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What is exotic?

Searches for new decay modes of the 125 GeV Higgs boson

Signature based approach:

Rare decays
to SM particles

Happening in the SM with
BR < O(107)

¢ Meson + photon
¢ Meson + massive gauge boso

n,
7
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What is exotic?

Searches for new decay modes of the 125 GeV Higgs boson

Signature based approach:
Prompt decays

to NP(+SM) particles

Rare decays

to SM particles » With multiple resonances

and no MET
Happening in the SM with

BR < O(10”) > With MET

¢ Meson + photon
¢ Meson + massive gauge boson/

Displaced decays

to long lived NP particles




Some reference

Exotic Decays
of the 125 GeV Higgs Boson

1312.4992,
Survey paper on H exotic decays

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

+ several research papers
by many authors here

LHC Higgs cross section working group

Higgs Exotic Decay

+ Higgs Exotic Decay
+ Goal of the group
+ Group Contacts

+ Partonic distributions for the prompt decay topology h — XX — 4Y
+ Prospects for prompt decays with MET: h — 2y + E/T test case

4+ Displaced Objects
+ Displaced Photons
+ Exclusive mesonic and flavor-violating Higgs decays
¢ Results
+ CMS Higgs Exotic Decay Results
+ ATLAS Higgs Exotic Decay Results

+ References

¢ Links

Goal of the group

Group Contacts

In case of questions or problems, please report them to all the conveners.

e CMS: Abdollah Mohammadi (Kansas State University)
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Higgs rare decays

h — ¢~

h— W KT

Eventually...
h— J/y~ h—- W~ D} .
h — Y(18)~ h— Y(18) Z h — B,y
h — Y(25)~ h — Y(25) Z h — B3~y
Examples: h— T(3S)~ h — Y(3S) Z h — K™~
h — wv h— wZ h — D"~
h — py

h — p°Z

Much stronger

Massive gauge boson
final state

Photon final state constraints

from low energy
flavor observables

Why are they important?

Access to (light) Yukawa couplings T

For example for the decay to J/W:

BR(h = J/¥ +v) = 3.4 x 107%(k, — 8.7 - 10 %k,.)?
Bodwin et al. 1407.6695




Experimental status on rare decays

ATLAS, 1501.03276

095% CL Upper Limits
J/o | T1S) | T(28) | T(3S) [, T(nS)

B(H— Q~)[1077°]

CMS, 1507.03031

Expected | 12705 | 1.8793 | 21754 | 1.8%03 | 25757 R P L
Observed| 1.5 1.3 1.9 1.3 2.0 3 cMs e Data
o 10 Background model -
G—(pp_}H)XB(H_}QT} [fb] % 1o +2 0
Expected| 267;° | 38%)) | 4577; | 881, | 5417 € 8L [ 500x SM H(J¥)y — puy ]
Observed| 33 29 41 28 44 NS B
BR(h — J/¥v) < 1.5x1073
~ I T = =T ST T T
( 500 tlmeS, ) i0 115 120 125 130 135 140 145 150
~5 orders of magnitude m,., (GeV)

larger than the SM predictions) BR(h — J/Tv) < 1.5 X 10~3

(~500 times the SM prediction)
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Bounds on the Yukawa couplings

J/IY

Perez, Soreq Stamou Tobloka 1503 00290
. 5fb'(7TeV)+20fb ' (8Te

f " HL/LHC

h—s ] /yry

o5~} —ATL\-PHYS-PUB-2015-043




Bounds on the Yukawa couplings

JI¥ Y(15)

Perez, Soreq Stamou Tobloka 1503 00290

5fb~(7TeV)+20fb (8 Te

f "\ HL/LHC
\\ 4

| Konig, N_eubert_, 150_5_.03870

h—s ] /yry

o5~} —ATL\-PHYS-PUB-2015-043

I:':!:-_"’J'- 50 - 0 150 ':.;';.;;':' T250 Re(kp/ky)

- In an ideal world,
ke < 220 if we can reduce the bound to
— ~2 orders of magnitude
larger than the SM prediction,
we could probe

kKp=—1, vs. Ky =1




Open questions + challenges

E) What other channels can we access experimentally?

Extraction of info on the strange Yukawa is even more difficult

From Yellow report 4

2 F AANRARRRRARAS LALAN RRRRERAARE RERES
c i ]
. =0.05- s=14TeV .
BR(h — ¢y) = e ho ey KKy
=iy . | = 04F — Leading p_Kaon -
2.9 X 107%(k, — 2.6 - 10" °k,)? g0  Sumaaii Kaon 3
: C — Photon
0.03- ]

0.02F = \H\ 3

|||||.|||||||I1||||||r||-l.|-i'|'|'|'r'|"|-|- -p.-.!-‘-‘_‘-‘=I
UU 10 20 30 40 50 60 70 80 90 100
Transverse Momentum, P, [GeV]

h - ¢y - K"K v
By Kostas Nikolopoulos

T) What models can predict a large enhancement
of the first and second generation Yukawa couplings,
while being consistent with data?
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Not everything is rare...

In general, probing particles that are
not charged under the SM gauge symmetries <:> "Dark particles”
is challenging for the LHC

The Higgs offers a unique opportunity
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Not everything is rare...

In general, probing particles that are
not charged under the SM gauge symmetries <:> "Dark particles”
is challenging for the LHC

The Higgs offers a unique opportunity

From the model point of view, it is very easy to couple the Higgs
with a new dark particle.
Small couplings needed to have a sizable BR (the SM Higgs is very narrow!)

1

0.1 =001
' Simple example:
’%“ 001, £=0.005 q new light singlet scalar
=
& 0.001 | \l AL — 382‘1_]‘2
104

0 10 20 30 40 50 60
m, (GeV)




The Higgs width

The extraction of info on the Higgs width has typically
some model dependence at the LHC (/hadron colliders)

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

Lo Rt s Off-shell measurements: ~ $292, Meinikov,
Kz| i, <1 — gg > H - ZZ
I-c:w._:ifmzﬂ —-- r,<42r, g, CMS-PAS-HIG-14-002
" . <(48-7.7)T,, ATLAS-CONF-2014-042
l —
K i __'__'_
BRESIIIII.I_I_ I I [N I I I

0 02 04 0608 1 12 14 16 18 2
Parameter value

+ assumption that there are
no new production modes of the Higgs
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The Higgs width

The extraction of info on the Higgs width has typically
some model dependence at the LHC (/hadron colliders)

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

ATLAS and CMS Preliminary . Caola, Melnikov,
| LHC Run' | s Off-shell measurements: ;5" 0c
Kz| -e-x, <1 __* qgq — H— ZZ7
|+ BRgg,=0 !
Ky| =t r,<42r CMS-PAS-HIG-14-002
— I L0 i )
" . <(48-7.7)T,, ATLAS-CONF-2014-042
Ky ———— For the future: HL-LHC
K| . s interference between F~15xT
k| — 99 — yvandgg —h—=VY pion i 13053854
“r s " e colliders (ILC) can set a
BRgeyt—— model independent bound: O(5%)
002040808 T2 A e s 2

Parameter value

+ assumption that there are
no new production modes of the Higgs
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The Higgs width

The extraction of info on the Higgs width has typically
some model dependence at the LHC (/hadron colliders)

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

ATLAS and CMS Preliminary . Caola, Melnikov,
| LHC Run' | s Off-shell measurements: ;5" 0c
Kz| -e-x, <1 __* qgq — H— ZZ7
|+ BRgg,=0 !
Ky| =t r,<42r CMS-PAS-HIG-14-002
20 | ,
" . <(48-7.7)T,, ATLAS-CONF-2014-042
Ky ———— For the future: HL-LHC
K| . s interference between F~15xT
k| — 99 — yvandgg —h—=VY pion i 13053854
“r s " e colliders (ILC) can set a
BRgeyt—— model independent bound: O(5%)
002040808 T2 A e s 2

Parameter value

+ assumption that there are
no new production modes of the Higgs

Goal:

Directly probe as many new decay modes
as possible with BR = O(10%)
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From a model point of view...

Several well motivated theories lead to sizable exotic BRs

SUSY:

= NMSSM

- (approximate) R-symmetric limit: light pseudoscalar (a).
Signatures: h—aa—(f f)(f' ')

- (approximate) PQ-symmetric limit: light pseudoscalar (a), scalar (s), singlino (X.).
(Main) signatures: h—x x,—ff+MET

= Gauge mediated SUSY models
Light Bino (x,) with signatures h—x x.—(y G)(y G)

Neutral naturalness theories:

® Folded SUSY, Twin Higgs models, fraternal twin Higgs model:
light displaced glueballs from Higgs decays

Theories for dark matter:
= |[nelastic DM models or (more in general) models of new gauge interactions

10/18 S.Gori



Thinking about simplified models

We can write down only a limited set of renormalizable operators
connecting SM particles to new dark particles:

B,.,F' ,|H|*|S|*, HLN

pLs ¥

h Typical signatures:

h— ZZp — — | B, 2> Multi-(resonant) leptons
' S ‘ Multi-(resonant) leptons + MET

h - Multi-quark/lepton resonances,
h—ss | —— - < |H[S] ‘ typically involving heavy flavor
h :
F o IN| grn HE)  (Mult) lepton + MET

Displacement is a possibility, depending on the model

In general, nature does not guarantee minimality |
Crucial to cast a wide net of searches! \

11/18 S.Gori



Resonant searches with no MET (1)

See also talk by Bill,
last Tuesday

Several searches are now publicly available

h—aa— 4y CMS, 1506.00424
aa — 471 CMS, 1510.06534
aa — 24 271 CMS-PAS-HIG-15-011, ATLAS 1505.01609
aa — 24 2b  CMS-PAS-GIH-14-41
aa — 4y ATLAS, 1509.05051

h—Z(Z)Z — 4l ATLAS, 1505.07645

Prompt decays

to NP(+SM) particles

2 With multiple

resonances
and no MET

» With MET

Bounds on the BRs are in the range ~50% - few x 10°(7/8 TeV data)




Resonant searches with no MET (1)

See also talk by Bill,
last Tuesday

Several searches are now publicly available

h—aa— 4y CMS, 1506.00424 Prompt decays
aa — 471 CMS, 1510.06534 to NP(+SM) particles
aa — 2 21 CMS-PAS-HIG-15-011, ATLAS 1505.01609 > With multiple
aa— 2u2b  CMS-PAS-GIH-14-41 resonances
aa — 4y ATLAS, 1509.05051 anane
» With MET >
h—Z(Z)Z — 4l ATLAS, 1505.07645 | 4

Bounds on the BRs are in the range‘ few x 10 (7/8 TeV data)

197 fb! (8 TeV)
CMS_‘

20|||||
- 18

-k
=)]
T | T
|

—o— Observed
------ Expected .
+10 Expected i

+20 Expected j h — aa — 4T

-
e
T

-i
N
I

Upper 95% CL limit on (UB)S_ (pb)
o
|

O N A~ O _0
T T | T T
|

(4-8) GeV massrange — » % """ 5 6

=

o (GeV)  CMS, 1510.06534




h — aa— 4pu
aa — 41
aa — 2 21
aa — 2u 2b
aa — 4y

h—2Z(Z)Z — 4

!
m,=125GeV | —e— Data2012

Entries / 5 GeV

— LS} [5] £ w o -~

T T
1 Final state : de+4n+2e2

[ zz>a

| I H->77 >4

| [ wwowz
i«

[ zbb, Z+jets

1 I (Z+) quarkenium
i #2222 Total background

Abons
T

Significance

80 80 100
m, [GeV]

Upper Bound on BR (H — Z 7, — 4e+2e2+4y)

ATLAS, 1505.07645

h—-Z Z — 4l
D “D

Several searches are now publicly available

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

ATLAS, 1505.07645

Bounds on the BRs are in the range ~50% 7/8 TeV data)
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Resonant searches with no MET (1)

See also talk by Bill,
last Tuesday

Prompt decays

2 With multiple

resonances
and no MET

» With MET

to NP(+SM) particles

s = 8TeV, 20.3 fb'

T T | TTTT | T TTT | TTTT | T TT
Final State: 4e+2e2u+4u
95% CL

— Observed
---- Expected
Mt1o
[ ]+20

o [TTT[TTTITE




Resonant searches with no MET (1)

See also talk by Bill,
last Tuesday

Several searches are now publicly available

h—aa— 4y CMS, 1506.00424 Prompt decays
aa — 471 CMS, 1510.06534 to NP(+SM) particles
aa — 2 21 CMS-PAS-HIG-15-011, ATLAS 1505.01609 > With multiple
aa— 2u2b  CMS-PAS-GIH-14-41 resonances
aa — 4y ATLAS, 1509.05051 anane
» With MET >
h—Z(Z)Z — 4l ATLAS, 1505.07645 | 4

Bounds on the BRs are in the range ~50% 7/8 TeV data)

Curtin, Essig, SG, Shelton, 1412.0018

Side remark: 10% X CMs8 cMs3 | ATLASS ||
. . — PR h=2a-4u h=ZE 7
this channel will be more and RO |
more interesting having more TN
1073t

and more data: 4
107°F

1075t

—
=
&

895% CL Limit on Br{h—

5
3

==
T

m-g_h—:ZDZﬂ—ﬂl (prompt) LHC 14

h—o7 7 — 4] 05 1 5 10 50
D D




Resonant searches with no MET (2)

These searches can be interpreted in our favorite model

Projected/Current quarks allowed
Decay 20 Limit Produc- Limit on
Mode on BR(F) tion | groae—iss | 7= - BR(non-SM)
o) Fi 7/8 [14] TeV Mode 7/8 [14] TeV
Q. bbbb 0.77 [0.27] W 0.8 0.9 [0.2]
= bbTT > 1[0.157] 1% 0.1 > 1[1]
S TBhup | 2-7)-10 17 G 3 x 10~ ° 0.6 — 1
LL (0.6 —2) - 1074 T] 0.2 — 0.7]
TTTT 0.2 — 0.4% [U] G 0.005 40 — 80 [U]
Trpp | (3—7)-10717T [U] G 3 x 107 10 — 20 [U]
JLILLLLL 1-10~% # [U] G 1-1077 1000 [U]
h — aa = (£f)(F'f') aa = (FF)(f'f) h—aa

From
Curtin et al.
1312.4992
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Resonant searches with no MET (2)

These searches can be interpreted in our favorite model

Projected/Current quarks allowed
Decay 20 Limit Produc- Limit on
Mode on BR(F) tion | groae—iss | 7= - BR(non-SM)
@ F; 7/8 [14] TeV Mode 7/8 [14] TeV
Q. bbbb 0.77 [0.27] W 0.8 0.9 [0.2]
= bbTT > 1[0.157] 1% 0.1 > 1[1]
S TBhup | 2-7)-10 17 G 3 x 10~ ° 0.6 — 1
LLJ (0.6 —2) - 10~ 7] (0.2 — 0.7]
TTTT 0.2 — 0.4F U] G 0.005 40 — 80 [U] From
Trpp | (3—7)-1071T [U] G 3 x 107 10 — 20 [U] Curtin et al.
JLILLLLL 1-10~% # [U] G 1-1077 1000 [U] 1312.4992
"Homework"

Question for experimentalists:
Need more benchmark models for combining the several searches?

Open questions:
usefulness of VBF + (soft) X triggers for more background limited signatures?

Wish list: - what about 4b, 2b 2 tau signatures?
- coverage of a as broad as possible mass range
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(Non) Resonance searches with MET

Much less is known...
h — MET is the typical channel

What about semi-invisible channels?

h— N N —1photon +MET  ATLAS-CONF-2015-001,
h —N_N_— 2 photons +MET ~ ©MS,1507.00359

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

Prompt decays

to NP(+SM) particles

2 With multiple

resonances
and no MET

» With MET

It is more complicated to test if the signature is coming from the Higgs
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(Non) Resonance searches with MET

Much less is known...
h — MET is the typical channel

What about semi-invisible channels?

h— N N — 1photon +MET  ATLAS-CONF-2015-001,
h — N_N_— 2 photons +MET ~ ©MS,1507.00359

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

Prompt decays
to NP(+SM) particles

2 With multiple

resonances
and no MET

» With MET

P

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

"Homework"
Additional possible channels:

h—2l+MET, h—-21+MET, h—2b+MET

Thoughts on the experimental prospects?

My feeling: Benchmark models need to be better developed

It would be nice to set a wide net to also capture
those signatures with MET coming from mis-measurements

14/18 S.Gori



Displaced decays (theory)

Meta-stable particles with proper lifetimes ct =2 ym arise in a large variety of
BSM scenarios:

- Neutral naturalness (signatures with heavy flavors)
- Dark photon models with small kinetic mixing (signatures with multi-leptons)
- Gauge mediated SUSY models (signatures with photons)
Displaced decays
to long lived NP particles




Displaced decays (theory)

Meta-stable particles with proper lifetimes ct =2 ym arise in a large variety of
BSM scenarios:

- Neutral naturalness (signatures with heavy flavors)
- Dark photon models with small kinetic mixing (signatures with multi-leptons)
- Gauge mediated SUSY models (signatures with photons)

Hierarchy problem addressed by introducing top partners that Displaced decays
cancel the quadratic dependence of the Higgs mass: to long lived NP particles

- Top partner related to the top by a continuous symmetry: e.g. SUSY

- In neutral naturalness theories:

Hidden QCD

with hidden glueballs:
the lightest preferred in (10-60) GeV

Not commuting |
with the SM color

Examples:
Folded SUSY, Twin Higgs, Fraternal twin Higgs
Burdman et al, 0609152 Chacko et al, 0506256 Craig et al, 1501.05310




Displaced decays

-y /(4/ Thanks to the mixing

h
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Displaced decays

h

i / F
: P /c‘/ Thanks to the mixing
{ hwin Y ] .
o _J . @/C’m! iHena ;-' Wlth the nggs
1

Expected 95% CL Exlcusion Vs =13 TeV,20 fb~!
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Displaced decays

s =i //‘/Thanks to the mixing
H‘d: e j with the Higgs

log;o(cT/1m)

= Ny 5 .5 P 7 -

Questions for future searches:

Existing methods focus on
- 2 displaced objects or 1 displaced object & high-threshold associated object

- displacement longer than ~ 1mm-1cm

Is it possible to perform complementary searches with
- only 1 displaced object + thresholds suitable for the Higgs
- very short displacements (up to ~50 um?)

Curtin, Verhaaren, mo (GeV) Lombardo, Slone,

1506.06141 4 1508.01522
g (400@9\") 4m?
K 1

BR(h — GoGp) =
mr




Thoughts about the future

The LHC is going to be a Higgs factory
The production cross section increases by a factor of ~3
O(10°) Higgs bosons will be produced with 3000fb™" data

difficult

4+ |eptons light jets

More and more Access to sub-leading
statistics production modes

(ex. tth)




Thoughts about the future

The LHC is going to be a Higgs factory
The production cross section increases by a factor of ~3
O(10°) Higgs bosons will be produced with 3000fb™" data

O

4+ |eptons

difficult

light jets

Example:
h — ZD ZD — 4]

0.35¢

BUT  &°*

Access to sub-leading
production modes
Curtin, Essig, SG, Shelton, 1412.0018 (ex. tth)

0

Triggers+
. thresholds




Conclusions/Take home messages

The search for Higgs exotic decays give us better insights
on the nature of the Higgs boson

Higgs rare decays :> New probe of (light) Yukawa couplings
Higgs decays to NP particles :> To discover (light) singlet states

Theory) Several BSM models predict sizable exotic BRs
Experiment) Several searches ongoing

and many open questions...
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Probing dark Z gauge bosons

*» Simplified model: £ DO
» Free parameters: mz,, m, €, K’

. 2
® ZD pheno: - Narrow resonance since 1z, oc €“mz,

2 CcOoSs

S )
FIJ:JB“ + §<H>gg%}(1ﬁ)2 T C|""|2|H|2

2
my,

|m; — m?2|

- Branching ratios well understood:

0.5

0.4

BR(Zp — £1)

light hadrons

Br(Zp - SM)

1k

0.501

0.10f

0.05F

=i

—— Br(Zp-Il) [LO)

— BriZp = py) [Ris) data & QCD 3-loop]

--— Br(Zy = ee) [Ris) data & QCD 3-loop] |

0.1

mz, (GeV)

10

100

Dependence

on m__, only

Curtin, Essig, SG,
Shelton, 1412.0018
S.Gor

3ackup



SM prediction for rare decays

BR(h — Y(15) )
BR(h — Y(25)~)
BR(h — Y(35)~)

(0.61F5¢7) - 1073 -
(2.027133) - 1072 -
(2.4471755) - 103 -

Mode Branching ratio [10~]

Method NRQCD LCDA LO LCDA NLO
BR(h — p%7) - 19.0 £ 1.5 16.8 = 0.8
BR(h — wv) - 1.60 + 0.17 1.48 + 0.08
BR(h — ¢7) - 3.00 £ 0.13 2.31 4 0.11

BR(h — J/¢¥7) 2.79 7018 2.95 + 0.17

(4.617178) - 1073

(2.3477:56) - 1073

(2.137775) - 103
From Yellow report 4
Neubert, Petriello

V P mode P mass Fp BRM Th. Error
W-—nt 139.57018 £+ 0.00035 MeV 126.6 + 1.4 MeV 0.42 x 103 +5%
W-K+ 493.677 4+ 0.016 MeV 35.2 £+ 0.3 MeV 0.33 x 10~ +4%
W‘Dj 1968.30 £+ 0.11 MeV 248.6 + 2.4 MeV 1.6 x 105 +4%
WDt 1869.61 + 0.09 MeV 47.07 &+ 2.4 MeV 0.58 x 10~® +11%
W-Bt 5279.29 + 0.15 MeV 0.79 4+ 0.10 MeV | 1.6 x 10~1° +26%
W-B} 6275.1 & 1.0 MeV 7.82 + 0.42 MeV | 1.6 x 1078 +11%

AL 134.9766 + 0.0006 MeV 92.1 £+ 1.0 MeV 0.23 X 10~° +5%

Z%n 2984.3 + 0.84 MeV 197.4 + 0.30 MeV | 1.0 X 10~° +5%
From Yellow report 4
Isidori, Trott



Experimental searches

Increasing effort from the ATLAS and CMS collaboratlons

@ ATLAS-CONF-2015-001
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h— N N — 1photon +MET

h — N, N — 2 photons +MET

95% CL limit on (o/0,,) x BF(h— NLSP + LSP)
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Experimental searches

Increasing effort from the ATLAS and CMS collaborations

s ATLAS-CONF-2015-001 z P A8
b [ — S?rv'e
VBF Higgs, TV
h— N_N — 1 photon +MET o S i A
2 1 === Median expected ggH
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Experimental searches

Increasing effort from the ATLAS and CMS collaborations

@ ATLAS-CONF-2015-001

VBF Higgs,
h— N N — 1photon +MET

h — N N — 2 photons +MET

@ CMS, 1507.00359
gg Higgs and Zh,
h— N N — 1 photon +MET

h — N_N_— 2 photons +MET 10 - E
22 « [ ATLAS nh:mrc;bm 6325 cL i

. o - served 95% ]

Eventua”y dISplaced % 1{]_ |I|'§: 8TeV 203 fiy! eememm- Median Expeded g5% L 1
* =3 +1a =

?f;‘ = +2¢0 3

g 1_ Al P‘:'f
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