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This is a special lecture on exotic decays of the 125 GeV Higgs boson

1. Introduction: why is this field interesting?

* Experimental motivation: the tiny Higgs width is difficult to measure at the LHC
* Theoretical motivation: theories with a dark/hidden sector
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Some Review Article

% Exotic Decays of the 125 GeV Higgs Boson, 1312.4992,
Phys. Rev. D90 (2014) no.7, 075004 D. Curtin, R. Essig, SG, P. Jaiswal, A. Katz,
T. Liu, Z. Liu, D. McKeen, J.Shelton, M. Strassler, Z. Surujon, B. Tweedie, Y-M. Zhong

% LHC Higgs cross section working group Yellow report 4, appearing soon
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Discovery!

The first elementary particle discovery of 21 century

HIGGS BOSON

CERN, July 4™ 2012, ~11am

After ~30 years of experimental searches

(LEP, SLC, Tevatron, LHC)
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Discovery!

The first elementary particle discovery of 21 century

HIGGS BOSON
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CERN, July 4™ 2012, ~11am

After ~30 years of experimental searches
(LEP, SLC, Tevatron, LHC)
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_ ATLAS and
- LHC Run 1 Preliminary

—— Observed
SM Higgs boson

ATLAS-CONF-2015-044
CMS-PAS-HIG-15-002

10
Particle mass [GeV]

Giving mass to the massive SM particles

Flavor diagonal couplings to
3" generation and to gauge
bosons known with

20% - 30% uncertainty.

We are testing the SM prediction:
Khp X TNE

Ry OC Ty,
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Giving mass to the massive SM particles

E>|:- 1} ATLAS and CMS : -
1 3 i Flavor diagonal couplings to
- LHC Run 1 Preliminary d g
S i 3" generation and to gauge
£]> 191 — Observed bosons known with
4 | - SMHiggs boson 20% - 30% uncertainty.
102 !f We are testing the SM prediction:
: o ‘ i [
o0l u What does the LHC really measure?
- T Higgs rates! g
| TOOOOD
107*E " -
..l Example: di-photon rate: D
10™" |
a(pp = h = v7) o(pp —+ h) BR(h — v7)

ATLAS-CONF-2(
CMS-PAS-HIG-1

H~

— b =
G’{pp —+h — 'T'T}EM C-"{'FF —* h}gm BR{h — 'T'T}EM g 7 Ttot

l*tut
Sh
; EHE
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Higgs width (1)

What do we know about the Higgs width?

% The SM predicts a very small width: ~ 4MeV
» \What about the measurement?
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Higgs width (1)

What do we know about the Higgs width?

% The SM predicts a very small width: ~ 4MeV
» \What about the measurement?

200 T T | T T T T | T T T T | T T T T |
| Ldt=45M" V=7 TeV

j Ldt=20.3 fb™ ys=8 TeV

Model independent determination pARRREESS
—4- Data

Combined fit:
Mass measurement categories = Signal+background

8
II|III

s/b weighted sum

Y weights / GeV

==== Background
— Signal

Run | analyses:

2.4, 5.0GeV (CMS, ATLAS) h — vy
Fiotal < { 3.4, 2.6 GeV (CMS, ATLAS) h — 4¢
1.7GeV (CMS) combined h — 7y, 4¢

¥ weights - fitted bkg
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Higgs width (2)

What do we know about the Higgs width?

% The SM predicts a very small width: ~ 4MeV
» \What about the measurement?

ATLAS and CMS Preliminary

LHC Run 1
Model dependent determination(s) R S
W Tin T
Putting together the several k| o
measurements of the Higgs rates: B
K: ——'—‘—
K‘b_ — é
k| —
& ———
BRy oy f—— |
BSM l I l [ l I I

0 02 04 0608 1 12 14 16 18 2
Parameter value
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Higgs width (2)

What do we know about the Higgs width?

% The SM predicts a very small width: ~ 4MeV
» \What about the measurement?

ATLAS and CMS Preliminary
_I_HC Run 1
Model dependent determination(s) R S
W =T =
Putting together the several | A
measurements of the Higgs rates: T
Some assumption has to go in! K| ————
width of higgs determined by K| 4._._
decays to SM particles -
(or equivalently, no BSM decays) |
The h couplings to massive BResml ™
gauge bosons is smaller or = 1 0 02040608 1 12 1416 18 2
(ky <1)
Present bound: BR__ < 34%

Future projections: BR_. < 10%
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Higgs width (2)

What do we know about the Higgs width?

% The SM predicts a very small width: ~ 4MeV
» \What about the measurement?

ATLAS and CMS Preliminary
LHC Run 1
Model dependent determination(s) R S
W Tl T
Putting together the several K, o
measurements of the Higgs rates: B
Ky -
Some assumption has to go in! )
b i
width of higgs determined by e | —i
. d !
decays to SM particles = ;
(or equivalently, no BSM decays) |
The h couplings to massive BResml ™
gauge bosons is smaller or = 1 0 02040608 1 12 1418 18 2
(ky < 1) For additional model dependent bounds:
Present bound: BRBSM < 34% F. Caola, K. Melnikov (1307.4935),
Fut acti . BR < 10% J. Campbell et al. (1311.3589)
uture projections. B, 0 Dixon, Li, 1305.3854
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A lot of events!

Even taking a 10% branching ratio:

Production | N7 Run | Production | N7 14 TeV
goF 46.000 goF 1.3 x 107
VBF 3.800 VBF 1.1 x 10°

hW * 1.700 hW = 4.1 x 10°

hZ 1.000 hZ 2.6 x 10°

tth 300 tth 1.5 x 10°

with (7+8)TeV LHC data set with 3000 fb™' 14 TeV LHC data

This is the rough number of Higgs bosons we could loose
If we do not specifically look for exotic decays!
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The Higgs and New Physics

The Higgs likes to couple to New Physics (NP)!

For example,

many beyond the Standard Model (BSM) theories £|.5'|2|H|2
lead to the Higgs portal operator: 2 AN
New SM singlet
020 e - scalar
I 001 |
015k N V;\Value of ¢ needed
T I for the corresponding BR
— 0.006
? o10f T'(h
én'm: BR(h — ss) = (h = ss)
@ ¢ ['(h — ss) + TG
0004
0o \
: 0002—o N\
000 o
60




The Higgs and New Physics

The Higgs likes to couple to New Physics (NP)!

For example, )
many beyond the Standard Model (BSM) theories = | 52| g
lead to the Higgs portal operator: 2 AN

New SM singlet
020 _ scalar

V;\Value of ¢ needed

: for the corresponding BR

] I'(h —
énm BR(h — ss) = ( =) tot
= I'(h — ss) + T'Sy;
0.05r One needs only a very small coupling since
3G v
i o bb F 2
0.00 Pan ~ 20gy = IV D)

is small as well (4 MeV)




Motivations for Higgs exotic decays (1)

In all generality, we are interested in
testing Dark (or hidden) sectors, i.e. those particles

not charged under the SM gauge symmetries =10
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Motivations for Higgs exotic decays (1)

In all generality, we are interested in
testing Dark (or hidden) sectors, i.e. those particles
not charged under the SM gauge symmetries

Dark matter (DM) does not interact
with our SM world, but only "indirectly”

DM
\ SM

SM

DM
annihilation:

Generically weak
couplings

DM Mediator

Pospelov et.al. 0711.4866

DM

 AVAVAVAVAV

Y

Mediator

Feldman et al 0702123

—O®\/\V/ V'V




Looking for the mediators with the Higgs

mediator

How to write a Lagrangian
connecting the two sectors?

Few renormalizable "portals”

B, F!,. |H|*|S|?, HLP{
New gauge Neél New fermion
boson scalar (neutrino)

10/21 S.Gori



Looking for the mediators with the Higgs

If the mediators are relatively
light, one expects
exotic Higgs signatures

mediator

How to write a Lagrangian
connecting the two sectors?

Few renormalizable "portals”

B,.F,,. |H|*|S|*, HLP{
New gauge Neél New fermion
boson scalar (neutrino)

h— ZZp

h — ss

h— LN

h

h
— — = X< [H]|S|?

!
A BJ’-‘ v F_; L1
)



Motivations for Higgs exotic decays (2)

Beyond the Dark Matter motivation...

Models with extended Higgs sectors

Eg. Next to Minimal Supersymmetric
Standard Model (NMSSM)

= MSSM + singlet chiral super-field
S — S, Ny

There are symmetries that protect
the mass of these singlet states:

- Peccei-Quinn symmetry

- R-symmetry

~ S, N, can be naturally light

Natural frameworks to look for Higgs exotic decays!



Motivations for Higgs exotic decays (2)

Beyond the Dark Matter motivation...

Models with extended Higgs sectors

Eg. Next to Minimal Supersymmetric
Standard Model (NMSSM)

= MSSM + singlet chiral super-field
S — S, Ny

There are symmetries that protect
the mass of these singlet states:

- Peccei-Quinn symmetry

- R-symmetry

~ S, N, can be naturally light

Theories of neutral naturalness

Eg. Twin Higgs models,
Folded SUSY, ...

In these theories, the (little) hierarchy
problem can be addressed by
particles not charged under SU(3)

Typically, there is a hidden QCD
+ Higgs portal operator

Light bound states arise in the hidden
QCD sector. These bound states
(glue-balls, bottomonium states, ...)
can be produced from the Higgs decay

Natural frameworks to look for Higgs exotic decays!
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Weak limits and complementarity

. . , 6/
We are speaking about very light (m < m /2) new particles. ®

The LHC searches show already exclusions for particles with mass s
above the TeV. Why these new particles are not yet probed? m

The singlet particles are not copiously produced at the LHC, since
they do not couple to the SM gauge bosons C> limits are weak!
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Weak limits and complementarity

We are speaking about very light (m < m /2) new particles. ®

above the TeV. Why these new particles are not yet probed?

The LHC searches show already exclusions for particles with mass @

The singlet particles are not copiously produced at the LHC, since

they do not couple to the SM gauge bosons C> limits are weak!

i
Let's take again our singlet scalar, S: é|.‘£’-’:‘|2|j’i'|2

Direct production at the LHC

_——

It happens only because
S mixes with the Higgs
SV

2 _ 2
m; — s

sin@ =
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Production from the Higgs decay

Complementary probes of the singlet S
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Weak limits and complementarity

. . , 6/
We are speaking about very light (m < m /2) new particles. ®

The LHC searches show already exclusions for particles with mass s
above the TeV. Why these new particles are not yet probed? m

The singlet particles are not copiously produced at the LHC, since
they do not couple to the SM gauge bosons C> limits are weak!

i
Let's take again our singlet scalar, S: é|.‘£’-’:‘|2|j’i'|2

Example of search:

CcMS

10° T
2 eT;, p:rh,eu

1
—

......

%) [pb]

: .
, o~ .

2
Tt T

95% CL o(bbA) xB(A—<

—
[=]
T TTTTIT T

=== Wrong-sign¥u

19.7 16 (8 TeV)

Observed
Expected
= 1o Expected 1
= 20 Expected ]

kawa coupling ]
Si-like Yukawa coupling

1
d 60

a0
CMS-HIG-14-033

80
m, [GeV]

Direct production at the LHC

1Wso0
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Production from the Higgs decay

What are the prospects?

A

Complementary probes of the singlet S
S.Gori




Novel signatures

Depending on the decay of the new singlet state,
many new signatures arise

Examples:

|
h ZD'<I ho <T

< <

h — 4l h — 4t




Novel signatures

Depending on the decay of the new singlet state,
many new signatures arise

Examples:

|
h ZD'<I ho <T

< <

h — 4l h — 4t

7

/)o
OO

h — 21(2b) + MET




Invisible signatures

Higgs decay to Dark Matter (any detector stable new particle).
mm) Invisible signature

How to look for the invisible??
We need to produce the Higgs in association with something!

Some searches have been already performed:
BR(h — inv) <

VBF: 0.32 (0.26)
CMS-PAS-HIG-16-016
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Invisible signatures

Higgs decay to Dark Matter (any detector stable new particle).
mm) Invisible signature

How to look for the invisible??
We need to produce the Higgs in association with something!

Some searches have been already performed:
BR(h — inv) <

q

Zh, Z—bb: 1.82 (1.99)
CMS, 1404.1344

Z(W)h, Z(W)—jj: 0.78 (0.86)
q b ATLAS, 1504.04324

Zh, Z—I1: 0.75 (0.62) ﬁm&%m%/ |
ATLAS, 1402.3244 1 tth: 1.9 (3) ;

T Zhou, et al., 1408.0011

VBF: 0.32 (0.26)
CMS-PAS-HIG-16-016

R Y \ No official search so far.
f Somebody interested?
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Beyond Higgs to invisible

/

easy

MET difficult

Y’s? b-jets!?

4+ |eptons light jets

Statistics limited
Great for the HL-LHC!
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Beyond Higgs to invisible

difficult

4+ |eptons light jets

Statistics limited Background limited
Great for the HL-LHC! It helps having extra handles:
New production modes
for the Higgs (tth, Zh, Wh, ...)

Some of these decays can also be displaced

Plenty of signatures have not beeing explored so far!
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Don't forget to search!

Main experimental challenge for the searches of Higgs exotic decays:
The particles produced from the Higgs decay have a low p_

i> Dedicated studies of trigger strategies are needed
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Don't forget to search!

Main experimental challenge for the searches of Higgs exotic decays:
The particles produced from the Higgs decay have a low p_

i> Dedicated studies of trigger strategies are needed

Let us take, for example, the challenging decay mode h - 4b - - --

h < b
— T T T T T T T T T T T T T T i - LI LU N D N U D N N I N N I N I N NN I N I N BN N N N et
= F | | | | | | e S o.08F E
@01af ] 2% ~ _ ]
E - glg'E h— aa, a— bb Powheg + Pythiad % D.UT:_ Wh, h— aa, a— bb PﬂWhE—'ﬂ + le'thlﬂﬂ -
= 012— — = -
g . (i 0.08- 2
| —— Madgraph + Pythiab = — = —— Madgraph + Pythiab
: N D05 3
0.08F =

IIEII

0.06[

=1
IIEII

0.04F 0.02F

0.0z 0.01E

100 120 40 - 0y 20 40 60 B0 100 120 T4
Leading pT{bJ [GeV] Leading pT{bJ [GeV]

% EEI_I 1 Iq-[l.l 1 Iml E[I_

From the LHC Higgs cross section working group, Yellow report 4
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Don't forget to search!

Main experimental challenge for the searches of Higgs exotic decays:
The particles produced from the Higgs decay have a low p_

i> Dedicated studies of trigger strategies are needed

Let us take, for example, the challenging decay mode h - 4b - - --

. <,
<

w—m, =G0 GV, N 22 ==, e20GoV, N 2 ——m, =G0 GeV. N w2 =20 GV, A oe 2
_H,=EDGE'J.r'IJEE| —I'I'I,.=E'IJ"G-E"-I'.F"[&3 —."r'|.,=ﬁ[:lﬁ-|‘."|".ﬂu23 —m, =20 GeV,n 23 b
—n._EDGDUIn:,i —m‘—EI:l-G.g'y'lr.pJ--ﬂ _ﬂ'l."E-DGDU.n=ld' m— m, =20 GaV, n =4

§.1

]

@08

i

0.8

0.7

0.6

0.5

0.4

b 0 s 20 285 30 a5 a0 b &5 10 15 20 25 a3 35 40
Jat p_ thrashald [GaV] Jat p_ threshold [Ge'V]

From the LHC Higgs cross section working group, Yellow report 4
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Don't forget to search!

Main experimental challenge for the searches of Higgs exotic decays:
The particles produced from the Higgs decay have a low p_

<b
h b

Let us take, for example, the challenging decay mode h - 4b - - --

= rl.—EﬁGu'«l’.r|1:? —m.-ﬂﬂ-ﬂn'u',nb::ﬂ ——, =mr‘*""-r'h:"2 — il = 20 GaV, = 2 <
—m,:EDGE'J.n_IaEI —I'I'I,.=E'IJ"G-E"-I'.F"[&3 —r'r'|.,=ﬁ[:lﬁ-|‘."|".ﬂu23 — m, =20 GeV,n =3 b

—m.—EDGnU,n::d- = = 30 GV, r.b;-li —m.—EDEn'."_n=:4 —mlzﬂl'.'IGa'u'_n=:.4

i> Dedicated studies of trigger strategies are needed

Risk of loosing
the signal already
at the trigger level

b 0 s 20 285 30 a5 a0 T 5 10 15 20 25 30 35 40
Jat p_ thrashald [GaV] Jot p_threshold [GaV]

From the LHC Higgs cross section working group, Yellow report 4
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Characterizing Higgs exotic decays

From a signature point of view:

So far, the most part of the
experimental effort is in this direction

Higgs decays to
multiple resonances |
without missing energy
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Characterizing Higgs exotic decays

From a signature point of view:

So far, the most part of the
experimental effort is in this direction

Higgs decays to displaced
new physics particles
(with or without missing energy)

5~
e.g. < E

Higgs decays to
multiple resonances |
without missing energy

< ' Displaced
N/ |
=9 h Z | Higgs decays to
%8, missing energy + (soft)
%, | visible particles
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Characterizing Higgs exotic decays

From a signature point of view:

So far, the most part of the
experimental effort is in this direction

1.

Higgs decays to
multiple resonances |
without missing energy

new physics particles

Higgs decays to displaced 3.

(with or without missing energy)

Yy

e.g._h"- <E
<,

< ' Displaced
N 5.
=9 h Z | Higgs decays to 2.
%8, missing energy + (soft)
%, | visible particles
(0] 7




What has been done and what not

Several searches are now publicly available <
h — ss — 4y CMS, 1506.00424 h
ss — 471 CMS, 1510.06534
SS — 24 2T  CMS-PAS-HIG-15-011, ATLAS 1505.01609 <

SS — 2u 2b  CMS-PAS-GIH-14-41
ss — 4b ATLAS, 1606.08391
ss — 4y ATLAS, 1509.05051

h—Z(Z)Z — 4l ATLAS, 1505.07645
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What has been done and what not

Several searches are now publicly available
h — ss — 4y CMS, 1506.00424 h <
ss — 471 CMS, 1510.06534 o
SS — 24 2T  CMS-PAS-HIG-15-011, ATLAS 1505.01609 <
SS — 2u 2b  CMS-PAS-GIH-14-41
ss — 4b ATLAS, 1606.08391
ss — 4y ATLAS, 1509.05051

h—Z(Z)Z — 4l ATLAS, 1505.07645

These searches can
be interpreted in our

BR() =BR(h— ss —» (F)(ff))  BR(s) [avorite model
Projected/Current quarks allowed
Decay 20 Limit Produc- Limit on
Mode on BR(F;) tion BRF:EEE%M) —— + BR(non-SM)
F; 7/8 [14] TeV Mode 7/8 [14] TeV ¥
bbbb 0.7% [0.2L] W 0.8 0.9 [0.2] \
bbTT > 1[0.157] 1% 0.1 > 1[1] Extracted bound
bbpup (2—7)-107*7T G 3x 1077 0.6 — 1 on BR(h — ss)
(0.6 —2) - 1074 T] 0.2 — 0.7]
From TTTT 0.2 — 0.47 [U] G 0.005 40 — 80 [U]
Curtin et al. Trpp | (3—7)-1071 T [U] G 3 x 1073 10 — 20 [U]
1312.4992 JLILLLpL 1-10~% ®[U] G 1-1077 1000 [U]
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What has been done and what not

Several searches are now publicly available

h— ss — 4y
Ss — 41
SS — 24 2T
ss — 2u 2b
ss — 4b
Ss — 4y

h—Z(Z)Z — 4

CMS, 1506.00424
CMS, 1510.06534
CMS-PAS-HIG-15-011, ATLAS 1505.01609
CMS-PAS-GIH-14-41
ATLAS, 1606.08391
ATLAS, 1509.05051

ATLAS, 1505.07645

BR(s)

These searches can
be interpreted in our

favorite model

BR(F:) = BR(h — ss — (£ f)(f'f"))

Projected/Current

quarks allowed

Comparative Decay 20 Limit Produc- . Limit on
study for 4b Mode on BR(F;) tion BR(non—SM) —— + BR(non-SM)
’ 7/8 [14] TeV Mode 7/8 [14] TeV ¥
bbbb 0.7% 1.1 1% 0.8 0.9 [0.2] \
—p- b7 T > 1 [0.15F] vV 0.1 > 1[1] Extracted bound
bbppt (2—7)-1027 G 3 x107? 0.6 —1 on BR(h — ss)
_ 3-10* | 0.2 — 0.7]
From TTTT 0.2 0.25 | G 0.005 40 — 80 [U] _
Curtinetal. 77ek | 3—7)-10-"14 - 10* G 3 X 107 10 — 20 [U] Wider
1312.4992 HELLE 1-107%4 - 10°| G 1-1077 1000 [U] mass ranges
18/21
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What has been done and what not

Much less is known... N,
h %
h—N_N — 1 photon +MET D
h — N_N_— 2 photons +MET )

ATLAS-CONF-2015-001,
CMS,1507.00359

Bounds on the BRs are up to ~5% (7+8 TeV data)

It is more complicated to test if the signature is coming from the Higgs
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What has been done and what not

Much less is known... N,
h 741
h—N_N — 1 photon +MET D
h — N_N_— 2 photons +MET )

ATLAS-CONF-2015-001,
CMS,1507.00359

Bounds on the BRs are up to ~5% (7+8 TeV data)

It is more complicated to test if the signature is coming from the Higgs

Experiment: additional possible channels to search for:
h—2[+MET, h—2r+MET, h—2b+MET i

Theory: need more studies of the theories producing these signatures




What has been done and what not

Completely un-explored territory <

h

Only available search: h — X X— 4l cMs, 1411.6977 / <
Experiment: many additional searches to be performed! Displaced

Theory: Need more accurate predictions for the Higgs
branching ratios in theory of neutral naturalness




What has been done and what not

Completely un-explored territory

Only available search: h — X X— 4l cMs, 1411.6977

Experiment: many additional searches to be performed!

Theory: Need more accurate predictions for the Higgs
branching ratios in theory of neutral naturalness

Hidden QCD

' N\

fwin -
______ L ﬂi‘!fﬂ‘lﬁm ani j.'

\
Y /Yf rrﬁ‘{:’fg
f

il

>
How to compute this branching ratio?

2000

1500

m (GeV) [Folded SUSY)

log,y(c7/1m)
R _ .

h

2500

[}
==
o=
(=]

PPl
FARN

Displaced

Curtin, Verhaaren,
1506.06141

mr (GeV)  [Twin Higgs]



Conclusions and outlook

% |In spite of the first SM-like measurements, the Higgs boson can
hide a "New Physics nature" and decay exotically
(no direct access to the Higgs width at the LHC).

* Higgs exotic decays can offer one of the best routes to access
light dark/hidden new physics particles.

The field recently started.
Many open questions both for experimentalists and theorists!

Warning: urgency of searching for Higgs exotic decays in order not

too loose the capability of searching for them (trigger thresholds!).
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Conclusions and outlook

It is crucial to think broadly about the Higgs boson!

“This is not exactly, what theory predicted <
for the Higgs decay!”




Our assumptions and decay topologies

1. The observed 125 GeV is SM-like

* In particular its production cross section in the several channels
is the one of the SM Higgs

2. The Higgs decays promptly to new BSM particles that are either
stable or promptly decaying
* we do not consider rare or nonstandard decays to SM particles

3. The Higgs decay is a 2-body decay
* 3-body decays are possible, but require new light states with
substantial coupling to h to overcome phase space suppression

h—MET h—ZoZp—4)

_<< {<< {< h—4b h—y+MET
< h—2b2T h—2y+MET
h—2b2p h— 41+MET

h—4; h—one lepton jet
h—2Y2] h—two lepton jets
h—4y h—bb+MET

h—2—4 h—2—4—6 h—2—6 h—ZZp—4 h—-2TT+MET
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