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Why rare & exotic Higgs decays?

[...] among the SM patrticles the Higgs is unique in its -
sensitivity to new physics. The tiny SM width of the
Higgs [~4 MeV] [../]

(BSM),
make exotic decays of the SM Higgs a natural and often
leading signature of a broad class of theories of physics
beyond the SM. Within the SM, the observation of el I W

4. Deciphering the nature of the Higgs sector

Report of the LHC Higgs Cross Section Working Group

. which would otherwise remain out of
reach at the LHC.
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Why rare & exotic Higgs decays?
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e Connecting to a Hidden sector

- D

SU(3) x SU((2) x U(1)
Standard Model

A 4

Nikolaos Rompotis

Assuming only renormalizeable terms in the
Lagrangian there are only a handful of ways to

O make this connection! Potential access to Dark
o matter or other new physics in colliders
7| SuUsY? GUTs? ...
>
2 4 A
& (I) (l) S S Higgs portal
-
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Hidden sector (I) L ”q) Neutrino portal

F F rHY Vector and Axion portal
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Higgs to “other particles”
* |s there space for Higgs to decay to other particles given
the so many measurements that have be done already?

* Answer: yes, plenty of space: ATLAS & CMS look for Higgs
to invisible or

DR - S L B B B
ﬁ 7 E— ATLAS — Observed —E
One way to do that would be to consider the Higgs | f (5-13TeV. 86171391 ]
i 6c my =125.09 GeV, ly, | <2.5 ---- SM expected -
coupling measurements and then see how much -
space is left for “left-out” decays (“undetected”) 50 =
L (A ; ' — —Hesw oL
.. . 3 H
95% CL limits on Higgs to undetected: -
2 ]
ATLAS: <12% - ___T____,—;""_________368%(1
o SEF | upa i lama i lan s
CMS: < 16% % 005 0 015 02 025
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Higgs to invisible
e Direct searches for Higgs to invisible in ATLAS/CMS
ATLAS:arXiv:2301.10731

Latest combined results from ATLAS + CMS CMS: arXiv:2303.01214

CMS ttH with H - inv in the fully hadronic

q
channel is the latest channel
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https://arxiv.org/abs/2301.10731
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-007/index.html
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https://arxiv.org/abs/2301.10731
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-007/index.html
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° H_) yyd AnaIyS|S arXiv:2212.09649

Targeted final state: Il + y + MET

- e*e” or gy + isolated photon + MET > 60 GeV
-m(lD): 76 — 116 GeV, AQ(MET, p+(lly)) > 2.4

- b-jet veto, < 3 jets

Main backgrounds: VVy, fake MET, fake photons, top

Signal extraction: BDT using 6 variables
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https://arxiv.org/abs/2212.09649

UNIVERSITY OF

LIVERPOOL i 'EXPERIN:IEI\-.IT

arXIV2212.09649 % AT‘LAS T Q Data -FakeE“”‘ I
@ 10°EVs=13TeV, L=139 rb1Eg‘_§ﬂ; =i singl
H R I . SR, ee+up i, VH see ZHpY )
— yyd eS u tS 10 %é:q(fé alzn GeV n
10°
102
10— ———1 oy 1
. . ..........""--"--
Upper limits for BR(H->yyq) around 3% o
102
assuming m(yq) up to 40 GeV R o
E L e S . 7
-E.H:I‘IEI "q"]JILI‘Iq:SI|IIII|II|||||||||||| TT T T[T T T T T T T T TTT =] 1%}4//)%//)//%//-%/%////
[
g 10" {s=13 TeV, L= 139" S
10" SR, ee+uy, Postit 5 50 10 150 200
107 O ke c'“ my(1,E) [GeV)
108
10° s ZHiyy ) 20 GeV . PHiyy) 40 GeV 2 -
104 [ 4% S tatd o 10~ ATLAS 1 — Obssrvad
3 g
mz i* 5 f=13TeV,L=139fb < Expocted
10 g 8 — i Expected + 1o
1{: ...................................... S | Expected + 26
10! E ‘m
10 25 o [
E: EI o ' ; § 4=
i‘-g 1.5F : e e i e St o
m = g - s
] 1;44.!4#4 R WJJW)W/ 2 B
055 H -
: . | | |
PP I TP T BT T PP E TE IP P E I —1
00102 03 04 05 08 07 08 08 1 e L 10 m, [GeV]
BDT classifier response
Moriond QCD — March 2023 — La Thuille 8

Nikolaos Rompotis


https://arxiv.org/abs/2212.09649

UNIVERSITY OF CMS (
LIVERPOOL e AL
H- aa

 The decay of the Higgs boson to two pseudoscalars
appears in many BSM physics scenarios

* Extended Higgs sections (2HDM, 2HDM+S, singlets),
NMSSM, axion models, ...

e ... and has been extensively studied at the LHC
* Here | will show you some recent results from CMS

H- aa - 2t 2b
H > aa - 2u 2b HIG-22-007

Nikolaos Rompotis Moriond QCD — March 2023 — La Thuille 9



UNIVERSITY OF

LIVERPOOL

R

~ single or double muon trigger

| CMS simulation

8
L
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¢ H — aa. — ””bb E; [ Preliminary
E

r Backgrounds inppubb final state

& & ]
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Expected yield @ 138 '

]
=]

100

- My 14 — 70 GeV, T+
targeting signals with m,: 15-62.5 GeV i
» =2 jets b-tagged, MET < 60 GeV <
> Optimized requirement (corrected+decorrelated)
i (m,, b — 125) 0k,
Xtot = X°ob+ X°H  Xob = o~y Xu=— #b'; _
Thl H
- 5 categories based on = £ CMS rorm 128012 Ty
. . g 'F Preliminary
(b)-jet selection 2 F
> Leading backgrounds: Y S, |
. . § - ackground-only fit
DY, top-pair productlon 5 55 vBF Category
> Background estimated by i
parametric fit :
» Fit on my, to extract signal *
2 — | —
£ — | fﬂ:ﬁ
o 20 30 0 5 50
m,, (GeV)
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H-aa - pubb and ttbb HIG-22-007

. H bb 2-tag category 138 fb™! (13 TeV)
107 e
— dd —» 1T ? 10 E-CMS —4- Observed [T ti+jets
. . . % 107 g~ Preliminary [ Zor [jetor,
~ Triggers containing electron, muons or € 10| g, [7]Other  — m,=35GeV,B=10%
hadronic taus to select events for 3 final states: g 1 55 Bkg. unc.

- =2 jets; 2 categories based on b-tagging
- Deep neural net using kinematics to refine
signal and control region definitions A0

ain backgrounds: g 2 — T T M g
Z - 11, multijet, fake tau, top Lier 2
~ Fit on visible mass my to extract signal 0 02 04 0% 08 1
. . . DNN score
2-tag category, high DNN score 2-tag category, intermediate DNN score

138 b (13 TeV) . . ‘ 138 fb™ (1 slTev)_
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H-aa - pgubb and ttbb HIG-22-007

e Results

* Branching ratio limits and an example of an interpretation
plot

-------------
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Lepton-flavour violating Higgs decays

* The Higgs sector is one of the best places to look for flavour
violation, since it is less or only indirectly constrained

* CMS search for H - ep for my: 110-160 GeV  HIG-22-002
* ATLAS searchforH - et andH - pt  arxiv:2302.05225

CMS preliminary 138 fb~! (13 TeV)

ggH category

W Diboson W QCD e EWW/Z, Wadets, SM Higas

-t Bl DY+Jets Cross Sec. @@ Stat. Unc.
tedets ¢ Data == H{125) s ey (B=1.0%)

CMS search for H- ep

o 2
T I T
=] on
=} =}

Events / 0.02 units

- Signature: ey pair, AR > 0.3, me,: 100-170 GeV
» categories based on jets: VBF and ggF

- BDTs used in each category using kinematics to
refine the categories

- Fit the me, mass in each category using
parametric function for the background

I
m1.5
a b i% L L e e Yatiae v

©@ r
O psf

0__0 I ) 0.2 0.4 0.6 08 10
ggH BDT discriminant
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https://arxiv.org/abs/2302.05225
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-002/index.html
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Lepton-flavour violating Higgs decays

HIG-22-002

CMS search for H- ep

» Results BR(H (125) - en ) <4.4 (4.7 exp) x 10 at 95% CL

For other masses: 2.8 sigma

Sensitivity per channel excess at my ~ 146 GeV
— 1

CMS preiminary 2 g T CMS Prefimnay 1381’ (13 TeY CMSpreimnary 138101 (13 ToV)
%} 6800 T [rrr v rrrrr gchatO - | | | | | ]
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s ru B component 0.84 (0.80) x 10°¢ I * Observed
3 400 — -84 (0.80) x o d+1
3 1o ] - B Expected 10| o ewecedri
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@ - ]
5 ™ oo -
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] T I U I BT I B 2.08 (1.72) x 10
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0.44 (0.47) x 10°*
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Lepton-flavour violating Higgs decays

arXiv:2302.05225
e ATLAS searches for H - £t In different channels:

e H - / and H - /

* Two complementary techniques for background estimation: MC-
template and Symmetry method

* Selections optimized for several categories aiming at VBF and
ggF production

 BDT/NN for each category which is fitted to obtain the final result

MC-template method Symmetry method

> Background estimation is done using data- > Assumes that SM backgrounds are the same
driven methods for events containing jets if you exchange electrons for muons, i.e. they
misidentified as e/p/t are the same between the et, / pt. datasets

> Rest of backgrounds by simulation which is > But you need to correct for detector effects
corrected or validated using dedicated control and fake rates that are different for electrons
regions in data and muons
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Lepton-flavour violating Higgs decays

MC-template method: background modeling + final discriminant examples
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Lepton-flavour violating Higgs decays

ATLAS — Observed ATLAS — Observed
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Higgs/Z to meson + photon
arxiv:2301.09938

e HIZ - wy &Ho K*y

7 /’
Up / down

quark coupling Flavour violating
down / strange
quark coupling

A way to probe Higgs couplings to light quarks

Ultra rare decays:
BR(H- wy) ~10°% BR(H- K*y)<10%, BR(Z - wy) ~ 1038

How to look for them:
Aim to reconstruct meson decays w — 1Tt and K* - K* 1t"and then take the invariant
mass of the meson-photon system
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Higgs/Z to meson + photon
arxiv:2301.09938

o Strategy

- Use a dedicated one photon + 2 tracks + calo deposit trigger

- |solated photon pT > 35 GeV

~ Meson reconstruction using tracks, calo deposits and invariant mass
constraints

~ Background estimation: wy and K*y candidates from data passing without
isolation to produce templates for the mass of the wy and K*y systems

~ 100 x SM
2 14T T T T T > LR B L BN BN
o ATLAS ] © 20005 ATLAS 3
o q20f— E:‘ISIBUL;BB.th" _: P 1800;— f5=13 TeV, 134 fo' —; Channel 05% CL upper limit
2 r - - 5 1600 $ pata =
£ 100 } ;:::zz::m‘h —_ 514002_ £ Background Fit £ E E?{pﬂctﬂd Observed
B arp)=1.5x10" £ [ Background 3 : 4 K
80f {%:E;}w::aam’ - 12000 [ ]BiHs k=8axin® = == wy “0 4] 301{2% 1.
oof 3 1 Zowy[107] 5723 38
. | ] 800F- = Y 16 '
aof iy ] 3 1 H-K'y[107°] 122%9 8.9
- 400 3 -
2§ 200 3
_ 15F] -
- S ~ 17 x SM and ~1000x
g 0% i, & 260300 better wrt previous limit
Myn aty [GBV] rnl'(‘.l'['gr [GEV]
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Higgs/Z to meson + photon

1% EXPERIMENT

 Summary plot for all results so far from ATLAS

ATL-PHYS-PUB-2023-004
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Conclusions

* Rare (even not-so-rare) or exotic Higgs boson decays are
still compatible with Higgs measurements

* These searches push the limits of our understanding of
physics beyond the Standard Model

* And they provide an opportunity to discover new physics
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Additional slides
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Lepton-flavour violating Higgs decays

Table 4: Observed (expected) 95% CL upper limits, best fit, and local significance in unit of
standard deviation (¢) of ¢(pp — X(146) — ey ) for each individual analysis category and for
the combination of all analysis categories.

CMS

searc h Category gegHcat0 gegHcatl ggHcat2 ggHcat3 VBFcat0 VBFcatl Combined
Observed limit (fb) < 7.57 < 456 < 11.68 < 53.25 <1260 <2211 < 5.77
Expected limit (fb) < 3.62 < 3.51 < 5.96 < 34.01 < 6.53 <1252 < 2.05
Best fit (fb) 411730 1297150 650730, 231370 5347000 887773 3.827 .5
Local significance (¢) 2.3 0.7 22 1.4 2.1 15 3.8

CMS Preliminar 138 fb" (13 TeV MS Preliminar 138 o' (13 TeV . 5
107 AL ) CMS/ il s 8 (137eV) CMS Preliminary 138 fb~' (13 TeV)
>':L 2F Eategw mE QCD  mm EWWZ We+lets, SM H 3 99'” “‘BQDWI I I I I ]
+ iggs ; ; ,
= Diboson WM DY+Jels Cross Sec. b Stat. Une. ol -~ G S S el (e U
. tedets + Data = H(125) s ep (B=1.0%) -t ] +lets ross Sec. @5 Stat. Une.

. telets t Data — H{125) s ey (B=02%) —

Events / GeV
3]
g

Events / 0.04 units

H— ey

107®

e e T e A I

e L] e T
B AN L A s 1 o [at 2 i b
: g 1PAA Mﬂ Zz i L s 3 I_G?“ ++|L_++H+$+*+++*+*+++++H*}++%++ ++*+++f'++++ % Wity b
10 a | g L: ‘t:\:l 722 A0 A +/.»H' Wt 1
|Ye | L S 0-?03' g g g e R
i VBF BDT discriminant

J ([Yeu 2+ [Yee 2) < 1.9 (2.0) x 10 at 95% CL
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Lepton-flavour violating Higgs decays

Latest ATLAS search dedicated to H - eu: HIGG-2018-58
BR(H-ep) <6.2 (5.8)x10° at 95% CL

> 700 e
& - ATLAS Vs=13TeV, 139 1" 3
é 6005_ ¢ Data _E
-"g' 500 —— Background model —
= ° —— Signal B(H— eu)=0.05%
400:— =
300;- —i
200} NG
100 E
0: Tl Ll I-...I....I....l....l....:
Yo SRR RN AR R AR AR AR RN AR AR
. B ¥
200 Tty b Tt
L (N St 4 g
-60
110 115 120 125 130 135 140 145 150 155 160

m,, [GeV]
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Lepton-flavour violating Higgs decays
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Dark photons in Higgs decays

e Variables used in the BDT
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H-aa - pgubb and ttbb

e Categories in tthb

3 EXPERIMENT

Table 7: Event categories for the Ttbb channel. The values correspond to the transformed
DNN score used to define the signal (SRn) and control (CR) regions.

Exactly one b-tagged jet At least two b-tagged jets

SR1 SR2 SR3 CR SR1 SR2 CR
eu 2018 > 0.99 € [0.95,0.99] € [0.85,095] | <0.85 | >0.98 € [0.94,0.98] < 0.94
e 2017 | > 0.985 | < [0.95,0.985] € [0.85,095] | <0.85 | >0.97 e [0.93,0.97] < 0.93
en 2016 | =099 e [0.95,0.99] € [0.85,095] | <0.85 | >0.98 € [0.94,0.98] < 0.94

One b-tagged jet Two b-tagged jet

SR1 SR2 SR3 CR SR1 SR2 CR
et 2018 | > 097 | €[0.945,097] | €[0.90,0.945] | <090 | >0.96 NA < 0.96
ety 2017 | > 0985 | € [0.965,0.985] | € [0.93,0.965] | < 0.93 | > 0.985 NA < 0.985
T, 2016 | > 0985 | € [0.965,0.985] | € [0.93,0.965] | < 093 | > 0.96 NA < 0.96

SR1 SR2 SR3 CR SR1 SR2 CR
uty, 2018 | =098 | €1[0.95,098] | €[0.90,095] | <090 | >099 | € [0.96,0.99] | < 0.96
ut, 2017 | =097 | €1[0.94,097] | €[0.90,094] | <090 | >098 | €[094,0.98 | <0.94
ut, 2016 | > 0.97 € [0.94,0.97] € [0.89,094] | <0.89 | > 097 e [0.93,0.97] < 0.93
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