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X-Y view of Compact Muon Solenoid

* Level 1 muon trigger uses muon stations only (RPC, DT, CSC).
* High Level Trigger combines tracker and muon station information
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Accumulated luminosity (CMS)
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CERN, June 2012.

Higgs boson discovery




CMS

In 2012 SUSY people were happy to say:
h,,c is the first discovered

Decay mode/combination ‘ Expected (¢) | Observed (o)

VY <238 412
ZZ 3.8 3.2
7T+ bb 24 0.5
Yy + ZZ 4.7 5.0
vy + ZZL + WW 5.2 5.1
vy +ZZ+WW + 17 +bb 5.8 5.0

SUSY particle

ATLAS 2011-2012

-m, = 126.0 GeV
WZIH — bb 5
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A lot of SUSY (and BSM) analyses in Higgs sector
are still going on these days in ATLAS and CMS

Signal strength (u)



Summary of coupling strength modifiers for hy,; &%)

= B, — probability to decay to invisible mode (h,,. >DM DM)

*w TR B, — probability to decay to yet undetected BSM modes
. N g eptone ok h,;,s= ut, hh,... + unknown/undetectable
K [ o _ T x2
bl - @ -2 e (B2 T d s H H
- FEC#S Higgs bE F‘IEJM 1= (BRundet. + BRiny.)
| T o
K| e = Room for New Physics with non SM
ai ] e B =B =0 decays of h,,:
- ] "R Tnden B 2Bt B, < 0.12 (expected 0.21)
—— SM prediction
“y I—T'.—'l_|

Parameter value not allowed Binv < 0.13 (expeCted 0.08)
- at 95 % CL

Nature 607, 52-59, (2022)



https://www.nature.com/articles/s41586-022-04893-w.pdf
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https://www.nature.com/articles/s41586-022-04893-w.pdf
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| wish theoreticians could say:

Experimentalists should not worry, we'll make a theory that
explains what you are finding



BSM physics with Higgs bosons

* find non SM decays of h(125)
e find an additional Higgs bosons

 precise measurement of h(125) using “SM channels”




Search for Dark Matter
in non-SM h(125) decays:

h,,s—invisible




Connection between
LHC H->inv. and direct DM searches”

o3l = s miy fx
SN T 16 (Ms + my)?
. Ny myfE DM-nucleon scattering ,

167m; (Myv +my)? " (LUX-ZEPLIN, PandaX-4T, ...)

9 4 172 42
g7 Anpr MNMifx /\
Of—N = Y ;

ArA2m; (My+ mn)?

where f — Higgs-nucleon coupling

. Ahss /88 H >¢ e o

A ->invisible decay at LHC

1mnv _ 1 1 _ 4 _|_ 12 | = SEEEEEEECELEELET RS
vy 2567TZ\/[(}, m% mh

. A7 vimy 3

1nv v f - — T2 2

hox = T35 AT where Sy = \/1 — AMS /m;

A. Djouadi et. al. arXiv:1112.3299



https://arxiv.org/abs/1112.3299

DM (WIMP) detection on Earth with XENON experiment

LT LR LT T T

Cosmic radiation bombards our
planet constantly. Rock shields
the experiment from many of
these particles.

T~ * \The electrons move from

: i ¢ =N\ i . liquid to'gas, creating
{ @ Weakly Interacting l\m ive B another flash of light the
i photomultipliers can

(WIMPs) can pass through the

{3 detect. The relative
- reach the Xenon100 detector. - etect. The relativ

brightness of the two
flashes reveals the type of
particle that/caused the

signal. ‘

An electric field draws the
free electrons to the
anode at the top of the

I tank.

Start data taking in 2007 at Gran Sasso in Italy. Current XENON100 — 165 L xenon. Plan for 1000 L
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most sensitive mode

dq’—qq’h (VBF h)

Eur. Phys. J. C 83 (2023) 933

~
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Xpect to reach = 4 % at HL-LHC with 3 ab! (FTR-19-001)


https://link.springer.com/article/10.1140/epjc/s10052-023-11952-7
https://link.springer.com/article/10.1140/epjc/s10052-023-11952-7

How it is compared with MSSM and NMSSM

predictions

* seems not interesting for pMSSM
with new limits from LZ experiment

2 _
30£m,S60GeV Sl D110y 2

SC  A.Djouadi et al, arXiv:1211.4004-

IIII]

Log, (2, h?
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| % g st

B0,
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Figure 4: The neutralino relic density log;(2,h?) as a function of M, 0 (left) and
BR(h — XE}X?) (right) for the accepted set of pMSSM points (black dots), those
with BR(h — x?x?) > 15% (green dots) and those compatible at 90% C.L. with
the Higgs data (light green dots). The horizontal lines show the constraint imposed
on Qxh.2 and the vertical lines on the panel on the right the 68% and 95% C.L.
constraints on the Higgs invisible decay branching fraction obtained by [26].

latest update in R. Godbole at al. arXiv:2402.07991, BR(h->y;%;)<0.1%

* interesting in NMSSM
U. Ellwanger et al, arXiv:2403.16884
Scenarios with light neutralino 1

BP1
Mpys 3966
M a1 21
LSP singl.
Misp 9.0
NLSP | wino™®
ﬂf’fNLSp 115
Slepton Ur
J-{‘H lepton 140

BR h-invisible can reach =10-15 % due to

destructive interferences among processes
mediated by the CP-even scalars.

Cyril Hugonie, private communication
14


https://arxiv.org/pdf/2403.16884
https://arxiv.org/abs/2402.07991
https://arxiv.org/abs/1211.4004

Additional Higgs bosons

in MSSM
h,H,A,H* (m <m)

most probably h (not H) is discovered h,,.

At tree level Higgs sector of MSSM is determined
by only two parameters:

M, and tan(f)

1< tan(B) = v,/v, = (vsin(B)) / (v cos(B)) < 60

15



Events/(20 GeV/c?)

Events/(20 GeV/c?)

From 2010 to 2024 in MSSM Higgs searches
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ATLAS Preliminary
hMSSM, 95% CL limits
Run2, {s= 13 TeV

— Observed

[ gg/bb H/A, H/A — 1t
139 fo™
Phys. Rev. Lett. 125 (2020) 051801
[ tb) H, H — 1v,36.1 fb
JHEP 09 (2018) 139
[ b(b) H/A, H/A — bb
27.8 b
Phys. Rev. D 102 (2020) 032004
O H - 2ZZ - 4llivy, 139 fb”
Eur. Phys. J. C 81 (2021) 332
[ 1A—>Zh,h—bb, 139 0"
JHEP 06 (2023) 016
[ tb) H', H" — tb, 139 fb
JHEP 06 (2021) 145
O H - WW - iviv, 139 fo
ATLAS-CONF-2022-066

@ H - hh — 4b/bbyy/bbre

126 - 139 fb"

arXiv:2311.15956

h couplings [y, K, K4l

36.1-139 fb"

arXiv:2402.05742

ttH/A, H/A — tt, 139 fo”
ATLAS-CONF-2024-002

[0 gg H/A, HIA — tt, 140 fb'
arxivi2404.18986

2000
m, [GeV]

H/A->yx still to be done
(even in hMSSM:arXiv:2311.04033)

from h ,. measurements and

assuming h==h,,.

16


https://arxiv.org/abs/2311.04033
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-10-002&tp=an&id=431&ancode=HIG-10-002
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-10-002&tp=an&id=431&ancode=HIG-10-002
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-10-002&tp=an&id=431&ancode=HIG-10-002
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-10-002&tp=an&id=431&ancode=HIG-10-002
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-10-002&tp=an&id=431&ancode=HIG-10-002
https://arxiv.org/abs/2403.16926

Additional Higgs bosons

in 2HDM
h,H,A,H* (m, <m_), h or H is discovered

m,, m,, m,, m,,, a, tanf, m,, (soft Z, symmetry (®,->0,, O,->-®,) breaking
parameter)

m,, != 0 to have a new mass scale. This allows the model to have a decoupling limit. When m,, goes to infinity
we recover the SM m,, is often taken as in MSSM: m,?=m,,?/(sincosp)-A;v? with A;=0 as in MSSM

arXiv:2402.05742
ATLAS
V5 =13TeV,36.1-1391b7! [ K Obs.95% CL
My, = 125.00 GeV --- K Exp.95% CL
Lo 2HDM Type-Il --- SM-like coupling
Type I and Type II Type I Type II €h—a 5p—a 5 P
- VW= hW W=
Higes Cy Cy o Cy Ch HW !
h @1(,3 - Ct)) cosa/ sin 3 |cos o/ sin 3 |cos v/ sin 3| —sin ot/ cos 3 HZZ h 10°}
— ZAh
H cos(3 — a) sin ov/ sin 3 |sin e/ sin 3| sin av/ sin 3| cos v/ cos 3
VEHF VEHTF
A 0 cot 3 —cot 3 cot 3 tan 3 W=H™h W=H+H ) i
0 63 =02 -0i 00 01 02 03

cos(B —a)

wrong sign Yukawa coupling (Cy=-1, C,=C, = 1) scenario, sin(B+a)=1, can be excluded or confirmed with h->yy at HL-LHC,3 ab™!


https://arxiv.org/abs/2402.05742
https://arxiv.org/abs/2402.05742

Anaysis which does not make a sence in MSSM
but does in 2HDM: A->ZH, h=h,,.

* contrary to MSSM

 A-boson can have a small mass
* m, != m, at large masses

* A->ZH decay (m, > m,) is the signature of a strongly first order
electroweak phase transition (EWPT) in 2HDMs, as needed for
Electroweak Baryogenesis G.C. Dorsch, S. Huber, K. Mimasu and J. M. No,

arXiv:1405.5537
- 2HDM Type |
IPh}*STcal | | | S’fm“g PT Promising fast

See also: 700
Strong First Order Electroweak 600 | 24 | Pl sim. result for
Phase Transition in the CP- 500 _ ' _ libb final state,
Conserving 2HDM Revisited, “;EE / : : m,=400 GeV

m., [GeV]

M. Meuhlleitner at al, N m, =180 GeV. 1
arXiv:1612.04086 ook . | | | | | | o=5 at L=40fb"
200 300 400 500 600 200 300 400 500 600 at 14 Tev LHC

mp, [GeV] my, [GeV] "


https://arxiv.org/pdf/1405.5537.pdf
https://arxiv.org/pdf/1405.5537.pdf
https://arxiv.org/pdf/1612.04086.pdf

Electroweak baryogenesis

Sakharov Conditions: A.D. Sakharov, ZhETF Pis’ma 5 (1967) 32 (JETP Letters 5 (1967) 24)

@ B number violation (sphaleron processes).

@ C- and CP-violation.

® Out-of-equilibrium _ create bubbles in early Universe with <®>40 and get
The EW phase transition must be a first order system jumping from false to truth vev minimim

(%c) o | mmm) M. Quiros, Helv. Phys. Acta 67 (1994) 451.
Te G.D. Moore, Phys. Rev. D 59 (1999) 014503.

§c =

Possible appearance of the baryon asymmetry of the
universe in an electroweak theory

In SM m, should be less M. E. Shaposhnikov
. Institute of Nuclear Research, Academy of Sciences of the USSR
than 125 Gev In Order to (Submitted 2 September 1986)

get ba rion asym metry in Pis’'ma Zh. Eksp. Teor. Fiz. 44, No. 8, 364-366 (25 October 1986)

A new mechanism is proposed for the generation of the baryon asymmetry of the

universe d ue to EWPT Of universe in an electroweak theory. This mechanism involves an anomalous
1 ‘ nonconservation of baryon number at high temperatures. A cosmological
the fl rst Order. limitation on the mass of a Higgs boson is derived: 10 GeV Smj =60 GeV. The

sign of the baryon asymmetry is determined by the sign of the CP breaking in the

decays of K ® mesons. 19


https://twiki.cern.ch/twiki/pub/CMS/HiggsExoticsTheory/Sakharov.pdf
https://twiki.cern.ch/twiki/pub/CMS/HiggsExoticsTheory/Sakharov.pdf
https://twiki.cern.ch/twiki/pub/CMS/HiggsExoticsTheory/Sakharov.pdf
https://twiki.cern.ch/twiki/pub/CMS/HiggsExoticsTheory/Sakharov.pdf

Electroweak baryogenesis

Bubbles of the non-zero
Higgs field VEV nucleate
from the symmetric vacuum

CP-asymmetry is converted
into a baryon asymmetry by
sphalerons in the symmetric
phase in front of bubble wall

They expand & particles in
plasma interact with the phase
interface in a CP-violating way

7

b, 7.

(=0

VEV and T
at EW phase
transition

Produced baryons muss not
be washed out by sphaleron
processes in symmetric phase
in front of bubble wall®

Duarte Azevedo

Condition for EWPT to be of strong first-order:

where v, = \/w% + w22|Tc is the Higgs VEV at the critical temperature 7., which is defined when

Ve

el

€e

z1,

the would-be true vacuum and false vacuum are degenerate.

In the SM, we would need my = 70 GeV for £ > 1 [Kajantie et. al; Jansen]

STRING THEORY

> 3 spatial dimensions

= Curled up? Size scale?

= Deviations from Newton's law

BARYOGENESIS (E.G. GUT)
= Baryon number violation
= CP violation

= Thermal non-equilibrium

ELECTROWEAK BARYOGENSIS

= Baryon number violation (sphaleron)
= CP violation (e.g. EDM neutron)

= Thermal non-equilibrium

PRIMORDIAL NUCLEOSYNTHESIS
How many neutrons available for
nucleosynthesis

= Coupling constants

= Lifetime

PRODUCTION OF HEAVY

ELEMENTS

= Supernova explosions

= Nuclear physics in neutron
rich stars

e e ey Sy s
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AéZH é l-l'[- tt ana Iyses First shot of the smoking gun: probing the electroweak

phase transition in the 2HDM with novel searches

and inte rp rEtation g H for A — ZH in ("¢ tt and vvbb final states

-
. -~
fully hadronlc tt _A_ - Thomas Biekétter!*, Sven Heinemeyer2, Jose Miguel No?3%,
CMS-PAS-BZG-23-006 Kateryna Radchenk04§, Maria Olalla Olea Romachos.1I and Georg \/‘Veiglein’i’6 |
o /T, arxiv:2309.17431
L] o LX) -I'L n
Semlleptonlc tté lVb”b g 4 1.2 1.4 1.6 1.8 2.0 2.2 24 2.6
ATLAS:arXiv:2311.04033
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the €+8-tt channel, for the signal hypothesis corresponding
to (m,, my) = (650, 450) GeV.
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https://arxiv.org/abs/2311.04033

Searches for the light scalars
from h,,. >aa->xx yy decays

NMSSM, 2HDMH+S, ...



CMS and ATLAS searches R. Aggleton at al, arXiv:1609.06089 Br’s in NMSSM

for h,,s—>ss—>xxyy on one plot 107 B T
M. Carena et al arXl1v:2203.08206 e .
see also M. Cepeda at el arXiv:2111.12751 S 107! L . _

10 W\\\\\\\\\ \\g I | SR
ATLAS bbb 361 tb ™ S Pbbb 36.1 b § - ¢
1071E T\ A e T . F107: A TS
; 10—2;C‘315rrrr35.9ﬂJ—1 CMS bbr 359 b~ _; E \\' o ;;?
§10—3E(h15 35.9 fb-L ; 10_37||J||||||||11:|||||i.|118817
= Ny [ CMSuuTT3Som E 0 5 10 15 20 25
; 10-40 '"""‘J“W{;’/’; Y ] ‘ ma, [GeV]
_L ;A o s ] M. Carena et al arXIv:2203.08206
= 103" m0m ! NS vryy132 ) Bl
= 1072 o __(_‘\_Ii’;’i’_l_‘jiﬂmsﬂwmml E Br’sin h125+smglet model
10_6 é—~ —— VTV —é 100 ;l R | lrons
g ] |
10_ E E I.I
FII\II||||||||IIII\I|IIIIIIIII|II‘T 1[]1_
0 20 40 60 =
mS [G@V] éﬂlﬂ 2
* Recent ATLAS analyses of 2024 ——T
1073 | N
¢ h»] 25933 94? ot ll'm
1&9 0= \ ‘n,a 0 20

¢ h1259 Za é llw IU_IU_ 1(‘)” 1(IJl

Extended Scalar Workshop in CERN, 21-25 October, 2024 ms (GeV)

23


https://arxiv.org/abs/2203.08206v1
https://arxiv.org/abs/2111.12751
https://arxiv.org/abs/1609.06089
https://arxiv.org/abs/2203.08206v1
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Searches for h,,. decay to aa(hh) vs models (l)

M. Carena et al arXiv:2203.08206

o X BR (h>s — 2a1 — 47) [pb]

R. Aggleton at al, arXiv:1609.06089
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FCNC in Higgs sector: h125->ur, et

ATLAS CMS
JHEP07(2023)166 PHYSICAL REVIEW D 104, 032013 (2021)
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Lepton Number Violation in B-decays (LHCb)

Eur. Phys. J. Spec. Top. 233, 225-240 (2024)
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Testing lepton universality ratios

Eur. Phys. J. Spec. Top. 233, 225-240 (2024)
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Inclusive jet production cross-section measurement

arXiv:2111.10431
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Simultaneous fit of o, and PDF

using Run Il inclusive jet production data
P L arXiv:2412.16665
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https://arxiv.org/abs/2412.16665

Excitement at the end:

event excess observed in CMS
in Run 1 with significance 4.8



Observation of event excess at 8 TeV in 2014

* due to good luck: selection

p;*12>25 GeV instead of 25,10 GeV

was applied due to typo in code
for Search Region 1 (SR1)
* once bump was observed in SR1
Higgs PAG conveners
wanted to be convinced by finding
the same bump in different event
category (SR2). It was done.
* combined significance is 4.8

Extended Scalar Workshop in CERN, 21-25 October, 2024
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analysis is on the way with full Run Il data

and re-optimized muon sélections using
13 TeV 2016 data.

3/10/2026 Extended Scalar Workshop in CERN, 21-25 October, 2024
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Conclusions

* very reach program for BSM physics at LHC (and HL-LHC)
* we hope for BSM discovery with Run lI+lll data and at HL-LHC
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Summary

ATLAS SUSY Searches* - 95% CL Lower Limits
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= T Fohb], Fi — bbb =4k 140 miFt =500 GeW 201001015
2jets = 24 36.7 171007171
Zey 2p 140 BRI, =i ] = 2% 2406 18367
1w oV 136 B b= 1005, cost=1 200011856
RS RS, B et BT b 120  2Bjets 14D Pure higgsine 2106 09609
“‘Only a selection of the available mass limits on new stafes or 107! 1 Mass scale [TeV]

phenon

ana is shown. Many of the

ara by

sad on

simplified models, c.f. refs. for the assumptions made.

40


http://cds.cern.ch/record/2904978
http://cds.cern.ch/record/2904978
http://cds.cern.ch/record/2904978
http://cds.cern.ch/record/2904978
http://cds.cern.ch/record/2904978
http://cds.cern.ch/record/2904978
http://cds.cern.ch/record/2904978
http://cds.cern.ch/record/2904978
http://cds.cern.ch/record/2904978

JHEP 10 (2014) 160

Motivation of u*u+b analysis

CMS hHA—wt 19.7fb" (8 TeV) + 4.9 fb™ (7 TeV)
T T T T T T T T I T T T T

Events

zoom at low mass

CMS Preliminary, 19.8 fb™" at 8TeV
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I ut, (pre-fit)
| b-tag
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19.7 fb” (8 TeV)
T T T T | T T T T

i~ T
* M.M. Almarashi and S. Moretti, g é?ﬁm
”Low mass Higgs signals at the LHC in NMSSM” , g EE'S'”:;‘Y
Eur. Phys. J. C71 (2011) 1618 5 o s
e J. Bernon, J. F. Gunion, Y. Jiang, and S. Kraml,
“Light Higgs bosons in two-Higgs-doublet models”,
Phys. Rev. D 91 (2015) 075019
0 500 1000 1500
m,. [GeV]
> 300 cms
Selections g 250
o Pkl >25GeV, |1, | < 2.1; 2 200

o P’ >5GeV, |1,,| <24 150F
o P> 20GeV and |y| < 2.4; 100[-
o PSS < 40GeV. cof

) data
: Total bkg: ppjj+*Top+VV

— Top: tt+single top
| bbA, A—pu, 0xBR=350 fb
- bin-by-bin sim. stat. uncertainty

3970170083 Extended Scalar Workshop in CERN, 21-25 October, 2024 41 0=


https://arxiv.org/abs/1011.6547
https://arxiv.org/abs/1412.3385
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Search for A/H=>tt in CMS (arXiv:2507.05119)

* toponium (arXiv:2104.01927) or pseudoscalar Higgs boson d<cus<l
observation at zth mass near threshold ? B —

CMS Simu J'aton Prel m nary (13 TeV)
o E 1.0 [ L J I T I L =
] —|—SMtt ]
~lo 08 - —— A resonance ]
“E = H resonance i
C —— ]
0.6 B 7] -D
B ] -
04 =
- ] o
Lyukawad = TgAff—t%’fA oz} LD_"J
E nzt_ H 0.0 = | | ] | | | | | | | | | | | | i
Yukawa, H — _gHtf?tt ’ 1.0 05 0.0 0.5 1.0 E
Chel O
o
; -
Postfit (BG + A/H) —— A(365, 2%), ga=0.75+0.03 —— H(365, 2%), gy=0.0x0.27 Uncertainty o
'S
Postfit (BG + n;) —— N, () =1.11+0.12 Uncertainty (1v]

. The #, mass and width are set to 343 and 7 GeV, respectively.

for n, only fit o(n,)=7.1 pb (11 % error) agrees with ¢,,=6.43 pb
for single @ only fit the best significance (> 5) for A with m,=365 GeV, I',=2 % |
for single @ only fit with 7, included as bkg. with floating 5(n,) no excess is found - 5561300

42 mii (GeV)



https://arxiv.org/pdf/2507.05119
https://www.arxiv.org/abs/2104.01927

Search for Dark Matter in the framework of
Inert Doublet Model using pu*p-(e*e’)+p;™s topology

SM-like Higgs: ° pp—~> u"‘u—HH
* qq’>Z*>AH plus qq’'>Zh*, qq’'>Z*>Zh*

+ L] L
ds= | 4 ¢ ' mass of di-lepton pair must be less
L ] q Z
5 (0 +h+if) )J<€+ than m, to suppress large DY bkg.
A 4 N
DM N \\H jgoCMS__ 172.2fb™" (13 + 13.6 TeV)
\\ % | = Obslerved 95% ICrL t1o’(thelory) F;elic densitylexcluded E
\\\ g100:_ === Expected 95% CL =10 (exp.) LEP excluded .
\H F

Qi

HT
p— 1 .
oD ( L(H +iA) )
New particles: H* H, A
arXiv:1508.01671

* scalar His Dark Matter particle
* free parameters of iDM:

7“ 30 ssssmmy pp - HHE R*vu
My, My, My,Agys M NN :
60 70 80 90 100 110 120 130

my (GeV)

First analysis at LHC (CADI NPS-25-002). Approved in December 2025. In CWR status. 43
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Mijorana neutrino.

searches for N; and Wi in L-R SM

Pati, Salam ‘74
Mohapatra, Pati ‘74
Mohapatra, Senjanovic¢ ‘75
Senjanovic¢ ‘79

Uy, v
o R
€L €R

Left-Right Symmetry
Automatically implies massive neutrinos

my, VLVR

See-saw Mechanism

al g 1 M, Mp x (®) = v = scale of W,
y =
My My x (Agr) = vg = scale of Wg
Minkoswski ‘77
M2 Mohapatra, Senjanovié '79
My, X WL Yanagida '79

M Glashow '79
WR Gell-man et al. '79

m(N,) [TeV]

q

Eur. Phys. J. C 83 (2023) 1164

—-—

Muon channel Vs = 13 TeV. 139 fb”", All limits at 95% CL

ATLAS Resolved 36 fo'
JHEP 01 (2019) 016 ATLAS
ATLAS Boosted 80 fo' 5 .
Phys.Lelt B 798 (2019) 134942 Majorana scenario
CMS Combined 138 fo'

JHEP 04 (2022) 047

....... Boosted Expected (+10,,)
............. Resolved Expected (£10,,)
— Boosted Observed

— — Resolved Observed I \
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https://link.springer.com/article/10.1140/epjc/s10052-023-12021-9
https://link.springer.com/article/10.1140/epjc/s10052-023-12021-9

Once paper of 8 TeV analysis was ready to be out in 2016 we were
requested to add 13 TeV 2016 data with the same selection. We
published analysis (JHEP 11 (2018) 161 ) 2 years later in 2018.

p oYL N L} 4 - M (2 1 40 S e e BTV
= f _ = T _ Event SR1 SR2
2 C SR o ifx;ﬁ:‘iﬁ:ﬂ; " g 35;— SR2 . zf:,,z:;::ir:;l: " category Additional forward jet Additional central jet
— 201 1 .. Muons OS, pr > 25GeV, || < 2.1
}é’ i agaog My myy, > 12GeV
Q15 @ 25F b-tagged jet pr >30GeV, || <24
w w ot Additional jet pr > 30GeV,24 < || < 4.7 pr > 30GeV, || <24
r 20 Jet veto No other jets pr > 30GeV, || <24 Nojets pr > 30GeV,2.4 < || < 4.7
10: 15, P%ﬂss — <40 GeV
: Ag(pp,jj) — >2.5rad
iy e fT 101 .
_ of E Event SR1 SR2
i 1 — category  Additional forward jet Additional central jet
0o o56 30" "20 50 B0 70 0 20 30 40 30 60 70 mix (GeV) 284+ 0.6 28.2+ 0.7
m,, [GeV] m,, [GeV] Ty (GeV) 1.9+1.3 1.9+1.1
%120 — T 359 (137eV) m160_‘f".5. — L MAER ) -
S ool i Owor I 7S IE) 3 &
- N 1 Event category SR1 SR2 SR1 SR2
2" Local significance (s.d.) ) 2.9 2.0 1.4 deficit
S100f ny (GeV) 283+ 0.4 27.240.6
oL Ty (GeV) 1.8+0.8 0.7+1.0
80 Ns 220+76 228+95 145+93 —149+10.1
60

M. Mangano: no observation at 13 TeV might be explained
by the increase of tt background by a factor of 3.3

0_...I....I....I....I....I...._ 45
20 30 40 90 60 70 Extended Scalar Workshop in CERN, 21-25 October, 2024
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https://arxiv.org/abs/1808.01890

Searches for processes with
Lepton Number Violation

FCNC forbidden in SM imposing Z2 symmetry
Sheldon L. Glashow and Steven Weinberg Phys. Rev. D 15, 1958



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.15.1958
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.15.1958
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.15.1958

% — 140 fo ' (13 TeV) % - 140 o' (13 TeV) % 20 140 fo ' (13 TeV)
= 1001 * 4 = 80§— *Q) = 1gf CMS *Q
:;- [ 1 Data, n(y)| <0.6 B 2;- 70F ¢+ Data, [n(y)| <09 B g 16F ¢ Data, In(y) <08 B
~ 80 —Fit ~  F—Fit ~ qaF— Fit S
@ + + + + o 60F 0 0 @ 0 0
Q [ —B“ By, B'5yK o F — B 5By L 4o B —By
g 60} — - Background -g 50 — - Background -8 — - Background
T [ B'SBYBoy T 4ob BBy T 10b  go,py
© r © F © 8
O 40 O 30F o .
T T /
- L N Lt LLUARM AN i = ke 0 . ) ! ‘Y e B+
531 532 533 531 532 533 4 541 542 543 — =
M(B"y) [GeV] M(B"Y) [GeV] M(By) [GeV] \ P
— — The 3 vector B meson states have never been reconstructed previously (only

1 Am(B*7) = m(B*T) —m(B') 45277 £0.039 £ 0.027 MeV indirect previous measurements exist)

2 Am(B*?) = m(B*) — m{BU) 45,471 4 0.056 + 0.028 MeV

0y — *0 0 . . .

3 Am(B%) = m(B) —m(B) 49407 £0.132:+0.041 MeV Main challenge: very low-pt y emitted in B*— By decays

4 m(B* ) 5324.69 + 0.04 4 0.03 + 0.07 MeV

5 m(B*)  5325.19 4 0.06  0.03 % 0.08 MeV . . .
6 m(82) sae3+03+00e+010Mv| 1IN this work, the 3 states reconstructed fully exclusively for the 15t time!
7 m(B*°) — m(B +) 0504007 +£0.01+005Mev | Using conversion photons for soft y detection allows to go as low as p(y)~300 MeV

8 m(Bs") —m(B**) 9166+014+£003+012MeV | Precision of mass measurements - order of magnitude better than PDG (current world-averages)
9 m(B) —m(B**) 91.1540.14 4 0.03 + 0.12 MeV

10 m(B:0) — 5 [m(B*®) + m(B*")]  91.40+0.13 +0.03 +0.12 MeV Publ; . ]

1 Am(B*) — Am(B*) 0,19+ 0,07 £ 0.01MeV u 1cat10.n. CM?-B.PH-24-011, arXiv:2508.05820, accepted to Phys.ReY.Lett |

12 Am(By) — Am(B**)  413+0.14 +0.03MeV CMS Physics Briefing: cms.cern/news/b-mesons-are-excited-finally-show
13 Am(B) — Am(B™)  3.94 +0.14 + 0.03 MeV ) ' ' 7

14 Am(B) — 1 [Am(B*0) + Am(B**)]  4.03+0.13 +0.03 MeV Presentations:

15 Am(B*)/Am(B*)  1.0043 + 0.0015 + 0.0002 * LHCP2025 (Taiwan): S. Polikarpov, Recent results in heavy flavour physics from CMS

16 Am(?*”@))//ﬂm (B* % 1.0912 + 0.0031 -+ 0.0007 * Lomonosov 2025 (Moscow): S. Polikarpov, Spectroscopy of charm and beauty at CMS

17 Am(BZ)/Am(B*0)  1.0866 4 0.0031 £ 0.0007 . , )

18 2Am(B)/ [Am(B*) + Am(B*)]  1.0889 + 0.0030 + 0.0007 Presented by others at: LHCC 162, QFTHEP 2025, EPS-HEP2025, ICNFP 2025 47
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CMS: event classification according O gy g E
to di-photon BDT score T —. | — 130 : i
(Class O’ 1’ 2) + VBF in 2017’ 2018 ; ——— Observed 13 TeV (2016) ? 10_2 é_ ATLAS — QObserved E
Class 0 has a largest sensitivity jortl eV . - (s=13 TeV, 140 fo” -
§ — Observed 13 TeV (2018) g : Hoyy 7]
. . . C Obseved 13TeV (Run2) A0l 0 e e e e )
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can be explained in NMSSM, arXiv:2403.16884
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https://www.sciencedirect.com/science/article/pii/S0370269303006142
https://www.sciencedirect.com/science/article/pii/S0370269303006142
https://www.sciencedirect.com/science/article/pii/S0370269303006142
https://arxiv.org/abs/2405.18149
https://arxiv.org/abs/2405.18149
https://arxiv.org/abs/2407.07546
https://arxiv.org/abs/2306.03889
https://link.springer.com/article/10.1007/JHEP11(2023)017
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Two Higgs Doublet Model (l)

Consider two complex EW doublets

B bF B by _1 0 1 (0
(Dl_(%(vl—l—pl—kfm)) ’ ¢2_(%(V2+102+”72)) @1}:@(”1)1 @2):\5(“)

o For the correct gauge bosons mass v + v = v? ~ (246)? GeV?

Higgs potential
V =m}, B{®) + mp,®i®y — [mf,®10 + hoc] + FA(D]®1)7 + I (D]P2)? + Ag(P]D1)(DLP,)
A (D] Dy) (DID,) + {%,\5@{@2)2 + [a(®1D1) + A (D) Dg)] D[Py + h.c.} ()

parameters A,A,=0 as result of Z, symmetry imposed to avoid FCNC (®,->®,, ®,->-®,)
Soft Z, symmetry breaking: m,,!=0

m,, != 0 to have a new mass scale. This allows the model to have a decoupling limit.
when m,, goes to infinity we recover the SM
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Two Higgs Doublet Model (l1)

Yukawa interaction with fermions
— Lk = Yy br®V QL+ VP br®y QL+ VT r® Ly + VTP LY 4 [ytlgﬁQi‘I’{erngQi‘I’ﬂ +h.c.

Four possible Z, charge assignments that forbid
tree-level Higgs-mediated FCNC effects in the 2HDM

@1 (I)Q tR bR TR tL: bL: vy, €r,
Type I + | == || - +
Type 1I + |- — |+ |+ +
Type X (lepton specific) || + | — | — | — | + +
Type Y (flipped) + | = |- |+ | - +
-
u-type d-type leptons
Typel & &, &, same as in MSSM
Type Il (O3 b4 ¢ (——
Lepton-specific P, (OB (OF]

Flipped $, OF] )
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Searches for h,,- decay to aa(hh) vs models (Il)

e

107

1072

m, [GeV]

ATLAS Preliminary

March 2021

Run 1: s =8 TeV
Run 2: {s = 13 TeV

2HDM+S Type-1

expected +1c
observed

Run 1 20.3 fb™ H— aa— purtt
PRD 92 (2015) 052002

Run 1 20.3 fb™ H— aa— yyyy
EPJC 76 (2016) 210

Run 2 36.1 fb™! H— aa— pupp
JHEP 06 (2018) 166

Run 2 36.1 fb™' H— aa— bbbb
JHEP 10 (2018) 031

Run 2 36.1 fb™' H— aa— bbbb
PRD 102 (2020) 112006

Run 2 36.7 fb™' H— aa— yygg
PLB 782 (2018) 750

Run 2 139 fb™ H— aa— bbpp
ATLAS-CONF-2021-009

95% CL on B(H— aa)

10 CMS Preliminary 35.9-138 fb™' (13 TeV)
E T T T T T T T 1 T T I T ES|
g |
- 2HDM+S
107 | |
- typel | |
10g |
= |3
. |
1 E _________________ III—_* ____________________________________
: b
101 [ =
E / =
2 j _
B [ ] Observed exclusion 95% CL E
L s Expected exclusion 95% CL N
10 E H— aa — puup H—aa — 1111 E
- PLB 796 (2019) 131 PLB 800 (2019) 135087
_ H — aa — puit H— aa — uptt n
10 - JHEP 08 (2020) 139 JHEP 11 (2018)018 5
E H — aa — llbb H — aa — bbbb 3
- HIG-22-007 HIG-18-026 7
1075 | 1 | | | | | | | 1 | |
1 2 3 4 567890 20 30 40 5060
m, (GeV)

Regions 3-5,9-11 GeV are covered with calculations taking into account effect of mixing of
pseudoscalar and n., n,, states (h->n n.->aa, n,a->aa, ...). U. Haisch et al. arXiv:1802.02156
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Prospects for A>ZH-> [+~ tt at HL-LHC

ournal of Gosmology and Astroparticle Physics

An IOP and SISSA journal

The trap in the early Universe: impact
on the interplay between gravitational
waves and LHC physics in the 2HDM

Thomas Biekotter,” Sven Heinemeyer,b José Miguel No,b
Maria Olalla Olea-Romacho® and Georg Weiglein®?

JCAP 03(2023) 031

900

m [GeV]
0
S
S

700

600 E

&

Proj. 95% C.L. excl.

400 500 600 700 800 900

No FOEWPT or &, < 1 1
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Observed

search for H(A)—>h,,-h(a);>1tbb decay

* 240 < m,, 5, < 3000 GeV, 60 < m,,s< 2800 GeV
arXiv:2106.10361

1< already sensitive to NMSSM

H - ;

BN b CMS 137 10 (13 TeV)
hs ~ < imally allowed values .

95% CL limit on 6 B(H—h(tt) h (bb)) (pb)

> B
8 2000 in NMSSM, given by LHC Higgs WG B
b ~ _
9.7 b (2018, 13 TeV) E:m |
3 Ut 59.7 fb’ , e
. x10- L . TeTh’ Tu’ch’ ThTh plus at IeaSt two 1000 _
2 ogf-CMS -4 Observed [ znvdiboson (tt) - B
" Supplementary [IZ — I (] ] ° .
Dt -~OWR R jets (at least one b-tagged) final ol
15 - [Hsingle h Bkg.unc. -
- — H(EUD)—»th(IES)hGUIUJ (5 pb) : 500 [
: - states are used 200l 001
10F ] .
- ] : : 300
- * Multi-class NN used, 4x background classes + 1 signal class
b 200f
0 X * Qutput is 5 scores, vyi, that sum to 1
2 15
g 10 » Allocate events to categories based on largest i 100 ¢
X
8 05 60
) I . ach cat fit maximum yi as discriminating variabl C
500 100(:“Kin.1it (Ge‘:joo In each category umy; as disc g ble 300 200 1000 2000 3000 0-001
H

for m <400 GeV B physicskills most of the benchmark My(GeV)

points (Ulrich Ellwanger, private communication) .


https://arxiv.org/abs/2106.10361

Do not show H>h,,:h,,. CMS and ATLAS results since
signal model taken in the analyses does not take into
account interference with non resonant hh production

* Importance of taking into account non-resonance production
* S. Heinemeier at al. arXiv:2403.14776 ::‘{\/\‘ o ]> o
* T. Robens at al. arXiv:2409.06651 (O T
Two BP in 2HDM Type | were claimed to be excluded using resonance model
onIy and neglecting non-resonance contrlbutlons

10(} i — Ol (0’ =19. (}4 fb] 10[) i —a'[u ( =100. 29 fb)
—Opes(Otr = 2.11 fb) — e —8382fb)
(1)

l k) = 3.61, A, = —0.21 k) =0.86, Al =0.24
310 my = 512GeV 3 107 my :450G0V 3
c my = 545GeV e my =450 GeV
“‘\2,‘ Cl—a = 0.2 S?__ Ch—-a =0.04
£.10 tg= 10 <10 ty =2.20
S £
w10~ e LU
S| =

1074 10~
Resonant production : 84%
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qq—>Z*->A+h/H->41 (cvs-Pas-sus-23-007)

* motivated by the Type lll 2HDM at large tanf as an

explanation of the muon g -2 anomaly (arXiv:2104.10175)

Four possible Z, charge assignments that forbid
tree-level Higgs-mediated F

SM contribution to magnetic

LNC effects in the 2ZHDM

Q)| Py |ty | br | TR | tL, UL, Vi, €
Type I Tl =1 =1= i
Type II S I B S +
Type X (lepton specific) || + | — | — | — | + 4
Type Y (flipped) RN R I R N

Couplings of Higgs particles to quarks and leptons

momentum of muon

f&ﬁﬁéé

pn

a*P —
,u

SM = 251(59) x 10~ 1

4.2 o deviation from SM,
in 2HDM @°, A, H* contribute to loop

hsm = sg—ah + cg—o H.

normal scenario (NS)

inverted scenario (IS)

u-type d-type leptons &Y% fj
type 1 ) (28 () cot3 —cotp
type 11 ®9 dq Py cot 3 tan
type 111 (lepton—speci{%r P P D, cot §— cot B-I —)
type IV (flipped) Dy dq Dy cot 3 tan 3

hSM = h, (,.-90 - H

hsy 1

Yy Sg—a =1

A_ A1 A #°
yi =~y =t Y = Ye

= t,@

yit

hsm

0
— 7
=Y

=H, S =h
Ch—a — 1
1 A0
W Y=yl

y}lsm —1 }

In Type Il 2HDM couplings of A to up and down quarks are suppressed by 1/tanf3
and couplings of A and @° to leptons are enlarged by tanf
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* search excludes the allowed region for the 8,2 anomaly with a Type lll 2HDM

e a complete exclusion of the type Ill 2HDM for many of the mass points scanned.
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limits on the anomalous electromagnetic
moments of the t lepton (rep. Prog. Phys. 87 2024) 107801)

photon-lepton coupling, iel ™

o (2y 2 Ty o (2 2
TF =~"F (¢°) + > [iF (7°) + F5 (9°) s)

FE(©0)=a,=(g,—2)/2and F;(0) = —2md, /e,

the gyromagnetic ratio g, is a constant term
that relates the magnetic moment of the lepton
to its spin, and d, is the lepton anomalous
electric dipole moment.

a, =1.17721 + 0.00005 x 1073
in the SM (arXiv:hep-ph/0701260)
d.=-7.3 x10-38 e cm in SM (arXiv:2003.08195)
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Lepton Universality in W decays

Recent result from ATLAS: W decays to
electrons and muons from top-pair events

«2X improvement on single-experiment
precision

Mature Phys. 17 (2021} 813
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searches for
H(A)—->h,,:h(a). decays



search for H(A)éhlzsh(a)sewbb Combination assuming SM BR

arXiv:2310.01643 hy,:=27Y, TT, bb arxiv:2403.16926
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