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Exotic Higgs decays
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The Higgs boson has a very small total width.

Even very weakly-coupled new particles can generate sizable
H — ss branching ratios to new low-mass particles.

Mixing with Higgs boson generates H — ss — XXYY decays.
Decays to CP-odd scalars H — aa common in ALP models.
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Figures from Curtin D. et al., Exotic Decays of the 125 GeV Higgs Boson

[Phys. Rev. D 90, 075004 (2014)]



https://arxiv.org/abs/1312.4992

The landscape of exotic Higgs decays

H->aaa-XX,a-YY

CMS Full Run 2
Yy These tables are about Run 2
—- only. Many analyses also
Full Run 2 available with Run 1 data.
ATLAS
EXPERIMENT Partial Run 2
H - a+ EXsS g » XX H - Za,a—- XX

7T
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vy A And even when full analyses are available:

* Not all mass spectrum explored
Many searches not available with full * Notall production modes explored
Run 2 dataset. There is still a lot of power in Run 2 data that
hasn’t been explored yet!
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Recent H — ss — XXYY results
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Figures from Cepeda, M. et al. Exotic Higgs Decays
[Annual Review of Nuclear and Particle Science, Volume 72, 2022]



https://arxiv.org/abs/2111.12751
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Interpreting result in SM+s model
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Figures from Cepeda, M. et al. Exotic Higgs Decays
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https://arxiv.org/abs/2111.12751

Exotic Higgs decays
to long-lived particles

Hidden Sector, m,= 125 GeV
Selected ATLAS results
95% CL observed limits

Searches:

—..— Muon System (2 Vtx Only), 139 fb™!
arXiv:2203.00587

—..— Muon System (1 Vix + 2 Vtx), 36 fb™
Phys. Rev. D 99 (2019) 052005

—.— Calorimeter, 139 fb™

arXiv:2203.01009

Tracker+Muon System, 36 fb ™'

— Phys. Rev. D 101 (2020) 052013

[ Tracker (LRT), 139 fb™

JHEP 11 (2021) 229

-.@. Tracker (b-tag), 36 fb™!
JHEP 10 (2018) 031

---- Monojet, 139 fb™'
ATL-PHYS-PUB-2021-020

- & - H— inv, 7-8-13 TeV combination
ATLAS-CONF-2020-052

, ATLAS Preliminary (March 2022) 13 TeV, 36-139 fb!
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Displaced leptons
X—ee/pp, mX:SO GeV
2110.04809

— Dimuon scouting
B(X—pup)=0.13, mX:40 GeV
2112.13769

— Displaced dimuon
B(X—pup)=0.13, m, =40 GeV
EXO-21-006

—Z + displaced jets
X—bb, m, =55 GeV
2110.13218

—Displaced jets
X—dd, m, =55 GeV
2012.01581

—Hadronic MS
X—1t, m =55 GeV
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These analyses are more challenging to categorize.
Different final states can have similar signatures in the detectors.
Experimental searches rely on many different techniques depending on ct.
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Many other possibilities

6 Q/
AN :

Decays to meson + photon
s H->J/YorY+y
Other mesons can be probed, for instance:

Flavor violating Higgs decays

* H-eu H-et,H—-ur

* H-cs

We can also consider flavor-violating decays of
the low-mass scalars [Evans et al, arXiv:1910.07533]
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j The landscape of exotic Higgs decays is
88 i L very vast and this talk will try to focus on
% 055& 5 = 55 = t =0 (}O 75 80 85 90 95 100 105 110 115 120
g 60 | M (02 the most recent results...
ATLAS Collaboration, CMS Collaboration,
Eur. Phys. J. C 79 (2019)94 Eur. Phys. J. C 79 (2019)94



https://arxiv.org/abs/1910.07533
https://arxiv.org/abs/1810.10056
https://indico.cern.ch/event/1169286/contributions/5146885/
https://arxiv.org/abs/1810.10056
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Snowmass 2021

* Several contributions related to exotic Higgs decays at Snowmass showing the continued interest
in the field [link to contributions]

EF02: Higgs boson as a portal to new physics
EF10: Beyond the Standard Model: dark matter at colliders

Study of Electroweak Phase Transition in Exotic

Higgs portal vector dark matter interpretation: Hi
iggs Decays at the CEPC
review of Effective Field Theory approach and 88 y

ultraviolet complete models

Zhen Wang,*"¢ Xuliang Zhu,** Elham E Khoda,! Shih-Chieh Hsu, Nikolaos
Konstantinidis” Ke Li, Shu Li,%*%¢ Michael J. Ramsey-Musolf,%"“% Yanda Wu,?

Y Mohammed V University in Rabat, Faculty of Science Yuwen E. Zhangh
2 University of Johannesburg, Department of Mechanical Engineering Seience
* Brookhaven National Laboratory (BNL)

Mohamed Zaazoua ', Loan Truong 2, Kétévi A. Assamagan ®, Farida Fassi !
1 1= =

Probing the Electroweak Phase Transition with Exotic Higgs Decays

A short overview on low mass scalars at future lepton
colliders - Snowmass White Paper Marcela Carena,’>?3 Jonathan Kozaczuk,* Zhen Liu,> Tong Ou,?

Tania Robens'?* Michael J. Ramsey-Musolf,% 78 Jessie Shelton,® Yikun Wang,'® and Ke-Pan Xie!!

L Ruder Boskovie Institute, Bijenicka cesta 54, 10000 Zagreb, Croatia

2 Theoretical Physics Department, CERN, 1211 Geneva 23, Switzerland
(Dated: March 17, 2022)
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https://snowmass21.org/submissions/ef
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Strong first order EW phase transition

Model with s — H mixing with sin & = 0.01 from Kozaczuk et al.
[Phys. Rev. D 101, 115035 (2020)]
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Carena, M. et al. arXiv:2203.08206

Probing the Electroweak Phase Transition with Exotic Higgs Decays

Marcela Carena,!' %3 Jonathan Kozaczuk,* Zhen Liu,” Tong Ou,?

Michael J. Ramsey-Musolf,®# Jessie Shelton,”? Yikun Wang,!? and Ke-Pan Xie!!

* Models of SFOEWPT with m; > 25 GeV
are disfavored by LHC searches

* Region 10 < mg < 25 GeV can be probed
with H - ss = bbbb and H - ss — bbtt

* Region with my < 10 GeV can be probed
with H = ss = ttttand H = ss - tTuu

Model with Z, symmetry spontaneously broken by Carena et al.
l[arXiv:2210.14352]



https://arxiv.org/abs/2210.14352
https://arxiv.org/abs/1911.10210
https://arxiv.org/abs/2203.08206

Future H - aa — tttT searches

Adhikary, A. et al, arXiv:2211.07674

* Renewed interestin the H = aa — 4t

* Phenomenology works trying to understand future reach of this channel
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Caveats:
No fake background
Final state at low m, becomes merged and require dedicated reconstruction


https://arxiv.org/abs/2211.07674

UMassAmbherst
Future H - aa — bbbb searches _

Wang, Z. et al. arXiv:2203.10184

o o o S e =
E - iy e xoniagn ]| b% "g T
C —— 450 Singlo S0GEN Singat 1
'g = o SEGGV SN e SOGEV Singt 1 tf’; 1045—/ ==
§ 025 . T E e &
o i CEPC  Simulation @ f | e ]
0.15— B 102 -
C N E E
: . © By L eem—eme 3
0.4 ] i O |
, ] 0%/  Emm——— -2
0.05— — : S S pectedimi—= ATAS s bbui
| - . ATLASﬁCMSn'pu - @ = HL-LHC CMS bbrr]
:_ _ ‘I 074 E é Ez\oé) gl. E:(pecleﬂ -_:_ fl’lm?li‘BEx ectedé
' - CERC Simulation T ]
10 20 30 40 50 60 70 80 90 100 50301050
My, [GeV] M, [GeV]

Exotic Higgs decay searches in future Higgs searches will be
able to probe a very large region of the phase space favored by
SFOEWPT.
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https://arxiv.org/abs/2203.10184
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New exotic Higgs decays to ALP

u (other flavor combinations possible)

a - L u Biekotter A. et al.

h CL’,L)U, h a ’,{:‘ﬁ,
———e” ——es -l ___< Phys.Lett.B 834 (2022) 137465
H H

Higher dimension ALP operators can allow H — af f and H - aaf f
Signal can be probed via multi-lepton searches. Here a recast of the CMS Z;Z; — 4+ search
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https://arxiv.org/abs/2203.14984
https://arxiv.org/abs/2203.14984
https://arxiv.org/abs/2111.01299

Search for H - aa - bbuu

See talk by E. Khazaie
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a — pu: Benefit from excellent p
mass resolution

a — bb: large BR in many parts of
the parameter space

Use low pr jets (pr > 15 GeV)
to increase acceptance.

CMS Collaboration, CMS-PAS-HIG-21-021
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Select events based on mass
compatibility

)(gb = (Mmpp — m,u,u)/abb
XI% - (mbbuu —my) /oy

after decorrelating the two variables.
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https://indico.cern.ch/event/1169286/contributions/5152700/
https://cds.cern.ch/record/2839924

Events / (2.04 GeV)
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Search for H - aa - bbuu

107 138 fb™ (13TeV)
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60
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Search for a narrow peak in the m,,, distribution

Signal categorization: LowPt, VBE, TT, TM, TL s 720 25 30 35 40 45 50 SFG ?\;’)
m, (Ge

Compatible with ATLAS result, no excesses.
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Search for H —» aa — 4y _

y CMS
< Fully resolved: 15 < m, < 62 GeV
a ,’ ~

g 3> ; ; CMS Collaboration, CMS-HIG-21-003, Accepted by JHEP
\\\ 7
g “ < Fully merged: 0.1 < m, < 1.2 GeV

CMS Collaboration, CMS-HIG-21-016, Submitted to PRL

10" ! o o L 1 hiy

* Coupling is subdominant in most of R -
the mass range. ] N2\
* Branching ratio enhanced for very /——'/\ I~ \,/
Z1072} - - 99

Branc

low mass m, < 2m,,. ‘

1073 ¢

* Final state with very low
background.

10
107! 10" 10! 102
mg (GeV)
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https://arxiv.org/abs/2208.01469
https://arxiv.org/abs/2209.06197
https://indico.cern.ch/event/1169286/contributions/5152701/

Search for H —» aa — 4y (resolved)
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Vertex selection has impact on m,,,,,, .

resolution. Vertex ID BDT assign scores to

all vertex choices.

Background estimated used event mixing:

data events are mixed without any
preselection applied.
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BDT trained in data sidebands to improve
background description around my.

CMS

* Another BDT trained to discriminate signal and

background.

* Search for narrow peak in m,,,,,, distribution.
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1

Deep learning technique used to estimate mass of merged diphoton I' object.
Define SR along diagonal mr, ~ mr, and mp r, = my
Mass sidebands are used to estimate background.
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Other dedicated algorithms

DeXTer: Deep Set X — bb Tagger
ATL-PHYS-PUB-2022-042
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ATLAS

EXPERIMENT
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-042/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-027/
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Searchfor ZH,H - yyp

o g ATLAS

I4 Z
7+ EXPERIMENT
A A
¢ Y
R0QQQ, < T 'ﬁ;i: ATLAS Collaboration
Ta ATLAS-CONF-2022-064

———
[ Fake ET**

Ti— 2 10°EATLAS Preliminary o paa  EdFaee 2 10°L'ATLAS Preliminary o oata
« @ . sF Vs=13TeV,L=139fc" [Dw+ [tisysinglet & FVs=13TeV,L=139f" [Jw+ [Eiileysinglet
k4 B A A 10" =vR A, ee WMy [ Wy strong 10°EVRA, uu MW [ Wy strong
E- 4 [OttH, VH %4 SMtotal [ttH, VH %4 SM total
TLIJ 10 104
§ 2.4 107 100
D c c 10° 10
10
30 40 60 E$i35 [GeV]
107" 107"
1072 1072
Leading source of backgroundare & = b I R S SRR
. . ] © 7 = E
Zy events with instrumental EFSS, € wasomn 7)) ///// / 5
Estimated with ABCD method. o L o R E E , , , | ]
0 50 100 150 200 250 300 0 50 700 150 200 250 300

me(y ET) [GeV] my(r,ET®) [GeV]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-064/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-064/
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Searchfor ZH,H - yyp
S I ATLAS
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Dedicated BDT trained to improve signal discrimination with respect to
dominant background sources.
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Search for low mass a — yy

Irreducible yy Reducible y-jet
v q ¥ q Y
a Y T ATLAS
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ATLAS Collaboration
—_ .
S 1400 - 3 >14000 ———————————————————— . -
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* Background model based on templates built from irreducible (yy) simulation and data
control regions to measure fraction of reducible (yj + jy, jj) and irreducible components.
* Extending the background modeling to lower masses requires a more flexible function

than the one use for analyses at higher m,,,,. -
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Search for low mass a — yy

Interpretation for a signal in the NWA

= 01 T ™ L
Py ATLAS — Observed CL, limit ] AT L AS
2 25 (s=13TeV, 138 fb - - Expecled CLglimit | EXPERIMENT
bg W Expected+1c E
g 20 Expected +2 & _: ;1055"‘\""|""""""|""\""\H"|H--H--0,109
-E b £ £ ATLAS €,=C,=¢C;=10 15'_‘
3 15 - :u 104§_ s=13Tev, 138 fb” @ B — Ka searches 107° Q
@ E F — Observed (this paper) @ Diphoton searches <
g 10 103 -- Expected (this paper) = Dijet searches P
3 E  mExpectedt1c 1 Inclusive yy cross-section 10
(&) 5 5 Expected +2 ¢ =1 LHCb diphoton
‘ﬁ\: 10 E | Z— vya(jj) searches 1077
® 10 20 30 40 50 60 70 1oL
E i Excluded 107°
m, [GeV] B
1 .
© 1 | 5
2 " Zs 10
& ; 107 L
[l A A8 N R Y FORRPRRPON 1 A Y RPN I SRR WA 44 ' o
T 10k . 10
S E E 10 20 30 40 50 60 70 80 90 100
R | A A PR 2o
102 B ] m, [GeV]
2 ATLAS — Observed 3 Interpretation in an ALP model
r fs=13TeV, 138 b 7
T ;36 a o 1 5 5
g 3 @33GG? + aycyW'W' + ajc BB + —mZa
g 3 4ﬂfa [ 303 202 1¢] ] yMa
—4 PRI T A S S NN T TR SRS N SR SRS TN ST S SR S NS S T 1 f— f— —_
0% 20 30 40 50 60 70 (with ¢; = ¢; = ¢3 = 10)
my [GeV] 21



.
Conclusion

* Exotic Higgs decays is a research area with a very vast landscape

* Many different ways to look for new decays of the Higgs boson and new low-mass
states.

* Widespread interest in the field, with many contributions to Snowmass.

* Recent theory results show that LHC can probe a large fraction of the parameter space
that can generate strong first-order EW phase transition.

* We reviewed recent results from ATLAS and CMS searching for new low-mass states.

 But many final-states are either unexplored or have results with only partial Run 2
dataset.

* New dedicated identification algorithms are being developed to close these gaps.
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