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Overview

Today | will show highlights from CMS from the last year
(since Higgs 2023)

First CMS Higgs analyses using Run-3 data
Further exploration of Run-2 data:

EFT / anomalous coupling measurements

Differential measurements

Coupling and property measurements
Rare decays

di-Higgs

Searches for additional Higgs bosons

Note also CMS joker talk by A. Taliercio on 07/11 (link)
about a new CMS ttH multi-lepton measurement - |

won’t discuss today

d.winterbottom15@imperial.ac.uk

CMS = 2010,7TeV,45

m— 2011,7 TeV, 6.1
— 2012, 8 TeV, 23
= 2015,13 TeV, 4.3
2016,13 TeV, 41.6 fb™
e 2017, 13 TeV, 49.8 fb™
m— 2018, 13 TeV, 67.9 fb™"
m— 2022, 13.6 TeV, 41.5 fb™
w2023, 13.6 TeV, 32.7 fb™
m—— 2024, 13.6 TeV, 122.2 fby
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Higgs in Run-3

e Two results using Run-3 data so far: CMS-PAS-HIG-24-013 CMS-HIG-PAS-23-014

* H—-yyand H—ZZ cross-section and differential measurements using data-set

collected in 2022 — 34.7/fb
Fiducial cross-sections (rescaled to inclusive)

1*CMS Preliminary 34.7 b (13.6 TeV)
> LR N UL B R AL B
I i SO 90 CMS Preliminary 5.1 fo='(7 TeV), 19.7 fb=1(8 TeV), 137 fb=1(13 TeV), 34.7 fb-1(13.6 TeV)
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20 = o 201 -
§ ] E Fiducial cross sections rescaled to the full phase E
w | ¢ space without extrapolation uncertainties i
r 1 0 [ H - yy @ 7 TeV: signal strength scaled to the -
: B expected cross section removing theory uncertainties ]
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oo e oo and C. Daumann on 05/11 (link)
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Higgs in Run-3

 Two results using Run-3 data so far

e Differential measurements for several variables such as Higgs pr
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p-value (MadGraph NNLOPS) = 0.94

34.7 b (13.6 TeV)

ggH (MadGraph5_aMC@NLO + NNLOPS + Pythia) + xH
ggH (MadGraph5_aMC@NLO + Pythia) + xH

ggH (POWHEG + Pythia) + xH

xH = ttH + VH + VBF (MadGraph5_aMC@NLO + Pythia)
Data (stat @ sys unc.)

Systematic uncertainty
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Differential measurements

e Combination of differential measurements for yy, ZZ, WW, and zr
channels: CMS-PAS-HIG-23-013

e Differential measurements for several variables

e Used to extract coupling modifiers to b and ¢ quarks as well as
set limits on several EFT coefficients

o 100CMSPreliminary 138 fo! (13 TeV) 0.1 13817 (13TeV)
CMS Preliminary 138 fo~! (13 TeV) = [ - o Combiatonesi |
s Frri . rrrrrrr Tt o om0 o o oo |
[¢)) ] “ 010; +  Combination best fit |
(D 7] L e — Combination 68% |
~ i -- Combination 95% |
I 5.0f 1
i 0.05] ]
i 25] I
0.0 0.00F
E 25 I
g -0.05}-
[| — aMC@NLO, NNLOPS 1 [ I
~—— aMC@NLO , 5.0F
100 F — Powheg S E [ 1 b
| § Combination ¥ 75F 1 -0.101
- [ Combination, Syst. unc. R T
— N T T NN I A N SO N M i
G5 0 5 0 5 1015 2 B S T S
ST T T T T T T T T T T T T T T T T Kt
q L e
il :,%%Liﬁ%?%§j_ 2471 See talks by M. Bonanomi on 07/11 (link),
IOT e S. Wuchterl on 06/11 (link)
NY ANV N

o (GeV) and M. Gallion 05/11 (link)
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EFT constraints using VH—bb

e Constraints on SMEFT dimension-six operators using VH—bb events at 13 TeV:
CMS-PAS-HIG-23-016

e SMEFT is a EFT with a series of higher dimensional operators which are invariant

under SU3)- X SU2); X U(1)y

g (d)
! (d) d 4 N -

— CMS Simulation Preliminary 138 fb~1 (13 TeV)
Zsmerr = Zsm T+ z, O +....,d> ' ' ' Rl

. /\ d—4 ! Background  ---- C,(}q) ----- CHd

=1 | — SMssignal  ____ CI(-I3q) _____ g%Z

— TotalEFT zz

w04 T CHu 9a

e Combining 2, 1, and 0O lepton categories

targeting Z — LW — [v,and Z — v,
iIncluding both resolved and boosted jet
topologies

Number of events

103;

102;

e Extraction of 6 Wilson coefficients

101"_1 1 1 1 1 B
0 5 10 15 20

* Novel optimisation technique to ensure Regression score

sensitivity to multiple Wilson coefficients See talks by A. Nigamova on 07/11 (link),
and V. Periodic on 06/11 (link)
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EFT constraints using VH—bb

e Results consistent with the SM

* Measurements of the Wilson coefficients e.g in 2D planes

138 b (13 TeV)
.. Vs =13 TeV, 138 fb~! L _83
CMS Ppreliminary VH, H - bb, A — 1 TeV " CMS =
i _ c
e Best profiled fit —— q < 1 (profiled) ---- q < 4 (profiled) 1}~ Preliminary -4 7 <
e Best frozen fit —— q < 1 (frozen) ---- q < 4 (frozen) - i al
_6 !
5 qg<l qg<4 o
CI(-Ilq) [X5] -- = - [-0.068,-0.028]U[0.008,0.074]  [-0.093,0.095] s 5
CI(-I3) [X5] _—_—_—o—i—-_ [-0.059,-0.007] [-0.08,0.02] N< ol 184
q .i @)
Chy | [x5] _:___.;____._ [-0.05,0.036] [-0.091,0.073] 3
| ~05[- _
Cha | Ix51 —=——- i -—-- [-0.101,0.105] [-0.146,0.153] i 5
5 L 4 SM
g%? | Ix1] e 5 —— [-0.259,0.409] [-0.573,0.614] _1- * BestFit sl [
| - --q<23 |
97 | xa] ----- . ---- [-0.366,0.352] [-0.601,0.615] —q<599 | 1
| -1 -0.5 0 0.5 1
1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 ZZ
08 04 0 04 0.8 9,

Wilson coefficient value
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Search for H+y production

H—Z/Z
e Search for H+y production using the H—bb oCMS Tyl TR T
and H—ZZ channels: o |

CMS-PAS-HIG-23-011

Events /0.1

* H+y process is sensitive to light quark

couplings as well as anomalous couplings s
that do not appear in the SM SIS L
s = Dbkg
H—bb
CMS Preliminary 138 fb='(13TeV)

100| y-tagged, tight == Z+y
I W+y

K I Non-resonant ]

q 80 ¢ Observed 7]

_______ > 1 yH(cyy, 0xB=10fb) |

q q > H (::5: o 1 YH (czy, 0xB=10fb) A

Menet = mass regressed by Particle Net algorithm 5 |
‘@Sig 1% 40 -

Duikg is Matrix element observable = ; ﬁ—
P sig + P bkg 2o t

See talks by S. Wuchterl on 06/11 (link),

and V. Periodic on 06/11 (link) % 80 100 M1éo (éi({/) 160 180 200
PNet
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CMS Preliminary 138 fb™ (13 TeV)
T T T T T T T

—— Observed, float all

Expected, float all

—— Observed, c. =
zy

Expected,c =T
zy

-2A In L

T | T
D
—

Search for H+y production

e (Cross-section constrained to be < 15.7/fb at 95% CL

 Results are also interpreted as limits on various anomalous
couplings and light quark couplings

138 fb™' (13 TeV)

15

CMS Preliminary
T T T T | T

— Observed, float all
Expected, float all
— Observed, fix others
Expected, fix others

" 95% CL |

S S— - -
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di-Higgs non-resonant

e New combination of CMS di-Higgs channels:

CMS'PAS'HIG'20'011 C|\|I|S Preliminary - 138 fbl"l(|13TeV)
K, =K =1 ] =®= Observed =~ =sses Median expected
Bv =Koy = B 68% expecte
 Update adds additional channels: bbWW, WWyy,and TtyYy, | == gs%exzectez
and additional VHH production mode for 4b channel wwyy | | N

e QObs. (Exp.) limit on ggHH cross-section of 3.5 (2.5) times SM bz 4

Expected: 41
Observed: 33

Yy Tt

e 95% CL limit on k; is set between —1.39 and 7.02 (expected  greces =

Observed: 31

—1 02 and 71 9) Multilepton B

Expected: 20
1 Observed: 22
138 fo (13 TeV) L
T | T T T | T T T | T
L 4 bb WwW
[ Ky =Ky = Kpy =1 —— Observed, 1.51 %% 4 Expected: 18
-1.59 4 Observed: 16

Expected, 1.00 _*15'32 - —

i ] Expected: 5.6
: : Observed: 8.4
4t 20 | bb v

Expected: 5.3
Observed: 3.4

6 CMS Preliminary
T | T T T | T T T

-2 A log(L)

i T bb bb
3 Expected: 4.3
Observed: 7.5

L 4 Combined
2 - | Expected: 2.5
Observed: 3.5

[ M B
1 10

o 95% CL limit on o(pp — HH) / OTheory

11 II
100

g
\

N e See talks by R. Gerosa on 07/11 (link)
=2 0 2 4 ° ® and J. Motta on 05/11 (link)
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di-Higgs non-resonant

e Sensitivity to k,, from VBF and VHH categories

* Obs. (Exp.) limit on cross-section of 79 (91) times
the SM

e 95% CL limit on k,, is set between 0.62 and 1.42
(expected 0.69 and 1.35) excluded by > 50!

9!\”3 Preliminary | 138 fbl_1 (13 TIGIV) CMS Preliminary 138 fb™ (13 TeV)
K =1 == Observed sanr Median expected j SOZI I I_ll I_I ! I_I.'I L |0|21| N
Koy =1 B 68% expected 6 452 K=K =Ky = —— Observed, 1.02 To o1 N
t==-: 95% expected O N Expected, 1.00 +0.26 ]
— < C T 0.28 ]
Multilepton 40 C

eeeeeeee 1463 C}l C i
Observe C ]
L 351 ]
bb WW C i
Expected: 289 L ]
Observed: 272 30 L i
bb bb . 1
eeeeeee d: 274 25 N N
Observed : 226 - ]
bb yy 20 - ]
Expected L 4
Observed: 225 1 5 - 46_
bb Tt - \ / ]
Expect - B
Observed: 126 10 \ 7 30
Combined :_ \ / _:

Expected: 5 / 20
O eeeee d 79 11 1 1 1 1 111 II 1 1 1 1 1 1 1 1 1 111 II I 1(7 ]

1 10 100 1000 8 T -

0 02 04 06 08 1.0 1.2 14 16 18 20

95% CL limit on o(pp — qqHH) /o Koy
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di-Higgs non-resonant

 We also provide 2D scans of parameters and interpretation in

Ky

“Higgs Effective Field Theory” (HEFT) framework [*,**] (C2
coefficient)

2.0 .

CMS Preliminary
T T T T T T I T T T T T T

[ Ky =Koy =1

— Observed

Expected
¢ Bestfit

138 fb™ (13 TeV)
T T T I T T T ]

* Phys. Lett. B 722, 330 (2013)

** Nucl. Phys. B880, 552 (2014)

-2 A log(L)

CMS Preliminary
T T T I T T

138 fb' (13 TeV)
T T I T T T

5L

|

T I T T T
L K=Ky =Ky, =1

Observed, 0.40 f'(;)_'::
Expected, -0.00 "4 -
-0.15

/ 20
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di-Higgs resonant

138 b (13 TeV)

B I I I I I I I | I ]
1oL CMS ~e~ HH Combination _
2 —— HH — 4W/4t/2W2t — = 2| 3
HH — bb,WW — = 1l (resolved) 1

e di-Higgs spectrum can also be enhanced by
additional resonant contributions

. —— HH — bb,WW — = 1l (merged-jet) |
1 E_- \ -:::.. —— HH — bb, T _E

u“ ’\A.,v RS
' .
—— HH — bb,bb (merged-jet)

“u
.
.

e Several channels can be used to search for this
process, strength of each depends on mass

—_
<Q
|

Narrow Width Approximation

95% CL upper limit on ¢ (pp — X — HH) [pb]

range — combine results to achieve best i | 'f

SenSItIVIty 107 SO Sl E

; — Observed m R i

10_4 i ----IExpe<I:tedI o | | | o

e CMS-B2G-23-002 3x10~" 1 2 3 456

m, [TeV]

- 10 CMS 35.9-138 fb™ (13 TeV)

c 9- Observed % CL

* Results interpreted in several BSM scenarios  * ¢ o
e.g MSSM :-- AN\ (epxilurstlon 95% CL ]

JHEP 07 (2023) 73

45 ¢t
/ | JHEP 04 (2020) 171
/ 5' HEPV\(I)\év(zozo) 34
g / , 3x—>ZH (Iker)
/ HEP 03 (2020) 65
/ H X—HH*
————— ( VI
X \ 1 1;:0 200 300 400 500 *138 b
g \\ H m, [GeV]

\\ See talks by S. Laurila on 08/11 (link)
and D. Zuolo on 05/11 (link)
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Search for H/A— ¢t

>
(=)

e Search for gg—H/A—1f using 13 TeV data:
CMS-PAS-HIG-22-013

- LHC 13 TeV, ml=1 72.5 GeV

- NNPDF31_nnlo_as_0118

w
(M)

do/dM,,(pb/GeV)

Ko=H =H/4
e Complicated analysis due to interference between N -
. . B —nLO
signal and SM background, and non-perturbative QCD  *[ —rw
effects at low mass inc. tt bound states os |
e Combination of leptonic and semi-leptonic X0 o w0 w0 W
channels Ju et al. JHEP 06 (2020) 158

e Spin sensitive observables (Chel, Chan, COS %)
differentiate A and H from each other and the CMS Simulation Preliminary (13 TeV)

®1_O—1IIIIIII|IIII|IIIJ—

background, used in fitting along with reconstructed v!n - o :
—lo B A resonance

maSS, Mt 084 H resonance

s
g t ) t 0.6
t _(I)_ t 0.4
_ 0.2
g t g t

0.0

See talks by D. Duda on 08/11 (link) 1
and P. Mastrapasqua on 05/11 (link)

o b b g
-0.5 0.0 0.5 1.0

Chel

'oIII|IIIIII|I
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Search for H/A— ¢t

 Perturbative tf modelled using NLO MC (POWHEG) with reweighing to NNLO in QCD and NLO in EW

« Toy model to account for ¢f bound state ISE)I] “n” (Fuks et al. Phys.Rev.D 104 (2021) 3)
e Deviations from perturbative-only predictions at low mu (>> 5 sigma)

e Equally well described by 7, model or A resonance

CMS preliminary u 138 fb~1, Run 2 (13 TeV)
. ; . er t refit uncertain t ata
e 7], cross-section measured to be 7.1 pb with 11% uncertainty 1-<ch0th <o :tx I I<om ;‘.t;qm; P1 ft< t<1t¥1<ch 1 Itan D<t1
£103 1<ch|<11 <ch|<111<ch|<111<ch|<§1.-%<che.<%1%<ch|<111<ch|< 1-_<ch|< j.1<ch|<1
e Quite good agreement with theory prediction of 6.43 pb (Fuks et al.) L;’ 102
E 10!
 Limits on A/H set in scenarios w/o 7, in background model Y k k L L i t i L ‘
Prefit —+ A365 2%), ga=1 —+ H(365 2%), gn=1 —— e, uln) =1 Uncertainty
- 1.2
CMS Preliminary 138 fb~1 (13 TeV) g | hk
I‘t: . é | ]:L ILIL, l \w\ ALL\M\ | I Ll ‘]:L Lol ¥ |
> 95% CL exclusion, 'a = 2.0% ma = 10 R + +"W++++m | WMTH } ", WT WWWM +TWWT ““”*WH \ \ et : IR
2.0 95% expected [ Observed N * * +
I 68% expected T Fagge > Ta € og
______ Median expected | [PostRt (86 + AfH) —— A(365, 2%), ga=0.75+0.03 —— H(365, 2%), gu=0.0 £ 0.27 Uncertainty
T **| No tf bound states
1.5 S } | | }
glloix HMHM | 4 L) NHH le m “ ‘ ‘ MN MH | M\w‘ | L } l}” ‘ HHH \ ‘+ Mhd | lw&u_w_‘;
| R A MHHH M TWWI’W\ WWH\H il H ik
1.0 °
L & 0.9 }
1 Postfit (BG + n;) —— ne, pu(nyd) =1.11+£0.12 Uncertainty
_ AL ] g | |
0.5 - g } } ‘ } }
| - TR WL L STS L T W
Including 1S{! tt bound state n; | S { { H‘ | ’ M ’ H T \ | T MTH \ w W I } X“‘ ! WH I +H
. PRD 104, 034023 (2021) =
0.0 4(|)0 ... 6(|)0 ... 8(I)O 1000 00 1200 600 1200 600 1200 600 1200 600(G12Vo)o 600 1200 600 1200 600 1200 600 1200
ma [GeV] e £5€
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Other searches for H and A bosons

CMS Preliminary 138 b (13 TeV)
CMS Preliminary 13817 (13 TeV) 3 240 I
\ T T ] ; G 220 —
o S h f() H —) Z Z 't 1 3 Tyer floiing, NVWA 1 % 20 | [ISMH(125) [Mqazz 3
earC r qeav a 2"822'6;2;:3239" 2 Woszz Il VBFzz3
107 95% ted - 2 f =
—— Obse?ggce 1 @ 140 ‘ [ other [ z+X

TeV using the 4l final state:
CMS-PAS-HIG-24-002 >

o(pp— X— ZZ) [pb] at 95% CL

o
2
%

i ik} ‘ |
M, (GeV) LS (UL EII

e ggH and VBF production, several @m0 w o wk

} T
130 200 300 400 500 1000 2000 3000 ! l i

Upper limit on
]

. CMS Preiiminary 138 fb' (13TeV
Wldth hypOtheseS a4 CMS Prelliminary . 138ft')'1(13lTeV) ;?5': f:z | " :)
o Shutiy el Do
e Search for A—=Zh12s, h12s— 77! ?T:,:/\\ SR sy | o B R
A 1] 05 | '
3 © NS W N—— o.4 !
CMS-PAS-HIG-22-004 S SN N
o ggH or be pl’OdUCtIOﬂ 0.0 300 200500600 700 8(;0 Sogo 300 400 56:‘1' 11000=
m, (Ge mens (GeV)
een CMS_ Preliminary I _ ‘138‘fb"‘ (13Tev)
e Search for X—Yh12s— 4b:
CMS-PAS-HIG-20-012 >

o(pp

e |Largest excess 4.10 (2.50) local N e | |

(global) at mx = 700, my=400 GeV gl

See talks by D. Duda on 08/11 (link), P. Mastrapasqua on 05/11 (link), e mmm
S. Laurila on 08/11 (link) and D. Zuolo on 05/11 (link)

- - --- Expected 95% CL upper limit Observed 95% CL upper limit
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BSM Higgs boson decays: H—aa

e Searches for Higgs boson decays into pseudo scalars H—aa

e 471/ 212 channels with 4<ma<15 GeV (CMS-PAS-SUS-24-002) [left]

e 4y channel with 0.21<ma<60 GeV (CMS-HIG-21-004) [right] ~ &*
E%
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Rare Higgs boson decays

Search for rare decay of H into p°(770), ¢(1020), or K'0(892) meson + y: CMS-PAS-HIG-23-005

Final states with p® == 1 / K=K+ / K0 =K1+

Sensitive to light quark Yukawa couplings

Upper limits on branching fractions at 95% CL of 2.74x10-4, 2.97x10-4, and 1.71x10-4, respectively

e 22 times the SM expectation for p°(770) and 129 times the SM expectation for ¢(1020)
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Higgs mass measurement

* Measurement of Higgs mass using H—+ZZ, combining 4y, 4e, and 2e2u channels:
CMS-HIG-21-019

* Improvements to muon track reconstruction, reduction in leptons momentum scale uncertainties, and improved
categorisation

* Plus increase in data from 36/fb—138/fb
e Statistics dominated [0.14 GeV (stat) vs 0.05 GeV (syst) ], largest systematic due to lepton momentum scale and resolution

* Most sensitive measurement to date by a single channel (H—4p)!
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Higgs width measurement

e Update of Higgs width measurement using off-shell events: CMS-HIG-21-019

e Compare off-shell vs on-shell measurements to extract the width See talks by P. Bokan on 07/11 (Iink)
- —2))
« General idea: o°"—shell luon—shell, oOff—shell ’uon—shell r, and R. Gargiulo on 05/11 (llnk)

e But interference effects with ZZ continuum as well

e Update of result this year to include full Run-2 for 41 channel (138/fb vs 78/fb)

o Measured value 3.01%(5) MeV (4.1 = 3.5 MeV expected)
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* Lots of new interesting Higgs results from CMS in the last year

* \We have seen first measurements using Run-3 data @ 13.6 TeV
and we expect many more results to following in the near future

* |n addition, we continue to exploit the Run-2 13 TeV data
e Several new measurements and searches have been conducted

e Stay tuned for more Higgs results in the future!
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Constraints on y, and yc from production

e Measurements of b and ¢ Yukawa couplings using associated production with b-jets (CMS-
HIG-23-003) and c-jets (CMS-PAS-HIG-23-010)

e Charm coupling measured using H+c events where H—yy and ¢ quark produced c-tagged jet: obs.
(exp.) limit kc <38.1 (72.5)

e Bottom coupling measured using H+b-jet(s) events where H— zz/WW: obs. (exp.) limit kb < 3.7 (6.1)
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Higgs self-coupling

 Constraints on trilinear Higgs coupling,

A, from non-resonant double-Higgs
searches and precision measurements
of single-Higgs production

e [atest CMS results include a
combination of double- and single-H:

CMS-HIG-23-006
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di-Higgs non-resonant

e Additional 2D scans

CMS 138 fb™ (13 TeV) CMS 138 fb”' (13 TeV)
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Higgs mass/ width

e |eft: Mass measurements by channel

* Right: direct measurement of width using on-shell events
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H/A—tt: semi-leptonic channels

CMS preiiminary £, 3j 138 fb~1, Run 2 (13 TeV)
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H/A—tt: semi-leptonic channels

CMS preiiminary [, = 4j 138 fb~1, Run 2 (13 TeV)
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H/A— ¢t limits w/o 7,

CMS Preliminary 138 fb~1 (13 TeV) CMS Preliminary 138 fb~1 (13 TeV)
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H/A— 1t spin sensitive observable

CMS Prellm/nary 138 fb~' (13 TeV) CMS Pre//m/nary 138 fb~' (13 TeV) CMS Prellm/n ary 138 fb (13 TeV)
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Differential measurements

e Combination of differential measurements for yy, ZZ, WW, and zr
channels: CMS-PAS-HIG-23-013

e Other examples of measured variables and pr measurements
comparing each channel

CMS Preliminary 138 fb~! (13 TeV) CMS Preliminary 138 fb~! (13 TeV) CMS Preliminar 138 o' (13 TeV)
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H/A—tt: spin correlation observables

e @* scattering angle of leptonic top quark

® Chel @nd Chan: Spin correlation observables

* Linear combinations of entries in spin density matrix

A

e Chel: distinguishes mostly SM vs. A (pseudoscalar). Chel = lAf - [ (units vectors in helicity frames)

* Chan: distinguishes mostly SM vs. H (scalar). Flips sign component parallel to top quark direction for
either [ or [ then take scalar product

CMS Simulation Preliminary (13 TeV) CMS Simulation Preliminary (13 TeV)
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di-Higgs resonant - more interpretations
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di-Higgs resonant - limits with confidence regions

138 b (13 TeV)
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di-Higgs resonant - comparison to ATLAS excess
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Heavy H—ZZ

CMS Preliminary 138 fb™' (13 TeV)
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 bbH limits (left) and MSSM interpretation (right)

138 fb' (13 TeV)
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Search for H+y production

e | eft: Photon pr distribution for different scenarios

 (Centre and right: examples of constraints on light-quark couplings
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H—aa— 41/ 212p interpretations

CMS Preliminary 138 fb™ (13 TeV)
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H—aa— 4p limits combining with 2016

CMS 137 fb' (13 TeV)
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EFT constraints using VH—bb
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X—=Yhi25— 4b limits

CIMS Preliminary 138 fb™" (13 TeV)
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