LHC is “Staying on target”

Recent CMS results on :

Higgs physics

CIPANP
August 30, 2022

Philip Chang

University of Florida o




Higgs physics is broad and | cannot cover all!  chang

Florida

http://cms-results.web.cern.ch/cms-results/
public-results/publications/HIG/index.html

HIG-19-016 Measurement of the Higgs boson inclusive and differential fiducial production cross sections in the diphoton decay channel with pp collisions at \,v"E =13 TeV Submitted to JHEP 25 August 2022
HIG-21-001 Searches for additional Higgs bosons and for vector leptoquarks in 77 final states in proton-proton collisions at \/} =13 TeV Submitted to JHEP 4 August 2022
HIG-21-006 Search for CP violation in ttH and tH production in multilepton channels in proton-proton collisions at \x"; =13 TeV Submitted to JHEP 4 August 2022
HIG-21-003 Search for the exotic decay of the Higgs boson into two light pseudoscalars with four photons in the final state in proton-proton collisions at \"E =13 TeV Submitted to JHEP 2 August 2022
HIG-21-015 Search for the Higgs boson decay to a pair of electrons in proton-proton collisions at /s = 13 TeV Submitted to PLB 30 July 2022
HIG-21-010 Search for a charged Higgs boson decaying into a heavy neutral Higgs boson and a W boson in proton-proton collisions at /s = 13 TeV Submitted to JHEP 4 July 2022
HIG-22.001 A portrait of the Higgs boson by the CMS experiment ten years after the discovery 022) 60 4 July 2022
HIG-20-004 Search for nonresonant Higgs boson pair production in the four leptons plus two b jets final state in proton-proton collisions at V“} =13 TeV Submitted to JHEP 22 June 2022
HIG-21-002 Search for Higgs boson pairs decaying to WWWW, WWrr, and 7777 in proton-proton collisions at V“; =13 TeV Submitted to JHEP 21 June 2022
HIG-20-013 Measurements of the Higgs boson production cross section and couplings in the WW boson pair decay channel in proton-proton collisions at \5 =13TeV Submitted to EPJC 20 June 2022
HIG-20-010 Search for nonresonant Higgs boson pair production in final state with two bottom quarks and two tau leptons in proton-proton collisions at \: =13 TeV Submitted to PLB 19 June 2022
HIG-20-008 Search for Higgs boson decays into Z and J/ys and for Higgs and Z boson decays into J/ys or Y pairs in pp collisions at V‘"} =13TeV Submitted to PLB 7 June 2022
HIG-21-008 Search for Higgs boson decay to a charm quark-antiquark pair in proton-proton collisions at V“E =13TeV Accepted by PRL 11 May 2022
HIG-20-007 Constraints on anomalous Higgs boson couplings to vector bosons and fermions from the production of Higgs bosons using the 77 final state Accepted by PRD 10 May 2022
HIG-20-018 Search for light Higgs bosons from supersymmetric cascade decays in pp collisions at Vv‘l? =13 TeV Accepted by EPJC 28 April 2022
HIG-19-014 Search for Higgs boson decays to a Z boson and a photon in proton-proton collisions at \/} =13 TeV Accepted by JHEP 27 April 2022
HIG-19-010 Measurements of Higgs boson production in the decay channel with a pair of 7 leptons in proton-proton collisions at V"E =13 TeV Submitted to EPJC 27 April 2022
HIG-20-005 Search for Higgs boson pair production in the four b quark final state in proton-proton collisions at V"E =13 TeV PRL 12¢ 19 February 2022
HIG-21.013 First evidence for off-shell production of the Higgs boson and measurement of its width Submitted to NP 14 February 2022
HIG-20-003 Search for invisible decays of the Higgs boson produced via vector boson fusion in proton-proton collisions at V‘? =13TeV PRD 105 (2022) 092007 27 January 2022

Just this year alone starting January, CMS produced 20 papers!
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Ratio to SM

Nature 607 (2022) 60
138 fb~! (13 TeV)

i Third-generation fermions
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Coupling
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2012 Run 1 8 TeV ~6 fb? ~200 K

€he New Nork Times

2012 Physicists Find Elusive Particle Seen
Nobel Prize

as Key to Universe

~0.2 M Higgs

~0.1 M Higgs 2012
2011 Englert Higgs

7 TeV 8 TeV




UF

Number of Higgs boson produced Chang
Luminosity # of Higgs
2011 Run 1 7 TeV ~5 fb? ~100 K
2012 Run1 8 TeV ~20 fb? ~500 K
~0.5 M Higgs
2012
~0.1 M Higgs
2011

7 TeV 8 TeV



Number of Higgs boson produced

Luminosity # of Higgs
2011 Run 1 7 TeV ~5 fbl ~100 K
2012 Run 1 8 TeV ~20 fb? ~500 K
Fermion
. Higgs~- -
~0.5 M Higgs
Fermion
2012
Boson
Higgs - -
~0.1 M Higgs = CI:::
Boson
2011

7 TeV 8 TeV

UF

Chang

Florida



Number of Higgs boson produced

UF

Chang

Florida

Luminosity # of Higgs
2011 Run 1 YA\ ~5 fb ~100 K
2012 Run 1 8 TeV ~20 fb? ~500 K
Fermion
o (8TeV) + 5.1 fb
. Higgs--
~0.5 M Higgs
Fermion
2012
% Observed
—68% CL
Boson ---95% CL
----99.7% CL
nggs -- & SM Higgs |
~0.1 M Higgs
Boson
2011

7 TeV 8 TeV



UF

Number of Higgs boson produced Chang
Florida
Luminosity # of Higgs
2011 Run 1 7 TeV ~5 fb1 ~100 K
2012 Run 1 8 TeV ~20 fb1 ~500 K
Fermion
. (8TeV) + 5.1 fb
. Higgs-- >
~0.5 M Higgs
Fermion
2012
% Observed
—68% CL
Boson ---95% CL
-+-99.7% CL
Hl g== { SMHiggs.
~0.1 M Higgs =
Boson
2011

7 TeV 8 TeV



UF

Number of Higgs boson produced Chang
Florida
Luminosity # of Higgs
2011 Run 1 7 TeV ~5 fb1 ~100 K
2012 Run 1 8 TeV ~20 fb1 ~500 K
Fermion
. (8TeV) + 5.1 fb
. Higgs-- >
~0.5 M Higgs
Fermion
2012
% Observed
—68% CL
Boson ---95% CL
-+-99.7% CL
Hl g== { SMHiggs.
~0.1 M Higgs =
Boson
2011

7 TeV 8 TeV



UF

Number of Higgs boson produced Chang
Luminosity # of Higgs
2011 Run1l 7TeV ~5 fb? ~100 K
2012 Run 1 8 TeV ~20 fb™ ~500 K
Fermion
~0.5 M Higgs Higgs-- - . : | _
2012 “If it walks like a duck and it quacks
like a duck, then it is the Higgs boson.”
Boson OF |---95% CL |
. E-99.7% CL
~0.1 M Higgs Higgs ="
5011 Boson

7 TeV 8 TeV




Number of Higgs boson produced

UF

Chang

Florida

Luminosity # of Higgs
2011 Run 1 7 TeV ~5 fb? ~100 K
ploki Run 1 8 TeV ~20 fb? ~500 K
Fermion
. 19.7fb" (8 TeV) + 5.1 fb" (7 TeV)
. Higgs--
~0.5 M Higgs
2012 “If it walk
like
959 OL | b
4F 1---99.7% CL
nggs -- : & SM Higgs |
~0.1 M Higgs 0. .
Boson
2011 ‘
/ TeV 8 TeV



UF

Number of Higgs boson produced Chang
| . s » - s " . . g I
I . : . "

. .", » S B




UF

Number of Higgs boson produced Chang

Florida

. 1930 Lowell Observatory I

~0.1 “If it walks like a duck and it quacks
2 like a duck, then it is Pluto”




“Portrait” of the Higgs boson

Fermion

Higgs - - (<

Fermion

(8TeV) + 5.1 b

%+ Observed
—68% CL

---95% CL

-+--99.7% CL
{ SM Higgs

UF

Chang

Florida



UF

“Portrait” of the Higgs boson Chang
oriaa
Top quark 19.7 for
HigGs - - X "L + Observed|
1995 - SM Higgs
Top quark _
b quark
Higgs - -
b quark
T lepton
Higgs - -
T lepton

W-Boson Z-Boson ]
Higgs--cz::: Higgs-'cz::

W-Boson Z-Boson



UF

“Portrait” of the Higgs boson Chang
Top quark . 20 19.7fb" (8 TeV) + 5.1 o (7 TeV)
Higgs-- ’ 1.8
Top quark 1.6
b quark 1.4
Higgs- - 1.2
b quark
T lepton
Higgs - -
T lepton

W-Boson Z-Boson ]
Higgs--(f:: Higgs--(I:::

W-Boson Z-Boson



UF

“Portrait” of the Higgs boson Chang

Florida

Top quark
Higgs - -

Top quark

b quark
Higgs - -

b quark

T lepton
Higgs - -

T lepton

W-Boson yAd=Telelg
Higgs - - Higgs - -

W-Boson Z-Boson



UF

“Portrait” of the Higgs boson Chang

Florida

Top quark (8 TeV) + 5.1 fb

Top quark _ . -

b quark I
Higgs - -

b quark

T lepton
Higgs - -

T lepton

W-Boson yAd=Telelg
Higgs--cz:i: Higgs--cz::

W-Boson Z-Boson



UF

Number of Higgs boson produced Chang
Luminosity # of Higgs
2011 Run 1 7 TeV ~5 fb? ~100 K
2012 Run1 8 TeV ~20 fb? ~500 K
~0.5 M Higgs
2012
~0.1 M Higgs
2011

7 TeV 8 TeV



UF

Number of Higgs boson produced Chang
Florida
Years Luminosity # of Higgs
2011 Run1l 7 TeV ~5 fb1 ~100 K
2012 Run1l 8 TeV ~20 fb? ~500 K
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Width of Higgs boson clr'!al:;
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In SM, width of Higgs boson is small = 4.1 MeV

,Scalar
L 4

4

Higgs - --Q,
“sScalar

Even if a small coupling to the Higgs can change the width drastically

= |t is important to check the width and
possibility of any additional branching ratio
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Width of Higgs boson Chang
(couplings)?
Rate ~

(p2 - mHZ) + mH2|_H2

(couplings)? (couplings)?
On-shell Rate ~ o

(p2=m7?) + mi2l 42 2

(couplings)2
— Off-shell Rate ~ x (couplings)?

(P2 - par?) + My i2

Off-shell rate

~ 2
On-shell rate :
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2202.06923
<140 fb" (13 TeV)

14 — 212v+4l off-shell + 4l on-shell
— 212v off-shell + 41 on-shell
12| — 4| off-shell + 41 on-shell

Observed
Expected

[1=3.2124 MeV

-1.7

First evidence for Higgs off-shell production with 3.60
significance and probed Higgs width
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Additional Non-SM Branching Ratio (invisible) clr'!al:;
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o invisible invisible
Higgs invisible Q
W, Z-boson ----Q : Higgs

invisible —

nucleon nucleon

19.7 b7 (8 TeV) + 140 fb' (13 TeV)

59.8 fb™ (13 TeV)

—$— Data Z(vv)+jets (strong)
MTR SR Z(vv)+jets (VBF) W(lv)+jets (strong)
W(lv)+jets (VBF) Z(Il)+jets (strong)
Z(ll)+jets (VBF) [ Dibosons
Top HF noise
[] QCD multijet —— Total bkg. (B-only fit)
23X Total bkg. (S+B fit) + 16 == = VBF
= = ggH+VH+ttH
B(H — inv) = 0.07

90% CL Limits
B(H — inv) <0.16

(cm?)

Higgs portal models

DM -nucleon

= = Fermion DM
Scalar DM

Sl

(o}

Direct DM Detection

Xenon1T 2018
—_— LUX
= Panda-X 4T
= CDMSlite
= Cresst-I|
= DarkSide-50

Events / 1500 GeV

-
<
N

-
S
w

-4 B-only fit - S+B fit \\ Bkg. uncertainty — Fitted (S+B)/B

OO L=
(o T YGEN CTRY N3, o)

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

m; (GeV)

Data / prediction

BR(H->invisible) = 18%

Phys. Lett. B 793 (2019) 520 38
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2208.01469

132 b (13 TeV)

H—aa — yyyy ¢ Data
— S+B fit
B component
I tio
(EX

132 b (13 TeV)

95% CL upper limits

—e— Observed

---- Median expected

P 68% CL expected
95% CL expected

Q)
=
>
.
P
T
Y]
©
T
=
o
m
X
L
T
Q
o
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Going deeper into the big data of Higgs boson c!r'!.l:;

Florida

138 b~ (13 TeV)

® Observed | +1s.d. (stat) Th'S iS ||ke
= +1 s.d. (Stat @ syst) L] +1s.d. (syst) asking Whether
—— 12 s.d. (stat @ syst)
. Stat the newly found
- —— 1.02 0. +0.05 : ;
Spin 1 44 5 008 planet is a circle
Boson Z - 1.04 40,07
: ) ~10%
Spin 1/2| Vialoop | ¥ - 1.10:0.08
Quark |
Fermion Via IOOp g ‘@" 0.92 +0.08
Spin 1/2 t —=— 10183
Lepton ~15%
Fermion b —a=— 0.09'53¢
T 0.92+0.08
H Z 112592 ~20%
Vialoop | 7z | ¥ 1.65+034 ~40%

1.5 2.0 2.5 3.0 3.5 4.0

Parameter value
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Going deeper into the big data of Higgs boson

Chang

Florida

Vector boson

How do these couplings really look like?

Fermion
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Going deeper into the big data of Higgs boson cUml:;

Florida

138 fb™' (13 TeV)

Overall ~agrees with SM between
10 - 40% (for the ones we probed)

® Observed
= +1 s.d. (stat @ syst)
—— 12 s.d. (stat @ syst)

V W -@- 1,02 0.08
H-- Z -'@- ~109 | 104200
V Via loop | ¥ -@— 1.10+0.08
Vialoop | 9 -@— 0.92:0.08
t —@— 1013014
F b —-E-— ~15094 | 09931
o . ~20%

: 0.21
H . 1.12%5,

Vialoop | 7 | ¥ 1.65:537

1.5 2.0 2.5 3.0

Parameter value




Going deeper into the big data of Higgs boson c!r'!.l:;

Florida

138 fb™' (13 TeV)

This is like asking whether the
newly found planet is a circle

® Observed
= +1 s.d. (stat @ syst)
—— 12 s.d. (stat @ syst)

V W -@- 1,02 0.08
H-- Z -'@- ~109 | 104200
V Via loop | ¥ -@— 1.10+0.08
Vialoop | 9 -@— 0.92:0.08
t —@— 1013014
F b —-E-— ~15094 | 09931
o . ~20%

: 0.21
H . 1.12%5,

Vialoop | 7 | ¥ 1.65:537

1.5 2.0 2.5 3.0

Parameter value
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Going deeper into the big data of Higgs boson

In SM, following are ~zero

HF v Uv
] Uv
my2 HV
H-- HVy\VH -
d:\r vev ' bl VE
OHV,,\VH
F Me HquJ In SM, following is ~zero
H-- \VARY, iHWYsU)

UF

Chang

Florida
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Going deeper into the big data of Higgs boson

In SM, following are ~zero

HF v Uv
] Uv
my2 HV
H-- HV/y Ve - p
d:\r vev ' p
OHV,,\VH
F Me HquJ In SM, following is ~zero
H-- \VARY, iHWYsU)

kF kF
CP-even CP-odd

UF

Chang

Florida
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2208.02686 UF
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top-quark

b
gluon 0.16 CMS Simulation
U, (
- - - - Higgs £
99 E —Pure CP-even
gluon b o 0-14 —Pure CP-odd
-
S
top-quark & 5 012
“ 0.1
A\
b b
> [} ) 0 LT
' 005115 2 25 3 354 45 5

An

B-B
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2208.02686 UF

Table 4: Input features for the three BDTs. A check mark (v') indicates the variable is used in afil @ g}z) ng
given final state, whereas a long dash (—) indicates the variable is not used in that final state. Florida

Variable description 20SS+4 01y, 20SS+1ty, 3401y,
profjetl — —

pr ofjet2

pr of lepton 1

pr of lepton 2

pr of lepton 3

pr of T lepton

1 of lepton 1

7 of lepton 2

7 of T lepton

¢ of lepton 1

¢ of lepton 2

¢ of T lepton

(1, =) +

m (I, pRisS) 4 piiss system

AR of lepton 1 to its closest jet

AR of lepton 2 to its closest jet

Invariant mass of the reconstructed ttH system (M,z

(NN

CMS simulation

o
—

—Pure CP-even
—Pure CP-odd

o©
-
H

o
N
N

l

| SSsssss ] a8

Fraction of Events

o
—
IR

An ot the two y

Ay of two jets with highest b score in the dilepton system frame
Ay of two jets with highest b score in the £,-£, system frame

A of two jets with highest b score in the £;-{; system frame

A¢ of the two leptons in frame of two most-likely b jets

A¢ of two jets with highest b score in the dilepton system frame
Average AR among all jets

v
v
v
v
v
v
v
v
v
v
v
v

[IRNANENENE NN

|
[N

Azimuthal angle of piiss

Highest BDT score of jet triplet from t
Higgs jet tagger

Angle of tt and H boson in ttH-system
Angle between two t in tt-frame

ARy, 1, = \[(1g, = 10,)* + (P2, — P2,)?
ARy, _1, = \/(Mg, — 16,)* + (9, — P1,)?
ARy,_j, = \/ (Mg, = 1¢,)? + (@0, — ¥2,)?
Tiet1 — Mietz

P+ P2 4 P + ppss —
Total number of variables 19

*k =6 (4) in the 2SS + 07y, (2£SS + 174, and 3¢ + 0t},) final state

0
0 051152 253 354 455
AT‘B-B

[IRNENENE NN
AN N N N N S N

Trained machine learning using multiple input variables to discriminate
CP-odd vs. CP-even
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CP-even
like events

Fit to extract fraction of CP-even vs. odd

Best Fit: «,=0.9, ¥=1.0
[ tHW (CP-even) [ tW
@ tHq (CP-odd) [tz
[JtHW (CP-odd)

[ ttH (CP-even) E= Charge mism.

B tHq (CP-even)
0.13 <BDT,, <0.17

0.17 <BDT,, <0.22

Data/pred.

30 40 50
The ttH node in 2lss+0r, category

2208.02686 UF

Chang

Florida

CP-odd
like events

In SM, following is ~zero

iHWYs)
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138 fbo' (13 TeV) 138 fb (13 TeV)

68% CL —95% CL 68% CL =—95% CL
4 SM expected o Bestfit 4 SM expected

50



Illl]llllIIIIIIIIIII]III|IIII|

I I 1

[ I

CMS 138

H — Multilepton

H — yylZZ

H — Multilepton/yy/ZZ

1 68% CL

95% CL
+ Best fit
¢ SM expected

fo' (13 TeV)
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Taking a deep dive Chang

Florida
137 b (13 TeV

rrrr[rrrrprrr Tt T

~—"

CMS-HIG-19-016

¢ Data
— S+B fit
B component
R EaKe;
[ ]t20o

137fb ! (13 TeV)

MADGRAPH5 aMC@NLO, NNLOPS ggH + HX
MADGRAPH5_aMC@NLO ggH + HX

- POWHEG ggH + HX
HX = MADGRAPH5_aMC@NLO VBF+VH+itH
Data, stat®syst unc.
syst unc.

-Tf p-value(nominal SM): 0.236

II|IIII|IIII|IIII|I\II|IIII|IIIIr

S/(S+B) Weighted Events / GeV

IIII|IIII|IIII|IIIIIII

=Ft—+—

lllIllllIllll1llllllllllllllllllllllll_
g

T

rrrjprrrryrrrrprrrrrrrr|rrr 1| rrror 1114

2000 B component subtracted =

1500
1000
500
0

~500 :_++ ++ ] ‘e

E2 Dol P v b v v b by Ly g

100 110 120 130 140 150 160 170 180
m,, (GeV)

— I »

1>450.0 GeV))

it
T
100.0 GeV

Illlllllllllllllllll

138 fo~! (13 TeV)

\)

® Observed

= +1 s.d. (Stat @ syst)
— 12 s.d. (stat @ syst)

prediction

Stat Syst

1
1
| +0.07
-:-E— 1.13000 006 357

Illllllllllllllllllllll

0.5 1.0 1.5 20 25

Parameter value
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Taking a deep dive

137 b (13 TeV

~—"

CMS-HIG-19-016

rrrr[rrrrprrr Tt T

¢ Data
— S+B fit
B component

R EaKe;

CMS

137fb ™" (13 TeV)

H— vy
‘njl‘ <25
| Pl > 30GeV

7 MADGRAPH5_aMC@NLO, NNLOPS ggH + HX
% MADGRAPH5_aMC@NLO ggH + HX
# POWHEG ggH + HX

[ ]t20o
HX = MADGRAPH5 aMC@NLO VBF+VH+ttH

Data, stat®syst unc.
syst unc.

II|IIII|IIII|IIII|I\II|IIII|IIIIr

S/(S+B) Weighted Events / GeV

p-value(nominal SM): 0.067

IIII|IIII|IIII|IIIIIII

lllIllllIllll1llllllllllllllllllllllll_

T

rrrjprrrryrrrrprrrrrrrr|rrr 1| rrror 1114

2000 B component subtracted =

1500
1000
500
0

~500 :_++ ++ ] ‘e

E2 Dol P v b v v b by Ly g

100 110 120 130 140 150 160 170 180
m,, (GeV)

Illlllllllllllllllll

138 fo~! (13 TeV)

® Observed
= +1 s.d. (Stat @ syst)
— 12 s.d. (stat @ syst)

prediction

Stat Syst

1
1
| +0.07
-:-E— 1.13000 006 357

Illllllllllllllllllllll

0.5 1.0 1.5 20 25

Parameter value




137fb " (13TeV) 137b”" (13TeV)
o " NALOPS ogH + X
s W oo+ e

137fo"! (13TeV)

1371b' (13TeV)

13716 ( 137fb”' (13TeV)
rp— F NNLOPS g - HX
ot X

Chang

Florida

137fb"" (13TeV)

LOPS gt + HX

137fb ' (13TeV)

137fb ' (13 TeV)

137fb"" (13 TeV)

o B
i

%4 MADGRAPHS aHC@NLO, NNLOPS ggH + HX
% MAOGRAPHS aMC@NLO ggH + HX
POWNEG ggH + HX
— HX = MAOGRAPHS aMC@NLO VBF+VHtiH
+ Data, statosyst unc.
syst unc

p-value(nominal SM): 0.135
Tjets > 2

}ﬁ

i

Aowa/Anijn()

PH(GeV)

Further dissecting and comparing with expectations

00 20 300 4w
pr(GeV)




1996 Hubble
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Number of Higgs boson produced Chang
Florida
Years Luminosity # of Higgs
2011 Run1l 7 TeV ~5 fb1 ~100 K
2012 Run1l 8 TeV ~20 fb? ~500 K
2015 - 2018 Run 2 13 TeV ~140 fb? ~8 M
~8 M Higgs
2018
An order of

magnitude larger
dataset is available!

~0.5 M Higgs
2012

~0.1 M Higgs
2011

/7 TeV 8 TeV 13 TeV s



UF

Number of Higgs boson produced Chang
Luminosity # of Higgs
2011 Runl 7TeV ~5fb? ~100 K
2012 Run1 8 TeV ~20 fb? ~500 K
2015 - 2018 Run 2 13 TeV ~140 fb? ~8 M
~8 M Higgs
2018
An order of
Dataset we magnitude larger
have today dataset is available!
-0.1 M Higgs ~9->MHiggs
5011 2012
7 TeV 8 TeV 13 TeV
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Number of Higgs boson produced

Luminosity # of Higgs
2011 Run 1 7 TeV ~5 fb? ~100 K
2012 Run1 8 TeV ~20 fb ~500 K
2015 - 2018 Run 2 13 TeV ~140 fb? ~8M
2022 - 2025 Run 3 13.6 TeV ~300 fb? ~16 M
~16 M Higgs
2025
~8 M Higgs
2018
~0.1 M Higgs ~0.5 M Higgs
2011 2012
/ TeV 8 TeV 13 TeV 13.6 TeV

UF

Chang

Florida
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Number of Higgs boson produced Chang
orida
Years Energy Luminosity # of Higgs
2011 Run 1 7 TeV ~5 fb ~100 K
2012 Run 1 8 TeV ~20 fb ~500 K
2015 - 2018 Run 2 13 TeV ~140 fb? ~8M
2022 - 2025 Run 3 13.6 TeV ~300 fb? ~16 M
~16 M Higgs
2025
~8 M Higgs
2018
~0.1 M Higgs ~0.5 M Higgs
2011 2012
/ TeV 8 TeV 13 TeV 13.6 TeV
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Number of Higgs boson produced Chang
Years Energy Luminosity # of Higgs
2011 Run 1 7 TeV ~5 fb? ~100 K
2012 Run 1 8 TeV ~20 fb? ~500 K
2015 - 2018 Run 2 13 TeV ~140 fb? ~8 M
2022 - 2025 Run 3 13.6 TeV ~300 fb ~16 M
2029 - 2042 HL-LHC 14 TeV ~3000 fb? ~200 M
5 ~200 M
042 Higgs
-8 M Higgs ~16 M Higgs
e e 2018
/TeV 8 TeV 13 TeV 13.6 TeV 14 TeV
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Number of Higgs boson produced Chang
Years Energy Luminosity # of Higgs
2011 Run 1 YA\ ~5 fb? ~100 K
2012 Run1 8TeV ~20 fb? ~500 K
2015 - 2018 Run 2 13 TeV ~140 fb? ~8M
2022 - 2025 Run 3 13.6 TeV ~300 fb? ~16 M
2029 - 2042 HL-LHC 14 TeV ~3000 fb™? ~200 M
5 ~200 M
042 Higgs
-8 M Higgs ~16 M Higgs
et w2018 B
7 TeV 8 TeV 13TeV  13.6TeV  14TeV
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Number of Higgs boson produced
1996 Hubble

UF
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~200 M
Higgs
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Number of Higgs boson produced Chang
2003 Hubble

~200 M
Higgs
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More Higgs couplings
V H ’ H H . ’ H
',' H ____Q \‘C)',
s~~ \ H "' s*s
H ~ H
Y H

These couplings require at least two Higgs in the process to probe

e
[

0
Wit

b

N

//

////////////%M\nmk\\\\\\\\\\\\\\\\\\

'0

\J

UF
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Florida

58



~H bb,ZZ, WW, Yy, TT, ... UF

Y Chang
¢ Florida
H - - O Nature 607 (2022) 60
.
.
.

“H bb,ZZ, WW, YY, TT, ...

138 fb~! (13 TeV)

—e— Observed Median expected
. 68% expected

HH->bbZZ s

Observed: 32

Multilepton
Expected: 19
Observed: 21

bb vy Combined

HH->bbYY [t

bb 11

H H 9 b bTT Expected: 5.2

Observed: 3.3

HH->bbbb [

Observed: 6.4

Combined
Expected: 2.5

: &
Observed: 3.4 ) & ; “--- Median expected
|:] 68% expected
[:] 95% expected

SM Today 200M Higgs
(~8M Higgs)
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Large gap to cover to
observe SM

0
y—
T
I
T
Q.
Xe
o
c
o]
E
-
o
X
wn
(o)}

— Observed
=~ Theory prediction

~40% constraint

UF

Chang

Florida
Nature 607 (2022) 60

138 fb~1 (13 TeV)

Median expected
68% CL expected
95% CL expected
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1702.01930

. 14TeV LHC, VBF W* W* H + 2jets

—
—

<
Qo
~
e
=
=
<
ke,
~
o
e

New ways are also being investigated
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Since the discovery Higgs boson has been studied in detail
Mass, Width, Couplings, CP, and differential

Pushing new frontier via searching for new processes
Involving the Higgs boson

In the future we will have a much more precise portrait of

the Higgs
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Energy Frontier Highlight gl:;

Florida

The Energy Frontier vision in a nutshell

Part of it is what we talked about today
It is essential to .
Higgs factory allows much

Complete the HL-LHC program] “sharper” portrait picture of Higgs
Start now a targeted program for detector R&D for Higgs Factories
Support a fast start of the construction of a Higgs factor

Ensure the long-term viability of the field by developing a multi-TeV energy
frontier facility such as a muon collider or a hadron collider.

Support to AF, CEF, CompF, IF, and TF is crucial to the realization of the EF vision




Energy Frontier Highlight cuml:;
2003 Hubble

Florida

The

It is essenti

Start now

Ensure the
frontier fa

EF vision
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Energy Frontier Highlight clﬁ!\l:;

2015 New Hogl

The

It is essenti

Complete
Start now
Support a
Ensure the
frontier fa

Support to AF EF vision




