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Physics motivation

- The Higgs could be a window to BSM physics in several avenues

« Precision measurements of coupling constants

— search for deviation from the SM predictions

« Discovery of forbidden decays to SM particles
« Discovery of decays to BSM particles
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Physics motivation

- The Higgs could be a window to BSM physics in several avenues

« Precision measurements of coupling constants

— search for deviation from the SM predictions

« Discovery of forbidden decays to SM particles

| - today'’s talk
» Discovery of decays to BSM particles } odays 1d
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Decays to BSM particles
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Decays to BSM particles

- The Higgs is the only known elementary scalar

» Provides a unique window to a variety of light BSM particles

. |In particular light scalars and pseudo-scalars that are singles of the SM
« Couplings and hence BRs could be large (up to 12%)

« Scalar models
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The experimental challenge

« Analysis dictated by the properties of the BSM particle

« Decay products

« Scalars mix with the SM Higgs —

Decay preferably to the heaviest SM particles that are kinematically accessible
« ALPs — Some models prefer decays to photons and gluons
« Vectors — Mostly fermion pairs
» Lifetime
« Short — Prompt decay
« Medium — Displaced vertex
- Long — Invisible decay
« Mass
- Massive particles — resolved decay products

« Light particles > merged decay products
6 Shikma Bressler | Higgs24 | November 4-8, 2024
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The experimental challenge

« Analysis dictated by the properties of the BSM particle

« Decay products

« Scalars mix with the SM Higgs —

Decay preferably to the heaviest SM particles that are kinematically accessible
« ALPs — Some models prefer decays to photons and gluons
« Vectors — Mostly fermion pairs
» Lifetime

« Short — Prompt decay , , ,
Each combination requires

« Medium — Displaced vertex different analysis

+ Long = Invisible decay — collaboration effort
« Mass
- Massive particles — resolved decay products

« Light particles > merged decay products
7 Shikma Bressler | Higgs24 | November 4-8, 2024



4
4

f K SNz | 1122 | WEIZMANN
f- o -lgIGGS 2024

-
SN vranta

2R | INSTITUTE
37.’:!5 OF SCIENCE

5 Uppsala, Sweden
S 48 November 2024

The experimental challenge
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Table 1: A summary of the most recent ATLAS results targeting exotic decays of the Standard Model Higgs boson H — XY, where X is specified by the column in
the table and Y is specified by the row. SM indicates that the channel is one of the main Higgs boson characterization channels, Inv. stands for invisible (neutrinos
or other weakly interacting BSM), ¢ represents an electron or muon, and g represents a u,d, or s quark. LLP stands for ‘long lived particles’. White cells with
marked with an "-" indicate channels which are not covered by an ATLAS search. Blue cells are for partial Run 2 results, green cells represent full Run 2 results,
black cells represent forbidden (violate electric/color charge or baryon number conservation) or duplicate entries, and orange cells represent Run 1 results. The
results that contribute to the summary plots in this note are indicated with squares around the references. Note that the bb + £*¢~ result is only bb + p* ™ and the

5t + "¢ resultisonly 757~ + utu”.
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The experimental challenge
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Table 1: A summary of the most recent ATLAS results targeting exotic decays of the Standard Model Higgs boson H — XY, where X is specified by the column in
the table and Y is specified by the row. SM indicates that the channel is one of the main Higgs boson characterization channels, Inv. stands for invisible (neutrinos
or other weakly interacting BSM), £ represents an electron or muon, and g represents a u,d, or s quark. LLP stands for ‘long lived particles’. White cells with
marked with an "-" indicate channels which are not covered by an ATLAS search. Blue cells are for partial Run 2 results, green cells represent full Run 2 results,
black cells represent forbidden (violate electric/color charge or baryon number conservation) or duplicate entries, and orange cells represent Run 1 results. The
results that contribute to the summary plots in this note are indicated with squares around the references. Note that the bb + £*¢~ result is only bb + p* ™ and the

5t + "¢ resultisonly 757~ + utu”.

https://www.weizmann.ac.il/particle/bressler/ 9 Shikma Bressler | Higgs24 | November 4-8, 2024


https://www.weizmann.ac.il/particle/bressler/

The experimental challenge

e o rote 06|
o
L

March 2021

ATLAS Preliminary
ms;=20GeV, ctT, <1 mm

v
+
$

—&— Observed

............ Expected
lo
20

M,

f \ < 12 | WEIZMANN
b---iees 2024 DT | INSTITUTE
T Ul st 720 | OF SCIENCE

March 2021

ATLAS Preliminary

my;=2GeV, Cct, <1 mm

—8— Observed
............ Expected

lo
20

g $ | .
LB 782 (2018) 750 Invisiblet
T A 2,99

_,,‘10—6 1'(5—5 10_4 10_3 10_2 10_1 B 100 10—6 10_5 10_4 10_3 10_2 10_1 100 .
95% CL Limit on BR(H = aa = XXYY) 95% CL Limit on BR(H = aa/Za = XXYY)

Figure 2: Observed and expected 95% CL upper limits on BR(A — aa/Za — XXYY) assuming no other BSM
decays, m, = 2 GeV, the a decays are prompt (proper lifetime is short, ct < 1 mm), and the predicted Standard
Model Higgs boson production cross section is correct within uncertainty. gg indicates an a decay to two gluons.

Figure 1: Observed and expected 95% CL upper limits on BR(A — aa — XXYY) assuming no other BSM decays,
m, = 20 GeV, the a decays are prompt (proper lifetime is short, ¢t < 1 mm), and the predicted Standard Model
Higgs boson production cross section is correct within uncertainty. gg indicates an a decay to two gluons.
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The ATLAS experiment

Muon chambers

Toroid magnets

Solenoid magnet

Pixel detector

Transition radiation fracker

Semiconductor tracker
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which the new particle
mixes with the SM
Higgs and inherits its
coupling to fermions
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« Targeting models with
Higgs decay to Axion
Like Particles (ALPs)

« Sensitive to models

proposed to explain the
(g — 2), discrepancy
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» Targeting models with
Higgs decay to Axion
Like Particles (ALPs)
and extended scalar
sector

- Takes advantage of
intermediate Z to
enhance signal over
background
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« Targeting models with
Higgs decay to Axion
Like Particles (ALPs)

« Sensitive to models

proposed to explain the
(g — 2), discrepancy

See Nadav’s talk
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Higgs decay to Axion
Like Particles (ALPs)
and extended scalar
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- Takes advantage of
intermediate Z to
enhance signal over
background
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« 9 signal categories

« 7 decay mode
« 1b-jet, 2 b-jets, 1

unresolved 2b (“B”) jet

. Jet categories classified
with a new algorithm
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. » 9 signal categories - Main background
P T
,
H a. i - - 7 decay mode « Drell-Yan of 7's +jets
T et » 1b-jet, 2 b-jets, 1 . tf and single ¢
. * Merged upn\
. = or unresolved 2b (“B”) jet .
*» p «Resolved . . e NON-prompt T
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+ Single £ triggers with a new algorithm
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tt region Ymy > 120 GeV, no m"" (71) requirement
1B,0b 0B,1b 0B,2b SS region 1 SS signal eu pair 1 SS signal ety 4 Or ut,4 pair

Heavy-flavor jets
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Discriminators
Variables used as input variables for NN-base classifier
b-jet variables important for 2b and B categories

Feature Description

m"™(17) During training: generated a-boson mass for signal MC. Background events are assigned
a random value of the eight signal masses.
During testing: the mass hypothesis under consideration.

m"®(17) Visible mass of the 77 system.
pr(T7) pr of the 77 system.
mMMC(vv) MMC-based mass of the two neutrinos in 7 — ev,V, or T — ev,v, decays.
Emss Missing transverse energy.
my(T) Transverse mass calculated with the visible p of the final-state 7-leptons.
pr (5" Transverse momentum of the leading final-state b-jet.
pYS(rrb™®™)  Visible py of the T75'* system.
D, Misalignment between the EX° vector and the 77 system.
Categories with a B-jet or 2 b-jets
p+ (6™ Transverse momentum of the subleading final-state b-jet.
pr(bb) Transverse momentum of the bb system.
m(bb) Mass of the bb system.

m"®(bbr7) Visible mass of the Higgs boson system.
m™™C(bbrt) MMC-based mass of the Higgs boson system.
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Statistical analysis - for each m,

with a simultaneous fit to the
NN output (in CR, SR1 and SR2
bins) in all 9 categories

Mass range varies with m,
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H — aa = 2b21
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Figure 10: The observed (solid) 95% C.L. upper limits on (o-(H) /o (H))B(H — aa — bbt"1") as a function of
m , and the expected (dashed) limits under the background-only hypothesis when (a) combining all categories and (b)
considering different categories based on the heavy-flavor objects separately. In the combined plot (a) the inner green
and outer yellow shaded bands show the +10- and +20 uncertainties of the expected limits. The mass hypothesis m
1s probed between 12 and 60 GeV for the values shown with markers. A linear interpolation validated with MC
simulation between adjacent mass points 1s used.
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« At tree level, the SM predicts four special features of the Yukawa couplings

: m.
Proportiona“ty- & p— —l Y. Grossman and Y. Nir,
o ) m “The Standard Model: From Fundamental Symmetries to Experimental Tests"
Y ] ] Princeton University Press, 2023
. D \/5
Factor of proportionality: — =
n; V

. Diagonality: y;; = O fori # j
CP conservation: Im(ﬁ =0

ni;

 All four relations are violated by many extensions of the SM
« SMEFT, 2HDM, vector-like fermions, ...
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Forbidden decays to SM particles

« At tree level, the SM predicts four special features of the Yukawa couplings

. LYo my . .
) Proportionality: — = — Precision Higgs measurements
Yio Yy
. 2 . .
_ Factor of proportionality: ﬁ _ \/_ Precision Higgs measurements
n; V
. Diagonality: y;; = O fori # j today’s talk
. CP Conservationzlm(ﬁ =0
m.

l

 All four relations are violated by many extensions of the SM
« SMEFT, 2HDM, vector-like fermions, ...
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Forbidden decays to SM particles

. ATLAS search for H — £"¢5 inall £¢5 combinations
° e//t —_

. Stringent (model dependent) bound from u — ey experiment

- Model independent bound from LHC experiment

» et and ut — most stringent bounds from LHC experiments today'’s talk
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H — et/ur

- Two analysis channels based on 7 decay mode
. leplep H — et/ut — euv/uev

. lephad H — eThad/:uThad
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- Two analysis channels based on 7 decay mode

. leplep H — et/ut — euv/uev

. lephad H — eThad//”tThad

- Two analysis categories based on Higgs
production

« non-VBF (mostly ggH)
- VBF

» Two background estimation method
- MC template

. e/u symmetry based

https://www.weizmann.ac.il/particle/bressler/

Selection {1y {Thad

exactly 1e and 1u, OS exactly 1€ and 17hag.vis, OS

Thad-Veto Thad L1ght ID
. — Medium eBDT (ethaq)
Baseline
b-veto b-veto
p? > 45 (35) GeV MC-template (Symmetry method) pff > 27.3 GeV
pZ > 15GeV prs > 25 GeV, |nTuis| < 2.4
30GeV < mee, < 150GeV 2. cos Ag (i, ET™) > —0.35
i=C, Thad-vis
0.2 < pik(¢, = €) | pS™*t (£, = €) < 1.25 (MC-template) |AD (€, Thad-vis)| < 2
track dy significance requirement (see text)
|zosin @ < 0.5 mm
| Baseline |
VBF > 2 jets, pi > 40GeV, p? > 30 GeV
|A77jj| > 3, mjj > 400 GeV
Baseline plus fail VBF categorisation
non-VBF veto events if

90 < mvis(e, Thad-vis) < 100 GeV
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H — et/ur

- Two analysis channels based on 7 decay mode
. leplep H — et/ut — euv/uev

. lephad H — eThad//”tThad

- Main background sources
. leplep: Z — 77, tt, diboson, non prompt ¢

. lephad: Z — 17, diboson, mis-identified 7
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H — et/ur MC template method

. leplep & lephad

ke
RN
\Tkap,

WEIZMANN
INSTITUTE
OF SCIENCE

« Background from prompt leptons estimated from MC normalized to data in dedicated CRs

« Background from non prompt leptons or mis-identified ones modeled with data driven

methods

https://www.weizmann.ac.il/particle/bressler/

Data / Pred

Events / 10 GeV

1—I|lll||1|l||l||lll

3
x10
| I || | I I | I I I | I 1 I 1 I | I || | | I | I I I | I I
~ ATLAS 4 Data mm H-ut, B=017% -

[~ _ -1 H-ut, prefit mm H-et, B=0.13%
— l\-/l__ 13TeV,1381b C— 520.1%x100 mmm Z-TT =
= ety

B H-eT, prefit Top-quark
- MC-template C— 5-0.1% x100 Misidentified
— non-VBF, postfit

Uncertainty W Others
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3
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— ATLAS 4 Data mm H-ut, 5=0.09%
- _ -1 H-ut, prefit mmm H-et, B=0.03%
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[ H = UThag H-et, prefit Top-quark
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H — et/utr symmetry method

« Two underlying assumptions

- High energy SM processes are symmetric under the exchange of prompt
electrons with prompt muons to a good approximation. As a conseguence,
the kinematic distributions of prompt electrons and prompt muons are

approximately the same
 Flavour-violating decays of the Higgs boson break this symmetry

. leplep channel - H — ut — pe2v results in events with p7. > pr.

. Use events with p% > p* to model background of events with p~. > p¢
pT pT pT pT

» Correct for detector effects that break the symmetry
 Trigger, reconstruction, identification and isolation efficiency

« Events with non prompt leptons

https://www.weizmann.ac.il/particle/bressler/ 29 Shikma Bressler | Higgs24 | November 4-8, 2024
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H — et/ur symmetry method

« Correction works well

- In MC when only efficiency correction applied

3
% 20 )_<_1|O L L L L e s = % 300 =N L e e
& =~ ATLAS Simulation t (SM),c = ® - ATLAS Simulation t (SM)yuz -
0 oo~ Vs=13TeV, 138 fb’ - 10 - Vs=13TeV, 138 fb ]
; C H — UTe (SM)e. - ; 250/— H — ute (SM)e. 7
€ 18 non-VBF, prompt leptons only t R (SM)e: = € [ VBF, prompt leptons only tRA(SM)e:
> - - S = -
L 16— —] L - -
= . 200 A ~
14E . = - :*ﬁ .
. - = u N
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H — et/utr symmetry method

« Correction works well
« In MC when only efficiency correction applied
« |In data when also non-prompt leptons estimated

« An excess in one final state translates into a deficit in
the other channel -

£ 3 £ 3 [ I | [ [ [ [ [ [ [
@10 g ATLAS + Batat't D 10 E ATLAS + Batat't
2 40’ f= 13TeV, 138fb™ == Hrfeerril.n $=0.33% 240 ,\_/F= 13TeV, 138fb™" s iy, B-0.25%
- et : - UT S .
= b t = Visientiied S Hre = Meidentiied
D 10° - Symmetry — st W {0 g Symmetry s Other
s E non-VBF, postfit H— e, prefi 5 non-VBF, postfit — H=ue, prefit
10 B=0.1% x100 10 B=0.1% x100
4 4
10 10
3 3
10 10
2 2
10 10
1 1
10 10

s 1.25 | | | l l | | l | N - 1.25
S o
o o
O 00— N ) Z + 4 =
5 1.00 g | o 5 1.00
8075 | | | 1 | | | 1 | - 8075 | | 1 | | 1 1 | | —
> 200 E I | I I I I I I [ o 200 [ I [ I | I I | I
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s |}
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H — et/ut bottom line

» Final results obtained by combining the most sensitive
approach in each region and category

ATLA S — Observed ATLA S — Observed

s=13Tev, 13816 ™% Expected 1o (s=13Tev, 138167 ™ Expected = 1o

1 POI Expected + 20 1 POI Expected + 20

VBF : VBF ;
050 (o) | B(H — er) =-0.097 "% 085 (oxp) i B(H — ) = 0.067' "%
0.36 (obs) - ' 0.48 (obs) - '
er, ., VBF . - +0. ut VBF : ~
0..’?6d(exp) . I B(H - et) = 0'07-00.11; % 0.2hgd(exp) : l B(H_) p.t) = 0'05?..(:90 %
0.31 (obs) - 0.24 (obs) )
?;‘gn‘:;;vs': - | B(H— er) = 0.25"° % *;tgon:xr;'VBF b B(H->ut) = 00711
0.41 fobs ' 0.26 obs; : '
e | B~ o) 20,0857 % sten | [N B(H— o) =012 %
0.27 fobg ) ' 0.23 obg; '
et, | e T o T w009 - | owr, T ey T T T o0
o7 o) i B(H - ex) = 0.19°°% % e ox0) | B(H - pr) = 0,07 %
0.34 (obs) ' 0.24 (obs) . '
o oo i B(H— ex) = 0.05"% 9 %:“Sdexp P B(H— ur) = 0.10°% 9
0.21 éobs : ' 0.19 2obs; '
et ~ +0.06 ut : ~ +0.05
i B(H— er) =0.13""" % i B(H— pt) = 0.097> %
85% 283@; | l' | l Il | | I L1 1 I L1 1 I L1 1 I | l | I | -061 |- 8?3 sg)t;g; 1 .l 1 I L1 1 I L1 1 I 1 1 l L1 1 I | I | l L1 1 .051 | .|
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H — et/ut bottom line

» Final results obtained by combining the most sensitive
approach in each region and category

« Symmetry based analysis sensitive to difference in decay rates

o\o 0.8 i | |
C -
ATLAS — Observed ATLAS — Observed = L '\?_TL?:T V. 1381
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H — et/ut bottom line

o
w

+ Final results obtained by combining the most sensitive T oaf S

approach in each region and category 015

- Symmetry based analysis sensitive to difference in decay rates o-o{—

0F " -

- MC template method allow fitting with 2 POls 005
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Conclusions

- We have done a lot
» Set unique bounds on features of light, SM-singlet (pseudo)scalars

» We set strong(est) model-independent bounds on off-diagonal Yukawa couplings
leading to significant constraints on SMEFT, 2HDM, vector-like fermions

« Yet, we have done too little
« BSM physics could easily still be just behind the corner

« Room for improvement of existing searches
« Room for new searches
« Room for new methods

« Room for new approaches
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