
Searches for Beyond SM 
Higgs bosons

Soshi Tsuno (KEK)
on behalf of ATLAS and CMS Collaborations

August.7.2017 LP2017 1

LPʼ2017    Sun Yat-Sen University, Guangzhou



Introduction

August.7.2017 LP2017 2

Recent Higgs boson study tell us :

- symmetry breaking does exists

The extension of the Standard Model has many attractive features:

(mass generation through scalar field)

- precise measurements (previous talks),
- searches for another scalar particles.  <= this talk

But need to know how it does happen?

- solve fine tune problem (naturalness), 
- give an insight of hierarchy problem,
- even predicts dart matter candidates.

JHEP08(2016)045
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Discovery of the Higgs boson also opens a new opportunity to new physics.

- Higgs as a probe to the new physics beyond the SM   <= this talk
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- MSSM Higgs bosons
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MSSM Higgs searches
Minimum extension of the SM :

F1 = f1
f2

F2 = f3
f4

,

2 Higgs Doublet Model : 2HDM

results in

- 2 mixing parameters :  ( a,  b )
- 5 Higgs bosons :  ( h, H, A,  H+, H- )

a : mixing angle of CP even h/H
tanb : ratio of vu / vd

can be observed H boson.

Constraint from the measurements :

cos(b-a) is very close to “zero”. 
consistent with SM.

(alignment limit)
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MSSM Higgs searches
Minimum extension of the SM :

F1 = f1
f2

F2 = f3
f4

,

2 Higgs Doublet Model : 2HDM

results in

- 2 mixing parameters :  ( a,  b )
- 5 Higgs bosons :  ( h, H, A,  H+, H- )

a : mixing angle of CP even h/H
tanb : ratio of vu / vd

can be observed H boson.

Constraint from the measurements :

cos(b-a) is very close to “zero”. 
consistent with SM.

(alignment limit)

H/A -> tt or bb

A -> tt ,  hW, hZ, hh

H+ -> tn

H+ -> tb

Analysis strategy
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H/A ® tt search
Sensitive to high tanb region :

b-associated production (bbH)gluon fusion (ggH)

- Since production mode depends on the size of tanb , 
enhance high pT tau without b-jet (ggH) or with b-jet (bbH).

- Dominant background is a jet events mis-identified 
as tau. (W+jets, top, multi-jet process) They are 
estimated by data.

Analysis : Experimental challenge :

- Theory uncertainty: the treatment of b-quark in 
the initial state.

There is no control data for such high pT t.

Extra ~20% uncertainties using di-jet events are 
added on the top of the tau ID (5%).

- High pT t reconstruction

limited statistics...

b-jetno b-jet
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H/A ® tt search conʼt Model independent limits are obtained :

s x Br : 0.85 ‒ 0.0058pb for ggH,
0.95 ‒ 0.0041pb for bbH.

Interpretation to typical MSSM benchmark scenario :

big improvement
from 3.2fb-1 analysis.

ATLAS-CONF-2017-050 36.1fb-1
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5.2 ⌧had⌧had channel277

Events in the ⌧had⌧had channel are recorded using single tau triggers with pT thresholds of 80, 125 or278

160 GeV, depending on the data-taking period. Events must contain at least two ⌧had-vis candidates279

with pT > 65 GeV and no electrons or muons. The leading-pT ⌧had-vis candidate must be geometrically280

matched to the object that fired the trigger and must exceed the trigger pT threshold by 5 GeV. The281

leading and sub-leading ⌧had-vis candidates must pass the “medium” and “loose” identification criteria,282

respectively. They must also have opposite electric charge and be back-to-back in the transverse plane:283

|��(⌧1, ⌧2) | > 2.7 rad.284

5.3 Event categories285

Events satisfying the selection criteria in the ⌧lep⌧had and ⌧had⌧had channels are categorised to exploit the286

di�erent production modes in the MSSM. Events containing at least one b-tagged jet enter the b-tag287

category, while events containing no b-tagged jets enter the b-veto category. The categorisation is not288

used for the Z 0 search.289

5.4 Ditau mass reconstruction290

The ditau mass reconstruction is important for achieving good separation between signal and background.291

However, its reconstruction is challenging due to the presence of neutrinos from the ⌧-lepton decays.292

Furthermore, the backgrounds tend to produce a higher mass along the longitudinal axis than in the293

transverse plane, diminishing the separation power. Therefore, the mass reconstruction used for both the294

⌧had⌧had and ⌧lep⌧had channels is the total transverse mass, defined as:295

mtot
T ⌘

q
(p⌧1

T + p⌧2
T + Emiss

T )2 � (p⌧1
T + p⌧2

T + Emiss
T )2

where p⌧1
T and p⌧2

T are the momenta of the visible tau decay products (including ⌧had and ⌧lep) projected296

into the transverse plane and Emiss
T is the missing transverse momentum.297

6 Background estimation298

The dominant background contribution in the ⌧lep⌧had channel arises from processes where the ⌧had-vis299

candidate originates from a quark- or gluon-initiated jet (henceforth called jet). This contribution is300

estimated using a data-driven fake-factor technique, described in Section 6.1. The events are divided301

into those where the selected lepton is correctly identified, predominantly from W+ jets (tt̄) production in302

the b-veto (b-tag) channel, and those where the selected lepton arises from a jet, predominantly multijet303

production. Backgrounds where both the ⌧had-vis and lepton candidates originate from electrons, muons or304

taus (real-lepton) arise from Z/�⇤ ! ⌧⌧ production in the b-veto category and tt̄ production in the b-tag305

category, with minor contributions from Z/�⇤ ! ``, diboson and single top-quark production. These306

contributions are estimated using simulation. Corrections are applied to the simulation to account for307

mismodelling of the trigger, reconstruction, identification and isolation e�ciencies, the electron to ⌧had-vis308

misidentification rate and the momentum scales and resolutions. To help constrain the normalisation309

5th July 2017 – 09:14 9

Reconstruct mass :
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Direct production:   Synergy with Belle exp.
(indirect search)

top associated production (tbH+)

4FS 5FS

- Final discriminant mT :

- Dominant background are fakes from top, 
W+jets and multijet.

High tanb region:

5
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Figure 3: Sketch of the plane Df(th, /ET)–Df(th, jn) and it’s connection to the Rmin
bb variable

(left), and the angular variable Rmin
bb after the all selection except the self requirement (right);

the data points (solid black) with their statistical uncertainty (solid lines) are compared to the
background predictions split for the different contributions (filled histograms).

The signal extraction is performed with the transverse mass variable (mT), reconstructed from
the hadronic tau and /ET, and defined as [42]:

m2
T = 2 · pth

T | /~ET|
⇣

1 � cos Df( /ET, th)
⌘

(2)

The presence of additional neutrinos from the t !th decay smears the distribution to lower mT
values, preserving but making less sharp the end-point expected at mT = mH± . An additional
smearing of this distribution is expected from the width of the charged Higgs, especially large
at high values of mH± .

6 Background estimation

The main background process are QCD multijet production, electroweak (EW) processes and
events containing top quark(s). We distinguish processes with genuine tau leptons and those
with electrons, muons or jets being misidentified as hadronic tau decays.

Data-driven techniques are exploited in order to estimate the misidentified jets faking a hadronic
tau. This background comes mostly from the multijet production. The probability of a jet faking
a tau is small, but the huge cross section makes this background contribution sizable. Jointly
to the lacking of reliable predictions from simulations in this phase space and tau enrichment
filters, data-driven techniques are deployed and predictions based on reverting the isolation
identification requirements allow for quite good control over these kind of backgrounds.

The background with misidentified tau leptons is measured by selecting events which are en-
riched in this contribution, by reverting the isolation requirements on the hadronic taus (in-
verted selection). In order to normalize this contribution to the one with at least one isolated

- H+®tn decay mode is more sensitive.

CMS-PAS-HIG-16-031 12.9fb-1



Charged Higgs searches conʼt
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Low tanb region:

- Significant systematics is tt + jets modeling (theory).  
NLO precision (Sherpa+OneLoops) is used with 50% 
uncertainty in multiple interaction (MPI).   

- Use H+®tb decay mode.

- Multivariate analysis (BDT) dividing jets and b-jets.

ATLAS-CONF-2016-089 13.2fb-1



Higgs as a probe to new physics
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- Heavy resonance X ® VH or HH



Many di-boson channels
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Final state ATLAS CMS

gg, Zg
submit to Phys.Lett.B.,36.7fb-1

arXiv:1707.04147
arXiv:1708.00212

Run1(19.7fb-1) + Run2(16.2fb-1)
Phys.Lett.B.767(2017)147

arXiv:1610.02960

ZZ
(llll, llnn, llqq, nnqq)

L =36.1fb-1

ATLAS-CONF-2017-058
ATLAS-CONF-2016-082

L = 2.3fb-1

CMS-PAS-HIG-16-001
CMS-PAS-HIG-16-033

WW
(lnln, lnqq, qqqq)

L = 36.1fb-1

ATLAS-CONF-2017-051
ATLAS-CONF-2016-074

L = 2.3fb-1

CMS-PAS-HIG-16-023

HV
(bbll, bbnn, bbln, bbqq)

L = 36.1fb-1

ATLAS-CONF-2017-018
ATLAS-CONF-2017-055

L = 2.2-2.5fb-1

Phys.Lett.B768(2016)137

HH
(bbbb, bblnln, bbtt, bbgg)

L = 13.3fb-1

ATLAS-CONF-2016-049
ATLAS-CONF-2016-071
ATLAS-CONF-2016-004

L = 35.9fb-1

CMS-PAS-HIG-17-008
CMS-PAS-HIG-17-006
CMS-PAS-HIG-16-029
CMS-PAS-HIG-16-002

NEW

NEW
NEW

X ® di-bosons (W/Z/H/g) ® 4 or 6-fermions Access mX ~ a few TeV

Only cover 
VH, HH.



High mass resonance searches
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Analysis strategy :

new resonance “X”

H

Bosons
W/Z/H

decay products
b-jet, g,
jets, leptons

“Resolved” category

R=0.4

“Merged” category

R=0.8-1.0
Large R-jet

According to the mass of the resonance particle, mX

The “X” might be  another Higgs.

Production mode :

X ® di-bosons
(W/Z/H)

mX < ~1TeV mX > ~1TeV

(X ® di-bosons including Higgs)

If the final state is Higgs, decaying to bb or gg mode 
is a good handle of the background. 
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High mass X ® HV  
Exploit all possible combination :

H ® bb

V (W or Z) ® ll, ln, jj, nn

Reconstruct mass :

this channel. This dijet pair is defined by the two highest pT (leading) b-tagged small-R jets when two
or more b-tagged jets are present in the event. In case only one b-tagged jet is present, the dijet pair is
defined by the b-tagged jet and the leading small-R jet in the remaining set. The leading jet in the pair
must have a pT > 45 GeV. For the merged selection, a large-R jet is required with mass (mJ) in the range
75 to 145 GeV and at least one associated track jet.

Higgs-boson candidates with one or two b-tagged jets define the "1 b-tag" or "2 b-tag" categories respect-
ively. For the merged selection, only the one or two leading track-jets associated to the large-R jet are
considered in this counting. For the 0- and 2-lepton channels, resolved events with more than two b-tagged
jets or merged events with additional b-tagged track-jets not associated to the large-R jet are used to define
signal categories sensitive to bbA production. These are labeled as "3+ b-tag" in the resolved category,
"1 b-tag additional b-tag", and "2 b-tag additional b-tag" in the merged category. In the 2-lepton channel,
the latter two are merged "1+2 b-tag additional b-tag”.

The calculation of the reconstructed resonance mass depends on the decay channel. In the 0-lepton
channel, the mass of the reconstructed Zh system is denoted by mT,Vh while in the 1- and 2-lepton
channels the reconstructed W/Zh invariant mass is denoted by mVh. In the 0-lepton channel, it is not
possible to reconstruct the Zh system fully due to the presence of neutrinos in the final state. Therefore,
the transverse mass is used as the final discriminant,

mT,Vh =

q
(E h

T + Emiss
T )2 � (~ph

T +
~Emiss

T )2,

where ~ph
T (E h

T ) is the transverse momentum (energy) of the Higgs-boson candidate. In order to reconstruct
the invariant mass of the W h ! `±⌫bb system in the 1-lepton channel, the momentum of the neutrino in
the z-direction, pz , is obtained by imposing a W -boson mass constraint on the lepton-Emiss

T system. In
the resulting quadratic equation, the neutrino pz is taken as the real component in the case of complex
solutions, or as the smaller of the two solutions if both solutions are real. For the 2-lepton channel, the
four-momentum of the dimuon system is scaled by 91.2 GeV / mµµ in the calculation of the mass of
the Zh system in the signal categories. This correction accounts for the worse momentum resolution on
high-momentum muons which are measured solely by the tracking detectors. Finally, the mass resolution
of the V h system is improved in the resolved categories of all channels by rescaling the four-momentum
of the dijet system by 125 GeV/ mjj.

Additional selections are applied for each region, as outlined below, to reduce the main backgrounds and
enhance the signal sensitivity. These topological and kinematic selections for each channel are summarised
in Table 1.

For the resolved and merged categories in the 0-lepton channel, the following selections are applied to
reduce multijet and non-collision backgrounds to a negligible level:

• the magnitude of the track-based missing transverse momentum vector, pmiss
T > 30 GeV;

• the azimuthal angle between ~Emiss
T and ~p miss

T , ��( ~Emiss
T , ~p miss

T ) < ⇡/2;

• the azimuthal angle between ~Emiss
T and the Higgs-boson candidate, ��( ~Emiss

T , h) > 2⇡/3;

• the azimuthal angle between the ~Emiss
T and the nearest small-R jet, min[��( ~Emiss

T , small-R jet)]>
⇡/9.4

4 For the resolved category with four or more jets, > ⇡/6 is used.

9

- 4-fermion invariant mass if all “visible”.

- Or in case neutrino in the final state, use

Experimental challenge :

- B-jet performance is a key.  ~5-10% ID syst.
- Mass resolution ~30-40%.

Cross section limit : ~1.0x10-2 pb @ mA=1TeV
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High mass X ® HH ® bbbb

CMS-PAS-B2G-16-026

H ® bb, gg, tt, lnln

 [GeV]jj
redM
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35000 Multijets: bb Multijets: b

Multijets: c Multijets: light

Signal cross sections = 20 pb
Bulk graviton: 1400 GeV Bulk graviton: 2500 GeV
Radion: 1400 GeV Radion: 2500 GeV

 (13 TeV)-135.9 fb

CMS
Simulation Preliminary

- Both H ® bb is reconstructed as single jet,
- Sub-jets are identified as b-jets,
- Reconstruct Mjj mass as HH resonance.

Analysis : Experimental challenge :
- Trigger : 

Combination of HT>800(900)GeV
and HT >680+ di-jet topology Mjj + Dh



Anomalous Higgs couplings
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- Flavor violation, Rare decay
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Search for flavor violating decay
Lepton flavor violating decay:

- Many interesting physics connecting to neutrino flavor mystery.

FCNC is forbidden in SM. But how about Higgs?

CMS-PAS-HIG-17-001H ® µt , et search:

- Strong constraint Br(H®eµ)~2x10-8 from µ®eg or µ®3e 
experiments.  But tau decay mode is rather weakly constraint.

NEW

Flavor violation in quark sector:

t ® qH,  H ® gg search : arXiv:1707.01404

- SM prediction: Br(t®qH)=3x10-15

- Use top-pair samples with two photons, 
construct top mass, mggj.

- Limit obtained: Br(t®uH) < 2.4x10-3

NEW
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Search for “new” exclusive decay mode
H ® rg , fg search :

- Use f ® K+K- and r ® p+p-

- Mass resolution ~4MeV

- Huge improvement in trigger: 35GeV photon 
+ 2 tracks with pT > 15GeV.

- Dominant background is g + jets, side-band fit.

ATLAS-CONF-2017-057
NEW

Experimental challenge :

Limit on Br :
Br(H®fg)<4.8x10-4

Br(H®rg)<8.8x10-4

Chapter IV.6. Exotic Higgs Decays 621

theoretical predictions for these modes by introducing the effective Yukawa Lagrangian

L = �
X

q

q
mq

v
H q̄LqR �

X

q 6=q
0

yqq
0

p
2

H q̄Lq0
R + h.c. , (IV.6.1)

where in the SM q = 1 while the flavour-changing Yukawa couplings yqq
0 vanish. The effective La-

grangian leads to two categories of exclusive Higgs boson decays: flavour-conserving decays involving
the q couplings, where M = ⇢,!,�, J/ , ⌥(nS), and flavour-violating decays involving the yqq

0

couplings, where M = B⇤0
s , B⇤0

d , K⇤0, D⇤0. In view of the very strong indirect bounds on flavour off-
diagonal Higgs boson couplings to light quarks [1490], the flavour-violating decays h ! M� are bound
to be very strongly suppressed. We will therefore restrict our discussion here to flavour-conserving pro-
cesses.

The exclusive decays H ! M� are mediated by two distinct mechanisms, which interfere de-
structively.

– In the indirect process, the Higgs boson decays (primarily through loops involving heavy top
quarks or weak gauge bosons) to a real photon � and a virtual �⇤ or Z⇤ boson, which then converts
into the vector meson M . This contribution only occurs for the flavour-conserving decay modes.
The effect of the off-shellness of the photon and the contribution involving the h�Z⇤ coupling are
suppressed by m2

M/m2
h, with mM the mass of the meson, and hence are very small [1489].

– In the direct process, the Higgs boson decays into a quark and an antiquark, one of which radiates
off a photon. This process introduces the dependence of the decay amplitude on the q parame-
ters. The formation of the vector meson out of the quark-antiquark pair involves some non-trivial
hadronic dynamics.

The relevant lowest-order Feynman diagrams contributing to the direct and indirect processes are shown
in Figure 279 (left-middle and right panel, respectively).

h

�

h

�

h

�

�/Z

Figure 279: Direct (left and centre) and indirect (right) contributions to the h ! M� decay amplitude. The blob
represents the non-perturbative meson wave function. The crossed circle in the third diagram denotes the off-shell
h ! ��⇤ and h ! �Z⇤ amplitudes, which in the SM arise first at one-loop order.

We begin by outlining the calculation of the indirect amplitude. The virtual photon or Z boson
couples to the vector meson through the matrix element of a local current, which can be parameterized
in terms of a single hadronic parameter: the vector-meson decay constant fM . This quantity can be
obtained directly from experimental data. In particular, the leptonic decay rate of the vector meson can
be written as

�(M ! l+l�) =
4⇡Q2

Mf2
M

3mM
↵2(mM ) , (IV.6.2)

where QM is the relevant combination of quark electric charges. The effective h��⇤ and H�Z⇤ vertices,
which appear in the indirect amplitude, can be calculated with high accuracy in the SM. The by far
dominant contributions involve loop diagrams containing heavy top quarks or W bosons. The two-loop
electroweak and QCD corrections to this amplitude are known, and when combined shift the leading

622 IV.6.2. Exclusive mesonic and flavour-violating Higgs boson decays

Table 162: Theoretical predictions for the h ! M� branching ratios in the SM, obtained using different theoret-
ical approaches.

Mode Branching Fraction [10�6]

Method NRQCD [1487] LCDA LO [1486] LCDA NLO [1489]

Br(h ! ⇢�) – 19.0 ± 1.5 16.8 ± 0.8

Br(h ! !�) – 1.60 ± 0.17 1.48 ± 0.08

Br(h ! ��) – 3.00 ± 0.13 2.31 ± 0.11

Br(h ! J/ �) – 2.79 +0.16
�0.15 2.95 ± 0.17

Br(h ! ⌥(1S) �) (0.61 +1.74
�0.61) · 10�3 – (4.61 + 1.76

� 1.23) · 10�3

Br(h ! ⌥(2S) �) (2.02 +1.86
�1.28) · 10�3 – (2.34 + 0.76

� 1.00) · 10�3

Br(h ! ⌥(3S) �) (2.44 +1.75
�1.30) · 10�3 – (2.13 + 0.76

� 1.13) · 10�3

one-loop expression by less than 1% for the measured value of the Higgs boson mass [1491]. However,
physics beyond the SM could affect these couplings in a non-trivial way, either through modifications of
the htt̄ and hW+W� couplings or by means of loops containing new heavy particles. The measurement
of the light-quark couplings to the Higgs should therefore be considered together with the extraction of
the effective h�� coupling. As pointed out in [1489], by taking the ratio of the h ! M� and h ! ��
branching fractions one can remove this sensitivity to unknown new contributions to the h�� coupling.

We now consider the theoretical prediction for the direct amplitude. This quantity cannot be
directly related to data, unlike the indirect amplitude. Two theoretical approaches have been used to cal-
culate this contribution. The hierarchy mh � mM implies that the vector meson is emitted at very high
energy EM � mM in the Higgs boson rest frame. The partons making up the vector meson can thus be
described by energetic particles moving collinear to the direction of M . This kinematic hierarchy allows
the QCD factorization approach [1492,1493] to be utilized. Up to corrections of order (⇤QCD/mh)2 for
light mesons, and of order (mM/mh)2 for heavy vector mesons, this method can be used to express the
direct contribution to the h ! M� decay amplitude as a perturbatively calculable hard-scattering coef-
ficient convoluted with the leading-twist light-cone distribution amplitude (LCDA) of the vector meson.
This approach was pursued in [1489], where the full next-to-leading order (NLO) QCD corrections were
calculated and large logarithms of the form [↵s ln(mh/mM )]n were resummed at NLO, and in [1486],
where an initial LO analysis was performed. The dominant theoretical uncertainties remaining after
this calculation are parametric uncertainties associated with the non-perturbative LCDAs of the vector
mesons. Thanks to the high value µ ⇠ mh of the factorization scale, however, the LCDAs are close to
the asymptotic form �M (x, µ) = 6x(1 � x) attained for µ ! 1, and hence the sensitivity to not yet
well-known hadronic parameters turns out to be mild. For the heavy vector mesons M = J/ , ⌥(nS),
the quark and antiquark which form the meson are slow-moving in the M rest frame. This allows the
non-relativistic QCD framework (NRQCD) [711] to be employed to facilitate the calculation of the di-
rect amplitude. This approach was pursued in [1487], where the NLO corrections in the velocity v of
the quarks in the M rest frame, the next-to-leading order corrections in ↵s, and the leading-logarithmic
resummation of collinear logarithms were incorporated into the theoretical predictions. The dominant
theoretical uncertainties affecting the results for h ! J/ � and h ! ⌥(nS) � after the inclusion of
these corrections are the uncalculated O(v4) and O(↵sv

2) terms in the NRQCD expansion.
Table 162 collects theoretical predictions for the various h ! M� branching fractions in the SM.

The inclusion of NLO QCD corrections and resummation help to reduce the theoretical uncertainties.

(SM prediction Br ~10-6)
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Higgs decay another exotic (scalar) bosons :

- Results in non-negligible lifetime of the bosons 
which can decay outside beam pipe.

- Main background :  different target

n bb

n beam-induced bkg

CMS-PAS-HIG-16-035

Higgs decays long-lived neutral particles

ATLAS-CONF-2016-042

if lifetime is short, it can decay 
inside tracking detector.

if long lifetime, decays outside 
tracking detector.

decays inside pixel detector 
decays outside  tracker 
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Summary
1.   Search for another Higgs sector :

- MSSM Higgs bosons

2.   Higgs as a probe to new physics :

- Heavy resonance X ® VH or HH

3.   Anomalous Higgs couplings :

- Flavor violation, Rare decay

Strategic,  excludes low and high tanb regions.   ~1TeV@tanb~20-40

HL-LHC will exploit up to 400 GeV for whole parameter space.
(above 400GeV, tanb~10 is rather weak..)

All decay modes (4, 6-fermion) are fully covered.
Accessible to mX~ a few TeV.

accessible to 2nd generation.With 3000fb-1, reach to Br(H®J/y g) < 55x10-6

Rare decay limit :  ~10-4 (SM prediction: ~10-6)
LFV for tau  starts limits on theory.



Backup
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Perspective for HL-LHC
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CMS-PAS-FTR-16-002

ATL-PHYS-PUB-2014-017

Constraint to SM Higgs measurements: Direct searches:



Highlight :  High-mass diphoton resonance

ATLAS:

CMS:

Old (2015) New (2015+2016)

ATLAS
3.9s

Run2, L=3.2fb-1

JHEP09(2016)001

2.6s
Run2, L=36.7fb-1

Phys.Lett.B. arXiv:1707.04147

CMS
3.4s

Run1(19.7fb-1)+Run2(3.3fb-1)
PRL.117(2016)051802

1.9s
Run1(19.7fb-1)+Run2(16.2fb-1)

Phys.Lett.B.767(2017)147

Update new analysis with full dataset of 2015+2016.
- L=36.7fb-1 (2015+2016)
- Improved photon ID (conversion track recovery)
- Re-calibrated with 2016 dataset.

Last update at Moriond 2017 

- paper published in April.

Summary : Significance at mH~750GeV saga
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Dark matter with Higgs
Collider experiment:  “Direct production”. 

Year
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Discovery2012

“Dark Matter + Higgs” 
papers are growing...

Wide interests of HEP community :

Go to HEP-INSPIRE :

find t dark matter and t higgs and d 2017
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Open a new signature with Higgs
Invisible Higgs decay: Visible Higgs decay:

- Mono-X searches (X=Z, jet, g, ...) - Mono-H searches

invisible
c

c

(NEW)

where a; b are new physics couplings and λh is the usual
Higgs quartic. The second line in Eq. (18) follows once the
Higgs field acquires a vev, thereby leading to a mixing term
av in the h-S mass matrix. (Without loss of generality, the
vev of S can be taken to be zero through a field shift [37].)
The two-scalar system is diagonalized by a field rotation

h → cθhþ sθS; S → cθS − sθh; (19)

where the mixing angle θ is defined by sin 2θ ¼
2av=ðm2

S −m2
hÞ, with sθ ≡ sin θ and cθ ≡ cos θ. After

the field rotation, the quark and DM Yukawa terms
become

L ⊃ −yχ χ̄χðcθS − sθhÞ −
mq

v
q̄qðcθhþ sθSÞ: (20)

The mixing angle is constrained by current Higgs data,
which is consistent with cos θ ¼ 1 within Oð10%Þ uncer-
tainties [6,38–41], thereby requiring sin θ ≲ 0.4.
Mono-Higgs signals in this model arise through

processes shown in Figs. 3(a) and 3(b). These processes
depend on the h2S and hS2 cubic terms in Eq. (18). At
leading order in sin θ, these terms are

Vcubic ≈
sin θ
v

ð2m2
h þm2

SÞh2Sþ bvhS2 þ % % % ; (21)

where we have expressed a and λh in terms of sin θ andm2
h,

respectively. We note that the h2S term is fixed (at leading
order in sin θ) once the mass eigenvalues mh;mS and

mixing angle are specified. However, the hS2 is not fixed
and remains a free parameter depending on b. Alternately, a
Higgs can be radiated directly from the t quark in the
production loop, shown in Fig. 3(c). In our study, we
include the gghS box contribution through an effective
Lagrangian

Leff ¼ −
αs sin 2θ
24πv2

Ga
μνGaμνhS; (22)

which we have evaluated in the large mt limit. Although
this will likely overestimate our hþ ET signal [42], we
defer an evaluation of the true box form factor to
future study.

C. Benchmark models

For the purposes of our collider study to follow, we
consider several illustrative benchmark scenarios for both
EFT operators and simplified models. These models are
summarized in Table I. For the Z0 models, we henceforth
denote the Z0 coupled to baryon number as Z0

B and the
hidden sector Z0 mixed with the Z as Z0

H. Otherwise, the
parameters and interactions are as described above.

III. COLLIDER SENSITIVITY

In this section we estimate the sensitivity of the LHC to
mono-Higgs production with pp collisions at

ffiffiffi
s

p
¼ 8 and

14 TeV with L ¼ 20 and L ¼ 300 fb−1, respectively.
Signal events are generated in MADGRAPH5 [43], with

showering and hadronization by PYTHIA [44] and detector
simulation with DELPHES [45] assuming pileup conditions
of μ ¼ 20 and μ ¼ 50 for

ffiffiffi
s

p
¼ 8, 14 TeV, respectively.

The critical experimental quantity is the missing trans-
verse energy; a comparison of the ET for a few choices of
DM or mediator masses for the models under study can be
seen in Fig. 4. The production cross section for hχχ under
the various models is shown in Fig. 5.
In the following subsections, we estimate the

LHC sensitivity in four Higgs boson decay modes:
γγ; 4l; bb̄;lljj.

A. Two-photon decays

The γγ decay mode has a small branching fraction,
Bðh → γγÞ ¼ 2.23 × 10−3 [46], but smaller backgrounds
than other final states and well-measured objects, which
leads to well-measured ET .
Significant backgrounds to the γγ þ ET final state

include the following:
(i) Zh production with Z → νν̄, an irreducible back-

ground
(ii) Wh production withW → lν̄ where the lepton is not

identified
(iii) h → γγ or nonresonant γγ production, with ET from

mismeasurement of photons or soft radiation
(iv) Zγγ with Z → νν̄

(a)

(b)

(c)

FIG. 3. Diagram showing the collider production mode in a
simplified model, including a Z0 boson which decays to χχ̄.

MONO-HIGGS-BOSON: A NEW COLLIDER PROBE OF … PHYSICAL REVIEW D 89, 075017 (2014)

075017-5

mediator

b, g, Z, W ...
b, g, Z, W ...visible

- Search H + MET signature,
- No initial state radiation.

- SM Br(H®nnnn) = 0.1%

- Current SM measurements weakly 
constrain Br(H®BSM)<~30%
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Invisible Higgs searches
Usual Higgs production, but decays ”invisibly”.

- VBF trigger, forward/backward jets with large Dhjj and mjj.

- Better control of the MET reconstruction to suppress 
multijet background.

(%) Relatively high pT regime (Mono-jet, V(jj)) are not considered in this talk. 

(%)

(%)

JHEP.02(2017)135Upper limit on Br(H®inv.)<0.24 @95%C.L.
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Experimental challenge :



Mono-Higgs searches

arXiv:1706.03948

ZʼB model Zʼ-2HDM HSB model

H ® gg + MET :

H ® bb + MET :

- Use di-photon trigger (35/25GeV)

events with fake Emiss
T in the low-Emiss

T region. To further reject the background events from SM V� and
V�� production (where V stands for W or Z), which contribute significantly in the high-Emiss

T region, a
lepton (electron or muon) veto is applied.

The selected events are thus divided into five categories based on:

• the Emiss
T significance, S Emiss

T
= Emiss

T /
pP

ET, where the total transverse energy
P

ET is calculated
from the scalar sum of the transverse momenta of the calibrated photons, electrons, muons and jets
used in the Emiss

T calculation described in Section 4, as well as the tracks not associated with these
but the PV;

• the diphoton transverse momentum, p��T ;

• phard
T ;

• the number of leptons in the event;

• the distance between the diphoton vertex and the highest ⌃p2
T vertex in the z direction: |zhighest

PV �z��PV|.
The resulting categorization scheme is shown in Table 1. The categories are defined sequentially in
the rows and each category excludes events in the previous row. The Z0B and Z0-2HDM signal samples
are used to optimize the definition of the Mono-Higgs category, which provides most of the sensitivity
to those two models. The other four categories, which provide extra sensitivity to heavy-scalar boson
events with softer Emiss

T , are optimized using simulated heavy-scalar-boson samples to cover the di↵erent
kinematic regimes of the heavy-scalar model.

Table 1: Optimized criteria used in the categorization. The categories are defined sequentially in the rows and each
category excludes events in the previous row.

Category Requirements

Mono-Higgs S Emiss
T
> 7
p

GeV, p��T > 90 GeV, lepton veto
High-Emiss

T S Emiss
T
> 5.5

p
GeV, |zhighest

PV � z��PV| < 0.1 mm
Intermediate-Emiss

T S Emiss
T
> 4
p

GeV, phard
T > 40 GeV, |zhighest

PV � z��PV| < 0.1 mm
Di↵erent-Vertex S Emiss

T
> 4
p

GeV, phard
T > 40 GeV, |zhighest

PV � z��PV| > 0.1 mm
Rest p��T > 15 GeV

Figure 2 shows the distributions of S Emiss
T

, phard
T and p��T after the selection of diphoton candidates in

120 GeV < m�� < 130 GeV. Expected distributions are shown for a Z0B signal with mZ0B = 200 GeV and
Dirac fermion DM m� = 1 GeV, a Z0-2HDM signal with mZ0 = 1000 GeV, mA0 = 200 GeV and Dirac
fermion DM m� = 100 GeV, and a heavy-scalar model with mH = 275 GeV and scalar DM m� = 60
GeV. These overlaid signal points are representative of the model kinematics.

For the distributions shown in Figure 2, the simulation is used to determine the shapes and normalizations
of the V� and V�� contributions, as well as the shape of the �� contribution. The normalizations of the ��
and �+jet contributions are fixed to 79% and 19% of the data yield, where these fractions are estimated
from a two-dimensional sideband technique by counting the number of events in which one or both
photons pass or fail the identification or isolation requirements [56]. The shape of the �+jet contribution

8

- MET significance and pT(gg) is strong parameter.

- Final discriminant is mgg by line-shape fit.

arXiv:1707.01302

- ʻResolvedʼ (mjj) and ʻMergedʼ (mJ) categories.  

- Use MET trigger (70-110GeV)

- b-jet uncertainty is dominant (~17%)

NEW

NEW
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Interpretation to dark matter
Effective Field Theory :

dependent. The two approaches are therefore quite com-
plementary, and in the present work, we consider both.
The remainder of our work is outlined as follows. In

Sec. II, we construct both EFT operators and simplified
models for generating mono-Higgs signatures at the LHC.
Our simplified models consist of DM particles coupled to
the SM through an s-channel mediator that is either a Z0

vector boson or a scalar singlet S. In Sec. III, we assess the
sensitivity of LHC experiments to mono-Higgs signals at
the 8- and 14-TeV LHC, with 20 and 300 fb−1 respectively,
in four Higgs boson decay channels (bb̄, γγ, 4l, lljj),
including both new physics and SM backgrounds. In
Sec. V, we conclude.

II. NEW PHYSICS OPERATORS AND MODELS

We describe new physics interactions between DM and
the Higgs boson that may lead to mono-Higgs signals at the
LHC. In all cases, the DM particle is denoted by χ and may
be a fermion or scalar. We also assume χ is a gauge singlet
under SUð3ÞC × SUð2ÞL ×Uð1ÞY.
First, we consider operators within an EFT framework

where χ is the only new degree of freedom beyond the SM.
Next, we consider simplified models with an s-channel
mediator coupling DM to the SM. For both cases,
Fig. 1 illustrates schematically the basic Feynman diagram
for producing hþ ET (although not all models considered
here fit within this topology). Quarks or gluons from
pp collisions produce an intermediate state (e.g., an
electroweak boson or a new mediator particle) that couples
to hχχ.
At the end of this section, we identify several benchmark

scenarios (both EFT operators and simplified models) that
we consider in our mono-Higgs study, see Table I.

A. Effective operator models

The simplest operators involve direct couplings between
DM particles and the Higgs boson through the Higgs portal
jHj2 [14–20]. For scalar DM, we have a renormalizable
interaction at dimension 4:

λjHj2χ2; (1)

where χ is a real scalar and λ is a coupling constant.
For (Dirac) fermion DM, we have two operators at
dimension 5:

1

Λ
jHj2χ̄χ; 1

Λ
jHj2χ̄iγ5χ; (2)

suppressed by a mass scale Λ. Mono-Higgs can arise via
gg → h$ → hχχ through these operators. However, it is
important to note that these interactions lead to invisible
Higgs boson decay for mχ < mh=2. Treating each operator
independently, the partial widths in each case are

Γðh → χχÞ ¼ λ2v2

4πmh
scalar χ (3a)

Γðh → χχ̄Þ ¼ v2mh

8πΛ2
fermion χ (3b)

neglecting Oðm2
χ=m2

hÞ terms, where v ≈ 246 GeV is the
Higgs vacuum expectation value. If invisible decays are
kinetimatically open, it is required that λ≲ 0.016
(Λ≳ 10 TeV) for scalar (fermion) DM to satisfy Binv <
38% obtained in Ref. [6]. In this case, since the couplings
must be so suppressed, the leading mono-Higgs signals
from DM are from di-Higgs production where one of the
Higgs bosons decays invisibly, as we show below. On the
other hand, if mχ ≳mh, invisible Higgs boson decay is
kinematically blocked, and the DM-Higgs couplings can be
much larger.
At dimension 6, there arise several operators that give

mono-Higgs signals through an effective h-Z-DM cou-
pling. For scalar DM, we have

FIG. 1. Schematic diagram for mono-Higgs production in pp
collisions mediated by electroweak bosons (h; Z; γ) or new
mediator particles such as a Z0 or scalar singlet S. The gray
circle denotes an effective interaction between DM, the Higgs
boson, and other states.

TABLE I. Summary of benchmark models for hþ ET signals.

Effective operators

jχj2jHj2 λ ¼ 0.01
λ ¼ 1

χ̄χjHj2 Λ ¼ 100 GeV
Λ ¼ 10 TeV

χ̄iγ5χjHj2 Λ ¼ 100 GeV
Λ ¼ 10 TeV

χ†∂μχH†DμH Λ ¼ 300 GeV
χ̄γμχBμνH†DνH Λ ¼ 100 GeV

Simplified models with an s-channel mediator

Z0
B mZ0 ¼ 100 GeV, gχ ¼ gB ¼ 1, ghZ0Z0=mZ0 ¼ 0.3

mZ0 ¼ 1000 GeV, gχ ¼ gB ¼ 1, ghZ0Z0=mZ0 ¼ 0.3
Z0
H mZ0 ¼ 100 GeV, gχ ¼ 1, sin θ ¼ 0.1

mZ0 ¼ 1000 GeV, gχ ¼ 1, sin θ ¼ 0.1
Scalar S mS ¼ 100 GeV, yχ ¼ 1, sin θ ¼ 0.3, b ¼ 3

mS ¼ 1000GeV, yχ ¼ 1, sin θ ¼ 0.3, b ¼ 3

LINDA CARPENTER et al. PHYSICAL REVIEW D 89, 075017 (2014)

075017-2

Invisible Higgs:  simple formalizm

Mono-Higgs:  Benchmark Models

Collider searches are very powerful tool below Higgs mass.

With 3000fb-1,  reach Br(H®inv.) ~2.8%.
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Search for lepton flavor violating decay
CMS-PAS-HIG-17-001H ® µt , et search:

H
µ or e t

e or µ
or hadrons

Larger pT Smaller pT

n

- Reconstruct a mass with collinear mass approximation.

- Dominant systematics is jet uncertainty ~10-20%.
- Limits are obtained on the Br(H®µt) and Br(H®et).

19

CL upper limits. The BDT-fit analysis is more sensitive than the Mcol-fit analysis, with limits
reduced by about a factor two.

Table 7: The observed and expected upper limits at the 95% CL and the best fit branching
fractions in percent for the H ! µt and H ! et processes, with the different selections.

Observed(Expected) limits (%) Best fit branching fraction (%)
Mcol-fit BDT-fit Mcol-fit BDT-fit

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

The constraints on B(H ! µt) and B(H ! et) can be interpreted in terms of LFV Yukawa
couplings [34]. The LFV decays et and µt arise at tree level from the assumed flavour violating
Yukawa interactions, Y`a`b where `a, `b denote the leptons, `a, `b = e, µ, t and `a 6= `b. The
decay width G(H ! `a`b) in terms of the Yukawa couplings is given by:

G(H ! `a`b) =
mH

8p

�|Y`b`a |2 + |Y`a`b |2�,

and the branching fraction by:

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

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

The SM H decay width is assumed to be GSM = 4.1 MeV [71] for MH = 125 GeV. The 95%
CL upper limit on the Yukawa couplings derived from the expression for the branching frac-
tion above is shown in Table 8. The limits on the Yukawa couplings derived from the BDT-fit
analysis results are shown in Figure 8.

Table 8: 95% CL upper limit on the Yukawa couplings
Mcol-fit BDT-fitq

|Yµt|2 + |Ytµ|2 < 2.05 ⇥ 10�3 < 1.43 ⇥ 10�3
p|Yet|2 + |Yte|2 < 2.45 ⇥ 10�3 < 2.26 ⇥ 10�3

9 Summary

This article presents the search for LFV decays of the Higgs boson in the µt and et final states,
with the 2016 data collected by the CMS detector. The dataset analyzed corresponds to an in-
tegrated luminosity of 35.9 fb�1 of proton-proton collision data recorded at

p
s = 13 TeV. The

results are extracted by a fit to the output of a BDT trained to discriminate the signal from back-
grounds. The results are cross-checked with alternate analysis that fits the Mcol distribution
after applying selection criteria on kinematic variables. No evidence is found for LFV Higgs
boson decays. The observed (expected) limits on the branching fraction of the Higgs boson to
µt and to et are found to be less than 0.25(0.25)% and 0.61(0.37)%, respectively, at 95% confi-
dence level, and constitute a significant improvement with respect to the previously obtained
limits by CMS and ATLAS using 20 fb�1 of 8 TeV proton-proton collision data. Upper limits on
the off-diagonal µt and et Yukawa couplings are derived from these constraints on the branch-
ing ratios, and found to be

q
|Yµt|2 + |Ytµ|2 < 1.43 ⇥ 10�3 and

p|Yet|2 + |Yte|2 < 2.26 ⇥ 10�3

at 95% CL.

- With Br limit, constrain to Yukawa coupling through

Strong constraint Br(H®eµ)~2x10-8 from µ®eg or µ®3e experiments. 

But tau decay mode is rather weakly constraint.

Analysis:

NEW
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