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125 GeV Higgs – Standard or Non-Standard?

Experimental results so far show no significant deviation from SM expectations.
However, the possibility of a non-standard Higgs boson still alive.
A precise measurement of the total decay width is very difficult at the LHC.
A better way to identify a non-standard Higgs is by studying its decay modes.

The invisible Higgs decay mode is particularly sensitive to large BSM contributions, since
BR(h ! ZZ⇤ ! 4⌫) is tiny in the SM.
The LHC prospects have been analyzed in various Higgs production channels.
[Gunion ’93; Frederikson, Johnson, Kane, Reid ’94; Eboli, Zeppenfeld ’00; Godbole, Guchait, Mazumdar, Moretti, Roy
’03; Davoudiasl, Han, Logan ’05; Bai, Draper, Shelton ’12; Ghosh, Godbole, Guchait, Mohan, Sengupta ’12;...]

Current LHC limits are BRh
inv

< 0.65 (0.75) at 95% CL from ATLAS (CMS) in the search
channel pp ! Zh ! `

+
`

�ET/ .
Global fits to existing LHC Higgs data provide a much stronger constraint: BRh

inv

< 0.28 at
95% CL. [Giardino, Kannike, Masina, Raidal, Strumia ’13]
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The Dark Matter Connection

Compelling evidence for DM from Cosmology and Astrophysics.
Given suitable mass and coupling to the Higgs, invisible decay to DM could be significant.
Can occur in many well-motivated BSM scenarios.
Renewed interest in view of the recent claims for light DM in the mass range 5 - 50 GeV
from DAMA, CoGeNT, CRESST-II and CDMS-II.
Motivation for examining invisible Higgs decay in BSM scenarios accommodating a light
DM.

Here we’ll focus on an R-parity conserving SUSY scenario in which the LSP could be a
natural WIMP DM candidate.
In the MSSM, the lightest neutralino (e�0

1) is the prime DM candidate.

Assuming gaugino mass unification,
me�0

1
>⇠ 50 GeV from LEP constraints on chargino mass.

LHC limits on gluino mass push the lower limit on me�0
1

beyond 150 GeV – exclude

the possibility of h ! e�0
1e�

0
1.

With non-universal gaugino masses, possible to have light (even massless) neutralino
[Dreiner, Heinemeyer, Kittel, Langenfeld, Weber, Weiglein ’09; Vasquez, Belanger, Boehm, Pukhov, Silk ’10; Bottino,
Fornengo, Scopel ’11; Arbey, Battaglia, Mahmoudi ’12; Belanger et al ’13;...], but high fine-tuning needed
[Grothaus, Lindner, Takanishi ’12; Boehm, PSBD, Mazumdar, Pukartas ’13]
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Light Sneutrino DM

Neutrino oscillation data require at least two non-zero neutrino
masses.
First (and so far only) experimental evidence for beyond
SM/MSSM physics.
A simple paradigm: seesaw mechanism with SM singlet Majorana
fermions. [Minkowski ’77; Yanagida ’79; Gell-Mann, Ramond, Slansky ’80; Mohapatra, Senjanovic ’80]

In its SUSY version, the superpartner of singlet neutrino (by itself
or with a small admixture of left-sneutrino) can be a viable (and
possibly light) DM candidate. [Arkani-Hamed, Hall, Murayama, Smith, Weiner ’01;

Gopalakrishna, de Gouvea, Porod ’06; Deppisch, Pilaftsis ’08; Dumont, Belanger, Fichet, Kraml, Schwetz ’09; An, PSBD,

Cai, Mohapatra ’11;...]

We consider the possibility of light sneutrino DM in a variation of
type-I seesaw, namely, inverse seesaw.
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Supersymmetric Inverse Seesaw Model (SISM)

Add two sets of MSSM singlet superfields: One Dirac (N̂i ) and one
Majorana (Ŝi ). [Mohapatra ’86; Mohapatra, Valle ’86]

W
SISM

= W
MSSM

+ ✏aby ij
⌫ L̂a

i Ĥb
u N̂j + MRij N̂i Ŝj + µSij

Ŝi Ŝj ,

M⌫ =

0

@
0 MD 0

MT
D 0 MR

0 MT
R µS

1

A

M⌫ =
h
MD(M

�1
R )T

i
µS

h
M�1

R MT
D

i
+ O(µ2

S) for kµSk ⌧ kMRk

✓
m⌫

0.1 eV

◆
'

✓
MD

10 GeV

◆2 ✓
µS

1 keV

◆✓
MR

1 TeV

◆�2

TeV scale MR possible even with large MD – huge implications for
seesaw phenomenology. [Deppisch, Valle ’05; Hirsch, Kernreiter, Romao, del Moral ’09; PSBD,

Mohapatra ’09; Mondal, Biswas, Ghosh, Roy ’12; Abada, Das, Vicente, Weiland ’12; PSBD, Mondal, Mukhopadhyaya,

Roy ’12; Bandyopadhyay, Chun, Okada, Park ’12; ...]

Smallness of µS is technically natural in ’t Hooft sense.
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Sneutrino Mass in SISM

Lsoft

SISM

= Lsoft

MSSM
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h
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i
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i
.
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1
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◆
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D + 1
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R
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(MDM†
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T (µSM†
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T m2
S + µ

2
S + MRM†

R ± BµS

1

CA

To find a viable sparticle spectrum with minimum inputs, we assume mSUGRA boundary

conditions for the MSSM sector and low-energy inputs for the singlet sector (without necessarily

imposing any GUT features). [Arina, Bazzocchi, Fornengo, Romao, Valle ’08; PSBD, Mondal, Mukhopadhyaya, Roy ’12]
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FIG. 3: Two examples of tree-level sneutrino masses calculated as function of B
MR for two partic-

ular but arbitrary choices of parameters: m0 = 100, M1/2 = 1000, A0 = 0 and µ = 800 all in GeV

and |Y
⌫

| = 0.1 and tan � = 10. In addition M
R

= 200 GeV (left) and M
R

= 500 GeV (right). For

comparison also the lightest neutralino mass is shown.
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FIG. 4: Examples of Feynman diagrams contributing to the ⌫̃
LSP

⌫̃
LSP

annihilation: To the left

quartic interaction; to the right s-channel Higgs exchange.

genta with triangles), ⌫̃
LSP

⌫̃
LSP

�! bb (brown), ⌫̃
LSP

⌫̃
LSP

�! ⌫⌫
R

(orange), ⌫̃
LSP

⌫̃
LSP

�!

W+W � (red ), ⌫̃
LSP

⌫̃
LSP

�! Z0Z0 (purple), ⌫̃
LSP

⌫̃
LSP

�! HH (blue), ⌫̃
LSP

⌫̃
LSP

�! tt

(green); finally, to the right of the figure, the contributions coming from the coannihilations

are shown: ẽẽ �! �� (magenta with triangles), and ẽẽ �! �� (in yellow).

For low sneutrino masses the determination of the relic abundance is dominated by Higgs

exchange, see fig. (4) right. Since the Higgs couplings are proportional to SM fermion

masses, bb is most important in the low mass regime, followed by �� . For sneutrino masses

above approximately m
⌫̃LSP � 45 GeV the final state ⌫⌫ becomes dominant in this example.

This is because with these parameter choices the lightest of the “singlet” neutrinos has a
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FIG. 5: Examples of Feynman diagrams contributing to the ⌫̃
LSP

⌫̃
LSP

annihilation: To the left

quartic interaction with gauge bosons; to the right t-channel neutralino exchange.
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FIG. 6: Examples of final state branching ratios for the annihilation cross section of sneutrinos to

SM final states versus the lightest sneutrino mass (in GeV). For the parameter choices of this scan,

see text. Calculation uses the inverse seesaw model. Di�erent kinematical regimes are visible, see

discussion.

mass of about 45 GeV and the Higgs couples always to ⌫
L

⌫
R

, i.e. one light and one heavy

neutrino.

Single Z0 exchange is less important than Higgs exchange, since scalar-scalar-vector cou-

plings are momentum suppressed. For m
⌫̃LSP

>� 80 GeV, however, two gauge boson final

states become dominant, the channel W+W � being more important than Z0Z0. For masses

above m
⌫̃LSP

>� 120 GeV also two Higgs final states are sizable. All these final states are due

to quartic interactions, see fig. (4) left and fig. (5). Due to the large top Yukawa coupling,
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above m
⌫̃LSP

>� 120 GeV also two Higgs final states are sizable. All these final states are due

to quartic interactions, see fig. (4) left and fig. (5). Due to the large top Yukawa coupling,
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Input Parameters:

m0 2 [0.1, 2.5] TeV, m1/2 2 [0.65, 2.5] TeV, A0 2 [�3, 3] TeV,

diag(y⌫) 2 [0.01, 0.2], (MR)11 2 [100, 800] GeV, (MR)22,33 = 1 TeV,

tan � = 10, sign(µ) = +1, , BµS = 100 MeV

2
, BMR = 1 TeV

2

Constraints: mh = 125 ± 2 GeV, LHC constraints (on sparticle masses), and flavor constraints.
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FIG. 3: Two examples of tree-level sneutrino masses calculated as function of B
MR for two partic-

ular but arbitrary choices of parameters: m0 = 100, M1/2 = 1000, A0 = 0 and µ = 800 all in GeV

and |Y
⌫

| = 0.1 and tan � = 10. In addition M
R

= 200 GeV (left) and M
R

= 500 GeV (right). For

comparison also the lightest neutralino mass is shown.
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FIG. 4: Examples of Feynman diagrams contributing to the ⌫̃
LSP
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quartic interaction; to the right s-channel Higgs exchange.
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LSP

⌫̃
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�! tt

(green); finally, to the right of the figure, the contributions coming from the coannihilations

are shown: ẽẽ �! �� (magenta with triangles), and ẽẽ �! �� (in yellow).

For low sneutrino masses the determination of the relic abundance is dominated by Higgs

exchange, see fig. (4) right. Since the Higgs couplings are proportional to SM fermion

masses, bb is most important in the low mass regime, followed by �� . For sneutrino masses

above approximately m
⌫̃LSP � 45 GeV the final state ⌫⌫ becomes dominant in this example.

This is because with these parameter choices the lightest of the “singlet” neutrinos has a

17

]

⌫̃LSP

⌫̃LSP

W +, Z0

W �, Z0

⌫̃LSP

⌫̃LSP

�̃0

f

f̄

FIG. 5: Examples of Feynman diagrams contributing to the ⌫̃
LSP

⌫̃
LSP

annihilation: To the left

quartic interaction with gauge bosons; to the right t-channel neutralino exchange.
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FIG. 6: Examples of final state branching ratios for the annihilation cross section of sneutrinos to

SM final states versus the lightest sneutrino mass (in GeV). For the parameter choices of this scan,

see text. Calculation uses the inverse seesaw model. Di�erent kinematical regimes are visible, see

discussion.

mass of about 45 GeV and the Higgs couples always to ⌫
L

⌫
R

, i.e. one light and one heavy

neutrino.

Single Z0 exchange is less important than Higgs exchange, since scalar-scalar-vector cou-

plings are momentum suppressed. For m
⌫̃LSP

>� 80 GeV, however, two gauge boson final

states become dominant, the channel W+W � being more important than Z0Z0. For masses

above m
⌫̃LSP

>� 120 GeV also two Higgs final states are sizable. All these final states are due

to quartic interactions, see fig. (4) left and fig. (5). Due to the large top Yukawa coupling,
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For low sneutrino masses the determination of the relic abundance is dominated by Higgs

exchange, see fig. (4) right. Since the Higgs couplings are proportional to SM fermion

masses, bb is most important in the low mass regime, followed by �� . For sneutrino masses

above approximately m
⌫̃LSP � 45 GeV the final state ⌫⌫ becomes dominant in this example.

This is because with these parameter choices the lightest of the “singlet” neutrinos has a
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FIG. 6: Examples of final state branching ratios for the annihilation cross section of sneutrinos to

SM final states versus the lightest sneutrino mass (in GeV). For the parameter choices of this scan,

see text. Calculation uses the inverse seesaw model. Di�erent kinematical regimes are visible, see

discussion.

mass of about 45 GeV and the Higgs couples always to ⌫
L

⌫
R

, i.e. one light and one heavy

neutrino.

Single Z0 exchange is less important than Higgs exchange, since scalar-scalar-vector cou-

plings are momentum suppressed. For m
⌫̃LSP

>� 80 GeV, however, two gauge boson final

states become dominant, the channel W+W � being more important than Z0Z0. For masses

above m
⌫̃LSP

>� 120 GeV also two Higgs final states are sizable. All these final states are due

to quartic interactions, see fig. (4) left and fig. (5). Due to the large top Yukawa coupling,
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Input Parameters:

m0 2 [0.1, 2.5] TeV, m1/2 2 [0.65, 2.5] TeV, A0 2 [�3, 3] TeV,

diag(y⌫) 2 [0.01, 0.2], (MR)11 2 [100, 800] GeV, (MR)22,33 = 1 TeV,

tan � = 10, sign(µ) = +1, , BµS = 100 MeV

2
, BMR = 1 TeV

2

Constraints: mh = 125 ± 2 GeV, LHC constraints (on sparticle masses), and flavor constraints.
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Global Analysis of h ! 2e⌫
LSP

�
inv

=
✏

1 � ✏

X
�

vis

.

�

2 =
X

i

(µi � µ̂i )
2

(�µ̂i )2 ,

µi = Rprod

i ⇥ Rdecay

i
Rwidth

,

Rprod

i =

⇣
�

prod

i

⌘

SISM⇣
�

prod

i

⌘

SM

,

Rdecay

i =

⇣
�decay

i

⌘

SISM⇣
�decay

i

⌘

SM

,

Rwidth =

�
�width

�
SISM

(�width)
SM

.

Channel µ̂ Experiment
h ! �� 1.55+0.33

�0.28 ATLAS
0.78+0.28

�0.26 CMS
h ! ZZ⇤ ! 4l 1.43+0.40

�0.35 ATLAS
0.9+0.30

�0.20 CMS
h ! WW⇤ ! 2l2⌫ 0.99+0.31

�0.28 ATLAS
0.80+0.20

�0.20 CMS
h ! bb̄ 0.20+0.70

�0.60 ATLAS (VH)
1.00+0.50

�0.50 CMS (VH)
h ! ⌧ ⌧̄ 0.7+0.7

�0.6 ATLAS
1.10+0.4

�0.4 CMS

[EPS 2013]
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Upper limit on BRh
inv

Input parameter BP1 BP2 BP3
m0 (GeV) 996.45 745.48 614.00

m1/2 (GeV) 750.00 1014.17 1083.00
A0 (GeV) �2858.00 �2775.09 �2600.00

Parameter BP1 BP2 BP3
1� 2� 1� 2� 1� 2�

" < 0.07 < 0.16 < 0.15 < 0.24 < 0.15 < 0.25
tan � 12.0-38.8 6.9-38.8 14.5-31.6 5.7-31.6 12.3-29.1 5.6-29.2

BP1 BP2 BP3
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Upper Limit on Dirac Yukawa Coupling

Invisible decay width to sneutrinos increases with increase in
Yukawa coupling.
An upper limit on BR

inv

puts an upper limit on Y
⌫

.
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Comparable with limits obtained from visible Higgs decay
h ! ⌫N ! ⌫`W ! 2`2⌫ [PSBD, Franceschini, Mohapatra ’12], and from charged
lepton flavor violating decays [Dinh, Ibarra, Molinaro, Petcov ’12].
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Direct Detection Cross Section
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FIG. 3: Two examples of tree-level sneutrino masses calculated as function of B
MR for two partic-

ular but arbitrary choices of parameters: m0 = 100, M1/2 = 1000, A0 = 0 and µ = 800 all in GeV

and |Y
⌫

| = 0.1 and tan � = 10. In addition M
R

= 200 GeV (left) and M
R

= 500 GeV (right). For

comparison also the lightest neutralino mass is shown.
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FIG. 4: Examples of Feynman diagrams contributing to the ⌫̃
LSP

⌫̃
LSP

annihilation: To the left

quartic interaction; to the right s-channel Higgs exchange.
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(green); finally, to the right of the figure, the contributions coming from the coannihilations

are shown: ẽẽ �! �� (magenta with triangles), and ẽẽ �! �� (in yellow).

For low sneutrino masses the determination of the relic abundance is dominated by Higgs

exchange, see fig. (4) right. Since the Higgs couplings are proportional to SM fermion

masses, bb is most important in the low mass regime, followed by �� . For sneutrino masses

above approximately m
⌫̃LSP � 45 GeV the final state ⌫⌫ becomes dominant in this example.

This is because with these parameter choices the lightest of the “singlet” neutrinos has a
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Can be completely probed by next generation DM direct detection experiments.
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Collider Analysis

Two promising channels: (see M. Guchait’s talk)
VBF: pp ! hjj ! jj + ET/ .
Zh: pp ! Zh ! `

+
`

� + ET/ .

Event generation:
SUSY Inverse Seesaw Model implementation by SARAH
SUSY spectrum generated by SPheno
SLHA file fed to PYTHIA for parton showering, hadronization, etc.
Jet reconstruction using cone algorithm via PYCELL
Include jet energy smearing by a Gaussian probability density function
Contributions from non-VBF processes (e.g. hard QCD processes) were also taken
into account.

Background generation by Alpgen. MLM matching while interfacing to PYTHIA.
Main background for VBF are:

W+ jets, where W+ ! `

+
⌫ and ` escapes detection.

Z + jets, where Z ! ⌫⌫̄.
mismeasured QCD events giving fake ET/ .

Dominant background for Zh:
WW production, where both W ’s decay leptonically.
WZ production, where Z ! `

+
`

� and W+ ! `

+
⌫, and one ` misses

detection.
ZZ , where one Z ! `

+
`

� and the other Z ! ⌫⌫̄.
t t̄ production followed by t ! Wb, where both the W ’s decay leptonically and
the b-jets escape detection.
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VBF Channel

Selection cuts:
|⌘j1 � ⌘j2 | > 4.0 and ⌘j1 · ⌘j2 < 0.
A jet veto with pT > 40 GeV in the central region. Discard jets with |⌘| < 2.5.
Mjj > 1.8 TeV for two leading jets.
ET/ > 100 GeV.

Channel Production cross section (pb) Cross section after cuts (fb)
BP1 (VBF) 3.76 0.99

BP1 (others) 125.9 0.16
BP2 (VBF) 3.72 1.55

BP2 (others) 125.4 0.25
BP3 (VBF) 3.73 1.72

BP3 (others) 125.7 0.25
W + n-jets 56848.54 46.57
Z + n-jet 10198.72 24.90

For BP1 with BRmax

inv

= 0.14, 3� signal significance (S/

p
S + B) at 500 fb

�1, whereas for
BP2 and BP3 with BRmax

inv

= 0.2 and 0.22 respectively, 3� significance at 200 fb

�1 forp
s = 14 TeV LHC.
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Zh Channel

Basic selection criteria for leptons:
pe

T > 15 GeV and pµ
T > 10 GeV. For both, |⌘`| < 2.4.

�R`` > 0.2.
�R`j > 0.4.
Scalar sum of ET deposits by hadrons within a cone of �R  0.2 around a lepton
must be less than 0.2p`

T to ensure lepton isolation.
Background reduction cuts:

A jet veto with pT > 20 GeV and |⌘j | < 4.5.
Dilepton invariant mass |MZ � M` ¯̀| < 10 GeV.

M``
T � 150 GeV, where M``

T =
q

p``
T ET/ [1 � cos�(p``

T , ET/ )].
ET/ > 100 GeV.

Channel Production cross section (pb) Cross section after cuts (fb)
BP1 0.53 0.35
BP2 0.51 0.51
BP3 0.51 0.52
WW 76.51 0.38
ZZ 10.58 7.77
WZ 28.95 8.83
t t̄ 370.20 0.92

For BP2 and BP3, 3� signal significance at 600 fb

�1, whereas for BP1, need to go beyond
1300 fb

�1 at 14 TeV LHC.
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Distinction from Neutralino LSP at the LHC
Cascade decay of eq and eg through e�±

1 and e�±
0 , which further go to e⌫1 LSP in our case.

e�±
1 ! `

±e⌫1, W±
�̃

0
1; e�0

1 ! ⌫e⌫1

whereas for neutralino LSP, e�±
1 ! W±e�0

1 (dominant),f f̄ e�0
1.

Sneutrino case has an enhanced SSD rate and larger r value, where

r =
�(`±`

±+ � 2j + ET/ )

�(0`+ � 3j + ET/ )

Also harder ET/ spectrum compared to the neutralino LSP case. [PSBD, Mondal, Mukhopadhyaya,
Roy ’12]
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“Residual MSSM backgrounds” can be reduced/removed by studying

M
eff

=
X

|p`
T | +

X
|pj

T | + ET/

which will be considerably harder in the pure MSSM case than in our case.
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Conclusion

Supplementing cMSSM with Inverse Seesaw mechanism for neutrino
masses can give a light scalar DM candidate, consistent with all existing
collider, low-energy and cosmological constraints.
This leads to the possibility of invisible decay of the lightest CP-even
Higgs to a pair of sneutrinos.
We performed a global analysis of this scenario, and derived 2�(1�)
upper limits of 0.25 (0.15) on BRh

inv

.
This puts an upper limit of order 0.1 on the Dirac Yukawa coupling.
The model parameter space allowed by BRh

inv

can be completely ruled
out in case of future null results from DM direct detection experiments
(e.g., LUX, XENON1T).
Also explored the prospects at 14 TeV LHC for a few benchmark points.
3� signal significance possible in the VBF channel with

R
Ldt as low as

200 fb

�1, whereas requires at least 600 fb

�1 in the Zh channel.

Thank You.
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Backup Slide

[Angloher et al. (CRESST-II Collaboration) ’11]

P. S. Bhupal Dev (Univ. of Manchester) Higgs! Sneutrinos SUSY 2013, ICTP 18 / 18


