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@ History taught us that if we try hard enough, we will eventually find parameter-space where our
current understanding of physics completely breaks down
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® We know that Standard Model has to break down, we just don’t know where the parameter-space is!
@ Higgs boson is the latest elementary particle we discovered and that makes it the least studied
particle and the best candidate for BSM physics
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PART 1
RARE SM DECAYS
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RARE HIGGS DECAYS

@ Rare Higgs decays are a big challenge
because of the interplay of extremely low
branching ratios and overwhelming SM
background

@ Is the origin of mass of fermions really
explained with the introduction of ad-hoc
Yukawa terms?

@ In the first part we focus on the ~4% if the
Higgs boson decay pie, showing results
utilising Run 2 data of ~140 fb-1 proton-
proton collisions at 13 TeV

Decaysof a 125 GeV Standard-ModeI Higgs boson
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CHANNELS OVERVIEW

139 fb-1 (Run2)
138 fb-1 (Run2)

139 fb-'(Run2)

139 fb-'(Run2)
137 fb-'(Run2)

139 fb-1(Run2)

138 tb-1 (Run?2)

139 fb-'(Run2)

138 tb-1(Run2)



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-014/index.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021803
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-58/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-015/index.html

H— Ly

@ Branching ratio is 0.15%

® Analysis target ee/pyj + y final states

® OS SF leptons with tight mass window requirement
@ Improvements to mass resolution through FSR corrections and kinematic fits

: : : : L :
® Several categories designed to target different production modes and mass resolution
® machine learning classifiers used for better S/B separation

® Simultaneous S+B fit across all categories is performed on the Z y invariant mass distribution to

extract signal strengths
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H—Zy EVIDENCE

@®ATLAS observed (expected) significance: 2.20 (1.2 o)

@®CMS observed (expected) significance: 2.7c0 (1.2 o)

® ATLAS and CMS both observe excess compatible with SM prediction

® A combination of two measurements was performed for first evidence of H—Zy decay:
@®ATLAS + CMS observed (expected) significance: 3.4c0 (1.6 o)
ol =2.2x0.6 (stat.)fgé (syst.)
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® ﬁ\ﬂ\'d '
leptons with a photon from FSR ) )
® M < 30 GeV ensures orthogonality with previous analysis ! f
@ Because of event kinematics it is common for the energy deposit of iz o
two electrons to be reconstructed as a single cluster: ! 5
@ custom calibration and classification designed , -
®ATLAS observed (expected) significance: 3.20 (2.1 o)
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® ang ratio is 0.02% + very high background rates
® Sensitivity highly correlated with m,, resolution
® Analysis categories designed to target main production modes

® Sensitivity enhanced through FSR corrections + machine-learning

@®ATLAS observed (expected) significance: 2.0c (1.7 o)

®CMS observed (expected) significance: 3.00 (2.5 o)
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11
@ Branching ratio is 3% + extremely high QCD background _ (13 TeV)
@ Associated production studied VH(cc) - CMS DeepAKiS
Simulation —#— ParticleNet

@ c-taggers critical for success
@ hadrons containing c-quarks have measurable lifetime (120 - 300 um)

@ Graphical neural networks used for c-tagging designed to

separate signal vs:
@ light jets
® H—bb

@ c-tagging is still a challenge with ~20-50% efficiency with
considerable background leakage of ~10%
@ still significant improvements wrt to precious state-of-the-art taggers

@ Significant systematic uncertainties
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12

@ Targeting resolved (CMS + ATLAS) and boosted topologies (CMS)

@ Extensive use of machine-learning classifiers for better signal-background discrimination and category definition
® Signal extracted from c-tagging discriminant (CMS) or invariant mass mce: (ATLAS)

@®ATLAS observed (expected) upper limit @95% CL: u < 26 * SM (31 exp.)
®CMS observed (expected) upper limit @95% CL: u < 14.4* SM (7.6 exp.)

138 fb™ (13 TeV)
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®
@Combination with VH(bb) used to set limits on k./k; ratio < 4.5 (smaller than ratio of masses)
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@ Extremely small branching ratio of 5 - 107
oATLAS upper limit @95% CL: BR < 3.6 - 10~

»CMS upper limit @95% CL: BR < 3.0 - 10~
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@ Extremely small branching ratios in SM

@ In theory sensitive to couplings to light quarks

e Strong interference between diagrams destroys scaling of BR with K,

® Many limits set, everything in agreement with SM prediction

123 fb!' (13 TeV)

107% = CM.S. — @. §18OOE ATLAS 1 . > 1()3 QMS. — T T T T 15.33 Tb 1.(1?.) T.ev_)
§ Preliminary - § 5 4\9 1600:— \{E=131ev[,) 1t34 fo = 8 : op — JIpJiy — 4u
- 11 G 1400 = = < I —+— Data
B | 1:/ L - —— Background Fit 1o . Ny Bkg flt
- = 1200F [ sackground E O N s H — JApJhp, B=3.8x10™
O E 1000~ A Kmmzat s 10°F o 0 e Z — JpJhy, B=1.1x10"
- . - . o D U H — Jay(2S), B=2.1x10° -
- . 800 E R U H — y(2S)y(2S), B=3.0x107 -
- - 600~ - - 7
107° = E 400 — 10 =
- 95% CL upper limits 7 - . - =
N - Observed ] 200E- e N : Z
- s R4 ...... Expected - 1.5 = : I~ —o—‘-— ‘ - :
0L —— B = 1std. dev. E 2 ‘
§ - + 2 std. dev. § % 05 1 . ..::_.I\: ~_: -
5 N o 100 150 200 250 300 - L L T N T A
Z — W(1S)y Z — W(2S)y H — W(1S)y H — W(2S)y My [GEV] 40 60 80 100 120 140
m,, (GeV)

CMS-PAS-SMP-22-012 Phys. Lett. B 847 (2023) 138292 Phys. Lett. B 842 (2022) 137534




PART 2
EXOTIC BSM DECAYS



RARE HIGGS DECAYS 17

@ BSM models predict exotic decays of the Decays of a 125 GeV Standard-Model Higgs boson

M Hi on
S 9gsS bos charm/anti-charm, zz YY Z+Y others

® 4 MeV total width of the SM Higgs boson taufantitau 3% (3% 7 028 0.6%

: 0 \ '
means a small BSM coupling can produce a 0% -

large BSM branching fraction 28;‘;’"5—-

@ In the part 2 we focus on:
@decays to (pseudo)scalars
@Iinvisible decays
@Lepton Flavour Violation (LFV) decays

@Impossible to go through everything, only
showing some selected analysis



CHANNELS OVERVIEW

H—aa—4b 138 fb-1 (Run2)
H-oAA—4y 136 fb-1(Run?2)

H-oAA—4y 140 fb-1 (Run2)
H—aa—uubb/trbb 138 fb-1(Run2)
H—aa—uubb 139 fb-1(Run?2)
H—oZa—llyy 138 tb-1(Run2)
H—oZa—llyy 139 fb-1(Run?2)
H—ZpZp—4l 139 fb-1(Run2)
H—ZpZp—4l 137 fb-1 (Run2)
H= YYD 139 fb-1(Run2)
H—oet/ur 137 fb-1 (Run2)
H—oet/ut 138 tb-1 (Run2)



https://cds.cern.ch/record/2883027?ln=en
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101801
https://arxiv.org/abs/2208.01469
https://cds.cern.ch/record/2867933
https://arxiv.org/abs/2402.13358
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012006
https://arxiv.org/abs/2311.00130
https://arxiv.org/abs/2312.01942
https://arxiv.org/abs/2110.13673
https://arxiv.org/abs/2111.01299
https://arxiv.org/abs/2212.09649
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032013
https://arxiv.org/abs/2302.05225
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® Several BSM models predict Higgs decays to a pair of on-shell (pseudo)
scalar bosons (a/A)

® (Pseudo)scalar a/A generally decays to fermions
@ can also decay to bosons in some models

@ Variety of decay modes studied:
® H—aa—4b: interpretation in 2HDM+S models
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® Several BSM models predict Higgs decays to a pair of on-shell (pseudo)
scalar bosons (a/A)
@ (Pseudo)scalar a/A generally decays to fermions

U
@ can also decay to bosons in some models
N b
b

@ Variety of decay modes studied:

® H—aa—4b: interpretation in 2HDM+S models
® H>AA—4y: low-mass (0.1 - 1.2 GeV) ALP model search + high mass (15-62 GeV) 2HDM + S
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ﬂ}.—‘ 10 : | | | | | E 4_| I | I I I I I I I I | I I I I | I I I I | ] 1 E ATLAS
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N 102 95% expected — o 2.5 i = 02k
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® Several BSM models predict Higgs decays to a pair of on-shell (pseudo)
scalar bosons (a/A)

® (Pseudo)scalar a/A generally decays to fermions
@ can also decay to bosons in some models

@ Variety of decay modes studied:

—aa—4b: interpretation in 2HDM+S models
—AA—4y: low-mass (0.1 - 1.2 GeV) ALP model search + high mass (15-62 GeV) 2HDM + S b

®
®

®

B(H — aa, — Il bb) (%)

— —
\®) &
| I —

—
@)
B———
I

—aa—uubb/ttbb: interpretation in 2ZHDM+S models

CMS 138 b (13 TeV)
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® Several BSM models predict Higgs decays to a pair of on-shell (pseudo)

y
scalar bosons (a/A)
® (Pseudo)scalar a/A generally decays to fermions A
/7
@ can also decay to bosons in some models o H 7
@ Variety of decay modes studied: , E
® H—aa—4Db: interpretation in 2HDM+S models
® H=>AA—4y: low-mass (0.1 - 1.2 GeV) ALP model search + high mass (15-62 GeV) 2HDM + S
. S & 14
® H—aa—uubb/ttbb: interpretation in 2ZHDM+S models
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® Many BSM models include a U(1) dark gauge symmetry with gauge /
boson Zp and mixing with SM H and Z ¢

Zg4
® Zp decays to two leptons ~20-30% K
H----0---
. S
® Several analysis:
. . Z
® 4 leptons: search for intermediate scalars or vector bosons d /
® H—Yyyp : ZH production + missing energy signature /
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® Some BSM theories allow LFV processes
® H—eu, H—etr, H—ur become possible

@ Constrains on LFV Yukawa couplings
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|IIII|IIII|IIII|IIII CMS 38fb_1(13TeV)
H — ut BDT fit RS B P S S

e Observed >
X Median expected| -

[ 68% expected |
95% expected 1074

ATLAS — Observed ut , 0 Jets

Vs =13 TeV, 138 fb-1 el EXpeCtedi 1o 0.37 (0.33)% B

1 POI Expected + 20 Mt | 1 Jet

E(H er)=-0 091022 o, 0.40 (0.43)%
T Y 005 —

obs) ],L’Ch, 2 Jets

_ s 0.50 (0.49)%
| B(H— et) =0.077°% % —

I
X
x
x

-0.13 ut VBF l
x
2

P 000 0GSK K
2XRHXHKS
SOIRXIKS
RS

ERXEEe(
SO

SRLLLRRIISS
SRRRRS
SRS

o
<
e

KK

| Observed

5%

000909.9:0:9:%

%
&
RS
K
%
RIS
%

2558
RS
SRS
KRR
ot

Imom i
O
O
R
S5
2OGRHRIXKS

255
%
25
oo
%5
%
5

53
KL
X
S

SRKS

%
&S
RIRRLL

VBE 0.39 (0.30)%
”~ _ +0.10 —

B(H—et)=0.25_" "% w0 Jets

0.31 (0.34)%

§| B(H — er) = o.osjjf'12 % pt , 1 Jet

____________________________________________________________________ 0.36 (0.57)%

u : YITHR _ +0.09 4 [

017 (ex0) i | B(H—er)=0.19"" " % pt, 2 Jets -

034 (0bS) 0.77 (1.13)% 10°°

- ”~ 0.09 o
i | B(H—et) =0.05" o ut_, VBF

0.58 (0.83)% -

ex ; B(H— et) =0.13"9% ¢, ut
85% §Obg; ] I- | | |I | 1 | I | I | L 1 1 | L 1 1 | L 1 1 -(1.06| | 1 015 (015)0/0 Ei | | | | 10_7
O 0.2 0-4 0.6 0.8 1 1.2 1.4 1.6 | I I | | I I | | I I | 1 1 1 1 | I I | | I I | _7 _6 _5
95% CL upper limit on B(H — et) in % -+ 0o 1 2 3 4 5 10 10 10
95% CL limit on B(H— urt) % ‘ Y

3%
%

9

IERHLRRKS
SRS

SRS
SRR

SRIBIRILLRKKS
0%
938

00000:

&
Pelelelede!
LRI

&5
KRS
3RS
SIS
5
SRS

=

Am mm mi
35
et

<

XX KA

Pode

RLR
RS
28
RS
XS

RS
SRR
RS

5
KKK
RS

35
SRR
K

SRLLS
SRRLKL
KRS

0”
XL

RS

<0

%
&

R
2R
SR

8

XS
K5
qu?»

RS

‘0
SRS
RS
LK
L
3
S

<y
/>

/o
£ <>
S

4

S
XS
SRS
RS

<P

Y 4
9
0%
’0

2059 ﬁg?
N
SRS

o

<2

%
P

%

XK KK

o teton%
S
S

o9
R

5
o

SRS
KL
SRS
LS
SRR
L

5
%o
L5
25 X
q&pq%:"o
RS

1
9
XD
‘0

S
K5
QLS

&
%o
K5

SRS

%o

&

%
KRS

2
P

3000

020K
G
S8

%

%
SRS
RIS

2
B
R




S £ - -“\\\C\é;;{”@;
o OUTLOOK 25
@ Rare decays highly limited by statistical uncertainties 100 uR ,
un
HL-LHC

@ Significant improvements with more data (HL-LHC)

AK /K (%)
] |||||||I ] |||||||I

Run 1 I“]
1 I 1 I

Istat @ syst stat | |Syst

® H—cc will remain challenging because of c-tagging

® Many exotic Higgs decays studied, no new particles discovered
(yet)

@ This presentation shows that rare and exotic Higgs decays are an
active field of study with many new channels probed in Run 2

® We are continuously improving experimental limits and collecting
more data, so expect much more in HL-LHC!
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