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HOW (T STARTED: HOW TS GOWNG:

CMS Vs=7TeV,L=5.1f" \s=8TeV,L=5.3fb" CMS 138 fb' (13 TeV)
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http://dx.doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/2409.13663

Why study the Higgs sector?

11/12/2024

Origin of EWSB?

Thermal History of
Universe

Fundamental
or Composite?

Origin of Flavor?

Xmas at IFT

Higgs Portal
to Hidden Sectors?

Stability of Universe

CPV and
Baryogenesis

Origin of masses?




Why study the Higgs sector?

Exotic : BSM
Higgs Mass . ) ;
Decays Higgs signal Higgs Width spe::?c;cr;::s
Self ' A\ ' Electric

coupling Y S > oY < ¥ Dipole
measurements ol -3 . S T % _ ' ' i Moments

"

Multi-Higgs

resonances i S ¥ Differential

, Cross Sections

CPV and
Baryogenesis

Higgs Portal ¥ L &S 173 Origin of EWSB?
to Hidden Sectors? '

The"sa! History of W stability of Universe
niverse Natlll‘ﬂlnm !
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ATLAS does a very similar job!

The CMS detector

AOne of the - . . . . X T T
experiments along il | o
the Large Hadron B e it o
Colliderin the
Geneva

Ab-jets are really
Important for |%gs =H T |
Physms due to the _, fo NGy R | b
arge BR, . SR i
H->bb BR 0.6 e i

Ainformation from
the inner tracker are A
Used tO Identlfy b T:'a‘r'\;\ll’zr:c;::;e with Muon chambers
jets

......

, CERN, Febrory 2009
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Resolved and boosted topologies

Decay products collinear (or almost)

Decay products in Reconstructed as one object:
opposite directions boosted

Reconstructed

individually:

resolved

\\\\
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TN ==
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jets, bjets and hadronic decays
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b-jet tagging performance
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Machine learningbundantly applied here!

All algorithms on this slide are based neural networks (

1 0-40
v
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ParticleNet

Cutting edge{agging algorithm for
boosted topologies.

Outperforms DeepAKS8 x 2

(13 TeV
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Simulation Preliminary
H—bb vs. QCD multijet
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Extended Higgs sectors

AIn the Standard Model the Higgs sector is one
complex doublet

A SM+ Singlet
A Minimal extension
A Mixing with SM doublet=> modified couplings

A Two Higgs doublet model (2HDM)
A e.g. MSSM
A Very popular, rich phenomenology
A Type I, Il etc depending on how the doublet interacts \
fermions
A 2HDM+Singlet
A e.gNMSSM
A Combines benefit from the two above

A Rich phenomenology, several mixing angles, modified couplings,
forbidden decays, multiple scalars

11/12/2024 Xmas at IFT 11



Long list of
searchesl!!

CKAE& Aa y20 )i

| will only talk about select few
today, as examples

General categories

A Heavy Higgs searches

A Light Higgs searches
Higgs pair production

A X->VH

11/12/2024

VV/VH/HH/Vy resonances

H-ext.

CMS Preliminary

36— 138fb~! (13TeV)

= BR-ggy +Wylgm=01 A=4My) Mg | PLB B26 (2022) 136888 — 0.7 -1.1
2 rw- qgy = Wy (gm =0.1, A =4My) Myy | PLB 826 (2022) 136888 0.8-1.4
= 2' (2016 (Dn’_]bl_natlun) Mg+ | PLB 798 (2019) 134952 — 0.8-3.7 B 138fb-!
[=Z' - ZH - ggti Mg | JHEP 01 (2019 051 — 0.9-2.2
m B2 = ZH - (I, w)bb My | EPIC 81 (2021) 688 — 0.8-3.7 > 36f!
; »Z' = ZH - q4qq Mz | PLB 844 (2023) 137813 — 1.3-3.9
T pZ - WW-qg4qq Mgz | PLB 844 (2023) 137813 — 1.3 -3.5
R »Z - WW o fugd Mg | PRD 105 (2022) 032008 — 1.0 -4.0
[y M. | JHEP 07 (2021) 208 — 0.2-1.4
»Z' = ZH = kv, ccjdq Mg+ | B2G-23-008 — 1.4-3.0
[>W'’ (2016 combination) My | PLB 798 (2019) 134952 — 0.8-4.3
[=W' — WZ - g Myy | JHEP D9 (2018) 101 — 0.4-2.7
W = WZ - wgg My | PRD 106 [2022) 012004 — 1.0 -4.0
: W - WZ > g My | JHEP 04 {2022) 087 — «~— 0.5-2.0
; =W - WH - qqtt Myy | JHEP 01 {2019) 051 [ 0.9-2.6
-~ PW - WZ-qgdgq Myy | PLB 844 [2023) 137813 — 1.3-4.4
= » W' — WH - fugq My | PRD 105 [2022) 032008 — 1.0-4.0
W - WZ - fugg My | PRD 105 {2022) 032008 — 1.0-3.9
W o My | HEPOT (2022) 067 — 0.7-1.5
»R - ZZ - vugq Mg | PRD 106 [2022) 012004 — 1.0-2.9
=R = HH - ggtt Mg | JHEP 01 {2013) 051 — 0.9-2.7
R 2 HH (cgmbination) ~ {#5 | 2403.16926 sub. to Phys. Rep. — 0.2-3.1
-F . CFZ{ HH -] @WW (lep.) ferged}(t a w HENGS (2022) 005 — 0.8-2.3
E » = HH - bbww (lep.) Mg | 2303.09430, bub. to JHEP «— 03-04
T" R = HH = T1yy (not in HH Comb ) Mg | HIG-22-012 —¢— 0.3-0.6
& PR-HH- mult_i-leptons Mg | HEP DT (2023) 095 — 0.2-0.6
& PR HH- yybb My | 2310.01643, Acc_ by JHEP — «— 0.3-1.0
2 pR - HH - bbbb merged-jet Mg | PLB 842 (2023) 137352 — 0.9-3.0
E » R = VWV - qgdqq Mg | PLB 844 (2023) 137813 — 1.3-2.6
» R = WW - fugg Mg | PRD 105 (2022) 032008 — 1.0-3.1
=R - 77 Mg | HEP 03 (2019) 128 — «— 0.3-1.9
=R - Ww Mg | HEP D3 (2020) 034 — 0.2-1.1
» R = WW My | HIG-20-016 — 0.1-0.8
> G - ZZ - v Mg | HEP 03 {2018) 003 — 0.6-0.8
=G ZZ - Hqq Mg | HEP 09 (2018) 101 — 0.4-0.9
»G = ZZ > wqq Mg | PRD 106 [2022) 012004 — 1L0-12
g » G ZZ - Haqq Mg | HEP 04 (2022) 087 — 0.5-1.2
1] » G — HH (combination) Mg | 2403.16926 sub. to Phys. Rep. 0.3-1.9
EE » G- HH = bl}WW {lep.) merged-jet Mg | HEP 05 (2022) 005 — 0.8-1.4
¥ » G- HH— bbww (lep.) Mg | 2403.09430, bub. to JHEP «— 0.4-09
& B G- HH - TTyy (not in HH Comb.) Mg | HIG-22-012 — 0.3-0.7
2 » G- HH- multileptons Mg | MEP 07 (2023 095 0.3-0.6
B G- HH-= yybb Mg | 2310.01643, Acc. by JHEP 0.3-0.9
» G — HH — bbbb mergedjet Mg | PLB 842 2023) 137392 — 0.9 - 3.0 +~+ Simulation boundary
» G- WW - fugg Mg | PRD 105 (2022) 032008 — 1.0-1.8
. . . . .
-1 1 2 3 4 5
Excluded mass range at 95% CL [TeV]
CMS Preliminary 138fb 1 (13TeV)
A= ZH - i tf (2ZHDM T-II, tang = 1, my = 400 GeV) M, | B26-23-006 0.6 -1.2
> H** = WW - multideptons (H+, o, SH = 1) My++ | EPICEL(2021) 723 — 2.4
B H* =+ WZ - multi-leptons (H+, of;, SH= 1)) My+ | EPICBI (2021) 723 — 0.2-1.8 +—  Simulation boundary
= . . . . . . \_an .
Xmas at |Fio 0.5 0.0 0.5 1.0 15 2.0 25 LZ 3.0

Excluded mass range at 95% CL [TeV]




H->tt

A pQCD description of background

A top decay allows to exploit angular observables

=> different tt spin states

-1.0 -0.5 0.0 0.5 1.0

CMS Simulation Preliminary (13 TeV)
11 1 J T I T T | | L =
[ —— SMtt |

— —— A resonance
| —— H resonance

—_——

{mas at IFT
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https://cds.cern.ch/record/2911775

H->tt

A Excess of events> 5 sigma with

respect to bkg-only

A Pseudoscalar is more compatible

than scalar

A Excess compatible with bound state
d, with 0 Z.1pb +/-11%

https://cds.cern.ch/record/2911775

11/12/2024

Ratio to background <Events / GeV>
o
oo

Ratio to background

Ratio to background

=
=)

=
'—I

0.9t

1.1¢

1.0

CMS Preliminary
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https://cds.cern.ch/record/2911775

H->tt

3.0 CMS Preliminary 138 fb~! (13 TeV) 3.0 CMS Preliminary 138 fb~* (13 TeV)
o 95% CL exclusion, 'y = 5.0% ma o) 95% CL exclusion, Fa = 5.0% ma
5 s 95% expected [ Observed 55 95% expected [ Observed
2| W 68% expected  [T117) Ma > Ta W 68% expected [ Ta > T'a
...... Median expected ------ Median expected
2.0 2.0}

1.5 1.5/

1.0}

1.0} QYT 1011014

0.5: ] 0.5

- j Including *SL' tt bound state n; |
No tt bound states | PRD 104, 034023 (2021) '

0.058 660 860 1000 00%00 — 600 ~ 800 1000
ma [GeV] mu [GeV]
exclusion limits on the coupling of
https://cds.cern.ch/record/2911775 pseudoscalar or scalar bosons to top quarks

Umass3 6571 10 0,Wwdtbh@ V51 2 5104)
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well separated 7 (2)
N * al
same-sigh muons .

H>aa>4 KH _ bH> \,f‘i""}/ew

A a from 4 to 15 GeV )

A specialized analysis strategy to identify o uT/eT/nT
highly Lorentz-boosted muon or tau (D) Lorentz-boosted a; states
lepton pairs with overlapping decay ! 138 b (13 TeV)
products £ 05— —
. . _ ? CMS
A Both 4 @nd 2U + Zembined to extract ol —-Observed  Preliminary
limits relative to BR a->4U @ ;E:‘P“‘e"t )
. . . s +1o expecte
a BR to fermions linear with m, & 0.10F 2 expeoted 4
A Various 2HDM+S models examined =
ol
0.05
https://cds.cern.ch/record/2911497
0.00

11/12/2024 Xmas at IFT ma1 [GeV] 16


https://cds.cern.ch/record/2911497

A->7 ==t

AmA>mH+mzZ,

At he decay A YZH domi
of the 2HDM

A mH> 400 GeV
At he de ctadgmindnt Y

A ATLAS excess

A (mA, mH) = (650, 450) GeV with a local
significance of 2.85 SD

https://cds.cern.ch/record/2892681

11/12/2024

na _ ‘ . . . _

“‘18001
>
5 CMS Simulation Preliminary =—— 0-50
g 16007 138 fb-1 (13 TeV) 1 1.00 |
4 1 1.50
1400 1 2.00 1
2.50
1200 3.00 ]
0 200 400 600 800

p% (GeV)
Xmas at IFT 17


https://cds.cern.ch/record/2892681

Does not confirm the excess

A‘>Z H>I Itt ;Ie—leljnl\/lljﬁlnfgr;?estatio ns

Preliminar 138 fb~1 (13 TeV -
— 1200 p'MIS' ]e 1 T \a }‘/ 1 T | T T T | T \( T 5 T )7 CMS Pre/lmlnary 138 fb_1 (13 TeV)
> L Ao ZHo I ] = A A AUEE L A RAY 3
0] i 2HDM (Type-ll), sin(B- o) =1 ; © 1800~ =t 1.08 =
= 11001~ Excluded at 95% CL ’ S i i =
| --- Median expected — tanB=05 ] T I
€ i  ianBe E £ 1600|- 1 09T
1000 =1 Observed tanp=1.0 I =
R Yy — tanB=2.0 ! N
[ = - 25 anp ] 0.84 1
900 . 1400}~ g <
i A 0.72 5
800} — 1200} - =5
: / 7 8
| K | o
700 7 g 1000} . g
g 1 £
- i 2
500} ] ! H0.24 3
i 600} - S
; ” z
400} N i —10.12 2
/ 2 400 4 ( - o}
- 1 1 L | 1 1 | L 1 i L _ - llL f i i A= - 00
400 600 800 1000 1200 1400 500 1000 1500 2000 :
ma (GeV) ma (GeV)

https://cds.cern.ch/record/2892681
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180 [ Instability region
>

The Higgs potential

region

176
%

< e TRH = 1()16 GeV
g 174} & = £+1000

AThe least explored part of the Standard Mode =~ U<

F 170— ........................................

Stability region

AThe Higgs sector is sensitive to new physics E s

ACosmological consequences:
Alnflation
AVacuum stability Higgs

potential

128 130

P)

ABaryogenesis
AX K

T W
rgeans

Metastable
Vacuum
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GLFT UKS ! vYADOSNAS
even an arbitrarily low vacuum decay
rate would be incompatible with our

S E A u S y. Q &33@[&201800040



https://doi.org/10.3389/fspas.2018.00040

Double Higgs production at the LHC (SM)

A At the LHC dominant production mechanism for S
double Higgs production is gluon fusiguf

A Other productions such as VBF and VHH also
possible; is much smaller

AtKS Go02E¢ |yR GGNRF Yyt
destructively

A SM crosssection very small !!
(~1000 times smaller than single Higgs productior

Rt »

I I I I I E
HH production at 14 TeV LHC at (N)LO in QCD 1
IR M,=125 GeV, MSTW2008 (N)LO pdf (68%cl) ]

102 |
— 10" E
0 o
=
o
=
z
o

10° i

10" |

\ 4

K™

Higgs trilinear
coupling

11/12/2024 Xmas at IFT
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MadGraph5 aMC@NLO
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da/dmyy [fb/GeV]

Double Higgs production at the LHC (SM)

—01}

—0.2l

------ triangle
interference
—— sum
300 400 500 600 700

11/12/2024

mpn [GeV]

do
dmpg

Xmas at IFT

o o
9 0990000009998, H

200 300 400 500 600 700 800
Mmoo [GeV]

22



H |g gS trl I | n ear COU pl | n g Sensitivity to¢ . via single Higgs production

NLO corrections inHVV decay and Higgs boson propagator

Higgs pair production

ggF
;J -’
f Kt +*
K¢ R\ .F:
T L1
"\ K™
Su
x\ ..
VBF
Vv H
H | e N
H-=--=-- @ eV H----0 O--- H
\\ /
H \\ _s
Vv H

11/12/2024 Xmas at IFT 23



HH decays:

bbbl

the highest branching
fraction, largenultijet
background

bbWW (bbVV):

Second largest branching
fraction

Large background. Final
states with at least one leptc
cleaner.

Multilepton(WW*WW?*,
WW* z zandz 7z 3:z
Many different signatures,
clean leptonic final states,
b-tagging needed

11/12/2024

Y74

Yy

y
rarer

BR HH—xxyy |
(my = 125 GeV)
= 1072
—é 10°
—; 10

0.26%

bb WW g9 T Zzz Y

rarer
>

Xmas at IFT

bbz, z

relatively large branching
fraction, cleaner final state

bbr r

very small branching fraction,
clean signal extraction due to
the narrow iY r rmass

peak

WWr

Cleanr meak, leptonic final
states or jets

L4rmf
best ofz andr rSmall BR

24



Higgs pair production crosgction

WWyy
Obs. (Exp.): 95 (54)

bbzZ, 41

Obs. (Exp.): 33 (41)
ant

Obs. (Exp.): 31 (26)

Multilepton

Obs. (Exp.): 22 (20)
bbW W

Obs. (Exp.): 16 (18)
bbyy

Obs. (Exp.): 8.4 (5.6)
bbr*t

Obs. (Exp.): 3.4 (5.3)
bbbb

Obs. (Exp.): 7.5 (4.3)

Combined

Obs. (Exp.): 3.5 (2.5)

11/12/2024

------ Median expected :-----

CMS Preliminary 138 fb” (13 TeV)
K—Kt—KV—K2V—1 |
—e— Observed === 68% expected

95% expected

|

PRI
10
95% CL limit on o(pp > HH) /o,

Ll
100

Multilepton
Obs. (Exp.): 343 (463)

bbW*W

Obs. (Exp.): 272 (289)
bbbb

Obs. (Exp.): 226 (274)
bbyy

Obs. (Exp.): 225 (208)
bbr*t

Obs. (Exp.): 126 (154)

Combined
Obs. (Exp.): 79 (91)

HIG20-011

Xmas at IFT

CMS Preliminary

138 fb (13 TeV)

I{ —I{t—KV—KEV—'l

-e— Observed

...... Median expected

=== 68% expected
------ 95% expected

1 10

100 1000
95% CL limit on o(pp —> qqHH) / o _

25


https://cds.cern.ch/record/2917252?ln=en

Constraints of Higgs couplings from HH

x SM prediction

N

95% CL limit on o(pp — HH) (fb)
A

ot CMS Preliminary 138" (13 TeV)
Observed = e Median expected ]
- o Excluded = 68% expected
Theory prediction ------- 95% expected

10? - N i
| Excluded Excluded
\ _
: K, = 1 § i
KV = K2V — 1 \
-10I | II_5I I I0I — '5' : '10- L
“.[-1.39, 7.02]@ 95%CL K,
11/12/2024 HIG20-011

— —
2

95% CL limit on o(pp — HH) (fb)
q}

Xmas at IFT

—
o

- Observed
[ o Excluded

¥ SM prediction

CMS Preliminary

Theory prediction

138 1b7 (13 TeV)
Median expected :

= 68% expected
95% expected -

N

1 _ Excluded Excluded _
F K, =K =Ky =1 1
:...A'.I..t..l\.l...\k...l.... ....I....I....:
-10 -05 00 05 10 15 20 25 3.0

¢,,[0.62 1.42 @95% C Assumingft=[v=1,{v\=0

Koy

Is excluded at a CL high

than 99.99%.


https://cds.cern.ch/record/2917252?ln=en

Higgs trilinear coupling

g CMSI Prelilmmalfy e I138 Ift.)-.1 (‘!3TG'IV) 5 0CMS Preliminary 138 fb' (13 TeV)
Q“ 3,0:— ——— QObserved - 68.3% CL (10) — < T I_ Olbserved | | _I 68.3%| CL (1o) | ]
- Expected ~  eeeees 95.4% CL (20) ) 1.8[ Expected ~  eeeees 95.4% CL (20) .
o 5L ¢ Bestfit STIES 99.99994% CL (50) - i ¢ Bestfit i
: : 1.6f -
200 e | _; 1.4F o ]
1.5 7 s, L . 1.2f .
: p—_, . 0.8F .

0.5__ ------------ ". _ :
E 0.6 7
0.0:_ Kt=KV=1 B 04:_ = = _:
B I I I I 11 I 11 I I I | I L1 1 I 1 ] ] i 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 ]

-8 6 -4 -2 0 2 4 6 8 10 12 -6 -4 -2 0 2 4 6 8 10
KJ\ Kh
HIG20-011
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Single and double Higgs searcl —.. <
Simultaneously constrain ' .
AHiggs boson trilinear setfoupling e Iy =
AHiggs boson couplings to fermions and to vector bosons.

A . Integrated Maximum Analysis Int. luminosity (fb~') Targeted production modes
nalysis .2 1 _ References —
luminosity (fb™ ") granularity HH — yvybb 138 ggHH and qqHH
H — 4l 138 STXS 1.2 [34] HH — t7bb 138 ggHH and qqHH
H — 9y 138 STXS 1.2 [35,none] HH — 4b 138 gegHH, qqHH and VHH
H— WW 138 STXS 1.2 [37] HH — leptons 138 ggHH
H — leptons (ttH) 138 Inclusive [38] HH — WWbb 138 ggHH and qqHH
H — bb (ggH) 138 Inclusive [39]
H — bb (VH) 77 Inclusive [40,41]
H — bb (ttH) 36 Inclusive [42]
H— 17 138 STXS 1.2 [43]
H — pup 138 Inclusive [44] https://arxiv.org/abs/2407.13554

11/12/2024 Xmas at IFT 28


https://arxiv.org/abs/2407.13554

-2AIn(L)

Single and double Higgs searches

CMS___ 1eshisTey OO
L Observed single-H comb., 5.8"3° ] Best fit +1c 95% CL interval
[ HH comb.. 1.0*%2 42 ] Hypothesis Expected Observed Expected  Observed
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Single and double Higgs searches
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A
A Adding the H constraints gft and{v bring
enormous improvement to 2Ebuntour$
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HH anomalous
COuplingSHlsmon

A HEFT parametrisation
A Benchmarks combinations tife
coupling modifiers
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CE &'H searches in CMS
A

A Searches for heavy resonances mMssM
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