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July 4t 2012: A Higgs boson

m,, [GeV]
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Higgs and ZZ

EPJC 81(2021)200, arXiv:2103.04956

« Study of SM ZZ production, and Higgs decay to ZZ
— ~98% of Run2 data

« SM cross section measured with 3% precision

CMS 137 fb' (13 TeV)
137 fb-1 (13 Tev) — : I T T T | I T T T | T T I T | T T T T | T T I T :
L L L ) Data (stat @ syst)

1E E

MS

H

350 l T T T T S [ ER PR R |

¢ Data
[ 1H(125)
: [ 9922, Zy*
B 9927, Zy*
Bl EW
i B Z+X

— Systematic uncertainty
S gg—H (NNLOPS) + XH

G44444  gg—H (POWHEG) + XH

[ ] XH=VBF + VH + ttH (POWHEG)
(LHC HXSWG YR4, m =125.38 GeV)
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Limit 95% CL on o, _, . [Pb]

10—1 Bl

1072

107°

Low mass-resolution channels

JHEP 03(2929)034, HIG-19-010, PRL 121(2018)121801

CMS 359 fo" (13 TeV
SM 'VBF 95% CL upper limits
Observed
-------- Median expected

[ 68% expected

] 95% expected
— X WW

H—»WW

1000 1500 2000 2500 3000
my [GeV]

500

M. Gallinaro -

CMS Preliminary 137 fo” (13 TeV)

+0Obs. [ |t bkg. [l]Z— ee/up[Jti + jets
[ ]t mis-iD[Others | Unc.  [JJH—1t (u=10.85)
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[ —Hott 1
500]
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400}

300}

200f
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%
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80

L 1 s
100

L 1 L L s | " L
120 140 160

m(jj) [GeV]
5.1fb" (7 TeV) + 19.8 fb™" (8 TeV) + 77.2 o' (13 TeV)
CMS e Observed
VH. H—sbb - 110 (stat @ syst)
Y g m s 2016
H } b b ..... 2017
' = +1G (SYst)
———— 1.06 + 0.20 (stat) + 0.17 (syst)
e 1.19+0.39
..... p. 1.08 +0.34
————— 0.89 + 0.38 (stat) + 0.24 (syst)
. 1.01+0.17 (stat)  0.14 (syst)
....I.‘.i. PR [T T V0 I N (T T N O 7 Y W R I NN O 0 W
0 0.5 1 1.5 2 25 3 35 4
Best fit u

"The Higgs boson and beyond" - April 14, 2025



Couplings: individual channels

EPJC 75(2015)212, arXiv:1507.04548, arXiv:1606.02266

ATLAS and CMS -~ ATLAS+CMS
LHC Run 1 - ATLAS
-+ CMS
B ' -_—+10
MYY _'-.-_ — +20
P o —
Results based on the full — :
Run 1 data samples uZ2 ————
S e o
n ———
| E +0.11
: p=1.092g710
TT —.*—
l"' : ¥
n —
=
IlIIIllllIlllIIlllIIIllllllllIllllIllllllllllllll

-1 -05 0 05 1 156 2 25 3 35 4
Parameter value
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Rare decays: H—uu, cc

JHEP 01(2021)148, arXiv:2205.0550, arXiv:2211.14181
700E Al categories — S+B(u=1.19) 4

Study couplings to 2"d generation

[0}
©)
-
12}
o

H : >

¢ MH L : m,, = 125.38 GeV -i16

g
-
[=)
5
o

137 o' (13 TeV)

o Most sensitive category is VBF channel 2 00, ]
o Obs.(exp.): 3.0 ¢ (2.50)

« H—cc

o Low cross section, need c-tagging 5
o Use resolved (2jets) and merged (1jet), . ‘f}a'*Hg'*;2'5";2'5“';s'a'ws's";ia“;ié'aso
. : M, (GeV)
o Use ML and large jet substructure for tagging _oows ey
and classification G ey e o
. . . 8 10*  Passing Region B Z(bb) W H(cc)
o Validate using VZ production: I = ot |
8x10°|- 1

_ +0.23 ~~ H(cé)x 200

H’VZ(CC) - 1'01—0,21 (570) 6:103: Hzeg = 1.0 Hueg =94 ]

o Set limits 4107}

o (VH) B (H — cc) < 0.94pb
1.1 < |x.| <5.5(|x.| < 3.4)

Data-Bkg

Jet mgp [GeV]
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Search for SM H—pupu

JHEP 01(2021)148

. Smallrate: |B(H — p™p”) = 2.18 x 10~

« Search based on BDT discriminant
— Event categories based on BDT score

+  Weighted sum of individual fits to each category

- Signal strength: |u= 1.197039 (Stat)irgjii (syst) L

137 b (13 TeV)
L L L L L L L L B
10° CMS -4 Data oy
s I Top quark [ Zji-EW
10 [ Diboson [_]Other bkg.
—ggH — VBF
— Other sig.

vents / 0.09 units
3,

Even
o 4
o o
2 <

Data/Bkg.

-0.8 —06 —04 —02 0 02 04 06 08
ggH BDT output

49" (7 TeV) +19.7 o' (8 TeV) +137 b (13 TeV)

o 3 I I B g— TR
T Ot o
I> >
S =3
8
o 10
|
1072k
10° =

—— Observed

CMS
..... Expected m, = 125.38 GeV

S TN T T T A A A B A BB
109420 121 122 123 124 125 126 127 128 129 130
my (GeV)

MggH,ﬁH
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Search for rare decays

PLB 797(2019)134811, arXiv:2103.10322, EPJC 79(2019)94, PLB 793(2019)520, CMS-HIG-20-008

% 30""Bk""' 103CMSPreIiminary 133 fb" (13 TeV)
r -- BKkg ] > E~ " "~ 1 T " T "~ 1 T T T 3
9 o5 . Bkg+H—>yy E 8 E pp — JApJhp — 4u
@ — Bkg+H—yy +Sig (#=1.5) < C +_ g;tiskg Fit
S o0l ¢ data R H=> JhpJhy, B=3.8 10*
q;; I H_)||y 3 102§ --------- ﬁejﬁwd/w B=1.1 10°® .
o = — Jhpy(2S), B=2.1 10° ]
W 150 M=1 0+05 AR ¥ Y H — y(2S)y(2S), B=3.0 10°
103— 10 = 3
- ATLAS ] FH—J Ny J/ .
5L {s=13TeV, 139 fo' L J v i
- In(1+Sso/ Bo) weighted sum ] 1__BR~1 0- -3 ; TS |
F L AR AN Y R L L]
o 40 60 80 100 120 140
é m,, (GeV)
; H—Jhyy—upy 2016 35.9 b (13TeV)
N g 60 :_ CMIS I I Inclusilve categlory l I I I _:
~ C ® Data :
~ o Expected signab<250 N
mll-y [GeV] "2 50 r Non-resonant background model ]
|_?>j 40 r - Expected resonant backgroundx20 b
: H—J/y+y, and H%Y+y
H->invisible (difficult at LHC) a_ 3°;+ 6
H H . .: (H—>J/\|I+Y)~28X1 0- 1
' 10
( B(H%'an)"’0.00']']” q 100 105 110 115 120 125 130 135 140 145 150

GeV
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Higgs and the SM

* SM is a successful theory

* Nothing prevents the SM to survive up to the Planck scale.
However, it is unnatural.

* Virtual particles in quantum loops contribute to the Higgs
mechanism
—contributions grow with A (upper scale validity of the SM)
—Higgs mass depends quadratically on A: m? = my? + g2A?

* Miraculous cancellations are needed to keep my<1TeV

* |s there a symmetry that protects the Higgs mass from
receiving large corrections? Classicl

SM
| I |
: : , ~\l
® - X i
, l + 'foR/KZ
| 1 |
| I |
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Higgs and the SM (cont.)

« SUSY postulates a new symmetry between fermions and bosons

— Loops of particles and their SUSY partners have the ability to cancel the quadratic
divergences in the Higgs field self-couplings, solving the naturalness problem

— SUSY foresees unification of couplings at large energy scales ~10"° GeV
— Provides DM candidates (LSP)

* It suggests many options, but the LHC may not be able to find it

 # of experimental scenarios is large

60 oyt SUSY

g

Precision Measuremets

40

30

20

10
0

3 5 7 9 11 13 15 17
Log ,; [Energy Scale (GeV)]
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Higgs and BSM

ATLAS-CONF-2015-044, CMS-HIG-15-002

* Is there BSM physics hidden in the "Higgs sector’? gy ateqy: parametrize
g9 '

deviations wrt SM in

TOBOTO0) AN\ .
z production and decay
b,t y A& L Wht = loops are sensitive to
g ! i e BSM physics
0000000 BN\ \/ \s f;l&AHSu nar11d CMS Preliminary
K'2 .. B __¢
(0-BR) gz > H—>v1) = osm(eg »H)-BRau(H »p) - | "*| Thely
> Kwi Tl _.-
Experimental approach K| —
* Measure H(125) properties Ml =
K *
» Search for additional Higgs bosons Kb-
9 =
» Search for BSM in signatures with Higgs bosons [ -
» Search for BSM Higgs decays BRygut—— o

111 | 111 I 111 I 111 l 11 11 I 111 111 111 11
0 0204 0608 1 12 14 16 1.8 2
Parameter value
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Looking for new particles

JHEP08(2016)045

® I . I I 9_""[""I""I""I""l""l""l""I""I""_
Constrain BRgg), in a scenario with < T ATAS o CHE e
free parameters q 8 LHC Run 1 |
7F v

* o=l wwHl zzt 1l ppt... ¥l ggm o o oo
* Likelihood scan vs BRggy sF P

» Assuming couplings bound by SM
expectations (k,<1)

0 005 01 015 02 025 03 035 04 045 05

BBSM
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Constraining Higgs width

PLB 736(2014)64

obs.(exp.) @95%CL.:
I',<5.4(8.0)rysM

_Caola, K. Melnikov PRD88(2013)054024 20

J. Campbell et al. arXiv:1311.3589

10 120 130 140 150

10 m,, (GeV)

— JggH @NFQ94zz: couplings to gluons and bosons

 couplings and width sensitive probes to BSM 'y<22(33)MeV
° indirectly constrained in Coupling fits CMS - 1?.'7'&';" (6'3 TeV)+51 Tb"'(7"'relV)
« off-peak to on-peak ratio proportional to I'y, E 60;' U paa “F
« constrain Higgs boson width by using off- g 5ok E?{é‘f‘ga E
shell production/decay 2 B Z+X
« measure ratio of geff-Peak tg gon-peak 3 40F E
2 2 - i
ooy « B, o « g *h ;
.

400 500 600 700 800
m,, (GeV)

measurement of I'y 2% 200 300
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Higgs mass and width (cont.)

arXiv:2202.06923, CMS-HIG-21-019

: . " ff-shell
» Couplings and width sensitive probes to BSM Ugvjﬁ_ﬂw T
— Total width of 4.1MeV too small to measure directly O.OIl—SheH X 1H
» Measure width by using off-shell vv—H—44
production/decay: H(ZZ) T 9 9_|_2.3 MeV
» Off-peak to on-peak ratio proportional to I'y, H — <717 €
CMS pPreliminary 138 fb" (13 TeV) 6CMs Preliminary 138 fb' (13 TeV)
20F " T 1 L L [ T
- — Observed 5
15__ ....... Expected i 4
1 I _ 5
< T 2
< 10+ » i 3 o —
C}l °3.>
2
________________ 1_
R A B A
5 10 15 0 0.5 1 1.5 2
r (MeV) Moff-shell

F
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Couplings: decays

ATLAS-CONF-2015-044, CMS-HIG-15-002, JHEP08(2016)045, CMS-HIG-22-001, Nature 607(2022)60

BSM physics in the loop

Vector and fermion couplings

-1
138 fb™' (13 TeV)
LL 1 .2  § { ] T T l T I T T T T I T T T
“ [ CM
138 tb™! (13 TeV) 138 fb™! (13 TeV) C S D 10 region
CMS ° Observed +1o (stat) CMS ° Observed oty | L 20 region
= +1o (stat @ syst) . 1o (syst) = +10 (stat ® syst) . 110 (syst) 1 . 1 I & Bosti 1
est fit
— +20 (stat @ syst) — +20 (stat @ syst)
I~ ! Stat Syst | ) * SM ted
‘ ) Stat Syst expecte
Kw —*— 1.02:0.08 005 2005 Ky * 1.01:01 20?7 S){S )
Kz — 1.04:0.07 005 20.05 Kw "‘ 1.00 006 004 00 1_
Ky —-— 1.10:0.08 0.06 005 27 003 003 -0.01
B ! Ko —= 0-90i31° 200 ‘000
K —— 0.92:0.08 :0.05 +0.06 —
g_ H Ke —-- 0.91:007 =004 g_gg 0_9 —
K : P01 . [ : y
t —ﬁ— 1015, =207 =008 Ky :! 1.1 1_2 9 323 067
i B E +0.3: +0.29 +0.1
Kp + 0.99:2:1; w12 Tl KZ‘/_ _'_+_ 1'62»0 034 -0.11
B : K - 0.93:007 005 ‘0% Relm
K —-— 0.92:0.08 006 006 97 -005 O 8 1
- Xy - o _
K ——— 112705 o 2009 I~ | |
4 | =020 Binv." 0.07:005 20.02 004 D
: . - : " | |H>zz H—bb J
KZV i - 1,657 03 035 009 Bundet."_ : 0.00'0% 005 003 07 — —
i Ly s g o g g A T B O T -DH_'" [y ]
0 05 1 15 2 25 3 385 4 0 05 1 15 2 25 3 35 4 D
Parameter value Parameter value H-ww H=>up
DComblned DComblned Stat

BRgsy can be measured I R R
BRgsy < 0.18(010) at 95% C.L. (assuming ky < 1) Y
BRgsym includes non standard decays, visible or invisible

=Results in agreement with SM (ky=kg=1) within 1c
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Consistency with SM

arXiv:1809.10733, JHEP 01(2021)148

35.9 fb'1 (13 Tev)

- CcMS

\/ D 1o region i o

+ 20 region
4 Bestfit

Y SM expected

_DH—>bb EH—)H ;o o B/ ]
| (r-zz Orey | = ]
i DH—»WW DCombme ' (U'z)SM (Bf)SM ]
05 1 15 2

Ky

M. Gallinaro -

- CMS

I — Observed

----- SM expected

heyl < 1

35.9 b (13 TeV)
SN L L
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005

Ratio to SM

35.9-137 fb" (13 TeV)

E PR
; CMS WZQU" E
- m,=125.38 GeV
£ p-value = 44% 3
b, .."
3 5t E
,x" ¢ Vector bosons
g',—" & 3" generation fermions J
‘ ¢ Muons .
----- SM Higgs boson i
WII T T T Tlllll T T T II!ITl T T T IIIlI] T ]
T b N
| ! L ! |

F S T
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Consistency with SM

Nature 607(2022)60

HggH

Hyer

Hwy

Hzn

Mty

My

CMS 138 fb™! (13 TeV)
® Observed || #1s.d. (stat)
m— +1 5.d. (Stat ® syst) [ #1s.d. (syst)
—— 12 s.d. (stat @ syst)
B ! Stat Syst
= 097 w0t Y
_E'i' 0.80:0.12 ‘3% 1507
— 14892 on 28
—E—: 1.297022 4020 *0.09
—=— 0045 o g
5 > 60538 4% 0%
L1 1 1 I L1 1 1 i 11 1 1 I L1 1 1 I 11 1 1 I 1
0 0.5 1.0 1.5 2.0 25 3.0 3.5 40 45

Parameter value

M. Gallinaro - "The Higgs boson and beyond" - April 14, 2025

CMS 138 fb™! (13 TeV)
® Observed || #1s.d. (stat)
m— +1 s.d. (Stat ® syst) [ #1s.d. (syst)
—— 12 s.d. (stat @ syst)
B ' Stat  Syst
uv —@- 1.13:000 006 3O
u# ————— 0.97:51F 007 00e
uw —E— 0.97+0.09  +0.05 +0.08
uw _E.._ 0.85:0.10  +0.06 +0.08
- —— 10588 w48
p ————— | 12153 %% 103
i ————— 2s0lf 3% 88
L1 1 1 I 11 1 1 i 11 1 1 I L1 1 1 I 11 1
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Parameter value
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Rare decays: Z+photon

arXiv:2204.12945, PRL 132 021803

* New particles may contribute to
internal loops

« Exploit different production modes
— Tag Z—U ({=e,n): most accessible
experimentally

o(pp — H)B(H — Zv) = 0.21 +0.08pb

Z z
z
q W W
H---- g H---- W H---
q W
w v
5 v

= significance of 3.4c (ATLAS+CMS)
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0
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-- Background

N
L =
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High mass: H-WW/ZZ

JHEP 10(2015)144, HIG-16-033, HIG-16-034, arXiv:1912.01594, HIG-20-016

» Search for a heavy Higgs boson
- H—-ZZ—-4¢, 2(2v, 2(qq
- H-WW-—-2£02v, 2{qq

» Optimized separately for VBF and gluon
fusion production processes

« Combined upper limits at 95% CL on
the product of o x BR exclude a heavy
Higgs boson with SM-like couplings and
decays up to 1870 GeV

» Search interpreted in BSM scenario
(heavy Higgs, heavy EWK singlet state)

— evolution of signal strength of the singlet state
with modified couplings/width wrt SM.

— assume new scalar does not decay to any new
particle

95% CL limit on o(H=WW—2I2v) [pb]

107°

10-1E
10-2§
107°E

107

138 fb™' (13 TeV)
AL L L L D .
CMS -»-Observed
----Expected

[168% expected
[195% expected
— Exp. for SM-like Higgs

Scenario: SM fVBF

1000 2000

W L
3000

4000 5000
m,, [GeV]
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Heavy Higgs: dibosons

arXiv:1804:01939, JHEP03(2018)174, arXiv:1804.01126

» CMS 35.9fb" (13 TeV) CMS 35917 (13 TeV)
. GCms . /O (MITY) > ot T T T 2 —
® 4 ¢ Data O 4o 212v ~+-Data  [Winstr. p7™** [ Topw S 3500 =
G 10* P ~ 212q —4— Data m
= Untagged =3 gqxzz zy 2 8 Wzw [@lwz Www b B
- el z+ g f— = =
2 el & z 10° Bz WzZ-Z= 23000 [ Resolved jets 9gF(300)~22 =
2 10° 4 Z I 99 VV—(H-)2Z,2y o 10 .
< [[7] Systematic 10 g e o = VBF(1500)-22 .
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: o } 10" 1500 ]
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g - Q B_';Zh . h— bb EmExpected t 16 ] w 10 142 b-tags, = 1 add. b-tags — :( ;Lbl,cl), il EE .
o [ Expected + 2¢ 75 GeV<m < 145 GeV [ v 3 H t f
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ttbar+Higgs

« {tbar produced in association
with Higgs boson

I I ] lllll Illl]lllll[lll]]llllll III %
31025— M(H)= 125 GeV =2

= g |-
il ] ocp s N0 i
—~— B HN~L =
>_<'_ PP 8
L. : NNLOOC‘)*N"OE L1 "
Q. B P NLOEM T
© 1—/ o - WH (NNLO o

TTTTTT

T

Cross section for ttH at the LHC: 107 s
0.13 pb (8 TeV) r i
0.61 pb (14 TeV) / _

1 0_2 E_[f’l I l | l I E
ttH ~1% of total Higgs cross section 6 7 8 9 10 11 12 13 14 15

s [TeV]
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Higgs+Top: tH, ttH

arXiv:2011.03652

« Higgs (H) bosons production in association
with one (tH) or two (ttH) top quarks in final
states with electrons, muons, tau

« Study HH-WW/r7/ZZ decays
* Model-independent, signature-based

CMS 137 fb™ (13 TeV)
; 37| T | T T T T | T T T T T T T T [ T T T T { T T |7
3" © pp —tH + tiH ]
2.5 H- ww/zz/tt ]
H F 1
2r =
15 T E
050 e T S
- Observed
0 ' —68% CL region -
H [ ---95% CL region
—0.5:— ® Best fit + SM expected

_1:| Il | Il 1 1 Il | 1 1 ] 1 | Il 1 Il 1 ‘ 1 [l 1 1 ‘ 1 Il 1

-5 0 5 10 15 u
OtH ~ ngb tH

CMS

Preliminary

41
uItH
Eur. Phys. J. C 81 (2021) 488

bb
uttH
HIG-19-011

Y
MttH

JHEP 07 (2021) 027

multilepton

uttH

Eur. Phys. J. C 81 (2021) 378
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138 fb" (13 TeV)

e Observed ——=*1SD (stat ® syst)

Z +1 SD (syst) D +1 SD (stat)

Stat Syst

° +0.94 4088 +0.42
0'17—017 -0.17  -0.00

+0.17 +0.20

+0.38  +0.37
$ 1.0055; Ioas *008

EE 40.26 40.17
0.927075; 019 Toig

PR T T T N T R
0.5 1 1.5 2 2.5 3

Parameter value
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Extending searches

* Minimal Supersymmetric SM (MSSM)

— Neutral Higgs: ¢—tt/bb/pup
— Charged Higgs

* Next-to-MSSM

— Light pseudoscalar: h—aa
—Non-SM decays: h—2a—41t/4p
—Heavy Higgs: H—hy,5h 55 or A—Zh o5

* FCNC: t—cH
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Higgs sector in the MSSM

Higgs sector in SUSY contains two scalar doublets:

« 5 physical Higgs bosons
— 3 neutral: CP-even ¢=h,H CP-odd A b

g vooooe——— D
—2 charged H*
 SM-like Higgs boson:h 7 e [
g TTTTON

Neutral Higgs ¢ decay modes:
* BR(¢p—bbar)~90%

* BR(¢p—17)~10% :jj> .....
* BR(¢ )

—un)~0.1%

Two main production modes:
o gg_)H
* bbH

M. Gallinaro - "The Higgs boson and beyond" - April 14, 2025 25



Neutral MSSM Higgs

JHEP 10(2014)212, arXiv:1803.06553, PRL 125(2020)051801

« Enhanced couplings of MSSM Higgs to
down-type fermions (large tanf3)

=increased BR to t leptons and b-quarks

mr = \/mT(PTrPT ) +mk(pr, pT) + mi (pr, pT™),

» Search for neutral MSSM Higgs boson

« 5 final states used: ur,, €1y, T1TH, €U, LU
— Reconstruct tau-pair invariant mass

— Split in b-tag/no b-tag categories to enhance
sensitivity

« Main backgrounds: Z—tt, QCD/W+jets,

DY ttbar, dibosons

Events / GeV

Obs. / exp.

9

h/H[A

ATLAS (s= 13 TeV, 139 f'
TiepThaq 0 129 o Data
[ Top quarks
axcexs A/H (1000x100, tanp=12 ([ill Jet— 7 fake
s AIH (1500100, tan =25 [ Z/y*— 17
I Multijet
zly*i
[]Others
2 Uncertainty

sooocs A/H (400), tan =6

T T
1.1
OQE////////» e x‘W/ /%%
' PR | L

50 60 100 200 300 400 1000 1500
m?' [GeV]

M. Gallinaro - "The Higgs boson and beyond" - April 14, 2025 26



Neutral MSSM Higgs: ¢—1t

arXiv:2208.02717
* Direct search: inclusive and b-tagged
* 7 in both leptonic and hadronic decays

1381 (13 TeV) — Wity Nob tag, '° > 200 GeV 138" (13TeV)
—~ 04— e ) S’ 500( ' Obsewed ' :
2 I cMS 'm, =160 GeV | ® [ CMS . "
— 0.35F |:|68%CL ; ) i [ wBkg. ]
E | []95%CL 1 = 400} [ Jetor, :
r i tt 1
T 0ab o= Best fit E;: [ ® % Oth ]
o 03 [ ers |
E L Q 300 [ Bkg. unc. ]
= 0.25/ Z i —— 990 @ 5.8 pb (m = 100 GeV) ;
O © Y BEEEETITTIE Bkg. only fit
=3 200f ]
p 0.2 i
0.15 100k
0.1
0.05: Lﬁ : s
S~ = S A J
7 . ‘=+‘
005 01 015 02 025 03 035 0.4 045 0.5 8 0.9 * #r |
) oo b b b b e
o(999)B(¢p—) (pb) 0 50 100 150 _ 200 250 300
Model-independent limits by m,. (GeV)

separating production modes Some fluctuation over bkg expectations
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Neutral MSSM Higgs: ¢—uu

arXiv:1508.01437, JHEP07(2019)117

» Search for a pu mass resonance L AR T o
Lﬁ 10* g’g;)lf}rl; " | Z+jets(HF) B Uncertainty

] tt bb® (200)

* Good mass resolution 10 DA e e
—full and clean reconstructed final state 10° - Diboson - []sbe (1000

. i iy —t
* Split in b-tagged and non b-tagged ! /Ilk { i

categories to be sensitive to gg—¢ and gz T
bb¢ production modes R e
8 o8- b U
« Main backgrounds: Z(bbar), ttbar WW SRR ‘°°°1fn°°[‘(;‘:3]
Hp
2 [ Ooserned| & o[ oy B e
g HTHIAC ?ng—gﬁilﬁlﬁig‘iéﬁ ------ Expected | D gl S, et
: % i -i;G 10° ,,b'VetO Single top [_JogF (480)
g >b<e Leo 102 N‘““ Diboson DQQFUOOO)
10 10
F 1
10™ -
3’1_2__1'”1*"1"'|'_ AT |
a :.._,w“i#{uu*l IMAINEE AR
| A I % 1; l'*“fln[}# 'P Ijl[ J[H’ T
200 400 600 800 1000 a 0.8 N EL | T
200 400 600 "800 1000 1200 1400

m,, [GeV]
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Charged Higgs

* [f found, a clear indication of BSM
« Study non-SM Higgs in two mass
regimes:
° mH<mtop
—Mostly produced in top quark decays
—Large tanp: HE*=>1ttv
—Small tanp (<1): H*=cs
° mH>mtop
—Produced in gluon-gluon fusion
—Main decays: H*—=+tb, H*—=>t"v

* Main backgrounds: ttbar, W+jets
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Charged Higgs (cont.)

—_

» Different strategies for low- and high-mass searches
* tau+lepton, lep+jets, and ey final states

 b-tagged jet categorization
* limited by statistics at high-mass —

o' ", --e--- H" prod. xsec, tanp=5
I "5,

---=-- H' prod. xsec, tanB=30

Cross section [pb]

b b b b b b b baaa bo i by
10 200 250 300 350 400 450 500 550 600
H* mass [GeV]

mH<mtop
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Charged Higgs and top quark decays

JHEP 07(2012)143, arXiv:1508.07774, HIG-16-031

m,. =100 GeV/c?

-
T

 Look for charged Higgs in four final states: MSSM

— Tau+lepton (electron or muon)

— Dilepton (tau decays leptonically)
—lepton+jets

—Fully hadronic: tau+jets

Branching Ratio
e o o
- o (]

o
(X

(=]
T 7T

tan g
T,Hjets t,+lepton (e/p) _
7+ — hadrons 7+ — hadrons — oy
HY . Ht -
& 20000000009 Vr gwmmz—\ Vr
wﬂm&-ﬂv—;—\b\ )
t ) t i
uummu;l—z—<b/ ql ﬂmﬁmgl—i—y Yt
. w—"“{ ’ W <
q ‘-
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Looking at tau decays

CMS-HIG-12-052, arXiv:1903.04560
Low H* mass:

» Use R variable in the limit extraction: binned maximume-likelihood fit
» Tau fake component is data-driven, includes uncertainties

CMS 35.9 o' (13 TeV)
w _lllllllllllllllllllllIlllllllllllllllllllllllllll
E 5  T,+ets, FI' inclusive
SM BSM > 10°E ¢ pata - H* (200 GeV, o =50 pb)
— =[] Jets misid. as v, [ tt
o - [ W+jets [ single t
~ 10°s 2y [ Diboson
W+ o — H* b b2 C 13388 Bkg. stat. 7/ Bkg. stat@syst.  .....
VotV o —X ' T . & s » T o 3l 9 o
o — m—— ; — e > 10°g A A o
- - —e —? —oo . 6 _p. Lu = /S
Ov' v O. X V. v = T B 1 2
VS 10°F
E XX AMPXX.
e + - —4 . B
P S P - v Py . Pr 10 E
Me - a3 L *V, Ve - =) 21 Bt
i  — '
v -
- n I l v 1
d;* By 3, By ]
d) 1.5F - Bkg. stat.®syst. unc.
X - [ IBkg. stat. unc
o 1:.. ............................................................................................. g
g
e 0.5

0 0710203040506070809 1
RT
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Charged Higgs: H*—1v

arXiv:1903.04560

MSSM, high tanf3 b
* Final states: t+jets, t+4, Ot+«

« 306 categories: incl. #jets, polarization R=p(tk)/p(tau)
* Cross section limits: 80-3000GeV

CMS 35.91" (13 TeV)
CMS 71 -% :lll]elts|IRI|o|75||V|‘lllllll|l] ||||| E
— e [ e e g T T |3?|9|fP1|“3 TIeV) o 6OC|M§| [ R TR TR 3|5| |9| fbu |(|1|3| |T|e|\\/) i - ——Data = ----- H* (200 GeV, o = 50 Pb)
-8_ 10 4 < L 2 104 [ H* (2 TeV, 6 =1pb)[_] Jets misid. as 1, —
= I C H > v = It I W-iets 3
e 9 itk g W o I Single t CJziy 1
+|>P i 50~ MSSM m{™* Lﬁ 10° | piboson XX Post-fit unc. _
=3 L B o e E
e ER
"ﬂ: E H - 107 E
EJ/ | All final states combined = ~
g 107 E 30 10
=] F 95% CL upper limits = el
= IE 95% CL upper limits
I + 3::?arzeeipected 20 L E gbsle:;re: &l 1
. L xclude
1 0_2 ? E gg;: :;zszzzg T A Median expected |
C 10 £l [ 68% expected : 10—1
= : 422 mISM . 12543 GeV E 2 1sb = ElPoctan + l
1 O :_ | | | _l | ] ] | D11 | | A | | L | | ! I | | | T | | { O D | Tl S s % w%++% H
00 T TR 100 150 200 250 300 350 ?rc])o 450e 5;)0 g os- H g
m,. (GeV) & 0 {56500 300 406" 500 600

m; (GeV)
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Charged Higgs: H*—tb

arXiv:1908.09206, arXiv:2102.10076

MSSM, low tanf 9.Q0Q0QQ0 ——= t
 Final states: 1¢£ and 2¢ |

- Categories (incl. #jets, #bjets) ~ p------

S

* Discriminant vs ttbar (BDT and DNN) Y
« Mass range: 200-3000 GeV 9QQQQQQ0)—* b
-1
35.9fb™ (13 TeV CMS 35.9fb"" (13 TeV) )
c 1OBQIIVI‘S"'I'"‘I""I""l""l""l"("l"') i) ' T T 7 T ' ] 60CMS 35.9 fb™ (13 TeV)
f Single electron Background-only fit 2 H —tb - = 50 G~ e TPTTTTITTTTTTTT
f2] 107 5j/=3b ¢ Data ] V+ets,VV ’_§ Single and dilepton 7 8 40+ H* —tb ii;\gle and dilepton
S . B o ey I D (b) 110 - 30f MSSM M, "Goiscenaro -
Lﬁ 10 B ttc(c) [ tt+LF 5 o 3 95% CL upper limits
E e H* 500 GeV (0,0 x B =10 pb) L 95% CL upper limits 7 20 —— Excluded b
10 W Post-fit unc. fI) —e— Observed 1T e Median expected
2 oI ----- Median expected 7 B [ 68% expected |
10 1 I 68% expected _ 10 . [ 95% expected -
\ E []95% expected 3 777 mpssM 125 + 3 GeV -
10 C ] 6 % ]
C ] sl
102 . ] ar 1
3r ]
10 10 E 5
15 C ]
g 14 i i
g 1.2F
= 1E -2 |
1] 3 107°E
8 08; E | 05IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII
0.6F, , . . . . . . ' — . ; 200 300 400 500 600 700 800 900 1000
201 005 0 005 01 015 02 025 00 200 400 1000 000 9009

m,. (GeV)
BDT discriminator m,; (GeV)
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Charged Higgs: H*—tb (cont.)

arXiv:2207.01046
« Search for a H* decaying to a heavy
neutral Higgs boson Hand a W

« data consistent with SM expectations

« Set limits:
— H¥ in the mass range 300-700GeV, g
assuming my=200 GeV
— Cross-section limit from 0.08pb@300GeV
to 0.013pb @700GeV

CMS 138 b (13 TeV) CMS 138 fb” (13 TeV) CMS 138 fb™ (13 TeV)
I o N apns sans SRS RS RRRS Fesnnane e BENIRLS ivmwaw e et B | AR MAT LN
% 10 Background-only fit EAII.fm;L‘s;ates % c §h Sata E a E m,, = 200 GeV 95% CL upper limits E
0 107 : i — H'(500 GeV,0B=1.0 pb ) — H* (500 GeV,0B = 1.0 pb) | ~ - -e- Observed ]
' : Misidentified , < Misidentified (AN o Median expected -
' H ki %) 1 - Th — +l-7 .
108 : : I Single t = Wi+x E W [ 68% expected
H : Electroweak [} Electroweak b [ 195% expected
105 ' Tt X ] LI>J Wt i 1\
H E Post-fit unc. V1 0_1 | Single-t _: I
Post-fit unc. E

E I|I||I 111 | 1111 | 1111 | 1111 | 1111 | | | | 1111
S N T 300 350 400 450 500 550 600 650 700
5 100 200 300 400 500 600 700 800 900 1000 m,. (GeV)
- m; (GeV)
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Doubly charged Higgs

HIG-16-036, arXiv:1710.09748

 Model

— SM extended with scalar triplet (d**,
O*, OO)

— Triplet responsible for neutrino
masses

— Search for doubly- and singly-
charged

— DY pair production is most common
— SS lepton pair of any flavor
combination
« Search with =23 leptons of any
flavor

— Search for excess of events in one
or more flavor combinations of SS
lepton pairs

 Dilepton invariant mass as
discriminant
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100% = — e*e* AN
A ||
100% @** — e*u* \\ |
A |
100% @ — pp* SN |
a
100% @ — e*t* o
AN | —
100% &= - p°t* Nl [ cssenco o
AN | N esecoa o
100% ®** — t*t* RN\ |
1 :l Associated Produ
|
- Pair Production
Benchmark 1 S AN | B oo
A |
Benchmark 2 A\ |
\
AN | -
Benchmark 3 N
A\ B
Benchmark 4 AN}
A\ 1]
0 100 200 300 400 500 600 700 800 900 1000
++
®** Mass (GeV)

- 129" (13 TeV)
LS LA B B B BRI BLELELE BRI b
[¢] CMS 3
(O] Proliminary .ZZ .WV .WZ T
~ 1 3 E|
g -
q>> 10 E_
w ]
102 Eeeb =
10°° E
104
10°°
a 15
I.ﬁ 1R :
~ 05 3
2] 0 200 400 600 800 1000 1200 1400 1600
8 m,.. (GeV)
36



non-SM Higgs decay. h—aa—4X

arXiv:2407.20425, arXiv:2403.10341

» Explore non-SM decays of a Higgs boson (h)
—Higgs boson (h) can be SM or not
— include production of two new light boson (a%)

« Search for generic Higgs decays: h—2a+X—4u+X
— Require two dimuon pairs with consistent masses
— Limits on production rates, benchmark models

* (similar search: 4b final state)

Results mterpreted in NMSSM and dark SUSY

« NMSSM: add a complex singlet field (1 CP- even+1
CP-odd boson) &

b=
L
Events/(0.5 GeV x 0.5 GeV)

1550 25 30 35 40 45 50 55 60

NMSSM Dark SUSY m% [Ge
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NMSSM and Dark SUSY Limits

PLB 726(2013)564, arXiv:1506.00424

CMS 35.9 b (13 TeV)

"%10‘3 BaB:af LHCb ]
£
Results interpreted in NMSSM and dark SUSY 5
 Dark SUSY: h decay to pair of neutralinos (n,): LSP s 107 R
E 10°7 E/\‘ S t‘ - | |
! - S (long-lived) N
L o pp—h—2n,—2y +2n —4p+X
n,=»nN decays _
1 bYD y " Dark SUSY
I% invisible 01 1 10 100
myD[GeV]
CMS 35.9fb™ (13 TeV)

[ \
3~ NMSSM 95% CL upper limits: ]

« NMSSM: Extend MSSM by adding a complex singlet
field (1 CP-even+1 CP-odd boson)

* NMSSM: h1,2—>231; a1—)2H
« Compare to SM Higgs cross section

¥ m, = 3.55 GeV

N

S —- m, =0.25 GeV
[ Reference model:
2F — o(pp —h —2a) = 0.003 x o, .

B(a,—21)=7.7%
NMSSM

|

(pp — h— 2a)) B*(a— 2 ) [fb]

0.5 -

r—— ]

O

_III|IIII|I\II‘IIIIIIIJI'IIII'IIII'I_
g 90 100 110 120 130 140 150
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Exotic: H-AA—4y

arXiv:2209.06197, arXiv:2208.01469

. . . Y
« Exotic Higgs decay to light pseudo-scalar A
— Motivated in BSM extensions (ALPs, DM, etc) g a y
— Merged vy reconstructed as single y-like object & >----- <
. \\ ")/
— Resolved and boosted topologies g a <
 Model-independent search ;
boosted resolved
- -1 _q
< 12CMS 130613100 A0 3 4 ST | U re2blsTey
% — m, =04 GeV, 75% 5 T E CMS 95% CL upper limits 5 - 95% CL upper limits _f
S 1 S = o i -e- Observed ~ 3'51_ —— Observed
= higr= 0.4 Gev’ 50% % i . = r ---- Median expected
[:‘ 4 T I~ -+ Median eXpeCted ; 3:_ [ 68% CL expected _:
g 08 T I 68% expected T - 95% CL expected ]
3 X 102 95% expected 4| | s 25 A
0.6 S - ~ CMSH- vy 11y
s E L L 3 E
0.4 ?, : % 1_5:_ ]
Q. —
02 1 _I% 10—3:_ - ]T: 1
0 ‘ 0 o E g 0.5F
0 02 04 06 08 1 1.2 I e 1 A
(o)) C
mp [GeV] 0 02 04 06 08 1 12 Y ST S
m, [GeV] m, (GeV)
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non-SM Higgs decay: H,-—2h(a)—4r

JHEPO01(2016)079, PLB 800(2019)135087

» Search for very light Higgs in NMSSM g -
—H(125)—light pseudoscalar (¢) bosons f
— One ¢ decays to a t pair, the other to t/u pair H(125) -7 T
. qy e ----- o« O
« Reconstruct u-track invar. mass (m4,m,) )
D T
— SS dimuon sample (removes DY) . i
— bin in 2-dim distribution, fit signal and bkg |
5 T
— QCD bkg from control region 35.9 fb (13 TeV)
. . 359fb (13 TeV) s I T T T T I T T T T
) o Oboorved I Big CMS & 95% CL upper limits CMS
; ..... m, =4GeV ... m, =7 GeV ] =~ 06} Observed -
E) 1 m, =15GeV - mg """"" Expected
= E I 68% expected
g P ] I 95% expected
< 107 - Excluded by ATLAS-CMS
3 04 B combined coupling analysis _
102 :
o 0.2
g 1.5- W 1 x 1 J'. 1 b 1 i 1
2 1.0 e——— X
° 0.5 | oob—L— PR S—
'0'2'4'6'8'10[(3'\}]2 0 10 15
m trk e
. m, [GeV] 40
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Summary for Higgs exotic decays

tan

10

W A OO

(13 TeV)

35.9-138 fb™

\\\\\

i1 il '

Observed exclusion 95% CL

Expected exclusion 95% CL

A/H/h - pp
PLB 798 (2019) 134922

A/H — bb
JHEP 08 (2018) 113

A/H/h - 1t
axrivi2208.02717 *

H — WW(212v)
(HIG-20-016) *

H — hh (bbyy)
HIG-21-011 *
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Heavy resonance search: ZH

CMS-B2G-23-008, B2G-23-006

« Search for heavy resonance: Z(#)H ,

— H - ccor VV(4q)

— H as AK8 jet recoiling against Z
— Jet substructure to discriminate vs bkg (DNN)

 Reconstruct invariant mass of ZH

— H-ttbar >2 b-tags rCR-nj-Zb-SB CR-nj-2b-SB
— Event 1btag | CR-nj-1b-SB CR-nj-1b-SB
categories:  ob-tags
leptons, b-tags e

system 4

y 138 fb (13 Tev) ™ L] | 1 LI 1 LI LI L LI 1I3I8 fbI I(1l3ITeIV)
> 105 T T T T a - | | | | | | | . _| 3
& grg:ma —— Data b - CMS HVT benchmark 95% CL upper limit 7
S 1ot v Z+jet — 10° B imi — Observed —=
S = t\tN T E — Model A --- Expected 3
; 103 e, —m,= 2 TeV (1pb) N : — Model B - 68% expected :

r o ., 0 mZ =3 TeV (1pb) T 95% expected
S 402 7 - m,. =4 TeV (1pb) = 10 -
i N “E :
Q . ]
N TE oo, SRR <
g | 5
~——_, ~_1 | Eur. Phys. J. C 81 (2021) 688 =
;3 © 107 E — Observed 3
3 = - Expected 3
- e - ---- Expected < 1b tag cat. -
o E - Expected 2b tag cat. =

g 2 10-2 % | | | |

ot 1 500 2000 2500 3000 3500 4000 4500 5000
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Low mass Higgs: a(—tt)bb

arXiv:1511.03610, JHEP05(2019)210

> 19.7 fb™' (8 TeV) > 197fb (8 TeV)
° 12} I""I""I""I""I""I""l""I""I"'_ > LA B L L B A—'n(m—SSGeV)
. . 0 : CMS l“‘ch : 0 Observed
* Low mass Higgs in the NMSSM 3 10| - A-wmsoon 1 3 E]zﬁu
] s [ - Observed S 50 (LG
« Low mass pseudo-scalar (a;—trt)in § EM 2 Ee.mweak
. . . [ L i 40 QCD multijet
association with bbar: a;bb—tt bb of- D erccrowesk + ) [ ek, unconsiny
. . [ [] acp mutijet
 Similar strategy to H—1t of- Bl ey "
- Search for a; masses below Zmass 10
* No evidence for signal Qpuldhegulaguliagint, 0 o
Lo m,, [GeV] m,. [GeV]
* Set limits: cxB~9-39 pb S leeiETe) e 19787@TeV)
§ fous ] & sfows™ 3 I
E -===- A->tr (=35 GeV) ] E E Z-w _
c —4- Observed - [ ti ]
S 4 Oz | . LFH 3 S [ electroweak 1
- D« ] u [J aco muttijet ]
3 -Electroweak E]Bkg. uncertainty 7
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2 |:| Bkg. uncertainty i
1
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Low mass Higgs: a(—tt)bb

arXiv:1511.03610, JHEP05(2019)210
* Low mass Higgs in the NMSSM

* Low mass pseudo-scalar (a;—1t) in
association with bbar: a;,bb—1tt bb

 Similar strategy to H—1tt
« Search for a, masses below Z mass
* No evidence for signal

VLQ mg = 300 GeV

CMS 35.9 fb' (13 TeV)

L L - —~ > — ] l I [ T l T l [ [ T™TT ] T™TT ] Ty ] TTT
¢ Set IImItS. GXB 20-0-3 pb ) C 2HDM, 6B = 800 pb ut: 1b tag ]
g 1000— —m, =40 GeV . gbserved —]
N i ]
,CMS_ 35.9 b (13 TeV) . | SSng=siee — ;
10 E T | T T T T T T T T T | T T T T | ‘(Q 800'— W+jet$ ]
= : 1b1f+1b1c combined S C 5gqgglet .
B — > - iboson i
C (E)bserved | | W e00— @ QCD multijet  —
102 - Expected B S r Post-fit unc. i
3 B 10, ey €XPECtED C ]
- 26, perimeny €XPECtEd o -

I Lol ol L1
S
o
o

95% CL upper limit on oxB(X — 11) [pb]
)

0 ,
' R 3 :
: L e
: g 1 +++*+***“'*"o"’"¢¢**¢*¢”++++++*+++E:
: - Q 08F ‘ :
-1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 O 0.6;_— l . ‘ I I ‘ I | | | E
. % = 20 60 70 0 20 40 60 80 100 120 140 160 180 200 220
M [GeV] m,.[GeV]
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Low mass dilepton resonance

arXiv:2111.01299
« Search for low-mass dilepton . z
resonances in Higgs decays in the four- ”
lepton final state ; o w
h --- Z h==---- *~-—-——-
« Decay through a pair of BSM particles, % Z . é
or one is a Z boson
« Set limits f o
__ cms 137 fb' (13 TeV)
— model-independent Higgs BRs. S | o owm
— dark photon and ALP production s ®f — Pt
CMS 137 fb™ (13 TeV) % 20 = iR me s ce «Zoomies =02
_____ Lﬁ r 2u channel
< | e Expected exclusion 151
310’3 S = ——— Observed exclusion
o EE— . 10
o I — L ——H—=2ZZ, —>f4|,u€ =0.0 :
i I ..... ‘ e 51
S EE VI e 5
;<x\10_4 | o 04:
N o i R S35 B
:L g 225— 1 ‘
¥ | 158 # i At
S osp LT LTI TY
10 5 10 15 20 25 30 35 00 5 10 15 20 25 30 35
m, [GeV] mg, [GeV]
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arXiv:1908.01115

Heavy Higgs: H—ttbar

« MSSM, low tanp, m(H)>2 x m(top) g t
« Search for A/H—ttbar . k3
« Strong interference with SM ttbar
. . g t
» (+jets and « final states
. _ _ - CMS 35.9 fb~! (13 TeV)
» Kinematic reconstruction . [o5% Clexcusion:
— m(ttbar) and cos6* (lepton angle in ttbar frame) § | Observed 95% expected
- al Expected 68% expected |
R CM§ p+jets channel ' ' : i i i i i i _35.9fb7! (13 Tev)
%:Z: ". 0 < |cos6, | < 0.4 0.4 < |cos 6, | < 0.6 0.6 < |cos 6, | < 0.75 0.75 < |cos 6, | < 0.9 o¥9<§:ts:h|<1 3_ b
300 o . Post-fit unc. ol - :
g(l):z_ . ‘ . ‘.-‘N- { ‘ . . ‘ . ‘ u A(SOOiGe;V,S%,lg=1)Ix2 ] i

myi [GeV]

400 450 500
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Higgs self-coupling

« Self-coupling measurements - cms . 188T(13TeV)
|p Te o —12538 Gev [
£ > £ . wZ.® ]
* Improve measurements L P Py
. . . — -1L _
 Include missing pieces: =5 10
B : : . - -
H couplings to light fermlo.ns . 102) e
— HHVV (c,y) and self-couplings : & .- ni’s.
10°F u @5 | b
"’g\ ,""" ;xj"’ Force carriers Higgs boson ]
........................ . ~ AV .::.*;:;T_' A 1 _4‘_ E e )
= (1)_42::: e
1.2F 1.08F E
. . 2 1.02—-}- ----------------------- §f -------------------- ﬂ;
H trilinear coupling = 0.8F o5} ]
o 0.6_'" Lol Lol | .

A = m3% /2v?, where v = Higgs boson v.e.v 10” 1 10 102
Particle mass (GeV)
Use coupling modifiers:

kx = X Asm; k2o = cav/Cop(sm)
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di-Higgs searches

* Self-coupling measurement

 Destructive interference in SM
— Could be altered in BSM
— If constructive, it could be large enhancement

* In SM, only 6=31fb at 13 TeV
 Study different final states

- BR Mass scale
bbbb 34% }
bbrtrt 7.3% r High
(X2)hN>7 poww  27%
| bbyy 0.26% Low

1 1
V(h) — VO -+ EmIQ{'h2+A’hthh3 -+ Zlhhhhh‘t

Mass Term HH production HHH production

M. Gallinaro - "The Higgs boson and beyond"

non-resonant production

Only SM
---h
S
c el
o
O
‘=
g 7
£ h_-
__.\
\\
*h
resonant production
New Physics
/,'h
X .~
otn
\\
*h
- April 14, 2025




HH: non-resonant production

* Higgs pair production @13 TeV
— ggF 6=311b
— VBF 6=1.7 fb

* Test non-resonant BSM models with anomalous couplings

1

ggF Process

BR HH—xxyy
(my =125 GeV)

107

10%

10~

vy 10.26%| 0.1% .
3 . | | |

bb WWwW g9 A ZzZ

_ rarer
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What is new In HH searches

CMS-HIG-20-010, CMS-B2G-21-001

* Results are better (x2-3) than 2016 results alone after
scaling for luminosity

Extensive use of ML tools Boosted topologies
s CMS Preliminary 59.7 b (13 TeV) 9 1380 °'(13 TeV)
*3 10 bb .1, Prefit qqHH SM x 150.0 —— Prefit ggHH SM x 5.0 =
G>J res2b ! Drell-Yan tt Q
w 10 acp [ Single H S
I Others ® Data W

[ Stat+Syst post-fit unc.

102 ==

10

1

107"

10° - par B IERR e -
. 2_ g
(*)] =
Eé 1_5;_ ....................................................... l ................... JEUSUSURUROR WO SO ? 15}
o bt
8 0.5 f_ .................................................................................. @ O ‘

05 ] | | | | | ] ] g

g = g 2 g S 3 8 100 120 uo 160

DNN 1 regressed mass [GeV]

Regressed mass of one AKS jet

in a ggHH(4b) boosted category
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Nature 607(2022)60

WW vy
Expected: 52
Observed: 97

bb WW
Expected: 18
Observed: 14

bb ZZ &%
Expected: 40
Observed: 32

Multilepton &
Expected: 19
Observed: 21

bb yy &
Expected: 5.5
Observed: 8.4

bb Tt &
Expected: 5.2
Observed: 3.3

bb bb &
Expected: 4.2
Observed: 7.2

Comb. of &
Expected: 2.5
Observed: 3.4

HH: Results

138 fb™ (13 TeV

CMS Preliminary
T | T T T

K =%x=1
Ky =Koy =1

TT T T T

—e— Observed

T T T T T T T T

..... Median expected
B 68% expected
----- 95% expected

CMS-PAS-HIG-21-014

CMS-PAS-HIG-21-005

Acc. by JHEP (2206.10657)

Acc. by JHEP (2206.10268)

JHEP 03 (2021) 257

Acc. by PLB (2206.09401)

Nature 607 (2022) 60

Nature 607 (2022) 60

100 1000

95% CL limit on o(pp — HH)/oTheory

95% CL limit on o(pp — HH) fb

138 fb-1 (13 TeV)
103r""I'"'I""l""l""l""—_

— Observed ~ ----- Median expected
= Theory prediction 555 68% CL expected ]
- e 95% CL expected -

102

T rrrrr
roa o el

Excluded Excluded

10

Combined sensitivity:
*k, €[-1.24, 6.49]
® k2V 6[067, 138]
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Self-coupling: H and HH

arXiv:2407.13554

q/q w/Z
g 111 LL1A

ASE 111111

« Set constraints on H self-coupling

 Use H and HH results:
—HHVV coupling (ko) affects VBF HH mechanism
—H: Use NLO EWK corrections

= k, €[-1.2, 7.5] @95%CL

CMS

Observed

[ K=Ky =Ky =1

-\

L L S B e |

138 fb' (13 TeV)
UL BN AL

— single-H comb., S.Sji:
HH comb., 1.0i?:§ 1
— single-H and HH comb., 3.12‘2 ]

2['1

1o

P . PR
-4 -2 0 2
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Double Higgs production

PRL 122(2018)121803

 Study different final states
* Not yet at the SM sensitivity

(13 TeV)
'5" 1 05 E— T T 1 T T T T T 1 1__E
= = ATLAS CMS =
f — L[fo] L [fo!] 7]
i B bbbb  axw1s04 06174 arxivir0702908 |
104 —— PLB 781 (2018) 244__
T = bb — 3 0 — 35 9 3
>< e YY  CONF-2016-004 PAS-HIG-17-008 .
g_ — WWyy CONF-2016.071 N
3

3 1 0 E_ i bbvv — 359 —E
@ S A 77 0 W VA YRR - JHEP 01 (2018) 054
= ” —35. _
®) —~ bbrr PLB 77:5(’2?)18) 101 -

L — E 02 PAS-B2G-17-006
= =3 3
1 B =i
@) = i
X 10 SR
g - ===: Expected -
B - Observed Spin-0 ]

1 1 1 1 1 1 1 I 1 1 1

300 400 500 1000 2000 3000 4000

m, [GeV]
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LFV In Higgs decays

arXiv:1911.10267, arXiv:2105.03007

« Some BSM models allow for LFV Higgs decays

e Search for H—er. e w, Ut final states Observed (expected) Best fit branching  Yukawa coupling
. ’ ’ . . upper limits (%) fractions (%) constraints

» Categories: N ietr lepton kinematics H— ut <0.15 (0.15) 0.00£0.07 < 1.11(1.10)x1072

H— et <0.22 (0.16) 0.08 4 0.08 < 1.35(1.14)x1073

— Njet to target ggH and VBF production
* Main background from DY, ttbar, WW

- of . I1 37 fo™ (13 TeV) 137 b (13 TeV) cMS 137 fo" (13 TeV)
:l v L L v b . b hd . ': 9 - r r r r T T T r T T I\I\ill||‘|l|||||\||||l||\|||
~ = —+— Observed Z—1T = E 10 T T T T pr,, 0 Jets
o) 0.2 3 CMS Rz 1 m 10t CMS —+Observed  [[|Z— 0.37 (0.33)% x H — pr BDT fit
$0.18F M7 B Z—ee/uy [Mttt+jets 3§ = . Z—ee/ . t+iet - -
D018 Th EW W/Z @ Diboson § & 10" b €% 2 jets VBF [l Z—ee/uy Ctttijets w1 Jet e Observed
Co.16 [ 4 = B EW w/z [ Diboson 0.40 (0.43)% . X Median expected
3 Wijets’QcD @SMH 3 § 10° (049) #
Do.14F- [ W+je o E ; []W+jets/QCD [ SM H v 2dets | B 68% expected
T 3 = H—pt (B=20%)[ | Bkg. unc. 3 > 10 — H—»et (B=20%)[ ] Bkg. unc. 0.50 (0.491% . [ 95% expected
0.12F = 10¢ (049)% | i
e K ., VBF
0.1 F 3 0.39 (0.30)% B
0.08 - E pr 0dets | )
0.06 3 r 0.31 (0.34)% l
0.04 = protdet [ ]
0.02 E— —f 0.36 (0.57)% | . |
= u pre,2Jets
0 0.77 (1.13)% 4 1
<15 a1 wo, VBF | i
Q L N X — Q AR 0.58 (0.83)%
0 %) ! He i
a a 09 0.15 (0.15)% :
2 2 - i A i i _1 1 5
0 100 200 30 -04 -0.2 0 0.2 95% CL limit on B(H— pr) %
m,, (GeV) BDT discriminant
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DM searches with Higgs bosons

Invisible Higgs

* Higgs as portal to Dark sector

— New massive particle mediates the Higgs-DM
interaction

 H(125) may mix with new dark mediators

— DM particles could get mass through Higgs
mechanism

» Study scenarios where Higgs is involved

7' — 2HDM Z’ — baryonic

Mono-Higgs

— Generic search: pp—H+MET

— ISR suppressed due to small coupling to H
— Signature: Higgs+MET = H used as a tag
— Final states (WW,ZZ,bb,t1,yy)
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DM searches with Higgs bosons

* H(125) may mix with new dark mediators
« Signature: Higgs+MET = H used as a tag
* Final states:

— H — bb ~58%, large bkg

— H—> WW ~21%, moderate bkg

— H — 1t ~6%, lower bkg

— H — yy ~0.2%, clean final state
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Higgs + Dark Matter

arXiv:1908.01713

- Generic search: pp—H+MET 9 B
. ’
o ISR suppressed due to small coupling to H 2
. . Z! ’
o In the context of simplified models 2
. Q4 X
- DM search with H(—bb,yy, ZZ, WW, 1) a
« Signal events at large MET
q X
c 35.9 fb” (13 TeV)
— 5 T ""."I T roT T T 4
S 10 CMS =(H)It%%?sboson -é\';x — 1 0‘36 T T 3$'g.fb. 1(.1.:?.-"-6\/ CMS observed exclusion 90% CL
42 10°E 2> DM+ h(zz) -+ Data [JSyst. unc. b _a7 Vector med., Dirac DM
N Z-2HDM: my, = 1200 GeV, m = 300 GeV 5,10 9,=025.9,=10
w x B=0.02 fb S40-38
10° S garyonic Z':m, =500 GeV, m =1 GeV %1 0 DM+h(bb +yy + ve + WW + 22)
) ox B=0.30 f 21073 DD observed exclusion 90% CL
10 @ 31 040 CRESST-II
[arXiv:1509.01515]
1074 . CDMslite
[arXiv:1509.02448]
1 0—42 PandaX-II
[arXiv:1708.06917]
1 0—43 LUX
[arXiv:1608.07648]
1074 ____ XENONIT
45 [arXiv:1805.12562]
) 10 CDEX-10
S 15 ) [ E 1% [arXiv:1802.09016]
"g 051_ \ +'—T— = 10—47 ! Lol Lol ! Lol
8 %% . _ i 1 10 100 1000
10 10 . 10
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Dark Higgs & Dark photon

arXiv:2310.12229, arXiv:1908.02699, arXiv:2009.14009, arXiv:2405.13778

Dark Higgs w-

* DM particle acquire mass through o
interaction with a dark Higgs (s) ’

 WW decay dominates for m>160GeV
—leptonic final state (2¢2v, 2(2q)

* Observable: m{(¢(,MET)

Fraction of events

- CMS Slmulatlon
t ww
—— (m_m,m,) = (160,100,500) GeV

0 50 100 150 200 250 300 350 400

m';‘ o [GeV]

Dark photon CMS/! 130 f6° (13 TeV)
i R /E t281693/947253769 — 10 T T T T T T L— T T T 7 T T
< ? Lumi sec tion: 501 -8_ F CMS ob g 3
. 2 - C — Observe
« Search in ZH & VBF events &= = | | B 68% expoctod
é 1k VBF+p]**+y = 95% expected
? : 0 0.05 x Oyge 3
I
®| o
9 N 107"
i 5
O>
102

discriminating variable, mr,
V2 PYEr- (1 - cos Ag(y.Er))
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DM: Higgs invisible decays

arXiv:2201.11585, arXiv:2303.01214

* Inthe SM, BR(H—inv) is ~0.1%
« Search for Higgs invisible decays in
VBF and associated production
— Select large MET and 2-jet events 4.9 fo" (7 TeV), 19.7 fb™ (8 TeV), 140 fb (13 TeV)
W_Ith Iar__ge An(”) L | CMSI | 95°I/o CL upp:er Iimitsj
— Fit to dijet invariant mass distributions —e— Observed
« Combination of ggH, V(jj)H, and
Z(U)H, ttH production modes
« Set limits on DM models
— Upper limits: 0.15(0.08exp)@95%CL

« Limits interpreted in the context of
Higgs portal models

= Competitive limits for low-mass DM 01
candidates .

I o5u(H)
4
w0

bs
o
[

- ©- Median expected
- 68% expected

D 95% expected .
0.49 (0.32
0.25 (0.30)

o
o

o
~
cleaaalines

o
»
I

B(H — inv)

11 lllll

0.24 (0.18)

0.18 (0.10)

-

o
o

T a l]IlllIl]UIlllI1IllIll]]lIIll1'l1llllf
L ]

tiH-tag

Combined
VBF-tag
VH-tag
ggH-tag
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Long

-lived: Higgs decays

CMS-EXO-20-015
CMS Preliminary 137 b (13 TeV)
% 1y T Vol 77
c
o
E.
J10°°F E
| s
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R LA )
P A% A
1072 43 A\ Y |
A —
I SN L S—dd |
| S et |
10 E —mg=7GeV [_]=10Expected]
| — Observed — mg =15 GeV [] = 10 Expected|
| .--- Median Expected — Ms =40 GeV [ ]+ 10 Expected |
—mg =55 GeV [_] =+ 10 Expected
10—4 IR B R R TTTT B AR R Tt I SRR Tt BRI ST
102 10" 1 10 10* 10® 10*
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T 1 CMS Preliminary 137 b (13 TeV)
R LB L ) VAt o T
m 0 Q o -
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S107'F 4 1
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§ S _ ry
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I R e S—1't | e & f
103F - S Q
F —mg=7GeV [ _]=+10 Expected]
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| I — mg =55 GeV [ = 10 Expected f
4 covd vl v vl vl vl 1 e

1 | — 1 1
102 10" 1

10

10° 10
ct [m]

10°

* Higgs decaying to long lived scalars
— Scalars decay to quark final states in the muon chambers

* Resulting bounds are interpreted in context of LL decays
— Missing energy trigger
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Long-lived: Higgs portal

arxiv:2402.14491

Production of long-lived dark photons Z; via Higgs portal B
H-Hp mixing with parameter «
. . " . 7 H
Higgs decaying to long-lived scalars S ;__ﬁ___ zD
. . . D -
— Scalars decay to fermion final states in the muon chambers S
— Displaced dimuon originating from secondary vertex
. . . f
Resulting bounds are interpreted in context of LL decays
S 0oE CMS  smuas 3
§ oieE— H%zozflmwat’on ----- Run 2 (2018) N - CMS
£ 07 m(H)=125GeV —— Run 3 (2022) JT:10‘1E' H- Z,Z,
g 06E- m(z,)=20Gev —— Run 3 (2022, L3) 5 F m(Z,) = 20 GeV
§ gié: —— Run 3 (2022, L2) 510_2:5 B(ZD—)HH)=0-143
F o03E E 3
028 D 510°F
0.1E 2 :
S[@ 210_455
&& 23310—5 | Combined: Observed:
Y — Observed 68% quantle  — 13 TeV (97.6 fb™")
5[5 - - Expected 95% quantile ~ — 13.6 TeV (36.6 fb™')
ocioc 10—6
10° 102 10" 1 10 10*° 10® 10* 10° 10°
ct [cm] ct [em]
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Summary

» Excellent consistency of SM but SM is incomplete
* Extensions foresee existence of additional bosons

» Searches for BSM bosons natural companion to
precision SM Higgs boson measurements
— Charged Higgs searches with top quark decays
— Other BSM searches show no indication of deviations

» Searches provide no hints for BSM yet
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