Search for exotic Higgs boson decays H—-AA

with A—yy in events with a semi-merged topology
in proton-proton collisions at 13 TeV

15/06/26
15th Course on Physics at the LHC 2026

Inés Moreira



Motivation | Combined results of Higgs boson decays by CMS

Nature - A portrait of the Higgs Boson by CMS

Article

Aportrait of the Higgs boson by the CMS
experiment ten years after the discovery
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Combined and interp ions of Higgs
boson production and decay in proton-proton collisions at
V5 = 13TeV

The CMS Collaboration*

CMS - Combined measurements of Higgs

CMS - Exotic decay dark photons
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CMS-HIG-22003

Search for an exotic decay of the Higgs boson into aZ
boson and a pseudoscalar particle in proton-proton
collisions at /5 = 13 TeV

CMS - Exotic decay
Z + pseudoscalar
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CMS-EXO-19-007

Search for dark photons in decays of Higgs bosons
produced in association with Z bosons in proton-proton
collisions at /s = 13 TeV
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CMS-EXO-24-025

Search for exotic Higgs boson decays H — AA with
A — 7 in events with a semi-merged topology in
proton-proton collisions at /s = 13 TeV

The CMS Collaboration*

CMS - Exoticdecay H>AA>4gamma

Latest CMS Higgs combination results

(Run 2,2015-2018):

* Most precise picture to date of Higgs
production and decay rates

Constraints on BSM Higgs decays:
+ B(H — invisible) <13% at 95% CL
+ B(H — undetected) <25% at 95% CL

Sizeable room remains for exotic
decays

Motivates dedicated direct searches

for specific BSM final states
+ —e.g.H— AA — 4y (this analysis)
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Motivation | A portrait of the Higgs boson by CMS

The Brout-Englert-Higgs mechanism

+ Complex scalar field permeating the universe
+ Givesmassto W, Z and fermions;
* Higgs boson = quantum excitation of the field

Mass as a free parameter

« OncemHis fixed, other properties are predicted
by the SM

* mH puzzlingly small vs. BSM scale — motivates
continued searches
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X ) N o° o
Discovered in 2012 by ATLAS and CMS
* More than 10 years of precision measurements since _
BEH mechanism Eletroweak W, Z discovered LEP & Tevatron  Higgs discovered by
proposed unification (UA1,UA2) Higgs searches ATLAS and CMS
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Motivation | The p framework for signal strengths

cMs 138 fb™' (13 TeV) CcMS 138 fbo~! (13 TeV)
® Observed [] +1s.d. (stat) ® Observed [] +1s.d. (stat)
— 11 5.d. (stat @ syst) [ #1 s.d. (syst) w11 5.d. (stat @ syst) [ +1s.d. (syst)
— 2s.d. (stat & sysf) — #2s.d. (stat @ syst) « Fit the data with a model containing
n B signal-strength parameter p
5 Stat Syst : st Sy - Scales observed yields vs. SM prediction
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Motivation | The k framework for coupling modifiers

CMS Preliminary 138 b1 (13 TeV)
O Observed BN Bgsu=0
—  68% CL (stat @ syst) Binv, Bundet float., [ky| <1
— 95%CL (stat @ syst) W Biyy, Bunger float., offshell inc.
SM expected
my = 125.38 GeV
) .18 psm = 0.20
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Parameter value

BSM physics affects production modes + decay channels in a correlated way
if governed by similar interactions

o A modified H-W or H-t coupling changes H— WW and
H — yyrates and ggH, WH, VBF cross-sections

+ SMquantities (o_i, I'_f, I'_H) scaled by coupling modifiers x_i
* IntheSM:allk =1

Bgsm =0 no BSM contributions

Binv Bundet float., [ky| <1 allows BSM; constrains W/Z couplings

offshell analysis regions included, W/Z constraint removed

Binv» Bundet float., offshell inc.

B_inv<13% (95% CL)
B_undet < 25% (95% CL)
— Motivates dedicated searches like H - AA — 4y
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Context | Exotic H— AA decay searches

« Hypothetical new spin-0 particle A — pair of SM particles
« Simplest Higgs sector extension; e.g. 2HDM+S

For A masses above the heavy-fermion thresholds Below heavy-fermion thresholds:
+
U
o+ a _ * Leptonicmode A — M+ accessible
H H * Provides a clean experimental
a T > ,u"' sighature
H-------- -
b [0
a —
b
¥ . d
a — Yy moade
e e o Y * Loopinduced, generally subdominant
Xma > kazmli)b dominant H  Significant in scenarios where A
—rrori—Dbbare dominan . a 14 couples to uncoloured new charged
* Predictedin certain 2HDM+S extensions ¥ e
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Context | Exotic H > AA— 4y topologies

Regime description Previous CMS searches by topology

Boosted « mAs1GeV CMS - Exotic decay two merged
regime « Awith Iarge Lorent; boost diphotons

» Photons highly collimated 2023

« Separation equalorless to ECAL crystal size + mAe[01,1.2]GeV

novel deep-leaming mass
reconstruction from ECAL energy

deposits
Topology of H — - mA =10 GeV CMS - Exotic decay with
AA — 4y depends + Photons well isolated and fully resolved four photons
on mA Resolved « Diphoton invariant mass reconstructed 2023
regime . mAe[15,62]GeV
. » Diphotoninvariant mass from
Reconstruction kinematics of both photon objects
strategy based on
selected regime
CMS - Exotic decay
* OneA — yy produces 2 well separated semi-merged
. photon objects 2026
Serr.n -merged « Theother A— yy produces a pair + mAe€[1,15]GeV o
regime reconstructed as a single photon object A el O e
* Due to highly collimated pair OR due to +  Deep-leaming mass regression recovers
yreconstruction threshold A RO R CIrEy [ U
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Detector | CMS detector

Reconstructed objects:
+ Electrons, muons, tleptons, photons,

jets, p_T "miss
[p_ T miss = - X p_T of all reconstructed particles]

(transverse to the beam)

Subdetector structure

+ All-silicon inner tracker (pixel + microstrips)
« ECAL: ~76,000 PbWO, scintillating crystals
+ HCAL: brass + scintillator

+ 3.8 T superconducting solenoid

« Gas-ionization muon chambers

15/06/2026

Multipurpose detector for pp collisions at the LHC

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 um) ~1m? ~66M channels
Overall length ~ :28.7m Microstrips (80x180 ym) ~200m* ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
~— Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
_ Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating Pb(WO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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Selection | Datasets , Object Reconstruction & Event Selection

Datasets Photon reconstruction Photon Selection
« Data: pp collisions, Vs = 13 - Energy deposits clustered in » Leadingphotonp_T>30 GeV, subleading
TeV, Run2(2015-2018) ECAL crystals; grouped into p_T>18 GeV
« SignalMC: H — AA — 4y superclusters (accounts for » Loose isolation + electron veto to suppress
generated with MadGraph + shower spread + magnetic-field jet/electron fakes
PYTHIA + GEANT4 sweeping) + Discriminator to separate prompt photons
« Mass points:mA =1, 3, 5,10,  Threshold: E_T > 10 GeV from EM-enriched jets
15 GeV(covers thetargeted (Secondary photons below 10 GeV (EM-enriched jet = hadronic jet with large EM
mass rdnge) stay unreconstructed ) fraction, typically from neutral-meson decays)
+ Backgrounds: QCD multijet,
y+jet’ prompt diphOton - Mass reconstruction | GNN for signal mass regression
modeled entirely from data Mass reconstruction S :

(noMC) « mAreconstructed directly from

ECAL crystal energy patterns
« GNN improves on the CNN of the
boosted analysis

Direct mA reconstruction from f:ﬂlu' es)
s

s
ork learns n-dependent shower shapes

d the most energetic crystal (4R = 1.11)
dary photons for mA < 5 GeV; 60-80% up to 15 GeV

) with residual connections

« Details onthe appendix

a3/3

15/06/2026 9/14




Regions | Signal Regions and Sideband Regions

Three preselected photons — grouped into A, (merged) + A, (two resolved) SB
+ mA,: from photon four-momenta (standard reconstruction)
+ mA,: from GNN mass regression (direct measurement not possible) mp,[GeV]

The 2D mA plane > % SB
[©) >
14; w
Each event fills a £
2D (mA,, mA,) template 10

Under the identical-mass
hypothesis mA, = mA,, signal
sits on the diagonal

0 2 4 6 8 10 12 14 16 18
m,, [GeV] j

Triphoton mass (mI'TT)
Assuming the three photon-like objects come from H decay (no
invisibles) : mI'TT — Higgs mass window

Along the 2D mA plane: Along mITT:
- mA-SR: |amA| <2 GeV (on-diagonal) ° mH-SB_low : 90 < mITT <100 GeV Mprp

- mA-SB: |AmA| > 2 GeV (off-diagonal) * MH-SR:100 <mITT <135 GeV
« mH-SB_high:135 <mTITT <180 GeV
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Signal and Background Model

Signal Model Final signal regionis mITT € Higgs Background Model
window AND |[Am_A| <2 GeV
A model needs: Every other .region @ © @ feeds Yield
the data-driven background model « Assumption: on/off-diagonal ratio is
* Shape of the 2D mA distribution the same inm_H-SR and m_H-SB
+ Total yield (normalization) for a « A/B=C/D

given integrated luminosity « A=Bx(C/D)

Shape
Shape + Assumption: 2D m_A shapeinA'is
+ Derived from simulatedH — AA — 4y a weighted average of the shapes
samples in C_low and C_high

+ Masspoints:m_A =1, 3,5,10,15 GeV + shape(A) = f_low - shape(C_low)

+ f_high - shape(C _high)

Yield

+ N=oxBxex[Ldt

* Fo ease of calculation normalize to
ocxB=1pb

p(ma | my_sg) =
fSB—low P(™a | MH—SBy,,,) T /SB~highP( ™| MH~SBy;qp

— allows the result of the analysis to .BOF‘I; b:ckgroun:li. d qn‘.j I
be directly alimitono x B Ifl:z:nedatoclzre predicted entirely
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Models | Validation of Background Model

Validates if the interpolation used to get the shape Region validation of Background Model
on the background model describes the data Observed distribution vs. expected

Testregion: B — off-diagonal, Higgs window —-— S —

m-SR N m,-SB { Data
[7777] Bkg, stat @ syst

MWWWMWW

shape(B) = f_low - shape(D_low)
+ f_high - shape(D_high)

Events / bin

Uncertainties 3"
« Dominant overall: Statistical uncertainty on the g oS -E T
background model ° Unrolled bin index (m -SEB)
) ) i 65103VCM'S : ‘133 1b"(13‘Te\—/~) £ 5103 CM§ : ‘133 1p“(13 TeVE
. 5 £ ..f :
D eminosity e 3 meema L2 1S meneme
« Trigger efficiency - 1-20% (largest at low mA) 2 "2k 12 i E
« PhotonID - 1-3% (data/MC scale factors) i i Hb 4
« Photon energy scale & resolution - < 3% bin by bin 0% il e ] ; 5;‘ s 3
+ Mass regression scale & smearing - shifts up to 6%, N e  ET E “H ok
smearing up to 260 MeV 04F ap - hilk" ]
0.2+~ ] 0.5 LR _.__‘—_*—_.:Z
5 B e o e ‘
Background model systematics: £ e ——— = 2 b N E
+ Shape mismodeling - residual data/prediction s osf 13 ost AR
differences in mA-SB 8 oTFEE TR e e S 0246 8 10 12 14 16 18

m,, [GeV] m,, [GeV]

15/06/2026

e —

Top: unrolled 2D
spectrum (m_A1-
m_A2 off-diagonal
flattened into 1D bins)

Bottom: 1D
projections onto
m_Aland m_A2

Data agrees with
prediction across all
bins; ratio panels
consistent with 1 within
uncertainty

2D shape prediction
validated
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Results | Predicted background distribution after fitting to the data

c CMS 138 b (13 TeV)
3 3 3 . 3 3 3 -‘E I I I I I Data
Maximum-likelihood fit to the 2D mA distribution e m,rSR N m,-SR I Bt . (stat @ syt
= vam,=3G
| gop mzsca,
+ Model: uS + B (signal-plus-background) 10’ e ™M, =15 GeV
« = signal strength 10° j HE
« S, B =signal & background models 10 : (&
+ Systematic & statistical uncertainties : nuisance params. ' L h
L(u) = P(datalus + B) c‘:m‘ C — : T 'I TN '11- 'H-.' P - H[ I 11'1 IT l--I'I '
3 S S Ottt ek A
o ) . o PR ALY T e --ii-HH-'-;ﬂ 1 17{ ERIEE SRR AR AR B {{ R kﬁ H
« The fit simultaneously adjusts p and all nuisance 5 05 _E“ ...... I ....... h— f i i . J.l.t.t..,‘..f.!I.,.._.]..!..I 'E.H"I‘. ll’f‘}‘!l‘." 1..1}%., 'I‘.ﬁ‘ "‘|'| ...... ."‘] [. [flli :
[a] 0 20 40 60 80 100
pardmeters Unrolled bin index (m -SR)
c x10° CMS 138 o' (13 TeV) c «10° CMS 13-be‘[13TEV!
Signal model normalized to s x B =1pb by convention, 5 %°F e SR A SR 1 5 4sE meSR ~meSR E
nwand o x B (in pb) are numerically equal, g 3F { Dam 12 4 t Daa E
. . . . . @ F —— Bkag. = @O 5 ~——— Bkg. 3
fit directly delivers limits on o(H) - B(H — AA — 4y) z 25 — e wne. waoss 1 0 325_ " U
2E m, =3 GeV = Elly e m,=3GeV E
15;_ m, = 10 GeV E m, =10 GeV 3
“F m, = 15 GeV m, =15 GeV E
. . 1E . E 3
best-fit background (uS + B fitted to data) osk 1 :
(G total uncertainty (stat @ syst) on background prediction ' _ _ : E
signal templates at m_A = 3,10, 15 GeV B T g T T T T
5F bt . 5F .
[ bt 1 s o UYWL SN SO B wrp—
- N T 1 =~ i T T T T L E
. . 0.5+ - 05 -1
Top: unl:olled 2D spectrumin m_H-SR nm_A-SR (region®) ;‘S o S T R TR e § e R e T T -1-13
Bottom: 1D projections m,, [GeV] m,, [GeV]
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Results | Observed upper limits at 95% CL on ¢(pp — H) B(H — AA — 4vy)

2

10° E

o(pp — H) B(H - AA — 4y) [pb]

138 b (13 TeV)
— T T
95% CL upper limits

— Observed

---- Median expected

[ 68% expected
95% expected

coonnl

10™

4 6 8 10 12 14
m, [GeV]

(13 TeV)

CMS

— 10
o]
=0
@ 10°F
1
EE 107
N
T
@ 10
T (this work)
T o
0_107
=
o]

10 ATLAS

__ CMS semi-merged

CMS fully-merged

Phys. Rev. Lett. 131 (2023) 101801
L __ CMS fully-resolved

JHEP 07 (2023) 148

Eur. Phys. J. C 84 (2024) 742
1

. 95% CL upper limits |
— Observed

« 95% expected

0.1

15/06/2026

L L I
1 5 15 60

Observed limit (solid black)
From the fit to actual data: i compatible with observed dataset
— translates to anupper bound on o *x B at each mass point

Expected limit (dashed black)

Same fit, but applied to a background-only dataset
Gives the limit we would have set if there were exactly
zero signal (null hypothesis)

/ bands
68% / 95% statistical fluctuations of the expected limit

Observed agrees with expected within the bands
no excess; limits set

Combined exclusion across mA

This search enables the extraction of
stringent limits across the entire mass
spectrum, bridging the gap in sensitivity
between the two previous CMS searches,

« CMS Semi-merged :1<mA <15 GeV
+ CMS fully merged: 0.1 - 1.2 GeV

« CMS fully resolved: 15 - 62 GeV

*+ ATLAS inclusive:0.1 - 62 GeV

Improvement in this analysis compared with ATLAS search (e.g, at
mA= 3 GeV observed limit x100 more stringent than ATLAS result
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Motivation | Production modes of Higgs boson

Production rate = luminosity * cross-section
Production mode  Cross section (pb)

Five main production modes at the LHC: ggH 48.31 £2.44
VBF 3.771£0.807

* ggH — gluon fusion via top quark loop - ~87% of total o WH 1.359 4 0.028

+ VBF — vector boson fusion - two forward high-pT jets 7H 0.877 4 0.0

+ VH - associated with W/Z ('Higgsstrahlung’) - extraleptons / p_T "miss ttH 0.503j: Ologg

« ttH, tH — associated with top quarks - b-tagged jets bbH 0.482 -+ 0.097

* bbH — associated with bottom quarks

tH 0.092 £ 0.008

Events categorized by production-mode signature — drives the analysis strategy

Higgs boson production modes

ggH

15/06/2026 al/4



Motivation | Decay channels of Higgs boson

Higgs couplings set by mass

+ Tovectorbosons: amplitude oc m _V?
+ Tofermions: amplitude cc m_f

« Third-generation fermions dominate
+ second-generationrare

BSM physics

Higgs boson decay channels

Decay channel

Decays to SM particles test
the theory

« Measured branching
fractions vs. SM prediction
« Sizedble deviations — hint of

Branching fraction (%)

v f bb

&, K, WW

gg
v 5 T
cC
7z
Y
Zy
SS
np

57.63

22.00
8.15
6.21
2.86
2.71
0.227
0.157
0.025

+0.70
+0.33
+0.42
+0.09
+0.09
+0.04
+0.005
£0.009
£0.001

0.0216 £ 0.0004

Main decay channels probed at CMS:

* Bosonic:H—-yy-ZZ —4¢-WW — ¢vfv - Zy

« Fermionic (8rdgen):H — bb - tr
» Fermionic (2nd gen, rare): H — pp
+ InttH / tH: multilepton final states

ww

15/06/2026
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Mass reconstruction | GNN for signal mass regression

+ Overlapping photon showersin ECAL

» Standard reconstruction. one
photon-like object, no mA handle

» Needend-to-endreconstruction

Direct mA reconstruction from
ECAL crystal patterns

Why a GNN (vs. CNN)
ECAL deposits are sparse:
* GNN uses only crystals with energy
* Permutation & rotational invariance
+ Learned naturally by GNN

+ Substantial reduction in problem size vs.

CNN's 2D grid

CMS Simulation 2017 (18 TeV) CMS simulation 2017 (13 TeV) CMS simulation 2017 (13 TeV)
S 120 Ma,gen = 3 GeV 2 S Ma gen = 5 GeV. 2 S Ma gen = 15 GeV.
ARgen(yY) = 5 crystals 10" O ARgen(yy) = 19 crystals 10" 9 ARgen(yY) = 52 crystals 10
100| ? 100 ? 100
w e - 10° S w0 .: - 10° 5 o 10°
) Q R 10 © } # . .l 107 o . ’:‘ W 107
an) o - 10 40 o . 10 40 107
20 . 10 20 . 10 20 1o
0 20 40 60 80 100 120 10 Cﬂ : 20 40 60 B0 100 120 10 0 20 40 60 80 100 120 107
ip’ ip icp
Inputs per crystal (node features)
E_T=Esing,E_z=Ecos#@
Position (X, y, z) — Network learns n-dependent shower shapes
Input window
128 x 128 ECAL crystals around the most energetic crystal (AR = 1.11)
Captures >90% of secondary photons formA <5 GeV; 60-80% up to 15 GeV
Architecture
— 3 x( + ) with residual connections
— global max pool — — mA
Calorimeter
oot 2 it b edgoCony 3. St L gagucany Lo CUSES .L Edgecons 4o Turternd . Output

Energy [GeV]
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Mass reconstruction | GNN for signal mass regression

Training set

600k A — yy events + 70k single-photon events
Flatin m_A € (0, 18) GeV and p_T € (10, 200) GeV
ECAL barrel only, |n| < 1.44

Loss: mean absolute error

Two key training tricks

Phase-space flattening - counters bias toward boosted A from
selection cuts

Domain continuation - single photons assigned random
negative masses in [-3, 0] GeV

— background single photons regressed to m < 0 and removed
— linearizes response near mA = 0

Events

0

., 1 P
0 2 4 6 8 10 12 14 16
mA,trUe [Gev]

Validation

True vs. predicted: tight diagonal across full mass range

Clean peaks form_A =1, 3, 5, 10, 15 GeV

Robust across 2016/17/18 data-taking conditions

Data/MC calibration via Z — e*e™ (tag-and-probe) — mass-scale +
smearing systematics

CMS simulation 2017 (13 TeV)
> s DAL I DL DAL L BN DL BLEELE BLELELE DL
[1}]
= o3 COm,=1GeV
8 ) Im, =3 GeV
® o5 [ |m,=5GeV
= [Im, =10 GeV

m, = 15 GeV
0.2 [ Jm,

0.15

0.1

0.05

LRRLRLSY 10 AL I AL I DN RS I A RERURUR O R RS
o b b b b b by iy

mA,pred [GeV]
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