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Particle physics is never as exciting
as today.

This is largely because of the
discovered Higgs boson.
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- The Higgs boson was
discovered by the ATLAS and
CMS experiments at the Large
Hadron Collider (LHC) in 2012

+ a major milestone for particle
physics

- |t opened a new way to refine
our understanding of the
electroweak sector

- many studies of Higgs boson
properties have been performed

+ deviation from the Standard
Model (SM) predictions on Higgs
boson properties would provide
clue for new physics

The Higgs boson
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Rare and exotic decays of Higgs boson are important
portals to new physics

ATLAS and CMS experiments have a large program to
study these decays and keep improving sensitivities

Focus on full Run-2 results recently released
Results of Higgs rare decays
H—ff, H—lly, H—>mesons
Results of Higgs exotic decays
H—invisible, lepton flavor violation, H—exotic particles
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Yu kawa cou pllngsl L

. In Standard odel nggs boson couples
to fermions (quarks and leptons) through
Yukawa interactions

giving masses to quarks and leptons

Yukawa interactions are “a new kind of
fundamental interaction” -Gavin Salam at
LHCP theory summary talk

important to study the Yukawa sector,
which may provide important indication
for the origin of the fermion mass pattern

Experimental signatures: ttH production,
H—t7t decay, H—bb decay, etc.
In SM, Yukawa couplings are proportional to

fermion masses; BSM physics can modify
coupling strengths
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n-oppdecay =

. The Coupllngs between the nggs
boson and third-generation
fermions (top quark, bottom quark,

t lepton) have already been
observed

The Higgs couplings with fermions
of the other generations have not
been established

The Higgs decay to two muons
offers the best opportunity to
observe the Higgs couplings with

second-generation fermions at the
LHC

Small branching ratio in SM
(2x10-4), physics beyond the SM
could modlfy it




« Select events with two opposite-sign

muons
 The main challenge is a very small E 109;@1‘;6%139_0%4 : Dat 3
signal over background ratio (~0.2% in 0 F w1
120-130 GeV) ok S
the dominant background is Drell- Tt
10°
Yan process (Z/y*—upM) o
« MVA-based categories are defined to 10°
target all major Higgs production modes 3 11
o
. . . 1
» Fit dimuon mass over all categories; % o

background mass distribution modeled 80 90 100 110 120 130 140m15[<()3£0
with Core function x Empirical function N

v

exception: CMS VBF categories,
which fit MVA discriminant and use
MC simulation for background
modeling
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- The observed H—pu significance in ATLAS full Run 2 result is 2.0o
(expected 1.70)

- The observed H—pu significance in CMS full Run 2 result is 3.0c
(expected 2.50)

- These results provide first evidence for the Higgs couplings to
~second generation fermions - B | |



https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub
https://link.springer.com/article/10.1007/JHEP01(2021)148

Entries / GeV

- The Higgs decay to two
electrons probe Higgs couplings
with first generation fermions

- tiny branching ratio in SM (5x10-9)

- Analysis strategy similar to
H—uu analyses

Data - fit
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- ATLAS: BR < 3.6X1 0-4 at 95% CL f\:\c’: 0'55 my = 125.38 GeV -l 68%expectclad -~ Median expected
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Phys. Lett. B 801 (2020) 135148 = _-_._1 =
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https://www.sciencedirect.com/science/article/pii/S0370269319308706?via=ihub
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-015/index.html

H—>cc decay IS currently the main Channel to c
probe Higgs coupling to ¢ quarks

branchratoin SM:28% oL

Reconstruct Higgs as two separate small-radius
jets (resolved channel) or one large-radius jet

C
(boosted channel)
Typically large background, tackled by requiring
large Higgs pT or associated particles
- QMS‘Ffr?/imﬁnﬁezry‘ S — 138 fb (13T‘e\‘/?
§ 11 450 <1200 Gev Lo = w1 Study Higgs boson production with large pT
£ 10 Passing Region 2o =1 (where some BSM effects are enhanced)
D g2l - w_(ch)| — QcD | _ ] i
| w0z - Higgs reconstructed as single large-radius
o0 S jet recoiling against a hadronic system
Main bkg: multi-jet, V+jet
2x10%-
| S e Inclusive in production modes
3 - "~ Observed (expected) limit at 95% CL on
31 ottt Ity o H—cC signal strength: 45 (38) times SM
40 60 80 100 120 140 1J6eOt mS1D8([)Ge\§]OO p red |Ct|0n

CMS-PAS-HIG-21-012
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-012/index.html

VH - ATLAS
- Tag leptonically decaying W/Z boson

- Main bkg: W/Z+heavy flavor, tt
- Resolved analysis only

-~ Observed (expected) limit at 95% CL
on H—ccC signal strength: 31 (26) times

SM prediction

>~ Constraint on Higgs-charm Yukawa

coupling maodifier: |Kc| < 8.5
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H—cc decay

arXivi2201.11428
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VH - CMS

« Combine both resolved and boosted
analyses

- Boosted analysis benefits from ParticleNet
based charm tagging

- Observed (expected) limit at 95% CL on H—cC
signal strength: 14 (7.6) times SM prediction

-+ Constraint on Higgs-charm Yukawa coupling
modifier: 1.1 < |Kc| < 5.5


https://arxiv.org/abs/2201.11428
https://arxiv.org/abs/2205.05550
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BSM particles & couplings could be
present in the quantum loops

Difference between H—Zy decay

and H—-yy/H—ZZ decay sensitive to W z

new physics "o iii:?”i:

- (e.g. Qing-Hong Cao et al. Phys. Lett. W y
B 789 (2019) 233 ) , z z
Small branching ratio in SM (1.6x103); = S/ }. S ﬂg:::

main bkg: non-Higgs Zy, Z+jets

Select events with two leptons (mll
~90 GeV) and one photon and
separate them to multiple categories
to target various production modes

Fit in lly mass distribution over all
categories
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n—Zy decay
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Phys. Lett. B 809 (2020) 135754 arXiv:2204.12945

- The observed H—Zy significance in ATLAS full Run 2 result is
2.20 (expected 1.20)

- The observed H—Zy significance in CMS full Run 2 result is
2.7o0 (expected 1.20)

- Interesting excesses from both experlments

ChenZhou (Peklng U) o - e . A ) g ’ Cazo gios oo PIFTROA ANPIIN IO AP Ay ~“


https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub
https://arxiv.org/abs/2204.12945

»+  Search for Higgs boson

decaying into a photon and <§ @é i}? <

a low-mass pair of

electrons or muons (my <

30 GeV)

- Analyze events in yp,
resolved ee and merged ee

channels

2. weights/ GeV

- Dedicated ID and calibration

for merged ee channel

+ The observed significance
in ATLAS full Run 2 result is

2w — Bkg

3.20 (expected 2.10) : first

evidence for this process!
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https://www.sciencedirect.com/science/article/pii/S037026932100352X?via=ihub

H—mesons
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Higgs decays to mesons can be used to study Higgs
couplings to light, charm and bottom quarks, as well as
new physics in the loops

Look into associated production to reduce background

Q bound state

£_ Z/y/orbound state
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- The quarkonium decays to two muons leave a clear
signature inside the detectors

CMS, quarkonium +Z

ATLAS, quarkonium+photon and 2 quarkonium

Process Observed Expected Observed

Higgs boson channel =~ Longitudinal = Longitudinal =~ Unpolarized Transverse

95% CLg upper limits

-3 +1.1 3 -3 -3
Branching fraction X B g(H — ZJ/¥) 1.9 x 10 ) (2. 6+gg) x 10~ ) 2.4 % 10 ) 2.8 x 10 3
H — Zy(2S 6.6 x 10~ 7.1 10~ 83x107% 9.4 x 10~
Decay | Higgs boson [ 107 ] Z boson [ 1076 ] Higgs boson [fb] | Z boson [fb] (H = Zp(25)) 8 B ( 20) . B 8 » . »
B(H — J/¢]/p) 38x107% (46739 x107*  47x10 5.2 x 10
channel | Expected Observed | Expected Observed Observed Observed B 06 B B B
03 03 B(H — ¢(2S)]/4) 21x107° (14799 x102 26x107% 29x1073
Iy 1955 2.1 0.6 1.2 12 & B(H — ¢(2S)¥(2S)) 30x1073 (3. 3+}Jg) x1073  3.6x107% 47x1073
vy(2S)y | 8558 10.9 2973 2.3 61 135 B(H— Y(nS)Y(mS)) 35x107* (3.6792)x107*  43x10* 46x10*
Y(1S)y | 2813 26 1540 1.0 14 59 B(H—Y(1S)Y(1S))  17x1073  (1.775]) x107*  20x10"% 22x1073
Z boson channel
Y(2 3.5%10 4.4 2.0%0-8 1.2 24 71
(25)y -1.0 0.6 B(Z — J/y]/v) 11x1077  (9.573%) x 1077 14x1077 16 x1077
Y(3S)y | 3.0%7% 3.5 19755 2.3 19 135 B(Z = Y(nS)Y(mS)) 39x107  (40%93) %107  49x107 56x1077

B(Z — Y(18)Y(1S)) 1.8x107°  (1.8100)x107®  22x107° 24x10°°

HDBS-2018-53 arXiv:2206.03525
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-53/
https://arxiv.org/abs/2206.03525

- Bounds states like ¢ and p can decay into pairs of kaons
and pions, which have good mass resolution at low pT

ATLAS, ¢v and py

CMS, ¢Z and pZ

Observed Median expected +68% expected £95% expected

Branching Fraction Limit (95% CL) | Expected | Observed
B(H — ¢v)[1074] 42715 4.8
B(Z = ¢v)[1076 ] 1.315:¢ 0.9
B(H — py)[1074] 8.475% 8.8
B(Z — py)[107°] 33157 25

Isotropic decay 0.36% 0.33% 0.23-0.46% 0.18-0.61%
Z and ¢ longitudinally polarized 0.31% 0.27% 0.20-0.39% 0.15-0.52%
Z and ¢ transversely polarized 0.40% 0.36% 0.26-0.50% 0.19-0.68%

Observed Median expected £68% expected +95% expected

JHEP 07 (2018) 127

Isotropic decay 1.21% 0.73% 0.52-1.04% 0.38-1.41%
Z and p longitudinally polarized 1.04% 0.63% 0.44-0.89% 0.32-1.20%
Z and p transversely polarized 1.31% 0.80% 0.57-1.14% 0.41-1.54%

JHEP 11 (2020) 039
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https://link.springer.com/article/10.1007/JHEP07(2018)127
https://link.springer.com/article/10.1007/JHEP11(2020)039

H—Invisible
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Dark Matter @ LHC

. Dark Matter Comprlses most of the | |
maSS Of the Uruverse aCCOI"d|ng tO Estimated matter-energy content of the Universe
astrophysics measurements

- But the nature of Dark Matter
remains largely unknown

- |f Dark Matter has weak
interaction with known particles,it
can be produced at the LHC g

- They would not leave a visible
signature in the detectors

- Look for visible objects (e.q. jets,
photons) plus large missing

transverse momentum from Dark
Matter
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- The Higgs discovery has opened up a
new path to discover Dark Matter. .
Higgs—invisible decay is favored by so-
called "Higgs portal” model

where Dark Matter interacts with known >
particles through the Higgs boson

- VBF channel drives the sensitivity
thanks to its cross section and event 19.7 16" (8 TeV) + 140 fo* (13 TeV)

topology (main background: V+jets). 5 Flews wwcLLmits ]
§10* B(H — inv) < 0.16 E
- Run 2 observed (expected) limits on Higgs portal modes |
branching ratios: >0 scmom
1074 Direct DM Detection —
ATLAS (arXiv:2202.07953): BR < 14.5% —tonane
(10.3%) ook —oen

CMS (Phys. Rev. D 105 (2022) 092007): BR < I

18% (10%)

- Results are interpreted as limit on DM- T~
nucleon scattering in Higgs portal model | ’ T e (GeV)
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https://arxiv.org/abs/2202.07953
http://arxiv.org/abs/2201.11585

L epton flavor violation
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Lepton Ivor vlalon decays

. H—>e|J, H—erT, or H—>|JT decays are forbldden N the SM but take place
through LFV Yukawa couplings Yey, Yer, Or Yyrarising in two Higgs boson
doublet models, composite Higgs models, models with flavor symmetries,
extra spatial dimensions, efc.

«  Focus on Yer and Yyr (Yeu strongly constrained by u—ey)

- Observed (expected) upper limits on branching ratios
- H—eT: BR<0.15% (0.15%) at 95% CL

- H—-u1: BR <0.22% (0.16%) at 95% CL

Limits are used to put constraints on Yer and Yy

CMS

137 o (13 TeV) CMS 137 o' (13 TeV)

- 19<H paAlesqo .S
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032013

H—exotic particles
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Extensions to the Standard Model predict Higgs decays to
exotic particles, which may decay into SM particles

ATLAS and CMS have searched for these decay modes in
various final states using LHC Run 2 data
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H — aa/AA

a 7 In various BSI\/I models: addltlonal SI\/I neutral

._fl__\f\’ singlet, minimal composite Higgs models, two-
A Higgs-doublet-like models, axion-like particle, etc.
ATLAS, H—aa—bbpp CMS, H—-AA—-yyyy

Kinematic likelihood fit is performed [ ow-mass, boosted scalar A decays to two
exploiting equal invariant masses of highly merged photons, mis-reconstructed as a

bb and up single photon-like object
=>m(up) is used to constrain m(bb) =>Dedicated reconstruction using deep learning
o B 10 e 20 (18 TeV)
TE | ; CMS 95% CL upper limits ]
C')_o . g i Preliminary - Observed
§ 10 0 ---- Median expected
S T B 68% expected
q 1072 95% expected -
102 ATLAS = s - CVSH=Y
Vs =13 TeV, 139 fb” . % I ]
36 %
NS N = S 107°F E
10 Global significance 1.70 3 S : :
20 T3040 B0 60 & S N IV S A B
0O 02 04 06 08 1 12
M, [GeV] m, [GeV]
Phys. Rev. D 105, 012006 (2022) CMS-PAS-HIG-21-016
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012006
http://cds.cern.ch/record/2803725

In various BSM models:
hidden Abelian Higgs Model,
axion-like particle, extended
Higgs sector, etc.

+ Different dilepton mass requirements in ZX and XX selections

o R R R R IR AN RN RN A
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CMS 137 b (13 TeV)

---------- Expected exclusion
—— Observed exclusion

m, [GeV]

Eur. Phys. J. C 82 (2022) 290
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https://link.springer.com/article/10.1007/JHEP03(2022)041
https://link.springer.com/article/10.1140/epjc/s10052-022-10127-0

Rare and exotic decays of Higgs boson are important
portals to new physics

ATLAS and CMS experiments have a large program to
study these decays and keep improving sensitivities

Results are so far consistent with the Standard Model
predictions

First evidence of H—-upy and H—-y*y
Run 3 is now approaching. Stay tune for the new results!



Nature 607 (2022) 52-59
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https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x

Thank you!
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e In their famous 1964 papers, Professors Robert Brout, Francois
Englert and Peter Higgs proposed a new, massive boson of spin
zero to explain how elementary particles — the building blocks of
the Universe — get their masses

* In the universe, there is a Higgs “field” that pervades all of
space, turning mass-less particles moving through it into the
massive ones

Fermions
Yukawa couplin
( | pling) V(o)
f f
____/
Im (¢)
Re (¢)
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In the Standard Model, the Higgs boson couples to massive
bosons and fermions

These couplings determine the Higgs boson production and
decay modes:

“VB F” . 209((;)A) YY

_—9 Higgs BR /-zz 0.2%

S‘s t
0 . 000000
g 4% +H J 1% i

Figures from https://msneubauer.github.io with modifications
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https://msneubauer.github.io/projects/4_project/

