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CMS

e~ A et

in 2012....

% For the moment, compatible, within
uncertainties, with that of the Standard Model...

Introduction

%@ We found one Higgs (-Englert-Brout) boson

@ Why should we look for others?

%@ A second Higgs boson=>
Evidence for physics
beyond the Standard
Model!

Cartoon credit: L. Finco
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Outline Q@

% Based on recent searches for additional low-mass (m<125 GeV) Higgs boson-like

resonances in diphotons from the ATLAS and CMS collaborations at the CERN LHC:

CMS-PAS-HIG-20-002 http://cms-results.web.cern.ch/cms-results/public-results/preliminary-
results/HIG-20-002/ (March 2023)

ATLAS-CONF-2023-035 https://atlas.web.cern.ch/Atlas/ GROUPS/PHYSICS/CONFNOTES/ATLAS-
CONF-2023-035/ (June 2023)

& Motivations and detectors

General analysis strategy

Presentation of Results: ATLAS vs. CMS

Triggering and search zone

Photon ldentification

Event selection & Classification

Signal modeling

Background Modeling

Systematic Uncertainties

Results Cartoon credit: L. Finco . . :
Summary/Conclusions 70 Q0 110
ACknOWIedgementS S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024 Myy (Ge\/)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-002/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-035/

Motiva

7z Final LEP' SM Higgs beson search results: >2c
excess at mH=98 GeV. Has contributed to sustained
Interest by both theorests and experimentalists inithe
possibility of addltlonal [ WEFEISS (pseudo ) scalars

U —
PR - L E

100 105 110 115 120

m_(GeV/c?)

o5 — — . R == X
or low-mass diphoton searches

z Many BSM models allow a resenance with m<1.25
GeV coexisting with the Higgs beson discovered in
2012 GeV (generalized 2HDM, NMSSM, 2HDM+S,

Vector Dark Matter, Minimal Dilaton, Scotogenic ...)
i 7 "& = ’Q‘ 5 =3
Blekoetter Helhemeyer'Welglem PLé,846 (2023) 138é17’_‘i‘f

obs. 95% CL e
=== exp. 95% CL

20 exp

lo exp




Detectors and data....

EXPERIMENT

S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024
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i . . 7N\
CMS 1 General Analysis Strategy: Std. vs low-mass H=2yy analysis (-
.7CMS 137 b (13 TeV)
> 6%?‘"'\"“\""\“"|""|""|""|""t
3 - H-—yy,m, =125.38 GeV All categories A Cartoon credit: L. Finco
~ 5 S/(S+B) weighted  _]
*2 - ¢ Data 3
2 — S+Bfit N S
g ----- B component ] uﬁ
g R Eake; ]
-% [ ]+20o 1
= ]
)
3 E
%) ]
] ] 1 |Tﬁ
2500 ET | | IR U I L I
2000 E- B component subtracted 3
1500 £ E
1000 E 3 ) } >
500 ]
ot ; 70 90 110
50?00‘ B T R T S T TR P R - R T VR T VT My (GeV)

m,, (GeV)
Search for a narrow signal peak over a smoothly-falling background

Lower limit of search range limited by triggering capabilities

Relic dielectron—>diphoton background from Z—>ee, decreased sensitivity around m,

Inherit many analysis elements from standard H->yy analysis (photon and event

reconstruction/selection, sighal modeling and part of background modeling techniques..)
S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024
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CMS-PAS-HIG-20-002

CMS rreiiminary 132.2 " (13 TeV)
3 __l T TT I T TTT | TTTT | TTTT | T TTT | T TT | T TT | T TT [__
e %2-Hovyy — Observed .
50.18— B Expected + 16—
2 - .
S016- == Expected * 267
- - ~— o, X B .
014 —
T - . NN \\ NS
T 012 S -
o0 = e
» 0.1: :
G- 0.0815 =
0.06 =
0.04 =
0.02
| | | | 111 | 1111 | | | | 1 1 | | | 11 | 11 :

70 75 80 85
m, (GeV)

90 95 100 105 110

Presentation of Results

A
T
L
ATLAS-CONF-2023-035 A
S
a 1207“'\""I""I""I""I""I""I""I"'L
5 pATASPrimnay  —OmenesCLimt | G S ey
5 s Xy C=NWA e Expected CL limit | &% 0.12~ Vs=13TeV -
;ﬁn = mwe= B ~ + Unconverted-Unconverted R
= gk [ Expected £ 16 & 0.1~ BDT Category 3 N .
% | |Expected 2 ¢ g 0.08:— b R o 3%':: .’ E
(&) C ¢ ttH - ]
X B 4
2x g 0.06F . 5 oM ]
G oo v © Merged 4
< 002 -
VI S - S Ty R [T b 0667080 90 100 110 120
70 75 80 85 90 95 100 105 110
m, [GeV] m, [GeV]
o e ”. . .
* “Model-independent”: Limits A, C, between 0.13->0.2
on G4 X B with ggF nominal g =wpr—r——r—r—rrrr
. . _‘d 1601 ATLAS Prellml_rfary — Observed CL, limit
signal, uncertainty envelopes ; | Fp-erevwest copectod OL it 3
(S - Expected + ]
from other processes = e EExpeae;: -
T o xpected + 2 ¢ .
= 100 —
“ ", o .
* “Model-dependent”: x
©

+ CMS: Limits on total o, X Bwith &' Limitson o, X B, mmmp

production modes combined as in SM

* Also assuming 100% production via

certain (groups of) processes

obtained from G, via

Ng

B S
7H AnChL

v v b i b
95 100 105 110
my, [GeV]

S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024
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[ I
40 60 80

probe electron P, (GeV)

N

%

Nn»r-=>»

> P, >{30,18} GeV, requirements on ratio of

hadronic/electromagnetic energy, veto if hits
in pixel detector (except 2018), EM shower
shape and isolation energy requirements,
m,, >55 GeV (except 2018)=»search zone:

70 GeV<m, <110 GeV

CMS

* 2016-2017: py, >{20,20} then >{22,22} then >{20,20} GeV
e Requirements on EM shower shape, then isolation energy (2017)
* Search zone: 66 GeV<m, <110 GeV

S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024



CMS

Fight reducible
background, mostly
from 7!

Photon ID BDT: shower
shape, ‘particle flow’
isolation sums
(photon, charged
hadron), energy-
density coeff. p, n

Minimum score
required, otherwise
score input to

slide)

Veto photon
candidates associated
with at least 2 pixel
detector hits

Photon ldentification

CMS-PAS-HIG-20-002

Events/0.04

CMS 35.9fb" (13 TeV)
| T T T T | T T T T | T T T | T T T T I E

' Data .

Simulation: 7

H—yy (m =125 GeV)x10* 3

Total bacRground + stat. uncert. .

— 1Y .

: --------- Y-jet -
LT jet-jet ﬁfﬂ i

1 IIIHIIl

[ R l
0 0.5 1
-l Photon identification BDT score

= %:

Cut-based shower shape criteria

ATLAS-CONF-2023-035

Cut-based calorimeter and
tracking isolation sum criteria

Photon conversion identification:
Association with 2 conversion-
compatible tracks or 1 track with
no hit in innermost layer of inner
tracking detector

* Both experiments correct isolation sums for pileup
and underlying-event contributions.

S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024

ne»r-p»



CMS

CMS-PAS-HIG-20-002

— b

Fighting the relic Z->ee background.....

CMS Simulation Preliminary 2018

wx 12
Cartoon credit: L. Finco . 2 0.006
8 * Biggest |5 .
(S challenge: 5 0005
m|S|dent|f|ed g’ 0% InEp3/ GeV?) < 0.016p77/GeV + 6.0
/—>ee pairs L6 0.003
S
G 4 0.002
; . — i
80 90 110 s 5 0001
m., (GeV) o x 12 CMS Simulation Preliminary 2018 0.02
x .
OO 10 20 30 40 50 60 70 80 90 100 §
FMS. ?r'rlnu‘la{io‘n {Jrfeﬁ‘mrinqryl S ‘29‘[87 p?r"f/GeV C% 10
g [ —90GeVggH 8 0.015
E 0.1~ S 8
I | * Vetoy candidates also o . o
- . . . = .
reconstructed as e (single hit in 15t 8
0.06— - . o
pIXEI Iayer) Ej ) 0.005
0.04— - -._E
* Veto tracks late or missed by pixel ?
0.02— .
: detector, but spare boosted events A T
S S S R T p"IGeV
O In2(Z pg;GeV‘?G) of ct?osen13erte>1<2 S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024 ! 10



Events

ATLAS-CONF-2023-035

Fighting the relic Z-2>ee background...

» Kinematical object BDT w/ track and conversion

TLAS

EXPERIMENT

Caroenciedic L Finco o Biooact variables ( if also reconstructed as e)
% 1A ey 3 AT RN AN AR RS
. = ATLASS | t p | 1 ¢ o ATLASSlmuIatlon Prehmmary .
Ch a I Ie nge . E 1o Vs=13 Te\:'mu aton reﬂns?gm (ggF, m_ =100 GeV) ] :g 1,2— Vs=13TeV —— Signal (ggF, m, = 100 GeV) —
« o o g Converted-Converted —-Z7 5 ege x 1 5 E Converted-Converted —.7 s ¢e ]
m |S|dent|f|6d E T~ e Non-resonant yy { 13[‘__; ----- Non-resonant yy —
= ] § ]
1 = i 0.8 —
/—>ee pairs z os : g ]
d 7 — -
& 06 | 0.6y =
& ] -l 7
o 04 . 048y ]
: > i 0.2F * 3
t t — 0.2 20 e .
8o 90 110 : - - T T we T vt .
My (GeV) O 01 0203 04 05 0607 08 09 1 0 01 02 03 04 05 06 07 08 09
Minimum of Object BDT Scores Minimum of Object BDT Scores
o ObjeCt BDT score>0.2 for both ATLAS Simulation Preliminary ggF (m =100 GeV) ATLAS Simulation Preliminary Z - ee
Vs=13TeV Converted-Converted Vs=13TeV Converted-Converted
1 1 o 1 1 o 1 1
candidates, targets CC case in S os L g .-
%) : : R :
1 = 08 08 2 & 08 £
) S 0 g
particular 3 o 07 £ 8 07 %
8 o6 - 06 < 8 0.6 <
* Model-dependent case: § o™  ggH - 05 8 03
. £ 04 ™ 04 £ 0.4
Also object BDT—> category BDT g os 05§ 03
S 0.2f 02 S 0.2
OO B o1 © 0.1
0:‘...\.‘..|‘.‘.|‘.-.‘..\.‘..\...‘L...\H..\ 0 0 0
0 01020304 0506 07 08 09 1 0 010203 04 0506 07 08 09 1

Leading Object BDT Score Leading Object BDT Score

S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024
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CMS-PAS-HIG-20-002

* Diphoton BDT:

pt/m.,, M, cos(¢1-
¢2), both PhotonID

BDT outputs, mass - SO MC stat. une. [ ttH
resolution wrt

correct and

incorrect vertices, 10°
vertex probability

Event selection & Classification

Nn»r-=>»

ATLAS-CONF-2023-035

) 03 T T]
= - ATLAS Preliminary .
CMS 35.9 fb' (13 TeV) 2 o5l Inclusive —— Signal (m =60,80,100,120 GeV)
QN T | ] T L L § A Non-resonant yy + v+ jj
o - = —
O a7l $Data  Simulation SM H—yy € o2F Z—>ee E
%10 E background m,=125 GeV o
S F [ jet jet I goH S 0150 -
210°E [ v jet I VBF g
- vy I VH 2 01 -

0.05[-

0

Diphoton BDT Score

 Model-independent case: 3 classes,
conversion status (UU,UC,CC)

IIIIIIII| II\IH|T| I\IIIIH| IIIHI|T|

S
IIIH| T IIHI|T|

: : i * Model-dependent case: object BDT—>
o 02 04 05 08 1 category BDT, most ‘CMS’ variables +
Ll P L Diphoton BDT score minimum and both objectBDT scores

* 3inclusive classes in diphotonBDT + 1 ‘VBF’ class (2017-« {UU,UC, CC}X{category BDT}=>»6
2018) for events w/additional jets, via combinedBDT, classes

inputs: “dijet” BDT, diphotonBDT, p;/m .,

12
S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024



Events / 0.5 GeV

CMS

120

100

80

60

40

CMS Simulation Preliminary 2016
_IIII|I\II|III\|I\\Illll[‘ll\\lllll
— H- vy All classes
L 4%* Simulation
L Parametric
- model
- o, = 1.50 GeV
L FWHM =2.83 GeV
;nﬂ—.—nﬂ_:_._ll—‘r—n—« EF PRI I Y E" ---- Lt
0 75 80 85 90 95 100

m,, (GeV)

E;H\Illllll\\\ll\lllllll\\ll
8]

Events / 0.5 GeV

Signal modeling

CMS Simulation Preliminary 2017
120 _I T T | 1T 1T | T 1T | LI | T T T ‘ 1T 17T | 17T I_ >
] H—- vy All classes - & 180
- | S 160
100 — : : — o
L 4%* Simulation i g
B 7 » 140
80 — Parametric e &
|
B model i Lﬁ 120
60 B N 100
i o, = 1.60 GeV ] 80
40 - .
- FWHM = 3.17 GeV - 60
- - 40
20 — —
i . ] 20
0 L j" PRI S ) -EE [ : 0
70 75 80 85 90 95 100 105 7
m,, (GeV)

e Signal model: Sums of Gaussian functions

CMS-PAS-HIG-20-002

CMS Simulation Preliminary 2018
:I T T | L ‘ T 1T | 1T 1T | 1T 1T | 1T 177 | 17T I:
— H—-yy All classes —
:_ 4%* Simulation _:
:_ Parametric _:
C model ]
- o, = 1.54 GeV B
- FWHM =2.97 GeV B
5 et 1 S o ks :.
0 75 80 85 90 95 100 105
m,, (GeV)

 MC ggH, ttbarH, VBF, VH production processes present in SM proportions, ‘SM-like’ ¢ from

LHC Higgs WG

S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024
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Events/0.25 GeV [Arbitrary Units]

wW
o
o

200

100

Signal modeling

| ATLAS Simulation Preliminary
- Is=13TeV, 140 fb’

. Unconverted-Unconverted
|~ BDT Category 3

Signal (m =80 GeV) 45

DSCB Fit

n,, =80.05 GeV

Cog = 1.02 GeV 35

30

Events/0.25 GeV [Arbitrary Units]

25

20

15

10

72 74 76 78 80

82 84 86 88
m,, [GeV]

ATLAS-CONF-2023-035

40—

- ATLAS Simulation Preliminary

- Vs=13TeV, 140 fb" * Signal (m, =80 GeV)
~  Converted-Converted —— DSCB Fit
- BDT Category 1

i, =80.24 GeV
e = 1.71 GeV

IIII|IIIIIIJIlltllllllIIIIIII|IIII|IIII|1III|III

 Signal model: Double Crystal Ball (DCB) function (UU, CC shown)

* MC ggH production process nominal, ttbarH, VBF, VH processes used for systematic uncertainty

estimation

S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024
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Background Model: Sum

Background Modeling

CMS Simuiation Preliminary 13 TeV

>
. > -
of polynomial (chosen & _+ Class0 | &
ope o =
from 4 families) + double « E 2
» 300
Crystal Ball (DCB) + g7F 0
exponential function for & *°F
relicZ>ee 200
150 —
DCB: shape parameters =
100 -
from MC ‘double-fake’ -
events, syst. uncertainty  *°F -
. = [}
from ‘single-fake’ events, 0 o e g
normalization floating S S?*H% : {'T{,T* s $.}+{_H %
Chosen polynomials: 70 80 50 0 110 120 §
m..(GeV)
Event cl 0 1 2 VBF
20f6 == Family/Order Power Law 1 Bernstein 4 Exponential 3
DCB + Exp. Fraction (%) 3.0 3.1 3.3
2017 Family /Order Bernstein 3 Exponential 3 Bernstein 4 Bernstein 3
DCB + Exp. Fraction (%) 2.7 14 1.9 2.6
2018 Family/Order Laurent 1 Bernstein4 Exponential 3 Bernstein 2
DCB + Exp. Fraction (%) 0.5 4.1 4.8 0.8

S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024
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CMS rFreiimina ry
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III|I[IIIIIIIIT|TII

IClrlasls OI

36.3fb" (13TeV
LI ALRLC AR

* Data

— Bkg fit

-115

120

H— vy (mH:90 GeV) x 10

|I|HI|II_

1 L1 I 1 ! 1 L1 | L1 L I
90 100 110 120

m,, (GeV)
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Background Modeling

. Background Model: Sum - ~ SMSpemmay  41507(13TeV)  CMSpomney 41507 (13TeV)
of polynomial (chosen S 1000 Class 0 ¢ Da 18 VEr Class ¢ D .
ape [ - i - @ _— i —
from 4 families) + double & _ F — 15”7 — :
> B 1o | B *lo ]
Crystal Ball (DCB) + @ 1% b ;
exponential function for 6001~ H o 7y m, =90 Gev) < 10 ] i H vy (m, =90 Gev) 0
relicZ>ee s00[- - T E
* DCB: shape parameters Qoof_ _ 20~ H S py .
from MC ‘double-fake’ - Howy | -
. L
events, syst. uncertainty . - | | | 3 3
. E_ 20
from ‘single-fake’ events, ¢ G5¢ + E L E
normalization floating 5 % o
3 = T o
' = = N T N
& e a 70 80 90 100 110 120
o 70 80 90 100 110 120 mYY (GeV)

m,, (GeV)

e Choice of background function is discrete parameter in |h fit to data, systematic error associated with

each possible choice (discrete profiling or ‘envelope’” method)

16
S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024



CMS .
Background Modeling
. -1
.+ Background Model: Sum 3 amf ot " ID|5‘-1'4 LRl
of polynomial (chosen 2 1600 S
from 4 families) + double & > o
Crystal Ball (DCB) + oo w0 _
exponential function for 1000 H= 77 (m, = 90 GeV) 10
relicZ>ee 800 E
600 —
* DCB: shape parameters 400 =
from MC ‘double-fake’ 2008 .
events, syst. uncertainty 3
from ‘single-fake’ events, &£
normalization floating 2
g = N R B B R
e 70 80 90 100 110 120
my, (GeV)

Events / GeV

Data - best-fit model

CMS-PAS-HIG-20-002

—

CMS Preliminary 54.4 fb_1 (1 3TeV
T T I T T T T I T T T T T T T T I T T T T ‘ T T T T
VBF Class ¢ Daw

140 .
120 } ” — Bkg fit E
e :

100 .
2 ¢ ]

80 —— H—yy(m_ =90 GeV)x 10

60

40

20

_I1T|III|III|III|TIII

I - 1 1 L L1 L - 1 P I L1 | 1
70 80 90 100 110

e Choice of background function is discrete parameter in |h fit to data, systematic error associated with

each possible choice (discrete profiling or ‘envelope’” method)

S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024
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Background Modeling

ne»r-»

o
—
2]

. 1 L L L L L L B L BN | 2} L DL L L L B |
* BaCkground MOdeI' p?lyn0m|a| g | ATLAS Simulation Preliminary ] § | ATLAS Simulation Preliminary ]
(chosen from Bernstein and 5 B3tV - e 1 B s-13Tev | e ]
: : S o012 Z—ee o - S 012 Z—ee o - .
exponentials of polynomials) + - #Jr* —eeom | & Caegayce +~§-+-3_ —een
double Crystal Ball (DCB) function o1 4 L E P 4 E
for relic Z=>ee component 008 : . ooef- i* ++ .
» DCB shape: Transformation a ij i i Tt ff 3 1
(Smirnov on m_,_) applied to " 1y T E T +0 3. ]
generic Zee MC events—>match b +*ﬁ--5 ¥ G'GEMQ’E N E
ldOUbIe_fake IVIC events’ reSUIting 0_75‘ I I80I = I8‘5‘ = ‘Q‘OI = I95‘ = I1(-)O‘ ﬁ‘l()5 075‘ I ‘SOI = IS‘S‘ = ‘Q‘OI = ‘9‘5I I I..I-1OO 105
. [ iant M GeV [ iant M GeV
template fit to Zee data to s oo varentWeseteel nvariant tass [5eY)
extract shape parameters ¢ oM AT“‘TSV . +p1=:ve//:ee E
< 0_12:_ \s=8TeV, |Ldt =203 fb’ +p2= ey Nee _:
* DCB normalization fixed from “;‘- o1 Comvertedy 1
fake rates (ey/ee pairs) in Zee © 008k
data for Y12 in each class, ooef- || I w___‘____m“____m'_mu#ﬁ
reactualized for Run 2 R e e A
0.02|- +
%i AR A R R A B
0 70 80 90 100 110 120 18

S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024 Invariant Mass [GeV]



Background I\/Iodellng

* Background Model:

polynomial (chosen Bin |
from Bernstein and

exponentials of
polynomials) + double

Crystal Ball (DCB)
function for relicZ=>ee i3
component

CC

BDT Category  Component Events [%0] Events [9%] Events [%]
vy 423746 71.5 331118 67.0 64521 57.3

vi 124037 20.9 118863 24.1 33610 299

1i 40357 6.8 35958 7.2 9217 8.2

DY 4263 0.7 8289 1.7 5255 4.6

vy 379797 747 279785 69.7 55632 64.5

Bin 2 Y] 102841 20.2 96895 24.1 23029 26.7
1 24437 4.8 22205 5.5 6037 7.0

DY 1473 03 2761 07 1577 1.8

vy 205134 80.3 153411 73.5 30061 66.6

vi 42662 16.7 45750 219 11808 26.2

i 6897 2.7 8395 4.0 2479 5.5

DY 486 0.2 1160 0.6 758 1.7

* Chosen polynomials:
Exponential of 3d or
4th-order polynomial
except for model-
independent UC (6%
order Bernstein),
fitted on data with
normalization and
function parameters
free

Choose model with smallest

spurious signal in

signal+background fit to build

background-only template with

components from MC; fractions
determined from a 2D sideband
method (developed for diphoton
XS measurements), Gaussian
process regression smoothing to

limit fluctuations

C Gazecon-Shotkin  Seminar Imoerial Colleae | ondon Mav 15 2024
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Background Modeling

A>C=>

BDT Cat o t Uu UcC CcC > 16000 T .
* Background Model: dlegory. TOMPOREML Eyents [90]  Events [%] Events [%] 140001 ATLAS Preliminary o Data E
. Yy 423746 715 331118 67.0 64521 573 _5120002_ H_—“{Y T e Continuum Background 3
polynomial (chosen b vi 124037 209 118863 24.1 33610 299 £ F UU3 Category — Total Backgound 3
i . ii 40357 68 35958 72 9217 82  10000p =
from Berr?Stem and DY 4263 07 8289 17 5255 46  8000F- =
exponentials of Yy 379797 747 279785 697 55632 6435  gogol E
. Bi ¥i 102841 202 96895 24.1 23029 267 = .
polynomials) + double n i 24437 48 22205 55 6037 70  4000F =
DY 1473 03 2761 07 1577 18 20001 —
CrySt?I Ball (DC.B) % 205134 803 153411 73.5 30061 66.6 e
function for relic Z>ee . vi 42662 167 45750 219 11808 262 =  F
Bin 3 i 6897 27 8395 40 2479 55 - ot s §+_++.++*f.. +.+.+..+§.{-+++.+.§.i+++++.¢++ 3 A
component DY 486 02 1160 06 758 17 8 _2E+ RS L L TR R LA
T | | | | |
. . 70 80 90 100 110 120
* Chosen polynomials: * Choose model with smallest m., [GeV]
Exponential of 3d or spurious signal in § 200 ATLAS Preiminay  w oam
. . . . = - =13 TeV, 140 fb’ . .
4th_order p0|yn0mla| Slgna|+baCkground flt to bU||d _é 2000 CH;S&; %Lfegor """ Continuum Background_:
. < = Yy — Total Background -
except for model- background-only template with " eoob e E
independent UC (6 components from MC; fractions F E
order Bernstein), determined from a 2D sideband : . E
fitted on data with method (developed for diphoton s - E
normalization and XS measurements), Gaussian R T
function parameters process regression smoothing to ‘: SE+++++*+++#++¢++.++ .++++++.+.+¢-_+i+.+.++i*_+.+.+§.+.++_t++.é;+++.+.+.+
free limit fluctuations < b - . . \

70 80 90 100 110 120
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Systematic Uncertainties

ATLAS-CONF-2023-035

Oy

Nn»r-=>»

e DY systematics dominated by
normalization uncertainty (6-9%), was

Source Uncertainty [%]  Remarks 21%, big improvement from better
Signal yield material modeling/calibration for m,
Luminosity +0.83
Trigger efficiency +1.0-1.5 mx -dependent A measurement
Phaton identification efficiency 18730 mx-dependent N * Spurious signal systematic dominant
oton isolation efficiency +1.6-2. mx -dependent .
Photon energy scale +0.1-0.3 myx -dependent é exce pt In nbd Of mzr (20'50%) redUCEd
lljioton energy resolution +0.1 —OS. 15 mx—gepengen: by 50% thanks to Gaussian
ile-un sl 5. mx -dependen . . . L.
< Production mode +4.3-29 > mx -dependent (model-independent only) sm OOth | ng'H n Creased MC statistics
Signal modeling . . . ]
Photon energy scale +0.3-0.5 mx - and category—dependent * Slgnal yleld unc. ._from prOdUCtlon mode:
Photon energy resolution +3-10 myx - and category-dependent 4.3-29% (mOdE|-| ndependent on IY)
Migration between categories ;
Material —2.0/+1.0/+4.1 category-dependent CM S §
Non-resongu Backgrauud CMS-PAS-HIG-20-002 |
purious Signal 20-50 >ategory—dependent
DY Background modeling * Major systematic uncertainties: per-photon
Peak position +0.1-0.2 category-dependent

Pesk i energy resolution <20%, renormalization and
eak width =2.3 category-dependent ! . .
gNormalization ;|;6,1—9_O>ategory-dependent factorization scales<14%, UE modeling <27%,
PS<16%, JES corrections (VBF class) <16%.
21

S. Gascon-Shotkin , Seminar Imperial College London, May 15, 2024



CMS

PO S—

Resu

ts: Expected numbers of events

ATLAS-CONF-2023-035
(Model-dependent case)

SM-like Higgs boson (mpy = 90 GeV) Background
BDT Category Total ggF VBF WH ZH ttH Total DY
[%]  [%] [%] [%] [%]  [GeV™'1 [GeV™!]
1 741 971 12 10 06 0.1 18877 2179 >
2 942 934 29 21 12 04 14014 713 '
3 1187 724 135 6.7 40 34 6522 294
Total 2870 857 6.8 37 22 16 39413 3186
Expected SM-like Higgs boson signal yield (my = 90GeV)  Bkg. DY Bkg.
Event classes Total ggH VBF WH ZH ttH o CHM (GeV'1) (Gev' )
(%) (D) (%) (%) (%) (GeV) (GeV)
2016 0 130 719 156 62 36 26 1.12 1.00 271 12
36.3fb ! 1 304 874 66 36 21 03 1.25 1.07 3093 33
2 407 947 25 17 10 01 187 1.51 9190 193
Total 842 885 60 31 18 06 1.50 1.20 12554 239
2017 0O 104 734 116 75 43 32 127 1.13 248 7
4156 ! 1 347 885 56 35 21 03 140 1.24 3625 83
2 413 944 26 19 11 01 191 1.64 8169 244
VBF 26 456 51.8 1.0 05 1.0 1.33 1.15 29 1
Total 890 882 62 31 18 06 1.60 1.35 12071 338
2018 0 162 751 102 73 43 30 1.21 1.05 430 3
544fb ! 1 58 901 48 31 1.8 02 134 1.17 6445 378
2 473 944 25 19 12 01 201 1.73 10982 720
VBF 38 454 519 11 06 1.0 1.21 1.03 46 1
Total 1258 884 6.1 31 1.8 06 154 1.27 17902 1104

ne»r->»

Nn»r-=>»

 Signal and background
events per category

(most sensitive

category: 0 for CMS, 3

for ATLAS !)

CMS

2
|

i

CMS-PAS-HIG-20-002
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imits on & x B ;
L ;
I l S On X ATLAS-CONF-2023-035 L
o) 20— g
= - ATLAS Preliminary — Observed CL, limit
CMS-PAS-HIG-20-002 A o ctim |, 1o dal-ind dent:
_PAS-HIG-20- s Booecoseis - odel-independent:
1 p o) .
* Model-dependent (c,,): : . Cexpectea sz 95% CL UL on G4 X B:
Exx E 8_53 fb
CMS Preliminary 132.2 fb_1 (13 TeV) © 40
3 __II T T I T T 17T | T TTT | T TTT | T TTT | T TTT | T TTT | T II__
e 02FH-yy — Observed ]
00.181 B Expected + 16—
§0 16:— _____ Expected + 26 - 7075 80 85 9095 00 105 110
= aab oy, xB ] my [GeV]
T C = 180
T o012F e EIR ke
oD 0 1— _: ;‘Q 140 How T xpected CL, limit =
% . - : ?_ 1203_ .Expectedi—hs _E
bI 008:_ _: % 100: \:’ExpectedtZG E
0.06 - =
0.04 —
0.02
o b b b b b b B 0| 0H'7|0””7|5”HBIOH‘I8|5I‘”9‘0”'I9|5I”-i(l)(_l)‘l-i(|)5”I-i10 ® MOdEI‘dependent

70 75 80 85 90 95 100 105 110 m,, [GeV]
m,, (GeV) "

e 95% CLULon o X B between 15-73fb <> ¢ 95% CL UL on o, X B: 8-53 fb -
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Results: Limits on ¢ x B by year CMS-PAS-HIG-20-002

. -1
CMS Preliminary 36.3 fb-1 (13 TeV) CMS Preliminary 41.5 b (13 TeV) . CMS rreliminary 5441t (13 TeV)
3 LI L L L I B — 2_|||||‘|‘|‘|‘|\||||||III|II\I|I\II|IIII_ _002211\|||||||\|||||\||||\|‘|||||\|H||||:
o 0.22 1 Y —Observed 4 @ T H-o vy — Observed i o H— vy — Observed ]
5: 0.2 -Expectedi-kr—; > i B Expected + 16 | § 0'2:_ B Expected + 16
EO.‘IB """ E’g\ 8 e Expected + 26 ] _goa8p = Expected + 26
= 0.16 = oxB 1 Sodef —ouxB ]
T 0.14 T o1sh 1 T orap =
0.15 T - \
= J1 = ] 5 0125 E
M 94 3 x X 0.4 E
X - T 0.1 6 -
© 0.08 - © 0.08 ]
0.06 E 0.06 —
0.04 0.05 0.04
0.025 0.02 E
:IIII|\IlllI\I\|II||||\|||||\|||||\|\||| T T e NS NS A A S A A SN A
70 75 80 8 90 95 100 105 110 70 75 80 85 90 95 100 105 110 70 75 80 8 90 8 100 10(35 \}10
my, (GeV) m,, (GeV) my (GeV)
* 2016 « 2017 « 2018
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Results: p-values A@s

; ATLAS-CONF-2023-035 EXPERIMENT
CMS-PAS-HIG-20-002

 Model-independent:

(_:t; 1= =
,CMS protiminary 132.2 o™ (13 TeV) a  f : Mild excess: ~2.26
o SR R R L I RN I IR © i Mty
5 0 : S L il local significance at
< O S VY S 7 1 = 3
Q g1l 4°° i § m..=71.8 GeV
© E : - i 7Y
&) C | 21 3
e T /A 120 107F ATLAS Preliminary __ opserved 1
102 = — - )1((&:13Tevl<l\;v?fb" ]
- H ] - L -
B - i w0 .
10‘3';" """""""""""""""""""""""""""""""""" %30 e T T e T 0 00110
C — Observed 13 TeV (2016) . my [GeV]
104 L ——— Observed 13 TeV (2017) | o | | ° Model-dependent:
S 1as s E Largest deviation:
L Observed 13 TeV (Run 2) i E. C ]
105 4 g 1 ~1.7c local
S P P T R B N NN S e | . o
70 75 80 85 90 95 100 105 110 0E : significance at
my, (GeV -
1+ (5eY) - m, =95.4 GeV
102 . =
* Modest excess: ~2.9c local (1.30 ot ooy ) Observed 3
global) significance at m, =95.4 GeV N — e S )
: 70 80 30" 100 T
m,, [GeV] 25



Results: p-\/alues by category ATLAS-CONF-2023-035

* Model-independent

ne»r-»

a) : . ‘ . q.) T T T T T T T I T T T T T T T I T
s LT ] S -
g E : 3 z E Ooc 3
a C ] o - .
— _ (1] ~ T
g 10 'EE E § L 1o -
=5 F : 10 E
102 E F ]
: 3(—) -------------------------------------------------------------- Z i |
10°E E 102 ATLAS Prelimi E
2 ATLAS Preliminary —All E E refiminary. — oOpserved 3
B Vs =13 TeV, 140 b ---uu ] - Vs=13 TeV, 140 fb ]
O uo 4 o Mo : * Model-dependent:
E bo C {-] ........... ; 10_3:_ .............................................................. -
B T :I 1 L | 1 1 1 1 ‘ L 1 I 1 1 1 ‘ 1 1 1 1 I L I:
10*5 Il 1 1 Il 7‘OI 1 Iab 1 1 Il 9I()I 1 \160I 1 1 I11IOI 70 80 90 100 110
m, [GeV] m,, [GeV]
q.) T T T T T I T T T T T T I q) T T T T T T T I T T T T T T I T a) T T T T T T T T T T T T T T T
=] > =]
o 1= = © 1= =4 © 1= 3
> F = > F = > F =
IQ— C ] IQ— - n IQ— : ]
E r 1= i 1 = i
Q - - Q - - Q - -
S S 3
10°E E 107 ; E 107 E
102 = 102 < 102 <
- ATLASPreliminary U1 TUU2 - ATLASPreliminary  UCT TUC2 - ATLASPreliminary cc1 ~CG2
o STV MOMT —yys : o, STV MO —yos : o, fS=ISTeV IO —go3 :
0% Hoyy E 107 Hoyy E 10° Hoyy E
ol N N N TR SO R A PR I S TN SN AN S TN TR W N S T S WU T NN T TN TN AN SN NN SN S N TN SN SN AN SO Y SO N M Y T S W WA AT N TN TR SN AN RN NN TN TN NN TN SR SR AN SN TN SR N M S
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CMS-PAS-HIG-20-002

Results: Limits on o x B by production process

* 95% CL limits on o X B by production process (integrated over all experimental event classes)

CMS Preiiminary

132217 (13 TeV)

= 0.12
E}: — Observed
- .
3] ggH + ttH £y
Q) ected £ 16
: 0.1 Bee 1
= - Expected £ 20 1
-
T
L
m
X
=
"
T 004
(=]
e}

o b b b b b by B
70 75 80 85 90 95 100 105 110
m,, (GeV)

* 100% production via
fermion-coupled
processes (ggH, ttharH
in SM proportions)

CMS Preliminary 1322 ' (13 TeV) CMS Preliminary 1322 ' (13 TeV)
rrrrprrrTyrrTTyrrrrrrrrryrrryrrrrr Ty rrTTrTTTTTTTTT rrrrrrTTTrT T T T

CMS Preliminary 132.2fb™ (13 TeV)
TT T I rrrrJrrurr IIII\I\III\\l\III_

‘ B T | T | T — ‘ I mamay ‘ |
- _D —_
H— vy — Observed 2 o H—= WY —Observed o 008 H oy — Observed
VBF + VH ] g VBF : 3 ]
. Expected £ 1o _; ’_\E: 0.02 . Expected £ 1o E % 0.07 VH . Expected + 1o _:
----- Expected £ 26 ; 0.018 - Expected £+ 26 — E 0.06 [ Expected £ 26
T o.016 0
I
- I
el 0.014 5
X 0012 X
2 =

PARAEE S AN AR NAN T NN AT I ol b b3 L ol b s b1
70 75 80 85 90 95 100 105 110 70 75 80 85 90 95 100 105 110 STy Y YT BT

70 75 80 85 90 95100105110
m,, (GeV) m,, (GeV) m,, (GeV)

* 100% production via
vector boson-coupled
processes (VBF, VH in
SM proportions)

* 100% production via VBF * 100% production via VH
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CMS R |t S . | B k d F t CMS-PAS-HIG-20-002
xmacms Preliminary 132.2 fb (13TeV) - ><1030MS Preliminary __ 132.2 Ifbl'1 (13 TeV)
> 220[ I B B = 100} ]
o H -7y : S H -7y i
B 200 + Data = © i ¢ Data ]
S 180N e B component § N e B component 1
o 1405 I +lo E TR I +io E
120 []+20c E 3 I []+20 .
100F- E £ i :
F e = C ]
60 — — o L i
40;— —; c}-) 20 B —:
20 E 2 I
0 E Lo T R Lo [ R I R S R A » o L— L1 TR B B L1 P SRR A S N R
1000 F= ' "B component sublracted J 600 = B component subtracted
- ] 400 £
2001 } : 200 } %
0 : : 0 —
200 } $
~500 ~400 -
70 80 90 100 110 120 70 80 90 700 110 120
My, (GeV) my, (GeV)

* Fits of S+B model over all event classes, for best-fit m=95.4 GeV
e Bands include uncertainties on fit function choice/fitted parameters (from toys).

 Left: unweighted, Right: each event weighted by the ratio S/(S+B) for its event class
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2016 Class 2

2016 Class 1

2016 Class 0
2017 VBF Tag

2017 Class 2
2017 Class 1
2017 Class 0
2018 VBF Tag
2018 Class 2
2018 Class 1
2018 Class 0

Results: ‘Signal’ strengths u fixing m,=95.4 GeV

CMS-PAS-HIG-20-002
132.2fb" (13Tev)

CMS Prelfmmary

132.2 o’ (13TeV)

T 1] T T T
| |
Hopy : - Comblned + 10—
1 45 071 -
-0.67 []
061 +0.40 : —a— Perclass £ 10 —
-0.38 a L
[ 0.69 o ==== U=
x SM —
-0.03 +(;)ch1 . +0.19
+0.73 : IJ'c()rnbirmd = 0'33 -0.12 ]
O 09 073 .
| | —
+0.40 m, = 95.4 GeV
0 07 40 . H B
0 01 +0.35 :
-0.38
0 41 +0.40 : -
-0.36 | | |
+1.00
0 10 073 b B
+0.36
0 50 035 B
+0.26 u
031 25, T s | L |
—5 0 5 10 15

e for the 11 event classes

¥% compatibility probability: 68%

2016

2017

2018

CMS Preliminary

T ! T
H— .
" : . Combined * 1o
- E “mmm M=MSM —
0.77 22 ] _ 10.19
. I'l'ccombin\c.-d = 0.33 -0.12
B " m,, = 95.4 GeV .
0.01 1022 .
0.35 7 .
1 | 1 1 1 | 1 : 1 | 1 | 1 | 1 | 1
-2 -1 0 1 2 3 4 5

* for the 3 years
¥% compatibility probability:
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CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-03 11:26:05.236800 GMT
Run / Event/ LS: 323954 / 100651384 / 51

(credit event display: Tom McCauley)  Event recorded in 2018 selected
by the analysis

e 2 photons and 2 jets
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Interpretation of CMS-PAS-
HIG-20-002: Biekoetter,
Heinemeyer, Weiglein,
Phys.Lett.B 846 (2023)
138217

* 2HDM + complex singlet model (S2HDM) compatible with excesses at ~95 GeV for m,, and my,, (LEP) for
Types Il and IV, also with m_. (CMS, JHEP 07 (2023) 073) for Type IV (points in agreement with all
experimental and theoretical bounds)

* Model contains 3 CP-even (h,, h,, h;), 1 CP-odd (A) neutral, 2 charged (H*) and 1 DM (y) scalars

Ax2,. Axtys
.............................. . 0 2 4 6 0 2 4 6
Lpp ‘e B w el e ST T
C === exp. 95% CL ° ype E E Ty e IV ,2"r = 146.15 ] 0.6 - }TPE 125,8M = ]46.15t
; %o oxp . : 0.20 _ YP X125,5M = : {} & ]
0.8;— [0 1o exp o293 “"L r .
T : 04f e :
s = L .
T o6 T .
= 8 o -
T = = r N
S 04F 0.2F .
0.2F
......... Lovovovv vy o by 0w v v 0 by
: 0.2 0.4 0.6
85 90 95 100 105 Hoyy
th u-type d-type leptons
type I ) $s P
* Modelt imilar to those in 2HDM ~ ®Pe ™ P2t
odel types similiar to those In
type III (lepton-specific) o) do <>F} 31
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Conclusions and Perspectives

% Presented new CMS and ATLAS searches for additional low-mass SM-like H->yy (70 GeV<mH<110 GeV)
using full LHC Run 2 data: No evidence for the existence of extra Higgs bosons found so far

® CMS: Modest excess at m =95.4 GeV with 2.9c local (1.3c global) significance.

® ATLAS: Mild excess: ~2.2c local significance at m =71.8 GeV (model-independent) and 1.7c local
significance deviation at m, =95.4 GeV (model-dependent)

@ More (Run 3) data is needed to conclude ....and it's on it’s way! (~250fb-1) =»Double the discovery
possibilities!

@ HL-LHC: Starts ~2029, expect 3ab-1

ne»r-=»

'CMS B LHC delivered: 88.19 fb™'
[0 CMS recorded: 81.17 fb™

70t > = 13.6 TeV 13.6 - 14 TeV

Bwies Consolidation
LIU In=tMeag

energy

TeV splice consolidatio cryolimit HL-LHC
50+ LHC Run 3 tO dat &B_E o “ng p“?;::ors Ir%é?n?on Civil Eng. P1-P5 d tt Pliﬂmut installation
o v | i | | sy | s | | | | e | | "o ]

5to 7.5 x nominal Lumi

ATLAS - CMS
xperiment upgrade phase 1 ATLAS - CMS
1

I olal Integrated iuminosity (1o )

I b . . . ) HL d

1ol e nominal Lumi mil-lfin—ll ALICE - LHCb l 2 x nominal ILumi Hparace
75% nominal Lumi upgrade

02@%@%%%/’666'%"/’[&‘ "

O R gl 9 gl ol 9P 0D @D ot i 3000 b
D At fod £ Al £ -1 integrated

Date HL-LHC TECHNICAL EQUIPMENT:
https://twiki.cern.ch/twiki/bin/view/CMS DESIGN STUDY ‘_‘" ‘ PROTOTYPES / CONSTRUCTION ‘INSTALLATION &COMM.HH PHYSICS

Public/LumiPublicResults https://hilumilhc.web.cern.ch/content/hl-lhc-project Feb 2022 S Gascon-Shotkin , Seminar Imperial College London, May 15, 2024 32
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SM-like H=2>yy (70 GeV<m_ <110 GeV) CMS-PAS-HIG-20-002

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-002/

* Observed and expected 95% CLULon o X B
relative to SM-like expectation (production
processes assumed in SM proportions)

* Observed absolute 95% CL UL on o X B between 15-73 fb

. R

m : : 3 _I T T 1 I T T TT | T TTT | T TTT | T TTT | T TTT | T T 1T | T T I_
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-002/

Correction Factor (CX)

0.9

0.8

0.7

0.6

0.5

0.4

0.3

ATLASCONF 2018025

Source Uncertainty [%] Remarks

Signal yield
Luminosity +2
Trigger eff. +1.4-1.7 myx -dependent
Photon identification eff. +1.5-2.3 my -dependent
Isolation eff. +4
Photon energy scale +0.13-0.49 my -dependent
Photon energy resolution +0.053-0.28 my -dependent
Pile-up +1.8-4.1 my -dependent
Production mode +2.4-25 myx -dependent

Signal modeling
Photon energy scale +0.3-0.5 my - and category—dependent
Photon energy resolution +2-8 mx - and category-dependent

Migration between categories

Material

=2.0/+1.0/+4.1

category-dependent (UU/CU/CC)

Non-resonant Background

Spurious Signal

1287104779

(604/496/181 events)

ratio to the expected spurious signal uncertainty

(category-dependent)

_I T I T T T T | T T T I T T | T T T T T T T T T T I_
- ATLAS Simulation Preliminary .
= s
C OO0 o ]
o eeeeent FeeoTT L. S L ]
:___.-»x """"" @] -'_,-."'-‘ -]
- © It ]
e - e QQgF(MADGRAPH)  —
I D m ggF(Powheg + Pythia8)
— o VBF 7]
. v ttH ]
- o WH _
- ZH -
_I 1 I 1 11 1 I 11 11 I 1 11 1 I 1 1 11 I 1 11 1 I 1 1 11 J 1 I_
60 70 80 90 100 110 120
m, [GeV]

DY Buckground modeling

Peak position
Peak width
Normalization

+0.1-0.2
+2-3
+9-21

category-dependent
category-dependent
category-dependent
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