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@ Introduction

EXPERIMENT _ 15
. . . a3 ATLAS Preliminary — H— vy
* It has been almost |0 years since the discovery of the Higgs boson Y 21250 G0, [ < 25 ez
Psu = 66% — o
at the LHC © 10 - H— 77 g
— Combined <
: : : n
* ATLAS and CMS have discovered (>50) all main production z
@
processes and decay channels: > )
-
=
o . <
* Coupling to bosons and 3rd gen. fermions
0 — 68% CL == 95% CL =Best Fit @ SM 68% CL
* Used in differential measurements (e.g. STXS) 0 20 40 60 80 100
UggF [pb]
* Searches for decays to 2nd generation fermions and other rare A AR R
. . ATLAS Preliminary ——Total | Stat. == Syst. 1 SM
decays already show impressive results 2500 GaV b, <23
agF vy ot 1.03 +o11( +oos, T9%)
goF ZZ u:4 0.94 +§ié( £040, +0.04)
* ATLAS has an extensive program of searches for BSM Higgs decays: F e |
ggF comb. I 1.00 +007( +005, +0.05) o
o ) TEE T g
* Couplings to BSM can increase the decay rate to final states v PEE -
otherwise suppressed in SM R TS
(NN
: vHbb e e 9 eon, 9 [ O
* Constraint on Br(H—undetected) < 16% (95% CL) from the i w il Bl 3
Higgs combination measurement - lots of ‘space’ for new physics! VA e o am |
| MHrH bb We==e=t 079 Tog( xom, g, 5
ttH+tH comb. = 110 0% ( 015, Toms)
L1 1 | L1 1 | I | I | L1 1 l

|
—2 0 2 4 6 8
3 c x B normalized to SM


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-43/

@ Search for H — [ly in ATLAS

EXPERIMENT

o The H = lly (I = e or u) with m;< 30 GeV L
I dq2 Total
» to suppress H — Zy contribution tzzzx
, , , , 0001 R ©
* This region is completely dominated by the decay =
through y*:arXiv:1211.6058 S
N
* The contributions of the other processes and E
interferences are negligible I
* These searches are statistically limited e g [Gev)

Loop induced

G. Pezzullo (Yale University) 5 LLWI2022 - February 24 2022


https://arxiv.org/abs/1211.6058
https://link-springer-com.ezproxy.cern.ch/content/pdf/10.1007/JHEP05(2013)061.pdf

o9 Search for H — lly in ATLAS: fit model

EXPERIMENT

 Fit to the invariant mass m;, in [110, 160] GeV R v/ — S S
Y © {1200+ ATLAS -- Bkg (ExpPoly?2) _ [ - -- Bkg .
((\51 " Vs=13TeV, 1391 — Bkg+Sig (u=1.5) ] (\5 o5t Bkg + H—s vy ]
Ny [y low-p_ ¢ Data ] 1) — Bkg+H— vy + Sig (u=1.5) ]
¢ J/l// —> ll veto: 2 9(2 5) ,u(ee) 3 3(3 5) GeV g1000: < 20:_ ¢ data
S 800 1 ¢ T
L R C
« Y(nS) — llveto:9.1(8.0)<m,,,,<10.6(11.0) GeV A5
10 o\
* Nine categories based on lepton flavor and event kinematics (cluster 50 & 13 TeV, 130 1 4 <
tOPOIOgy and th ) - In(1+ S/ By) weighted sum - 8
ll}/ A A g
=|p; xt] =
= (_’” _’y)/ | P =Pt S
110115 120 125 130 135 140 145 150 155 160 110115 120 125 130 135 140 145 150 155 160 =~
. . . . m,, [GeV] m,, [GeV] O
* The signal is modeled by a double-sided Crystal Ball function o
: : : : N 0
* The background is modeled in each category with a different Category Bvents S0 By  Buoyy Joolel Zoo ™
- - - - - lved VBF-enriched 10 04 1.6 0009 20 03 *
functional form: exponential, exponential polynomial functions, a ee resolve ' ' ' S
| f tion ee merged VBF-enriched 15 0.8 2.0 0.07 27 0.5
power-law Tunctions 1111 VBF-enriched 33 13 5.9 _ 8 0.5 ¢
. : . ee resolved high-pt; 86 1.1 12 0.02 9 0.3 >
The dominant part of the background originates from non-resonant ¢e merged high-pr, 62 25 9 0.2 1 06 &
[ly processes and events with mis-identified photons pp high-pr, 210 40 34 - 11 0.7
ee resolved low-pry; 3713 22 729 0.5 2.9 0.8
* The template for the non-resonant is built from MC events ee merged low-pr 5103 29 942 2 3.0 1.0
ppt low-pr; o813 61 1750 - 3.4 1.4

* For events with misidentified objects, they are obtained from
background-dominated control regions


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-43/

A@)S Search for H — [ly in ATLAS: results

EXPERIMENT

e Full Run 2 ATLAS result:

* Observed (expected) significance of 3.2 0 (2.1 0 expected) with the B-only hypothesis

e Production cross-section x Br(H — lly) for m;, < 30 GeV is 8.712° fb

—2.7
1 T T T ] T ]
ee resolved channels 5‘ ATLAS
| _ -1
ee merged channels —e- [s=13TeV, 139 b
! -o- Total unc.
A
pp channels . m Syst.only | 3
i 3
VBF-enriched channels ! = —
| QA
High-p_ channels E . §—
Low-p_ channels * ;
ee channels -9- 3
| 2
uir channels | T o
I_IIAI’Y ’.Y%.lly. gIIOb.aI Tlt ! I : I. I I I

4 2 0 5 4 6


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-43/

A@ Search for H — Zy in ATLAS: result
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 Full Run 2 ATLAS result:

* Observed (expected) significance of 2.2 0 (|.2 0 expected) with the B-only hypothesis

o Best-fit of the H — Zy (w.r.t. the SM prediction) of 2.OJ_F(1):8

Category u Significance N
VBF-enriched ~ 0.5719 (1.029)  03(0.6) 3
High relative pr 1.6/ (1.07:)) 1.0 (0.6) 1’;}‘
High pr; ee 4759103 1704 T
Low pr; ee 3.9t§:§ (I.Ofg:g) 1.5(0.4) g
High pr, pu 2.93:% (1.03:?) 1.0 (0.4) E,.
Low pr, uu 0.830(1.073%  0.3(04) %
Combined 2.031):8 (l.OJ_rg:g) 2.2(1.2) 0
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Search for H — Iz (I=e or p) in ATLAS BB

Similar final states as in H — 77

Two decay modes: [7;,  and [z (I # )

Events / 5 GeV

The main backgrounds are: Z — 77, Top
processes, W+ijets and QCD

Two categories per decay-mode:VBF and

non-VBF

Data / Pred.

BDT to discriminate signal from background

l Thad
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o o o
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o o o
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- ATLAS

- LFV ut
n T non-VBF

- {s=13TeV, 36.1 b

| | —
4-Data [ |Sig.(B=1%)x10 1
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Top [ Other
77 Uncert.
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https://cds.cern.ch/record/2682637/plots

@ H — l[z: Zee background in ez, 4
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* For the H — ety  case,additional Z — ee background with electron mis-identified as 7; 4

> —lll'llllllllllll'lllllll- S E'lllllllll'llllIlllIlllllllll'lllllllllg
8 o000l ATLAS 4-Data [ ]Sig.(B=1%)x10 - S = ATLAS 4-Data | ]Sig.(B=1%)x10 -
© - {s=13TeV,36.1 0" wMisiD [z s 10 \s=13TeV,36.110"  MisiD [zt -
~ — . = E — E
2 - LFVer Uar WTop  Zoee(dd) 2 F LFV er . WTop  Zoee(dd) -
et, . non- ) et, . non- )
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A@ Search for H — [t (I=e or p) in ATLAS: results
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 95% C.L.limits on B(H — et) and B(H — ur)
. Bestfit: (0.15" 18) for H — et, and (—0.22 £ 0.19)% for H — ur

| L I T 1 1 1 I | I I T I o I | | L I T 1 1 1 I | I l T I L I |
ATLAS — Observed ATLAS — Observed
Vs =13TeV,36.1fb" === Expected + 1o {s=13TeV,36.1fb" == Expected + 1o
Expected + 2¢ Expected + 2¢

et, VBF . ~ +1.72 ut_ VBF . ~ +0.89 o))

1.;9 (exp) i | K= 0.07 1.24 1.64 (exp) | - = -1 28 -0.89 O

1.69 (obs) : 1.08 (obs) J 8
™

et 4 VBF : - +0.60 ut  VBF o +0.58 -

0.97 (exp) I . w=-035 -0.58 O.S')‘g?exp) E w=-0.09 .0.58 ol

0.84 (obs) - 0.94 (obs) N
o

et, hon-VBF : 0.31 HT_ non-VBF -~ 0.35 q

0g1 (exp) - I =025 43 0.72 (exp) l - n=-0.24 o

0.80 (obs) 0.57 (obs) o
(0 0)

et, ., hon-VBF B 0.33 ut  non-VBF ~ 0.31 m

0.65 (exp : | n=042 0.32 0.5h7adexp |' u=-0.21 0.32 .

L0 (008 ) L e e e e e e L o e =
()

et 0.31 HT_ ~ 0.31 1

08 () | i=03077 0% (oo | i i--038"% y

0.81 (obs) 0.44 (obs) E'

ethad 0.27 Ut ~ 0.23

i L=0.23 iy, T E i=-00772 o

gy | o R e | Be00s

e i| 0.47 (0.34)% i=0157"" o i 0.28(0.37)% =022

0.34 (exp H 0.17 0.37 (exp - -0.19
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95% CL upper limit on B(H — et) in %
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A@ Search for H — [z (I=e or y) in ATLAS:Yukawa couplings
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: : .. 87 B(H — I7)
» Constraints on Y, more stringent then indirect searches: | Y, |°+|Y,|* = (

—o1 0—1
>P

—::.1 0—1
>_p

1072

Phys. Lett. B 800 (2020) 135069
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) Summary

L
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* Rare and LFV Higgs decay searches with the ATLAS detector were presented

* Powerful tests to search for BSM

 First evidence (3.2 0) of H — [ly for m;< 30 GeV was reported
* High-mass H - Zyat2.20

* LFV search for H — It (I=e or u) using 36.1 fb-! was also presented
* Tighter constraints to ¥,  compared to indirect searches

» Searches for the rare/LFV H — ee/eu decays are also performed with no significant

deviations from the SM found

13
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Search for H — [ly in ATLAS

Run: 339387
Event: 812083095

EXPERIMENT

2017-10-28 09:47:43 CEST

.

“Candidate H — [ly event from
the ee VBF-enriched category

|5

. Lett. B 819 (2021) 136412

Phys
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@ Crystal Ball function

EXPERIMENT

* Probability density function consisting of a Gaussian core and a power-law tail(s)

L—L

=2
exp( 2;) ), for > —«

f(x;a,n,z,0) = N - ) )
A-(B——)", for — < -«

o
=)
o

frystal Ban(X)

O
o
I

III|IIII|IIII|IIII|IIIIIIII

0.03

0.02
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@ Search for H — Zy in ATLAS

|7

ATLAS
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Run: 359678
Event: 1771675269
2018-09-02 06:06:47 CEST

Candidate H — Zy event from
the VBF category, mjj = 965 GeV




@)S Search for H — Zy in ATLAS
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« SM H — Zy decay through loop diagrams

. _ _3 S AT ek
Br(H — Zy) = (1.54 £0.09) x 10 s - ;
+7— . . . Lo 8 WW ‘gig”
» H— Zy,Z — ["]" signature is more difficult to produce 5, .~ BE
C ‘
than H — yy, but it almost no QCD background g b : (;5
:CE\——S
* Sensitive to BSM contributions: 102 2 -
- T
. ST . . - 1Y
Composite-Higgs: arXiv:1308.26/76 : %
: : 10°5 7 Br(H — Zy) ~ 0.15 % E
* Singlet scalars: arXiv:1105.4587 : Y Br(Z — ll) ~ 6.7%
B B - Uy
l Y2 l 10720 [1'511 '1';2' [1'2|él '1'2|4'1' '1'2|él '1'2|é' '1'2|'7' '1'2|é' '1'2|é' 130
v Z* M [GeV]
g o I+
14
v Y Y Y

|18


https://arxiv.org/abs/1308.2676
https://arxiv.org/abs/1105.4587
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG#Production_cross_sections_and_de

A@)S Search for H — Zy in ATLAS: analysis
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o H— Z( — ll)y (I = e or u) advantages
* Efficiently triggered

72 LI B L B AL L L L B BN LN

. . . g - o Data -

 Good invariant mass resolution o 4500: A\FTE?;‘ST U 130 f, M 2y (VBS)

3] 4000} NS>_2 |Ae| L, W Z:ets =
. = - 2 &, [AT).| > Y 3 3
* Relatively small background 3500F I VBF El-
3000 e ggF 1
* Six categories orthogonal to each other based 2500 | 8
on lepton flavor and event kinematics (using pr,) 2000 ] =
1500E 2 =
A BDT is trained to separate the VBF signal 1000588 ERE:
- 00R"  “ifie. EN

from other production modes and backgrounds >0g R e

-1 -0.8-0.6-04-02 0 02 04 06 0.8 1

pr,= P X ] VBF BDT Score

= (Pl - _’y)/l_’” 7

19
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A@ Search for H — Zy in ATLAS: fit model
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|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

> - SR ~ Data ~
»  Fit to the invariant mass m,, in [105, 160] GeV & # {15, wu 8o = & 0 S0 won - Blgunar
% 20:— VBF-enriched oot 1= 27 SM 20 7 % EHighreIativep? L A 2y MX2OZ <
a EIL ;
* The signal mass distribution is modeled by a N I . 5
double-sided Crystal Ball function | 1 S
20 S
: || CD
* The background is modeled using a template = T S i I
. . s 0 T g 0 W
that is constructed from the simulated Zy and & sl il o iy S 0Lt 13°+14°+m1[é%w £
electroweak Zyjj events,and a Z+jets > T atias :
© 80F (s =13 TeV, 139 fo E
contribution derived from data £ s I1aS/Be) wekhisdsum | 3
e T i
* Each category uses a different functional S Ry El-
form: Bernstein polynomials, exponential H g El:

. . 40F- ig+ i mn
polynomial functions, a sum of power - :
functions @ g

= - -
N
115 120 125 130 135 140 _ 145

m, [GeV]

20


http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/

@ Search for H — ee/eu in ATLAS

EXPERIMENT

o« Br(H — ee) = Gymym?>/ (4\/57:1” )R 5%x 1077

* Far below the sensitivity of the LHC
 The LFV H — eu decay is heavily constrained by indirect search (¢ — ey)

» BUT indirect constraints assume SM values for the ¥, and ¥,
» The 1 — eu search allows to constrain ¥, directly

* The signal is separated from the background by identifying a peak in the distribution of m,
* Backgrounds:

* For H — ee, the main contributions come from DYee, 1 and Diboson

* For H — eu, the main contribution comes from Z/y * — 11,

21



A@)S Search for H — ee/eu in ATLAS: fit model
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* Fit to the invariant mass m;; in [1 10, 160] GeV
* The dataset is split in 7(8) categories for the ee (ey) channel
* Signal modeled by the sum of a Crystal Ball and a Gaussian distribution

* Background modeled by a Bernstein polynomial of degree two with category-dependent parameters

S 100 T e e = s 700 e -
% ~ ATLAS (s =13 TeV, 139 fo”" ] o - ATLAS (s =13TeV, 139" 3
— B _ ~ 600 ]
8 80 ¢ Data _ 3 - ¢ Data s
£ — Background model _ £ 500 —— Background model —
LL] i _ LL] .
— Signal B(H— ee)=2% = — Signal B(H— eu)=0.05% 7 o
60— — 400F 3
i _ - 3
40 300E g
200F |
20 u o
i 100f -
o:-- o g
@
>
| +: | 20
o 0] il 2 SR A AR ¢ 7 37 St 208 £ A0RFYNL T oo QM |-Pg0-¢- 91 I0I0LL - Pogl-o-l-
o B @© 20
O - + H 0 40
=500[ Lo o ? 60
110 115 120 125 130 135 140 145 150 155 160 110 115 120 125 130 135 140 145 150 155 160

Meo [GEV] 22 My, [GeV]


http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-58/
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ATLAS
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* No evidence of the H — ee decay is observed
* Best-fit: Br(H — ee) = (0.0x1.7(stat)£0.6(syst))x 104

* No excess observed for H — eu, 95% CL limit is

Br(H — en)<6.1 X 107 (5.8 X 107> expected)

ey

et

Ut

ATLAS
Vs = 13 TeV, 36-139 fb™

L I

—— Observed

----- Expected *+ 1o
Expected = 2

107°

G. Pezzullo (Yale University)

1072

107"

1

95% CL upper limiton B(H — | I') in %
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Phys. Lett. B 801 (2020) 135148

Search for H — ee/eu in ATLAS: results
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| IIII|

3t  B(H — eu)
2 2
‘Ye,ul +|Yﬂe‘ — FH(SM)
my 1 — B(H — eu)
_qu- :”I IIIXTLIAISI |||||| | 1 |||||| | I()It)lslelrlllled | 1 l:
z mx ) — — Expected + 16 -
e Te s

Phys. Lett. B 801 (2020) 135148
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@ ATLAS experiment
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* 2 magnet systems (central 2T solenoid and large toroids in muon spectrometer)

* Electron scale uncertainty ~0.7% in central region

45 m
e Muon momentum scale uncert 0.05% A~

~ Muon Detectors Tile Calorimeter Liquid Argon Calorimeter N

* T energy scale uncertainty 2% (3%)
for - (3-) prong T-lepton

24m<

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

G. Pezzullo (Yale University) 24 LLWI2022 - February 24 2022



: CMS:H —» Zyand H = lly
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e CMS measurement with 36 fb-1I:

3.9 X SM (2.0 X SM expected) for combined low + high mass

CMS 35.9 o' (13 TeV)
| | | | | 1T 11 | 11 I|
* Observed - 68% expected
© Expected (Background only) 95% expected
© Expected (SM m =125 GeV) — o/og,=1
H—y*y—uwy, EE - oe
H—y*y—uuy, Dijet tag . oe
H—y*y—uuy, EB Low R9 oo e
H—-y*y—uwy, EB High R9 00 e
H—Zy—Ily, Combined 00 e

H—Yy *y—uwy, Combined
H— Iy, Combined

1 10 10°
95% GCL upper limit on o/og,,

JHEP 11 (2018) 152
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H—Zy—uuy, Untagged 2
H—>Zy—upy, Untagged 3
H—Zy—uuy, Untagged 4
H—Zy—uuy, Dijet tag
H—Zy—uuy, Boosted

H—Zvy—lly, Combined
H—y*y—uuy, Combined

H— Iy, Combined

CMS - 35?ﬂ|3'|(|1£|3|TeV)
l' Observed - 68% expectled
© Expected (Background only) 95% expected
© Expected (SM mH=125 GeV) — o/og,=1
e
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-007/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-007/index.html

: H — It @ CMS (Full Run 2)

* CMS results: Phys. Rev. D 104 (2021) 032013

CMS 137 b (13 TeV) CMS 137 fb" (13 TeV)

bt 0 Jets
0.37 (0.33)%

et,, 0 Jets

H — nt BDT fit 0.44 (0.39)% H — et BDT fit

e (Observed

e Observed et,, 1 Jet

X Median expected 0.68 (0.44)% X Median expected
I 68% expected ot 2Jets | I 68% expected

h!

*

x K

. 95% expected 0.78 (0.55)% . 95% expected
xe
bl

bt , 1 Jet
0.40 (0.43)%
bt 2 Jets
0.50 (0.49)%

§
bt , VBF l et,, VBF
x

0.39 (0.30)% 0.57 (0.35)%

ut, 0 Jets et,, 0 Jets

0.31 (0.34)% 0.42 (0.34)%

ut, 1 Jet . et,, 1 Jet

0.36 (0.57)% 0.56 (0.53)%

ut, 2 Jets et,, 2 Jets

0.77 (1.13)% - 1.35 (1.08)% -

ut , VBF et,, VBF

e [ P

0.58 (0.83)% - 0.42 (0.86)% -

Ut et

0.15 (0.15)% ’l 0.22 (0.16)% *

lIIIiIIII|IIII|IIII|IIII|IIII IIIIilllllllllllllllllll'llII
—1 0 1 2 3 4 5 —1 0 1 2 3 4 S
95% CL limit on B(H— urt) % 95% CL limit on B(H— et) %
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