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Introduction

SM Higgs boson can be used as a portal to look for BSM physics
B Current constraints allows for a B(H — invisible) < 13%: Nature (2022)

B Many BSM theories allow for exotic decays of the Higgs boson to Long Live Particles (LLPs).

E BSM physics can also be found by looking at Z decays or in lepton-flavour-violation (LFV).

Presenting here the latest results about the subject:

Exotic Higgs decays to LLPs using displaced vertices (DVs):

= In the inner detector (ID): JHEP 11 (2021) 229
m In the calorimeter: JHEP 06 (2022) 005

= In the muon spectrometer (MS): Phys. Rev. D 106, (2022) 032005

m In the calorimeter and/or MS: _arXiv:2206.12181

Higgs decays to dark photons: ATLAS-CONF-2022-064
LFV in Higgs decays: ATLAS-CONF-2022-060

Exotic Z decays: ATLAS-CONF-2022-041
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https://www.nature.com/articles/s41586-022-04893-w
https://link.springer.com/article/10.1007/JHEP11(2021)229
https://link.springer.com/article/10.1007/JHEP06(2022)005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.032005
https://arxiv.org/abs/2206.12181
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-064/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-060/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-041/

Higgs decays with displaced vertices in the ID (1)

JHEP 11 (2021) 229

Signal: ZH, H — aa — bbbb
— Z — L4 provides highly efficient trigger objects.

— a decays within the ID.

Background:

B Interaction between SM particles with the detector.

B Secondary vertices originating from SM processes (i.e.

Kg — atx7).

B Vertices with random track crossings.
— Estimated with data-driven techniques using a CR.

SR:

Selection type

Requirement

Two opposite-sign, same flavour leptons
with mg, € [66, 116] GeV

Track pruning

\11}'7“\ <0.8mm
1z0¥] < 1.2mm

o (dP) < 0.1 mm

> 2 jets. o(z¥) <02 mm
= Vertex preselection | x*/npor < 3
r <300 mm
> 2 DVs 12| < 300 mm
pass material veto
— DVs reconstructed from ID tracks. Vertex selection | mu > 2

/ARy > 3 GeV
rlo(r) > 100
max(|dol) > 3 mm
AR < 0.6

Vertex selection criteria
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https://link.springer.com/article/10.1007/JHEP11(2021)229

Higgs decays with displaced vertices in the ID (1)

JHEP 11 (2021) 229

m No excess of events has been observed.

m Upper limits on the B(H — aa — bbbb) as a function of ¢7,
have been computed.

T T
E ATLAS 3 = N T 7 3
E = 3 7 k|
B 5= = + Data = = E\ ATLAS ) ]
ZEH HB T;\a/' 13916 s Bkg. prediction 3 g E\ Vs =13 TeV, 139 b // 3
B B e bEbE) = 10% m,=16GeV 5 1 A\ ZH,H - aa ]
10°f~ B(H — aa — bbbb) = m,=35GeV B © L\ ]
10 --m,=55GeV o < \\\
10° c,=10mm g ! r 1
0 2 %
B = c 107 E
1: =) F observed 1
E £ E — m,=55GeV ]
— B £ [ m.=45GeV ]
= 3 L —m,=35GeV |
a —— m, =25GeV
s L —m,=16GeV -
o
S 10™ 1 1
T 8 10? 102 10t 1
Ny, Mean proper lifetime ct, [m]

Strongest limits exclude B(H — aa — bbbb) > 4% for 1, ~ 10 — 20 mm
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Higgs decays with displaced jets in the calorimeter (I)

JHEP 06 (2022) 005

Signal: ® — ss — //f'f (me € [60, 1000] GeV) 0

B @ could be the SM Higgs boson. P

— Signal objects are narrow jets with no collinear tracks,

depositing majority of energy in HCAL.

and SM multijet.
B low-E7 BDT: per-event BDT trained to discriminate

< FATLAS —e— Main data E

Background: SM multijet, beam induced EO.lG}ﬁ:lgTe\/l 139 fb* j(Bn‘\i:wa:)a:(ZOO.So)Gev B
background (BIB), cosmic rays. §0.14f— +E;1:1rif:(‘125v55)(sev E

— Estimated using the ABCD method after the low-ET selection. g 0.12; cr=Loom é

S oo s

Signal vs Background discrimination: 0.08- E
B low-E7 NN: per-jet NN trained to tag jets as signal, BIB 0.06; é

signal against background. 0.02
O | 0
Training done after preselection: CalRatio trigger, > 2 jets, -04 —02 0 02 04
22 ARmin > 0.5 Low-E, BDT
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Higgs decays with displaced jets in the calorimeter (I1)

JHEP 06 (2022) 005

m No significant excess of events has been observed.

m Upper limits on the B(H — ss) as a function of ¢ have been
computed.

T LLEARALI B

B, . =100%

95% CL upper limiton (0 / og) * By, &

95% CL upper limiton (0 / 0g,) X By, o

,=1% 1

s 102 Brs=1% ]

E Hsmm=

F — (125,5) GeV, cry, =0.41m ]

(2015)-2016 ID+CR+MS ATLAS 10— (125,16) GeV, c1,, =058 m  ATLAS -

2016 CalRatio-only Vs =13TeV, 139 fb* E — (125,35) GeV, crg,=1.31m  V5=13TeV, 13010 3

HS (m,, m) = (125, 55) GeV —Obs. [ —(125,55) GeV,crge, =1.05m  —ops, --Exp. 4

. Cloen=105m | ®Exp.+10,20 E 10 E, ‘ ‘ ‘ .3
10 10" 1 10 107 10°? 10" 1 10

cr[m]

cr[m]

B(H — ss) > 5% are excluded for c7 between ~30 mm and ~9 m
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Higgs decays with displaced vertex in the MS (1)

Phys. Rev. D 106, (2022) 032005

Signal: ® — ss — fff'f" (me € [60, 1000] GeV)

B & could be the SM Higgs boson. &

—> Signal objects are narrow jets in the MS. P f
, ; o _i== <L i

Background: Punch-through jets, SM multijet, --esI_ f

noncolission (electronic noise in the MDT and RPC/TGC s ~c<

D
chambers, cosmic-ray muons, and BIB). ? f

— Estimated with data-driven techniques in a CR.

SR: > 2 DVs

3 1.6 T T T T e
Event passes data quality requirements and Muon Rol Cluster trigger S 14 E — Pythia multjets —&~ Ms, M, =[125.5] Gev
Event has a PV with at least two tracks with pr > 500 MeV’ 2 -+ Barrel (| <0.7) ® Daa 57 mg, m, =[125,15] GeV "
Event has at least one MS DV o o0 (125, 35] Gev . 4
MS DV is matched to the tri ‘muon-Rol cluster (AR(DV, Rol cluster) < 0.4) e Mo, M, =[125, 5] GeV
In the case of two muon-Rol clusters, the second vertex must be . 1
matched to the second cluster il JBLbbbbeblblaehlsllslslslalolsloloalalalalale alaletalalatlelarele o T
300 < myr < 3000 F g
0.8— —
Barrel Endcaps CLle |
MS DV with [7x] < 0.7 MS DV with 1.3 < || < 2.5 0 6; .
MSDV with3m < Lyy <8m  MSDV with Ly, < 10mand 5m < |L,| < I5m e . B
ngec 2 250 noe = 250 C . |
0.4 . ,
Baseline selection C o
0.2 -
Tsolation requirements Barrel Endeaps ) O S A S A T W
Isolation from high-pr tracks (pr > 5 GeV) AR > 03 AR > 0.6 O 01 02 03 04 05 O 6 07 O 8 O
Isolation from low-pr tracks (Epr(AR < 0.2)) Epr<10GeV  Epr < 10 GeV ‘et AR
Isolation from jets AR > 03 AR > 0.6 je

Vertex Isolation
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Higgs decays with displaced vertex in the MS (I1)

Phys. Rev. D 106, (2022) 032005

m No observed events for 0.32 + 0.05 expected background.

m Upper limits on the B(H — ss) as a function of ¢7s have been

1F \

s F B, =10%

[P ogas) =

% 107

3 E

o ol Bogzg) . ss = 1%

2 107k E
& E E
s [ B =01% ]
S - ozs) 20

2 10°

£ E

= [ ATLAS — Observed limit

€ 107 1 m = (12535 Gev «ae: Expected fimit

2 E : N Expected limit + 16 3
> [ =13Tev, 130 Expected limit + 2 0 |
0 107 L ,
L 10 1 10 10
0 Proper lifetime (ct,) [m]

L1F
mg ‘:
% 107 g
= E 3
o . L[ ]
= 107°E E|
o EB: E
s £ 3
3
= 10 EBogr . s = 0.1% E
3 £ il
5 qoel ATLAS ]
S 10 E Vs=13Tev, 139 fo* 3
2 [ Observed limit 1
3 10° L
O 107 - y 2
L 10 10 1 10 10
0 Proper lifetime (ct,) [m]

B(H — ss) > 1% are excluded for c7s between ~10 cm and ~20 m
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Exotic Higgs decays in the calorimeter and MS (1)

. arXiv:2206.12181
Signal:

B FRVZ: H — fyfy — 2v4 + X
B HAHM: H — 24

— Signal objects are collimated jets in the hadronic «N'k
i f ot nse
calorimeter (caloDPJs) or the MS (juDPJs). Heneeel wer
o
,
] Background: Punch-through jets, SM multijet, '
gh J 1
noncolission (electronic noise in the MDT and
RPC/TGC chambers, cosmic-ray muons, and BIB). FRVZ HAHM
— Estimated used the ABDC method.
o . - oF coF oF
<20 ATLAS Simulation : Requirement / Region SR;; SR SRZE,
3
8 sk 1 B2 Number of uDPJs 2 0 1
ff] 150F 1B Number of caloDPJs 0 2 1
é vy v 150 Tri-muon MS-only trigger yes - -
E EM £ 1
128 g 2 125 8 Muon narrow-scan trigger yes - yes
v v =
100 1 £ CalRatio trigger - yes -
100 5
75F 1 |Atcatonpss| [ns] - <25 -
sol E caloDPJ JVT - <04 -
5? W * A¢ppy >n/5 >n/5 >n/5
25F o B 3 25 e
5 5 BIB tagger score - >02 >02
87 om o8 0% 09 100 max(X pr) [GeV] <45 <45 <45
[1aco Tagger Score [1QCD tagger - >09 >09
el
FRVZ signal ggF selection

SRs: designed to target the ggF and WH
production modes.

ela Paredes On behalf of ATLAS Collal i Exotics decays of the Higgs and Z boson 9/ 20
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Exotic Higgs decays in the calorimeter and MS (lII)

d

Upper limit on B(H— 2y +X)

m No significant excess of events has been observed.

arXiv:2206.12181

m Upper limits on the B(H — 2v4) as a function of ¢7 have been computed.

Al e v an
(2

ggF selection, 2
95% CL limits
1

1
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FRVZ model

Upper limit on B(H— 27d)

o

10’4 ATLAS @ )=(125,0.017) GeV
E R m,m, )= eV 3
E Vs=13TeV, 1390 . (m: m:):(|25 0.1) GeV/ 3
g [ HAHM Model —— (my m,)=(125, 0.4) Gev b
107 E ggF selection, 21 — — (my m=(125,2) Gev =
£ 95% CL limits s (my m,) )=1|25 10) GeV 3

1 076 L 1 1
1 10 10 103 10*
ct [mm]
HAHM model

B(H — 274) > 1% excluded for m, € [0.4,2] GeV and c7 € [10, 250] mm
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Interpretation in the € vs dark photon mass plane

Vector portal coupling &

ATLAS Preliminary Vs=8-13 TeV, 20.3-139 fb*
T T

I I I
10 10 1 10
Dark Photon mass [GeV]

FRVZ model
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FRVZ Model
Ho2y #X

m, =125 GeV

90% CL observed limits

Displaced (139 fb)
s CoNF-2022-001

" Prompt (203 b%)

IHEP 02 (2016) 067

Monojet (139 fb)
ATLPHYS-PUB-2021-020
%

Non-ATLAS searches
IHEP 06 (2018) 004
Vector-Portal-only limits

arXiv:2206.12181

ATLAS

90% CL limits
HAHM Model
my=125 GeV.
H-2yy

VS=13TeV, 139 b1

|
1.0

|
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Exotics Higgs decays: comparison of difl

nt searches (I)
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1ATLAS PreIlmlnary(March 2022) 13 TeV 36- 139 fb

Exotics decays of the Higgs and Z boson

ATL-PHYS-PUB-2022-007

Hidden Sector, m, = 125 GeV
Selected ATLAS results
95% CL observed limits

Searches:

—u— Muon System (2 Vtx Only), 139 bt
arXiv:2203.00587

Muon System (1 Vtx + 2 Vtx), 36 fb*
Phys. Rev. D 99 (2019) 052005
Calorimeter, 139 fb

arXiv:2203.01009

Tracker+Muon System, 36 fb *
Phys. Rev. D 101 (2020) 052013
Tracker (LRT), 139 ot

JHEP 11 (2021) 229

. Tracker (b-tag), 36 fb™*

-.®
JHEP 10 (2018) 031

---- Monojet, 139 fb*
ATL-PHYS-PUB-2021-020

- #&-- H- inv, 7-8-13 TeV combination
ATLAS-CONF-2020-052

LLP masses:

Bsscev Wis20cev []25:35Gev

40Gev [Jascocev Jany
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Exotics Higgs decays: comparison of dif

ATL-PHYS-PUB-2022-007

1ATLAS Preliminary (March 2022) 13 TeV, 36-139 fo* Hidden Sector, m, =125 GeV
O ' ' ' ' ' ' : Selected ATLAS results
95% CL observed limits

Contributing searches:

Muon System (2 Vtx Only), 139 bt
arXiv:2203.00587
Muon System (1 Vtx + 2 Vtx), 36 fb*
Phys. Rev. D 99 (2019) 052005
Calorimeter, 139 fb
arXiv:2203.01009
Tracker+Muon System, 36 fb *
Phys. Rev. D 101 (2020) 052013
Tracker (LRT), 139 fb*
JHEP 11 (2021) 229

e Tracker (b-tag), 36 fb™*
JHEP 10 (2018) 031,
Monojet, 139 fb*
ATL-PHYS-PUB-2021-020

m H- inv, 7-8-13 TeV combination
ATLAS-CONF-2020-052

B(H- ss)

10

102

TTT |T|

Prompt

—| LLP masses:

- — Bsecev Wis20cev [1]25-35 Gev
10° 10* 10° 102 100 1 10 10
40Gev [Jascocev Jany
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Exotics Higgs decays: comparison of different searches (lll

ATL-PHYS-PUB-2022-007

ATLAS Preliminary (March 2022) 13 TeV, 11-139 fo™ Hidden Sector,m, = 125 GeV
' ' ' ' ' ] ' 95% CL observed limits
from allATLAS results

50

[ 1 B(H-ss) =10%

LLP mass [GeV]

40
B(H-ss) = 1%

30
[ 1B(H-ss)=0.1%

Contributing searches:
Muon System (2 Vtx Only), 139 bt
arXiv:2203.00587
Muon System (1 Vitx + 2 Vtx), 36 fb™
Phys. Rev. D 99 (2019) 052005
Calorimeter, 139 fb~
arxiv:2203.01009
Calorimeter, 11 fb™*
Eur. Phys. J. C 79 (2019) 481
Tracker+Muon System, 36 fb ™!

02 Phys. Rev. D 101 (2020) 05;013
1 Tracker (LRT), 139 b
JHEP 11 (2021) 229

20

10

10*  10° 102 107 1 10

o
&

1

o
A
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Higgs decays to dark photons

ATLAS-CONF-2022-064

Signal: ZH, H — vv4 2%

—Z 0t

— Undetected 4.
£ 10° EATLAS Prefiminary

Background: A
E Rtttz
B VV~: Normalised in a CR. s conm

10t Erostin

B Fake E-'r“iss, fake photons: Estimated from
data-driven techniques.

B tW~, tEy, ti, single-top, Wy, ttH(— Zv),
VH(— Z~): taken from MC. w0 =

oatskg

Analysis strategy:

B Target the signature final state: N
i OT classifer respanse
CT0T BT

B Use BDT to discriminate signal against g F
LJ k d g g =. 10[-ATLAS Preliminary —_ observed
ackground. = f5=13Tev, L =139 b - Expected
T FzHmoy
. g o o Expected + 1o
n Result: s Expected £ 20
B No significance excess of events has been %
observed. 3
8

B Massless photon: B(H — ~vv4) > 2.3% is
excluded. E

10° 1 0 o e

— CMS result: B(H — ~vvq) > 4.6% JHEP10(2019)139

ATLAS improves by a factor of 2 the results from CMS
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https://link.springer.com/article/10.1007/JHEP10(2019)139
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-064/

(1)

ATLAS-CONF-2022-060

-

LFV decays of the Higgs boson into e and u

Signal: H — eT and H — ut
Background:

T T
ATLAS Preliminary 4 os
138" =

B Z — 77, top-quark: normalised in a CR. S ATLASPro

Events / Bin

Hoer,
non-VBF, posti

B Other prompt: taken from MC.

B Misidentified: Estimated from data-driven
techniques.

d
8

Analysis strategy:

B Signal regions defined according to the 7 decay
mode and the Higgs production mode:

Data~Bkg Data / Pre

T — ¢'vio, 7 — hadrons + v, VBF and
non-VBF.

Events /Bin

B Use BDTs to separate signal from background.

B B(H — er)and B(H — p7) are fitted
simultaneously using the BDT score in the SRs
and the event yield in the CRs.

B Result:

B No significant excess of events has been
observed.

Data~Bkg Data / Pred.
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LFV decays of the Higgs boson into e and pur (I1)

ATLAS-CONF-2022-060

ATLAS Preliminary ~—— Observed ATLAS Preliminary — Observed
G=13Tev,13816° Expected Iy G-13Tev,138f" == Expecteds o
2p01 Expected:: 20 2P0l Expected: 20
Ttte VBF [ B — e = 025709 Sryette VBF | B — 1) = 020792 0
8569 EEte]
T il B~ e =008 Pl il Bt w0 200750
8369 269
ety non-VBE : N o109 ety on-VBE ' -
8263 | B0 =0a8y P il B ) 010575
€Ty, NON-VBF| Py = 0,040 €Tyogt T, NON-VBF| B o) = 011007
85y B~ e9 =004 770 o3 | BH = 4) = 0117
Tt il | Bt e =0143% ) | B+ 02675
0.27 (obs) 0.29 (obs)
s il B en) = 0,035 % s il BH 1) = 0,095 %
i ]
evhue : evhue : apo
3BEY H:“\H‘mH\Hmuma‘m‘:?‘)‘:‘u‘m\‘“ﬁ% 8%EY ‘:‘“\‘H\Hm"mu‘\B‘(ﬁ“‘\")"‘u‘]?"?ﬂwﬁ
X 12 14 16 02 04 06 08 1 12 14 16
95% CL upper limit on B(H — et) in % 95% CL upper limit on B(H — yiv) in %
e 03 T T T T T
i E ATLAS Preliminary Dleswct
= E v, Deewce. X
5 025F Vs=13TeV, 1381b X Best it m Results improved by a factor of up to 2.4 (1.5) the
Iy "M E limits for H — e (H — p7) decay from previous
% E ATLAS results ( Phys. Lett. B 800 (2020) 135069).
015 F E
F m  Expected sensitivity for H — er (H — p7) signal
01F E improved by a factor of about 3.1 (4.1).
0.05 - -
oF x E
005 Bl Results compatible with the SM within 2.20

0
-0.1 -0.05 0 005 01 015 02 025 03
B(H —er)in%
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https://www.sciencedirect.com/science/article/pii/S0370269319307919?via%3Dihub
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Exotics decays of the Z boson (1)

ATLAS-CONF-2022-041
Signal: pp — Z'pup — 4p
— Can address the observed muon g — 2 anomanly
Background:

B SM Z(Z*): normalised in a CR.
B Other SM prompt: taken from MC.

B Reducible: Estimated from data-driven
techniques.

Everss 108 Gev

Analysis strategy:

ot it Lhm 1 PR A SO E4)
ot WIGTHHIRT Y P ¢ ot mmv vrvr pAkikah il
aloo e

B Select events with 4p, my,, € [80, 180] GeV,
excluding my,, € [110, 130] GeV.

Dua/aig

B Use a deep learning approach to separate signal

from background. 10!

g ATLAS Preliminary
B mz, and myz, are scanned looking for an 8 Ve 13TeV, 1391671
excess. o m A
o
s g for iy > 42 GeV, g or R A
oy 23 G SRR

A Result: o \\/

B No significant excess of events has been 10 L
observed. myz [GeV]

Highest local significance 2.650 (global: 0.520)
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Exotics decays of the Z boson (1)

ATLAS-CONF-2022-041

102
—— Observed
————— E
ATLAS Preliminary xpected
Vs 13 TeV, 139 o-! Expected +10
Expected +20 o))

ATLAS Preliminary
Vs=13TeV, 139b"

101

=

95% CL limits on o(pp — Z'pp — 4p) [fb]
=

10 20 30 40 50 60 70
mz [GeV]
102
o 10' L [ e ATLAS exp.
s | —— Observed ATLAS ob
e L SR obs.
H ATLAS Preliminary i Expected ) )
S jol VS= 13TeV, 139" ' Expected £10 —— Neutrino Trident
o ' Expected +20 ..
2 ' —— Bs mixing
o i
i ,
1o ! 107 102 108
1 mz [GeV]
i
102 Gap allowed to explain the LHCb b — su™ ™

pp— Z'up—4p

i BR@Z — py) = 1/3 anomaly largely excluded by ATLAS
10330 40 5060 70
mz [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-041/

m ATLAS searches for LLP from Higgs boson decays are
complementary

— Together, they provide coverage of ¢t values extending from
effectively prompt to ~ 200 m

m No evidence for exotic decays of the Higgs and Z boson has been
found.

m Sensitivity has improved significantly with respect to the latest
results due to the enlarged dataset and new analysis techniques.

m Still a lot of work to be done...

Waiting for more data from the LHC Run 3!
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Summary of LLP lifetimes from exotic Higgs decays

excluded at the 95% CL

ATLAS Long-lived Particle Searches* - 95% CL Exclusion
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Exotics Higgs decays in the calorimeter and MS

m No significant excess of events has been observed.

m Upper limits on the B(H — 2v4) as a function of ¢7 have been computed.
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