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LHC and CMS

Excellent Performance
CMS Integrated Luminosity, pp, 2022, Vs = 13.6 TeV CMS Integrated Luminosity, pp, Vs = 13 TeV

Data included from 2022-07-05 00:12 to 2022-11-28 05:00 UTC Data included from 2016-04-22 22:48 to 2018-10-26 08:23 UTC

- LHC Dellvered 40 94 fb‘
] CMS Recorded: 37.53 b '
CMS Certified: 34.30 b !

- LHC Dellvered 158 65 fh )
1 CMS Recorded: 146.46 fh !
CMS Certified for Physics: 137.24 b '

CMS Online Luminosity

e Run 3 at 13.6 TeV
In 2023

CMS Preliminary Offline Luminosity

_ Run 2 at 13 TeV
I In 2016-18
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CMS Collected 138/fb for Physics at 13 TeV,; 91+% Data Taking Efficiency (to 95%) in 2023
Thanks to: Excellent Performance of the LHC & Efficient Operation of Detector Systems
Looking Forward to ~300/fb at 13.6 TeV by the end of Run3




Tri-Boson Di-Boson

VBF and VBS

Standard Model Cross Sections 7-13 TeV

Agreement: from ~0.08 barn (pp inelastic) to 0.33 femtobarn (EW qqZ2)

CMS preliminary

Overview of CMS cross section results
18 pb~! - 138 fb~! (7,8,13 TeV)
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Measured cross sections and exclusion limits at 95% C.L.
See here for all cross section summary plots
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https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsCombined/CMSCrossSectionSMPSummaryBarChart.pdf
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

Higgs Boson

= Humanity. Now That Lagranglan is Everywhere

Discovery: An Achievement of

#* Higgs Boson Discovery
Opened a New Window:

#* What Stabilizes the theory

* What was the physics
of the early universe ?

% Are there New Particles
(Heavy H, V-prime, graviton, VLQ...)

* Precise EWSB Exploration
* Is it the “perfect” SM Higgs Boson ?

Coupling to
Fermions ~mflv

* Lorentz structure and Symmetries (CP) \n . Wr.Z

of the EW + QCD Lagrangian

¥ Rarer production + decay modes;
Kinematics and final state structure

»* Milestones: 2"d Gen ff decays,
VBS (unitary), HH (self coupling),

fiducial and differential O (STXS)
% BSM Models

#* Flavor: LFUV Searches

#* The Higgs Boson Sector: An Expanding Realm
of In-depth Exploration Towards the Next Discovery.




Higgs Production at the LHC
Run 1: 7-8 TeV pp Collisions; Run2 at 13 TeV

Gluon Fusion gg= H| Vector Boson Fusion | Associated Production | Associated Prod: tt H
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) G(13 TeV)

3: ggH: 48.5 pb
pamUE N3LO QCD, NLO EW

8

{ vector Boson Fusion
TSR VBF: 3.78 pb

NNLO QCD, NLO EW

[¢
ZH: 0.88 pb
G/

s WH: 1.37 pb

AN NNLO QCD, NLO EW

\

q \H

| Associated Prod: ttH |
ttH: 0.51 pb

NLO QCD, NLO EW
tH: 0.074 pb

See Handbook on LHC Higgs Cross Sections Vol.4: https://arxiv.org/abs/1610.07922v2 (May 2017)


https://arxiv.org/abs/1610.07922v2

ZZ, vy: High
resolution
Channels: Precise
Mass
and Differential
Measurements

WW: High BR but
Low Resolution

L. Very small BR

but access to
Couplings to 2"d
Generation
Fermions

Higgs Boson Decays

Renewed focus, progress on rare
(up, Zy) and difficult (cc) channels

bb,TT: High BR but low

a9
8.2%

0.012% (e )

directly probe couplings

ety

0.008% (e u)

gs BR + Total Uncert

Higk

S/B. Important results:

to fermions

160 180 200
M, [GeV]

125 GeV - A Spectacular Mass:

~89% of final states studied




My (GeV) H—ZZ — 4 lepton

CMS /| - N A
H I g g S B O S O n M aS S Run 1:5.1 5 (7 TeV) + 19.7 1 (8 TeV) (Run 2) Mass d|Str|bUt|0n

e Total | Stat. Only e T—
2016:359 1" (13 TeV) & 'Z — 4 lepton 137 rb‘M;Teﬂ
— Total (Stat. Only) :

) _ E internal s Data
= My in the SM is a free parameter: Once known, all Fun 1oy TATOLOM(£0IGY | standard  [IH(12)
- : . - | [lg§-ZZ, 2y
Higgs boson couplings to SM particles are fixed Run 1 Ho 2254 == e | ==yl
I EW
= Most sensitive channels: H - & H - ZZ — 4l: Run’ Combied = somear | U Y
fully reconstructed with high resolution M6y 12578026+ 0.18)GeV
» Statistical power of the two channels similar; 26H- 224 --‘- 12526021 (+0.19) GeV
systematics is an emerging challenge in H — 2016 Contined T 125.46.£0.16 £0.19) GeV
* CMS+ATLAS Runl combination my =125.09 20.24 GeV [tk £ BB (rG

= CMS H - ZZ - 4l channel JHEP11(2017)047 VRTINS TR T
m,, (GeV) m,, (GeV)

" My =125.26 +0.20 (stat) +0.08 (sys) GeV H — Yy — 4 lepton
= CMS: H - y PLB 805 (2017) 135425 correction vs pr (Run 2) Mass distribution

1
359 o' (13 TeV) 137 fb' (13 TeV)

= my =125.78 0.18 (stat) =0.18 (sys) GeV 3 15 Frmmrmm e g

[ GeV

S5/(5+B) weighted
+ Data

*CMS: H - 5 &H - 2Z - 41 C Lim
Combined Runl + 2016: Still the most precise [ k- =Py
= My = 125.38 +0.14 (=0.11 stat. only) GeV : s,
* Run2: Results in 2023; to < 100 MeV precision [ T e B T e
1.0¢|n|<1.2 e : 1
* HL-LHC: Expect ~20 MeV precision | A ! VA "
CMS PAS FTR-21/007 and 21/008 i | s e R

m,, (GeV)




Decay Coupling Strengths p = o/og,Long Road to the Combination

Nature 607 (2022) 60-68
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https://www.nature.com/articles/s41586-022-04892-x

CMS/ ! ) . - -20-
Recent: H — WW Production o and Couplings “Assepied for Eur prye -2

- H
= Steady Improvement of Analysis Techniques ggH DF 1-Jet My ggH DF 1-Jet Mt

138 fb-' (13 TeV) 138 fb (13 TeV)

= Categories overview: Production, leptons, jets;
+ pt ranges

Category Number of leptons Number of jets Subcategorizz 1tmn

ggH — (DF, SF) x (0 jets, 1 jet, >2 jets)
VBF >2 (DF, SF)

VH2j >2 (DF, SF)

WHSS >1 (DF, SF) x (1 jet, 2 jets)
WH3/
ZH3¢
ZH4/{

= Main backgrnds: WW, DY; + VV (V = W,Z)y), tW, TT M“
= Scalar nature of the Higgs leads to lower my
relative to WW background : o Ty T
= Also need mtH = my (Mg, ptMsS) to discriminate B i

against low mg events from TT, Vy

ggH DF 1-jet

20 Gey ggH DF 1-jet
Py, 20Ge

p,< 20 GeV
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LLI
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Events / Bin width [GeV ]

(ST N I N T (N

0 SF lepton pair with opposite or same sign
>1 (1jet, 2 jets)
— (DF, SF

O

son VBF DF
ggH-like

Events / Bin width
Events / Bin width

" b-jet veto against top; multiple control regions
to normalize the backgrounds

= Final ggH discrimination in the 2D (mg, mt" ) plane
= DNN Multiclassifier for VBF vs t, WW, ggH

Data/Expected




Distribution of events
vsS stat. significance

CMS _ r1 3‘8pr“1‘ (-113 Tge}/)
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Signal and background
contributions after the fit
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H — WW Results
Observed O'/GSM in each STXS Bin
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CMS-HIG-20-013 October 2022
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Global H - WW
Strength Modifer p
138 b (13 TeV)

- CMS

. =0.95 £ 0.05(Stat) £ 0.08(Syst
W U (Stat) £ 0.08(Syst]

[ =—Sat. + Syst.

M =0.95+0.05 (stat)
+0.08 (sys)




Channel stat/systin
2016 comb

WW  0.10/0.15
/7  0.15/0.11
YY 012011
Tt  0.15/0.23

b b (S%J:r%s:)ll-s)

Global p

0.95
0.94
1.12
0.82

1.04

Inputs to the Combination
The 5 Main Modes: 2022 Combination vs 2016

Stat

0.05
0.07
0.07
0.06
0.14

Syst # STXS bins
with unc < 100%

0.08
0.09
0.07

0.08
0.14

= Ongoing improvements in analysis techniques
= Some systematics reduced with increased statistics
= Excellent prospects for Run3

Rare Processes

= ttH to multileptons: New categories, extended
ML: Significance 4.7c (5.2 exp) for ttH;
1.40 (0.3 exp) for tH

"H=>Zy: 270
*H->UN: 3.0c
= H = |nvisible:

See P. Lenzi Talk
at Higgs 2022

Dedicated Triggers in 2017 and 2018
P (HInv) <0.18 (0.10 exp); was < 0.22 in 2016

Background-subtracted data / 1 GeV

137 fb' (13 TeV)

| T Sk

pp = tH, ttH;
H=> W/ZZItt

5F
Observed

-~ 68% CL region

- -~ 95% CL region

@ Bestfit +SM expected

=

(ORE Y L (B T YO0 WY Vel U 941 G M 0

0510 p(tH)
138 fb' (13 TeV)
H=- l,l,!,l, B ;_)ata T
| sls+B) Weighted — Signal

B uncertainty
+ 18D

A 1 | A Lot
110 115 120 125 130 135 1

M (i)

Nature 607 (2022) 60-68

Events/GeV

Data/prediction

Rare Process Contributions

CMS 138 b (13 TeV)

H= 2y
S/(S+B) Weighted

B uncertainty: A

|+1 8D

ey
(=
o

Background-subtracted data / 1 GeV

o
— F—

150180170

M (&)

138 b (13 TeV)

- MTRSR ——pata Z(vv)+jets (strong)
‘I Postfit Z(vv)+jets (VBF) W(lv)+jets (strong)
W(lv)+jets (VBF) Other ewk.
HF noise | QCD multijet
—— Tot. bkg. (b-only fit) =~ Tot. bkg. (s+b fit) + 1o
w— s qqH s« Other prod. modes
B(H- inv.)=0.08

Events/1500 GeV

A =
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https://www.nature.com/articles/s41586-022-04892-x

&% Coupling Strengths L = G/GSI\/I Production Mode Decay Channel
| in Production and Decay modes Signal Strengths p; Signal Strengths pﬁ
Nature 607 (2022) 60-68 LR | o8 (97

® Observed | +1s.d. (stat | o Observed [ +1s.d. (stat)
w11 5.0, (stat © syst) U +1sd. (syst) w11 5.d. (stat @ syst) [ +1sd. (syst)
= 5 well established decay modes with > 50 — 25, (stat O sys} — 254, (stat @ sys)
Z7,YY, WW, TT, bb : ;
: . - 0 "
Event Rates compatible with the SM Mggn B 8% osri o & 9% rrses
= Challenge: & 1%

Experimental statistical uncertainty

Hver _@* 12%
comparable to systematics and theory :

900 | 0972000

: -—E-— 25%
= Overall Signal strength o ; ’

u = 1.002 +0.036 (stat) =0.029 (exp) £0.033 (th) - 10%) s

Hzh —'@— 23%

= Main production modes measured.:

- —-E-— 22%) 1.05%%
ggF VBF WH, ZH, ttH, tH M E 19% |

12195 O ¢
= Difficult (cc) and rare (uu, Zy) decay modes: , |
measurements underway ; 5 5% % 5 25030 °

» Hints of excesses in rare production and
decays: to be resolved with Run 3 data Assuming ggﬁ = ggﬁ(SM) Assuming G; = G;(SM)



https://www.nature.com/articles/s41586-022-04892-x

| 1st Evidence for H - pu  (8%=0.02%) [Fuirmzsnsrun
Most Sensitive to 2"? Generation Fermion Coupling  JHEP 01 (2021) 148 '

VBF: Advanced DNN Machine Learning Techniques Provide similar sensitivity as in ggH

P _ - -
e u(pp) =1.19 fggg (Stat) +_8_i2 (Sys)

CMS ¢ Data W-oun Tf};\:\] \ N * o .o i
B B NS VN Observed (exp) Significance: 3.00 (2.56)

Mpp distribution

137 fo' (13 TeV)

Local p-value vs My
137 6" (13 TeV)

W (VBF, VH) vs J(ggH, ttH)

137 b (13 TeV)

\\‘ & Best fit
*s.|—68% CL
--95%CL

® SM

S/(S+B) Weighted Events / GeV
'S

-2 Aln(L)
Local p-value

VBF: Drell Yan background
110 115 120 125 130 135 140 145 150 SUppressed by tWO forward Jets

UTKELIER  Strengths vs Production Mode

Deep Neural Net Output 137 b (13 Tev)

2] Combined [i=1.19%%
o ° CMS ¢ Data -Hﬁup

"E Post-fit Mzj-ew  [Odovy
st VBF-SR Run2 [ Top quark [ Diboson
sE m,=125.38 GeV — VBF —ggH

M (VBF, VH)

Data-Bkg.

: — Combined — VBF-cat.
" Observed — ggH-cat. ttH-cat.
VH-cat.

—— Combined best fit p
- === SM expectation

S "N ‘¢
[ 5% CL .. . -
95% CL ; =

Post-Fit VBF SR 7 cat. 8% e m, = 125.38 GeV 5 1 15 25 123 124 125 126 127 128 129 130
2327 | M (ggH, ttH) My (GeV)

Higgs boson coupling to muons:
K, =107+0.22

Best-fit i See YSF Talk at La Thuile 2021 by Irene Dutta

o —_ n w e (6] D ~ (o] (.05

VBF DNN bin




First Evidence (3.0c) for H — pupl
Exclusive categories: , VBF, VH and ttH N

- CMS

0F  All categories — S4B (u=1.19)

J | S/(S+B) weighted Bkg. component
7. m,, = 125.38 GeV -HG

]

L
=
=

e
A
-

S/(S+B) Weighted Events / GeV
S

o
X
@
g
©
a

5L o , .
110 115 120 125 130 135 140 145 150
m,, (GeV)

Assuming the SM need ~4 Times the Data for a 5o Observation
There is some possibility by the end of Run3



CMS /!
Search forH—> Zy, Z—> €€ €=(e,1n) cMsPASHIG-19-014 Accepted by JHEP

*SM: B(H —> Zy) | B(Z — eelpp) ~ 104 M(ly) distribution Ay

All categories

Loop Induced: Sensitive to BSM physics L in each category

= Two prompt leptons with Mg ~ Mz .
VBF, VH, ttH categories; +ggH with Dkin(ly) M

Simultaneous fit to M(éfy) in all categories R 0 Dije
. S — : 95% CL U Limit Dlje

Signal Strength @ = /0y H AR I\ﬁl)(%; u Dije

for (pp —» H) X B(H — Zy): et

H-Zy (m > 50 GeV) — Observed
" ---- Expected

I =24+£0.9; Significance 2.7 G, 5 o % expecisa | LOMBINEC
95% CL Limit: 4.1 observed (1.8 exp) '

" BH—> Zy) | B(H —> yy) = 1.5 +0.7 -0.6
Compatible with SM ratio
0.69 £ 0.04 at 1.5¢ level




CMS /|

Search for H > cc Full Run 2

CMS HIG-21-008
Accepted for PRL(May

2022)

= Probing Higgs boson Couplings
to 2"d Generation Quarks

= SM: B(H — cc) = 2.9%
= Using VH (H — cc) with Z — wv,

W — v, Z — Ul (0,1,2 lepton categories)
» Challenging backgrounds:

= V + Jets
(Enormous cross section)

« VH, H — bb (20X the H —> c¢ rate)
= Need 3-way discriminator:
g/g jet vs c-jet vs b-jet

= pp » VZ, Z — cc standard
candle validates the analysis

= Particl_eNet GNN discriminator for
H — cc: PF, secondary vtx, wide jets

»" p;> 300 GeV separates boosted
Higgs with merged c-quark jets,
from resolved category

Background efficiency

ParticleNet Tagger Efficiency
for H— cC versus V + Jets
and H — bb backgrounds

Z+jets

CMS

Simulation
anti-k; R = 1.5 jets
p,> 300 GeV, | <2.4

DeepAK15
-4 ParticleNet

—_

Background

.*
3
»*
.
.
.
.t
.
.
*
R
.
.
.
.t
.
is

Gains by
4x to 6X

H—cT vs. H-bb
— H—cC vs. V+jets

—
<

“
l“
e
o
o
.
e
o
o
*
.
o

N

.
o
o
.
.

—$- Data [
D Z+jets l:l
E« ]
[Jvviothery []

°r CMS

7L VZ(Z—co)

Bl vH(H-bb) [

$22% B uncertaint:

0.4 0.6 0.8

Signal efficiency
Showing the 3 WPs
In the merged jet analysis

Compared to the previous
DeepAK15 Tagger

VZ(Z-30T)

Data
Background

VZ (Z — cc) Events vs log (S/B)

138 fb' (13 TeV)

log, (S/B)

VZ(Z—ct), p=1.01
Wijets

Single top
VZ(Z—bb)
VH(H-3cT)

1 e N

Iogm(S/B)



Search for H— cC Full Run2 p;> 450 Boosted Analysis

CMS PAS HIG-21-008 (February 28, 2022) CMS PAS HIG-21-012 (November 25, gqoggy
= Results: HIG-21-008 M(H.anq) distribution in all Mg, distribution in high pt
» Higgs-charm Yukawa coupling categories: merged-jet analysis | region: merged-jet analysis

modifier 1.1 < |K;| < 5.5 Observed HIG-21-008 1387 (13Tey) | CMS_HIG-21-012 tp, parey

(chl <34 eXpECted) CMS —— Observed I VH(H->bb) (‘J:}-’1.2><104 + Daia W(qg)

- - e - [ vzz-ce) [ Wiother) ~ D Doubleb M Z(ct) mm Hbb)

Most stringent limit to date PRI s s 3wl Passing region  m 71§ Hed

= Results All Categories: Mcaogores v e 18 = 2w O
o(VH) B(H — cC)= 0.50 +0.22 — 0.15 pb S/(3+8) woighted . e~

< 0.94 pb at 95% CL *  pn(Z— cc) =1.01 ol S w(Z— cc) =1.0

= Signal strength u (VH, H — cC): L pH—>cc)=7.6 =2 W(H—> cc) =9.4
B U=7.6+34-23; p<1l4at95%CL

= Bonus: VZ,Z — cC: 1st observation
at a hadron collider: 5.7¢c

1 (VZ, Z — c€) = 1.01 *0:23

-0.21
» Results: HIG-21-012 Boosted: high pt L L ‘
I <47 at 95% CL (39 expected) 120 140 160 180 200 0 f20 140 160 180 20
- 1 (VZ Z—)CE): 1.00 +0.17+0 08 (th) +0.06 (stat) Higgs candidate mass [GeV] Jet mgp [GeV]

-0.14 Standard Candle: VZ, Z —» cc 5.7¢ Standard Candle: VZ, Z > cC




H Coupling Modifier Framework: | KFactors

: . . for Production
Characterize possible deviations from SM and Decay

*There are 8 basic parameters to describe the major decays
channels & production mechanisms:

rZZ,rWW, rn_, rbb [ T gg Twand Tror

VY, 99,
I,
I'H
= \We cannot extract all the parameters at once with current data.
» So we do Coupling Compatibility Tests using scaling factors:

K relative to SM and their ratios A
Example: For the gg = H - yy process:

o x BR(gg—H-yy) / o5yxBR(gg ~H=1y)sv= K,7K, 2/ K,/
sAssumptions: Single narrow resonance, SM tensor structure;
= No new physics in loops (gg —*H, H=yy)
" No BSM decays (invisible, not observed)

NGox—=H—-yy)~o(x—H) BH— yy) ~ —2

LHC Higgs Cross-Section WG 2013: CERN-2013-004 arXiv:1209.0040. arxiv 1310.4828




H Coupling Modifier Framework: | KFactors

: . . for Production
Characterize possible deviations from SM and Decay

H Boson Production

, H

H o
t,b - “’Kl t,b.
Kt.b S
t,b

g “H g oo

Fig.1|Feynmandiagrams for the leading Higgs boson interactions. ggH (k,I) and through VBF (m,n,0). The different Higgs bosoninteractions are
a-f,Higgs boson productioninggH (a) and VBF (b), associated productionwith  labelled with the coupling modifiers x, and highlighted in different colours for
aWorZ(V)boson (VH;c),associated productionwith atop or bottom quark Higgs-fermioninteractions (red), Higgs-gauge-boson interactions (blue) and
pair (ttH or bbH; d) and associated productionwith asingle top quark (tH; e,f). multiple Higgs bosoninteractions (green). The distinction between a particle
g-j, Higgsbosondecaysinto heavy vector boson pairs (g), fermion-antifermion  anditsantiparticleisdropped.

pairs (h) and photon pairs or Zy (i,j). k-0, Higgs boson pair production through




Summary of Higgs Couplings

0," k2o Fit for Coupling

strength parameters (k)

Meaningful 68% and 95% CL
intervals for 2"d Generation

Fermion (u,b) and Zy Couplings

K Factors
for [~ 2

Production [N

and Decay [QIEINEIRG

Full Run2 137/fb

CMS-HIG-22-001

Nature 607 (2022) 60-68

GXI FW

N(xx—=H-yy)~ .
H

o(xx—H)-B(H- yy)~ CMS 138 o™ (13 TeV)

| 415D (stat)

= 1 SD (stat @ syst) [ | +1 SD (syst)

® Observed

— +2 SDs (stat @ syst)
: Stat Syst
-'E'- 1.02+008 005 +0.05

1.04007 +0.05

1.10+0.08 +0.05

0.92+008 + +0.06

-
—-—
-
- 10121 o
-

+0.17
099016 - 0.10

0.92:008 0. 0.0

1.1 2»0 21 +0.19

R

+0.34  +0.31 +0.14
1'65—0 37 035 -0.09

25 3 35 4
Parameter value

Ratio to SM

138 b’ (13 TeV)

lll T

T ll]llll

m,=125.38 GeV

Py = 37.5%

T T llllll] T lllllll

, t-
Impressive wZ..-

agreement o
over 3 orders R
of magnitude |ese

b .-
"
-
L &
-
-

Leptons and neutrinos Quarks

--
B -

Force carriers Higgs boson

BalE O
I I

= b

10
Particle mass (GeV)



https://www.nature.com/articles/s41586-022-04892-x

3 Higgs Coupling Strength Parameters: The Road to

14F E
1 2 ;— KW j1,05 Z -1 05 _;
1'02___ F----- ﬂ] _____ 41 __‘1'00'II|"_'__ ————— ﬂ]] ————— *]1—--100-<I1]--—;
08 ;_ :O 95 -O 95 _;
oefF | ' | 3
0.4F . . . =
2.0 :——'_ T T =
1.5 ;— K'Y :1,05 Kg ..1 05 _;
1'02___ - _ﬂ]_"_'_‘:'n"‘“m'lﬂ' - — - =~ ‘]]-—--100-~I1]—-—;
0 i_ | N:I] M] -0 95 —E
0.0 : 1 1 . . .

2.0 - ’ T T =
1.5 ;— ﬂ] Kt [1.05 Kb 1.05 1
9 L TN ol B
0.5 i— :0,95 M] —]
0.0E—u : : _
1.4 F 3
1.2 z— KT :1705 Ku {]] -1 05 _;
R RRE T A L o A o 13
0.6 %_ _0_95 _-0.95 _g
0.4F Lo.90 [ oo 3
02 % 1! o —
0.0 D’SCOV Lo This /4 Lie ¢ Obs. (stat @ syst) stat

[ Proj. (stat @ syst) syst

Precision from Discovery to 2023 and Forward to HL LHC Nature 607 (2022) 60-68

Coupling parameters (K) Ks vs K, from Discovery to Runl to Full Run2

CMS
Kf | * Dlscovery + LHC Run 1 -I- This paper | |
1.5 |—68%CL ---95%CL ¢ SMHiggs |

1.0

0.5

OO 1 I 1 1

Deviations in the couplings can affect
production as well as specific decay channels


https://www.nature.com/articles/s41586-022-04892-x

1 Higgs Boson Natural Width and Off-Shell Contributions
o shell PLi _ O shell x ghgh o< 7 gt Nature PhyS 18 (2022) 1329

» Measurement ratio of on-shell to off-shell signal On Shell and Off Shell gg=2¢ 2v
strengths for each production mode gives I'y

CMS Simulation 13 TeV

= gg—212v (I=e, n)

—— SM H signal (|H])
SM contin. (|CP)

—— SM total ([H+CF)

2
dm® & (o4 * Ty

2 2
2 2
YYprodYdec g ~ gP?"OdgdeC
S —— € Hprod

_\.A
D

(m? - mE)? "

= Analysis: Need high-mass ZZ events that
contain off-shell H contributions

= Can use both 4¢ (high myy) and 2¢ 2v (high m144)

» Tradeoff: BR (2 2v) ~6 X BR (4£), But 4¢is cleaner:
about equal statistical power overall

I'y

I1IITT H

On shell

—
- O

—
<
—

1 L L L L ||rnr|

’>'"‘
)
Q
<

2
— —
Qe
4] )\ ]

= Need on-shell H(125) events to extract FHZ Only 4¢

do / dm,,
2

= Can measure both off-shell lg (ggH) and Wy, (VBF, VH)

» Biggest Challenge: Extract off-shell information
from the tails, with limited statistics

= Need precise control of both irreducible and reducible
backgrounds, and instrumental effects 100 200 300 500 1000 2000

= Need theory input: NLO EW qq = ZZ, WZ corrections m,,, (GeV)

-
<
t

—
o
-4




Analysis strategy

G, Higgs Boson Natural Width and Off-Shell Contributions

Nature Phys. 18 (2022) 1329

= Off Shell 4¢ Strategy: CMS-HIG-18-002 (2016-17 Data):
My, > 220 GeV = All momenta known

= Use MELA matrix element discriminants for
Higgs production, decay or both; or backgrounds

Dy (0) = 75—l

7Dsig (Q> E3 7Dalt (Q)

Signal vs alternatives Signal-alt. interference

* On Shell 4¢ Strategy: CMS-HIG-19-009 (2016-18 Data):
Finer categorization, more discriminants as observables

= Provides on-shell U, Wy and BSM HVV contribution
fractions fai to the off shell 4¢ analysis

= Off Shell ZZ »+2¢ 2v analysis (2016-2018 data):

Main Observable is Transverse mass my44
also p;™'sS, Njet categories, MELA discriminants

#* No Off Shell (I'; =0) hypothesis is inconsistent
with the data: this is visible at high m+4Z

Off Shell 2¢ 2v m4Z distribution

CMS T 3]8 fb' (13 TeV)
N=2
pT"°>200 GeV
‘ { Observed .Instr. P
Total, no off-shell m Nonresonant
gg SM total qg—ZZ
EW SM total N qowz

B zx

=
L0
—
w
—
-
48]
=
L

1000
méZ (GeV)




Higgs Boson Natural Width and Off-Shell Contributions
15t Evidence for H off-shell from 4€ and 2€ 2v  Nature Phys. 18 (2022) 1329

Likelihood Scan:
2L 2v mTZZ distributiany| m4€ distribution Evidence for off shell Scan: Wy vs pe Off Shell

138 o7 (13 TeV) 781" (13 TeV) CMS <140 fb" (13 TeV) <138 fb™' (13 TeV)
T T T | T T T | T T T ] -

L 212, pes > 200 GV 46, Dy > 08 _ —— 2I2v+4l off-shell + 4] on-shell
e } Observed L } Observed > — -2AINL=5.99
E I - —— 2I2v off-shell + 4| on-shell | S == 2 AlnL=2.30
c Total, no off-shell Total, no off-shell | »

[ gg+ EW SM total 3 | gg + EW SM tota — — 4l off-shell + 41 on-shell

|:| Other SM H g [ ] OtherSMm

i b | Observed
L I_|+[_+_ 1 @ . Expected

Includes on-shell 4¢

—ry
=]
]

Ewvents per bin
Events per bin

LrL*, T | 2015-2018

95% CL

1.0 1.5 2.0 25 3.0

68% CL e off-shell

. 2 = ._q' I, ””“" .
1l 4 i — : I -"’fl”‘ .
1 0 +H + lr t ‘:k %— - 1 1 | | 1 | 1 1 | ||
1,000 290 400 500 2 4 6 8 10 12 14 16 18

mTZZ (GeV) m4|(GeV) 2AInL
=Results: I';=3.2  MeV, in agreement with I',SM = 4.1 MeV

= Off-Shell / Off-ShellSM 95% CL Limits: (0.0061, 2.0); I,,= 0 Excluded at 3.60




Simplified Template Cross Sections (STXS)

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGFiducialAndSTXS

® Extract production mode cross sections in
exclusive phase space regions (STXS bins)

® Simultaneously maximize the sensitivity
of measurements and minimize their
theory dependence

® |solate BSM Effects
 Minimi -
Minimize the number of bins needed \
. T high-g* BSM
without loss of sensitivity TR Lods |
® Significant progress from CMS oo = speic

i

[s]
D
i WVANigh pr (V)

?

® |n many cases the results are statistics eIl
limited: excellent prospects for Run3

across many accessible Higgs decays




Ratio to SM

CMS-HIG-19-0015
JHEP 07 (2021) 027

H — yy and STXS stage-1.2

Clear H — yy signals in all 4 main

13TeV

production modes: ggH, VBF, VH, ttH

including 5.2c in ttH, and
strong evidence: 4.7c Iin multilepton final states

137 fb

I~

H—)'W m, =125.38 GeV

H— vy HH

AII top categones
S/(S+B) weighted
¢+ Data
— S+B fit
B component

IRESE;

W All Top Categories M., All VBF Categorles
CMS

13 TeV

137 fb

250
H—)’y*{ m, = 12538G9V

VBF

AII VBF categones
S/(S+B) weighted
¢+ Data
— S+B fit
B component

(R ESK

EE=X

H &
CD

80
B co}nponer‘wt subtrécted 50
40
20

0

-20

-40
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kinematic regions. pgy = 70%
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http://dx.doi.org/10.1007/JHEP07(2021)027

H — vy Full Set of STXS Stage 1.2 Bins o comer 4
'

ooll = geH + gg — Z(qq)H + bbH qqH = VBF + qq — V(qq)H
|

p't [0, 200] : [ [
: P [z(m :xu] | =odet || =1jet |

[
[=oget ] [=aet ]
. | 7 350,
0
m;; [0, 350] 1mi; [350,
10 L” - |, I = 1 450 ’ Pt 10, Py [2
I ' | | du(l T”‘.’.’

qqH rest

TIIU

[as}

::E | O-jet I—*lZH'ell | 0-jet I— 21-jet| | O-jet |_ >1- -
5
[ ] [ ] N

Figure 1: Diagram showing the full set of STXS stage-1.2 bins, adapted from Ref. [10], defined

for events with lyer| < 2.5. The solid boxes represent each STXS stage-1.2 bin. The units of p?,

s, PT , and pT are in GeV. The shaded regions indicate the STXS bins that are divided at stage
1.2, but are not measured independently in this analysis.
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H — yy Two Dimensional Likelihood Scans  ¢usHic-19-0015

JHEP 07 (2021) 027

In the K Framework Full Runz 137/ |
CMS 137 b (13 TeV) CMS 137 o' (13 TeV)
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http://dx.doi.org/10.1007/JHEP07(2021)027

cMs, 1 . ) ) i . ) CMS-HIG-19-0016
H— 'Y'Y Inclusive and differential fiducial cross sections Accepted by JHEP

Full Run2 137/fb

» Fiducial cross sections: Probe event kinematics,
multiple topologies to reduce model dependence

Photon Isolation Sum Tpyp M,, All categories

: 1 - .CMS 137 o' (13 TeV)
= STXS framework targets ggH, VBF, VH, ttH production [ —Dab [3E0A0 |+ 8 ¥ -
modes; covers whole kinematic phase space with 2 WG koo A L o
mutually exclusive regions to detect BSM effects + oo A Si(S+B) e
_ syl e Corrected by 2 Weighted  gg:1o
= MVA Analyses: Photon, diphoton, and photon vertex Chained Quantile | | € e
_ i . Regression (CQR)| | 3
= Photon ID MVA: BDT trained on y+jet events, using Method 2

kinematics, isolations and shower shape as inputs

= Corrections on shower shape and isolation variables e .
achieved using quantile morphing method T i Dt

Likelihood Scan [ Results:
2AIn£vs Fiducial o(fb) esults:

Fiducial Cross Section

2001 H =y

B compaonent subtracted

m.., (GeV)

= Validated on Z = ppy and Z = ee(Y) events

* Improves ID output agreement with the data;
to ~1% in the barrel; 3% in the endcaps

= Systematic uncertainty on inclusive fiducial

cross section reduced to 1.5%, from previous 5%

Ofig = 73.4 T55§ Tzzg fb

(stat) (sys)

= Categorization by diphoton mass resolution G,/m;
decorrelated wrt m to avoid backgd shape distortions

= Maximum likelihood fit on signal strength per bin

vs SM: 754 +4.1f
includes full unfolding of the detector response matrix S S > :




H — YY Inclusive and differential fiducial cross sections CMs-HIG-19-001¢
Accepted by JHEP

Example Observed Differential Distributions: Full Run2 137/fb
vs pTY?, Njets, ly"’| and cos(6*) —

Ingetl < 2.5
priet>30

pval nomirsd SM): 0.688

+

P valuo

= | i ‘cos(6%)

P value 0.874

32




Chas, . _ _ _ _ _ CMS-HIG-19-0016
H — YY Inclusive and differential fiducial cross sections Accepted by JHEP

Phase space definition for H — pp analysis om0z [N

S/IB < 0.1

Inclusive fiducial phase space
e p¥>m /3

p2>m . /4 £° Full phase space , | Dedicated fiducial xs measurements

' LY
e |n']|<25
e lIso, <10 GeV ttH-like phase space
Analysis acceptance e #Hleptonz1

o #bjet>1

1 jet phase space .
. Njft 21 VH-like phase space
¢ IfJTJ1 > 30 GeV o #lepton =1
e |77]<25 e p, ™ <100 GeV

2 iEt phll}:tsl:i;pace VBF-IEetplhfse space WH-like phase space
e pJ'2>30GeV, : |;§j1'_j2| ag e #lepton =1
. In‘ﬂ.jzl <47 - [ ] mems > 100 GeV

e m'i2>200 GeV
K. Mazumdar at
Higgs 2022 Conference




H— Z7* - 48 and STXS

Measurements by production mode
137 o' (13 TeV) in 17 distinct (STXS) kinematic regions

_ _ . . . _ . ; : 137 fb" (13 TeV)
i f : : : : : : o I
| I——— S— — SRR S— — — H—’ZZ—}‘” _______ - B H(125) ggH -grg;ﬁxg,g: .
' ' : : : : : ; i I H(125) VBF e ]
br S me12380eV H(125) VH
—— ............. — J ....... , T ............ -H(125:lt“'|
i ' ' : % Best fit H(125) tH
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CMS /|

H — bb Differential Measurements

Full Run2 137/fb

Higgs pr sensitive to many BSM effects; theory to higher order

JHEP 12 (2020) 085 |

= Highly boosted Higgs (bb example): a tool to access
the very high-pt regime, sensitive to BSM physics

. Tagging the Higgs with deep-learning methods
based on signature of two b quarks inside a fat jet

- DDBT tagger improves bb tagging efficiency at
same QCD misidentification rate by a factor of 1.6

Deep double b Tagger
misID rate vs efficiency
2017 (13 TeV)

._.
2

CMS simulation

450 < pr < 1200 GeV
40 ¢ mgp ¢ 200 GeV

DBT, AUC = 93.0%
=== DDBT, AUC =97.3%

Events / 7 GeV

Recall bb Observation: ggF, VBF, ttH, WH, ZH Combination
5.6c obs (6.56 exp); pu, = 1.04 £0.20 PRL 121, 121801 (2018)

Soft-drop Mass mgp(bb)

N n
o [4]]
o [=]
8 8

iy
[4)]
[=]
38

Soft-drop Mass mgp(bb)
failing (control) region

passing region

137 o™ (13 TeV)

Ratio to
LHCHXSWG

137 fb™ (13 TeV)

QCD misidentification probability

=
L)
|
L)

=
CMS
450 <p_ <1200 GeV
Deep double-b tagger
Passing region

W
450<pT<1200 GeV z

Deep double-b tagger -t
P % - -~ Multijet
{## Total background
W H(bb), u =3.7
H
+ Data

Failing region

Events /7 GeV

Ratio to
HJ-MINLO

100001 02 03 04 05 06 07 08 09 1.0

bb resonance tagging efficiency

80 100 120 140 160 180 200
mgp, (GeV)

60 80 100 120 140 160

-0.7

(1.9 expected)

cross section in p(H)

Observed (exp) Significance: 2.5¢ (0.7c)
Signal strength and local significance vs SM:

Wy = 3.7 £ 1.2 (stat) +0.8 (syst) +0.8 (theo);

Unfolded differential

137 fb~' (13 TeV)

— Data
== LHCHXSWG approx. NNLO
= HJ-MINLO

800 1000 1200

pY (GeV)
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Analysis Summary

triggers for b-tagged
plus VBF jets

background

(signal, Z+jets)

cross check

B VBF H— bb

= Large An VBF jets reduce QCD

= BDTs classify VBF signal, ¥ _
Z+bb, ggH, QCD into regions

= Parametric m(jj) distributions
derived from simulation

or sideband data (QCD) Observed VBF H=>bb Significance: 2.4c (2.7c exp)

= Z = bb + Jets analysis

Simulation H=> bb
parametric model

Run 2, 91 fb' (13 TeV)

. CMS
* Inclusive 2016+ 2018 Cver : Preliminary
measurement ; : o
= Main Backgrounds: QCD Z+jets & ' ghrtpebod mb“‘z‘!&‘ﬂ‘
‘e ’ y ” FWHM = 26.39 GeV i Ehaehied
= Dedicated “loose” and “tight | === QCD(+unc) e

- ——— QCD+Z+Higgs
jetS N " —— Z—>bb
80 100 120 140 160 180 200 -
m,, (€ ]

Simulation Z=bb
parametric model

CMS Simulation Prelimina 13 TeV

nnnnnn

100 20

HWhpp = 0.92 £0.32 (stat) )5 (syst)

Wopp = 0.94 £ 0.20 (stat) £ 0.21 (syst)




H => 11 Differential Measurements [ririnz | S e 2eia0s

CMS at LHCP 2021: 1st differential measurement in the H—77 channel

Comparing to other final state measurements (4¢, yy, tt) brings significant improvements:
exploring the phase space of large jet multiplicities and/or Lorentz-boosted Higgs bosons (to NNLO)

ggF H and XH do/dp:H | ggF H and XH do/dN; .| ggF H and XH do/dp; "’

138 b (13 TeV) 138 b (13 TeV) ErREl Overall Agreement
9 Observed Observed ; Observed . | Wlth the SM
o Observed - no regularization o, Observed - no regularization o Observed - no regularization
O gg-H (POWHEG) + XH e gg-+H (POWHEG) + XH Q 10 9g-H (POWHEG) + XH
= XH = VBF + VH + ttH (POWHEG) ! XH = VBF + VH + ttH (POWHEG) ~ S Observed (SM
z 5 (SM)
Q- o Osig =426 £ 102 fb
£ g fid
, S (402 + 27 b)
L g 10

Ratio to NNLOPS
Ratio to NNLOPS
Ratio to NNLOPS



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-015/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-015/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-015/index.html

ttH and tH Production | Full Run2137/fb | Eur. Phys. J. C 81 (2021) 378

Mostly H - WW, ZZ, TT
ttH Signal Strengths:10 Categories | ttH, tH Signals + bkgd tH Signal Strengths

e R (T CMS 137 b (13 TeV)
105 Bins

2ss+ 07, | p=101 '3392
- 28 130

04 : 1 | Combined =57 * stat syst
407, | pa153%8 . ttH , , w=57 2D (stat) 20 (sys) |

2ss+ t, | p=0627" - | t H
06

o I 0to 4 (e, g :
1+ 27, u=036 " 0t 2(1:“) r )
5 O I ala i

2los + fr, | w=049% h  40a | 2ss+0r,

i I ttH (u=00)
W (=)

3l + hh u=152 '0‘._.:..‘ - ; [ ]Background
u (tt H) VS u(tH) 2| % 21: | 0 E Background unc.

CMS 137 fo' (13 TeV) "
L L L B L L L NN B N (O | PR )

C pp > tH + fiH ] . o | 04 .

S H - WW/ZZ/e -4 1 01+ 27, i 1202k
- : - i 2ss + T,
- 1] M+ 80 %2 “E ‘ ‘ . . .

-1 0
log, (S/B)

ZE - - II\II\||r|IIII‘IIII|IIII|III\II\II}II\II\I
B Note: High purlty-I 10 -5 0 5 10 15 20 25
CEORIENG) subsamples extracted Best fit (tH)

: Combined p(ttH) = 0.92 £0.41 (Stat) *.313 (Sys)
o oL oo ttH Observed (exp) Significance: 4.7¢ (5.20)
comn T 4Swopeer L(tH) = 5.7 £ 2.7 (Stat) % 3.0 (Sys)

. : tH Observed (exp) Significance: 1.4c (0.36)
Top Yukawa: =0.9 < K, <= 0.7 or 0.7< K, < 1.1 at 95% CL



https://link.springer.com/article/10.1140/epjc/s10052-021-09014-x

| H — 771: 1st Direct Measurement of the
|CP Structure of the Higgs to T Yukawa Coupling cwvs-eas+ic-20-006

CMS Preliminar 1370 (13 TeV
: ( ) Mo vs (I)m:

LT T 1T | T 1T | T 1T | T T 1T T T TT | T T 17T [ T 1T |_
2~ —+— Data - Bkg ] CMS Preliminary 137 fb ! (13 TeV)
pp+ TP + Up ' e e e i

- | | [ 4
E % SM — 68%CL
Bkg. uncert. 175 # Best fit -~ 95%CL
— =0
™

—- 99.7% CL 3
—0 =90
7

Parametrize Higgs Fermion Couplings
in the mass eigenstate basis

e _ .
A(Hff) = —fwf (¢ +1iRsys) Py

Define mixing angle (I) where

tan (¢TT) —

Pure CP-even state — ¢1:1: = (°
Pure CP-odd state — (I)m = 9(°

CMS Simulation Preliminary 13 TeV
R E R ARmmn

(I)m. - angle between [l 2 oz
the T decay planes : :
determined by the [l : CP-mixing angle

impact parameter gl | — (41 17)° @68% CL
and charged particle [y - (I)TT (4+17)° @68%

vectors in the f | 3.2c0 exclusion
Higgs rest frame |8 | of pure CP odd

1.50 E
1.25 f

II|III|III
II|III|III

—2Alog L

1.00 E
I -

075

K, CP-odd coupling

K, CP-even coupling 0.50 F

0.25 E

0.00 £
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~
K; vs K,
CMS Preliminary 137 fb ! (13 TeV)
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First observation of ttH and H — yy Decay Full Run2 137/
and CP Structure of the Htt Yukawa Interaction PRL 125061801 ( 2020)

= Studies of Htt coupling provide an alternate | ttH signal and background | 9, discriminant leptonic,
and independent path for CP Tests vs m,, S/(S+B) weighted | hadronic and BDT bkg bins
In the Higgs sector - el i e

= Main backgrounds yy + jets, tt + yy, Yy + jets

» Hadronic and leptonic categories;
BDT and DNN discriminants

» CP structure of the Htt amplitude:

— Stat+Syst ;
—S+B — Stat only / —QObserved

Background = SM expected = — = -- Expected

>
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~
e
[ o
[}
>
L
o
9
0w
)
[}
2
a
+
28
S~
)]

0
100 110 120 130 140 150 160 170 180

m, (GeV) leptonic  hadronic BDJ bhg
Inset: pttH) likelihood Inset: |f (Htt)CP| fraction
scan with my profiled likelihood scan
(ttH, H — yy) = 1.38 *0-35 CP structure of Higgs coupling to fermions:
Observed Significance: 6.6c f (Htt)cP=0.00 + 0.33; |f (Htt)cP| < 0.67 at 95% CL
o(ttH) B(yy) = 1.56 +8 gg fb Pure CP Odd ( f(Htt)CP =1) Excluded at 3.20




TUT,
\es"\ , 2 O«

Combined Htt Yukawa CP Structure Studies e,

CP Structure of Higgs fermion Comprehensive Study of Kt vs K Combined |}
Higgs-boson final states: anomalous CP couplings S Watepon

= H , or ttH, tH with H —1t ~ [ H-yizz
- - Kt VS Kt ttH ('Y'Y + 48)

13710 (13 TeV) gam 10

= {tH, tH with H — yy decays

CP structure in Higgs-boson
vector couplings probed in

= H->ZZ*—4¢ channel

= New: Multilepton final states
in ttH, tH with HH-WW, t — Wb

Results: No significant CP odd
. . -1
contributions observed

[168% CL
.......... 95% CL
+ DBest fit
4 SM expected

0

II,;-;T"'

Parameter 68% CL 95% CL

Combined results: Best fit 2 096,116) (0.86,1.26)

|f (Htt)CP| =0.28; < 0.55 at 68% CL 1 0 1 2 (-0.86,0.85) (-1.07,1.07)

Compatible with SM Phys. Rev. D 104 (2021) 052004 CMS-HIG-21-006 (August 2022)
CP Even: |f (Htt)¢P[ =0

S —= N W@ B~ O o ~u o o
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Ho>Z2Z—> ZZ,,H—> S > Z;Z, in4Lepton Channels Z”L<ﬁ

el el i
¢ Data: 283 ZX 0 _ " Data: 144 ZX P t(I}(H_’ ZX) fB(X - l“l’l"l’) fl}(H_’ ZX) 1.(]3()( - ee)

s Total: 26014 0.9 . [ s Total: 146.7 £ 0.6 . 137 b7 (13 TeV) CMS 187 fo” (13 TeV)

I Higgs boson: 144.5 + 0.3 Se|eCtI0n 7 I Higgs boson: 86.0 £ 0.2 SeIeCt|On L : '

B ZZ: 1044 08 - B 72:496 05 ) Expected exclusion 100 )

[ Reducible: 11.2 £ 0.0 r [ Reducible: 11.1£0.0 = ) : o B ob 4 exclush

) H—ZZ,(m, =15GeV £=005): 7500 F [ H-2Z,(m, =15GeV £=0.05): 3900 Crm ' Observed exclusion - oo o T Ubservedexclusion
H-Z2Z (m’=30GeV ¢=0.05):34.3 +0.2 r H 22, (m,’ =30 GeV ¢ = 0.05): 20.5 £ 0.1 I

21 Channel _ 2e Channel

---- Expected exclusion

Events / (0.5 GeV)

.. 2e Channel

MR S B B
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95% CL Limit on | 95% CL Limit on
B(H= XX) B(X = pp)?2 B(H> XX) B(X = ee)?

137 o (13 TeV) cMm! 137 b (13 TeV)

My Gev)

o

Expected exclusion ] . ==-------- Expected exclusion
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Data/MC
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Eur. Phys. J. C 82 (2022) 290 CMS HIG-19-007




_% Search for Lepton Flavor Violating Decays in H » UT, €T

Full Run2 ; Direct Search PRD 104 (2021) 032013
= Arise in many BSM Models: 2HDM, composite H, BDTs in most sensitive| Limits on Off-diagonal
exotic resonances, extra dimensions, etc. channels: VBF 2 Jet | Yukawa Couplings + BRs
137 b7 (13 TeV) 137 b (13 TeV)
= Constraints: p = ey limits = B(H »ep) < 108 3 3 Sbserved " HZ
T €Y, T > MY, (9-2e, (9-2), > B(H »ut, €17) S 10% [EPM ClWeietsiacD ERSM M

= Hopt (B=20%)[ ] BKg. unc.

= Search Channels: UTy, UTe, €T}, €Te

= BF constraints translated to limits on
LFV Yukawas Yer, Y,

" ut analysis somewhat similar to H = 17,

except muons are prompt, tend to have BDT?Q?ZTTQ”S\T
higher momenta P A TR =L
. . @ 7B nt, 2 jets VBF B Z—eelupn (] ti,_t+jets
*=0,1,2 jet, ggF, VBF categories; E 10° B o o

= Hoput (B=20%)[ ] Bkg. unc.

» BDTs to separate signals from non-Higgs
and H = 1T backgrounds

» Results; 95% CL Upper Limits
" B(H =>pt) < 0.15% (0.15% expected)
" B(H=+et)<0.22% (0.16% expected)

BDT discriminant




Search for Lepton Flavor Violating H —» eu Decays  julRn2 ©

= Constraints: u = ey limits = B(H =»ep) < 108 95% CL Observed (exp) limits Limits on Off-diagonal
H i ( ”) . on B(H (125) +>ep) Yukawa Couplings

= Search for LFV OS decay to pe of an SM-like or  oMs wmswetey| . CMS__ immiasTev) |

BSM Higgs with 110 < m, < 160 GeV a0 | & >
= Signature: m, or m, peak on a smooth b _——

background: Mainly tt, WW leptonic decays Ttz 1o e

. . 13?222173) 1014 _ *

= Categories: for ggF, VBF production; and S/B By category

2.08(1.72)- 10* and combined

VBFcat1

bins from BDTs trained to extract the signal
» Simultaneous fit of S and B models to extract an |8

0.44 (0.47) - 10

upper limit on either $(H (125) *eu) or R R SRR R PR ¥
_ 95% CL limit on B(H(125)— eu), 10°* S Yo
G(pp = X = ep) for a BSM Higgs 95% CL Observed (exp) M., Distribution
O(pp = X = ep) limit with S+B Fit at 146 GeV

CMS 138 b (13 TeV) CMS 138 b (13 TeV)

» Results: Observed (exp) 95% CL upper limit on
B(H (125) »ep)=4.4 x 10 (4.7 x 107)
= B(H (125) =»ep) is translated to an
upper limit on the LFV Yukawas Yeu ’Yue

95% CL limits
—— S+B fit

—e— observed

- expected + 1o

---- B component

Bl +1c

S/(S+B) Weighted Events / GeV

= An excess of events over background
observed around 146 GeV.

GIObaI (local) Significance — 2.86 (3-86) ‘P10 115 120 125 130 135 140 145 150 155 160

m, [GeV]
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Search for Lepton Flavor Violating H - €L Decays gy run2

CMS-HIG-22-002

Observed Global and local p-values
— versus the hypothesized BSM Higgs mass my

138 fb™' (13 TeV)

X— eun
global p-value

local p-value

115 120 125 130 135 140 145 150 155 160
m, [GeV]




|Higgs Portal: Wide Ranging Searches for Exotic Resonances
’ 95% CL Limits at 13 TeV (June 2022) Full Run2

Limit vs My (My to 1 TeV) Limit vs My (My 1 to 3 TeV) £ ey Sl U sl

CMS Preliminary 138 fb™' (13 TeV)
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| Spin 0 Multilepton - Sub. to JHEP (2206.10268) ]
3 bb vy - CMS-PAS-HIG-21-011 3
bb WW merged-jet - JHEP 05 (2022) 005
bb bb merged-jet - Sub. to PLB (2204.12413) 1

--- Expected

Observed
Assumes SM H BR

CMS Preliminary 138 fb™ (13 TeV)
bb = - JHEP 11 (2021) 057
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BSM Higgs searches: A Broad Program: Additional Higgses, invisible decays,
lepton-flavour-violating decay and 2ZHDM+scalar models with h—aa, Charged Higgses,...

H — Invisible Examples: Z(€€) H(xx), VBF H(xx) 4, Sooernon

Cross section
Main Backgrounds: Z(¢, vv) or W(ev) + Jets

CcMS, /! 1371 (13 TeV) 1371h" (13 TeV)
————T 3 ——————

Z(ihh _(inv) ¢ Data ] Z{jh_(inv,) ¢ Data ) )
—ADD;:;,M 2Tey  \UBkg.unc. ] —ADD::d,M 2Ty \\Bkgune. VIRSR % Dete . Z(WH.IGB fsrono)
D B Drell-Yan ; 0 I DrellVan 3 Z(vv)+jets (VBF) Wi(lv)+jets (strong)

0 Jet Category mw - 1Jet Category mw : Wi)ets (VBF) Other EW 90% CL oS! (DM-nucleon) Limits
14 E /4 = HF noise QCD multijet = -
ADD Model _Z = 7 ADD Model 72 = 3 e oy ) S ot 1 1 Compared to Direct DM experiments

— - vBF — - ggH+VHH | 19.7fb ' (8 TeV) + 140 b (13 TeV)
BH » k) = 0.07 — T —————

a—y
L]
=

96.4 fb' (13 TeV)

—_
o
.

Events f GeV
—
T

{9 Nonresonant [ Nonresonant ;

(crr)

90% CL Limits 3
B(H — inv)<0.16 3

Events / 2250 GeV

Events / GeV

Higgs portal models_:

DM-nucleon

S|

== Fermion DM
Scalar DM

o)

Direct DM Detection

: 1 ? XenoniT 2018
-2 [ . — LUX
4~ B-only fit - S+B fit “ Bkg. uncertainty Fitted (S+B)/B E SC ' — Panda-X 4T
107 a/a,. : —— CDMSlite
? D/M ' —— CresstIl

=== DarkSide-50
+ - l 1074 =
. . . . ; . \f\ . b
1000 1500 2000 2500 3000 3500 4000 4500 F jon D
m; (GeV) Lo [Fermion = ®
li

I
oo NMwrn o~

o

Data / prediction

95% CL limit from Z (€€) H, H — Invisible: 95% CL limit from VBE Jets + H — Inv: [N S r——re
BR(H—invisible) < 29%; Combined limit < 19% BR(H—inv) < 18% Combined Phys. Rev. D 105 (2022) 092007 Mpwm (GeV)

Eur. Phys. J. C 81 (2021) 13 Phys. Rev. D 105 (2022) 092007 Complementary for Mpy < 12 (6) GeV

10°



http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-003/index.html

BSM Heavy Resonances: X— VV, VH— (J])(j)) s 520 7000
Highly Boosted: Two large merged jets (R = 0.8) Submitted to Phys. Lett. B

= Heavy Resonance Examples: X = Graviton (J=2), | Example Diagrams
W'/zZ" Triplet (J=1), Radion, Heavy H (J=0)
= Signature:

= SM bosons (W, Z, H) each decay to qq jet pairs

= For my > 1.3 TeV, expect two wide jets (R=0.8) G /Radlon—>VV 7H 'VBF 7' S WW
bulk ' _

= Relatively narrow resonance: assume I'y < m;
= Explore both VBF as well as ggF production e SIS e BBy IS vs Mx ( 13 2k =
= Deep Learning Taggers; HPHP... LPLP Categories; ;3: ; % o Eqafhhgmm
Final 3D discriminant using (m;;, m;;, m;,) i T g g el
= Mass Limit ExampIeS: %1 :% i " m" 105 :z mf:lrjrnw »WZ (x1)
V' > VW4VH: my, > 4.8 TeV " B PR W ETev) o WZ
Radion - VV: my,> 2.7 TeV R e T o ., Example

Graviton - VV: my,> 1.4 TeV T s I
= In bulk graviton model, exclude: r = = :
Spin 2 Gravitons with M < 1.4 TeV
Spin 0 Radions with M < 2.7 TeV
= Maximum Excesses observed at 2.1 and 2.9 TeV.:

it
Visible excesses

. L . 8 g B
Significance: 3.6c local, 2.3c global e R mj* [GeV]

o X B(DY V' = VV+VH) [pb]
o x B(VBF V' — VV+VH) [pb]




® Higgs sclelf-coupllng probes the nature of the Higgs potential:

1 : T HH productlon at 14 TfV LHC at (N)LO ln QCD
V(H) = mHH2 +A5vH? + 22, H* A3 : Trilinear Higgs self-coupling - e, 1 OV ST (0P )
® A3can be probed via HH production:

extremely challenging at LHC, accessible at HL-LHC

Main production mode ggF ~31.05 fb @NNLO
Destructive Interference in the SM

—--H

(& (N) Lo[fb]

yt Top Yukawa coupling

Resonant Searches: X =-HH
Predictedi BSM Extensions:

Sub-leading VBF ~1.73 fb @13 TeV N3LO QCD _
VBF channel provides access to the HVV (ky), MSSM, other 2HDMs, Extra Singlets

_ _ Warped Extra Dimensions,
triple HHH (k3), and HHVV (ik-,)) quartic couplings P

CP-Even Spin 0 or Spin 2




HH Combination

[ Production Modes (Tags): ggF, VBF
* Main decay channels are Complementary: HH = bbyy, bbWW, bbtt, bbbb
= Tradeoff between BR1*BR2 and relative purity

= Cover different phase space regions;
Most sensitive in different mass ranges

» A lot gained by combining

} | Results (95% CL Limits)
ENQE?V‘)XW 7 bbrr » HH production signal strength
largest BR, large ,  good compromise n<2.6

OCDanld tf. | betytveen BRand (S Seuialing Heeie:
contamination e, purity 12<K,<65 |

-~ bbyy

large BR, large f low branching ratio,

contamination | . highpurity —0.7<K,y,<1.4
W w oz

C. Amendola: Higgs Hunting 2018*
Complementary roles of the dominant ggF and subdominant VBF production modes




Inclusive HH Searches

c/osy 95% CL Limit Nonresonant

HH — bbVV, bbbb, bbtr, bbyy + Combined

138 fb' (13 TeV)

Ky =Ki =1 — Observed
K\/ = KZV =1

bbzZz

Expected: 40
Observed: 32

Expected: 19
Observed: 21

bbyy

Expected: 5.5
Observed: 8.4

bbtt

Expected: 5.2
Observed: 3.3

bbbb

Expected: 4.0
Observed: 6.4

Combined
Expected: 2.5
Observed: 3.4

I
Median expected

B 68% expected
95% expected

<4

<4

Combined:
Observed 2.5 X SM
Expected 3.4 X SM

1 1 11 11 11

10 100

95% CL limit on a(pp — HH)/crTheory

102

—

"y
o

LI lllllll

CMS

Nature 607, 60—68 (2022)

Evolution: Early Run2 to Now to HL LHC
HH — bbbb, bbtt, bbyy+ Combined

T

| |

T IIIIIII

HH — bbbb

HH — bbztt

TTTTTT

IIIIIII

HH Combined

B
= !

—8— Observed

---- Median expected
[ 68% expected
|:] 95% expected

HH Observation Coming Into Reach at HL LHC

7
&)
(@
=
z
@)

95% CL Limit on o(HH) (fb)
vs self-coupling K,

CMs

138 fo~! (13 TeV)

-
[=]

L K=Ky =
L Koy=1

T T
—— Observed Median expected -
= Theory prediction [EEE 68% CL expected ]

----- 95% CL expected 1

Excluded 1

Ky,

Excluded

5 4 =2 0 2 T

95% CL Limit on G(HH) (fb)
vs quartic coupling k5,

138 fb! (13 TeV)

10

LI R R R T ]
—— Observed Median expected ]
= Theory prediction [ 68% CL expected ]

----- 95% CL expected

Excluded Excluded



https://www.nature.com/

SM and Search for BSM in HH = bbyy at 13 TeV
Higgs Self Coupling; Top Coupling; BSM Couplings

= Self coupling and Yukawa Coupling modifiers:
where
and where ySM = m, /0 = U 7

+ BSM Couplings from Dim. 6 Operators: Cy, Cq, Cqq

C
¢, H— -2 H?) GG,

l 5(
437rv & 20

| MX My = Mg — (M — my) — (m.,, — my)
Is particularly sensitive to the different BSM
benchmark parameter choices;

less sensitive to dijet, diphoton resolution

= SM ggF HH signal compared to
BSM benchmark points 4, 8, 10:

CMS Simulation

| — SM ggF HH—>‘r'ybb
BSM 4

Normalized to Unity
o

-
=]
N

P
e
M

“300 400 500 600 700 800 900

= VBF HH signal compared to
two anomalous C,y, values: 0 and 2
CMS simwation __________ 13TV

SM VBF HH—yybb c,y, =2
., =0

L

e

SM ™ p——
— I I T R a s 1 al o o o 1 o o o | B
400 600 800 1000 1200 1400 1600 18002000 Mx




Ch1s, |

Recent Higgs Boson Self-Coupling Results with Full Run2 Data

® New HH decay channels and significantly improved analysis strategies
®* Explore VBF production mode and HHVV coupling

HH—bbyy Inclusive: JHEP 03 (2021) 257 HH—bbZZ*—bb+4¢ (CMS-PAS-HIG-20-004):
= -3.3<K) <850bs @95% CL = -8.8<K; <13.40bs @95% CL
= o(HH) / o(HHg),) < 7.7 (5.2) obs(exp) @95% CL = o(HH) / 6(HHg,,) < 32.4 (39.6) obs(exp) @95% CL
= HH—bbyy VBF Categories 95% CL Limit on 6(HH) X B(H — bbZZ* — bb+4¢)
= o(HH)/ o(HHg,) < 225 (208) obs(exp) @95% CL Versus K,
95% CL Upper Limit on o(HH) X B(HH — bbyy) (fb) 105 1?8 LBCER L)
Versus K, Versus K, Theoretioal uneentaries

—— Observed 95% CL limit
Expected 95% CL limit

Il Expected +1 s.d.

[ Expected +2 s.d.

- cms - 1
> 187" (13 TeV) | _ o 137" (13 TeV)
4 59 CL upper limits 95% CL upper limits

—
(@]
IS

- — Observed
—— Observed ~ 0 X
-=-» Median expected H H — b b‘Y’Y 2 R Median expected
o > I 68% expected
I 68% CL expected £

95% CL expected 95%expected
B Theoretical prediction
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L
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Self- and tH Couplings: HH—bbyy + ttHH— yy  JHEP 03 (2021) 257

Single Higgs boson production & decay rates, kinematics,
are sensitive to Higgs self-coupling through Electroweak Corrections

® |ndirectly constrain kK, ,assuming no other BSM effects

g 5060 H

\ H
ggF t4 te--H VBF V e

/H q - - i AN G. DeGrassi etal,
g QQQQ0) F. Maltoni et al,

t

CMS _ 1emiasTev)|  CM 137 o (13 TeV) o(ggF = HH = bbyy) 95% CL Upper Limits
K¢ - Observed | i i for 12 Shape Benchmark Points

15 OMAS, | | : : . CMS 137 b (13 TeV)
- 1 ~ [~ 95% CL upper limits HH — YYbE .

® Observed
O Median expected
— I 68% CL expected
- 95% CL expected

95%

Gyt 11y B(HH — yybb) (fb)

Su bstanl',ltial
effect of|ttH

- % SM -
. o HH cat. Best fit -
— — HH cat. 68% CL -
- ... HH cat. 95% CL -
HH+ttH cat. Best fit F Observed
HH+ttH cat. 68% CL ; Y-
’-IH+tt,-l cat. 95% CL ‘ . 1 [ —HHcat, x,=12";,

20 15 10 | HH+iH cat, = 1373\

HH—)bb’Y’Y'*'ttH H—>'Y'Y K/l ------------------------------- '“'/'1'5"'Kt

521510.50051

8 9 10 11 12
JHEP 03 (2021) 257 Shape benchmark




Recent Higgs Self- and Quartic Coupling Results with Full Run2 Data

SNPY Resolved analysis HH—bbbb currently provides the most stringent limit
on HH production from an individual decay channel PRL 129, 081802 (2022)

/l

Mpp distribution

= Targets both ggF VBF SM Like Region | Ovygp(PP—HH)(fb) vs Koy, [ Oygr(pp—HH)(fb) vs Ky
and VBF Production e T : : : ML fb;’ (13TeV) |, CMS : : 1 fb'1:(13 Tev)
= Dedicated triggers: b Tmmmen #57 Cl oper s Al categories 557 CLpper i All categories
on 3-4 b-jets el e I HH-—bbbb
u NeW an a|yS IS. ‘ 10 At —Theoretlcalpredlctwn IIIIIIIIII L : - L Theoreticgl prediction :
Multivariate with i N ‘ X
B acC kg roun d eSt| m ated 108 1 (13 Tov ........................ ...................... ........................ N
from multiple control — -
regions ol — || 10F N - ] -

» DeepFlavour b-tagger

» Largest Uncertainty Sources

= Total integrated luminosity

= Jet energy scale & resol’n

" b-tagging selection -0.1 (-0.4) < Koy < 2.2 (2.5) observed (exp) @95% CL




New: Higgs Boson Self- and Quartic Couplings Ky , Koy With Full Run2 Data

Highly Boosted HH — bbbb analysis with ParticleNet GNN CMS-B2G-22-003
H — bb tagger: Most stringent limit on Quartic HHVV Couplings Accepted by PRL

Dpp subleading jet Mass myeg| My, for Koy = 0 Ky =Ky =1 [Kpy vs Ky 2D profiles K, = Ky = 1
138 b (13 TeV) 138 o' (13 TeV)

CMS ¢ Data i coo
[ VBF cat. F =0 [ tieiets
Bkgd. unc.

» Targets both ggF and VBF
Production; 30X Ky Sensitivity

= State of the art ParticleNet GNN
discriminant 9,, selects large

radius jets from H — bb
rejecting QCD jet and tt pairs HH(W = 3.5)

CMS
ggF cat. 1

+ Data . QCD, ggF H, VBF H VH

. HH (11=35) . ti+jets ttH
B vijets, W LP MP HP

Total unc
HH(Koy =0)

[EEeR

Events / 10 GeV
Events / bin

= P, score — 3 Working points
Tight, Medium, Loose:
Efficiencies 60, 80, 90%
QCD +tt Backgd 0.3, 1, 2%

6
4
2
0
0
5
Of
<
0

= BDT score uses jet pr & mass, Ei f : -
P M kinematiCS, and gbb - g 8 : et | ol
tight, medium and loose WPs s e ey g i 0
with 1, 2, and 12% misID rates _
Mg, s end ey s el ggF BDT Category 1 |VBF LP, MP, HP Categories |Showing the 1,2,3,5¢ CL regions
purity categories based K,, = 0 excluded for the first time, at 6.30
on the Dy, and BDT scores 0.62 (0.66) < Ky, < 1.41 (1.37) observed (exp) @95% CL
" High Purity VBF Category =9.9 (-5.1) <K, < 16.9 (12.2) observed (exp) @95% CL

requires 2 tight Dy, large jets http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-005/index.html

' Time Evolution: From Discovery to HL-LHC
CO”CIUSlOnS Nature 607 60-68

= Measurements of Higgs boson properties Signal Strengths p Couplings Precision

agree with SM expectations, hints for new . 0
physics could emerge as data taking and Precision AK/K (%)

progresses and analyses advance

= Major production and decay channels
reaching ~10% level precision.
Improved sensitivity to rare process
e.g. evidence of H>pp and H—&¥

= Substantial progress in fiducial/differential
and STXS measurements, and new machine
learning methods: deepening the search

= Higgs boson coupling CP-structure studied
In both Higgs-fermion and Higgs-boson
couplings, no sign of CP-mixing so far

» Good progress in HH searches with new
channels and improvements in analysis:

Upper limit on o(HH)/Gg), down to 2.5 ” h
q (T Bl D-,r% T My, 1
PrOSpeCt of 50 at HL-LHC By N e v o 0!300 LHC“? qrh'sﬂe ei LHC stat @ syst DStat Dsyst

= The search for BSM physics is expanding The expected LHC + HL LHC
on many fronts: in the Higgs sector & beyond dataset is 20X the current dataset
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LHC Run3 and Beyond
We have Iaunched on an (9cean aﬁ fl)wcauew



http://cms.web.cern.ch/org/cms-higgs-results

Bright Praspects fox the L LIEC

ATLAS and CMS  HL-LHC prospects 3ab? (14TeV) | o CMS Phase-2 Projection Prefiminary 3000 fb" {5 = 14 TeV, 3000 4" per experiment f5 = 14 TeV, 3000 " per experiment
o L IPTITI—— 2 ¢ o - St Only Tl ATLASandCMS | | T ATLAS and CMS
T | ‘ [’ : : — Combination : gF M= 125.38 £0.07 (£ 0.02 stat.) GeV '— Stat. + Syst. —_ gtalmt.mal ; HL-LHC Prjection — gtallst]cal . HLLHC Projection
41k ¥ 0.1 <Ki <23 [95% Cl] ! _ b ' : T;gi:;men ’ Uncertainty %) : T;:z;lymen : Uncertainty [’
Vb 0| osenctspeney [0 | b 7+ : . T SatEp T
994%CL " bo 6 ;' Oogh = el B 1 = 17 08 07 13
i _ - ' K, = 15 07 06 12
| BBt 5 : Oy = 1118 15 21 K: —
) ¥ , — 25 09 08 21
bbZZ*(4)) - o 0]
AR ) 4: Oy — 57332640 | M 34 03 11 3
95% CL 4: - __'.I, - beV(WN) Si— | Kb — 37 13 13 32
i ¥ Omp=__ 422613311 K = 19 09 08 15
Gl Wb 2r Ky =—" 43 38 10 17
68% CL ot C Oy F— ; 4313 18 37 -
L o S — KZY— - |ss 1217 84
QQ -1 E 0 002 004 006 008 01 012 014 0 002 004 UUG 008 01 0. 12 0. 14
[ I A Expected relative uncertainty Expected uncertainty
125.1 125.2 125.3 125.4 125.5 1254
m,, (GeV) @

Outloote: Mg = 12535 £ 0.03 GeV; I 3¢ < 0.18 GeV at 95/, CL
Ubove CUUL: (l?)agage{iwm wcwmnta.(l)wcaue‘ty/



http://cms.web.cern.ch/org/cms-higgs-results

Many More Higgs
and Other Physics Results —

public-results/publications/
https://cms.cern/tags/physics-briefing

The Higgs 2022 Conference (November 2022):.
https://indico.cern.ch/event/1086716/timetable/#all.detailed

57t Rencontres de Moriond (March 2023)
https://moriond.in2p3.fr/2023/ Ongoing



https://moriond.in2p3.fr/2023/
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Candidate Events Mass Peaks

CMS Experiment at the LHC, CERN | H =) BOSOﬂS H -> FermIOnS

Data recorded: 2018-May-10 13:41:39.516864 GMT

- -1 -1
Run / Event / LS: 316082 / 225538853 / 180 138 o' (13 TeV) 138 o' (13 TeV) 138 7 (13 TeV)
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The LHC: Spectacular Performance
A new era of opportunity; a new era of challenges

Data Complexity: The Challenge of Pileup

~3.5 X 10 pp

\ L

Run3 and Beyond will bring:

Higher energy and intensity

Greater science opportunity

Greater data volume &
complexity

A new Realm of Challenges

_—
2 iy

, 2
-

J

Wl .
< 3:5’% Average Pileup

N\

Collisions ~5M Higgs
Bosons produced

Run 1 21
Run 2 40
RuNn 3 ~54-65
4 HL LHC 140-200




The Outlook

%* SM or not: the 125 GeV Higgs boson
has taken us to the threshold of an era
of new physics, with a host of questions

#* Natural, Split or High Scale SUSY ?:
#* A nearby 3'9 generation at <~2 TeV ?
#* Another nearby scale at ~5-100 TeV ?

#* OR: new singlets, doublets, triplets; new
scalars, vectors, composites, extra dim. ?...

#* Vacuum (meta)stability =»
Another new scale at ~1010-12 GeV ?

#* Neutrino masses (via seesaws or RH V):
A “similar” intermediate scale ?

% The Discovery has Expanded our Vision

» Run3+ : anew horizon to explore and test g

our ideas: on EWSB and beyond

Apologies for all | could not cover

Giudice
| Strumia

Metastable A

Stable
A- strumia talk at PLANCK 2012

20 125 30 135

My, in GeV

Degrassi
~.. etal.NNLO

A at High Scales largest couplings
10 ——~~r—rT17+—




The 125 GeV Higgs Mass

Are we just on the wrong side
of the Vacuum Stability Bound ?

NNLO Evolution of the Precise Knowledge of the Top Mass
Higgs Self-coupling A(p) as well as the Higgs Mass is Imortant

180

M, =125 GeV
30 bands in
M;=173.1+ 0.7 GeV
ag(M7) = 0.1184 = 0.0007

~—
=
S~
~
on
g
=
=
Q
(&)
2
g
=
o
w2
en
an
m

Pole top mass M; in GeV

Stable

M, = 175.3 GeV
125 130
10> 10* 10° 10% 10 102 10 10'¢ 10'8 10%°

RGE scale i in GeV HiggS MaSS |n GeV

* For a Higgs mass of ~125 GeV

» A goes negative ®» Vacuum we are in is metastable... 2?

» OR: New physics at an intermediate energy scale ~1010-12 GeV
= What lies between us and the Big Bang ?




Higgs Boson Decays
| Many Modes Contribute near 125 GeV

vy, WW, bb  [the big 5*]

Rare High Mass Resolution Channels Have a Special Role:

H-2>yy and H-> ZZ - 4 Leptons

Higgs BR + Total Uncert

0y
=
-

# BR 0.01% |

{ *+Low Mass: W/Z+H -
(WW) =3l 3v; H = Zy;
WH + ZH = qq’ 2| 2v

*+ High Mass Search ZZ — 2|
2v; ZZ = qq' 2I; WW = qq’ lv;
H —=ZZ -212¢

125 GeV — A Spectacular Mass:
~89% of final states studied




HH Production Measurements at CMS
in HH — bbyy, bbévév, bbtt, bbbb

= A Unique Probe of the Higgs Mechanism
= Allows a measurement of the Higgs self-coupling A

= Provides information on the shape of the Higgs potential,
and on the stability of the electroweak vacuum
Destructive Interference: Gy,/Gy 4 <1073

Talks by C. Amendolia
at Higgs Hunting and D.
Majumdar at ICHEP2018

a(pp—HH) [pb]

10
e

!

Non-Resonant Searches
* BSM anomalous couplings could lead

Resonant Searches: X =HH
Predicted by many Extensions of the SM:
MSSM, other 2HDMs, Extra Singlets,

HH production at 14 TeV LHC at (N)LO in QCD

g Warped Extra Dimensions,
e CP-Even Spin 0 or Spin 2

n)Lolf]

MadGraph5_aMCENLO

71




Event Separatlon Irene Dutta: H — pp Evidence

Talk at La Thuile

Exclusive channel with presence of b-Jets Reject ttH and VH events O Collect all events
rejected by other
Presence of two channels
additional jets with
ttH hadronic ttH leptonic VBF-like kinematics 4 Dominated by 0/1
; jet events with no
l a Jet selection : P> 35 (295) extra leptons
GeV for the leading
l (sub-leading) jet and
2u 2u+ additional ple isolated from leptons
4 M. >400 GeV, An (j))
>ﬂ.5 for the two leading
jets 6




Event separation

Train independent BDTs for each region

Background modelled with discrete likelihood
profile of physics inspired and empirical functions.

Signal peak modelled with a Gaussian function with
power-law tails on both sides

Perform a parametric fit to Mpu spectrum

e Train a deep neural network

e Perform a simulation based template
fit to DNN score output



Evidence of H—pp

Irene Dutta: H »> up
Evidence:Talk at La Thuile

CMS 137 b1 (13 TeV) CMS 137 67 (13 TeV)
m 1:IIII|IIII|I III I I|IIII|IIII|IIII|IIII: m 1:IIII|III'I|IIII|IIII|IIIIIIIIIIIII|IIII|IIII|IIII:
= C 3 = C 3
[0 ] ©
T ) >
O ' O
T e 0w
Syg g 810"
- p -
""""" {26
1072 E 102
i “189 T “|da.
— Combined — VBF-cat. 3 Expected —Combined — VBF-cat. 3
Observed —ggH-cat. — tiH-cat. ] m, =125.38 GeV —ggH-cat. — ttH-cat. _
— VH-cat. 4 —VH-cat. 4
10—4 |I|||IIIIIIII||IIIlIIIIIIIIII|III||l||||IIII|IIII 10—4l||||||II|IIIIIII|I||||I||III|IIII|IIIIIllIIIIIII
120 121 122 123 124 125 126 127 128 129 130 120 121 122 123 124 125 126 127 128 129 130
m, (GeV) m, (GeV)

Production category

Observed (expected) Signif.

Observed (expected) UL on u

VBF 2.40 (1.77) 2.57 (1.22)
ggH 0.99 (1.56) 1,77 (1128)
ttH 1.20 (0.54) 6.48 (4.20)
VH 2.02 (0.42) 10.8 (5.13)
Combined /s = 13 TeV 2.95 (2.46) 1.94 (0.82)
Combined /s = 7, 8, 13 TeV 2.98 (2.48) 1.93 (0.81)

For ggH, VH, and ttH
channels - interpolate
signal shape parameters
analytically from m , = 120,
125, and 130 GeV signal
samples.

For VBF channel,
re-evaluate DNN for each
mass point with the mass
input fixed to that value
and perform a new fit

Observed jitter in VBF due
to shuffling of data events
in high score DNN bins as
mass changes (binned fit).

M, =125.38 GeV




Prospects for Run3 and Beyond
“Therne’s Plenty of Roem at the Bettom”

An Invitation to Enter a New Field of Physics
(Feynman Lecture at Caltech, December 29, 1959)

There is So Much Room CMS [Scenario S1; Being Updated Now]

L(fb) | Ky | Kw | Kz | Kg | Ky | K¢ | K; | Kzy | Ky | BRows

300 7% 6% 6% 8% 13% 15% 8% 41% 23% 28%
3000 5% 5% 4% S% 7% 10% 5% 12% 8% 17%

L (fb) | Ky
300 9% 9% 8% 14% 23% 22% 14% 24% 21% 22%

3000 5% 5% 4% 9% 12% 11% 10% 14% 8% 14%

We have oniy just begun

And If We Both Improve [S2; 3000/fb]

- Reduce Theory Systematics by 50%

ATLAS 524 525 424 927 12511 1129 1029 14214 827 1411
CMS 592 532 422 533 724 1027 532 12510 88 6—3




Now that Higgs Boson Mass is precisely known:

Importance of precise MTOp (and M,y) measurements

LHC Top WG April 2021 Precision top mass may reveal fate of [Gfitter, 1803.01853]
I ! I ! I | I I I ] I 1 I I I }l |1 I ! I ! I ! I [ I %

LA ClS P T our universe, or hint at new physics S E 3 o i
+ reliminal summary, Vs = 7-13 Te i 28 . *
LiciophG " Mo SETTETY ’ 8 - 68% and 95% CL contours " f:m s A
------ World comb. (Mar 2014) [2] - : H N o2 _:
“ 0 st - e A< 0 W —;' 80.5 - B Fitw/o M, and m measurements :i -0 :gjg Ei)vso G’\,/,,
otal uncertainty ot (ta £ st Rl M, = 173.1 £ 0.6 GeV (gray) B . i —o=0400000, (e 4
LHC comb. (Sep 2013) LHctopwe 1?:]!29 20.95(0.35yt0.88) 7TeV [1] @3(Mz) =0.1184 + 0.0007(red) EIQCtroweak E . Flt W/O MW' ml and MH measuremems :} [Teo’ sl
World comb. (Mar 2014) muorwEB 08 ertevy || = O00F M), = 125.7 + 0.3 GeV (blue) vacuum B Direct MW and m measurements gl 0 ]
ATLAS, l+jets 17233127 (0.75+ 1.02) 7TV 13 2 C \ 5 ; ]
ATLAS, dilepton 173792 1.41 (054 £ 1.30) 7TeV 3] T omlb becomes 80.45 I :} P
ATLAS, all jets 1750 18(1.4£12) 7TeV 4] g E . [ , 3
ATLAS, single top 1722421(07420) 8TV 5 2 g SMis Healthy ! o ]
ATLAS, dilepton 17299+ 0.85 (0.41+ 0.74) 8TeV [6] £ 002+ B H H [i: [ 22
ATLAS, all jets 17372 1.15 (055 + 1.01) 87eV [1 A Y | SR R R VT VLUV E BUt lelted ,*ff,l o ]
ATLAS, l+jets 17208 £0.91 (0.39 £ 0.82) 8TeV [8] E;t 80.4 — Ll 4 [” S|
ATLAS comb. (Oct 2018) 17269 £048(0.25 £0.41)  7.37av 5] T 000 = 14 : -
ATLAS, leptonic invariant mass (*) 1?445+078(U4010.673 13TeV [9] e o ad *:u v WA /,;/,:.
CMS, I+jets 173.49+ 1.06 (0.43 £ 0.97) 7TeV [10] 002k 7 L 2~ | ”, //j” 3|
CMS, dilepton 172501520434 148) 7wy M 00 - T T===== = M. comb. = 1o A 9’ R ’ —
CMS, all jets 17349% 1410692128 7Tev 1] M; =174.9 GeV — W S5 = .’ —
CMS, l+jets 172.35£ 051 (0.16 £ 0.48) 8 TeV [13] =004, oy 80'35 - Mw =80.379 = 0.013 GeV ,,"/ 72— ’ -
CMS, dilepton 172.8241.23 (0.19+ 1.22) 8TeV [13] 100 10 105 108 10 102 10M 10 108 102 - _’ , F - . i -
CMS, all jets 17232064 (0252050 BTev 1] ‘ o = o N—AF bl 22 < .
CMS,sing\etop 172,95 1.22 (0.77 £ 0.95) 8 TeV [14] RGE scale M GeV N ;"? Tz A |
CMS comb. (Sep 2015) 17244 £048(013 £047) 748 TeV [13) . - - - L féz il - a0 7
S msamomoz e | P Main systematic uncertainties 80.3 - ¥ . ]
CMS, dilepton 172.33£0.70 (0.14 £ 0.69) 13TeV [16] . . C % ; . ‘w :} L 1
CMS, aljts RULOBONLON,  Tey (7] » hadronization ~ 0.35 GeV B W 4
CMS, single top (*) 17213+0.77(032+ﬂ701 13 TeV [18] > Jet energy CorreCtionS B Cd\\ GG\X & f ‘ ;uee,\i' _
ATl 211 HEF 1] 13] PRO 93 (2016) 0721 | {Q :\ \fz’b r 0 9 '4 - § 1
* Preliminary ~ 0.15 GeV 80.25 LW /‘}/ Q\».*/ ® ’:J’ \\\_//171:‘( fltter SMJ; |
NI NI Barn S I A » hard-process scattering DA coa a5y g el B e L]
1 17 17 1 1
65 0 ey 18 ~ 0.15GeV 140 150 160 170 180 190
Myyp [GEV]
< correlated between channels, M,, = 80.379 + 0.013 GeV m, [GeV]
methods, and experiments : T :
- Update of Gfitter Precision Elwk Fit:
< total uncertainty < 0.3% P

R. Kogler, Moriond EW 2018




Higgs Coupling Constraints in the K framework
BSM: Allowing for BR (Undetected) and BR (Invisible)

| To Study BSM Assume K, K\, > 0; [K | [k, Likelihood ratio scan |
contributions to Higgs | |<=1; BRypdet and BRipy >0,| BRinvisisLE < 0.22 at 95% CL
width in loop processes free parameters —_—
= Use Effective coupling ) p e

7B ----- SM Expected

== 1g interval

e CMS Preliminary ® Observed
mOdIerI‘S K’Y ’ Kg 35917 (13 TeV) o

— 2G interval

Likelihood ratio scan |
Higgs Width I'yy / TSV

359 (13 TeV)

CcCMs

Preliminary

— Observed
N ----- SM Eixpected

H - I_nViSible (eg X,X) 0 :372 04 06 08 1 12 14 16 18 2 ._— 1_‘H/FHSNI

pTMISS + X Se aI’Ch es Parameter value A <17 at
—| Constrain BR (H = inv) | K; uncertainty 40% lower Nol 95%CL

Talk by R. Garosa at ICHEP | than Runl: G, categories | | 2 T,




Chs, | - . K Factors

H Coupling Constraints (I)| o proguction and becay
_ CMS Freliminary

» NOTE: Leading order K framework 35.9 b (13 TeV) — 1o interval

correlates production and decay rates — 2c interval

* Interferences among diagrams constrain
and may resolve degeneracies, such as = ;

& Observed

positive vs negative K values.

= gg = ZH production can break the K,
and ggF H production (t-b loop inter-

ference) can break the K, degeneracy
q H g x

|1{W|

Ky

g

2.46 - k% 4 0.47 - k2 — 1.94

-2 15 105 0 05 1 1.5 2 25 3
104 . Kt + 0002 . Kb — 0038 @l Parameter value

Negative sign for K, slightly preferred due to small
ggF production excess over SM expectations

LHC Higgs Cross-Section WG 2013: CERN-2013-004 arXiv:1209.0040. arxiv 1310.4828




cases whereK; X Ky >0

" Single top production, for example
tHq, probes the relative sign [*]

[*] NOTE: Large
changes in the
tH cross
section and
kinematic

- ) 2 . . .
2.91~K{-|-2.40'Kw—4.22 distributions
eﬁ. .- !.’_,.,..

WA Y

are possible in
BSM scenarios,
iIncluding when

KX Ky <0

= There is an overall sign degeneracy: |
— 1 SofixK; >0 and only consider the

CMS Preliminary
35.9fb7 (13 TeV)

# Obsemved
= g interval

— 2g interval

-2 15 105 0 05 1 1.5 2 25 3
Parameter value

Assumes no new particles in loops:

®» BSM tree level contributions to ttH, VVH
vertices expected to be highly suppressed

BRggy = 0; Ky, Kq resolved in terms
of the others: Kyy K7 K; K and Ky,




¥ Observation of ttH Production !
DirecTo

t g t
it \/ - @ Observed
_____ N N = 110 (stat @ syst)
) ‘ mmm +1o (Syst)
- . ) : — 120 (stat @ syst)
2 ttH(WW™) :

SM Top Yukawa (~1) already

probed through gluon fusion J . e iHer)
production and H->yy decay . _
But direct observation yields : i ffH(r'r)
more information: e.g. | || GHED)
disentangle possible BSM |

loop contributions e et | BTV
ttH cross section at 13 TeV:  09sB |

0.51 pb (4X Larger than 8 TeV)

Kith Signal Strength
Small x-section but good S/B;

Combined

- 51107 (7 TeV) + 19.7 b (8 TeV) + 35.9 b (13 TeV)

Combine many channels: WS ol
H— hadrons (bb,TT,WW), 0 e
Leptons (WW,ZZ,t1), o\ e Best Fit p(ttH) = 6/ogy

1.26 +0.31 -0.26

Significance 5.20
(4.20C expected)
@l Talk by Davide di Croce at LISHEP 2018

Photons (yy)

Main background: t-tbar
(measured), ttW, ttZ
(from theory (MC))




1st Observation of Vector Boson Scattering (VBS)
In Same Sign W Boson Pairs [Fall 2017; 2016 Data]

Q)

= Final States: Same sign dilepton, 2 Jet, MET = Exactly 2 SS Leptons,
= EXxcess over SM possible from anomalous veto 39 with pt> 10 GeV,

Quartic couplings or new resonance m; > 20 GeV, My veto;
N -- for ete-: ptM'SS > 40 GeV
m? JEtS, m” > SOOGeV,
|An| > 2.5
= Suppress backgrds: WZ,

DY, top, nonprompt events

8 A O
\ Eﬁk 4
S = ! =

BSM Search

oS Results

- .

5 5 i of == 1st Observation

NE WWw il EWWW VBFHS »WW: 3591 (13 TeV)
Wz Wz 3 _

E Nonprompt Nonprompt H% — Observed CMS (@) f VB S c 5 = 5 a
Others Others = — Medi

LI:j ) A Bkg. unc. E;:EE:EEEkg‘runc‘ ”g [ g;i.lizggzged (5 . 7 O ex p eCc t e d )

95% expected

++
brd

L4=0.90 £0.22

Improved bounds on
Structure of Quartic
200 300 400 500 600 700 800 900 1000 VB gauge InteraCtlonS

Mij (GeV) (GeVv) (GeV)
J Mij M(H+x) By a factor of 6
Phys. Rev. Lett. 120 (2018) 081801; CMS SMP-17-004

Syee(H™) B(H
(=)
o

1000 1500 2000 " 200 i 600







|Higgs Couplings to Fermions and Bosons: Set
all fermion scale factors to Kg, W & Z scale factors to Ky,

CMS Preliminary 35.9 b (13 TeV)

» Constrained Fit: Assume
= Custodial symmetry
= Fermion universality
= No BSM particles
= All loops resolved
= Relative Sign Constraints:

= vy decay loop & single top
interference constrain KKy,

" gg = ZH interference
constrains KKy

" ggH loop interference

05 H—bb DH_}” + B_@St* SM » constrains Kth
Hozz [JHoyy fit Expected

lo ..
region regio

[ JH—ww [Jcombined

0.5 1 1.5 K, =1; K- =1; Exclude
\ non-SM relative sign at 25 o g3

Data closely consistent with SM:




| Differential Measurements of Higgs Inclusive Production
ICombine & Adapt H— YY, ZZ, Boosted bb: Gy + Differential Analyses

= Fair fermion constraints already from | ®* Combination analysis adapts the
inclusive cross sections: analyses of Gfiqucial +

evident in couplings Kp,K; distributions in the H= yy,

i . . ZZ, bb channels individually
= But access additional information « Match bin boundaries:
through shapes: P, [yul, Niets, Pr(J1) atch bin bounaaries,

: : . bb important at high PH
= Including on lighter quark coupling K | _ ol 5] 5y s B 00 S

= Variations in the Ks distort the shape G(TOT) scan do(ggf)/dP*

coupling to t, b, ¢ quarks in k-framework coupling to gluon ¢, CMS preiminary 359107 (13 TeV) CMS Preliminary  35.9 fb" (13 TeV)
: do/dpr(H) [pb/GeV]  with dim-6 o F ; - 10.93731/CYRM-2017
: S LLUE kit [ ——— g, from DOI: 10.23731/CYRM-2017-002 gg —H
10" L ggH@LHC 13 TeV NNLL+NNLO __ g 5 Stat, uncertainty
Mp=125 GeV o [ ’

| Bishara et al.
14 PRL 118 (2017) 121801

(pb/GeV)

Combination

e WS 556+0.5 pi

H

L H-yy
[ o,=611:6.0(stat)£37 (syst) pb

i \u(p'l‘ > 600) / 250

.

A9 Ap

Grazzini et al. -
arXiv:1705.05143 T

—_
o

(Madaldprp)/(V/adaldpr )sm

50 100 150 200 250 350 400

[P SV o
i

Ratio to prediction

j"'7.0 80
prn [GeV] pr(H) [GeV] 0, (Pb) pH (GeV)
Talk by R.V. Tavalaro at ICHEP; CMS HIG-17-028 || = Agree with SM; Still statistics limited

0 20 40 60 80 100

0 15 30 45 80 120 200 350 600 *

Q)

i\
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i
with 78/fb: including

ttH Production Measurements

Ny

H— b

H= 77740 H=WW =iy

H=rr

(multi-leptons)

+ All Hadronic
Higher purity

| In CMS
Higher 0 x BR

—e)

H -y

Observation: Welcome to the Family

full 2017 dataset

Analysis Outline

0 Very clean final state, but tiny
branching fraction

o Dedicated ttH channel part of the
global H— ZZ* analysis

o tt hadronic and leptonic channels
o > 4 jets, > 1 b-tagged jet and
additional 0/1 leptons

o Combined fit (relying on myy and a

kinematic discriminant) with analysis
of 2016 data

(doi:10.1007/JHEP11(2017)047)

Phys. Rev. Lett. 120, 231801 (2018); HIG-18-001

See Talk by Carmen Diez Pardos at ICHEP




Higgs— bb Observation !

Coupling to 2"d Gen Fermions, Down Type Quarks
77/tb, Including 41/fb of 2017 Data

= Largest BR (58%) but very I-arge Background
®» Use WH, ZH: Greater S/B; Direct probe of Yukawa Coupling

5 VH Channels Z(&)+H(bb), Z(vv)+H(bb), W(év)+H(bb)
Signatures: two b-jets; Leptons and/or E{Miss
» Three Channels: 0,1,2 Leptons from V decay
= Validated with VZ, where Z = bb (5-15X VH cross section)

= Improvements: DNN for b-jet ID, regression improves
mass resolution, MVA techniques for better S/B separation

A\

H —=bb Candidate

Backgrounds: V+Jets,
VV, Top. OCD

g4 Events vs Log (S/B) | p=1.01+0.17+0.14

517 TeV)+ 189" (8 TeV) + 772" (13 TeV) VHH-bb 51" (7 TeV) + 189 (BTeV) + 77.210" (13 TeV)
o Observed

— +1y (stat ® syst)
m— 117 (syst)

=106 +0.17 (syst) £ 0.20 (taf)
p=119£039

S/(S+B) weighted entries

n=108£034

Combined

Significance
All Data

5.60
Observed

5.50
Expected

140
m(jj) [GeV]




