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* Signal: 4 isolated leptons
from same vertex

—Small background
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July 4t 2012: A Higgs boson
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Higgs and ZZ

EPJC 81(2021)200, arXiv:2103.04956

e 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)
CMS 137 fb‘1 (13 Tev) A~ [T T T T I T T T I T T T l T T T | T T T T ]
> SEE LI T T T T T T rTTTTH > t Data (stat @ syst)
© 350— -] O} 1E : _ 3
0] - ° Data N (5 E m— Systematic uncertainty
< B [ 1H(125) 7 B - NN gg-+H (NNLOPS) + XH R
~ 300— = x = = 7777 gg—H (POWHEG) + XH 3
0 = 0 aq—2Z, Zy . — 107'F ] XH=VBF + VH + ttH (POWHEG S 3
g B B 9922, Zy* . Io_l_ (LH; HXS\;VG Y+R4 rrf =125.38 c)-;eV) ]
> 2501 Bl EWV ] .o L R 48
B | I Z+X ] =, 102 =
200— = o
u _+_ . ©
150 =
100} = ;
. : S
- ] Z
50— . e
- -1 o
n . g o
. 200 300 400 500 50 100 150 200
m,, (GeV) p:' (GeV)
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Low mass-resolution channels

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

CMS Preliminary 137 fb” (13 TeV) 77.21b™ (13 TeV)

1]
. o
+40bs. [ |ttbkg. [lz— ee/up[]ti + jets £ - CMS ¢ Data
[ ]t mis-iD[JOthers ~ Unc.  [IH—t (u=0.85) 2 I B vH.H-bb
> — 2 r VZ,Z-bb
© 5001 1of 5 14 5 1000 sl
O o + bs.-bkg-§ 'g S+B uncertainty
~ N —H-o1r e [
& s00f- 6f 1 )
g r 4 Bkg. unc. 1] C?-J
D 400 o R @ |
3 f e ‘ 1 500
N N -2 ! ! L T L
o 300 50 100 150 200 250
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i 200
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%)
~ 100f
Eonn ot J o ] e e L e
%0 100 150 200 250 60 80 100 120 140 § 160
m,. (GeV) m(jj) [GeV]
p CMS 35.91b” (13 TeV . i 5.1 fb" (7 TeV) + 19.8 fi (8 TeV) + 77.2 fb” (13 TeV
) T ; ; CMS Preliminary 137 fo' (13 TeV) NS (7TeV) + (6 Te “O : d‘ eV)
k= 95% CL upper limits . serve
Dhserved = — +1o (stat @ syst
= P e “a:llan expected VH, H—bb 20‘: 6(8 at @ syst)
g 10 S _ melpented . ° Obs- I _{__10 i16 Stat_ .....
T \\ [ 85% expected H _) ..... 2017
X — Ww : = +15 (SYyst)
B ; _)TT th. stat. syst. bbb i
5 M —— 0.85°012 D38 +006 +007 +004 Run 2 ———— 1.06 + 0.20 (stat) £ 0.17 (syst)
= | ; 2016 et 1.19.£0.39
Q T e o 55 2017 | 0 e p. ...... 1.08 £ 0.34
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o 9 019 009 -009 -0.12 -0.06 Run 1 et 0.89£0.38 (stat) £ 0.24 (syst)
.: 10_ pR——. ; :
E
= : : _ﬁ wo 0.67'023 +0.06 40.19 4009 +0.08 ;
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Rare decays: H—puu, cc

JHEP 01(2021)148, arXiv:2205.0550, arXiv:2211.14181

Study couplings to 2"d generation
* Hopp

o Most sensitive category is VBF channel
o Obs.(exp.): 3.0 c (2.50)

* H—cC
o Low cross section, need c-tagging
o Use resolved (2jets) and merged (1jet),

o Use ML and large jet substructure for tagging
and classification

o Validate using VZ production:
pv z(ee) = 1017557 (5.70)
o Setlimits

o (VH)B(H — cc) < 0.94pb
1.1 < k.| <55 (|x.| < 3.4)

Events / 7GeV

137 o' (13 TeV)
L I I IR L IR UL IR
© CMS ¢ Data

@ 700F  All categories — S+B(u=1.19)
5 soo- S/(S+B) weighted ... Bkg. component
i m, = 125.38 GeV o ]
g 5o D20 ;

110 115 120 125 130 135 140 145 150
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CMS 138 fb-!, (13 TeV)
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Opaa
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(=]
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Jet mgp [GeV]
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Search for SM H—pup

JHEP 01(2021)148

. Smallrate: |B(H — " p™) = 2.18 x 104

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

*  Weighted sum of individual fits to each category . |
. Signal strength: ju= 1.1970'39 (stat) 7077 (syst) e

137 b (13 Tev)
L L L B B B L B NN BN B
10°F CMS —+- Data [
108 [ Top quark [ Zji-EW
[9 Diboson [ ]Other bkg.
107 —ggH — VBF
— Other sig.

vents / 0.09 units

n
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ggH BDT output
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-
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2 weights / GeV

2w - Bkg

Search for rare decays

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

30_""""""""I""I""I""""""""
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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 iIs 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: m2=my?2 + g2A2

* Miraculous cancellations are needed to keep my<1TeV

* |s there a symmetry that protects the Higgs mass from

receiving large corrections?

cancelation?

SuUsy

-~ |

’ ~
l fL fR ikz

\_’l

-——¥=---
+
v
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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 oy SUSY

g

Precision Measuremets

40

30

20

10

0

3 5 T o 11 13 15 17
Log i [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’?  sirateqy: parametrize
g : deviations wrt SM in

TOBOO00) YAYAYAY |
g production and decay
bt y Wy A Woh.t = loops are sensitive to
g , . - BSM physics
000000 AVAVAVAV f;léAFfuna:d CMS Preliminary
K§ . K:? KZ-_—Q—K <1 __¢
(0-BR)(gg = H—7vy) = osm(gg — H) -BRsm(H — yy) - = N BY?BSWO 5
H Kw| Tl _.-
Experimental approach K| —
* Measure H(125) properties | -
K . a
» Search for additional Higgs bosons K"’_
g =
* Search for BSM in signatures with Higgs bosons [ .
» Search for BSM Higgs decays L o

0 0204 0608 1 12 14 16 1.8 2
Parameter value
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Looking for new particles

JHEP08(2016)045

e Constrain BRBSM In a scenario with < gATLASIand CMIS['lllEsl]
free parameters o °f LHC Run %
7E 7

o= wwtl zzH gyt gy ol SMexpected
* Likelihood scan vs BRggy s
* Assuming couplings bound by SM 4 3
expectations (k,<1) 3 ;
2 .

T I LR ¥Ry ¥

BBSM
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Constraining Higgs width

PLB 736(2014)64

obs.(exp.) @95%CL.:

20kt
. Caola, K. Melnikov PRD88(2013)054024 -

J. Campbell et al. arXiv:1311.3589

10 120 130 140 150
m, (GeV)

10l |
— Qggn @NYFQ,z7: couplings to gluons and bosons i

I'y<5.4(8.0)rySM

- couplings and width sensitive probes to BSM ',<22(33)MeV
» indirectly constrained in coupling fits CMS 19.7 1" (8 TeV) + 5.1 ™ (7 TeV)
SN LI I I L IURILIE IR I
« off-peak to on-peak ratio proportional to I'y 3 %F + Data E
] . . . N [ lgg+VVW =272 ]
« constrain Higgs boson width by using off- = sk B g — 227 -
shell production/decay }é B Z+X ]
* measure ratio of goff-Peak tg gon-peak 2 40 g
].4 2 3 ff k 30 —:
;L?-le:zz ’ g;g__sﬁ:zz g ggHg:!I-EE

bt

0 ~WIARRENCBARF,
100 200 300 400 500 600 700 800
m, (GeV)

measurement of I',
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Higgs mass and width (cont.)

arXiv:2202.06923, arXiv:2409.13663

« Couplings and width sensitive probes to BSM Sgi}giéw T
— Total width of 4.1MeV too small to measure directly on-shell X 1y
» Measure width by using off-shell vv—H—4/4

production/decay: H(ZZ)
» Off-peak to on-peak ratio proportional to I',

Iy = 3.0773 MeV

CMS 138 fb~' (13 TeV) 50 CMS a8 = (g Tal)
21_"I"I"'I"'I"'{“‘!"_ '
| —— 42 on- and off-shell + 22 2v off-shell 4.5 % Best Fit —
18 X SM ;
[ --- Expected 4.0 . 68%CL ]
B j95% CL
L] p— 4f on- and off-shell 35
-l
C {2} --- Expected . = & _C'
— _C e
< ] o 25 <
9 ‘ oy o
C\ll | 7] =20 |
rd

1.5

1.0

0.5
0.0 -
0.0 0.5 1.0 15 2.0 25 3.0
off-shell
MF
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Couplings

Nature 607(2022)60

CMS 138 ™' (13 TeV) CMS
— I | I | 1 I | 1 I 1 I I I |
® Observed +1 8D (stat) = ‘
18D s -1 sp <+ Discovery + LHC Run 1 o This paper
— + -
) Y ) = - 68% CL ===95% CL { SM Higgs
— +2 SDs (stat @ syst) 15 — —
[~ i Stat Syst - _
Kt -@- 1.012010 007 2007
KW + 1'00-000 -004 -004 B i
KZ " 1.00 003 -003 -001 — .
K - o002 o ew 10 _
K. -Q.- 0.91:007 1004 '2: < B J.f, \“ n
[ : = I \ =
K, —é—: 1.1f3;? ‘g;g 40,07 i !_“' 1.. 1
——e——— 162, 00 N i _. ]
* ; ' !
Kq - 0.93:007 1005 ‘000 05 — p p B
- R e e - ! : .
Blnv s ‘ 0.07:005 1002 2004 j 1\ i
Bger®— ‘ 1 L 0:0099% 4005 4003 i ‘\\ P |
0 05 1 15 2 25 3 35 4 ol v v vl et b
Parameter value 0.6 0.8 1.0 1.2 1.4

BR;w < 0.18 (0.10) at 95% C.L. (assuming ky < 1)
BRunget iNCludes non-standard decays, visible or invisible

=Results in agreement with SM (ky=kg=1)
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Ultimate precision

CMS-HIG-21-018

« Combination of production and decay modes
« Simultaneous measurement of O(100) cross sections

CMS Preliminary 138 fb~' (13 TeV)
o Observed | SM expected
my = 125.38 GeV HH 68% CL (stat @ syst) 68% CL (syst-only) . .
08 g = weraremess m yemosaoss | Signal strength dominated
| 1.128% 1.06:933 1.05:034 1.45:3% 1.20:08 1.35:04 . .
¥y . by theory uncertainties
77 , 1-03:818 1.03:833 ffffl‘o 0.38:93% i};’ 0.00:553 7.31:4% Jo 0.00:38 O 06
| 09909 0.92311 0.821334 2.38°373 1.88:37¢ 1.45:03% H - ]- . O 1 U 05
WW ‘ 0.09 |< 0.11 }. 0.23 v 10469 o _‘ 0.65 o 2.133 — .
0.84:0’10 0.61:0‘21 0.86t0'17 1_40:0.59 1 88:0'66 0 33:0.42
1T 'OI 0.10 I o I 0.20 0.16 I' -{ 0.57 o _1 0.57 |- o -I 0.39
1.02:318 2.22+153 1.65:3728 1.28:3% 1.11:32 0.39:32
bb| B =3 o= | N
9 15+0.44 0 4o+0,67 1 45+0.88 I ] I s I l o I s 2 93+2,50
m |_xo_'1 ~0.41 o= 407085 2 “°l| |— o _| 937217
1 0 2 4 6 8
d [ || Ll i .
2y 2.45;‘,:320 3.611142 -3.36:338 | I ) <\ I AN AR
oo W L lllIIllT‘lIlll 111|11|'|k|' ||"|i| | |1|’||> PR 2 G b
0 1 2 0 1 2 0 1 2 0 2 4 0 2 4 0 1 2
Inclusive ggH VBF WH ZH ttH + tH
H=1.01:388 HogH =0.99°5(2 Hver =0.87:312 Hwh =1.51:334 Hzn=1.360% Hu st =0.93:31Z
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Coupling vs mass

Nature 607(2022)60, CMS-HIG-21-018

CMS Preliminary 138 fb~! (13 TeV)
> 1 | | | LI | | L I I T T TTT I
£ 100k t 4
> - my = 125.38 GeV w< ]
< - psw =0.12 ]
< 10-1L i
o 10 £ ]
£ > - §
QL 2 I |
10° - O Observed =
- T 68% CL (stat @ syst) ]
i | 95% CL (stat & syst)
-3 — SM prediction
1 0 g_ M B Vector bosons _g
[~ mm 3" generation fermions ]
i/l | | 2™ generation flerml'ons ]
1 -5 | | | 1 I | | I LU | 1 I L I I
i 1.1
> I i 1
)] J[ |
o B i |
o 101 1 * e
5 I i |
o i i ]
B 0.9 i
0'5 L | Ll | Ll I Lol I
101 100 10° 102

Particle mass (GeV)
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Rare decays: Z+photon

arXiv:2204.12945, PRL 132 021803

A SRR ELEL R I I ILRLRLEL I
- ATLAS and CMS

- LHC Run 2 ¢ Data

- In(1+5/B) weighted —— Signal + background 3
-- Background E

[+}]
[=]

* New particles may contribute to
iInternal loops

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

I
|

o]
o o
T[T rrrort

Weighted events / GeV
=Y
(=]
|

ny
o
T T

experimentally g z :
(T(pp — H)B(H — ZIY) = 0.21 £ 0.08 pb ; ‘25145' e e e '11155
mz, [GeV]

Z Z
7 - ATLAS and CMS
w 18_— ]
q W f LHC Run2 —— ATLAS + CMS ]
16 -
H---- ¢ H---- W OH--- : —cws ;
: W —— ATLAS
W y - . :
v g : ]

= significance of 3.4c (ATLAS+CMS)

—2InA
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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 138 fb™' (13 TeV)
— H—ZZ—414, 202v, 2(qq 0k cMs ';'Ol'm'er;e'd' L _
- H-WW—-2£2v, 2(qq Preliminary ---Expected ]

. [ 68% expected
» Optimized separately for VBF and gluon 1 195% exgected 4

fusion production processes — Exp. for SM-like Higgs

» Combined upper limits at 95% CL on
the product of o x BR exclude a heavy

107'F Scenario: SMf, 3

95% CL limit on o(H—WW—2I2v) [pb]

Higgs boson with SM-like couplings and 107
decays up to 1870 GeV
: : : 10°F
» Search interpreted in BSM scenario
(heavy Higgs, heavy EWK singlet state) ol
— evolution of signal strength of the singlet state
with modified couplings/width wrt SM. [
— assume new scalar does not decay to any new 1O o 4000 5000
particle mH [GBV]
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Heavy Higgs: dibosons

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

» CMS 35.9 b (13 TeV) CMS 35.91b” (13 TeV)
. Cms S BIW'(ITY) > g T T T 2 ARA Enas AR B e S AlRaans
3 b 4 ¢+ Data ] O 4o 2|12v ~+Data [ Instr. pT" B Topw S 3500 212 Bl L
= Untagged — ;q;zz Zy 2 408 Hzw Ewz Eww 9 3
> V)22 2 2 Lo (zz [zz-zm 23000 |- Resolved jets — 99F(300)~22 -
2 10° 4 e B 99, W—(H-)2Z,Zy o 10
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> T T I T
Y. 1T T TT T TT 1T ezl ok L) LI w2l ok L T [0} * dgta
'8. I T T T T T T T I I O 10? ATLAS B bbA (1500 GeV)
- - S -
= 10 ATLAS 95% CL limit = 2 {5=13TeV,36.1 fb" Hm G sngletop S
o) E Vs=13TeV. 36.11b" —e— Observed (CLs) 3 ) 2 lep., = 1large-R jets w Z+(bl,cl), Z+1 =
Q C BET T Expected (CLs) & 102k m W-+(bb,bc,cc)
1 L A—Zh,h-bb B Expected £ 16 142 b-tags, = 1 add. b-tags == Wablol), Wal
5 | DA ¥ I m other B .
= [ Expected + 20 75 GeV<m < 145 GeV it 3 H t f
& 4L 1 == 1 Hunting for a
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N W =] i .
= : 41  bump in the
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o
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©

10_1 E = .
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E E QI15F ; —
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ttbar+Higgs

e {tbar produced in association
with Higgs boson

™ AR AR LRl LA RARRS AR RARRE R
107 M(H)= 125 GeV ¢
& F + NLOEW) i
= | HHN:_";?..?-@- =
U :
T 10 =
— +NLO
°© 1?/%;??
Ef—fmxﬂﬂc n & ]
C ] on S i
p- _ _/ |
Cross section for ttH at the LHC: 1075 L 3
0.13 pb (8 TeV) ‘ / 5
0.61 pb (14 TeV) - 1
10_25_/ _5
I 11 1 1 II|||IIII|IIII| IIII| 1l

ttH ~1% of total Higgs cross section 6 7 8 910 11 12 13 ﬁ \1!]5
s [Te
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Higgs+Top: tH, ttH

arXiv:2011.03652, arXiv:2407.10896,
 Crucial to SM tests and BSM searches

» Direct access to top-Higgs coupling
— Also sensitive to CP-odd contributions in top-H coupling

« Challenge: small cross section wrt bkg
« tH and ttH production in many final states

138 fo' (13 TeV)

o ® Observed —— =1 SD (stat @ syst)
L aSMS  187f(13TeV)  Preliminary
= C - ] +1 SD +1 SD
3. - opp —>tH+ttH ] . SD (syst) D SD (stat)

2.5 H— WW/ZZ/tt - Y B : Stat Syst

B ] uﬂH ;
2_— i Eur. Phys. J. C 81 (2021}453% 017709 <08 042

1.5 et - ‘

L R ‘~.‘ - bb i

- / N ] Hin ‘
1? “\ \\ -] HIG-19-011 E— : 033025 ‘017 1020

0.5F e -~ L |

F Observed 1 um 3
0; — 68% CL region E JHEP 07 (2021) 027 $ 100703 0% 0ce

H T ---95% CL region ]
_0'5:_ @ Best fit +SMexpected L
C q Itilept

_17 vl v v b b Ly 1 7 “‘:1: repion ‘

-5 0 5 10 15 Eur. Phys. J. C 81 (2021) 378 -\E- 0.92°0% 19 1
MIH ‘

0 05 1 15 2 25 3
Parameter value
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG

Extending searches

* Minimal Supersymmetric SM (MSSM)

—Neutral Higgs: ¢ itt/bb/up
— Charged Higgs

* Next-to-MSSM

—Light pseudoscalar: hilaa
—Non-SM decays: h(12all4t/4pn
—Heavy Higgs: Hh 55h o5 or AL1ZN 55

* FCNC: tlicH
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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 TEsooe——— b
—2 charged H*
 SM-like Higgs boson:h 7 e |

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

* BR(¢p—11)~10% ED fffff hH,A
* BR(¢ :

—up)~0.1%

Two main production modes:
o gg_>H
* bbH
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Neutral MSSM Higgs

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

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

=increased BR to | leptons and b-quarks

mi? = /3 (pE, p) + md(pF, pE) + m(pF, pE),

ATLAS Vs=13TeV, 139 5"

10* TiepThag D 120
lep “had e Data
. 5 sxewn A/H (400), tan f=6 [ Top quarks
» Search for neutral MSSM Higgs boson 10 T, B
, _ 5 10° Sz
* 5 final states used: uty, €1y, Thth, €U, UL & 4 B ooy
— Reconstruct tau-pair invariant mass 5 -+
Ll

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

» Main backgrounds: Z—tt, QCD/W+jets, ¢ e '
DY, ttbar, dibosons z 0,;5 " A . / %
m?! [GeV]
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Neutral MSSM Higgs: ¢—17

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

u'c +eT,, Nobtag p >200 GeV 138 b (13 TeV)
P | -1 -V L1 1) S soof e
Q0 i = - —¢— serve
= i CMS m 1?0 GeV 8 : CMS [ = Bkg. ]
— 035} [368% CL < -
; 0 —  400F [ Jet—r .
= i []95% CL A et ]
o Uor ers ]
E i E 300 [ Bkg. unc. §
= 0.25 pd i —— 99¢ @ 5.8 pb (m =100 GeV)
g o ool o | T Bkg. only fit 1
T 02 _
0.15 100
0.1
L d_ I
0.05: Lﬁ _“_—u—
= %-
o
0.05 01 0.15 0.2 025 03 035 0.4 045 0.5 8 a
' Lo AR ST S AN N R T SN N SN TR I R TN S T AN SO S
o(99¢)B(¢—t) (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: <|>—>MM

arXiv:1508.01437, JHEP07(2019)117

m —T T LN B S S S S S B B B B S

» Search for a uu mass resonance 8 1] v s0rr Dt o
T 10* gﬁz#gg ?JBTS(HF)%]::;(::?

« Good mass resolution A Dtag bopers Jovres
—full and clean reconstructed final state 10° . Divoson  [TJobe (1000

 Split in b-tagged and non b-tagged
categories to be sensitive to gg—¢ and
bb¢ production modes

* Main backgrounds: Z(bbar), ttbar WW

Data/Bkg

||||||||||||||||||||||||||

2 A_"-AS . — Observed % 10°F- (aL1aTov, g6t fo! | ZoetelLd) —0aa
g _HIH7A? 3102;;5;;,?;;‘2:,?;;;2 ------ Expected | @ gl ks g
t % - i ; Z 108 “.t.?.- VetO Single top DggF (480)
g )ée 10? "-«..“* Diboson [ _]ggF (1000)
10

10f
- 1

10_1 1 I R - P T N N S S TS 1
_\‘U) 12;| UL I %l T T |"| T-\ 11
R Hm..* 1|'|Ill LUl
o g 1 '“IIII{ Iﬂ'| I
200 400 600 800 1000 A 0.8; IR
1

1 ‘ 1 |1 I L
m, [GeV] 200 400 600 "800 1000 1200 1400

M. Gallinaro - "The Higgs boson and beyond" - April 20, 2026 my, [GeVJ7



Charged Higgs

* If 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¥=>ttv
—Small tanp (<1): H*=cs
° mH>mtop
—Produced in gluon-gluon fusion
—Main decays: H*-=tb, H*=>1™v
* Main backgrounds: ttbar, W+jets M, [GeV]

2
2
of
S
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Charged Higgs (cont.)

2,
2
i

---e--- H' prod. xsec, tanp=5

* 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 |

«««mes« H prod. xsec, tanp=30

Cross section [pb]

b v b boa buaan by [N RS N
10 200 250 300 350 400 450 500 550 600

H* mass [GeV]

Ht ? i
e Q0000000002
£ Q0920000000091 ¢
t b\ vt
H™
tA -
_ b .
t Yb
gmmm,ow—-—/ g E
W— O« LQQQQQAQQQ0#
r'nH<mtop mH>mtop
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Charged Higgs and top quark decays

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

m,, = 100 GeVic?

e T
* Look for charged Higgs in four final states: gn_a‘ oy oo
—Tau+lepton (electron or muon) ! .
o L —H—>tb
—Dilepton (tau decays leptonically) o —H WA
. H* — W*h’
—lepton+jets
0.2
—Fully hadronic: tautjets LN e B
0 1 10 tan B
Ttets T, +lepton (e/un) di-lepton (en)
<’r+ —+ hadrons <’r+ —+ hadrons <7'+ — £y
HY . HT HY
m% T m% mmmﬂ,n;z}T'\b\
t ) t ) t )
. b & . b . b 7
g QLJEQQEE'JEQQJ—‘—// / g S QQEE'J'JQEJ—‘—// / E g S ;iilﬂﬂﬂgll_E_‘-n{:// E
W- <\ W <\ W<l
-
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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 maximum-likelihood fit
» Tau fake component is data-driven, includes uncertainties

CMS 35.9 b (13 TeV)
ﬂ IIIIIIlIIlIIIlIIIIllllllllllllllllllllIIIIII|IIII_
E - t,+iets, R_inclusive N
5 ¢
SM BSM > 10°E ¢ pata - H" (200 GeV, o =50 pb) =
~— - [ Jets misid. as v, [ tt 3
o L I wsjets [ single t ]
~ 10*s [z B Diboson =
wn - , b=
ﬁ W+ I_:. E H* E = E REEE Bky. stat. 777/, Bkg. stat.®syst.
Vo—"— @ 7 Vie—"— @ T SHPE el
—> —> —> <— " E
3B, OGP 3,8, d.-B -
o ) VS 10%E
. —. + —# B
* p o g =5 p ! p 10 =
“ * = - pl.l "'h" vf‘ I;I . = :n-‘ 000.0
}"\, 1 A X OPR
5 N nt 1
a; By 0y By
d) 1'5: -Bkg. stat.®syst. unc.
- C El Bkg. stat. unc
a 1:.
] F }
© C
O 0.5

0 071020304050607 0809 1
R.
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Charged Higgs: H*—tv

arXiv:1903.04560

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

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

CMS 35.9 fb (13 TeV)
CMS 1 = & Ie;sl F‘i, s AP R 3
g = 4] 3
—_ — T T[T ??'?.f\b.]“stev) o 6OCI,M§I, T :?5.?,fb..(.1,?:r.e.\{) ~ +Data ----- H(2OOGeV,G_50pb)_
'8_ 10 4 L : @D gt H* (2 TeV, 6 =1 pb) [__] Jets misid. as 1, -
g ] © r H > w QC) I tt B W+jets 3
— 2 L L L [ Single t B Z/y* ]
+|>P 50 = MSSM mf°¢ |_|>_] 10° [ Diboson NN Post-fit unc. _
[ i N e $ 090909090 'Y o e 3
T = E:
'E‘E E H - v r 107
E | All final states combined &
. 10_15_ 30__ sl
o R ; ot
Mo Median expected 20+ S — 1
1 0‘2 L [ 68% expected | C [ ] Excluded 1
E [[]95% expected E L . @ e Median expected |
£ 4 B [ 68% expected B 1 0—1
10 L ] es% expected 7] &
s - 4 miSSM 2 12543 GeV | X 1.5F Erostatu + l
3| F m
C SUDURUUUUN UV SR 1 S haiomrint S SAWUYCLF T :
100 150 180 1000 3000 m e ) © 05F =
m.. (GeV) e = [ S AN N —
H* 100 200 300 400 500 600

m; (GeV)
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Charged Higgs: H*—tb

arXiv:1908.09206, arXiv:2102.10076

MSSM, low tanf3 9.00000Q0 —= t
 Final states: 1£ and 2¢ Y

(Sl

: : . : H'
« Categories (incl. #jets, #bjets) ~  p------
L] L] L] t
« Discriminant vs ttbar (BDT and DNN) T
« Mass range: 200-3000 GeV IQQQ0QQ0Q — b
CMS 35.9fb! (13 TeV
c 1reMs 359 (18TeV) & ] { ) CMS 35.9 fb' (13 TeV)
f Single electron Background- only flt > H —tb - & gg i RN ML L TITTTTTTTTTTTTTT
® 10" & 5j/=3b 4 Data [] V+ets,vVV :_é‘ Single and dilepton 7 = o H* — tb single and dilepton
qc) . B W ey e (b) ! _ 30l MSSM M;*(7) scenario i
LI>.I 10 I t+c(c) I f+LF ] 95% CL upper limits
----- H* 500 GeV (o, x B'=10 pb) L 95% CL upper limits ] 20 — Excluded T
10° Post-fit unc. " @ —e— Observed B 1 Median expected
[, o'.‘l: ----- Median expected - B [ 68% expected N
1 [ 68% expected _ 10 - [[195% expected b
- [[]95% expected ] & 777 miSM . 125 + 3 GeV ]
I i g - “ z LA 7
I i ar 1
3 - -
1 —
0 - 2
1 N ]
g 14F + + B i ]
w12 ﬁulu e [k ,
& o8l + ERREEE A 107 | \ | | | ! |
O osk 7 T R— ' 300 300 400 500 600 700 800 900 1000
01 005 0 005 01 015 02 025 200 300 400 1000 2000 3000 °

m.. (GeV)
BDT discriminator m,; (GeV) H
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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, 8
assuming my=200 GeV

— Cross-section limit from 0.08pb@300GeV
to 0.013pb @700GeV

o]

. CMs 138 b (13 TeV) A 109"".'?'..‘.‘.“..._..‘.......‘.?ﬁ*?-“-’.'“‘-1-?‘Tf’Y’ 1(’:MS 138 fb™' (13 TeV)
9 T 'I"':"'I"'I"':'_"I"'I"‘ E . = —_ FroTr] LI L L L L L L L L (L L
€ 10° & Background-onlyfit 1 : All final states > £ Background-only fit  yr 7, final states 3 O F =200 GeV 95% CL limits
[ ' : ¢ Data © ¢ Data E o L M= e o UL upper fimits 7
o 107 : i — H"(500 GeV,0B=1.0pb ) — M (500 GeV,oB = 1.0 pb) - - -e- Observed |
10 : i Misidentified 7, ~ Misidentified <, ] ": o Median expected
1()s : : = :ingle t "0‘:3 ! Htt+x 3 +l..; B [ 68% expected
H : Electroweak q>) Electroweak T L [[]95% expected
5 ! 4 | tH+X tt i
10 H H Post-fit unc. s =Si let I
: V107 ngle = -1
Post-fit unc. 3 a" 10
10 L
10° i ~
& 102 3
2 x|
[0 IR SRR 2T 2 3 IS U N AR IO o] K
E ] IIIIIIL\L\JJJIJIIIIIII\I\JlJJ‘JIJIIIIII
8 R R 300 350 400 450 500 550 600 650 700
100 200 300 400 500 600 700 800 900 1000 mHt (GeV)

m; (GeV)
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Doubly charged Higgs

HIG-16-036, arXiv:1710.09748

* Model
— SM extended with scalar triplet (d*, f i
O, O°) Pt ’L\ g;—' o+t ,L g;r
— Triplet responsible for neutrino
masses £F b
— Search for doubly- and singly-
charged
— DY pair production is most common |
— S8 lepton pair of any flavor (e 12987 013 Te1) 3 [ mzz mw '.\:vz'w
combination e = R (DelYan WtV W
- Search with 23 leptons of any  we-.. o § o, Hiowocey tomened
flavor o e Su. 102 ]
— Search for excess of events in one mq): s §:{1 s - 3
or more flavor combinations of SS senchmark S meee
lepton pairs IS— - \\1:
* Dilepton invariant mass as .
discriminant "

0 100 200 300 400 500 600 700 800 900 1000

= Mass (GeV) § m,.- (GeV)
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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 interpreted in NMSSM and dark SUSY
« Dark SUSY: h decay to pair of neutralinos (n,): LSP

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

=
8
Events/(0.5 GeV x 0.5 GeV)

NMSSM Dark SUSY m

. [GEV]
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NMSSM and Dark SUSY L|mits

PLB 726(2013)564, arXiv:1506.00424

Results interpreted in NMSSM and dark SUSY
« Dark SUSY: h decay to pair of neutralinos (n,): LSP

uuuuuuuuuuuuu

—_

o

~
,m

> <
A T

>

=

=

>

»

/

7 o

Kinetic mixing parameter ¢
3 S
(&) vw
& & S
& =
/& a7 &8
e =
[\ "i, / S, 5
9 =
=
wn

MH, SN“ pp—h—2n,—2y +2n ,—4p+X
n=>Npyp decays 10k _
1 DYD y Dark SUSY
‘% invisible 0.1 1 10 100

my [GeV]
CMS 359" (13 TeV)

_IIIIIII|I\II‘I\\I‘II\I'IIII‘II\II\_
[ NMSSM 95% CL upper limits: ]

[95]
TT |

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

* NMSSM: h1’2—>281; a1—>2M
« Compare to SM Higgs cross section

o m, = 3.55 GeV
2.5 ——m, =0.25 Gev
[ Reference model:

- —— o(pp - h — 2a) =0.003 x o, ]
C B(a,~>2u) = 7.7% ]

NMSSM

o(pp — h— 2a,) B¥(a— 2 ) [fb]
N

*_—_"——-——t——¥————‘:

“90 00 10 120" 130 140150
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Exotic: H-AA—4y

arXiv:2209.06197, arXiv:2208.01469

o . Y
» Exotic Higgs decay to light pseudo-scalar A
— Motivated in BSM extensions (ALPs, DM, etc) g a y
: : : H
— Merged vy reconstructed as single y-like object &  >----- ¥
. N Y
— Resolved and boosted topologies 9 a <
 Model-independent search .
boosted resolved
CMS 136 b (13 TeV)  x10° 10 S .1?5,'9'1.“.3“.":) L. I1‘3?f‘b'l1‘1I3‘T.le\()i
— m, = 0.4 GeV, 75% 5 T E CMS 95% CL upper limits E = 355 95% CL upper limits _E
m, = 0.4 GeV, 50% 3 ! ~*-Observed 1ZF 7 Observed
C ’ 4 1} -+ Median expected 11E s I 6% OL ovpoctod
T B 68% expected T C 95% CL expected
3 X 10?2 = 95% expected EIRE 2.5 -
S N ~—CMSH-vyy . 1 g ]
E B ] T 2: —
0.4 2 E ¢ 1€ F
by s i < 1.5 —
1 & T
o2 5 10°F 1|1
0 o 9 1|2 ost
0 02 04 06 08 1 1.2 I e ]
o)) ! ! ! —— —— —— ; F
mr, [GeV] 0O 02 04 06 08 1 1.2 O Lo
m, [GeV] m, (GeV)
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non-SM Higgs decay: H,,s—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 ™
: Iy e —--—--- « ¢
» Reconstruct p-track invar. mass (m4,m,) )
@ T
— SS dimuon sample (removes DY) h i
— bin in 2-dim distribution, fit signal and bkg N
[=] T
— QCD bkg from control region 35.9 fo (13 TeV)
] . . . 359fb (13TeV) = I . r . . T d . . :
% —o—l Observetl'l —IBKQ ICMS bw 95% CL upper limits CMS
o e, =4GeV  ....m, =7 GeV ~ [ Observed _
% 1 y m, = 1:Gev m 0 6 ......... ExpeCted
’% ‘ 3 © I 68% expected
g A b r 95% expected
Z 10 i e et Excluded by ATLAS-CMS
% 0.4 combined coupling analysis 7
1 L | 1 . 1 02
E%” 1.5" L . l
B 1.0 e——— I
© 0.5 - oo—Lt—— —
0'2'4'6'8'106'\}2 T 5 10 15
m, . [GeV] ma1 [GeV] 39
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Summary for Higgs exotic decays

tanf

10

w h~r OO®

CMS Preliminary

35.9-138 fb" (13 TeV)

mSSM2 125 + 3 GeV

\\\\\\

\\\\\

. Expected exclusion 95% CL

Observed exclusion 95% CL

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

A/H - bb
JHEP 08 (2018) 113

A/Hh = 11
axriv:2208.02717 *

H — WW(212v)
(HIG-20-016) *

H — hh (bbyy)
HIG-21-011 *

100 200 300 400
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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-ttbar >2 b-tags | CR-nj-2b-SB CR-nj-2b-SB
— H as AKS jet recoiling against Z — Event 1btag | CRnf1b-SB Ea SR
— Jet substructure to discriminate vs bkg (DNN)  categories:  obas CRe b
, , leptons, b-tags 2 £5 Gev mf
« Reconstruct invariant mass of ZH
system
y 138 fb~' (13 TeV) | | | | | 138 Tb'1 (13 TleV)
= AL RN AN LR RN RN RS IR — rryrTrTrTTrTTT T T T T T T T T T T T T T T T T T T T T T T T T T ]
g TEcms —+ Data & CMS HVT benchmark 95% CL upper limit 7
o il TEmey Z+jet — 102 g~ Preliminary — Model A — Observed -
= = XV T = e --- Expected 3
o 100 E e, — m,=2TeV (1pb) N 3 — Model B B 68% expected -
= o Tea, ---- My =3 TeV (1pb) T 95% expected |
2 10 e, e - My, =4TeV (1pb) R 10 —=
L — E 3
10 Q E :
1 N  T—— -
107 ;r:_ - ]
2 | Eur. Phys. J.C 81 (2021) 688 |
- e B10TE o Observe -
g 33 . Stat une. .Stal @Syst une. 3 D 10 § - g)?psggeeg ;
o2 ‘l’ E Eooeee Expected < 1b tag cat. N
S 4E E o Expectled 2b tag cat. I | .
8 E 1072 e
01560 7500 2000 2500 3000 3500 4000 4500 5000 1500 2000 2500 3000 3500 4000 4500 5000
m7¢ [GeV] m,. [GeV]
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Low mass Higgs: a(—tt)bb

arXiv:1511.03610, JHEP05(2019)210

- "'I""I""I""I""I""I'1'?;T'Tl?'I'('B'I?}{) - L L 197fb (BTEV)
> 2F - 2 - At (m=35 GeV)
. : G [CMS "1 & Obesrvea
« Low mass Higgs in the NMSSM S o — A msaan 13 E,M
] c [ -4 Observed c B«
» Low mass pseudo-scalar (a;—tt) in g O~ Apd o~
association with bbar: a,;bb—tt bb of Memcromess || —Jp—
o [ [] aco muijet
« Similar strategy to H—1t o [oka.onceiny
 Search for a; masses below Zmass 7
» No evidence for signal AR B R o
Lo m.. [GeV] m.. [GeV]
° Set |ImItS GXB~9'39 pb S ---|----|----|----|----|----|-1-?5T-T?:1|-(I-B-I?-\p S — 197fb (8 TeV)
8 fcms e, 1 8§ *fCMms s e
P Peion g = Sl
> r Oz | | FH = [ Etectroweak
w L @ w [ aco muttijet 3
3:- -Electmweak |:|Bkg. uncertainty _:
2;‘ %::: :::::i“w :
it
OOL'LL"L?"EJ'J"' 20 30 40 50
m,, [GeV] m,, [GeV]
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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—1t bb

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

CMS 359 fb' (13 TeV)
. . . =~ SERE T T L B B B B BRI B
e Set limits: oxB~20-0.3 pb o " 2HDM, 6B = 800 pb ut: 1b tag ]
(n.g 1000 — m, = 40 GeV + gpsemed —
g o CMS 35.9 fb' (13 TeV) L —m-60GeV mz o :
.E.‘ 10 E T l T T T T I T T T T I T T T T I T T T T § 2 800 - -w +Ie‘s 1
e - 1b1f+1b1c combined o - I Single t .
= - — Observed AT C Elgg%son ljet —
- —_ muiti —
T N Expected 600 ~ -POSt—fil ':ln:;e .
X 10 N ] 1crexpenmem expected 3 C ]
°§ 3 | +2°expenmem expected 3 400— -
o I | VLQ mg = 300 GeV - ]
= i : i - —
g - : H i - 0 B
@ i . 14F 3
g 1F u% 120 " 3
3 °F RIS (LAY LIV VLI, ELAA 24 it
o [ ; | : : ) g os -
‘SE 10 1 1 1 1 1 | 1 1 1 1 | L 1 1 1 | 1 1 1 1 | 1 1 1 1 0-6 = -
o 1075, 30 20 50 50 20 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
e Search for low-mass dilepton

resonances in Higgs decays in the four-
lepton final state o
« Decay through a pair of BSM particles, ZD é
or one is a Z boson
. Set limits e R
. . > 0
— model-independent Higgs BRs. & | e omem
— dark photon and ALP production 5;255' E Ezi“o:|0°
CMS | | 13716 (13 TeV) £ 201 = N2 h im0 cey < Ja0ey sas - 02
’a ----- Expe;cted ext;Iusion I W 15: o
;:10‘3 o um ——— Observed exclusion
g o ——H-ZZ,—-4,¢=005 o
X [ :
;310-“ = o 0 I
s £ I
xR
S L L A
ol ALY | Lo UL iR
5 10 15 20 25 30 35 % 5 10 15 20 25 30 35

m, [GeV] m,, [GeV
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Heavy Higgs: H—ttbar

arXiv:1908.01115
« MSSM, low tanf, m(H)>2 x m(top)
e Search for A/H—ttbar

» Strong interference with SM ttbar
» {+jets and « final states

P

_ . . 35 9 fb 13 TeV)
» Kinematic reconstruction . les% cL exclusion:
— m(ttbar) and cos6* (lepton angle in ttbar frame) g | -1 Observed 95% expected
a4t Expected 68% expected |
N CM$ p+jets channel ‘ ' . . i . . : _35.9fb~! (13 TeV)
§ 600 & 0<]cosh,| <04 0.4 < |cos8,| < 0.6 0.6 < |cos@, | <0.75 0.75 < |cos8, | < 0.9 0}9 <l13c:ts:,;|< 1 3:_ ]
§ *° == ;tingle top_ E
. = %
300 . o N Post-fit unc. 2 :_ _
200 = = -
g:j:_ . . . . { . ‘ . . }—{IA(SOUGJ\J 5%, g=1) x2 ] i ‘__
500 750 1000 500 750 1000 500 750 1000 500 750 1000 500 TSC’]FnulE)éiV] 40(.‘) — '45(.') — 500 — ‘550 — ‘600 — 650 — '700
Map [GeV]
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Higgs self-coupling

» Self-coupling measurements 1 o 198151 (13 TeV)
- m,=125.38 GeV o z.,.-"‘ ;
* Improve measurements g P =375% A
. . . — -1L i
* Include missing pieces: e Rl
: : . N .
— H couplings to light fermions < el . I
— HHVV (c,y) and self-couplings | @l - |
103F u . ‘d I -
,‘.' “'~._ ‘."‘,-' 5" _Q‘" Force carriers Higgs boson
.......................... ~AVv -..... A o I .E.. 0
" ’ = g = :
1.2F 1.05F 3
N . -g 10*.% ....................... *f .................... 100-%**.*
H trilinear coupling 5 0.8f o8 :
o Eool n Ll
A = m3; /2v%, where v = Higgs boson v.e.v 067 - 10 107

Particle mass (GeV)
Use coupling modifiers:

kx= /\//\SM: ko, = C2U/CQU(SM)
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di-Higgs searches

non-resonant production

 Self-coupling measurement e Only SM
 Destructive interference in SM
— Could be altered in BSM o
— If constructive, it could be large enhancement EJ -=h
+ In SM, only 5=31fb at 13 TeV £ b
- Study different final states = _’1_.:'
) BR Mass scale o
bbbb  34% |
(X=>)hh->7 EE&(W Z;’OZU} e resonant production
| bbyy 0.26% Low New Physics
/,‘h
V(h) = V + %m§h2+/1hhhvh3 + %Ahhhhh“ 'X'.-\
Mass Term HH production HHH production ‘h
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HH: non-resonant production

« Higgs pair production @13 TeV
— ggF 0=311b
— VBF 6=1.71b

« Test non-resonant BSM models with anomalous couplings

BR HH—xxyy =
(my =125 GeV) =

Yy [0.26%| 0.1% .
i || aelie | |

A 4
T b WW 99 9w ZZ VY

_ rarer

ggF Process
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What is new iIn 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
CMS Preliminary 59.7 fb! (13 TeV) 1381 “(13 TeV)
@ 10° - : g
= bb T,T, Prefit qqHH SM x 150.0 —— Prefit ggHH SM x 5.0 -
[ 2h [ Drell-Yan t )
Lﬁ 1 04 es [0 acb [0 single H S
I Others & Data m

ff b 3 g* bt

|
g g 100 120 140 360 180 200 ,
DNN 1_ regressed mass [GeV]

Regressed mass of one AKS jet

in a ggHH(4b) boosted category
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HH combination

Nature 607(2022)60, CMS-HIG-PAS-20-011

CMS 138 b (13 TeV)

T T I T T T T T T T T I T T T T T T T T I
K=K =1 —— Observed ~ ----- Median expected

- 68% expected

----- 95% expected

— T
K=K =K,=1 —— Observed ~ ----- Median expected

&= Theory prediction BB 68% expected

CMS 138 fb! (13 TeV)
103F ™ ° LOERNREAE R E

----- 95% expected

bb ZZ
Expected: 40
Observed: 32

Multilepton 10?

Expected: 19
Observed: 21

LA R |

Excluded Excluded

bb yy

Expected: 5.5
Observed: 8.4
10

95% CL limit on o(pp — HH (incl.)) / fb

bb 1t
Expected: 5.2
Observed: 3.3

bb bb
Expected: 4.0
Observed: 6.4

1—-1111]|||x|||;||||:|1|||l|l| T T e

-2 -1 0 1 2 3 4
Koy

Combined
Expected: 2.5

Observed: 3.4

: e -k, €[-1.4, 7.0] @95%CL

95% CL limiton o(pp > HH)/ o

*koy €[0.6, 1.4] @95%CL
pag < 3.5(2.5)
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Self-coupling: H and HH

q/a w/z

arXiv:2407.13554

g —~¥vEEuEY)

all
Wk
.

111111

-1
CMS 138 fb™' (13 TeV)
j 6 i T I T T L} I T T T T I T T T | T T T | T T T | T T T I T T L} ]
K K <= | Observed — single-H comb., 5.8*%°
H----- O ®------ H £ [ HH b 109 2
cﬁ 5—K1=KV=K2V=1 comb., 1.0 N
1

— single-H and HH comb., 3.122 ]

|
« Set constraints on H self-coupling

* Use H and HH results:
—HHVV coupling (kyy) affects VBF HH mechanism :
—H: Use NLO EWK corrections 1t

= k, €[-1.2, 7.5] @95%CL
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Double Higgs production

PRL 122(2018)121803

 Study different final states
* Not yet at the SM sensitivity

(13 TeV)
105 E_ 1 1 1 ! _E
: ATLAS OMS,

— 36.1 — 35.9
bbbb arXiv:1804.06174 arXiv:1707.02909
PLB 781 (2018) 244 __|

bbyy CONF-2016-004 PAS-HIG-17-008

—

o

o~
T

—— {3 3

WWYyy conr-2016-071

= o s e 35,9 =
= ETUINNANV . YT bbVV JHEP 01 (2018) 054
. — 35 Q =
EX bbrt PLB 778 (2018) 101

PAS-B2G-17-006

-k
o
N

—
(@)

=== Expected

95% CL limit on o(pp—X—HH) [fb]
o

- Observed Spin-0

300 400 500 1000 2000 3000 4000
m, [GeV]
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__ Double Higgs production

 Study different final states
* Not yet at the SM sensitivity

IIIII 1 I I IIII!IIIIIIIII 1 I I

g : : aj) I LI I I | 1 1 1 1 I L L B III I I I
= .| ATLAS T 10 =
< 10° = > 0o 3
-CT: F Vs=13TeV, 126-139 fo! —e— Observed limit (95% CL) 3 Q TV WYANY I Ay E
< [ spino ---- Expected limit (35% CL) 1 8 Lo %/ 4 VAR Y
B 104k [ Expected limit 10 4 10 -
- [ Expected limit +20 E F £

3— —
"°F 1072 E
102 E (30 N ]
- - 10 =
i ] - ATLAS —=— bbbb 7
= . + —_ —
10 E L VS =13TeV, 126-139 fo-! — bbz7T :
- 1 104 Spin-0 —— bbyy -
i 1 - —e— Combined 3
1005— —e— Combined = :fl'p ffffffff T [ T I *""""""I"":
S N T BT B e 200 300 500 1000 2000 3000 5000
200 300 500 1000 2000 3000 5000 mx [GeV]
my [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 L, Ut final states Observed (expected) Best fit branching  Yukawa coupling
’ ’ upper limits (%) fractions (%) constraints
. Categorles: NJ. ots lepton kinematics H — ut <0.15 (0.15) 0.00 £ 0.07 < 1.11(1.10) x1073
, H et <0.22 (0.16) 0.08 4 0.08 < 1.35(1.14)x1073
— N to target ggH and VBF production
* Main background from DY, ttbar, WW
_ -1q5 . . I13? ft:.:1 (1.3 T.evz . 137 o (13 TeV) CMS | | 13‘7 fb (1|3 TeV)
“— :_ Ob d 4 _:E‘I T T Y T Y T Y d v T T Y T T d ,u-ch,OJets S L L R
Godfoms ommes T mer 1 EEoNS  Tommse Ca 3 B o ors
ﬂo-ls E h - EW W/Z - Diboson 3 B 107 etl-‘" 2 jets VBF - Z—>eelp'p :ltt!t'HEts b, 1 Jet ¢ Observed
CO0.16 | . 4 FE .6 I EW W/Z [ Diboson 0.40 (0.43)% x % Median expected
Do.14F [IW+ets/QCD EESMH 3 10 []W+jets/QCD [ SM H oo2ms | B 68% expected
Lo 12 — H—pe (B=20%)[T] Bkg. unc. 3 = 10::‘ — H—er (B=20%)[ | Bkg. unc. Y 050 (0.49% B [ 95%expected
0.1 E E 10 we,VBF | l ]
E E 0.39 (0.30)%
0.08 E_ _E b, 0 Jets B N
0.06 3 E 0.31 (0.34)% I
0.04F - w,1det | N
0.02F 3 #o.ese 057)% | . |
E 3 T, 2 Jets
0 pOETT (1.13)% | - B
t , VBF
#0.953 (0.83)% -
%15(0_15)% L 3i|| T T T T A
200 4 0 1 2 3 4 5

95% CL limit on B(H— put) %

m.,, (GeV) BDT discriminant
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DM at the LHC

« CMS/ATLAS experiments not designed for DM searches

v - -

—_—

)

T
i R — -
, : ‘ . e B

e T




DM searches at LHC

How do we find DM at the LHC?
* DM production gives MET signature

Escapes detector
MET

A Jet

M. Gallinaro - "The Higgs boson and beyond" - April 20, 2026 56



DM searches: backgrounds

What are the backgrounds?

*L—VV
—very similar to signal

Escapes detection

A Jet
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DM searches: backgrounds (cont.)

How to discriminate signal against the background?
ook for high MET:

Study hadronic recaoil

MET =.5 p,

All particles

MET(Z—vv)= - Z recoil +
MET(Z—vv)=-Zp,
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DM searches: backgrounds (cont.)

How to discriminate signal against the background?
* Can fit the shape and look for signal

19.7 o' (8 TeV)

Fit it and look
for signal

/“

Signal

200 300 400 500 600 700 800 900 1000
miss
 Er. (GeV)
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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

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,tt,yy)
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arXiv:2107.13021

Events / GeV
2 g

-
o

(Data-Pred.) Data / Pred.

e s .-w..lf“?'.?ﬁ?-‘ﬁs.T-‘?\”- DM search in mono-jet/V
— CMS +Data

[ Mono-V (high-purity) |:|W(hz)+jets .WW/ZZNVZ
- 2018 4

Z(vv)+jets o

I:l Top quark |:| QCD

—— H(inv), B=25%
Axialm =2TeV ]

med ]
m, = 1 GeV

Need good 4
e control of o A
S } ........ 1 systematics 7w
v

100
l|Ill|lJllllIllllIlllllllllllllll|ll| E'

300 400 500 600 700 800 900 1000 :,,,,,

Pseudoscalar med, Dirac DM

===+ CMS exp. 90% CL

— CMS obs. 90% CL

——— FermiLAT -

10—31

p_rlr_ﬂss (GeV) 10
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VBF: H(invisible)

arXiv:2201.11585, arXiv:2201.11585
* Inthe SM, B(H—invisible) only 0.1%
* Any significant deviation would indicate BSM

« Signature: Large MET, Ad(jj), veto ¢/b-jets
— C&C and shape fit of m(jj)

* Main bkg: V+jets (95%)
« Tag with forward jets+MET
Set limits: B(H -inv.)<0.18 (0.10) @95%CL

96.4 fb™" (13 TeV)
> L B B B L e B B B SO B > .
© 10°r ATLAS Post-fit ®Data N Uncertainty @& 10’k VIRSR —HDaa { 2t (cvene)
_ 1 Z{vv)+jets (VBF) Wilv)+jets (strong)
O] é_f:;_ 13TeV, 1396 Bkg-only M stong w EW W E . Wi }sJois (VEF) Other EW
8 104 M strong 2 EwZz 5 HF noise [ aco multijet
_“_3 .Olher Multijet I.I}.I 10 Total bkg. (B-only fit) ==== Total bkg. (S+Bfit) = 1o
) 103 = ==H(B,, =0.15) == \/BF == ggH+VH+tH
c £ 1 B(H — inv) = 0.07
[} = e e . . . o o
o1l eee— Events / 2250 GeV
Lﬁ 10 S, 107
10 """"""""" 102 ——="
E e e e T Y s T T
1 107 ———7
1.4 -® Data/Bkg 3\ Uncertainty ~ — Pre-/Post-fit ] - I _________
F ---1+SignalBkg - - 1+Multiiet/Bkg ] e L e e e L L s
-_% 120 . .......*....... ___ 4--1 g :::i_ -¢-B-only fit =4 S+B fit 2 Bkg. uncertainty — Fitted (S+B)/B  _|
o it I = = - -
o ' RS S N
g o - L } =
A P B B B B B B B & oobs X + '. \‘\"{‘\Fk“\‘\k‘l\\\ﬁi‘\fiﬂm\\*\'\\"?{\“{t
1000 1500 2000 2500 3000 3500 4000 4500 5000 P T R ———
m; [GeV] 8 m, (GeV)
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arXiv:1806.04771

» DM search with H(—tt,yy)

S 35.9 b (13 TeV)
L B N L I
© 10*= CMS —¢+— Observed -DY+]?ts —=
* Model dependent search S 10 M hey) EV Clveuiwz
% 10°L W Jgeh vBF.th ] QCD,y+jets ]
_ 7 - - ’ [ = B ZZ, zwW, tt+yy [ vy =
Z' 2HDModel and barionic Z g T -
W 10° 2 1= wi= Z-2HDM, m_ = 600 GeV, m, =300 GeV 5
q h = -+=+- Baryonic Z', m,, = 100 GeV, m_ =1 GeV .
10 £
’ 1 R

7! ¢ %

.'.\ x 10_1 . -III-I'I'H--III:I..; IIIIIIIIIIIII I- ""‘0’0“"0’0"7'

A . 1072 i - , i I A

10—3 i-—lll 2 1 1 I 1 1 1 1 1 I 1 1 1 1 1 L 1 Il 1 ] 1 L

q X NII|l|IIII|l[IIITI][..I-T.I-?-IIIIN_:

Obs./MC
Lo
F
:
Ly
\
2
4
l

. el
» No significant excess ot TR

. . 0 50 100 150 200 rﬁgg 300
» Set limits pms* [GeV]
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DM searches with Higgs bosons

e 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 Z — 2HDM ' Z’ — baryonic
— H — yy ~0.2%, clean final state
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Higgs + Dark Matter

arXiv:1908.01713

» Generic search: pp—H+MET 1 h
o ISR suppressed due to small coupling to H ! ,"
/
o In the context of simplified models A 4

« DM search with H(—bbyy, ZZ, WW,x) Y
« Signal events at large MET
X

c 35.9fb" (13 TeV)
5 10° Higgs boson mm Z+X 1
~ 5 CMS = Ot%%rs v — 10 an 3?'g.fb. . (.1,3.Tev CMS observed exclusion 90% CL
% 10° £ 22— DM + h(Z2) 4 Data [ Syst. unc. . Vector med., Dirac DM
N Z-2HDM: m,, = 1200 GeV, m, = 300 GeV 5,10 cMSs 9,=0.25.9 =10
w oxB=0021 §10°%8 DM+h(bb + vy + Tt + WW + Z2)
10° —— Baryonic Z': m, = 500 GeV, m =1 GeV g
102 ox B=0.30fl 2521 0_39 DD observed exclusion 90% CL
%) 01 0—40 CRESST-I
© [arXiv:1509.01515]
1 0—41 CDMSlite
[arXiv:1509.02448]
10°% PandaX-Il
[arXiv:1708.06917]
10—43 LUX
: [arXiv:1608.07648]
i 107 XENON1T
P R : _45 [arXiv:1805.12562]
o - - 10 CDEX-10
S 15F = _46 [arXiv:1802.09016]
; 1E ¢ | E 10
‘('“' 055_ ’_4_'———T_~ _i _47 1 Lol 1 Lol 1 Lol
8 "ok = 1075 10 100 1000
10 102 ¥

o (el m, [GeV]
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Dark Higgs & Dark photon

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

Dark Higgs e 2
* DM particle acquire mass through o %
interaction with a dark Higgs (s) ’ 5
 WW decay dominates for m>160GeV .
—leptonic final state (2£2v, 2(2q)
* Observable: m(¢(,MET)
« Search in ZH & VBF events &= s
E

a
o
b

discriminating variable, mr,
\/2-p}’ET- (1 — cos Ag(v,ET))
M. Gallinaro - "The Higgs boson and beyond" - April 20, 2026
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- CMS simulation
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00 3
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; CMS — Observed

—_
T T

———— ——
¥ 68% expected
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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 fo" (8 TeV), 140 fb” (13 TeV)

with Iarge An(jj) % s CMSI | Qﬁlfo CL upp:er limits :

— Fit to dijet invariant mass distributions S F - obsenao E

«  Combination of ggH, V(jj)H, and S :
Z(¢)H, ttH production modes 5 *F D omme vao 0

« Set limits on DM models £ :: S E
o L 2

— 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 .

0.24 (0.18)

0.18 (0.10)

VH-tag
fiH-tag
ggH-tag

Combined
VBF-tag
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Experimental results

arXiv:2201.11585

« Limits for given couplings between SM and DM interaction
« Competitive limits at low masses wrt other experiments

140 fb™ (13 TeV)

-1
19.7 b (8 TeV) + 10 )
— a7 T T T T T T T T N T ‘ T §_D|Jet
“E 10 §_ _— g 38 T 3 Diet, 139 fo'; JHEP 03 (2020) 145
s F 90% CL Limits S. 10 : 5 gmiamiimE oo
-38 L . _ B jet+1SR, o', PLB
§ 10 E B(H b d |n\r) <0.16 g 1 0_39 sz:: ;ul-at:ngﬂ.gg.;;':ATL:sa-ac[czﬂFa-lzg:g-osz
E - . @ resonanced = tf resonance
E 10_33 E_ nggs portal m0d9|$ E _40 XENON1T MIGD e E 36.11b"'; EPJC 78 (2018) 565
5% E = = Fermion DM 2 10 Er+X § — bb resonance
— 1 i,
Q 10% 3 Scalar DM = 10_41 _ E&;ﬁ:iséaiép(uz(zuzm 145
104k Direct DM Detection 0542 Db reson e 150 17 NP 02,2020 226
E : H ET**+V(had), 36.1 fb"; JHEP 10 (2018) 180
E Xenon1T 2018 DarkSide-50 D ljet EE"“t'Z({II)‘ 1139 '; PLB 829 (202(‘2) 13)7055
102k — Lux -43 — XENON1T
E : —— Panda-X 4T 1 0 PRL 121 (2018) 111302
f= L "
10_43 - : = CDMElite 10_44 — PandaX
? i —— Cresst-ll PRL 127 (2021) 261802
- I = DarkSide-50 .
10-4 - ' 1074 T = DarkSide-50
E ' -nONY
E h YET PRL 121 (2018) 081307
10 10°% panda’ — XENON1T MIGD
E 47 Vector mediator, Dirac DM PRL 123 (2019) 241803
1078 ;_ ______________ 10~ g9,= 0.25, g =0, g.=1
E~ ATLAS limits at 95% CL, direct detection limits at 90% CL
C 1 0748 1 1 1
10_4? L1l 1 1 [ B 1 1 T 2 3
1 o s o 1 10 10 1 é) '
m e
mp,, (GeV) , [GeV]

= Collider results complement direct searches for low masses (<5-10GeV)
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Resonant searches

Among the highest dijet mass event recorded: m; = 8.12 TeV

Resonant Searches

ATLAS

EXPERIMENT
Run: 305777
Event: 4144227629
2016~-08-08 08:51:15 CEST



BSM models predict new resonances

« BSMs predict resonances with spin 0,1,2

* Are quarks fundamental particles?
— Excited quarks in models of compositeness

« Randall-Sundrum (RS) models
— Spin-2 graviton (KK-particle)

 Heavy-Vector Triplets
— Spin-1 resonance
— Models based on strength of vector boson interactions

« Sequential SM
— Z’ and Z with same couplings to fermions
— Width proportional to the mass
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New phenomena in di-jet events

CMS-EXO-17-026, arXiv:1910.08447

e Searches up to high masses

« QCD predicts a smooth, monotonic decrease in dijet invariant mass

« Search for a localized excess
* No significant excess observed

L F oot a
c10 o
3 .f ATLAS . Data ot
w {s=13 TeV, 139 fb™ Background fit 0 10—1
10" == Inclusive —— BumpHunter interval X
10° - > q*, m.=4 193 <
105 q ) mq* _6 e X —2
10* g*, ox10 ©10
10° p-value = 0.89
10°
-3
10

1 IJI\IIJI\IIJI\IIJI\{IJII{IJJI{:

1 2 3 4 5 6 7 8
m, [TeV]

I|IIII|\II\lIIII‘IIIIlIIIIlII7
- Exp. 95% CL upper limit for o, /m, =0%

Obs. 95% CL upper limit for:
oKy oy, /' my =0%
- oy / my =3%
= oy /my,=5%
Oy Imy=7%
+0xlmx=10%
+0x!mx=15%

2
F
N
»

s=13TeV, 139 fb™

Gaussian signals, inclusive

I|IIII|IIII|\II\lIlII‘lIII'IIIIlII

1 2 3 4 5 6 7
m, [TeV]
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Searching for dilepton resonances

© \'94 CMS Experiment at the LHC, CERN
Data recorded: 2017-Jun-27 15:39:36.789504 GMT
i | Run/Event/LS: 297599 / 134277310/ 86

\ §

Dimuon candidate event:
Reconstructed mass of 2.4 TeV



Di-muon events

*Di-muon events: a re-discovery of the SM

131 fb (13 TeV, 2016)

CMS
Preliminary

IIIIIII1 IIIIIII‘ IIIIHll [ TTI

_IIIIHll IIIII“] IIIIHT1 I

B
v I low mass double muon + track
doubls muon inclusive
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High-mass dilepton resonances

arXiv:1803.06292, arXiv:1903:06248, CMS-EXO-19-019

« Search for dilepton (ee,up) resonance

CMS Preliminary .1.9?7 fo! (13 Tev) 137 fb™ (13 TeV, ee) + 140 fo™' (13 TeV, up)
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Looking forward: PPS

» The Precision Proton Spectrometer is a joint CMS and g oo
TOTEM project that aims at measuring the surviving
scattered protons on both sides of CMS in standard
running conditions

 Tracking and timing detectors inside the beam pipe at
~210m from IP5

* Project approved in Dec. 2014 by LHCC X7
- Data taking started in 2016 (full scope from 2017) TECHNICAL DESION RO 0%

‘:‘i! .

CERN-LHC-2014-021

CERN-LHC-2014-021

PRECISION PROTON SPECTROMETER

CMS+TOTEM
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https://cds.cern.ch/record/1753795

PPS physics motivations

» Central Exclusive Production
— photon-photon collisions
— gluon-gluon fusion in color singlet, JP¢=0*

* High-pt system in central detector, together with very
forward protons in PPS

— momentum balance between central system and forward protons,
provides strong kinematical constraints

— Mass of central system measured by momentum loss of the two
leading protons

« Gauge boson production by photon-photon fusion and
anomalous couplings (yYWW, yyZZ, and yyyy)

e Search for new BSM resonances
« Study of QCD in a new domain

o @ p
C ~‘f"’A._-‘
- .". h. = ....

A 4
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WW production

JHEP 08(2016)119

» Study of process: pp—pWWp D p

— Clean process: W in central detector and “nothing” else, intact
protons can be detected far away from IP

— Exclusive production of W pairs via photon exchange: QED v W=
process, cross section well known N
. Y W+
» Backgrounds:
—inclusive WW, 11, exclusive two-photon yy—ll, etc.
p p
* Events:
—WW pair in central detector, leading protons in PPS
 SM observation of WW events
. 14 W+ Y WY W+
 Anomalous coupling study > M N
— AQGCs predicted in BSM theories . i AN
P c A WIA2 o W/A2 ) T S
—parameters: ay"V/A%, a."VIA 14 wW- Y W- Y W-

 Deviations from SM can be large
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AQGC expected limits

W — J —
Expected limits @95%CL: |20 /A% =2 x107° (3 x 107°)
a /A2 =7 x 1076 (10 x 10~6)

arXiv:2211.16320
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Physics with forward protons

arXiv:2210.05854, arXiv:2310.11231, arXiv:2110.05916, arXiv:2303.04596, arXiv:2211.16320

CMS 2018 (u=~1)
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Long-lived: Higgs decays

CMS-EXO-20-015

T 1 CMS Preliminary 137 " (13 TeV) T 1 CMS Preliminary 137 b (13 TeV)
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* 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 Zj via Higgs portal wt
* H-Hp mixing with parameter «
* Higgs decaying to long-lived scalars N j;__H____ ZEEN
— Scalars decay to fermion final states in the muon chambers ot g
— Displaced dimuon originating from secondary vertex
f

« Resulting bounds are interpreted in context of LL decays
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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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