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July 4, 2012

Could Higgs 
boson lead to 

another 
discovery?

Yes.

To see why, 
let’s look at its 

properties.

Higgs discovery
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Largest partial 
width is to Γbb̅

SM Higgs decay

Curtin et al. 1312.4992 (2014)
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR2014

Yet this has a tiny 
coupling of �2(0.01) 

H !  bb̅
57%

Other H !  ff !
H !  gg, γγ, Zγ

H ! VV*
24%

BH !  XX

Suppressed 
by loop

Suppressed by 
small mass

Phase-space 
suppressed

(mH < 2ámW,Z)
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Exotic Higgs decay

H !  bb̅
57%

Other H !  ff !
H !  gg, γγ, Zγ

H ! VV*
24%

BH !  XX

H !  BSM

A new coupling of 
�2(0.01) can easily add 

BH! BSM = �2(10%) 

Curtin et al. 1312.4992 (2014)
Chang et al. 0801.4554 (2008)
Silveira & Zee, PL B 161 (1985) 136
+ many more

H

X

X

ÒPortalÓ 
coupling
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Exotic Higgs decay

H !  bb̅
57%

Other H !  ff !
H !  gg, γγ, Zγ

H ! VV*
24%

BH !  XX

H !  BSM

A new coupling of 
�2(0.01) can easily add 

BH! BSM = �2(10%) 

Curtin et al. 1312.4992 (2014)
Chang et al. 0801.4554 (2008)
Silveira & Zee, PL B 161 (1985) 136
+ many more

H

X

X

ÒPortalÓ 
coupling

c.f. LHC produced 2M 
Higgs events so far
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Exotic Higgs decay
Current limit is only at 34%

H !  bb̅
57%

Other H !  ff !
H !  gg, γγ, Zγ

H ! VV*
24%

BH !  XX

H !  BSM

ATLAS+CMS combination 1606.02266
ATLAS projection ATL-PHYS-PUB-2014-016

A new coupling of 
�2(0.01) can easily add 

BH! BSM = �2(10%)

H

X

X

ÒPortalÓ 
coupling

3 ab–1 projection is �V10%
i.e. 300M Higgs events
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Higgs “portal” coined by Brian Patt, 
Frank Wilczek

Patt, Wilczek hep-ph/0605188 (2006)

!    |H|2  X2

Dim 2

ÒPortalÓ interaction
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Higgs “portal” coined by Brian Patt, 
Frank Wilczek

Mass

W
Z
H

t

light

SM charge

X

BSM charge

Portal!    |H|2  X2

Dim 2

ÒPortalÓ interaction

Patt, Wilczek hep-ph/0605188 (2006)
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Higgs “portal” coined by Brian Patt, 
Frank Wilczek

Mass

W
Z
H

t

light

SM charge

?

?

X
?
?

?

BSM charge

Portal!    |H|2  X2

Dim 2

ÒPortalÓ interaction

Patt, Wilczek hep-ph/0605188 (2006)
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Higgs “portal”

Can explore Hidden BSM structures via Higgs portal

coined by Brian Patt, 
Frank Wilczek

Mass

W
Z
H

t

light

SM charge

?

?

X
?
?

?

BSM charge

Portal!    |H|2  X2

Dim 2

ÒPortalÓ interaction

Patt, Wilczek hep-ph/0605188 (2006)
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Case 1: Invisible Higgs decay

H decays away to hidden sector
�Ã leaves missing energy

e.g. Curtin et al. 1312.4992 (2014) + many more

H

Mass

SM charge BSM charge

Portal
X

decays

H
invisible

q

invisible

q

q

DM candidate

q



Understanding
Z !  vv crucial
(becoming the 
main limitation)
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Invisible Higgs decay

Combining H! inv analyses
constrain BH! inv < 25% (95% CL)

Various invisible Higgs decay 
analyses from ATLAS: PRL 
112, 201802 (2014), EPJ C 
75:337 (2015), JHEP01 (2016) 
172, JHEP11 (2015) 206

Probe missing 
energy spectrum

No signiÞcant 
excess observed

VBF H !  inv 
analysis example
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(b) mjj distribution.

Figure 6. Data and MC distributions after all the requirements in SR1 for (a) Emiss
T and (b) the

dijet invariant mass mjj . The background histograms are normalized to the values in table8. The
VBF signal (red histogram) is normalized to the SM VBF Higgs boson production cross section
with BF( H ! invisible) = 100%.
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Figure 7. Data and MC distributions after all the requirements in SR2 for (a) Emiss
T and (b)

the dijet invariant mass mjj . The background histograms are normalized to the values in table8.
The VBF signal is normalized to the SM VBF Higgs boson production cross section with BF(H !
invisible) = 100%.

¥ Uncertainty in the luminosity measurements. This impacts the predicted rates of the
signals and the backgrounds that are estimated using MC simulation, namely ggF
and VBF signals, and tøt, single top, and diboson backgrounds.

¥ Uncertainties in the absolute scale and resolution of the reconstructed jet energy.

¥ Uncertainties in the modelling of the parton shower.

¥ Uncertainties in renormalization and factorization scales.
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Invisible Higgs decay

Low transverse momentum final states
�Ã Trigger challenges
�Ã Relatively “Boosted” merged jets tagging

e.g. Curtin, Essig, Zhong 1412.4779 (2015) + many more

But soft

Hidden sector particles decay back to 
visible but soft SM Þnal states

H
a

a

b,τ, µ
b,τ, µ
b,τ
b,τ

�2(MH/4 = 30) GeV

Merged

BSM 
scalar

H

Mass

SM charge BSM charge

Portal
X

light

decays

decays
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H

b
b̅
b
b̅

W

l v
q

q!
a

a

b
b̅
b
b̅

lv

t

t !

W

W q
q

g

g
g

Signal SM background

σx-sec much larger

Use multivariate analysis

ATLAS: H! aa! bb!bb!
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ATLAS: H! aa! bb!bb!
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¥ BH! 4b = 100% line¥ Sensitivity loss at low mscalar 
due to merged jet

More data being analyzed. Stay tuned.
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Direct searches are constraining beyond indirect 
constraint for some parameter space

Other channels

This is CMS result to illustrate 
what other channels exist
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Many BSM models predict
non-diagonal Yukawa couplings

up to �2(10%) while satisfying 
experimental constraints

Lepton flavor 
violating Higgs decay

H

e, µ

"

CMS reported 2.4"  excess at Run 1
(13 TeV 2.3/fb shows no excess)

Diaz-Cruz, Toscano, PR D 62, 116005 (2000)
Blankenburg, Ellis, Isidori PL B 712 (2012) 386
Arhrib, Cheng, Kong PR D 87 015025 (2013)
Arana-Catania, Arganda, Herrero JHEP10 (2015) 192
+ many more

PL B 749 (2015) 337
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One signal region reports 2.2σ
But combination shows no excess

2.2"

BH! µ" < 1.43% (95%CL)

SR1 µτhad

SR2 µτhad
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If BH! BSM = �2(10%), we already have 200k exotic higgs decay events

They have topology different from typical analysesÕ phase-space

H
a

a

b,τ, µ
b,τ, µ
b,τ
b,τ

�2(MH/4 = 30) GeV

Merged

BSM 
scalar

Key objects to study
low PT “merged” jets

low PT b-tagging algorithms
soft lepton final states
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Relevant region

Sub-leading Y PT [GeV]
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DifÞcult topology is targeted with all hadronic channel

Soft b-jets tagging will be helpful in this area
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Summary

A new coupling of �2(0.01) can 
easily add BH! BSM = �2(10%) 

Indirect constraint is 34%

Various direct searches have 
put stringent constraints

Low PT objects are very 
important

Stay tuned for more updates

10%

H! BSM
34% H! inv

H! aa (model dep.)

H! µτ

25%
10% 1.5%
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FIG. 1: Sensitivity of a 125 GeV Higgs to light weakly coupled particles. Left: Exotic Higgs

branching fraction to a singlet scalar s versus the singletÕs massms, assuming the interaction

Eq. (1) is solely responsible for theh ! ss decay. If the interaction in Eq. (1) generates thes

mass, the result is the orange curve; the other curves are for Þxed and independent values of! and

ms. Right: Exotic Higgs branching fraction to a new fermion " interacting with the Higgs as in

Eq. (2) to illustrate the sensitivity of exotic Higgs decay searches to high scales, here⇤. We take

here µ = m! .

broad and generic class of theories beyond the SM.

In some cases, particularly if the exotic decay produces only jets with or withoutE/ T , it

may be di! cult to trigger on Higgs events produced in the (dominant) gluon-gluon-fusion

channel. However, even under these pessimistic assumptions, a few hundred events should

still be on tape in the existing 7 and 8 TeV datasets, since the associated production of

the Higgs boson with a leptonically-decayingZ- or W-boson will usually be recorded due

to the presence of one or two leptons. Moreover, additional events may have triggered in

the vector boson fusion (VBF) channel due to the rapidity gap of two of the jets in these

events (see next paragraph). In some cases, more sophisticated triggers on combinations of

objects, possibly with low thresholds, may be required to write a larger fraction of events to

tape.

In addition to the ÒstandardÓ LHC7 and LHC8 datasets, an additional 300Ð500 Hz of

data was collected and ÒparkedÓ during the LHC8 running. This parked dataset was not

reconstructed immediately, but may present additional opportunities for exotic Higgs anal-

yses. For example, at CMS, it included a trigger on Higgs VBF production (Mjj > 650 GeV

12
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FIG. 3: Size of the cubic couplingµv in units of Higgs expectation valuev to yield the indicated

h ! ss branching fraction as a function of singlet mass, as given by Eq. (8).

The partial width for exotic Higgs decays is given by

! (h ! ss) =
1

32!
µ2

v

mh

!

1 "
4m2

s

m2
h

#
"

µv/v
0.03

# 2

! (h ! SM) , (8)

where the last step assumesms $ mh/ 2. Therefore, the new branching ratio isO(1) even

for small values ofµv/v . This is not surprising, if we recall that in the SM the bottom

quark takes up almost 60% of the total width although its Yukawa coupling is only% 0.017.

In Fig. 3, we show contours ofµv/v in the Br(h ! ss) versusms plane.

The individual partial widths of the singlet s to SM particles are readily computed us-

ing existing calculations for Higgs decays, e.g. [97, 98]. Decays intoW ! W ! and Z ! Z ! are

negligible forms < m h/ 2. At lowest order, the partial decay width to fermions is given by

! (s ! f øf ) = sin 2 "S
Nc

8!

msm2
f

v2
#3

f , (9)

where#f =
$

1 " 4m2
f /m 2

s and Nc is the number of colors, equaling 3 (1) for quarks (lep-

tons). For the pseudoscalar singlet statea, #3
f is replaced by#f . The mixing suppres-

sion sin2 "S is common to all partial widths, including those to gluons and photons, and

thus does not a" ect branching ratios if s only decays to SM particles. Br(s ! SM) and

Br(h ! ss ! SM) are shown forms > 1 GeV in Fig. 4 on the left and right , respec-

tively. It is clear that a simple singlet extension of the SM generically implies signiÞcant

22
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H! invisible decay

Missing energy spectrum in two 
production modes are studied

H

invisible
Vq

q!

invisible

VH: BH! inv < 75%

H

invisibleq

q invisible

VBF: BH! inv < 28%



Illinois 
ChangVBF H! invisible

30

J
H
E
P
0
1
(
2
0
1
6
)
1
7
2

E
ve

nt
s/

50
 G

eV

1

10

210

310 =125 GeV, BR=100%)
H

VBF Signal (m
ν l→W

νν→Z
Other Backgrounds
SM Uncertainty
Data 2012

ATLAS
, 8 TeV-120.3 fb

SR1

[GeV]miss
TE

150 200 250 300 350 400 450 500

D
at

a/
M

C
 

0
0.5

1
1.5

2

(a) Emiss
T distribution.

E
ve

nt
s/

0.
5 

T
eV

1

10

210

310

410
=125 GeV, BR=100%)

H
VBF Signal (m

ν l→W
νν→Z

Other Backgrounds
SM Uncertainty
Data 2012

=125 GeV, BR=100%)
H

VBF Signal (m
ν l→W

νν→Z
Other Backgrounds
SM Uncertainty
Data 2012

ATLAS
, 8 TeV-120.3 fb

SR1

[TeV]jjm
1 1.5 2 2.5 3 3.5 4 4.5 5

D
at

a/
M

C
 

0
0.5

1
1.5

2

(b) mjj distribution.

Figure 6. Data and MC distributions after all the requirements in SR1 for (a) Emiss
T and (b) the

dijet invariant mass mjj . The background histograms are normalized to the values in table8. The
VBF signal (red histogram) is normalized to the SM VBF Higgs boson production cross section
with BF( H ! invisible) = 100%.
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Figure 7. Data and MC distributions after all the requirements in SR2 for (a) Emiss
T and (b)

the dijet invariant mass mjj . The background histograms are normalized to the values in table8.
The VBF signal is normalized to the SM VBF Higgs boson production cross section with BF(H !
invisible) = 100%.

¥ Uncertainty in the luminosity measurements. This impacts the predicted rates of the
signals and the backgrounds that are estimated using MC simulation, namely ggF
and VBF signals, and tøt, single top, and diboson backgrounds.

¥ Uncertainties in the absolute scale and resolution of the reconstructed jet energy.

¥ Uncertainties in the modelling of the parton shower.

¥ Uncertainties in renormalization and factorization scales.
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Figure 6. Data and MC distributions after all the requirements in SR1 for (a) Emiss
T and (b) the

dijet invariant mass mjj . The background histograms are normalized to the values in table8. The
VBF signal (red histogram) is normalized to the SM VBF Higgs boson production cross section
with BF( H ! invisible) = 100%.
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Figure 7. Data and MC distributions after all the requirements in SR2 for (a) Emiss
T and (b)

the dijet invariant mass mjj . The background histograms are normalized to the values in table8.
The VBF signal is normalized to the SM VBF Higgs boson production cross section with BF(H !
invisible) = 100%.

¥ Uncertainty in the luminosity measurements. This impacts the predicted rates of the
signals and the backgrounds that are estimated using MC simulation, namely ggF
and VBF signals, and tøt, single top, and diboson backgrounds.

¥ Uncertainties in the absolute scale and resolution of the reconstructed jet energy.

¥ Uncertainties in the modelling of the parton shower.

¥ Uncertainties in renormalization and factorization scales.
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Figure 6. Data and MC distributions after all the requirements in SR1 for (a) Emiss
T and (b) the

dijet invariant mass mjj . The background histograms are normalized to the values in table8. The
VBF signal (red histogram) is normalized to the SM VBF Higgs boson production cross section
with BF( H ! invisible) = 100%.
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Figure 7. Data and MC distributions after all the requirements in SR2 for (a) Emiss
T and (b)

the dijet invariant mass mjj . The background histograms are normalized to the values in table8.
The VBF signal is normalized to the SM VBF Higgs boson production cross section with BF(H !
invisible) = 100%.

¥ Uncertainty in the luminosity measurements. This impacts the predicted rates of the
signals and the backgrounds that are estimated using MC simulation, namely ggF
and VBF signals, and tøt, single top, and diboson backgrounds.

¥ Uncertainties in the absolute scale and resolution of the reconstructed jet energy.

¥ Uncertainties in the modelling of the parton shower.

¥ Uncertainties in renormalization and factorization scales.
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Signal region SR1 SR2a SR2b

Process

ggF signal 20± 15 58± 22 19± 8

VBF signal 286± 57 182± 19 105± 15

Z (! !! )+jets 339± 37 1580± 90 335± 23

W (! "! )+jets 235± 42 1010± 50 225± 16

Multijet 2± 2 20± 20 4± 4

Other backgrounds 1± 0.4 64± 9 19± 6

Total background 577± 62 2680± 130 583± 34

Data 539 2654 636

Table 8. Estimates of the expected yields and their total uncertainties for SR1 and SR2 in 20.3 fb! 1

of 2012 data. The Z (! !! )+jets, W (! "! )+jets, and multijet background estimates are data-
driven. The other backgrounds and the ggF and VBF signals are determined from MC simulation.
The expected signal yields are shown formH = 125 GeV and are normalized to BF(H ! invisible) =
100%. TheW +jets and Z +jets statistical uncertainties result from the number of MC events in each
signal and corresponding control region, and from the number of data events in the control region.

Results Expected +1# " 1# +2# " 2# Observed

SR1 0.35 0.49 0.25 0.67 0.19 0.30

SR2 0.60 0.85 0.43 1.18 0.32 0.83

Combined Results 0.31 0.44 0.23 0.60 0.17 0.28

Table 9. Summary of limits on BF( H ! invisible) for 20.3 fb! 1 of 8 TeV data in the individual
search regions and their combination, assuming the SM cross section formH = 125 GeV.

Table 8 shows signal, background and data events after the global Þt including the e! ects
of systematic uncertainties, MC statistical uncertainties in the control and signal regions,
and the data statistical uncertainties in the control regions. The post-Þt values of the
Z +jets and W +jets background normalization scale factorski , discussed in section5, are
0.95± 0.21, 0.87± 0.17 and 0.74± 0.12 for SR1, SR2a and SR2b and their control regions,
respectively. As shown in table8, the signal-to-background ratio is 0.53 in SR1, and 0.09
and 0.21 in SR2a and SR2b respectively, for BF(H ! invisible) = 100%. Fits to the
likelihood function are performed separately for each signal region and their combination,
and the 95% CL limits on BF(H ! invisible) are shown in table 9.

The agreement between the data and the background expectations in SR1 is also
expressed as a model-independent 95% CL upper limit on the Þducial cross section

#Þd = # # BF # A, (7.1)

=
N

L # $
, (7.2)

where the acceptanceA is the fraction of events within the Þducal phase space deÞned
at the MC truth level using the SR1 selections in section4, N the accepted number of

Ð 18 Ð
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SR1 Expected +1! ! 1! +2! ! 2! Observed

Fiducial cross section [fb] 4.78 6.32 3.51 8.43 2.53 3.93

Table 10. Model-independent 95% CL upper limit on the fiducial cross section for non-SM pro-
cesses ! Þd in SR1.

events, L the integrated luminosity and " the selection e! ciency defined as the ratio of

selected events to those in the fiducial phase space. Only the systematic uncertainties on

the backgrounds and the integrated luminosity are taken into account in the upper limit on

! Þd, shown in table 10. In SR1, the acceptance and the event selection e! ciency, estimated

from simulated VBF H " ZZ " 4# events, are (0.89± 0.04)% and (94± 15)% respectively.

The uncertainties have been divided such that the theory uncertainties are assigned to the

acceptance and the experiment uncertainties are assigned to the e! ciency.

8 Model interpretation

In the Higgs-portal dark-matter scenario, a dark sector is coupled to the Standard Model

via the Higgs boson [9, 10] by introducing a WIMP dark-matter singlet $ that only couples

to the SM Higgs doublet. In this model, assuming that the dark-matter particle is lighter

than half the Higgs boson mass, one would search for Higgs boson decays to undetected

(invisible) dark-matter particles, e.g. H " $$ . The upper limits on the branching fraction

to invisible particles directly determine the maximum allowed decay width to the invisible

particles

" inv
H =

BF(H " invisible)

1 ! BF(H " invisible)
# " H , (8.1)

where " H is the SM decay width of the Higgs boson. Adopting the formulas from ref. [10],

the decay width of the Higgs boson to the invisible particles can be written as

" inv
H ! SS =

%2
HSS v2&S

64' mH
, (8.2)

" inv
H ! V V =

%2
HV V v2m3

H &V

256' m4
V

!

1 ! 4
m2

V

m2
H

+ 12
m4

V

m4
H

"

, (8.3)

" inv
H ! f f =

%2
Hff v2mH &3

f

32' # 2 , (8.4)

for the scalar, vector and Majorana-fermion dark matter, respectively. The parameters

%HSS , %HV V , %Hff / # are the corresponding coupling constants, v is the vacuum expec-

tation value of the SM Higgs doublet, &! =
#

1 ! 4m2
! /m 2

H ($ = S, V , f ), and m! is

the WIMP mass. In the Higgs-portal model, the Higgs boson is assumed to be the only

mediator in the WIMP-nucleon scattering, and the WIMP-nucleon cross section can be

written in a general spin-independent form. Inserting the couplings and masses for each

spin scenario gives:

! SI
SN =

%2
HSS

16' m4
H

m4
N f 2

N

(mS + mN )2 , (8.5)
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Vacuum expectation value v/
!

2 174 GeV

Higgs boson mass mH 125 GeV

Higgs boson width ! H 4.07 MeV

Nucleon mass mN 939 MeV

Higgs-nucleon coupling form factor f N 0.33+0 .30
! 0.07

Table 11. Parameters in the Higgs-portal dark-matter model.

σSI
V N =

λ2
HV V

16πm4
H

m4
N f 2

N

(mV + mN )2 , (8.6)

σSI
fN =

λ2
Hff

4π" 2m4
H

m4
N m2

f f 2
N

(mf + mN )2 , (8.7)

where mN is the nucleon mass, andf N is the form factor associated to the Higgs boson-
nucleon coupling and computed using lattice QCD [10]. The numerical values for all the
parameters in the equations above are given in table11.

The inferred 90% CL branching fraction limit for H " invisible, translated into an
upper bound on the scattering cross section between nucleons and WIMP, is shown in
Þgure 8 compared to the results from direct detection experiments. The WIMP-nucleon
cross-section limits resulting from searches for invisible Higgs boson decays extend from low
WIMP mass to half the Higgs boson mass, and are complementary to the results provided
by direct detection experiments that have limited sensitivity to WIMP with mass of the or-
der of 10 GeV and lower [34, 36Ð40, 42]. This is expected as the LHC has no limitations for
the production of low-mass particles, whereas the recoil energies produced in the interac-
tions of sub-relativistic WIMP with nuclei in the apparatus of a direct detection experiment
are often below the sensitivity threshold for small WIMP masses. The aforementioned cor-
relation between the branching fraction of Higgs boson decays to invisible particles and the
WIMP-nucleon cross section is presented in the e#ective Þeld theory framework, assum-
ing that the new physics scale isO(a few) TeV, well above the scale probed at SM Higgs
boson mass. Adding a renormalizable mechanism for generating the fermion and vector
WIMP masses could modify the correlation between the WIMP-nucleon cross section and
the branching fraction of Higgs boson decays to invisible particles [93].

9 Conclusions

A search for Higgs boson decays to invisible particles is presented. The search uses data
events with two forward jets and large missing transverse momentum, collected with the
ATLAS detector from 20.3 fb! 1 of pp collisions at

!
s = 8 TeV at the LHC. Assuming

the SM production cross section, acceptance and e$ ciency for invisible decays of a Higgs
boson with a mass of 125 GeV, a 95% CL upper bound is set on the BF(H " invisible) at
0.28. The results are interpreted in the Higgs-portal dark-matter model where the 90% CL
limit on the BF( H " invisible) is converted into upper bounds on the dark-matter nucleon

Ð 20 Ð
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llevent selection. These uncertainties contribute typically
1.0%Ð1.5% to the overall selection uncertainty. Jet energy
scale and resolution uncertainties are derived using a
combination of techniques that use dijet, photon! jet,
andZ ! jet events[54,55]. These contribute an uncertainty
of between 3% and 6% on the final event selection. The
uncertainties on the energy scale and resolution of leptons
and jets are also propagated to theEmiss

T calculation, and the
resulting uncertainty in the latter is included in uncertain-
ties given above. Uncertainties in the pile-up simulation,
affecting in particularEmiss

T , contribute a further 1%Ð2%
uncertainty.

Theoretical uncertainties on theZH production cross
section are derived from variations of the renormalization
and factorization scale,! s, and the parton distribution
functions (PDFs)[24]. These are combined to give an
uncertainty of 3.6%Ð5.7% on the cross section. This analysis
is sensitive to the distribution of the Higgs bosonpT through
the Emiss

T , and uncertainties in thepT boost of the Higgs
boson can affect the signal yield. An additional systematic
uncertainty of 1.9% is applied to the normalization
[22,23,56], and uncertainties as a function of the Higgs
bosonpT are considered as a systematic shape uncertainty.

The cross-section uncertainty on theZZ background is 5%
fromvaryingthePDFs,! s,andQCDscale.Theuncertaintyon
the jet veto for theZZ backgrounddue to thepartonshowering
is estimated to be 6.4% (5.5%) for the 7 (8) TeV data. Because
theEmiss

T distribution of the final selected sample is used in the
limit-setting procedure, the impact of PDFs,! s, and QCD
scale uncertainties on the shape of this distribution is also
considered.Thetheoreticaluncertaintyof theWZbackground
isconsideredsimilarly.The total systematicuncertaintyon the
SMZZ background is8%forboth the7and8TeVdata-taking
periods, whereas for theWZ background it is 10% (13%) for
the 7 (8) TeV data-taking periods.

Event reconstruction and theoretical uncertainties are
considered as correlated between the 7 and 8 TeV data, and
between the signals and backgrounds estimated from
simulation. The systematic uncertainties in methods that
determine backgrounds from data using control regions are
also assumed to be correlated between the two data sets.
The luminosity uncertainty is considered as uncorrelated
between the 7 and 8 TeV data.

The numbers of observed and expected events for the 7
and 8 TeV data-taking periods are shown in TableI.
Figure 2 shows theEmiss

T distribution after the full event
selection for the 8 TeV data and the expected backgrounds.
The normalization of the backgrounds is extracted from a
binned profile maximum likelihood fit in the signal region.
Systematic uncertainties are considered as nuisance param-
eters, and are assumed to be constrained by Gaussian
distributions. The signal expectation shown corresponds to
a Higgs boson withmH " 125.5 GeV, a SMZH produc-
tion rate, and BR#H ! inv:$ " 1. No significant excess is
observed over the SM expectation.

Limits are set on the cross section times branching ratio
for a Higgs boson decaying to invisible particles anywhere
in the mass range110< mH < 400 GeV. The limits are
computed using a maximum likelihood fit to theEmiss

T
distribution following the CLs (signal confidence level)
modified frequentist formalism[57] with a profile like-
lihood test statistic[58]. Figure 3 shows the 95% C.L.
upper limits on" ZH ! BR#H ! inv:$ in the mass range
110< mH < 400 GeV for the combined 7 and 8 TeV data.
The expectation for a Higgs boson with a production cross
section equal to that expected for a SM Higgs boson and
BR#H ! inv:$ " 1 is also shown.

FIG. 2 (color online). Distribution ofEmiss
T after the full

selection in the 8 TeV data (dots). The filled stacked histograms
represent the background expectations. The signal expectation for
a Higgs boson withmH " 125.5 GeV, a SMZH production rate
and BR#H ! inv:$ " 1 is stacked on top of the background
expectations. The inset at the bottom of the figure shows the ratio
of the data to the combined background expectations. The hashed
area shows the systematic uncertainty on the combined back-
ground expectation.

FIG. 3 (color online). Upper limits on" ZH ! BR#H ! inv:$at
95% C.L. for a Higgs boson with110< mH < 400 GeV, for the
combined 7 and 8 TeV data. The full and dashed lines show the
observed and expected limits, respectively.
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event selection. These uncertainties contribute typically
1.0%Ð1.5% to the overall selection uncertainty. Jet energy
scale and resolution uncertainties are derived using a
combination of techniques that use dijet, photon! jet,
andZ ! jet events[54,55]. These contribute an uncertainty
of between 3% and 6% on the final event selection. The
uncertainties on the energy scale and resolution of leptons
and jets are also propagated to theEmiss

T calculation, and the
resulting uncertainty in the latter is included in uncertain-
ties given above. Uncertainties in the pile-up simulation,
affecting in particularEmiss

T , contribute a further 1%Ð2%
uncertainty.

Theoretical uncertainties on theZH production cross
section are derived from variations of the renormalization
and factorization scale,! s, and the parton distribution
functions (PDFs)[24]. These are combined to give an
uncertainty of 3.6%Ð5.7% on the cross section. This analysis
is sensitive to the distribution of the Higgs bosonpT through
the Emiss

T , and uncertainties in thepT boost of the Higgs
boson can affect the signal yield. An additional systematic
uncertainty of 1.9% is applied to the normalization
[22,23,56], and uncertainties as a function of the Higgs
bosonpT are considered as a systematic shape uncertainty.

The cross-section uncertainty on theZZ background is 5%
fromvaryingthePDFs,! s,andQCDscale.Theuncertaintyon
the jet veto for theZZ backgrounddue to thepartonshowering
is estimated to be 6.4% (5.5%) for the 7 (8) TeV data. Because
theEmiss

T distribution of the final selected sample is used in the
limit-setting procedure, the impact of PDFs,! s, and QCD
scale uncertainties on the shape of this distribution is also
considered.Thetheoreticaluncertaintyof theWZbackground
isconsideredsimilarly.The total systematicuncertaintyon the
SMZZ background is8%forboth the7and8TeVdata-taking
periods, whereas for theWZ background it is 10% (13%) for
the 7 (8) TeV data-taking periods.

Event reconstruction and theoretical uncertainties are
considered as correlated between the 7 and 8 TeV data, and
between the signals and backgrounds estimated from
simulation. The systematic uncertainties in methods that
determine backgrounds from data using control regions are
also assumed to be correlated between the two data sets.
The luminosity uncertainty is considered as uncorrelated
between the 7 and 8 TeV data.

The numbers of observed and expected events for the 7
and 8 TeV data-taking periods are shown in TableI.
Figure 2 shows theEmiss

T distribution after the full event
selection for the 8 TeV data and the expected backgrounds.
The normalization of the backgrounds is extracted from a
binned profile maximum likelihood fit in the signal region.
Systematic uncertainties are considered as nuisance param-
eters, and are assumed to be constrained by Gaussian
distributions. The signal expectation shown corresponds to
a Higgs boson withmH " 125.5 GeV, a SMZH produc-
tion rate, and BR#H ! inv:$ " 1. No significant excess is
observed over the SM expectation.

Limits are set on the cross section times branching ratio
for a Higgs boson decaying to invisible particles anywhere
in the mass range110< mH < 400 GeV. The limits are
computed using a maximum likelihood fit to theEmiss

T
distribution following the CLs (signal confidence level)
modified frequentist formalism[57] with a profile like-
lihood test statistic[58]. Figure 3 shows the 95% C.L.
upper limits on" ZH ! BR#H ! inv:$ in the mass range
110< mH < 400 GeV for the combined 7 and 8 TeV data.
The expectation for a Higgs boson with a production cross
section equal to that expected for a SM Higgs boson and
BR#H ! inv:$ " 1 is also shown.

FIG. 2 (color online). Distribution ofEmiss
T after the full

selection in the 8 TeV data (dots). The filled stacked histograms
represent the background expectations. The signal expectation for
a Higgs boson withmH " 125.5 GeV, a SMZH production rate
and BR#H ! inv:$ " 1 is stacked on top of the background
expectations. The inset at the bottom of the figure shows the ratio
of the data to the combined background expectations. The hashed
area shows the systematic uncertainty on the combined back-
ground expectation.

FIG. 3 (color online). Upper limits on" ZH ! BR#H ! inv:$at
95% C.L. for a Higgs boson with110< mH < 400 GeV, for the
combined 7 and 8 TeV data. The full and dashed lines show the
observed and expected limits, respectively.
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For the signal, the momentum of the reconstructedZ
boson is expected to be balanced by the momentum of the
invisibly decaying Higgs boson. Therefore the azimuthal
separation between the dilepton system, where the magni-
tude of its transverse momentum is defined aspll

T , and the
Emiss

T , ! ! !pll
T ; Emiss

T ", is required to be greater than 2.6. The
boost of theZ boson causes the decay leptons to be produced
with a small opening angle. The azimuthal opening angle of
the two leptons,! ! ! l ; l ", is thus required to be less than
1.7. Furthermorepll

T andEmiss
T are expected to be similar.

Therefore the fractionalpT difference, defined as
jEmiss

T ! pll
T j=pll

T , is required to be less than 0.2. Finally,
for the majority of the signal no additional high-pT jets are
expected to be observed in the events, while for the back-
ground from boostedZ bosons and fromtøt pairs one or more
jets are expected. Thus, events are required to have no
reconstructed jets withpT > 25 GeV andj" j < 2.5.

After the selection requirements, the dominant back-
ground is SM ZZ production followed by SMWZ
production, as shown in TableI. These backgrounds are
simulated using MC samples normalized to NLO cross
sections. The simulation ofWZ events is validated by
comparing them to data events in which the third-lepton
veto is replaced by an explicit third-lepton requirement.
The theoretical prediction of theZZ production is in
agreement with the ATLAS cross-section measurement
at

!!!
s

p
# 7 TeV [50].

Background contributions from events with a genuine
isolated lepton pair, not originating from aZ ! eeor Z !
## decay (WW, tøt, Wt, and Z ! $$), are estimated by
exploiting the flavor symmetry in the dilepton final state of
these processes. Distributions for events with ane# pair,
appropriately scaled to account for differences in electron
and muon reconstruction efficiencies, can be used to
estimate this background in the electron and muon chan-
nels. The difference between the efficiencies for electrons
and muons is estimated using the square root of the ratio of
the numbers of dimuon and dielectron events in data within
the mll window. Events in thee# control region not
originating fromWW, tøt, Wt, or Z ! $$backgrounds are
subtracted using simulated samples. Important sources of

systematic uncertainty are variations in the correction factor
for the efficiencies for electrons and muons and uncertain-
ties in the simulated samples used for the subtraction. The
combined systematic uncertainty is 23% for both the 7 and
8 TeV data. The estimated background from these sources
is consistent with the expectation from the simulation.

The background from inclusiveZ ! ee and Z ! ##
production in the signal region is estimated from the back-
ground in three sidebandregions[51].Thesesidebandregions
are formed by considering events failing one or both of the
nominal selection requirements applied to! ! !Emiss

T ; pmiss
T "

and the fractionalpT difference. Contributions from non-Z
backgrounds in the sideband regions are subtracted. The
impact from a correlation between the above two variables is
determined from the simulation and a correction, of at most
7%, is applied to account for it. The main uncertainties aredue
to variations in this correction and differences in the shape of
the Emiss

T distribution in the control regions. The overall
systematic uncertainty is 52% in the 7 TeV data and 59% in
the 8 TeV data.

The small background from events with only one genuine
isolated lepton (inclusiveW, single-lepton top pairs and
single top production) or from multijet events is estimated
from data using control samples, selected by requiring two
lepton candidates of which at least one fails the full lepton
selection criteria. These samples are scaled with a measured
pT-dependent factor, determined from data as described in
Ref.[52]. Systematic uncertainties are determined following
the procedures used in Ref.[52], yielding an uncertainty of
40% in the 7 TeV data and 21% in the 8 TeV data.

Systematic uncertainties on the signal and the SMZZ
and WZ backgrounds are derived from the luminosity
uncertainty, the propagation of reconstructed object uncer-
tainties, and from theoretical uncertainties on the produc-
tion cross sections. The luminosity uncertainty is 1.8% for
the 7 TeV data-taking period and 2.8% for the 8 TeV data-
taking period[53].

Lepton trigger and identification efficiencies as well as
the energy scale and resolution are determined from data
using large samples ofZ events. After appropriate correc-
tions to the simulation, uncertainties are propagated to the

TABLE I. Number of events observed in data and expected from the signal and from each background source for
the 7 and 8 TeV data-taking periods. Uncertainties on the signal and background expectations are presented with
statistical uncertainties first and systematic uncertainties second.

Data period 2011 (7 TeV) 2012 (8 TeV)

ZZ ! ll %% 20.0 $ 0.7 $ 1.6 91$ 1 $ 7
WZ ! l %ll 4.8 $ 0.3 $ 0.5 26$ 1 $ 3
Dileptonic tøt, Wt, WW, Z ! $$ 0.5 $ 0.4 $ 0.1 20$ 3 $ 5
Z ! ee, Z ! ## 0.13$ 0.12$ 0.07 0.9 $ 0.3 $ 0.5
W %jets, multijet, semileptonic top 0.020$ 0.005$ 0.008 0.29$ 0.02$ 0.06
Total background 25.4 $ 0.8 $ 1.7 138$ 4 $ 9
Signal (mH # 125.5 GeV, &ZH;SM, BR!H ! inv:" # 1) 8.9 $ 0.1 $ 0.5 44$ 1 $ 3
Observed 28 152
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Table 4 Predicted and observed numbers of events for the six cate-
gories in the signal region. The yields and uncertainties of the back-
grounds are shown after the proÞle likelihood Þt to the data. In this
Þt all categories share the same signal-strength parameter. The quoted
uncertainties combine the statistical and systematic contributions. These

can be smaller for the total background than for individual compo-
nents due to anti-correlations. The yields and uncertainties of the sig-
nals are shown as expected before the Þt formH = 125 GeV and
BR(H ! inv.) = 100 %. Signal contributions from VBF andt øt H
production are estimated to be negligible

b-tag category 0-tag 1-tag 2-tag

Process 2-jet events

Background

Z+ jets 24400± 1100 1960± 200 164± 13

W+ jets 20900± 770 1160± 130 47± 7

t øt 403± 74 343± 65 57± 10

Single top 149± 16 107± 14 11± 2

Diboson 1670± 180 227± 25 64± 7

SM VH(bb) 1.5± 0.5 6± 2 3± 1

Multijet 26 ± 43 8± 7 0.7± 0.9

Total 47560± 490 3804± 64 347± 15

Signal

gg ! H 403± 95 25± 6 2.1± 0.5

W(! j j )H 425± 45 44± 6 0.6± 0.1

Z(! j j )H 217± 19 42± 4 26± 2

Data 47404 3831 344

3-jet events

Background

Z+jets 9610± 580 795± 93 53± 7

W+jets 7940± 510 479± 70 21± 4

t øt 443± 53 437± 53 63± 7

Single top 97± 14 66± 9 6.4± 0.9

Diboson 473± 54 55± 6 13± 2

SM VH(bb) 0.8± 0.3 2.6± 0.9 1.4± 0.5

Multijet 22 ± 29 4± 4 0.6± 0.6

Total 18580± 200 1840± 40 158± 7

Signal

gg ! H 224± 55 15± 4 1.2± 0.5

W(! j j )H 110± 16 11± 1 0.14± 0.03

Z(! j j )H 65± 7 12± 1 6.1± 0.7

Data 18442 1842 159

the scalar sum of thepT of all jets: HT > 120(150) GeV
for events with two (three) jets. This cut is employed to
avoid a trigger bias introduced by the dependence of the
trigger efÞciency on the jet activity, as also discussed in
Ref. [44]. Events are discarded if they have additional jets
with pT > 20 (30) GeV and|! | < 2.5 (2.5 < |! | < 4.5) to
reduce the contribution from thet øt background process.

ForV H signal events,Emiss
T resulting from theH ! inv.

decay is expected to be strongly correlated with the transverse
momentum of the vector bosonV (pV

T ). Since theEmiss
T dis-

tribution of the signal is harder than that of the background,
additional sensitivity in the analysis is gained by optimiz-

ing the selection cuts separately for fourEmiss
T ranges. Here

and in the following, the dijet refers to the two leading jets
in events with three jets. The dijet invariant mass,mj j , is
required to be consistent with that of theW/ Z boson. In
addition a requirement on the radial separation between the
two jets," Rj j , is made as the jets are expected to be close
in for highly boostedV-bosons. Both themj j and the" Rj j

cuts reduce theV+ jets and thet øt backgrounds, and depend
on Emiss

T . The cut values are given in Table2.
Multijet events are copiously produced in hadron col-

lisions. Fluctuations in jet energy measurements in the
calorimeters can createEmiss

T in these events and there-

123

jj

EPJ C 75:337 (2015)



Illinois 
ChangVH! Invisible

39

jj

EPJ C 75:337 (2015)
337 Page 6 of 24 Eur. Phys. J. C (2015) 75 :337

E
ve

nt
s 

/ 1
0 

G
eV

2

4

6

8

10

12

14

16
310!

Data 2012
H(inv) (BR=1)
Diboson
VH(bb)
Top
Multijet
W+jets
Z+jets
Uncertainty
Pre-fit bkg

10!H(inv) (BR=1)
= 521 VeGHm

ATLAS
-1s =8 VeT 3.02 bf

2 jets, 0 tags

 [GeV]miss
TE

150 200 250 300 350 400D
at

a/
B

kg

0.97
1

1.03

E
ve

nt
s 

/ 1
0 

G
eV

200

400

600

800

1000

1200
Data 2012
H(inv) (BR=1)
Diboson
VH(bb)
Top
Multijet
W+jets
Z+jets
Uncertainty
Pre-fit bkg

10!H(inv) (BR=1)
= 521 VeGHm

ATLAS
-1s =8 VeT 3.02 bf

2 jets, 1 tag

 [GeV]miss
TE

150 200 250 300 350 400D
at

a/
B

kg

0.8
1

1.2

E
ve

nt
s 

/ 1
0 

G
eV Data 2012

H(inv) (BR=1)
Diboson
VH(bb)
Top
Multijet
W+jets
Z+jets
Uncertainty
Pre-fit bkg

10!H(inv) (BR=1)
= 521 VeGHm

ATLAS
-1s =8 VeT 3.02 bf

2 jets, 2 tags

 [GeV]miss
TE

150 200 250 300 350 400D
at

a/
B

kg

20

40

60

80

100

120

140

0.1
1

1.9

(a) (b)

(c)

Fig. 1 The missing transverse momentum (Emiss
T ) distributions of the

2-jet events in the signal region for thea 0-b-tag,b 1-b-tag andc 2-
b-tag categories. The data are compared with the background model
after the likelihood Þt. Thebottom plotsshow the ratio of the data to
the total background. The signal expectation formH = 125 GeV and

BR(H ! inv.) = 100 % is shown ontop of the backgroundand addi-
tionally as anoverlay line, scaled by the factor indicated in thelegend.
The total background before the Þt is shown as adashed line. The
hatched bandsrepresent the total uncertainty on the background

pT = 20 GeV to less than±5 % for jets withpT > 200 GeV.
The JER and JES uncertainties are also propagated to the
Emiss

T uncertainty. Theb-tagging uncertainty depends on jet
pT and comes mainly from the uncertainty on the measure-
ment of the efÞciency int t̄ events [23]. The dominant contri-
bution arises from jets matched tob-hadrons in the MC record
of the particlesÕ true identities. Their efÞciency uncertainties
are at the level of±2Ð3 % over most of the jetpT range, but
reach±5 % for pT = 20 GeV and±8 % abovepT = 200
GeV [45]. The uncertainty on the integrated luminosity is
±2.8 %. It is derived following the same methodology as
that detailed in Ref. [46].

For the backgrounds, a large number of modelling sys-
tematic uncertainties are considered, which account for pos-
sible differences between the data and the MC models. These
uncertainties are estimated following the studies of Ref. [44]

and are brießy summarized here. The uncertainties on the
V+jets backgrounds come mainly from the knowledge of
jet ßavour composition and thepV

T , !" j j andmj j distribu-
tions. Fort t̄ production, uncertainties on the top quark trans-
verse momentum and themj j , Emiss

T andpV
T distributions are

considered. The diboson background uncertainties are dom-
inated by the theoretical uncertainties of the cross-section
predictions, which include contributions from the renormal-
ization and factorization scales and the choice of PDFs. The
robustness of the multijet background estimation is assessed
by varying the deÞnition of the control regions B and D and an
uncertainty of±100 % is assigned for this small background
(< 1 % in the signal regions).

The uncertainty on the signal acceptance is evaluated by
changing the factorization and renormalization scale param-
eters, parton distribution function choices and the parton

123
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Fig. 2 The missing transverse momentum (Emiss
T ) distributions of the

3-jet events in the signal region for thea 0-b-tag,b 1-b-tag andc 2-b-tag
categories. The data are compared with the background model after the
likelihood Þt. Thebottom plotsshow the ratio of the data to the total
background. The signal expectation formH = 125 GeV is shown ontop

of the backgroundand additionally as anoverlay line, scaled by the fac-
tor indicated in thelegend. The total background before the Þt is shown
as adashed line. Thehatched bandsrepresent the total uncertainty on
the background

shower choices. For theV H signal, the dominant uncer-
tainty is from parton shower modelling, which can be as
large as± 8 %. For thegg ! H signal, the dominant
uncertainty originates from the renormalization and factor-
ization scales and can be as large as± 15 % in the highEmiss

T
regions. Additional corrections to the Higgs bosonpT dis-
tribution of thegg ! H signal are applied to match the
distribution from a calculation at NNLO+ NNLL provided
by HRes2.1 [47,48]. The detailed precedures are following
the ones used in theH ! ! ! andH ! W W" analyses as
described in Refs. [49,50]. The related uncertainties are also
taken into account.

7 Results

The potentialH ! inv. signal is extracted through a com-
bined likelihood Þt to the observedEmiss

T distributions of

the signal region and its sideband and thepV
T distributions

of the control regions (pV
T is deÞned aspW

T , pZ
T and pe+ µ

T
for theW+ jets,Z+ jets andt øt control regions, respectively).
The normalizations of theV+jets andt øt backgrounds are
free parameters in this Þt. TheEmiss

T distributions are binned
in such a way that each bin yields approximately the same
amount of expected signal. The 2-jet categories of the signal
region are split into ten bins, while fewer bins are used in
the 3-jet categories and the sideband. MostV+ jets control
regions are split into ÞvepV

T bins, each yielding approxi-
mately the same amount of expected background. The 0-tag
category of theV+ jets control regions and thet øt control
region are used inclusively in the Þt. The signal strengthµ ,
deÞned as the ratio of the signal yield (" V H# BR(H ! inv.))
relative to the SM production cross section and assuming
BR(H ! inv.) = 100 %, is used to parameterize the sig-
nal in the data. A binned likelihood function is constructed
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H! aa searches

Higgs decaying to a light ÒhiddenÓ sector is well motivated
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Low PT merged jet tagging is an interesting area of research
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FIG. 1: Branching ratios of a CP-odd scalar a in a 2HDM+S type-II model with tan ! = 4 ( left) and a type-III model with
tan ! = 2 ( right ). For the type-II model, Br( h ! 2a ! 2b2µ)/ Br( h ! 2a) " 4.0 # 10! 4 for 15 GeV < m a < m h / 2, which
is very similar to the SM+S scenario, see Table I. For the type-III model, Br( h ! 2a ! 2b2µ)/ Br( h ! 2a) " 1.6 # 10! 3 for
15 GeV < m a < m h / 2, which is enhanced by about a factor of 4 compared to the SM+S in Table I.

FIG. 2: Br( h ! 2a ! 2b2µ)/ Br( h ! 2a) of a CP-odd scalar, a, (left) and CP-even scalar, s, (right ) in 2HDM+S with a Þxed
massma( s) = 40 GeV.

a function of tan ! for a CP-odd scalar a, while in the
right plot we consider a CP-even scalars for two choices
of " ! (the scalar mass is set to 40 GeV). In both cases,
the maximum value of Br(h ! 2a(s) ! 2b2µ)/ Br( h !
2a(s)) of the type-III 2HDM+S ( " 0.0016) is about four
times greater than that for type-I or II ( " 0.0004).

The maximum value of Br(h ! 2a ! 2b2µ)/ Br( h !
2a) in the type-III 2HDM+S model can be understood
simply as follows. From Table II, the coupling of abøb
(a#+ #" and aµ+ µ" ) scales as 1/ tan ! (tan ! ). Thus,
keeping only the most important terms and ignoring
phase space and QCD corrections,

Br( h ! 2a ! 2b2µ)
Br( h ! 2a)

#
6m2

bm2
µ

m4
! tan4! + 9m4

b cot4! + 6m2
bm2

!
.

(4)
This is maximized for tan ! # (

$
3mb/m ! )1/ 2 # 2, with

the maximum value given by

Br( h ! 2a ! 2b2µ)
Br( h ! 2a)

"
$µ !

2
, (5)

where

$µ! %
Br( a ! 2µ)
Br( a ! 2#)

&
m2

µ

m2
!

& 0.0035. (6)

(The derivation for the CP-even scalar is identical, up to
the replacement tan! ! ' sin" / cos! .) Interestingly,
as we discuss in¤IV, the sensitivity of a 2b2µ search to
Br( h ! 2a) in these somewhat leptophilic scenarios is
competitive with purely leptonic searches likeh ! 2#2µ,
while providing a potentially cleaner Þnal state for ex-
perimental reconstruction.

C. NMSSM

An important example of a model with a non-minimal
scalar sector is the NMSSM (see,e.g., [36] for review).
An additional Higgs singlet superÞeld öS is introduced to
address theµ problem of the MSSM. The Higgs super-
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy,M ! 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the speciÞc Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of Þne tuning can be modiÞed in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scalev " 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7
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FIG. 4: Left: Branching ratios of a CP-even scalar singlet to SM particles, as function of ms.

Right: Branching ratios of exotic decays of the 125 GeV Higgs boson as function of ms, in the

SM + Scalar model described in the text, scaled to Br(h ! ss) = 1. Hadronization e↵ects likely

invalidate our simple calculation in the shaded regions.

most general Two-Higgs Doublet Model (2HDM) and study it in detail (for a comprehensive

review, see e.g. [108]; for a discussion on the impact of recent SM-like Higgs boson discovery,

see e.g. [109]). Below we will then add a light scalar to the 2HDM to obtain a rich set of

exotic Higgs decays.

The most general 2HDM Higgs potential is given by [40]

V = m2
1|H1|2 + m2

2|H2|2 +
! 1

2
|H1|2 +

! 2

2
|H2|2 + ! 3|H1|2|H2|2 + ! 4|H  

1H2|2 + (10)

! 5

2

�
(H1H2)2 + c.c.

�
+ m2

12 (H1H2 + c.c.) +
�
! 6|H1|2(H1H2) + c .c.

�
+
�
! 7|H2|2(H1H2) + c .c.

�
.

We choose the charges of the Higgs Þelds such thatH1 ⇠ 2! 1/2 and H2 ⇠ 2+1 /2. Note that we

choose conventions that di! er slightly from the ÒstandardÓ conventions of [40, 108]; this will

simplify the transition to supersymmetry models below.3 The scalar doubletsH1,2 acquire

3 To recover the conventions of [40] set �2 = H2, �1 = i ! 2H !
1 .
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FIG. 6: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type I Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.

to heavier, kinematically accessible quark-pairs. This justifies extending, for example,

NMSSM-driven 4⌧ searches over the entire mass range above the bb̄-threshold. For

tan � < 1, decays to quarks are enhanced over decays to leptons.

¥ Type IV (Fig. 9): The branching ratios are tan � dependent. For tan � < 1 and

compared to the NMSSM, the pseudoscalar-decays to up-type quarks and leptons can

be enhanced with respect to down-type quarks, so that branching ratios to bb̄, cc̄ and

⌧+ ⌧ ! can be similar. This opens up the possibility of detecting this model in the 2b2⌧

or 2c2⌧ final state.

Note that the branching ratios are only independent of tan � for Type I, and all types reduce

to Type I for tan � = 1.

A sizable Br(h ! Za) would open up additional exciting search channels with leptons

that reconstruct the Z-boson. This is discussed in ¤10.

For 3m⇡ < ma < 1 GeV the decay rate calculations su! er large theoretical uncertainties

but the dominant decay channels will likely be muons and hadrons. Below the pion, muon,

and electron thresholds, the pseudoscalar decays dominantly to muons, electrons, and pho-
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FIG. 7: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type II Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.
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FIG. 8: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type III Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.
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FIG. 7: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type II Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.
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FIG. 8: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type III Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.

31



Illinois 
Chang2HDM + S : BH! aa

50

1 2 5 10 20 50
10! 4

0.001

0.01

0.1

1

ma !GeV"

B
r#

a"
S

M
$

tan #$0.5, TYPE IV

bb
cc
ss
%%
&&
gg

uu
dd
''

1 2 5 10 20 50
10! 4

0.001

0.01

0.1

1

ma !GeV"
B

r#
a"

S
M

$

tan #$5, TYPE IV

bb
cc
ss
%%
&&
gg

uu
dd
''

FIG. 9: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type IV Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.

tons, respectively, except for tan! < 1 in Type II, III and tan ! > 1 in Type IV, where

the suppressed lepton couplings can also cause decays to photons to dominate below the

pion threshold. If the pseudoscalar couples to both quarks and leptons, then requiring its

mixing angle to be small enough to not conßict with constraints from e.g. meson decays and

the muon anomalous magnetic moment implies that any allowed decay to two muons (for

2mµ < m a < 3m! ) is likely to have at least a displaced vertex (or be detector-stable), while

any allowed decay to two electrons (for 2me < m a < 2mµ) will be detector stable [124]. For

pseudoscalars that couple preferentially to leptons, the meson-decay constraints are absent

and prompt decays to muons are allowed; however, allowed decays to electrons will likely

have at least a displaced vertex, and need to be detector-stable asma is decreased well below

the muon threshold [124].

Light Scalar ( s)

We now assume that the mass of the real singletSR is below mh/ 2. The scalar Higgs

spectrum, Eq. (13), gets extended by the additional real singlet, which mixes with the
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FIG. 10: Singlet scalar branching ratios in the 2HDM+S for di! erent tan �, ↵0 and Yukawa

coupling type. These examples illustrate the possible qualitative di! erences to the pseudoscalar

case, such as dominance ofs ! cøc decay abovebøb-threshold; democratic decay tobøb and ⌧+ ⌧�; and
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Figure 4: Left: 95% CL Upper limits by category for the LFV H ! µ! decays. Right: best Þt
branching fractions by category.
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FIG. 7: Expected limits on BR( H 125 ! inv .) for the 125 GeV Higgs boson, as a function of integrated luminosity. Projections
were made both assuming that the systematic uncertainties remain constant (red), and assuming that they scale with the
square root of the collected luminosity (blue). In the latter case, the systematic error is assumed have the same values as those
seen in the 8 TeV VBF produced invisible Higgs boson decay search [77] after a luminosity of 19.2 fb�1. This level of systematic
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from on-shell to o! -shell dark matter, as the production cross section scales asg2
v = g2

! for the former and g2
v g2

! = g4
!

for the latter, under our simplifying assumption that gv = g! .
Figure 9 shows the expected 95% CL exclusion sensitivity on the couplingg! for heavy scalar bosonsH and heavy

pseudoscalarsA, for three integrated luminosity scenarios, as a function of mediator massmH/A and dark matter mass
m! , assuminggv = g! . In the absence of couplings toW or Z bosons the e" ciency of these mediator to fulÞll the
VBF selection requirements is low, as can be seen in the right panel of Fig. 4, and large luminosities are required to
set any meaningful bounds. Note that the limits on scalar mediators are signiÞcantly weaker than for pseudoscalars,
due to a slightly smaller production cross section and a softer/E T spectrum, making for a lower e" ciency to pass
selection.

In both the scalar and pseudoscalar case, there is a notable drop in sensitivity as we cross from on-shell to o! -shell
production, as was seen in Fig. 8 when we considered theH125-mediated production. As we move to the o! -shell case,

Constant systematic

Syst, error scales with L

Brooke et al. 1603.07739 (2016)
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quickly systematic dominated (more work needed!)
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ATLAS and CMS combination
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Figure 15: Fit results for two parameterisations allowing BSM loop couplings discussed in the text: the Þrst one
assumes that BBSM ! 0 and that|! V| " 1, where! V denotes! Z or ! W, and the second one assumes that there
are no additional BSM contributions to the Higgs boson width, i.e. BBSM = 0. The measured results for the
combination of ATLAS and CMS are reported together with their uncertainties, as well as the individual results
from each experiment. The hatched areas show the non-allowed regions for the! t parameter, which is assumed
to be positive without loss of generality. The error bars indicate the 1" (thick lines) and 2" (thin lines) intervals.
When a parameter is constrained and reaches a boundary, namely|! V| = 1 or BBSM = 0, the uncertainty is not
deÞned beyond this boundary. For those parameters with no sensitivity to the sign, only the absolute values are
shown.

and## decay loops may be a! ected by the presence of additional particles. The results of this Þt, which
has only the e! ective coupling modiÞers! # and! g as free parameters, with all other coupling modiÞers
Þxed to their SM values of unity, are shown in Fig.17. The point! # = 1 and! g = 1 lies within the 68%
CL region and thep-value of the compatibility between the data and the SM predictions is 82%.
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Why 0.5 million?

20pb á 25/fb = 500k
50pb á 10/fb = 500k

(500k + 500k) á  2 expt = 2 million Higgs events
2 million Higgs events á (BH! BSM = 25%) = 0.5 million


