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Introduction

ATLAS, Nature 607, 52 (2022)

e Higgs measurements today:

. . 5 g e e
— Main production and decay modes observed 3§ [™ ATLAS Run2 1 *¢ =
. I e 1 okl _ . ATLASRun2 ]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/

Non-SM decays of the Higgs boson

« Example of non-SM Higgs decays: H— aa: BR(a—xx)
10°F T T L
SM e T b
<: ML} ,
H 9 SM ot | {
------ < S :
d\ SM RT3 | 4 b
<: g 99
SM vy
10731 : TR = uu +dd +ss
— Inspired by 2HDM+S, which introduces a mediator in a light singlet N vy
D R
(pseudo)scalar < 10—
— Inherits Yukawa-like couplings from mixing with the Higgs doublets N m; [GeV]
— Couplings proportional to mass. Large BR to b’s and 1’s o 108 BR(H—>aal—>xx] VY). -
— Many analyses have already been performed (see ATL-PHYS-PUB- ; — 4
2021-008) o PSR P SN— |
I; ; 2c2t
x / & 00 ] - 4t
 In this talk, will describe recent analyses of full Run 2: St | ag
— Haa—yyyy o < | - o
— H—ZaZyy See also Shigeki Hirose’s I : ) P
— H—Dy talk on Monday VD e
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-008/
https://arxiv.org/pdf/1312.4992.pdf

Search for H—»aa—4y - introduction

arXiv:2312.03306 (Dec 2023)

Higgs-production mechanisms Higgs decay

* Introduction: ¥
— Probe Higgs decays into 2 axion-like particles (ALP) { ,<

— Model could explain the (g-2), discrepancy no K

— First time long-lived decays are explored

¢ Signature kinematics:
— Dependent on m(a) and C,,, coupling:
* Low m(a) : collimated yy reconstructed as one y

* Small C,,, : displaced vertices

« Analysis strategy: Real vs Fake photons NN output Single vs merged y 's NN output
@ 1.2y HARE RN R AR IREARARERN IRERRS' o 05p— T T T

— 2y triggers and various dedicated NNs used: e ﬁﬂﬁﬁf\, — 108 ost ?}gﬂfvsmlgg;ggr _;

. f . t f k h t s 1~ Real vs. Fake Photons B 5 0.4 Single vs. Merged Photons =

Single Photons (H— 1v) - r Merged Photons (H— aa, m_=0.5 GeV, C__=1) 3

or rejecting fake photons S ol gearbouna i 1060 Ot B 0%t s mnomionn E

* to classify single and merged y’s g R s P st e 1 8 03 g snerenrom 3

.. . 06 - — 251 =

* to select the correct y pairing in 3S, 4S ] 0022; E

— Signal regions for single (S) and merged (M) y’s: i | E 015t :
B 0.1
« >2y:2S, 1S1M, 2M, 35, 4S & | E

L S R R Y- I Y oglzl ﬁ1 0 : rREErT R

N E E - B A - 3 - 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Neural network output Neural network output
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https://arxiv.org/abs/2312.03306

Search for H—aa—4y —analysis

e Search for prompt decays:
— Only considered for m(a) > 5 GeV and used only 4S
— Selection:

e Search for long-lived decays:
— m(a) < 3.5 GeV: 2S, 1M1S, 2M are most sensitive
— m(a) > 3.5 GeV: 3§, 4S are the most sensitive

— Data-driven background using sideband fits in the SR w/
m(a)-dependent sel. in m,, < of all y‘s and m_re«

— Fit of m;, e°

* Strict requirements on PID to reject fake photons

* Tight selection around m, %, m(a)-dep. for m_rec
— Data-driven background 2D area-scaling sideband yields
— Single bin fit in the m;,"*“° versus m " plane

m;, "¢ in the 4S region

m,,,/%° vs m " in the 4S , region
3.5GeV <m(a)< 10 GeV

m;, "¢ in the 2M region

x10°
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Search for H—aa—4y —analysis

e Search for long-lived decays:
— m(a) < 3.5 GeV: 2S, 1M1S, 2M are most sensitive
— m(a) > 3.5 GeV: 3§, 4S are the most sensitive

— Data-driven background using sideband fits in the SR w/
m(a)-dependent sel. in m,, < of all y‘s and m_re«

— Fit of m;, e°

e Search for prompt decays:
— Only considered for m(a) > 5 GeV and used only 4S
— Selection:
* Strict requirements on PID to reject fake photons
* Tight selection around m, %, m(a)-dep. for m_rec
— Data-driven background 2D area-scaling sideband yields
— Single bin fit in the m;,"*“° versus m " plane

Number of data and estimated background events in the signal regions

[

107 ATLAS H
Vs=13 TeV, 140 fb™ '

10° I !

- a long-lived E prompt

10*

Number of Events
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6 June 2024 Imma Riu (IFAE Barcelona)

Exotic Higgs Decays with ATLAS

¢ Data
= Bkg. Estimate and Uncertainty

H-yy

LHCP conference



Upper limit on B(H — aa —4y)

Search for H—»aa—4y - results

Upper limits on BR(H—aa—4y) provided depending on C,,, : more stringent than previous results

<0< Upper limits for prompt ALPs
= 008F T T T T T T T
"F F ATLAS — observed 3
o 907E {5-13TeV, 140 b’ - expected
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m(a) versus C,,, exclusion contours

ATLAS ]
10'E V5 =13TeV, 140 o™, H» aa - y
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Excluded much of the remaining parameter space
that could explain the (g-2), discrepancy
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Search for H—Za, a—yy

Phys. Lett. B 848 (2024) (Dec 2023)

e Introduction:
— Studied ggF and VBF production modes (separately)

— Search for new resonances with leptonic Z decay

e Analysis strategy:

)

— strategy

— Split into two regimes, based on the angular separation of the photons

» Resolved category — m(a) > 2 GeV:

— 22y

— 0.96 < AR(yy) py7/ (2m™) < 1.2
— 90% Z+jets, 10% Z+y

» Merged category —m(a) < 2 GeV:

— Showers reconstructed as a single y

— 110 < m(Zy) < 130 GeV

- E

ratio

> 0.8 (discriminates y and jets)

— 25% Z+jets, 75% Z+y
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-09/

Search for H—Za, a—yy — analysis

» Resolved category: e Merged category:
— Data-driven background parameterized with — Background estimated from simulation with shapes
an analytic function derived in a CR corrections derived from a CR
— Fit of the m(yy) invariant mass distribution — Fit of the AR(Zy) in the SR
Invariant mass m(yy) Angular distance AR(Zy)
rrrrrrTrTrr T T T T T T T T T T : LN L L DL AL DL L I AL AL AL L B
3 : ATLAS ¢ data Sgo00E- ATLAS ) D
~ 10°E f (s=18Tev139f6" oo Do, S 13 TeV. 1000 e 2™
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a [ : (57000 S‘gnaf'_ rgion T e Egi?'é Gevia x 10
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$ 1o 6000 P
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Search for H—Za, a—yy — results

e Results:  Interpretation in the context of Axion-Like Particles:
— Broad range of m(a) covered: from 0.1 to 33 GeV — Sensitivity to short-lived axions
— Upper Limits on BR(H—Za, a—yy) : “1%/<0.1% — Very complementary to existing bounds
Upper limits BR(H—Za, a—yy) versus m(a) m(a) versus C,, exclusion contours
’; gl T T T T T TTT | T T T T T TTT | T I7 — ]‘025 7’ V777
. L i - £ LEP a
| ATLAS —— observed 1 |> ’
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N C 7 ~ .
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= ) |
m 10 E 10-1L o ATLAS |
S ] N / V5=13TeV,1391b ! ]
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2 i %, - H—Za ]
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= 430 g
1 10 = [
(@) C ; F |Can| /A = 0.4 TeV!

B e [Cznl/A=03TeV" o
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Higgs decays to flavoured mesons — introduction

arXiv:2402.18731 (Feb 2024)

« Introduction: Flavour-changing H—cu decay SM decay
— Radiative Higgs decays to flavoured mesons can probe o D*0
flavor changing Yukawa interactions
— Examples are H—=(K™0, D, B*0, B,"0) y H
— H—D™% is interesting as BR ~O(10?’) inthesm@ c
— Almost all D™ decay to D%t or D% ¢
* Target the decay D°—K*n~ (BR ~4%) ﬁHL
PN
e Analysis:
— Full decay chain: H*D* 0y DOy y =Kty v
— Two isolated tracks recoiling against an isolation photon H Do K*
* No attempt to reconstruct the soft photon AL AS e <
— Used dedicated triggers requiring two tracks and a specific <Bycr>lm'n -

range of its invariant mass

— Exploited displaced meson decay vertex to reduce
backgrounds
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https://arxiv.org/abs/2402.18731

H—D™y analysis — results

e Background: e Fit:
— Dominated by y+jet and multi-jet processes — Signal extracted with a likelihood fit to m,,
— Used data-driven finely binned Higgs mass templates — Background modelling uncertainties dominant
Invariant mass of the Higgs, m(Kry), for signal Post-fit invariant mass of the Higgs
> —_l LI ‘ L | LI ‘ T T 171 | L ‘ T 1 1 \_— > [ T T | T T T T T T T T T T T T T T T T T T ™
& 2-4; ATLAS Simulation ~~ H— Dy 1 G 200 (D*/D%)y Analysis  ATLAS E
o 22F fs=13TeV, 136.3 10 ¢ Simulated Events? © g0 Post-Fit {s=13TeV, 1363 fo" 3
5 2.0 _ inal Fi . 2 F ¢ Data =
S 1 8i Analytical Fi = § 1601 = Background Fit +i1c
8 -Of | W 440 [ Background s
£ e 3 s [ 1B(H-D*)=1.0x10° 7
% 1.4F E 1201 []B(Z-D)=4.0x10°
c . F - 100F- =
8 1.2;— E = =
g ; ] E
< 0.8 E E
0.6F = E
0.4F E .
0.2 E P

0_ Goecsseses e b g o & ”””””””””””””

105 110 115 120 125 130 135 Y S AR AL
a 50 300

My, [GeV] My, [GEV]
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H—D™y analysis — limits

ATL-PHYS-PUB-2023-004

Upper limits on BR(H—meson + )

. . . ae HoD* " 13§jf4b'2"lwl 7]

Search limited by statistics PPV ATLAS Preliminary _ Ml e
HoKY - Vs=13TeV ol: g?a4a:?czoza:wsazgz T
Channel Mass range  Observed (Expected)  H signal Al S o 8950 e
[GeV] background B=10"3 Hopy | oot d:2 b 323" |

H — D*y  116-126 203 (214.8 +5.5) 254 +20 peeees o - T
H%QY B © Observed Eo J3H5E'901?b-2015: 127 1
— H B : 139" N

95% CL upper Ilmlt _>‘J'I\IJY .k’ EPJC.ES\LOEJJ’&
is 139 fb"
Expected Observed H_”‘V(ES)Y B ) Eo EPJC 83 (2023) 781 1
B(H—D*%) | (1.2193) x107* | 1.0 x 107? H-Y(1S)y |- B :
B(Z— D) | (3.4%}%) x107° | 4.0 x 10~° HoY(2S)y |- - -
B(Z— K2v) | (3.0°53) x107° | 3.1 x 107° H-Y(3S)y | - R . -
107 10® 10° 10* 10° 107 10

95% CL Upper Limit on Branching Fraction

The analysis includes a search for Z—D% and Z—K°y decays, improving the LHC-b limit
Complementary to an extensive programme of H and W/Z boson exclusive decays in ATLAS
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-004/

Search for dark photons : H—yy,

ZH production VBF production
q

¢ Introduction:
— Dark Higgs Vector Portal:
* U(1) gauge boson: visible photon, y

* U(1), gauge boson: massive (or massless)
dark photon, v,

Ya

— Search for dark photons y, from Higgs boson

d i i ducti d 1 ss) di
ecays invariotis production modes Post-fit BDT distribution for the SR Post-fit m(y, E;™*) distr. for the SR

EATLAS

L4 Analyses: H Eﬁ:ﬂi TeV,L:1‘39 fo! % ATLAS I ;Jasr-ﬁlr PR &Uncedam‘!y
. , ee+pup, Post-fit 0] gR n‘%(T;.?V 13)9fb1 EW Z+y W strong Z4y
— ZH production (JHEP 07 (2023) 133) W W 8 10 W m
© i | t d d E miss 525‘1\:'};2“5“ :IE:E::J:‘WGEV -;3 E:;sca 20.02) 11 l.:ls:;(a ~001)
ee or i, one isolated y and E; Fae g
) ]
* Fake E;™** (from data) &
10
* Top, ey, VVy (from CRs in the fit)
* BDT response as discriminant (L] anaaananaanans
: g - S —
— VBF production (EPJ. C 82 (2022) 105) S 1sp s 8 o S BT NS e
) ) . 8 2% ¥ T -.-DataFBkg \Uncerlamty — Pre-/ Pnst fit == I+S|gnaItBkg ]
o E_ Miss ] i 0.5L5.
ET ’ 2 VBF Jets’ one ISOlated y 0.55— S e /ff 0 50 10{] 150 200 250 300 350 400 450 500
* Wy+jets, Zy+jets (from CRs in the fit) 00T 0203 04 05 06 07 08 09 1 my [GeV]

BDT classifier response

* Fit of my(y, E;/™=%) as discriminant

6 June 2024 Imma Riu (IFAE Barcelona) Exotic Higgs Decays with ATLAS LHCP conference


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/

Combination of ZH and VBF H— yy,

arXiv:2406.01656 (Jun 2024)

Combination of the ZH and VBF channels has been performed and is shown at LHCP for the first time

BR(H—vyvy4) upper limits per channel & combined

ZH channel

VBF channel

Combined

ATLAS

Vs =13 TeV, 139 fb-!
SM H-yyy

—e— Observed limit (95% CL)
Expected limit (95% CL)
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0.75F /! G
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[ ATLAS meas: B
0.65F my, = 125 GeV, x = +1 3

0.6-
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ay

- Hayrd Observed 95% CL

VBF-ZH combination

H—inv Observed 95% CL

PLB 842 (2023) 137963

H—yy ATLAS measurement

+0.022,
BR(H 55—77) = 0.2477 (220,

Nature 607 (2022) 52

H—yy SM prediction
" BR(Hp5—77) = 0.227%

arXiv:1610.07922

Interpretation in a minimal simplified model consisting of one left-doublet and one right-singlet of the SU(2),
Partly excluding phase space in the 2D Plane of the mixing parameter § versus the fine structure constant o
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http://www.arxiv.org/abs/2406.01656

Summary and conclusions

Using the full Run 2 data, we continue exploring exotic decays of the Higgs boson probing new
phase spaces

Shown in this talk:

— Recent searches for Axion-Like-Particles including long-lived decays
— Recent searches for flavour-changing decays of the Higgs boson

— Combination of searches for dark photons

More analyses using the full Run 2 data together with Run 3 data are to be expected in the
near future
— New production and decay channels will become available

Stay tuned!

THANK YOU!
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H—aa searches — summary plots

ATL-PHYS-PUB-2021-008 (Mar 2021)

arXiv:1312.4992
Limits on BR(H—aa) assuming a particular 2HDM+S model predicting BR(aa—xx yy) arXiv:1802.02156
Limits on BR(H—aa) versus m(a) Limits on BR(H—aa) as a function of tanf
— 107 T T T T T T TT T T T .. = 104: T . .
s . ' ATLAS Preliminary 8 ATLAS Preliminary
1 10 March 2021 T F March 2021
= 10° Run 1: 15 = 8 TeV = Run 1: {5 = & TeV
e« . Run 2: {5 = 13 TeV & 10F Run 2: {5 = 13 TeV
:|:>|( s 2HDM+S Type-II1, tanp = 2 I>|< s F 2HDM+S Type-III, m_ =40 GeV
®10 ol
bcb ) === expected t 1o Eb e === expected +1c
o 10 observed S 10°E observed
3 E
o 10 Run 1203 fb" Hs aa—s ppee (@] C Run 1203 f”" Ho aa—s pute
&y 32 i
'é;’ Run120.3fb” H- aa— yyyy g 10 E __ Run236.1fb" H- aa— bbbb
10” 3
102 Run 2 36.1 fb™" H— aa— puup E Run 2139 fb™' H— aa—s bbup
10° ____ Run236.1fb" H- aa— bbbb 1 _____ Run236.11fb" Hoaa— pupp
10 — Run236.1fb" H aa— bbbb E -----
10° ! Lo
Run 2 36.7 fb' H— aa— yygg 107E
10° =
1 0.5

Run 2 139 fb™' H— aa—s bbup

m, [GeV]
Nice complementarity of searches, probing different tanp phase space
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