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Introduction

The Higgs boson is central to Standard Model
and beyond Standard Model (BSM) physics

Origin of EWSB?

Thermal History of Higgs Portal
Universe to Hidden Sectors?

Stability of Universe

Fundamental CPV and
or Composite? Baryogenesis

Is it unique? Origin of masses?

Origin of Flavor?

Snowmass Higgs Report



https://browse.arxiv.org/pdf/2209.07510.pdf
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CMS 138 fb™' (13 TeV)
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EXPERIMENT

Measuring the Higgs couplings to W and Z is essential for testing EWSB and custodial
symmetry of the SM. Latest ATLAS result measure A\yz = Ky / kKz= 1.06 £ 0.06

Destructive interference of VBF HW process leads to rare Higgs process in SM
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68% CL interval

e Can determine the sign of A, by searching for
enhancement of VBF WH. 3


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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Negative Ay signal would be easily separable from background based on kinematics

No excess is seen above SM prediction.

Opposite sign couplings for kK, Kz consistent with

other Higgs measurements are excluded at > 8o
o W, Z couplings to Higgs have same sign
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A@s ==& Higgs Rare Decays

Decay channel Branching fraction (%)

bb 57.63 L0.70 =
WW 22.00 +0.33
gg 8.15 £0.42
X 621 :t 009 777
ce 2.86  +£0.09 yyzy®
77 2.71 +0.04 %‘Cc 2z
YY 0.227 40.005
7y 0.157 +0.009 T
sS 0.025 =+0.001 90
L 0.0216 + 0.0004

e Some rare processes also suffer from huge backgrounds, e.g. H—cc or ss

e Others searches depend on small BR of boson decay, e.g. Z—ee, uu (BR=3.4%)



EXPERIMENT

e Expect tiny signal from H— Zy BR(H — Zy) =0.157% g
together with leptonic decay of Z boson .
e Important for validating SM / BSM theories B q
e Fit narrow mgz, in all production modes, purify with MVAs
e The combined fit to data from ATLAS and CMS 2 ¥
results in the first evidence for H —Zy < sb ATLAS and CMS PRL: arXiv:2309.03501
Local significance 2.7 (1.2)o ' | LHCRun2 — ATLAS+CMS ]
Local S|gn|f|cance 2.2 (1 2)o cMS 138 fb” (13 TeV) 16F Combination y=2.2%20.7 — cus F
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PLB 809 (2020) 135754 JHEP 05 (2023) 233 Compatibility with SM is 1.9 o 8]


http://arxiv.org/abs/arXiv:2309.03501

H—Zy Decays

CMS



EXPE

Weighted Events / 2 GeV

Data - Bkg.

(00)

ENT

H—puu is very challenging!
BR(H — pu) = 0.0216%

e Search for narrow m,,in
all production modes,
increase purity with MVAs

e CMS first evidence with a
3o signal significance!
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| CMS Experiment at the L}
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(i —e—— Higgs—ee

e Higgs decay to electron pairs has tiny CMS 138 fb' (13 TeV)
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) A " = Higgs — cc

EXPERIMENT

e Higgs—cc (charm) is a very challenging signature
o Small branching ratio of 2.9% and difficulty of c-quark tagging given huge background rate
o Search for ZH (H —cc) and boosted H — cc events, reconstructed as a single large-radius jet
o Use of Z—cc data to validate the method yields a first observation of Z—cc and Z—cc + high p; jets!
@]

Use of Deep Neural Network charm-tagging technique essential!
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EXPERIMENT

e Probe Higgs boson coupllng to 1st and 2"d generation fermions in H — Meson + y
e Test Flavour conserving coupling to u and d quarks (H — wy)
Flavour violating coupling to d and s quarks (H — K*y) 2 (4
e Standard Model prediction are driven by two contributions:
o Direct interaction: Scales with Yukawa coupling

400 Expected Observed
H-wy[107%  3.0*3 1.5

H— K'y[107] 12245 8.9

o Indirect interaction: H — y* — My (M=meson) Difect v
o Destructlve mterference vields ( BR ~10° S 10 10) sensitive to sign of coupling
3 140" ' ] 0,2000-_ ; —
O N ATLAS ] - ATLAS E
g 120F- Ys=13 TeV, 89.5 b ] m1800_— V=13 TeV, 134 fb’! E
& 100 s B cecoound 21 Y00 W Begrund s 3
C el $ C ",s(:;m)-tsm‘ ] E B cecrone 3 H(Z)---------
: _ 1200 . 5 - ( )
+|:]s(z_.<.m.smo ] 10005_ [ B kp=8.9x10 E NO excess
- = . Indirect
800/ H— K’ 2 Observed limits: S
P | Channel 95% CL upper limit

Data / Fit
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Moy [GEV] Myxy [GEV] CERN-EP-2022-288, arXiv:2301.09938 13



XPERIMENT

e Summary of searches using full HoK*y |— of| 13410 kil

- ATLAS Prel|m|nary ‘ E arXiv:2301.09938
Run-2 datasets- H—)O)’Y — Vg =13 TeV : Q9 i asrgi'vzszggjweas
o b/c mesons: = e 3 ; p ——
H-ov - R xpected * 1o : o 32 ]
J/w’ LII(ZS), Y(1S’ 28’ 38) A Expected P : z . :9 JHEP 07 (2018) 127
o Light/strange mesons: H-¢y — o Observed P W
K*and w w SM £ 1o " T
H-J/yy — : ? :rgszzfzbo&omzz 1
e How(2S)y — 139 b
¢ No significant excess, but —w(Es)y " i
many stringent limits! H->Y(1S)y /%Z B s —
7'. .l i
H_)Y(ZS)Y — 5//5 Eo ;332230803122 ]
e All results are statistically limited! % e
. H“)T(3S)'Y — % P ar:)%i?'ZZOS 03122 ]
. WIII make exce”ent Use Of Iarger MM_UAM_I_LLUMJ_LLLM_UM 1 =ll|llll VI ll'lllul_l_.l_l_u.u.l
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EXPERIMENT

e Higgs — vector Quarkonia can be searched fol —Q Q Q

. . . q Zz q Y q
in experimentally clean four-muon final state H I Ho
e Tiny expected SM branching fractions ~10-°
. T Z
several orders of magnitude below sensitivity z z
e An observation would indicate BSM No evidence for anomalously large BRs
s CMS 133 b (13 TeV) CMS 133 fb' (13 TeV)
>10°g 717 7T "7 1T 7 7 T "3 > L L
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CMS

ATLAS

EXPERIMENT

—k

boson, with H — et and H — ut decay modes
e No significant excess is observed and limits are obtained:

e The simultaneous fit is
in tension with the SM

at the 2.10 level
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e Search for Lepton Flavour Violating (LFV) decay of Higgs
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EXPERIMENT

17

Search

for LFV Decay H — ey

Perform fit to m,,, distribution across production categories
(ggH and VBF) purified by BDT categories

BR(H—eu) < 4.4 (4.7) x 10 at 95%CL observed (exp)

Scan for BSM Higgs boson: Modest excess in my,, distribution

at 146 GeV: 3.80 (local), 2.80 (global) significance.
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EXPERIMENT

e Higgs- portal models to Dark Sector (e.g. Wilczek, Patt)

e Within the SM, Higgs — invisible decay is only H —» ZZ* — 4v (BR ~ 0.1%)

e Searches for invisible Higgs decays, leading to missing pr + X

18

95% CL upper limitonB,,_, .,

Combined ggH, VBF, VH, ttH; CMS: Br(H—inv) < 0.15 (0.08); ATLAS: Br(H—inv) < 0.107 (0.077) at 95% CL K]

(a) VBF topology

(b) Z + H topology

PLB 842 (2023) 137963

(c) t7H topology
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http://dx.doi.org/10.1016/j.physletb.2023.137963

CMS

ATLAS ol =
e Higgs-portal models to Dark Sector (e.g. Wilczek, Patt)
e Within the SM, Higgs — invisible decay is only H —» ZZ* — 4v (BR ~ 0.1%)

e Searches for invisible Higgs decays, leading to missing pr + X

9
q
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CMS

ATLAS Tl 7 O\
e Search for Higgs boson decaying into a (mixed)

photon and a dark photon (y,) q
e Search in ZH production mode:

- Leptonic Z —lI decay for clean signature

- BDT to enhance purity in signal region 1
e Search in VBF production mode: prasg
- Scan Higgs mass m,, instead of my, S L
e No excess of events above the SM expectation S B 3
§ B = = 1 ==+ ZH(y7) 20 GeV ZH(yy ) 40 GeV ;
. o[- ATLAS e Observed (exp) upper limit on 555 S " .
C {s=13TeV,L=1391b"
D L ---- Expected .
% 8:_2H,H—>wd -Exzzt:dtks BR(H — VVd) at 95% CL.:
ug: - Expected + 26
E of e Massless y,: 2.28% (2.82%)
a B . 10°
S e Massive y4: [2.19% - 2.52%] ¢ 15
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XPERIMENT

SM Higgs boson measurements are not the only part of LHC Higgs physics program
e Many BSM theories predict extended Higgs sector with additional scalars

e Allowed branching ratio to exotic decays O(10%)

e 2HDM is the simplest extension of the SM with: H*, A(CP-odd), H and h (CP-even)

e Includes axion like particles (solution to strong CP problem Peccei—Quinn)

e Other extensions are considered e.g. MSSM, NMSSM, TRSM, 2HDM+S, g2HDM, ...

Example: 2HDM+S: 2 Higgs doublets models extended with one gauge singlet S

10°F .

o Predicts 7 physical Higgs states: A ]
e 3 Neutral scalars: h1 (SM like) h2, h3 ot | | R :: QP
e 2 Charged Higgs: H* s | . Q}
e 2 pseudoscalars Higgs: A, a & 102 ' 1o Q}
o The branching ratios depend on s et G e s
® 4 Model types (I-1V) of fermion couplings % f { " uu+dd+ss
e m, (mass of the pseudoscalar) b ]

e tan 8 (ratio of the VEVs of the two doublets) "% 4 ¢ 81020460



ight pseudoscalar a is searched for via exotic SM

Higgs decay H — aa in 2HDM+S model

Comprehensive search:
o H—aa— 41, 4u

o H—aa— 4y, 2u2r
o H—aa— 212b, 2u2b; (lIbb)

138 fb™! (13 TeV)

& resolved) 68

Preliminary

4~ Observed [ tisjets

— m,=35GeV,B=10% CMS simulation Preliminary

1 b-tagged, SR2

CMS 136 fb' (13 TeV)

— m, = 0.4 GeV, 75%
-------- m, = 0.4 GeV, 50%
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e

r H—aa, - pubb, m =40 GeV
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138 fb™" (13 TeV)
T T T

®

IIIIﬂTTI IIIIIIIII IIIIIIII| 1IIIHII| TTTT

[ ] Observed exclusion 95% CL
45544, Expected exclusion 95% CL

D H - aa - pppp I:l H - aa - Tttt
PLB 796 (2019) 131 PLB 800 (2019) 135087

o
Expected number of events

Y

10 -8 6 4 2 0 2 4 6 8 10
(mmw-mﬁ)/csH

H — aa - put H— aa - putt
JHEP 08 (2020) 139 JHEP 11 (2018) 018
H — aa — libb
HIG-22-007
IR | 1 1 I 1
4 5 6780910 20 30 40 5060

https://twiki.cern.ch/twiki/bin/view/CMSPublic/ Summary2HDMSRun2

No signal, but many scenarios to
be explored and relax assumptions
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95% CL limits on o(pp— H— Za— 2| + 2y)(fb)

e Dedicated serach for
H — Za — llyy and yyyy

e Use high-resolution 4-body
invariant mass my,, and m,,,,

e Sensitivity optimized using
BDTs for ee and yu channel

10?

CMS Preliminary

138 fb ™' (13 TeV)

—— Observed

...... Median expected

[ 68% CL ¢ expected
95% CL , expected

10 15 20 25 30
m, [GeV]

No significant excess observed
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S/(S+B) Weighted Events / GeV

CMS performed a diphoton resonance search for a standard model-like Higgs boson in
the mass range between 70 and 110 GeV with full LHC Run 2 data.
Modest excess at m,, = 95.4 GeV with 2.9¢ local (1.30 global) significance.
Large “look elsewhere effect” in high-resolution di-photon channel
x10°CMS Preliminary 132.2 fb™ (13 TeV) CMS Preliminary 132 2 fb (13 TeV) e
10 o T T ] [0 1 CMS Experiment at the LHC, CERN
o oo oy + Data 2 [ ] ﬂ Pir B 1181320004 1008150 187,
" m,=95.4 Ge — S+Bfit S , R S: 3239¢ 51384 / ¢
L = e e B component | <
L [Jxlo 1 ®©
oE =20 q:
-
40—
20'—
OFI‘l“A‘l‘AA‘l‘lAl]‘l“llll‘ ~——— Observed 13 TeV (2016)
component subtracted - 8
E 10_4 = ——— Observed 13 TeV (2017) .
- —— Observed 13 TeV (2018) e
 —— Obseved13TeV(Run2) 140
1 10°F -
70 80 9% 100 110 120 R S e
m,, (GeV) 70 75 80 85 90 95 100 105 110

CMS-PAS-HIG-20-002 m,, (GeV) o



XPERIMENT
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ATLAS performed recently a similar analysis in range between m,, = 66 and 110 GeV
Perform two searches: S -

O

O

Model independent search for spin-0 particle (NWA)
(three categories based on photon conversion, UU, UC, CC)
Model dependent search for light SM-like particle

Local p-value

(additionally use three BDT categories to purify sample)
No significant excess observed in full Run-2 dataset

Will update with more data..

ATLAS Preliminary
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EXPERIMENT

Single Top + Higgs is a rare process due to destructive
interference in SM
Sensitive to absolute value of the top Yukawa coupling, the

Higgs boson coupling to vector bosons and their relative sign

e New CMS result on search for tH production with H—bb
Sensitivity optimized using ANNs

> 100

CMS Preliminary
I I I
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1 I I

7.5

5.0
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Search for new couplings p.,, pi. in Higgs decays in same-sign tt final states

Possible explanations for the electroweak baryogenesis and muon anomalous magnetic
moment in the generalized 2HDM model with FCNC H/A Higgs Yukawa couplings 't

Analysis optimized for top-pair final state (BDT)
o Search same sign dilepton final states (e*e*, p*u*, e*p?)
o No significant excess observed
CMS Preliminary 138 fb™ (13 TeV) CMS Preliminary 138 fb' (13 TeV)
L B B BN B B B I & A B B B B L B BLELE
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EXPERIMENT

e First search for a BSM spin-0 scalar ¢ resonance

in association with bosons (V=W,Z) or tops (tt) >«//\ >«//\
e Target multilepton final state with ¢—dilepton g

Considering decays into all lepton flavors
e Largest excess: 2.90 (local) 1.40 (global) 138 fb (13 TeV)

> 4 I I I l T T I I I | | I { T T I ‘ I
. v . o 10 E P . E
significance at ~150 GeV in Z¢(—ee) G | CMS Preliminary  t Data Uncertainty
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-018/index.html

CMS

ATLAS

EXPERIMENT

2\

e Explores Higgs produced with additional objects to probe BSM in model independent way
—l.e. Signature-based search for 125 GeV Higgs — yy produced with additional objects

Upper limit on visible o [fb]
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arXiv:2301.10486
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EXPERIMENT

. . P . . . i flicient Operat: Wil flicient 1t
e To maximize sensitivity to possible BSM effects in Higgs ~_— = i
Qq g
measurements, ATLAS and CMS target well-defined Ho ol B @@ arro
. . . : : o i ) (007,0)(drv*q)
kinematic regions, split by production and decay mode cw KWW, @ BT
. . . CHpD (H'D*H)" (H'D,.H) o S
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ATLAS Preliminary
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Data is currently insufficient to constrain all Wilson Coefficients simultaneously!
— Motivate a modified basis reducing the number of free parameters in the fit (39— 19 shown here)

ATLAS Preliminary /s=13TeV, 139 fo~" ATLAS-CONF-2023-052 .
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EXPERIMENT

ATLAS Preliminary ATLAS-CONF-2023-052
i Vs =13TeV, 139 fb~', my, = 125.09 GeV SMEFT A =1TeV
O
&
58
The production and decay channels :
contributing to the sensitivity is
- Linear (obs.) 0.32 o
O Linear (exp.) E
% 3.2 g
E o
e 32
s S e
3> . oo
The fit is performed with 19 free 4 Hj4 JJ J4* ik ] e
. . ?5 0 | ' ] _-ggigt
parameters profiled simultaneously! i3 % * —H‘f i d it
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S g =& Symmary and Outlook

EXPERIMENT

e Rare Higgs boson processes offer fruitful ways to test the SM and search for BSM physics
in a complementary way to the more established Higgs processes.
e Many results available with Run-2 dataset of ~140 fb! at 13 TeV (not all could be shown)

O ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
O CMS: https://cms.cern/physics/cms-higgs-results

* |In many cases, improved sensitivity leads to tighter constraints beyond simple luminosity
scaling, thanks to advanced analysis techniques

e Possible BSM physics is being constrained in Effective Field Theory Interpretations using
Higgs boson data from ATLAS and CMS

e Run 3 physics program has just started!

e Much larger dataset will be available soon and beyond (HL-LHC)

e Rare Higgs processes promise to become even more interesting as the luminosity

increases and observation comes within reach. N years

4 HIGGS boson
discovery
34

e New Physics could appear in the coming years...
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Demonstrate applicability of constraints using 2HDM benchmark

ATLAS Internal EEE EFT Obs. 95% CL

Vs =13 TeV, 139 fb~! ——= EFT Exp. 95% CL

mhp = 125.09 GeV, |yn| < 2.5 @ EFT Obs. 95% CL (W'ith CH)
—== EFT Exp. 95% CL (with cy)
2HDM Type'l, MA = 1 TeV —-—= SM-like Coupling

-0.4 -0.2 0.0 0.2 0.4
cos(B —a)

10°

10!

ATLAS Internal

Vs =13TeV, 36.1-139 fb~!
mp = 125.09 GeV, |yp| <2.5
2HDM Type-l, My = 1 TeV

—— K Obs. 95% CL (with k;)

—— EFT Obs. 95% CL (with cy)

K Exp. 95% CL (with k;)
EFT Exp. 95% CL (with cg)

SM-like coupling
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cos(B—a)
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