'Higgs 2023

Nov. 27-Dec. 2, IHEP Beijing

BSM Higgs decay

Hengne Li (South China Normal University)
On behalf of the ATLAS, CMS, LHCb collaborations

CMS




 SM H(125): discovered 11 years ago, production and
decay have been precisely measured.

 BSM models predict exotic decays of the SM H(125):
A bridge to new physics, discovery potential:

30/11/2023

Decays to (pseudo) scalars (e.g. Axions).
Invisible decays (e.g. Dark Sectors).
Lepton Flavor Violation (LFV).

Decays to Long-Lived Particles (LLPs).

Cross-section (pb)

Ratio to SM

The SM Higgs(125) is a key to new physics

Nature 607, 60—68 (2022)
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A selected list

Invisible decays: W/Z + (H - inv), _
VBF + (H - inv), See dedicated talk by
te(H = inv), Shih-Chieh Hsu today.
Decays to (pseudo) scalars ~ H — aa — bbbb,
(e.g. ALPs): H — aa(AA) — 4y,
H - aa - llbb,
H - Za - llyy
Dark sector (e.g. dark H—Z4Z4 - 4,
photon): H— 77— 4l,
Z(H = yva) This talk.
Lepton Flavour Violation H—eu,et,ur
(LFV):
Decays to Long-Lived H —> LLPs
Particles (LLPs):
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Higgs to light (pseudo) scalars

» Several BSM extensions predict Higgs decays via a pair of on-shell light
(pseudo) scalar bosons, noted as “a” or “A”, eg, in 2HDM+S or Axion-like
particles (ALPs) N

into fermions (a = bb, a — uu) but can
also decay to bosons such as (a = yy,a =

u
* The (pseudo) scalar “a” generally decays % ur
T
b

gg) depend on the model



95%

H — aa — bbbb at CMS  cusearernic-1s-026 New

* Light pseudoscalar bosons (a) interpreted in 2HDM+S models, in mass range 15-60 GeV:
* Higgs associated with leptonically decaying W or Z boson.
* BDT used for signal-background separation.

* Set upper limits on the cross section of combined WH and ZH processes.

WH Channel 138 fo” (13 TeV) 102 ZH Channel 138 fb™' (13 TeV) 102 WH+ZH combined 138 6" (13 TeV)
10T T g = T L A e £ = L B L B L B B B
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H —» AA - 4y at CMS

Phys. Rev. Lett. 131 (2023) 101801 a

* Low mass (0.1-1.2 GeV) ALP model
search:

» 136 fb™' (13 TeV)
10 I I 1 | | I | 1 1 I | I I I I I I I I 1 I I | |

CMS 95% CL upper limits
* First direct search for Higgs exotic decay — = Obsarved .
. .. B ---- Median expected |
to ALPs with ALP to 2y, limits set on I 68% expected
B(H - aa - 4y) 1072 95% expected
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* Merged yy reconstructed as a single
photon-like object I', a regressor trained
to predict m(I") based on low-level
detector information

95% CL upper limit on B(H — AA — 4y)

* Backgrounds H — yy and multijet
processes
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https://arxiv.org/pdf/2209.06197.pdf

H — aa — 4y at CMS HEPO7 (2023)148 AR

: CMS 132 b (13 TeV

* Higher Mass (15-62 GeV) 2HDM+S 4T -.----.gu-?l):
pseudoscalar Search. g 3sf ok veperims 2
* Well isolated and fully reconstructed g aF N cov el ey
photons, limits set on o(H) X B(H - T s A naal

aa = 4y) . 13 :

* Backgrounds: y+jets processes, estimated % : d
by data-driven method x 1o E

s 2

* Train a BDT parameterized in m(a) for T : E
event categorization T 0.5 -

L 1201 1 1 1301 1 1 1401 1 1 1501 | 1 160
m, (GeV)
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H — aa — 4y at ATLAS

* ALPs allows wider mass range than
original Peccei-Quinn QCD axion.

dra’m? |C’CH
A2
* Prompt (short-lived), large I':
* mg >5GeVandCp,, /A > 0.1TeV™!
* Long-lived, small I':
« mg >0.1GeV and €y, /A < 0.1TeV~1

[(a—vy) =

Dedicated MVA to
identify calorimeter

clusters with 2~ \//4‘*'-’:‘ A
merged photons. ,>'\\h V\\
m, < 3.5 GeV

Only in the long lived search

30/11/2023

m, > 3.5 GeV
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H - aa — 4‘]/ at ATLAS  anas-conr-2023-040

* Explored ALP masses from 100 MeV to 62 GeV.

* The most stringent limits to date, assuming

Upper limits on B(H — 4y) at 95% CL
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Limits on the ALP mass and coupling to photons at 95% CL
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H — aa — ”be/TTbb at CMS CMS-PAS-HIG-22-007

* Interpretation under 2HDM+S model with m, > 15 (12) GeV for u (t) channel

* Excellent resolution in m(uu), and
large B(a — bb)

* Three 77 decay channels: ut;, (most
sensitive) / ety / eu

* Major backgrounds are top-pair, Z +
jets and jet —» 1, fakes, data-
driven estimation

* Limits sets on B(H — aa — tTbb)
and B(H —» aa — uubb)

30/11/2023

B(H — aa — pubb)

x107° CMS Preliminary

138 o' (13 TeV

- uubb Final state

IIIIIIIIIIII Illllllllll|llllllllllllIlll

95% CL upper limits

—e— Observed

------ Median expected
|___] 95% expected
I 682% expected
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B(H — a,a, — Il bb) (%)

H — aa — uubb/TTbb at CMS CMS-PAS-HIG-22-007

* Combination of uubb and tTbb, most stringent limitsin 12 < m, < 60 GeV
* Interpretation in 2HDMH+S (four coupling types can avoid FCNC at LO)
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H — aa = uubb at ATLAS

Phys. Rev. D 105 (2022) 012006

e Searched for resonance (2HDM models) in

= AL B B B LN B B B B BN
the range 16 <m,, < 62 GeV : 30" aTLAS - Quseried 85% CL uppor il
. . . 1 0.0012/—Vs = 13 TeV, 139 fb" Expected limit (£ 10) —
* Assuming m,, = mp;, within resolution = - Expected limit (+ 20) ]
' S  0.001— — Observed 36 fb;‘ ]
e BDT used to suppress major backgrounds (DY, 0 - Expected 36 fb ]
tt ), modelled using control regions = 00008 =
o 0.0006 —
* Upper limits are set on Br(H — aa - +oue -
bbuu): | -
‘u‘u) 0.0002f -
* Results with BDT: Excess of 3. 30 (1. 70) local C e

(global) observed at m, = 52 GeV =5

. - . _ 2 5 4f

e BDT selection significantly improve the sensitivity 8 2 35k

S g sf

Q © 25

* Result without BDT, no excess is observed.
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H — Za — ll)/y at CMS arXiv:2311.00130 (submitted to PLB)

* First search in LHC looking for the 2 CMS 138 fo! (13 TeV)
signature Za — llyy = F JEIP R
* Consider1l < m, < 30 GeV :% i _%"g?‘%”te’égf;%gég
* Backgrounds Z (ll) with jet — y fakes, SO 5
data-driven method © 10
* BDT classifier parameterised in m, for £ -
event categorization @ T
* Limitssetono(H) X B(H - Za - T
[lyy) and ALP models % =
0 E|> 1I0 I1|'.:'>I I2|O 2|5 310
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Higgs decay to dark photons

* Many SM extensions include a U(1) dark gauge
symmetry with gauge boson Z; mixing with SM
Higgs via k and with hypercharge gauge boson
Via €.

* GivesrisetoH - Z;Z;and H —» ZZ,.
* Z4 has significant decays to Il (~20 — 30%)).

Z4
K
H -0
Zq
y4
H _________
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JHEP 03 (2022) 041

Search for exotic decays of the Higgs boson into four leptons through intermediate scalars or vector bosons,

motivated by dark-sector models

Main background are estimated from simulation: H - ZZ* — 41, ZZ* — 4l and Heavy flavour jets faking

leptons

Limits set on signal cross-section, fiducial cross-section, Higgs branching ratios, and model parameters
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H - ZdZd/ZZd — 4‘l at CMS EPIC 82 (2022) 290

 Equivalent CMS analysis, sets limits on B(H - XX) - B(X —

ee or uu) forbothH - Z,Z;and H —» ZZ 4

CMS 137 fb™' (13 TeV)

o Epecedesion
Observed exclusion

’]O_5 E—— S H— ZD Z, —4l, «=0.0002 ...

— X X)x B(X — ee or pu)f

-6 | i
£ 10 L

my [GeV]
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B(X — ee or up)

1

B(H — Z X) x

107

137 o' (13 TeV)

e Expected exclusion
= —— Observed exclusion i
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H - YVd in ZH at ATLAS JHEP 07 (2023) 133

Search for Hidden Valley scenario H — yy, for dark photon mass 0-40 GeV. Setting 95% CL limits on
BR(H - yy,) for varied y; masses.

Backgrounds characterized by fake E7*SS and misidentified photons, BDT kinematic discriminants for signal
selection, data-driven + MC for background modelling.

2] L L A B B B L B B B L 'q\'_o' -
g ATLAS # Data B Fake E7 F
G 107 Vs=13Tev, L= 139107 g VV7 —hitisiad o 10 __ ATLAS — Observed
SR cenu ESGHVH e ZH() o= _ V{s=13TeV,L=139fo"
10 ....éumg)lzo GeV -« ZH(yy ) 40 GeV j':r ZH H T Expected
il total —
10° T 8" -1 I Expected + 10
m —
102 = L Expected + 2¢
10 ‘E' 61—
‘ : i
O
107" 2 -
102 &
o F b b e b by =
t % 1.52— """""" + """""""""""""""""""""" 275 F7 7 —f
N S
; 2 ) W
. Y 0.5:_ ........................................................ CaN —
y F 1 1 | N T | | | 1 | | | 111 | 1 | 1 1 11 1 | | 1 1 1
# —L A 0 50 100 150 200 0 107" 1 10
1 me(y, ET) [GeV] my [GeV]
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Lepton flavour violation (LFV)

* H - ey, et, ut violate lepton flavour conservation

* Accidental symmetry in SM, already broken by neutrino oscillations.

* In various BSM theories, such LFV processes can occur, and the Higgs
boson can play a key role in these transitions.

* SUSY, composite Higgs, Randall-Sundrum, 2HDM, models with heavy
neutrinos, etc.



H - eT/‘LlT at ATLAS JHEP 07 (2023) 166
H - et H - ut

. ATLAS — bserved ATLAS — Obsorved
A amam Xpected+ . Xp +
° H e d H L t d V6 =13 TeV, 138 16 V5 =13 TeV, 138 1
— T an — T ) e onic an 2POl Expected: 20 2Pol Expecteds 20
. VBF H . VBF ] .
:"_;;;:;); [ BH — er) = 025" % :};*;“‘;} P B(H = ) =0.20° % %
L] 0.29 (obs) 0.64 (obs]
hadronic de Cays of the tau le ptO N e, VOF | D o 00525 Vet | b= ) <0075 %
0.28 iws; 0.26 [ubs}
-VBF + . non-VBF
:‘:;‘:};{“ ’ | BiH e =020 0% :tai-:;;no | BH ) = 01177 %
. . . 0.36 (obs) 0.2 bs]
* Backgrounds: Z — - W + jets, multi-jet  z e
roundas. 1T, + ) uitli 15 ! =0 Hice] w =0 e
Dialos il BiH— 0 =014 0% el i B~ ) =0.160 %
ts: BDT and NN t o
eve n S . a n O S u p p re SS et | B(H = er) =0.08°% % et e | BH = ur) = 0.09°°% %
0.19 (obs) e R, 0.18 (obs) B
erept f " 008 evept H +0.08
(H — er) =0.097% % 1 BH > 1) =011 5
back round 012 (00) .f‘lu..‘..\..‘..Hm..;..rﬂ.“ﬁ‘ 8%l .'.‘ll.‘.l‘..\;.‘L..‘I.‘.T“..\'“'.‘”.‘
0 02 04 06 08 1 12 14 16 0 02 04 08 08 1 12 14 16

95% CL upper limit on B(H — et) in % 95% CL upper limit on B(H — ut) in %

* Both et/ut independent and simultaneous
fits are performed

Yukawa coupling:

el
3

2 -3
simultaneous fits \/lyre + [Yer|? < 0.0013 ® :
results are shown i

[

= l:,
107

*+ Y| < 0.0012 ok S

on this slide

107 107 107
Y.l
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H - et/ut at CMS

* The corresponding CMS results published
earlier:

H - ut H - et

C 137 o™ (13 TeV) CMS 137 b7 (13 TeV)
ut, 0 Jets LI L I IR I I e, 0dets [ mgo IR R
0.37 (0.33)% H — ut BDT fit i 0.4 (0.39)% H — et BDT fit N
wt, tdet [ e Observed er,1det | e Observed
0.40 (0.43)% X Median expected 0.68 (0.44)% X Median expected
ut 2Jdets [ [ 68% expected | et, 2Jets | [ 68% expected |

0.50 (0.49)% 1 95% expected

L
x
x
ut,, VBF % et,, VBF
K
L

0.39 (0.30)% 0.57 (0.35)%
ut,, 0 Jets B N et,, 0 Jets B N
0.31 (0.34)% 0.42 (0.34)%
ute, 1 Jet B B et,, 1 Jet B N

*
Ko
[ 95% expected g Xe
%
*
=

0.36 (0.57)% 0.56 (0.53)%

ut , 2 Jets et 2 Jets
e "
0.77 (1.13)% - 1.35 (1.08)% -
ut,, VBF et,, VBF
e
0.58 (0.83)% - 0.42 (0.86)% -

ut et
0.15(0.15)% i 0.22 (0.16)% ‘

95% CL limit on B(H— u1) % 95% CL limit on B(H— eT1) %

30/11/2023

Phys.Rev.D 104 (2021) 3, 032013

Yukawa coupling:

2 2
|Yee|” + [Yer|? < 0.00135

\/|Yw|2 +|¥Y.|* < 0.00111

H % HT CcMS H ﬁ eT 137 b (13 TeV)

CMS

137 b (13 TeV)
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- TR e /
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ut et
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H — eu at CMS

Phys.Rev.D 108 (2023) 7, 072004

« Searched H - ep decay; no excess, set 4.4 X 107> upper limit at 95% CL.

* Focused on ggH and VBF; targeted prom

pt ey pairs.

* Mg, distribution analysis confirms data-background alignment; CLs

criterion used for branching fraction limits.
.CMS 138 b (13 TeV)

oyl A AR M) A el saaks LA Rkl i CMS 13817 (13 TeV)

e 95%CL|imits g 1ElTIIITfIIITllTIIITlIITTIIITIIIITI'\'IIIITIII'\IIIITIE
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Higgs decays to long-lived particles (H - LLPs)

* Suppose a new massive, long-
lived particle exists: it would be a

. . ~0
clear sign for new physics X1
* Long-lived particles (LLPs) appear
In many BSM scenarios: ———7)————<:
e Compressed SUSY, AMSB (Anomaly 2
Mediated Supersymmetry

. ~0
Breaking), heavy neutral leptons, (a) X1

etc



H — LLPS at |— H C b Eur.Phys.J.C 82 (2022) 4, 373

: : LLP production from
. . _ Higgs-like boson
Two LLP production processes: decay o quark interactions
* (a) A Higgs-like boson (mass 30 to 200 ) X1 4 X
GeV/c?) decaying into LLPs and /
* (b) Direct LLP production from quark ,:b‘
interactions (LLP masses 10 to 90 GeV/c?).
N . -0 ¢ ~0
* The LLP () decays into a muon and (@) X1 (b) X1
two quarks.
. 55 LHCb — Data
* Signal events selected based on < 104; safm’ Signal
displaced vertex containing a high-pT > 1035
muon; MVA for background g 1025
suppression, a data-driven approach for g 10
background modelling. 510y i
I
0 50 100 150

LLP mass [GeV/ cz]
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p—
o

Cross-section [pb]
=

H — LLPS at |— H C b Eur.Phys.J.C 82 (2022) 4, 373

* No evidence of these long-lived states was observed.

* Set upper limits on the production cross-section times branching ratio for
each model considered.

Upper limits for LLPs via a Higgs-like boson decay Upper limits for direct, non-resonant, LLP production
o | LHCb | (a)l oL " LHCb o 0 LHCb 10° " LHCh 3
2L 541b - g 54" () ] g 541" , (a) g 54" (b)
— mq0=60 GeV/c? ] = 1t myo=30GeV/c = 10t T =10ps ]
= X1
g | E 2 =
kst : 2 3 1
I 1 2 s %
E 107k _ %1 10 2 !
'mjztle(]Ge\//(f2 § v E 5 £ 10
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Summary and outlook

* The SM Higgs, discovered 11 years ago, has well-studied production and
decay patterns.

* BSM theories predict exotic Higgs decays, hinting at new physics.

* Focus on light (pseudo) scalars, invisible decays (dark sector), Lepton Flavor
Violation (LFV), and Long-Lived Particles (LLPs), studies conducted using
data from CMS, ATLAS, and LHCb.

* No significant excess found in exotic decay channels. Results led to
stringent limits on branching ratios and cross-sections for these decays.

* Ongoing research to explore Higgs boson's role in uncovering new physics.

e Eager anticipation for new insights in upcoming LHC Run 3.



Backup slides

30/11/2023 BSM Higgs Decay, Hengne Li (SCNU), Higgs 2023, Beijing, 27 Nov. - 2 Dec. 2023

26



H — ey at ATLAS

Phys.Lett.B 801 (2020) 135148

* H — eu decay search;

e Analysis involved ee and & “Tas A ;Zz:_'A'rLA'é """"""""" Aot
ey channels; o & E vt
60_— gnal B(H— ee)=2% ] 400: Signal B(H— eu)=0.05% -
* No significant signal, o sof
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