Emiss

T are not necessarily back-to-back.
Additional variables, such as the angles between the VBF jets, the photon, and the Emiss

T , can be used

1The ATLAS reference system is a Cartesian right-handed coordinate system, with nominal collision point at the origin.
The anti-clockwise beam direction defines the positive z-axis, with the x-axis pointing to the center of the LHC ring. The
pseudorapidity is defined as ⌘ = -ln(tan(✓/2), where the polar angle ✓ is taken with respect to the positive z direction.
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ObservaHon	  consistent	  with	  SM	  	  

*	  See	  also	  Poster	  	  	  
C.	  Bernius	  (ATLAS)	  

to reduce backgrounds and define control regions to measure backgrounds using the data. In gluon-
gluon fusion (ggF) Higgs-boson production, the Higgs-boson is typically produced at lower transverse
momentum (pT ), so the photon and the Emiss

T are more back-to-back in the transverse plane. This final
state is dominated by �+jet and multijet backgrounds, and electroweak backgrounds (mainly W boson
decays to e⌫, where the electron is misidentified as a photon). Furthermore, in the ggF topology, it is more
di�cult to define control regions to accurately measure the �+jets and multijet backgrounds. Therefore
this analysis searches for Higgs-boson decays to neutralinos and/or gravitinos using the VBF topology.
A cut-and-count experiment is performed and the total number of expected background and signal events
in the control and signal regions are used to set limits on (�/�S M) ⇥ BF(h! NLSP + LSP).

2 The ATLAS detector

ATLAS is a multipurpose particle physics experiment [33]. It consists of a detector with forward-
backward symmetric cylindrical geometry. The Inner Detector (ID) covers |⌘| <2.5 and consists of a
silicon pixel detector, a semiconductor microstrip detector, and a transition radiation tracker. The ID is
surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field. A high-granularity
lead/liquid-argon (LAr) sampling calorimeter measures the energy and the position of electromagnetic
showers within |⌘| < 3.2. Sampling calorimeters with LAr are also used to measure hadronic showers
in the end-cap (1.5 < |⌘| < 3.2) and forward (3.1 < |⌘| < 4.9) regions, while a steel/scintillator tile
calorimeter measures hadronic showers in the central region (|⌘| < 1.7). The muon spectrometer (MS)
surrounds the calorimeters and consists of three large superconducting air-core toroid magnets, each with
eight coils, a system of precision tracking chambers (|⌘| < 2.7), and fast trigger chambers (|⌘| < 2.4). A
three-level trigger system consisting of Level 1, Level 2 and Event Filter (EF) levels, selects events to be
recorded for permanent storage.

3 Monte Carlo simulation

The Higgs-boson signal Monte Carlo (MC) samples are generated using MadGraph-5.1.5.12 [34] in-
terfaced with Pythia 8.175 [35] for the decays of the Higgs-boson and the SUSY particles, and for the
parton showering and hadronization. The CTEQ6L1 parton distribution functions (PDF) [36] are used.
The production cross section of the ggF process is calculated using MCFM [37], while VBFNLO [38]
is used for the VBF process. The obtained Higgs-boson production cross section including the signal
region jet requirements is 936 ± 50 fb, with 75% of the events from the VBF process and 25% of the
events from the ggF process. The BF(h!NLSP+LSP) is set to 10% when showing representative yields
and distributions.

The Z(! ⌫⌫)�, W(! l⌫)� and W(! ⌧⌫) samples are generated using MadGraph-5.1.5.12 and Pythia
8.175. The production of single electroweak bosons is generated using Alpgen-0.0.19 [39] + Jimmy [40]
and Sherpa-1.4.0 [41], with up to 5 and 3 additional partons respectively. The Alpgen W(! µ⌫), W(! ⌧⌫)
and Z(! ll) samples, and the Sherpa W(! e⌫) and Z(! ⌫⌫) samples, are all normalized to next-to-
next-to-leading order (NNLO) cross sections [42]. W(! ⌧⌫) is a sizable background and high MC
statistics is required in the signal region. A MadGraph sample with a generator-level filter is used for
the signal region, while an unfiltered Alpgen sample is used for the control regions defined in Sec. 5.2.
The diboson samples (WW, WZ, ZZ, Z(! ll)�) are generated using Sherpa with the CT10 PDF set [43],
and are normalized to next-to-leading order (NLO) cross sections [37]. The single-top and tt̄ samples
are generated using MC@NLO [44]+Jimmy with the CT10 PDF set, and are normalized to NLO cross
sections [45]. The process h ! �Z with Z ! ⌫⌫ is not included since the branching fraction of this
background is very small [�Higgs⇥BF(h! Z�)⇥BF(Z! ⌫⌫) = 936 fb ⇥ 1.6 ⇥10�3⇥0.2 = 0.3 fb] [46].

2

First	  direct	  limits	  similar	  or	  stronger	  than	  indirect	  Higgs	  coupling	  measurements	  	  

mono-‐photon	  	   di-‐photon	  

Limits	  set	  for	  different	  NLSP,	  LSP	  mass	  pairs	  	  



Exo,c	  Higgs	  Decays	  to	  Photon+MET	  	  
H→{1	  or 2 isol. γ}	  +	  ETmiss	  (CMS)	  

mH=	  125	  GeV	  and	  mχ̃1
0=	  120	  GeV	  

CMS	  (8	  TeV):	  
arXiv:1507.00359	  
Submi<ed	  to	  Phys.	  Le<.	  B	  
CMS-‐HIG-‐14-‐025	  	  	  

•  Exo-c	  Higgs	  decay	  quasi-‐
model	  independent	  search,	  
low-‐scale	  SUSY	  

•  ggH	  BGs:	  irr.	  Zγ→ννγ,	  γ+jet	  
and	  mono-‐e	  and	  mono-‐jet	  
faking	  γ	  

•  ZH	  BGS:	  di-‐lep.	  non-‐resonant	  
(W+W-‐,	  t,	  W+jets,	  Z/γ*→τ+τ-‐)	  
resonant	  (WZ(lνll),	  ΖΖ(2l2ν),	  
Zγ,	  Z+jets)	  	  	  

ggH	  

mH=	  125	  GeV,	  mχ̃1
0=	  95	  GeV,	  Br=10%	  

ZH	  mH=	  125	  GeV	  	  

mH/2	  <	  mχ̃1
0	  <	  mH	  	  

Mχ̃1
0<mH/2	  

1

1 Introduction

The detailed studies of the properties of the observed Higgs boson [1–3] are key components
of the LHC physics program. In the standard model (SM) and for a given mass of the Higgs
boson, all properties of the Higgs boson are predicted. Physics beyond the SM (BSM) might
lead to deviations from these predictions. Thus far, measurements of the Higgs bosons cou-
plings to fermions and bosons and of the tensor structure of the Higgs boson interaction with
electroweak gauge bosons show no significant deviations [4, 5] with respect to SM expectations.

Measurements of Higgs boson couplings performed for visible decay modes provide con-
straints on partial decay widths of the Higgs boson to BSM particles. Assuming that the cou-
plings of the Higgs boson to W and Z bosons are smaller than the SM values, this indirect
method provides an upper limit on the branching fraction of the 125 GeV Higgs boson to BSM
particles of 57% at a 95% confidence level (CL) [4, 6]. An explicit search for BSM Higgs boson
decays presents an alternative opportunity for the discovery of BSM physics. The observation
of a sizable decay branching fraction of the Higgs boson to undetected (e.g. invisible or largely
invisible) final states would be a clear sign of BSM physics and could provide a window on
dark matter [7–10].

Several BSM models predict Higgs boson decays to undetectable particles and photons. In
certain low-scale supersymmetry (SUSY) models, the Higgs bosons are allowed to decay into a
gravitino (eG) and a neutralino (ec0

1) or a pair of neutralinos [11, 12]. The neutralino then decays
into a photon and a gravitino, the lightest supersymmetric particle and dark matter candidate.
Figure 1 shows Feynman diagrams for such decay chains of the Higgs boson (H) produced by
gluon-gluon fusion (ggH) or in association with a Z boson decaying to charged leptons (ZH).
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Figure 1: Feynman diagrams for the H ! undetectable + g final state produced via ggH (left)
and ZH (right).

As the gravitino in these models has a negligible mass [11, 12], the remaining parameter is the
neutralino mass. If its mass is in the range mH/2 < mec0

1
< mH, with mH = 125 GeV the mass

of the observed Higgs boson [4], the branching fraction B(H ! ec0
1
eG ! geGeG can be large. For

mec0
1
< mH/2, the decay H ! ec0

1 ec0
1 ! ggeGeG is expected to dominate.

In the SM, the signal signature arises when the Higgs boson decays as H ! Zg ! nn̄g with
a branching fraction of 3 ⇥ 10�4. The decay H ! Zg has been studied in Z ! e+e� and
Z ! µ+µ� final states. Upper limits on the product of the cross section and branching fraction
of about a factor of ten larger than the SM expectation have been set at the 95% CL [13, 14].
With the available dataset the search presented is not sensitive to this decay, but it is sensitive

1

1 Introduction

The detailed studies of the properties of the observed Higgs boson [1–3] are key components
of the LHC physics program. In the standard model (SM) and for a given mass of the Higgs
boson, all properties of the Higgs boson are predicted. Physics beyond the SM (BSM) might
lead to deviations from these predictions. Thus far, measurements of the Higgs bosons cou-
plings to fermions and bosons and of the tensor structure of the Higgs boson interaction with
electroweak gauge bosons show no significant deviations [4, 5] with respect to SM expectations.

Measurements of Higgs boson couplings performed for visible decay modes provide con-
straints on partial decay widths of the Higgs boson to BSM particles. Assuming that the cou-
plings of the Higgs boson to W and Z bosons are smaller than the SM values, this indirect
method provides an upper limit on the branching fraction of the 125 GeV Higgs boson to BSM
particles of 57% at a 95% confidence level (CL) [4, 6]. An explicit search for BSM Higgs boson
decays presents an alternative opportunity for the discovery of BSM physics. The observation
of a sizable decay branching fraction of the Higgs boson to undetected (e.g. invisible or largely
invisible) final states would be a clear sign of BSM physics and could provide a window on
dark matter [7–10].

Several BSM models predict Higgs boson decays to undetectable particles and photons. In
certain low-scale supersymmetry (SUSY) models, the Higgs bosons are allowed to decay into a
gravitino (eG) and a neutralino (ec0

1) or a pair of neutralinos [11, 12]. The neutralino then decays
into a photon and a gravitino, the lightest supersymmetric particle and dark matter candidate.
Figure 1 shows Feynman diagrams for such decay chains of the Higgs boson (H) produced by
gluon-gluon fusion (ggH) or in association with a Z boson decaying to charged leptons (ZH).
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Figure 1: Feynman diagrams for the H ! undetectable + g final state produced via ggH (left)
and ZH (right).

As the gravitino in these models has a negligible mass [11, 12], the remaining parameter is the
neutralino mass. If its mass is in the range mH/2 < mec0

1
< mH, with mH = 125 GeV the mass

of the observed Higgs boson [4], the branching fraction B(H ! ec0
1
eG ! geGeG can be large. For

mec0
1
< mH/2, the decay H ! ec0

1 ec0
1 ! ggeGeG is expected to dominate.

In the SM, the signal signature arises when the Higgs boson decays as H ! Zg ! nn̄g with
a branching fraction of 3 ⇥ 10�4. The decay H ! Zg has been studied in Z ! e+e� and
Z ! µ+µ� final states. Upper limits on the product of the cross section and branching fraction
of about a factor of ten larger than the SM expectation have been set at the 95% CL [13, 14].
With the available dataset the search presented is not sensitive to this decay, but it is sensitive

•  ZH	  (8	  TeV,	  19.4	  �-‐1)	  
•  2	  lep.	  pT>20	  GeV	  

EΤγ>	  20	  GeV	  
•  |mll-‐mZ|<15	  GeV	  

•  ggH	  (8	  TeV,	  7.4	  �-‐1)	  
•  EΤγ>	  45	  GeV	  
•  ETmiss>	  40	  GeV	  
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ggH	   ZH	  



Exo,c	  Higgs	  Decays	  to	  Photon+MET	  	  
H→{1 or 2 isol. γ}	  +	  ETmiss	  (CMS)	  

mχ ̃1
0=mH−	  30	  GeV,	  mH:125-‐400	  GeV	  

ZH	  

95%	  CL	  Br	  10%,	  mχ̃1
0=	  95	  GeV	  	  

mχ̃1
0:1-‐120	  GeV	  =>95%	  CL	  Br:	  7-‐13%	  

ggH	  	  

Data	  consistent	  with	  BG	  

mH=	  125	  GeV	  
mχ1̃0<mH/2	  =>	  B(H→χ̃10χ1̃0)B(χ̃10→G�	  +γ)2	  	  
mχ1̃0≥mH/2	  =>	  B(H→χ̃10G�	  )B(χ̃10→G�	  +γ)	  ggH+ZH	  

ggH	  	   mH/2	  <	  mχ̃1
0	  <	  mH	  	  

Th.	  Lagouri,	  Yale	  Univ.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  EPS	  HEP	  (22-‐29	  Jul	  2015)	   18	  

mH=	  125	  GeV,	  mχ ̃1
0=	  95	  GeV	  

B(H→χ ̃10G�	  )B(χ ̃10→G�	  +γ)	  

Selec-on	  eff.	  	  
const.	  cτ(χ ̃10)<10	  cm	  
Drops	  rapidly	  a�er	  	  	  



	  
	  

Run-‐II	  perspec,ves	  

Decays	  to	  dark	  vector	  bosons	  -‐	  Zdark	  (Zd)	  
•  ATLAS:	  H→Z(d)Zd→4l	  

•  Improving	  the	  discovery	  poten-al	  of	  Zd	  or	  se�ng	  stricter	  exis-ng	  
limits.	  	  

•  Extension	  to	  low	  mass	  (Zd	  <	  15	  GeV)	  and	  Zd	  with	  displaced	  vertex	  
Lepton	  Flavor	  Viola,ng	  (LFV)	  decays:	  
•  CMS:	  H→μτe,	  H→μτh	  	  

•  A	  new	  τ	  lepton	  iden-fica-on	  algorithm	  with	  improved	  background	  
rejec-on	  has	  been	  deployed	  for	  Run-‐II	  

•  Inves-ga-ng	  possible	  analysis	  improvements	  for	  μ-‐τ	  
Flavor	  Changing	  Neutral	  Current	  (FCNC)	  decays:	  t→qH	  
•  ATLAS:	  t→qH	  (H→γγ)	  

•  Increased	  U	  ̄	  cross	  sec-on	  in	  Run-‐II	  	  
•  Could	  set	  beUer	  limit	  on	  Br	  (λtqH)	  	  
•  Αdd	  a	  mul--‐lepton	  analysis	  to	  increase	  sensi-vity	  	  
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Conclusions	  
•  Searches	  for	  Exo-c	  Higgs	  bosons	  decays	  performed	  in	  

various	  channels	  and	  with	  different	  strategies	  
•  No	  evidence	  found	  so	  far	  	  
•  Observa-on	  of	  SM-‐like	  Higgs	  boson	  excludes	  large	  

regions	  of	  parameter	  space	  	  
•  S-ll	  room	  le�	  for	  BSM	  models	  to	  be	  compa-ble	  with	  

observed	  Higgs	  boson	  
•  Many	  Exo-c	  Higgs	  analyses	  with	  Run-‐I	  8	  TeV	  data	  s-ll	  

on-‐going	  	  
•  Run-‐II	  with	  13	  TeV	  will	  enhance	  discovery	  poten-al	  of	  

Exo-cs	  Higgs	  boson	  decay	  searches	  
•  New	  challenges	  for	  the	  analyses	  
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Addi-onal	  Slides	  
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Other	  talks	  in	  EPS	  	  

•  “Searches	  for	  invisible	  Higgs	  boson	  decays	  with	  
ATLAS	  and	  CMS”	  Philippe	  CALFAYAN	  (talk,	  ATLAS)	  

•  “Searches	  for	  long-‐lived,	  weakly	  interac-ng	  par-cles	  
in	  ATLAS	  and	  CMS”,	  Andrew	  Evan	  Hart	  (talk,	  CMS)	  

•  “Searches	  for	  invisibly	  decaying	  Higgs	  bosons	  at	  
ATLAS”	  K.	  Shaw	  (poster,	  ATLAS)	  

•  “Searches	  for	  long-‐lived	  par-cle	  decays	  in	  ATLAS”	  D.	  
Salvatore	  (poster,	  ATLAS)	  	  
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H→Z(d)Zd→4l	  (ATLAS)	  
Model	  interpreta-on	  

H→ZZd→4l	  	  

Kine-c	  mixing	  parameter	  ε	  

Effec-ve	  mass	  mixing	  parameter	  Z-‐Zd	  

H→ZdZd→4l	  	  

Simplest	  benchmark	  model	  (U(1)d	  gauge	  symmetry)	  	  	  
SM	  +	  dark	  vector	  boson	  +	  dark	  Higgs	  boson	  	  

κ	  (Higgs	  portal	  coupling)	  95%	  CL	  limits:	  
(1-‐10)	  ×	  10−4	  	  for	  15	  <	  mZd	  <	  60	  GeV	  	  

Effec-ve	  Higgs	  mixing	  parameter	  κ’	  	  

δ2×BR(Zd→2l)	  

95%	  CL	  limits	  ε:	  (4–17)	  ×	  10−2	  for	  15	  <	  mZd	  <	  55	  GeV	  	  	  

95%	  CL	  limits	  δ2×BR(Zd→2l):	  (1.5-‐8.7)×10−5	  	  
for	  15<mZd	  <35GeV	  	  
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Figure 16: The 95% confidence level upper bound on the Higgs mixing parameter κ×m2H/|m
2
H−m

2
S | as a function of

mZd , in the combined 4e + 2e2µ + 4µ final state, for mH = 125 GeV. The ±1σ and ±2σ expected exclusion regions
are indicated in green and yellow, respectively.

21.8 GeV and 28.1 GeV and a local significance of 1.7σ. This 4e event is consistent with a Zd mass in
the range 23.5 < mZd < 26.5 GeV. Another data event is observed to pass all the signal region selections
in the 4µ channel, and has dilepton invariant masses of 23.2 GeV and 18.0 GeV and a local significance
of about 1.7σ. This 4µ event is consistent with a Zd mass in the range 20.5 < mZd < 21.0 GeV. In the
absence of a significant excess, upper bounds on the signal strength (and thus on the cross section times
branching ratio) are set for the mass range of 15 < mZd < 60 GeV using the combined 4e, 2e2µ, 4µ final
states.

Using a simplified model where the SM is extended with the addition of an exotic gauge boson and a dark
Higgs boson, upper bounds on the gauge kinetic mixing parameter ε (when ε # κ), are set in the range
(4–17) × 10−2 at 95% CL, assuming the SM branching ratio of H → ZZ∗ → 4$, for 15 < mZd < 55 GeV.
Assuming the SM Higgs production cross section, upper bounds on the branching ratio of H → ZdZd,
as well as on the Higgs portal coupling parameter κ are set in the range (2–3) × 10−5 and (1–10) × 10−4
respectively at 95% CL, for 15 < mZd < 60 GeV.

Upper bounds on the effective mass-mixing parameter δ2 ×BR(Zd → $$), resulting from the U(1)d gauge
symmetry, are also set using the branching ratio measurements in the H → ZZd → 4$ search, and are in
the range (1.5 − 8.7) × 10−5 for 15 < mZd < 35 GeV.

26

Dark	  Higgs	  boson	  mS>mH/2,	  mZd<mH/2	  

Higgs	  mixing	  parameter	  dominates	  (κ>>ε)	  	  	  

Gauge	  kine-c	  mixing	  parameter	  dominates	  (ε>>κ)	  
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ATLAS	  (8	  TeV)	  
arXiv:1505.07645	  
	  Submi<ed	  to	  PRD	  	  



H+ETmiss→2γ+ETmiss	  (ATLAS)	   ATLAS	  (8	  TeV)	  
arXiv:1506.01081	  	  
Submi<ed	  to	  PRL	  

Coupling	  parameters	  limits	  for	  simplified	  models	  
with	  a	  heavy	  mediator	  with	  mass	  of	  1	  TeV	  

Directly	  probes	  the	  structure	  of	  	  	  
the	  effec-ve	  DM-‐SM	  coupling	  	  
•	  Sensi-ve	  to	  mχ	  >	  mH/2	  
•	  Consider	  both	  EFT	  and	  simplified	  model	  

Simplified	  model	  	  
with	  Z’	  mediator	  	  EFT	  with	  fermionic	  DM	  field	  	  

Di-‐photon	  mγγ	  

Produc-on	  of	  DM	  
par-cles	  χ	  in	  
associa-on	  with	  H,	  
mediated	  by	  (H,Z,γ)	  
or	  new	  mediator:	  Z'	  
or	  scalar	  singlet	  S	  

BSM	  H+DM	  with	  the	  SM	  contribu-on	  

Mass	  scale	  Λ	  limits	  vs	  DM	  mass	  (mχ)	  

Profile	  likelihood	  ra-o	  (λ)	  vs	  σBSM,fid	  
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H→J/ψγ	  &	  H→Υ(nS)γ	  (n=1,2,3)	  
(ATLAS)	  

ATLAS	  (8	  TeV)	  
Phys.	  Rev.	  Le<.	  114	  (2015)	  121801	  

No	  significant	  excess	  of	  data	  over	  BGs	  
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•  95%	  CL	  B(H→J/ψγ)	  	  <	  1.5	  x	  10-‐3	  
•  95%	  CL	  B(H→Y(1S,	  2S,	  3S)γ)	  	  <	  (1.3,	  1.9,	  1.3)	  	  x	  10-‐3	  	  

•  J/Ψ→μ+μ-‐	  	  	  Mμμ:	  MJ/Ψ±0.2	  GeV	  	  	  
•  Main	  BG:	  inclusive	  QCD	  

30	  GeV	  <	  mμμγ	  <	  230	  GeV	  	  	  
•  Q→μ+μ-‐:	  isola-on,	  primary	  vertex	  	  
•  pTμμ	  >	  36	  GeV	  
•  γ:	  “-ght”,	  isolated,	  pTγ>	  36	  GeV	  
•  Δφ(Q,γ)>0.5	  

•  Υ(nS)→μ+μ-‐	  8	  GeV	  <Mμμ	  <	  12	  GeV	  
•  BGs:	  inclusive	  QCD,	  Z→μ+μ-‐(FSR)γ	  	  	  	  	  



Higgs	  boson	  decaying	  into	  γ*γ	  →	  llγ	  with	  
low	  di-‐lepton	  mass	  (CMS)	  

CMS	  (8TeV)	  
arXiv:1507.03031v1	  	  	  

Th.	  Lagouri,	  Yale	  Univ.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  EPS	  HEP	  (22-‐29	  Jul	  2015)	   26	  

7

 (GeV)γµµm
110 120 130 140 150 160 170

Ev
en

ts
/2

.0
 G

eV

0

10

20

30

40

50

60 Data
Background model

γµµ → γ*γ →10x SM H 
σ 1 ± σ 2 ±

 (8 TeV)-119.7 fb

CMS

 (GeV)γeem
110 120 130 140 150 160 170

Ev
en

ts
/2

.0
 G

eV

0

5

10

15

20

25

30

35
Data
Background model

γ ee→ γ*γ →10x SM H 
σ 1 ± σ 2 ±

 (8 TeV)-119.7 fb

CMS

Figure 4: The mµµg (left) and meeg (right) spectra for 8 TeV data (points with error bars), together
with the result of a background-only fit to the data. The 1s and 2s uncertainty bands represent
the uncertainty in the parameters of the fitted function. The expected contribution from the SM
Higgs boson signal with mH = 125 GeV, scaled up by a factor of 10, is shown as a histogram.
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Figure 5: The mµµg distribution for events with 2.9 < mµµ < 3.3 GeV for 8 TeV data (points
with error bars), together with the result of a background-only fit to the data. The 1s and
2s uncertainty bands represent the uncertainty in the parameters of the fitted function. The
expected contribution from the H ! (J/y)g ! µµg process of the SM H with mH = 125 GeV,
scaled up by a factor of 500, is shown as a histogram.

The systematic uncertainty in the limits results only from the uncertainty in the signal descrip-
tion, as the background is obtained from data and biases in the fitting procedure have been
found to be negligible. A summary of the systematic uncertainties is given in Table 2. The un-
certainty can be separated into the uncertainty resulting from theoretical predictions and from
the uncertainty in detector reconstruction and selection efficiency.

Theoretical uncertainties come from the effects of the PDF choice on signal cross section, the
missing higher-order calculations (scale) [36–40], and the uncertainty in the prediction on the
Higgs boson decay branching fraction [4, 10]. The uncertainty due to the muon reconstruction
efficiency, 11%, is obtained from data using J/y ! µµ events. It is dominated by the statistical
uncertainty of the data sample. In the electron channel, the corresponding uncertainty, 3.5%, is
obtained from simulation. The 11% uncertainty estimated for the muon identification efficiency
is sufficiently small and it has no impact on our result, thus no simulation study was attempted,
although it could greatly reduce the uncertainty.

The expected and observed individual and combined µµg and eeg limits are shown in Fig. 6.
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Figure 7: The 95% CL exclusion limit on s(pp ! H)B(H ! µµg), with mµµ < 20 GeV, for a
Higgs-like particle, as a function of the mass hypothesis, mH.
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Figure 6: The 95% CL exclusion limit, as a function of the mass hypothesis, mH, on s/sSM,
the cross section times the branching fraction of a Higgs boson decaying into a photon and
a lepton pair with m`` < 20 GeV, divided by the SM value. (upper left) muon, (upper right)
electron channels; (bottom) statistical combination of the results in the two channels
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