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Rare Higgs decays to light pseudoscalars in beyond-SM theories
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Beyond-SM theories with extended Higgs sectors may provide natural solutions to the hierarchy problem and particle
candidates for dark matter: perform direct searches for rare/exotic Higgs decays

In 2ZHDM+S (2 Higgs Doublet Models extended with one scalar):

e The two Higgs doublets have vacuum expectation values (VEVS) vy, v,

define tan f

e Seven scalar and pseudoscalar particles
which can be identified as the 1
e [Four types O
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https://arxiv.org/pdf/1312.4992.pdf
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Scope of this talk: CMS H — aa results

This talk highlights three CMS Run-2 results made public in 2024
H — aa — 4u (CMS-PAS-HIG-21-004)

e Sets most stringent limits in several 2HDM+S scenarios for m,,

e Interpretations in four benchmark models, not only 2HDM+S  _ »CMS Preliminary  35.9-138 b (13 TeV)
cu . i
* EXxplores new parameter space 1 el 2HDM4S | N
H — aa — 4b (HIG-18-026, JHEP 06, 097 (2024)) c ypel 1| | i
EI) 10 _§
2
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H — aa — 2b2u/2b2t (HIG-22-007, EPJ C 84, 493 (2024)
1072 =
e Sets most stringent limits in several 2HDM+S scenarios for m,, } Observed exclusion §5% CL -
103 ~———— Expected exclusion 95% CL _;
(1 2, 60) Gev ELE?SG_()ZSIIS)M 131 ELESSO_(}BT;HSSOW E
H — aa — putr H — aa — putr 7
Not discussed today, but stay tuned: 10 B [rsemsnrre—rremmvevrans B
H — aa — 47 (Run 1: HIG-14-019, JHEP 01, 079 (2016)) 107 S s 4 5 678010 0 30 40 50 60
m, (GeV)

H — aa — 2u2t boosted (2016-only: HIG-18-024, JHEP 08, 139 (2020)) CMS summary plot: exclusion limits at 95%

H — aa — 2u27 resolved (2016-only: HIG-17-029, JHEP 11, 018 (2018) CL on B(H — aa) in 2HDM+S Type |
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https://cds.cern.ch/record/2893561
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-026/
https://arxiv.org/abs/2403.10341
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-007/
https://link.springer.com/article/10.1140/epjc/s10052-024-12727-4
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-019/
https://arxiv.org/abs/1510.06534
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-024/
https://cds.cern.ch/record/2718447?ln=en
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-029/
https://cds.cern.ch/record/2317389?ln=en
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2
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H — aa — 4ul X — 4u: overview (cvs-PAS-HIG-21-004)

Model-independent search for new bosons decaying to four

muons with full Run-2 T
P ! (MM)1
Improvements with respect to 2016-only search: @Y @ O - X o
e |ncreased dataset: 60-137 fb-!, up from 36 fb- p o (HK)2
e New parameter space: dimuon mass from 0.21 < m < 60 GeV (was -~
0.25 < m < 8.5 GeV), and with muon lifetimes 0 < ¢z < 100 mm CMS-PAS-HIG-21-004

* Enabled by a new standalone (SA) displaced muon trigger search oo e
detectors as well as the tracker partlc €5 decaying to
' a pair of muons
deployed in 2018 "
e SA only requires tracks in the muon system

Muons reconstructed only in the muon detectors

Z N
P S N .
=z N P \ N S
2~ \ 2

e [wo new model interpretations: axion-like particle (ALP) models and

vector portal models
e |mproved limits in combined 2017 and 2018 results with 2016: for
MSSM + Dark sector (“MSSMD” or “Dark SUSY”) and NMSSM

Image from CMS physics briefing
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https://cds.cern.ch/record/2893561
https://cms.cern/news/long-lived-particles-light-lhc-run-3-data
https://cds.cern.ch/record/2893561
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— H — aa — 4ul/ X — 4u analysis strategy (cvis-pas-HiG-21-004)

Prompt or long-lived particles decay into two dimuon pairs, each

with an identical invariant mass

e Prior to 2018, select four muons from standard ParticleFlow
reconstruction

e |[n 2018, allow up to one of the four muons to be a standalone (SA)

muon selected by the displaced double muon trigger
Image from CMS physics briefing

Define signal region (SR) and control regions (CRs) in a two-
Data events in the SR and CR regions, above

dimensional plane of the two dimuon masses, 7, and m, - the Y resonance (above 11 GeV)
2 q

- - my + Ny M2 AM A

o Slgnalreglon:\ml—m2\<f( 5 ) | e *Qg

. . my+m,\ . - - -
o Window size f 5 is derived to contain 90% of signal events |

Events/(0.5 GeV x 0.5 GeV)

at each mass point

Background estimation: data-driven, divided as above or below Y

15 20 25 30 35 40 45 50 55 60
m,, [GeV]

resonance
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https://cds.cern.ch/record/2893561
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H — aa — 4ul X — 4u results (cms-PAS-HIG-21-004)
Model-independent 95% CL limits on Dark SUSY scenario: for various BRs for the

o(pp = 2a + X)B*(a — 2u)a,,, for combined 2017 and 2018 h to two dark photons ¥y, exclude regions of
analyses (left) and with full Run-2 (right): the kinetic mixing parameter vs. dark photon
CMIS Prefiminary 101 167 (13 TeV) CMS Preliminary 137 o' (13 Tev) MASS: pp _C) GS_) 2n; = 2yp + 2721) - 4u+ X
— [T T T | T T | T T | T T | T T | T T | T 11 | T T | [T I_I_ . - —_
o) 05-_' 95°/|CL llJpl)pgelrllilrr;i{sl TS éc 0.5 95% CL upper limits n W 10_2% R(gl/m/nary . 597 ,fb (13TeV)
¢ | —Observed 1 &8 0 — poserved . N i
> [ Exoocted 1 B ~ --Expected ] =
= poExpeced 1 & 0.4 m=1 std. deviation - = i
& 0.4 =1 std. deviation 11 " 492 std. deviation ] © 104 il
0 - [ £2 std. deviation T . ] o
T oAl 1 & o03- . o 10° :
) 0.3 1< - ’ = P
> - . + - - I= 10 \é\ﬂ(& 2
+ i | S B N i = i
N 0.2 1o 02 . '% 10‘7§—pp —4u+X T~ 550 E
T i | T ] l c - o(pp —» h)=48.93 pb > ]
o 18 o1l : X 108 B(h 2n, = 2yp +2np) =0.05 - 10% 3
Q. 3= A ] - ]
O | i ] 10_9:_ . (o) o i
J | i i i B=0.1% B=10%
:l L | L | L | L | L | L I: L1 | I | | I | I | | I | I | I | I | | [ 11 I-I_ 10_10' . o _ | | o
0 10 20 30 40 50 60 o 1 2 8 4 5 6 7 8 9 10° )
m, [GeV] m, [GeV] my, [GeV]

Expanded mass point range compared to previous analysis. Mass ranges that overlap with J/¥ and Y resonances

are excluded from the search.
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https://cds.cern.ch/record/2893561

Axion-like particles (ALP) models: for ALP a, h — 2aq,

ALP decays promptly to dimuon

Below: 95% CL observed upper limits on the effective
coupling of the ALP to the SM leptons, for different choices of

the ALP to the SM Higgs

o2 CMS Preliminary 101 fo' (13 TeV)
— ] ' ' T ' B
I - ]
c
=
<
= 10'F .
0= - B
© Tl
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~~~~~~~~~~~~~~~~ N3
100F gy
; \\‘\’\/\\/\ ~~~~~~ o y ;
: \"’\}\, i :
1L |
0F _cgppecooiTeve
- - |Cghl/N?=0.1 TeV-2
- — |CEf/A2 =1 TeV-2
—2 ] ] | | I I
10 10° 10’
m, [GeV]
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H — aa — 4ul X — 4u results continued (civis-paAs-HIG-21-004)
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Vector portal model with a dark scalar boson s,

A massive dark vector boson Zp, decays to two new

scalar boson (Zp — SpSp). Sp decays promptly to

dimuon. Below: Upper limits on branching fraction for

different Zp masses as a function of s, mass

C MS Preliminary

101 fo~! (13 TeV)

m 1078F D h
~ _
w I '

Vector portal model:

— mz, =88 GeV (Obs.)

—_— sz 200 GeV (Obs.
-- mz, =200 GeV (Exp.

W +1 sid. deviation
+2 std. deviation

95% CL upper limits

--mz, =88 GeV (Exp.) -

=2
Q|
O
9
CEID —— mz, =110 GeV (Obs.) -
7 J --mz,=110 GeV (Exp.) |
‘(D — sz—14O GeV (Obs.) 1
Y - 140 GeV (Exp.) -
T (Obs.) _
& )
N
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60 80
ms, [GeV:

Stephanie Kwan, IC

HEP 2024


https://cds.cern.ch/record/2893561
https://cds.cern.ch/record/2893561

H — aa — 4b in VH: overview (HiG-18-026)
Search for in H — aa — 4b with VH production with V (i.e. W or
Z) decaying leptonically
e Masses m, (12, 60) GeV
e ggH and VBF are difficult to trigger on in this fully hadronic final state

e As m, increases, the b quarks tend to be collimated

. 3 PRINCETON
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Backgrounds (ttbar, W/DY +Jets) estimated from MC, QCD estimated
from data-driven method

tt + bb e W + bb . QcCD
mistag!
b\ biet - \\ g @ fake lepton!
9 A - ( ) bjet ¢
o © @ ,, - mistag!
b t w* @ lepton L) |
bjet I*) lepton u W+ Y @ @ L)J.HI
J epton y M< ( ) bjet
s - | -
t \ | ‘1
a q 3 g <> bjet / —
W NO reco d m6<® @ @ bjet
;@/L / @<C) bjet

JHEP 06, 097 (2024)
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https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-18-026&tp=an&id=2158&ancode=HIG-18-026
https://arxiv.org/abs/2403.10341
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S H — aa — 4b in VH: event categories (HiG-15-026)

Control regions (CRs) and signal regions (SRs) based on event
categorization in (n-btag, n-jet) bins
e WH channel: use single-lepton triggers: at least one electron or muon

e ZH channel: use di-lepton triggers, require exactly one ete™ or

uru pair
Label  (N,, N;) Description
WH channel
SR (3b) (3b, 3—4j) 3b signal region
SR (4b)  (4b, 4)) 4b signal region

CR(3b) (2b,3j) W /tt+jets control region
CR (4b) (2D, 4j) tt+jets control region

ZH channel
SR (3b) (3b, >3j) 3b signal region
SR (4b) (4b, >4) 4b signal region
CR@Bb) (2b, 3) DY control region
CR (4b) (2b, 4)) DY control region

BDTs are trained on signal events using kinematic variables, for WH and ZH and in the 3b and 4b event

categories, and applied to data to obtain an observed BDT distribution JHEP 06, 097 (2024)
Searches for rare Higgs decays to light pseudoscalars at CMS (20.07.24) 0 Stephanie Kwan, ICHEP 2024



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-026/
https://arxiv.org/abs/2403.10341
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H — aa — 4b in VH: results (H1G-18-026)
Signal extracted from fit to observed BDT score 95% CL upper limits on
Below: signal region with (4 b-tag jets, 4 jets) in the muon 1T
o ?‘Wl—l J ( J] jets) oyyB(H — aa — bbbb)/cy,, are set on the WH and
cnannel o .
/H channels: combined results
.E j | | | | | | | | | | | | | | | | | | | I | | | | I 138I f?-1 I(13 -I:e\f/_—) 2 138 fb-1 (1 3 TeV)
'2900:_ CMS SR, 4b: p channel = = 10 - ' ez
£ - —e— Data Syst + Stat.  [[] Other bkgs = \b - CMS : ~
= 800 Il Muttijet Z i Wolv = - Median expectod 7
ooF- Bt + bb t + co fi+light = 2 - Expected 95% CL -
- ==ns WH?Y(x200) e WH?Y (x100) = -? i Expected 86% CL
600|= E g 10 ~— Observed —
= . © - _
500 ’ — 1 A —
= pro—— = = B :
300 = b§ ]
! _E 1= —
E B e PP
-1 PR AN SN S TR TN SN S SN SN S SN S S S S S S S S’
10 20 30 40 50 60
m, [GeV]

JHEP 06, 097 (2024)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-026/
https://arxiv.org/abs/2403.10341
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— H — aa — 212b: brief overview (HiG-22-007)

Search for m_ in (12, 60) GeV, three 77 final states considered: ey, ut,, et

Compared to 2016-only search:
* |mproved object selection: Deeplau ID, DeepJet b-tagging h

e Full m__is reconstructed and used for the final fit, instead of the visible-only components a <
* DNN-based categorization instead of cut-basea T

Results extracted from maximum likelihood fit to m__

CMS 138 fb™' (13 TeV)

CMS~ C\E/RW PRINCETON
A UNIVERSITY
/]

\? | I L l LI I L I L I L I LI I L I LI I L I
Pre-fit DNN . 1 botag iet m__ (U7, channel, 1 b-tag, one of = 14k SO -
re-fi score (UT;, channel, -tag jet) . . 2 [ tibbfinal state e Observed .
three signal regions) X | | .
CMS 138 fb" (13 TeV) 3 112 Combined I
o 10° gttt CMS 138 b (13 TeV) @©_ [ ] 95% expected .
S : = o ! o N I 68% expected _
) . v tor, 0 ot ot o expecte _
S 10" B 11bb final state $ Observed [ e 8 190 £ 1tbb final state $ Observea [ Jletr, ;:r 10— ]
_,g 107 uTh, 1b tag Other 2 — 140 u,ch, 1b tag (SRZ) Other Z-11 E : :
g) 10° . tt+jets — ma1=35 GeV,B=10% _.UE) . tt+jets — m, =35 GeV,B=10% 1 —
120 1 L —]
W 100 1
1 04 i R —
80 N
102 60
1 0 40 ..........
1 o /0 —F— @ e T
107" 0
o 14 S
oo 1.2 n i
B 1 e e e ; 0 | I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 | 1111 I
s 08 5 15 20 25 30 35 40 45 50 55 60
0.6

m, (GeV)

EPJ C 84, 493 (2024)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-007/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TAU-20-001/
https://arxiv.org/abs/2008.10519
https://link.springer.com/article/10.1140/epjc/s10052-024-12727-4
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= H — aa — 2u2b: brief overview (H1G-22-007)
Search for m (12, 60) GeV: precise di-muon mass resolution and large BR to /b
e Define two variables to exploit m,,, = my,, and m,,.,, = 125 GeV, and de-correlate into one variable y,
e Cuton ;(3 and further categorize events based on jet properties ) /<b
e Unbinned maximum likelihood fit to m,,, using parametric signal and background models P 1‘9
Distribution of y,; components before de-correlation Model-independent limits a <
Background Signal on B(h — aa — 2u2b) Iz
. 10 CMS Simulation 13810 (13TeV) i} 510 CMS Simulation 138 (3TeV) o 10°CMS 138 b (13 TeV)
E B e \b B GC> § rrrrprrrrprrrrprrrrprrrrpr e p e e e e e e ey
= G>J - B q>) % | . 95% CL upper limits i
Ei 8 E:L : — TF 0.6~ uubb final state —e— Observed ]
o R : | = hewall
= -CE) ~ : | g £ 0'5-_ I 68% expected -
| | @ 1 |
u 8 - ] D 0.4 ]
o} 3 o = 3]
- 2 - o
n X i 14 0 0.3 ]
—5-— — —10000 —5-— ] 0.2 ]
I ] I 112
I Backgrounds in pubb final state ] —(°000 - H—aga, — uubb, m_=40GeV, B=0.01 % -
LY =P I IR IR IPUPIPRN PEPE P IPUPRPR IPUPUPR PP O PN _10-—,,,|,,,|,,,|...|...|...|...|...|...|...—- —Jo
-0 8 6 4 -2 0 2 4 6 8 10 -10 -8 6 -4 -2 0 2 4 6 8 10 q |
(mwbb-125)/cH (muubb_125)/GH 5 20 25 30 35 40 45 50 55 60

| EPJ C 84, 493 (2024)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-007/
https://link.springer.com/article/10.1140/epjc/s10052-024-12727-4
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p— Combination: H — aa — 2b2t/2b2u (H16-22-007)

Combination yields more stringent limits on B(H — aa) and B(H — aa — 2¢2b) than the individual analyses
e Combination possible since event selection is mutually exclusive

Observed upper limits on B(H — aa)

Observed combined model- Observed combined limits on in % for Type IV 2HDM+S. Values of
iINndependent limits on B(H — aa) for 2HDM+S Types |, |, tan j vs. m, inside the contours are
B(H — aa — 202b) Il, and IV allowed within that upper limit
CMS 138 fb' (13 TeV) Loo EMS 138 fb™! (13 TeV) « 4.0 LS ; L3602 TeV] —_
<) TT T[T T T T T T T T[T T T T[T T T T TTTT [T T T[T TIT T T TTIT]TTT] —_ | I — | I — — | I E— — | I — — T T 1 - — O\O
= 40 A ;50/ CLIU N "Imits o = " Ttbb 4 Hubb combined | - g M+S type IV (TTbb + pubb) =
§ _ Ttbb + uubb . Ob::rved | e —— 2HDM+S type | - 35 ' 95% CL on B(H-aja1) = 100% o
~ L : ee- Median exoecte _ 5 ---- 2HDM+S type II, tanp = 2.0 . =1 95% CL on B(H-aja1) = 16% 1 | ©
I’_ 12~ Combined 2:57 expe:ted T r 80— 2HDM+S type III, tanp = 2.0 — - 1t 10% ¢
(,F‘— : - 68% expected : % : —— 2HDM+S type IV, tanfi = 0.6 | >0 —; %
T 10— — = B 3 c
o L : 3 60 | _ 2.5 = 3
gl _ Ot i <
N L y X
E § “'\ — /,,\\\ ,//\\\ E 5-102 o
6 — 40+ _ 1
_ -

2
0_|||||||||||||||||||||||||||1||||||||||||||||||||T B | N N — I I I I L1 1 1
15 20 25 30 35 40 45 50 55 60 20 30 40 50 - V60
m e
m, (GeV)  (GeV) Ma, (GeV)

EPJ C 84, 493 (2024)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-007/
https://link.springer.com/article/10.1140/epjc/s10052-024-12727-4
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== Outlook and summary
CMS full Run-2 results published this year:

; CMS Preliminar 35.9-138 fb™ (13 TeV)

H — aa — 4ul X — 4u (CMS-PAS-HIG-21-004) T

2HDM+S
type |

e 2018 displaced muon trigger, interpretations in four different models %
e 0.21 <m < 60 GeV, lifetimes 0 < ¢z < 100 mm S 10
@

H — aa — 4b (HIG-18-026)

"g—/ s s s s s
4 Z /
— — /
— = /
- =k /
/ ==
<X
'/
/
/
/
/
2
L [ 11

H — aa — 2b21/2b2u (H1G-22-007) 10°
e |nterpretations in 2HDM+S scenarios give the most stringent limits to date  10° =
for B(H — aa) for m, in (12, 60) GeV 10 | peoed el o
PLB 796 (2019) 131 PLB 800 (2019) 135087 E
1074 :' HEPagsjzlck);g 139 JH HEPa?r()z%lﬁ;) 018 =
Despite No observations of significant excess over SM predictions for H — aa 107, > 5 4 5 6890 0 30 40 50 60
- - - m, (GeV)
to date, many physics scenarios remain to be explored: o |

| | Limits on B(H — aa) in 2HDM+S Type |

o Decays to pseudoscalars with different masses: H — a,a, (m, # m, ) (CMS summary plot)

e Boosted reconstruction for low pseudoscalar masses

Thank you for your time!
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https://cds.cern.ch/record/2893561
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-026/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-007/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2
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Backup
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H — aa — 4ul X — 44 mass window (cvs-PAS-HIG-21-004)
o)

The mass window size is a function of the invariant dimuon mass = m,

e Derived from a Crystal Ball function fitted to MC signal events to contain 90% of

CMS Simulation Preliminary (13 TeV)

events = | _ i
(059 e Mass window size ,
e \Nider mass window size at m below 0.4 GeV is due to deteriorating mass . - Linear interpolation /
N
resolution for the near-collinear dimuon system in decays of low-mass bosons > 10 S
5 S
= .
Qv /’
E 1071} /’/ -
S | o :
B U
my, [GeV]
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Below the Upsilon Y resonance (0.25 - 9 GeV):
e Dominated by QCD multijet processes

H — aa — 4u/ X — 4u background estimation (cvis-pas-Hic-21-004)
All backgrounds are modeled with data-driven methods

e E.g. Two b quarks decay to 2u + X (X spectator particle) or low-

mass meson resonances @, p, @, and w(2S)

e Used a data-driven two-dimensional template 7(m

Above

e [Flect
o A
a

the Y resonance (11-60 GeV):

roweak processes with two Z boso

SO considered: radiated photon in t
dimuon

ns, ttf, and Drell-Yan
ne DY process that

My, Mﬂz)

(DY)

converts into

e Used a kernel density estimate (KDE) method with normalization derived

from

data

Calculate PDF density of signal region /» and control region /-,

. Number of events in the signal region: NBSR —
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