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The Standard Model

The Standard Model (SM) of particle physics is a (set of) quantum field theory(ies)
that describe the fundamental* particles of nature and their interactions

Propagation of force-carriers (spin-1 boson)

4 L;D)‘ +hc Interactions of matter particles (spin-1/2 fermions)
Masses of matter particles
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The Higgs boson

Expanding around potential

minimum (ignoring linear H)...

—> 3 parameters v, myand A

—> Relationships between them
fixed in the SM
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The Higgs boson

Low energy probes (muon decay
lifetime) fixes the vacuum
expectation value

Higgs boson mass (m,,) remains the only free parameter ...
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© "W4| CMS Experiment at the J” N
Data recorded: 2016-48i8
Run / Event / LS: 27652

Precision in Higgs boson

mass at the level of ~0.1%
with Run-1 & Run-2 data
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Higgs Production and Decay
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Many production and decay
modes to study Higgs for
my~125 GeV
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CMS as a Higgs boson camera

CMS Experiment at the LHC, CERN
/;, 7y Data recorded: 2012-Aug-09 22:43:53.319400 GMT
. | Run/Event/LS: 200600 / 200821634 / 125

Electrons (e) & Photons (y)

Heavy particles (H, W, Z, t) must be reconstructed from decay products
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t/b

W/Z

Higgs Production and Decay

H-> ff

b, T, 1

b, T, 1

H>VV

U0I303s-ss04d uisealdaq

v

H->vyy

Many production and decay
modes to study Higgs for
my~125 GeV ... access to
many Higgs-SM couplings
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011235-550.> Suisealda(

Higgs Production and Decay

v

Many production and decay
modes to study Higgs for
my~125 GeV ... access to
many Higgs-SM couplings
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Experimental Higgs Likelihood

We construct a likelihood to interpret the combined datasets from across Higgs channels ....

L(7,7) = [[p | 2a Y L1, +3 " Bu(@) | - [ p(yis i)
n 1, f k )

“Signal strengths” parameterization
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Extracting the results
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https://www.nature.com/articles/s41586-022-04892-x
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Extracting the results
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https://www.nature.com/articles/s41586-022-04892-x
https://arxiv.org/abs/2308.01253
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-011/index.html
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-001/index.html

Experimental Higgs Likelihood

We construct a likelihood to interpret the combined datasets from across Higgs channels ....

L(ii,7) = | | p
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Experimental Higgs Likelihood

We construct a likelihood to interpret the combined datasets from across Higgs channels ....
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Systematic uncertainties began dominate the sensitivity in

certain measurements!

* Uncertainty in measurements of
largest production and decay
modes already
comparable/larger than
statistical uncertainties

* Inclusive measurements suffer
from theoretical and
experimental systematics
(extrapolation etc)

—> Differential measurements
needed to push sensitivity (see
next talk)
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Extracting the results
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Experimental Higgs Likelihood

We construct a likelihood to interpret the combined datasets from across Higgs channels ....

L(7,7) = [[p | 2a Y L1, +3 " Bu(@) | - [ p(yis i)
n 1, f k )

9
“Signal strengths” parameterized in
terms of “coupling modifiers” k
. f t/b A
[, = g; and #f _ BR
(T3 )sm (BR )
p— (k) g
77 (1.06K7 + 0.01k; — 0.0TkprR¢ ) K%
Standard model defined by ff, — 1and /,L(l) =N | HggH = H ’f%[
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PUtting it a" toge'ther CMS 138 fb' (13 TeV)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html

So, aren’t we done?

The Higgs boson was the missing piece
of the SM and we’ve had it now for 10
years ...

* Is the Higgs sector SM-like ? = Do all the
SM particles lie on that line?

Ratio to SM
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So, aren’t we done?

The Higgs boson was the missing piece
of the SM and we’ve had it now for 10
years ...

* Is the Higgs sector SM-like ? = Do all the
SM particles lie on that line?

* What does Dark Matter (DM) fit in ? = if
DM are massive particles, wouldn’t they
couple to the Higgs too?
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https://wmap.gsfc.nasa.gov/universe/uni_matter.html

So, aren’t we done?

The Higgs boson was the missing piece
of the SM and we’ve had it now for 10
years ...

* Is the Higgs sector SM-like ? = Do all the
SM particles lie on that line?

* What does Dark Matter (DM) fit in ? = if
DM are massive particles, wouldn’t they
couple to the Higgs too?

* Why is there more matter in the
universe? = Could the Higgs self-coupling
explain the evolution of the early universe
(baryogenesis)?
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So, we aren’t done?

The Higgs boson was the missing piece
of the SM and we’ve had it now for 10
years ...

* Is the Higgs sector SM-like ? = Do all the
SM particles lie on that line?

* What does Dark Matter (DM) fit in ? = if
DM are massive particles, wouldn’t they
couple to the Higgs too?

* Why is there more matter in the
universe? = Could the Higgs self-coupling
explain the evolution of the early universe
(baryogenesis)?

These are fundamental questions in physics
—> The Higgs boson is a unique tool to search for
physics Beyond the SM (BSM)
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Precision measurements for discovery

Examples from the past have taught us that precision measurements can lead to revolutionary discoveries...

Herschel 1781

Uranus discovery

‘““as a planet” (1781) \\

Precise measurements of position
revealed deviations from expected orbit
— new planet predicted (1845/46)

Slide heavily inspired by J. Liu (Cambridge)




Precision measurements for discovery

Examples from the past have taught us that precision measurements can lead to revolutionary discoveries...

Herschel 1781 Le Verrier, Galle, d'Arrest 1846

Uranus discovery Neptune discovered with 1°

‘““as a planet” (1781) \\ /’ of predicted position (1846)

Precise measurements of position
revealed deviations from expected orbit
- new planet predicted (1845/46)

Slide heavily inspired by J. Liu (Cambridge)
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Precision measurements for discovery

Examples from the past have taught us that precision measurements can lead to revolutionary discoveries...

Herschel 1781 Le Verrier, Galle, d'Arrest 1846

Uranus discovery Neptune discovered with 1°

“as a planet” (1781) \\ /’ of predicted position (1846) \

Precise measurements of position Measurements of Mercury’s orbit reveals
revealed deviations from expected orbit 43 arcseconds/century anomaly
- new planet predicted (1845/46) - new planet (or body) predicted (1859)

Slide heavily inspired by J. Liu (Cambridge)

Nicholas Wardle
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Precision measurements for discovery

Examples from the past have taught us that precision measurements can lead to revolutionary discoveries...

Herschel 1781 Le Verrier, Galle, d'Arrest 1846 Le Verrier 1859, Einstein 1915

Uranus discovery Neptune discovered with 10 General relativity solves
‘““as a planet” (1781) of predicted position (1846) anomaly and changes view
\ / of space & time (1915)
Precise measurements of position Measurements of Mercury’s orbit reveals
revealed deviations from expected orbit 43 arcseconds/century anomaly
- new planet predicted (1845/46) - new planet (or body) predicted (1859)

Slide heavily inspired by J. Liu (Cambridge) ... History has a habit of repeating itself © ...




Higgs couplings for BSM physics

@ CMS In the SM, the Higgs regulates longitudinal WW
I | I

T scattering at high energies
+ Discovery * LHC Run 1 = This paper

1.5 |—68%CL ---95%CL ¢ SMHiggs |—

1.0~
i P — WSW, ~ mz;/g (1 — Kkpky) > ......... i
0.5
; If couplings to vector bosons and fermions are SM-like
- Scattering amplitudes don’t diverge
0.0— - Measuring these couplings is a strict test of SM at

higher energies
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mggs Couplmgs for BSM phySICS In extended Higgs sectors (e.g two 2HDM), couplings to
vector bosons and fermions can be modified from SM
@ C'Mls' — T [ ' [ T

+ Discovery * LHC Run 1 = This paper

1.5 |—68%CL ---95%CL ¢ SMHiggs |—

—> Measuring these couplings is a direct probe of
extended Higgs sector models
- Complementary approach to direct searches* for

additional Higgs bosons
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*hMSSM allows modified couplings to up/down type fermion ratio
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Higgs couplings for BSM physics

m Fom——————
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Higgs couplings for BSM physics

~

Measure H->tt decays differentially in ®¢pto access potential CP- tan(af77) = K_T‘

odd contributions to H-t coupling K
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Higgs as a portal to new physics

Current measurements of Higgs boson couplings allow
for “missing’”” decay modes to light particles

Higgs boson decays to BSM particles modify
the total width through

* undetected modes (2HDM+s, NMSSM...)
* invisible particles (Dark Matter)

e
.
0
.
0
0
.,
0
o,
0
‘e
O

CMS 138 b (13 TeV)
® (Observed Dﬂ SD (stat)
== +1 SD (stat @ syst) +1 SD (syst)
— 2 SDs (stat @ syst)
— ; Stat Syst
Ky —@— 1.01:0.10 007 =0.07
KW_ —@ 1.00506 004 -0.04
KZ_ 'é 1'00—0.03 -003 -0.01
K 09097 9% 0
KT_ —@4— 0.91:007 =0.04 ig:gg
K —em— LTS 0
A e R
Kg_ —@l— 0.93:007 =0.05 ig:gg
K|  a 10700 508 ‘08
Blnv.é' . 0.07:0.05 =0.02 :0.04
Undet.?l_ll lllllilllllllllllll O'OO+0.06 +0.05 +0.03
0O 05 1 1.5 2 25 3 3.5 4

Parameter value

Nicholas Wardle

31



Higgs as a portal to new physics

Invisible Higgs branching fraction measurements
require very good understanding of energy
resolution and SM background contributions

S Experiment at LHC, CERN
1 recorded: Tue Aug 16 13:20:5
/Event: 278923 / 56352147
i section: 66

Events / GeV

Data / prediction
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o o (e}
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= =
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_E.P\— * 5
= | ——— =
E I —— — =
- b e, e e e e 5
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Higgs as a portal to new physics

Invisible Higgs branching fraction
measurements complementary to

direct searches for Dark Matter! &.g
> =
SM DM = 3
= S
o—_ C
e _s
) [p)m)]
- R B
| -
H ]
4
4
N
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X
—\_/
X
Dark
Energy
71.4%
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e I suns PandaX-4T
| wenn | UX-ZEPLIN
1 1 1 11111 | 1 1 1 1 II 111 | 1 1 1 11111
10 10° 10°
~My/2 Mgy (GeV)

Direct DM
detectors

DM

SM SM

Nicholas Wardle

33



Higgs couplings as BSM physics New Physics models

How to cope with large space B mMSUGRA
. Composite
of potential models for BSM Higes  ~m i
physics? , Technicolor
NUHM ol
> ,

N
Standard Model %‘L

Effective Field Theories (EFT) allow to systematically probe space of new physics
(NP) models

—> Valid for E below NP scale A

= Match NP models to EFT parameters to constrain possible BSM scenarios

Nicholas Wardle 34



Effective couplings

In Fermi theory for the muon decay, low energy measurements are to constrain the
SM parameters - Fermi theory an EFT for the SM!”

Effective field (Fermi) theory Standard Model

E<<my // E>my
* At least for theory of weak interactions E




Effective couplings

Higgs boson production and decay
mechanisms that proceed by loops

can be treated as

g 000000 g%
H
g "O00000N gr65666

Nicholas Wardle
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Effective couplings

Higgs boson production and decay
mechanisms that proceed by loops

can be treated as

g 000000}

g 7000000"

New heavy particles can appearin
these loops leading tolarge o
deviation in the effective coupling:

H-Zy, H'gr H-y

CMS 138 o (13 TeV)
® QObserved D +1 SD (stat)
== +1 SD (stat @ syst) +1 SD (syst)
— 2 SDs (stat @ syst)
— ; Stat Syst
Ky —— 1.010.10 007 =0.07
KW '§ 1 '00—0.06 -0.04 -0.04
KZ 'é 1 '00—0.03 -003 -0.01
B : +0.10  +0.07  +0.07
Kp _'E"_ 09051, 509 -00s
K. —@4— 0.91:007  =0.04 ig:gg
' +0.19  +0.18
Ky ————— 11100 0 =007
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KZY ! @ 1 '62—0.36 -0.34 -0.11
Kg —@l— 0.93:007 =0.05 ig:gg
+0.05 +0.04 +0.04
KY '@" 1 '07—0.06 -0.05 -0.03
Blnv. o 0.07:005 =002 =0.04
Undet.?_ | | | | 0.00%00 +0.05 +0.03
O 0.5 1 15 2 25 3 35

4

Parameter value




Effective field theories

On-shell

CMS 138 fb' (13 TeV)

f .
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Inclusive k : high-precision yields
precision on new physics scale
d,=1%2> N~2.5TeV

Off-shell [ large g>

A
wm

]

= LHC max
o reach
)

c

)

>

m

Momentum transfer - g2

q 2
g A

Differential: High momentum production
sensitive to new physics

O, = 15% (q=1TeV) > N ~ 2.5 TeV
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PUShlng Into the tai IS With increasing datasets, we can probe tails of distributions that

could be more sensitive to BSM physics!

CMS 138 fb™ (13 TeV) o , , .

- . Obscived : Use specialized reconstruction and analysis tools for these kinds

. > 2000 GeV |—
3 m ¢ +1o (stat @ syst) of measurements at the LHC
o 110 (stat)
L 1000 <m, <2000 GeV |- T Combined fit
= SM expectation

-15 -10 -5

e
S 800< p, <1200 GeV [
)
©
(&]
Ué, 675<p_<800 GeV [ —
(@]

600 < pT <675GeV [ —
138 fb™ (13 TeV)

[ cms e Data [1Bkg. unc.

- DDB pass, VBF category £jacb [OW(aq)

r Z(qq) WZ(bb)
[@Single t
[CIVH + ttH
—VBF

Events / 7 GeV

550 < P, <600 GeV | —

500 <p_<550GeV | s

450 <p_ <500 GeV — —— JHEP 12 (2024) 035

PR SR SR [ T SR ST SR NN SO SO M | ; [TEEEET S N NN T ST ST SR N S S N

-15 -10 -5 0 5 10 m 18
ggF

(Data - Bkg)/o,,,,,
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Rarer decay modes

Concentrating on boosted
topologies allows us to

disentangle rare signals from
very large backgrounds

Hcc ~ 20x smaller

than Hbb!

1000
800

600

S/(S+B) weighted events

400

200

Nicholas Wardle

138 fb™ (13 TeV)

— — T
_ CMS ——Observed  [Hll VH(H—cT), p=7.7 _|
L [ z+jets [ wHjets -
C Merged-jet (kY [l single top ]
|_ All categories [ vv(other) [ vz@Ez—co) |
I S/(S+B) weighted [] vz(z—bb) [ VH(H-bb) 5
B %55 B uncertainty i
o E
B —— ]
- o _|
= ; +) 0 -~ o 'b_ =
B subtracted |
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.......................
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+
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bb/cc
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Merged-jet
Expected 8.75
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Resolved-jet

Expected 19.0
Observed 13.9

OL
Expected 12.6
Observed 18.3

1L
Expected 11.5

Observed 19.1

2L
Expected 14.3

Observed 20.4

CMS-HIG-21-008

138 b (13 TeV)

—e— Observed

CMS

Median expected
68% expected
95% expected

5 10 15 20 25 30 35 40
95% CL limit on u _
VH(H — cC)
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Rarer decay modes

Concentrating on boosted
topologies allows us to
disentangle rare signals from

very large backgrounds H
Hcc ~ 20x smaller
than Hbb!
H
o 10f
95_ CMS — Observed
- Supplementary - SM expected

Nicholas Ward _

bb/cc

b/c

Combined
Expected 7.60
Observed 14.4

Merged-jet
Expected 8.75
Observed 16.9

Resolved-jet

Expected 19.0
Observed 13.9

OL
Expected 12.6
Observed 18.3

1L
Expected 11.5
Observed 19.1

2L
Expected 14.3

Observed 20.4

CMS-HIG-21-008

138 b (13 TeV)

—e— Observed

CMS

5

10

----- Median expected
B 68% expected
..... 95% expected
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20

25 30 35
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VH(

40
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Higgs boson self-coupling

Remember in the SM, the Higgs
potential includes H3terms

1 1
V(H) = §m%{ +H v H?|+ Z)\H‘l + const

“self-coupling” generates
Higgs-Higgs interactions

—> Direct searches for Double Higgs (HH) production to constrain the Higgs boson self-coupling!

Nicholas Wardle



Higgs boson self-coupling

Remember in the SM, the Higgs
potential includes H3terms

1
7 —|——|— Z)\H4 + const

“self-coupling” generates
Higgs-Higgs interactions

1

V(H) =3

T -H OO
H ,°

A --.\ A

000 S H 290

T T T T T ]
HH production at 14 TeV LHC at (N)LO in QCD 1
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl) |

e
e
e U
=i |
St
-
s
i
-
-~
—
-~

~1000x smaller
than single H

=~
~
-~
~
~
=
~

~
Al

-
_—
-
-

o8 -
T s

MadGraph5 aMC@NLO

PO S N o 1 §

Interference with other SM HH diagrams makes
searches for HH extremely challenging!

S
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Higgs boson self-coupling

Remember in the SM, the Higgs
potential includes H3terms

1
—|——|— 1)\H4 + const

“self-coupling” generates
Higgs-Higgs interactions

1
—m%]

V(H) =3

TOO) ,H VOO =l
H .’
A --Q\ A
200/ “H 000 ---H

Combinations of multiple search channels just as
important for 2xHiggs compared to single Higgs

W Wyy
Obs. (Exp.): 95 (54)

bbzZZ, 4l
Obs. (Exp.): 33 (41)

YYTT
Obs. (Exp.): 31 (26)

Multilepton
Obs. (Exp.): 22 (20)

bbW*W’

Obs. (Exp.): 16 (18)
bbyy

Obs. (Exp.): 8.4 (5.6)
bbtt

Obs. (Exp.): 3.4 (5.3)
bbbb

Obs. (Exp.): 7.5 (4.3)

Combined
Obs. (Exp.): 3.5 (2.5)

CMS Preliminary 138 fo' (13 TeV)
T T T T T LI | —
K—Kt—KV—KZV—1 a
—e— Observed mmm 68% expected >
------ Median expected :::=:- 95% expected )

|

95% CL limit on o(pp — HH) / O heory
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Higgs boson self-coupling CMS Preliminary 138 b (13 Tev)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html

Tests of SM-structure

In SM, we’d expect K,y = Ky =1

CMS Preliminary
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Tests of SM-structure

CMS Preliminary 138 fb' (13 TeV)
> T | T T T | T T T | T T T T T T T T T | T T T | T T T
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In “SM-like” extensions (eg SM-EFT) we
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Higgs boson self-coupling

MS Preliminar 1
Extract self-coupling relative to SM prediction —~ 6 C. |S ——T— y ———7 7 1:.38|fb. (13 1'|e\() -
S [ Ki=Ky=kKy=1 ' __ Observed Expected =
o 911
oy = = 50 &
S M N =
OO0} o g -
| .
Ky - -
TO00" "
Combination of HH searches yields most
stringent limit on Higgs boson self-coupling N B
0.08 < Ky < 4.2 @ 68% CL Ll L L
4 6 8 10
Ky,
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Higgs boson self-coupling

Loop corrections to single-Higgs boson
production and decay involve
Higgs self-coupling [1]

—
[
|
- - _- H
.IK;\ T
[
:. t
Kt
H____‘\\ z §
Kya -
[T —

13 CMS HIG-23-006 138 fb-1 (1 3 TeV)
. A IR B B F S R N S ELR N B AL B R A
M Observed — single-H comb.
1 2‘_KV=K2V=1 HH comb. h
T — single-H and HH comb.
1.1F -
10f /o ;
0'9;_ Ty +SM ]
/ ¢ Best fit value
ﬁ? —68.3% CL (1o)
; ---95.4% CL (20)
PR XS A SN TN TN AT SRR TN SR SN (N SO ST SR N NN SN ST SR S S SR S
Ol -5 0 5 10 15

Ky

Precision (single) Higgs boson measurements also sensitive to
Higgs self-coupling! Lift degeneracies with other Higgs couplings

[1] Eur. Phys. J. C(2017) 77: 887
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https://arxiv.org/abs/2407.13554

Why do we care?

The universe today is matter
(baryon)-dominated,

np >>nNg

Essential ingredient for Baryogenesis
(production of B-asymmetry):
=> First order phase transition [1]

[1] A. D. Sakharov, JETP Lett. 5,24 (1967)

False vacuum

* -~

True vacuum

Nicholas Wardle
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Modified Higgs potential and Baryogenesis

Higgs potential could be the solution?

2 A

V(H) =5 (v+ H)? + S (v + H)'
\ ' J
SM
A
K’)\ - — = 1
ASM

In the SM, since the Higgs mass is known (~125 GeV), we get a
smooth transition between minima (2"d order PT) from the potential

arXiv:1504.03587 V ¢

Nicholas Wardle
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https://cds.cern.ch/record/2008931/files/arXiv%3A1504.03587.pdf?version=2

Modified Higgs potential and Baryogenesis

BSM physics in Higgs potential could be the solution!

M2 5 A 4, A6 6
\ ' ] | Y J

SM BSM

Inclusion of Dimension-6 (BSM) term in potential changes 2
the relationships between the fundamental Higgs
parameters

A  16Xg0* O
- m2, A2 ‘

K)\ —
ASM

0 0.2 0.4 0.6 0.8 1 1.2 1.4

(81027) 800GL0 ‘L6 O *A9Y *sAyd
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Modified Higgs potential and Baryogenesis

BSM physics in Higgs potential could be the solution!

M2 o A 4, A6 6
\ ] |
|

SM

Inclusion of Dimension-6 (BSM) term in potential changes
the relationships between the fundamental Higgs
parameters

A 16 o

K\ ~ |
m4; A2

" Aswm

(81027) 800GL0 ‘L6 O *A9Y *sAyd

50% increase in self-coupling could hint at mechanism for 15t = 029 04 06 0S8 1 12 14
order EWK phase-transition = measure the self-coupling! )\6
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The future of the LHC

C; ) Lum|n051ty

After Run-3 of the LHC, the next phase is the
high-luminosity (HL)-LHC

~20X the data we have today!

LHC HL-LHC

13 TeV 13.6 TeV 13.6 - 14 TeV

energy

77evBTeV We are here ‘

o Lo Lo Los Lo Lo Lo Laom Lo [ 3

o e mm

LHC HL-LHC
Expect >160M H-bosons [/ 120k HH pairs at CMS by the end of the HL-LHC'!
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Higgs couplings (@ HL-LHC

Precision measurements require more than just more data
—> Improvements in reconstruction techniques & calibrations

will be needed for few % precision couplings @HL-LHC

Discovery

2022

l Evolution of the performance for several objects in CMS from 2012 to 2022 l
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Higgs boson self-coupling (@ HL-LHC

Approx 10x size data set available to CMS at the end of the HL-LHC

‘6000 4, 2 Combined searches for HH production to approach ~50% uncertainty in k;,?
| e _ 7GMS Projections Preliminary ______ 3000 fo” (14 TeV)
Ka S [ — S1 scenario S2 scenario — Stat. Only | |T
TeoT H ks >
< N
Al o
5 CMS Projections Preliminary (13-14 TeV) ' o
1T T T T T L L -

E_ —— Stat. Only
4.5p S2 scenario

Discovery Significance [o]
w
()]

HH discovery potential

0.5;— Kx=Kt=KV=K2V=1

O : 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I:
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Higgs boson self-coupling (@ HL-LHC

CMS Phase-2 Simulation Preliminary

3ab’ (14 TeV)
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Combinations with precision differential
measurements of Higgs production will
push sensitivity even further!

CMS Phase-2 Simulation Preliminary 3ab' (14 TeV)
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Higgs beyond the HL-LHC?

Future collider a “High-priority
future initiative” (2020 update)

Update for 2026 ongoing now!

2020 UPDATE OF THE EUROPEAN STRATEGY
FOR PARTICLE PHYSICS

by the European Strategy Group

“Europe, ..., should investigate the technical and
financial feasibility of a future hadron collider at CERN
with a centre-of-mass energy of at least 100 TeV ... / \’

European Strategy,
UpaQate

Nicholas Wardle




The long road ahead for the Higgs has many potential options but all
lead to high precision ( O(1)% level ) characterization of the

Higgs boson couplings beyond the HL-LHC ﬁ\
THE

Higgs boson couplings - -
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Higgs boson couplings beyond the HL-LHC

The long road ahead for the Higgs has many potential options but all lead to hig] /[ X
precision ( O(1)% level ) characterization of the Higgs boson couplings ¢ "
N

HL-LHC

HE-LHC

FCC-ee/eh/hh

FCC-ee

ILC

CEPC

CLIC

JHEP 139 (2020)

Higgs@FC WG September 2019

ll]f]fl[][]l1[][1l1[1[1[][1

AR OO OO
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68% CL bounds on x, [%]
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...... 50%. ... 2.50% (47%).. ...
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LE-FCC § LE-FCC
15% n.a.
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...... A7+24% . B=dna
<] FCC-eelr
k 24% (14%)
FCC-ee,,
33% (19%)
FCC-ee240
............................... 49% (19%)......
ILC1000 ‘ ILC1000
10% \ 36% (25%)
ILC <JILC
500 500
27% & 38% (27%)
ILC,,
............................... 49% (29%)......
CEPC
............................... 49% (17%)......
CLIC, V CLIC,,,
7%+11% b 49% (35%)
CLIC,,,, ‘ CLIC,,,,
36% 49% (41%)
CLIC,,,
50% (46%)

All future colliders combined with HL-LHC

N—r

An alternative
potential

Standard Model
potential

Higgs field value
in our Universe

Current
experimental
knowledge

¢
Higgs boson self-coupling requires

high energy machine for % level
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https://link.springer.com/article/10.1007/JHEP01(2020)139

Higgs and the Universe beyond the HL-LHC

Real Scalar Singlet Model

Modified Higgs potentials can result in
15t order electroweak phase transition

shed = SppC / FCC-hh / ILC-1000

- required for baryogenesis

current

* Strong first order PT (electroweak
baryogenesis viable)

* Could be detected at GW detectors
(eLISA)

CEPC / ILC-500
FCC-ee

1 !

i1
(%E 0.100},, ..o

S’ HL-LHC

E 0.010 allowed

A

Il

N 0.001 :

R 3 3

10—4 | (8,1 (CO’; of:
0.5 1.0 1.5

Phys. Rev. D 94, 075008

hhh coupling: Az/Az sm

2.0 2.0
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We’re not there yet - still plenty to do now

. +CMS Prellm/nar 34.7 b (13.6 TeV
CMS Preliminary 34.7 fb=1 (13.6 TeV) > y |||(|)
> L 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 8 18 — H — ,YY m — 125 38 Gev AII Categones __
@ 80} + Data ] - 15 :_ S/(S+B) weighted B
© | 3 H(125) 2 '°F 3 Data ]
Q - S 14k -
w70 = qa - 22 ] s R — S4B fit E
> Bl g9 » ZZ ] "_'; e B component
hd i B z+X Q oL I -1 ]
C | ] ) N =+ O =
o 601 S n []:20 -
o | gl HIG-24-013 e °F * E
501 e 1 s = °F HIG-23-014
| + 41— ]
L L F .
40f - N -
0_ | | | [T | |
30_ ] 800: T T T T (I
i 600 B component subtracted _:
i 400;— + —i
20 200 - E
i 0
10; -2008 L T e
B 100 110 120 130 140 150 160 170 180
- ] ., (GeV)
0
100 150 200 250 300 350 New results already with early 13.6 TeV data (from 2022)

My [GeV]

—> Lots more data available since then in Run-3!
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/index.html

We’re not there yet — and have new ideas in the pipeline

ys =13, 13.6 TeV

Methods constantly evolving to improve on what we il T
can do With the data We have GCJ 1.4 :_ Simulation Preliminary Run 3 2023 HH trigger ¢(HH— 4b) = 82%
o . o . S = i e —  Run 3 2022 HH trigger ¢(HH— 4b) = 68%
- Do better than scaling with statistics! Q g LA .
-..LEl 1.2 N = Run 2 ¢(HH- 4b) = 52%
;_ . Leomuesemsenemass e e A e
CMS simulation Prelimi 13.6 TeV & 't
imulation Preliminar 6 Te ;
= 120 % | & &4 « % 3 % Y, 5 I A % 1] £ b3 g 08 | =" il
= L tt events, pt > 20 GeV, |n| < 2.4, €,=70% . — B S —
-% 100; Bl cjet rejection = 0.6 [
- udsg jet rejection i 3 10 B
2 T Runt Run 2 Run 3 ] 0.4 - T HH(4b) peak
S | L . : s 4b) pea
801 ! ‘ x61 , E
29 2 103 02 B — Event selection: = 4 jets with P, >30GeVand <25
60_— pe 9.1 ] 0:...|....1....|.1..|..,.1....1,...1,...1....1...
- x6.1 : 200 300 400 500 600 700 800 900 1000
i x3.3 : x6.9 3 102 Reco
L x1.0 x5.0 o]
L g Y B 110 Machine learning plays a huge role in
- i x1.8 l ; : making the most of our data
! : x1.0 : . .
ol am L 7 w 100 - New people with new ideas always
CSVv1 CSVv2 DeepCSV DeepJet PNET  UParT UParT o e
(ke=0.14) needed to ensure the future of precision
UParT Higgs measurements
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https://cds.cern.ch/record/2904702/files/DP2024_066.pdf

We’re not there yet — and have new ideas in the pipeline

Evolving the way we use machine learning in the analysis could also bring significant improvements to our Higgs
measurements!

Potential for measurementsin H 2 tt
L] (] L] L] I
I Traditional training methods |
CENNT e e o o o o o e e e = — = — — SANNT SANNT
— Arggy= —0.68 +0.71 68% Cl — Argg= -0.67 +0.73 68% Cl
Initial dataset Classification Histogram POls — Arf®= -0.37 +0.38 68% ClI Are = -0.66 +0.71 68% ClI
Dx CR™ | x> §(x,w) |Dy CR™ | §— H(y) |Dg SN Imin(—log (L)) |TsEArs CENNT CENNT
- Arggy= -0.77 +0.81 - Argg= -0.81 +0.85
- Are = -0.38 +0.38
CE

- ArE- _0.78 +0.81
min(— log(P))

3 CMSet, 2017

41.5 fo' (13 TeV) CMS ey, 2017 41.5 fo' (13 TeV)
_l .0 1 T | ! T T ! | T 1] T ' _j 30 ! ! net \ T ' ! T | T ! ! T | ' hrt !
\ 1 R - 1" ! 3
S 0 \ ! < W
o \ 1 F " 1!
L \ 1 L 1! Iy
SPY S i / S 2sf W -
‘ ” b : / b W i
¢ . . I‘ ’I i \\‘ ’I”
Inference-aware” training [ \ ] , :
SANNT 201 \ 1 29
\ 1 T B " /I’
Initial dataset Classification Histogram POls - \ ! ] i W i ]
1.5 ! / = 1.5 n =
Dx CR™4 | x 5 §J(x,w) |Dy CR™™ | §— H(y) |Dy CN! |min(—log (L)) |7s T Ars i A ; ] ! \ ]
> > > I ‘\ ,' 1 i ‘\\\ II’I
5 \ ! h B [ i/
"o 1M ;
i \ / ! | X 51
0.5 \\ /! N 0.5 1 \\\\ ;/'I \:i
\ / = " A i "
\ A ! ] - i A\ / i
: \ / : 1 i il N i
oo oo ol N2 Sl 2 o5 5 5 RIS ‘ [
@ 08 0 1 2 3 003 0 1 2 3
FggH
MLG-23-005

MegsH
Nicholas Wardle

FqqH

64


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/MLG-23-005/index.html

Summary CMS 138 b (13 TeV)

= = e
Higgs boson a corner stone of the Standard Model S |;’ 1 - m,=125.38 GeV W z"‘t.." :
» So far, all measured properties look SM-like, but that’s \g [ Pg, =37.5% 4
ok, who said nature would be easy to unravel? I -
s 107'¢ 3
el
z
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10_42_..| Ll
= 14— 01—
D12k }
p= ]
= 0.8F :
oC 0_6'..I Lol Lol Lol
107 1 10 10°

Particle mass (GeV)
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Summary

Higgs boson a corner stone of the Standard Model
* So far, all measured properties look SM-like, but that’s
ok, who said nature would be easy to unravel?

My
L)

or |y

Precision Higgs boson coupling measurements offer a unique insight

into BSM physics & complimentary to direct searches S |f_3
* Measurements of B(H->inv) complements direct searches for N
Dark Matter!
Differential measurements crucial to make the most of LHC data
* Exploit different kinematic regions to constrain Effective Field
Theories
* Higgs self-coupling from H and HH production — connections with
early universe evolution
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w
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Summary

Higgs boson a corner stone of the Standard Model
* So far, all measured properties look SM-like, but that’s

ok, who said nature would be easy to unravel?

My
L)

or |y

Precision Higgs boson coupling measurements offer a unique insight

into BSM physics & complimentary to direct searches S |f_3
*  Measurements of B(H>inv) complements direct searches for N
Dark Matter!
Differential measurements crucial to make the most of LHC data
* Exploit different kinematic regions to constrain Effective Field
Theories
* Higgs self-coupling from H and HH production — connections with
early universe evolution
=
w
* Direct searches for heavy Higgs/extended Higgs sectors/res-HH o
* CP-odd couplings to vector bosons & flavor violating Higgs decays .2
* Rare decays in the SM (15t generation couplings) & Higgs total width &
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Summary

Higgs boson a corner stone of the Standard Model
* So far, all measured properties look SM-like, but that’s

ok, who said nature would be easy to unravel?

My
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or |y

Precision Higgs boson coupling measurements offer a unique insight

into BSM physics & complimentary to direct searches S |f_3
*  Measurements of B(H>inv) complements direct searches for N
Dark Matter!
Differential measurements crucial to make the most of LHC data
* Exploit different kinematic regions to constrain Effective Field
Theories
* Higgs self-coupling from H and HH production — connections with
early universe evolution
=
w
* Direct searches for heavy Higgs/extended Higgs sectors/res-HH o
* CP-odd couplings to vector bosons & flavor violating Higgs decays .2
* Rare decays in the SM (15t generation couplings) & Higgs total width &

We are only 10 years in so far!
* 20x more data by the end of the HL-LHC
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* Future colliders will bring ultimate precision for Higgs boson measurements in the search for new physics!
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Precision measurements for discovery

]

Higgs boson
discovery (2012)

Time/precision
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Precision measurements for discovery

]

Higgs boson 12 years of
discovery (2012) measurements
(2024)

Time/precision
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Precision measurements for discovery

]
Higgs boson 12 years of Run-3/HL-LHC/Future
discovery (2012) measurements collider ? (20XX?)
(2024)

Thanks:

Time/precision
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Backup Slides
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CMS Higgs Observation statistical model

CMS /

16/04/2024 omblne \
/
#~yll CERN Full statistical model from CMS Higgs i
< e observation and code to use it made public

in April this year (it only took 12 years ©)

CMS releases #HiggsBoson discovery data to the public

The CMS Collaboration has recently released, in electronic format, the
combination of the measurements that contributed to establishing the

discovery of the Higgs boson in 2012.

Full statistical model + data = public experimental likelihood!

This release coincides with the publication of the Combine software - the
statistical analysis tool that CMS developed during the first run of #LHC, to

search for the unique particle, which has since been adopted throughout the : = ‘ s
collaboration: combine 125.5/comb.txt -—mass 125.5 -M Significance

Find out more: https://Inkd.in/gg_Tb5UB -- Significance —-

Significance: 4.87557

CMS releases Higgs boson discovery data to the Done in 1.76 min (cpu), 1.76 min (real)

public

home.cern « 3 min read

Can reproduce results from 2012 on your laptop!
https://new-cds.cern.ch/records/c2948-e8875

New CMS policy to “routinely” provide this information for
analyses, including more recent Higgs combinations
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https://new-cds.cern.ch/records/c2948-e8875

. ) LA L T L L L B B
Pre-discovery ... ER
B LY
> R SN . VRN NN NN DR WY S M. ,
Q 101 E: ......................................................................................................................................................................................... ..._E_
(_3 - B S -
E : L=S4T6_4_§fb-1 \ Eége:)ti?u(dg:;/o): | 10-2 ?\ ................................................................................................................. —E
o |0 oMS excluded || - .
v E % ; .73
une 4 - 9, N _1 \ 10- e e —
Physics at LHC -201\5\\\ g 1 M = =
Vancouver, BC o el B |
»
% 10-4 E_ ................................................................................................. S 5
% - CMS Preliminary,\s =7 TeV,H— ZZ +yy,L=48fb" J4o
10_1% |\|H||.|i 10'5_""i""i""i""i""i""i""_
Status~today 110 115 120 125 130 135 140 145 110 115 120 125 130 135 140 145
Higgs boson mass (GeV) H|ggs boson mass (GeV)
SM Higgs boson excluded with 95% cl
up to a mass of 600 GeV e Excess observed at 125 GeV, local
except for the window 122.5 to 127.5 GeV significance 2.80 (1.60 with LEE)
e CMS will continue to run in 2012 at 8
“interesting fluctuations” around masses TeV. Can expect to be sensitive to SM
of 124 to 126 GeV this year
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Simple Model vs Combination

Simple parametric statistical model
CMS

—— background alpha € (-0.09,-0.11)
301 — signal 1 sigma€(0.7,1.3)
> ¢ data_obs
> 257
(G]
< 201 Ry _ch1__norm
)
~ 1_proc_background
0 154
[
]
2 107 Roo o
5 i RooProduct n_exp_fina ch1_proc_background
110
X=m (GeV) ProcessNormalizatio p_binch1_proc_signal
r alpha
RooR¢d
RooExponentia
RooC binch1_nuis
._ R arm
RooRe
RooGaussian s|
lar MH
RooSimultan
SimpleGaussiand traint sigma_Pdf
CMS Higgs observation
combination statistical model
ar 0.1
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https://github.com/cms-analysis/HiggsAnalysis-CombinedLimit/blob/main/data/tutorials/CAT23001/datacard-3-parametric-analysis.txt
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Signal model, accounts for
“shape” of signal processes

X ,C X £ X A * Relative composition across
signal regions
* Overall Efficiency x acceptance
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CMS combined m,

CMS

Run 1:5.1 fb™" (7 TeV) + 19.7 b (8 TeV) — Total Stat. Only ;U_
2016:35.9 fb™ (13 TeV) NS
Total (Stat. Only) 2

Run 1 H—yy — 124.70 = 0.34 ( = 0.31) GeV CIF

~

Run 1 H—= ZZ— 4|  — 125.59 + 0.46 ( = 0.42) GeV )

uy)

Run 1 Combined — 125.07 = 0.28 ( = 0.26) GeV %

O
2016 H—>yy ———nt 125.78 = 0.26 ( = 0.18) GeV —

S

2016 H— ZZ— 4l —— 125.26 = 0.21 ( = 0.19) GeV N

S
N

2016 Combined ot 125.46 + 0.16 ( = 0.13) GeV -

w

Run 1 + 2016 — 125.38 + 0.14 (= 0.11) GeV C_'g

! N
II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIcn

122 123 124 125 126 127 128 129
m,, (GeV)

Systematic uncertainty in yy dominates, mostly due to
details of ECAL calibration and shower modelling

Most precise measurement of m, from CMS 2016

(Run-2 13 TeV) dataset

Combination of 4l and yy decay channels

T (
- W
L H
TR g T w
70 e 11,74
+
€ v

Source Contribution (GeV)
Electron energy scale and resolution corrections 0.10
Residual pr dependence of the photon energy scale 0.11
Modelling of the material budget 0.03
Nonuniformity of the light collection 0.11
Total systematic uncertainty 0.18
Statistical uncertainty 0.18
Total uncertainty 0.26
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http://dx.doi.org/10.1016/j.physletb.2020.135425

No Zero - Spin zone

Hypothesis tests for non-nested models used to distinguish O* from other J°P states.

120 CMS X —ZZ + WW 19.7 b (8 TeV) + 5.1 fo (7 TeV)
- ) N ) ; ) ] ) : : : : : : : : : : : : : : ]
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o [ 0" = 20 M =20 A T e S A
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E 60 - 5 5 5 5 5 ; ; ; ; ; 5 ; ; ; : : .
X [ : 5 5 :
40 F
Y ool l l l
208 ll rrrlrl
°|Iii i I
40t
-60 = E : : :
= =
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Run-1 data is already enough to rule out spin-2 (and many other JP states) at > 99.9% confidence level
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Matter-vs-anti-matter cms 13707 (13TeV)
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http://dx.doi.org/10.1103/PhysRevLett.125.061801

Matter-vs-anti-matter

Differential measurements of tau-decay products in
H->tT constrains CP-odd contributions to Higgs-tau
coupling

CMS 137 b (13 TeV)
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http://dx.doi.org/10.1007/JHEP06(2022)012

Higgs width

Measurements of the Higgs width from off-shell production
Measurements in 4| and 212v final states and for different production modes (CMS: ttH,VH,VBF, ggH)

GCMS  78i'(13Tev) CMS 138 fb" (13 TeV) CMS | S14|r0 fo (13 TeV)
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Higgs boson width

Nicholas Wardle
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Higgs prod & decay

Production mode Cross section (pb)

Decay channel

Branching fraction (%)

geH 4831 244
VBF 3.771 4 0.807
WH 1.359 +0.028
ZH 0.877 £ 0.036
ttH 0.503 + 0.035
bbH 0.482 4 0.097

tH 0.092 £ 0.008

ggH

tH
% ttH
‘.lll ZH
WH

VBF

bb
WW

88

TT

CcC
Y4

Ty
Ly
SS

HH

57.63 +£0.70
22.00 =+=0.33

815 =+£0.42
6.21 =£0.09
286 =£0.09
271 £0.04
0.227 =+=0.005
0.157 +0.009
0.025 £0.001
0.0216 £ 0.0004

o

yyzy®
4y

99
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Fermi theory & the muon decay

In the limit g> 2 o, fermi constant is completely determined by the Higgs vacuum
expectation value v

%_[9]21 I 1
v2  l2v2] Mg 8My,
Ao G%mz m?

[, = — = — H
H Ty 19273 3843 v4

8(gu/2)2 202

Nicholas Wardle
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Effective field theories

| | I I L1 1 | I L1 1 | I L1

25 T T I T T 17T | T T T T T 17T T ,]
2_
— B
m -
O 15+
I -
§ i
O jgis ;
3 | O = Ogm ZHlepp, <75
- ZH lep 75 <p; < 150
= i —— ZH lep 0J 150 < p) < 250
0.5+ — ZH Iepz1J150<p¥<250
B —— ZH lep p; > 250
i —— ZH lep (stage 0)
L N e (Lin. terms only)
O-6=0 o
II|IIII|J"IIl.",']II:IIlIIIIlIIII'IIIIlII

35.9-137 fb' (13 TeV)

-15  -10 -5 0 5 10 15

EFTs allow us to coherently correlate measurements across
different production & decay, from different kinematic regions, to

(Cpy — Ca) X 10

pick out coherent BSM effcts = guide on the path to New Physics!

Nicholas Wardle

C M S ® Observed O Observed (other c = 0)
— U 216 (other c =0)
Preliminary — .z 20 (other ¢ =0)
p,,=89%
Cpy X 102 ———
L LueL = Lsm + Z %01(36)
(€, ~ Ce) X 10° P ..-o——
¢, x10]  —— ———
¢, x 10 -
c, x 10° s
cg x 10° ——————
¢, X 10 -
| | | | | | | | | | | | | | | | | | | i | | | | | | | | |
20 -15 -0 -5 0 5 10

Parameter value ss



Table 7.6: The dimension-6 operator subset, {O}, considered in the Warsaw basis parametrisa-
tion shown in Appendix I. An example Feynman diagram of the corresponding contact
interaction is shown for each operator. The quantity, c*”, is defined by the gamma
matrices relation: o#¥ = i[y,,7v,]/2. A U3(5) flavour symmetry is assumed, such that
in the diagrams, u, d and ¢ represent all up-type quarks, all down-type quarks, and
all charged leptons, respectively.

Parameter

Operator definition

Example diagram

Parameter

Operator definition

Example diagram

CH Box

Cupp

Cuc

Caw

Cup

CHWB

|CeH|

[Caml

(HtH)O(H' H)

(H'DrH)*(H' D, H)

(HTH)(Gg,G%*)

(HYH)(W, WhH)

(H'H)(BywB*)

(HfaiH)(W;;l,B‘“’)

(H'H)(LptrH)

(HTH)(QrurH)

(H'H)(QrdrH)

1
1
e

|CuG|

CH&

CHu

Cha

(Qro**Tug)(HG*Hv)

«r -
(H'iDyH)(Ly*Ly)

€ gt F
(H'iD},H)(LLo*y*Lr)

(H'i D H)(Qrv"Qr)

(H'i D% H)(QLo'v*Qy)

> o
(H'i DpH)(Ery*Lr)

L 2 d
(H'i D, H)(arY"uR)

End -
(H'i D,H)(dry"dR)

(LpyuLp)(Lpy*Ly)

Z {
q S~H
q (
W
v
q “~H
q 7 (
‘
q Tt~H
q w (
v
q TteH
q (
g {
q Them
u Z l
5
u BRI
d Z (
3
d T ~H

X

Table 7.1: The dimension-6 operator subset, {O}, considered in the HEL interpretation. The
definition of each operator is provided in terms of the SM field tensors. In addition,
the corresponding HEL parameter is defined in terms of the nominal EFT Wilson
coefficients. The final two columns show the affected Higgs boson interaction vertices
and an example Feynman diagram of the EFT interaction.

Operator Definition HEL Parameter Relevant vertices Example diagrams
2
O¢ |H|2Ga, Garmv o = ZH oG Hgg
H
2
O |H|2B., B* cA = TZ—,'g’— %ﬁi Hyv, HZZ
Ou A\u|H|?QrH'ug +h.c. Cu = —v2 %’2‘ Htt
O4 Xa|H|2QrHtdg + h.c. cqg = —v2% Hbb
Og )\@IHI2I_4LHT€R+}1.C. Cp = —’02%2& Hrr
2
Ouyw i(D"H)Ta“(D"H)W:V cgw = %gaﬂf\%m HWW, HZZ
2
Oww i(Hfa“D“H)D”W;f,, cww = ﬂ‘g‘tﬂﬁm HWW, HZZ
q q
2m? “ H
Op i(H'DFH)0" By, eww = “ 38 HZZ 7z



Analysis Decay tags Production tags

Inputs to the combination Single Higgs boson production

ggH, pr(H) x N; bins

VBF/VH hadronic, pr(Hjj) bins
H — 7y [42] rY WH leptonic, pr(V) bins

ZH leptonic

ttH pr(H) bins, tH

ggH, pr(H) x N; bins

VBF, I’Hjj bins
H — ZZ — 44 [43] 4u, 2e2yu, 4e VH hadronic
VH leptonic, pr(V) bins
ttH
eu/ee/up ggH < 2-jets
i Jeetii/eutii VBF
H — WW — (vl [44] Hp e/ end) VH hadronic
3¢ WH leptonic
44 ZH leptonic
H
H — Zy [45] Zy e
ggH, pr(H) x Nj bins
H — 77 [46] e, €Th, HTh, ThTh nghadromc
VH, high-p1(V)
W (¢v)H(bb) WH leptonic
Z(vv)H(bb), Z(££)H(bb) ZH leptonic

H = bb [47-51] ttH, — 0, 1,2¢ +jets

bb ggH, high-pr(H) bins
H
H = ppe [52] np o
ttH production 20SS,3¢,4¢, HH
with H — leptons [53] 14+ 1, 20SS+11,, 30 + 113,
ggH
; VBEF
miss
H — Inv. [71,72] T VH hadronic
ZH leptonic
Higgs boson pair production
HH — bbbb [57, 58] H(bb)H(bb) ggHH, VBFHH (resolved, boosted)
HH — bbtt [59] H(bb)H(tT) ggHH, VBFHH
HH — leptons [60] HWW)H(WW), HWW)H(tt), H(tt)H(tT) ggHH, VBFHH
HH — bbyy [61] H(bb)H(y7) ggHH, VBFHH
HH — bbZZ [62] H(bb)H(ZZ) ggHH

Nicholas Wardle



Differential combination(s)

Channel Hovyy |H22Z® 54 [Howrw-% 5 e*uTvy, | H—> vt~ | H - 777 boosted
0-5
15 0-10
G 10-20 0-30
15-20
0-45
e 20-30
25-30
30-35
1 30 - 45 30 - 45
45-60 45-60
e e 45 - 80 45 - 80
ol L 80 - 120 80 - 120 80 - 120
H bin boundaries (GeV) 100-120
fr 120 - 140 120 - 140
140 - 170 120 - 200 120 - 200 140- 170
170 - 200 170 - 200
200 - 250
250 - 350 =520
350 - 450 200 - oo 200 - oo 350 - 450
450 - 600
450 - o0 450 - o0 600 - %0

Table 1: p¥! bin boundaries used in the combination.

Nicholas Wardle
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Signal strengths (stat/syst)

Decay Production Process
mode ggH VBF WH ZH ttH
Best fit Uncertainty | Bestfit  Uncertainty | Bestfit Uncertainty Best fit ~ Uncertainty | Bestfit Uncertainty
value stat syst value stat syst | value stat syst value stat syst | value stat syst
Hobb a1 25 2% 2 - 126 3 3% 4k [ os0 % 9% 4% s 10 E 08
(247) (59) (151) - CSR IR I CIBCID NN (D) (33 (439)
Hove foss 2 B ol oss 0% ton 4% Mg 25 UR| 1s 9E 0x s g gy 0
(Yo23) (o) (oan)|  (oay) (o) (ooe) | (Foze) (Fog) (ozg (*03) (540 (F012) (+8‘i§) (33 (433
Howwloso B3 3% [ oz 42 4% ailar 107 102 | 1g6 05 1 10 s 02 0B o
CODCID OS] B e DG (9 EDEE) DD D)
Hozz [oss T30 YO TR 0% T 88 it oo 10 Uh 0 [ r2ae vEB A oo 0B 4E i
(31 (9 G| (03 (9B (3] (33 (33 (9 (M%) (B (55| Cozn) Co3p) (F638)
e R R P e IR N e
(for) Cooe) (ooe)|  (Foz1) (Foz9) (oma)| (o) (o) (ogs)] (Foo) (Co50) Cae)|— (F023) (Fo4) (Fs)
Ho 03 705 17 102 [T1ss s 0p w0 ses 5% 5h 4 s 38 3%
(F679) (F07) Caap)|  (F8%) (F54a) (103%) (*330) (32 (0%) (FTap) (Fg3) (Cotd)
H—2Zy 886 Dy 5 D03 [ ~443 D 56 G - - -
(£120) (138) (£ (F338) ("598) (Fo43) - - -
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Systematic uncertainties dominate the sensitivity in certain EXtraCt|ng the rESUItS

measurements

CMS 138 b (13 TeV) CMS 138 o' (13 TeV)
® Observed D +1 SD (stat) ® Observed \:’ +1 SD (stat)
= 11 SD (stat @ syst) |:| +1 SD (syst) = 11 SD (stat @ syst) |:| +1 SD (syst)
— +2 SDs (stat ® syst) — +2 SDs (stat @ syst)
B 5 Stat Syst B 5 Stat Syst
MagH = 0.97%% o0 57 w - 113000 w000 g
77 ' +0.12  +0.08 +0.09
. w E_ 097,17 007 _oos
! +0.09 +0.08 . . .
MVBF _§T 0.80=0.12 -0.10 -0.07 | !
B uWw ‘E— 0.97:009 005 2008
' +0.26 +0.16 '
MWH -—E-— 1.44° 5. =021 "o | .
— : u'r - 0.85:0.10 2006 =008
| —— 12992 om0 02 -
' +0.22 +0.16
L Mbb —'E-— 1.05°5, =015 ..
+0.20 +0.13 B
MttH _'E'_ 0947 =015 5, uu e 1045 4042 1017
. u ——— 12T Zoss 016
+2.66 +2.06  +1.69 :
MtH —6.05,,, ies 138 MZY ; > 2.59:;:3; jg:g; ig:gz
111 1 I 111 1 I 111 1 I 111 1 I 111 1 I 1 11 1 1 I 11 1 1 I | I I 11 1 1 I 11 1
O 05 1 15 2 25 3 35 4 45 0O 05 1 15 2 25 3 3.5 4
Parameter value Parameter value
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0.04}
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Sensitivity to self-coupling in HH

gg—HH

k,=0, only box diagram

k,=1, SM

— k;=2.45, maximal interference
— K, =5, soft spectrum

—— K, =20, mostly triangle diagram

800 1000 1200

m,, [GeV]
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Double Higgs double challenge!

/l H R —-—ce H
' P t
- 0 A
t
\~ H — . H
Direct Di-Higgs searches
I I 1 I I
HH production at 14 TaV LHC at (N)LO in QCD
______________ M,;=125 GeV,jMSTW2008 (N)LO pdf (68%cl
S 25.1% QXA
) M 06% 3.52% 0.669%
3
z AN
© Q
2
13
1 1%
i Tig]
1 1<
: H
I 13
1 18
| | ] 1 1 1 |
4 3 - 1 0 1 o g 2 0.012% 0.001%
A 4 |
B 732 (2014) 142-149 Mhsm rarer

rarer

Branching ratio [%]



W+W'yy
o 87"30 11

'YY‘C T

2o +6.01
K, =744, 83

bbW*W*

+5.61
_406614

DBZZ 4

- 199

Multllepton

+5.34
Ky =2.265 55

bbbb

K, =-1.16;

bbttt
x, =3.6370%
bByy

+2.56
= 020177

Comblnat|on

+2.69
» =151,

CMS Preliminary
e

138 57 (13 TeV)

Kt—1
Ky =

Koy = 1

1|I1]lllllll
—

L
Best fit value

Standard Model

-2 A log(L)

PRI B
-20 -15

Lol
-10
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>

0

G | 111
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15 20
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Per-channel self-coupling measurements

T
—— Observed
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Non-SM HH discovery potential

CMS Projections Preliminary
N L ) LY LA LA

3000 fb' (14 TeV)
i L AL

[
—— S1 scenario

Discovery Significance [o]

S2 scenario — Stat. Only
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Simple D6 term in Higgs potential




Temperature dependence

0.5
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=~

-~

-~

S -

-
----------

e

S -

~~ -~~~
~~ ..
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-------
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— T=75GeV | O NI -=T
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_1 — | |
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¢ in GeV

For D6, above 7TeV we end up with
strong couplings (perturbativity
breaks down)

AS =7.0TeV,

o d)c/Tc =1
2 2
— (—0.031 4+ 0.30 25 )/(1 — 0.021 25)

1 1.5 2
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MSSM SM-like couplings

"HDM hMSSM
Type I Type II Type III Type IV
(B — (B — n(B — in(B — Sqtsutanp
ky  sin(B —a) sin(B — a) sin(B — &) sin(p — &) /it p

ku cos(a)/sin(B)  cos(a)/ sin(B) cos(a)/ sin(B) cos(a)/ sin(B) Sy~ trianzﬁ
kg cos(a)/sin(B) —sin(a)/cos(B) cos(a)/sin(B) —sin(a)/cos(B) saqy/1+ tan?p
ki cos(a)/sin(B) —sin(a)/cos(B) —sin(a)/cos(B) cos(a)/sin(B) sqy/1+ tan?pB

1
Sy =
1 + (m2A+m%)2 tanz :B
(m%+m3 tan? B—m? (1+tan? B))2
. (m3 + m%) tan B
d — Su 2

m% + mA tan? B — m?;(1 + tan? B)

3x10° 4x10% m, (G eswoz 3x10? 4x10% m (657)102 3x10? 4x10% m, (537)102

Figure 6: Scan of coupling modifiers x, (left), x; (centre) and xy (right) as a function of the
MSSM parameters m 4 and tan(p).
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2HDM SM-like couplings

2HDM hMSSM
Type I Type II Type III Type IV
ky  sin(f—a) sin(B — «) sin(B —a) sin( — «) id/%%

1-+tan? B

ku cos(a)/sin(B)  cos(a)/sin(B) cos(a)/ sin(B) cos(a)/ sin(B) Su~tnp
kq cos(a)/sin(B) —sin(a)/cos(B) cos(a)/sin(B) —sin(a)/ cos(B) \/1+ tan? B

54
k1 cos(a)/sin(B) —sin(a)/cos(B) —sin(a)/cos(B) cos(a)/sin(B)  sq4/1+ tan?p

CMS Preliminary 35.9fb (13 TeV) CMS Preliminary 35.9 ™ (13 TeV)
&10 |||||||||| @10

2HDM Type | 2HDM Type II
— Observed 95% CL — Observed 95% CL
Expected 95% CL Expected 95% CL
1 1 !
1058 06 -04 -02 0 02 04 06 08 058 06 -04 -02 0 02 04 06 08
cos(p-a) cos(p-a)
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Differential results for couplings

10.0 CMS Preliminary 138 fb~! (13 TeV)
Ne) . T T T T | T T T T | T T T T T T T T T T T T T
.. _ 4 . - ) j
CMS Preliminary 138 fo~! (13 TeV) S Cominaton 600
< T T T T T T T T T T T T T T T T T T3 Exp. Gombination 95% ]
(o) | > . S i e Combination best fit
2 | Combination 68%
C\D 10 % ---------- E H Combination 95%
=3 B i il
T~ 10'F / \
é])_ g 1 2.5 1
< 0 a . -
107 =
2 g E 0.0/ :
{— aMC@NLO, NNLOPS £ 1 i
10—1 | [ Combination, Syst. unc. 1 h J L
H §  Combination T J 251 i
1 £ H—yy bi - ]
1021 H—2zZ 1t H--#-= 5.0[ .
8 H— ww RS E f *
[ § H—r1r ] i 1
1 0—3 Ll ¢ H — 11 Boosted g -7.51 7]
] I I I I I I | | | | | | | | | | | = I ]
) S O (O S S S NS S S NS R AR R
10'%0 -15 -10 -5 0 5 10 15 20

Ke
} .

O, = |H|2GZVGG’I'W, Oy = |H|2QLHC’U,R+h.C., O3 = |H|2QLHdR-{—h.C.

Yukawas

https://arxiv.org/abs/1705.05143
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36.3-138 fb' (13 TeV) 36.3-138 o' (13 TeV)

e o 8r o 8
| S L CMS L CMS
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i i Py - i i S i G - B " “oe
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pp —H

Indirect interpretation

pp — HH

Direct search

Combination

CMS Preliminary 138 fo™' (13 TeV)

| Bestfit [+ 10
+ SM I:li- 20
. =587 (10) 77 (20)
K, =1.0" (o) 2‘7’ (20)
K, =315, (10) 7 (20)
1 I 1 1 1 1 I 1 1 1 1
10 15 20
Ky
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EFT Interpretations — caveat 1.

STXS measurements don’t include relevant information

. ATLAS Preliminary  — e8%CL
about decay of the Higgs setaTev i e 95 % CL
my = 125.09 GeV, |yu| < 2.5 —eo— Best Fit
SMEFT A =1 TeV
. . . . o, o M = 59%
* Angular information (eg in 4l final state) sensitive 41 (1| T —e— |
to BSM effects A e mmseoamann (10| —l—
e ATLAS/CMS use MELA/BDT to exploit this | - ——
information 045 —01 —005 0 005 01 015
ng}g““\‘“‘\“‘7‘—'-.‘_“77‘\““\““
EPJC 80 957 (2020) wt el S—e— -
g 3 TT IVYVIIIYYTTYVYYIYIVIIIVYTIYYTITTT C[1] 77_.’_7
2 | ATLAS Simulation ] 7 ) Hu.Hel Hal?
S o5 HoZZ'4l oo ] H g wome| M
a Tk (s=13TeV (o B)(o - B)y, {4 T o2 I
> gg2H-0j-p.. -High et HG,uG,uH
b r TH (6-B-A)(c B -A),] - ] -
o 2r N ,° 1 CHW, HB, HWB, HDD, uW,uB, W
B I e A ] ot 3 2 1 0 1 2
- \ / 1 o2 R ‘ - A
g 1.5 \ / ] Hu,Hd,Hg"
5 i L T el R e —— o — -
> L N/, - HW, HB, HWB, HDD, uW,uB, W
1__k0_1 W_U _____ N AE———
C ] Cot - |——-
i 1 Need to account for non-SM Cat | ——— -
e {1 acceptance when interpreting S0 5 0 5 10
gyt g, STXS measurements! Parameter Value
Chg

ATLAS-CONF-2021-053

Nicholas Wardle — Imperial College London
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EFT Interpretations — caveat 2.

CMS/ATLAS are used to thinking of Signal [ Background - But EFT is a global approach!

JHEP 07 (2021) 005

ATLAS 'p-val tSherpla)=Ol.22 —¢— III)altaI j

4w Sherpa qq—41 + X 3
X=gg—>4+H—>41+VVVHIV(V)]
H—4l E

g_g—>4|
— tV(V)+VVV

do/dm,, [fb/GeV]

Lol 1

Prediction/Data

50 100 150 200 300

Full pp=> 4l combinations are the correct way to interpret the data
—>Need to consider all contributions together to fully exploit our data

Nicholas Wardle — Imperial College London

104


https://link.springer.com/article/10.1007/JHEP07(2021)005

Complementarity to BSM searches

Beyond SM (BSM) Higgs models predict modifications in couplings between
up and down type fermions and the Higgs boson

Supersymmetry (SUSY) is a popular
extension of the SM...

> Two Higgs doublets @y, Od

- 5 Higgs bosons (A, H, h, H*)

Eur. Phys. J. C 79 (2019) 421

CMS

359" (13 TeV)

@ Observed
== 10 interval

— 20 interval

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

NICNolas vvaraie

CMS Preliminary

35.9fb" (13 TeV)

60 7
50 y/
/
40 y
30 4 7/ i i
7 V. Coupling constraints are
7
o0l 7 complementary to
/4 o
7/ direct searches!
4 7,
10 \_\ 4 / ,//
= Z |:| Observed exclusion 95% CL
7 / % Expected exclusion 95% CL
4 h(125)
61 , EPJC 79 (2019) 421
5 | ) ) A/H/h — uu =
\ CMS-PAS-HIG-18-010 w)
4r 7 JHEP 1808 (2018) 113 a
4 A AM/h = T a
3l 4 JHEP 1809 (2018) 007 —~
7/ H— WW (v v and Iv qq) w
[/ A {HER 03,(2020) 034 B 8
ol 74 5 E PLB 778 (2018) 101 R
H—
CMS$AS-HIG-17-027 g
2 A — Zh (Ikt) wn
7 arxiv:1910.11634 -
1 | %& | | !\\ N hMSSMl
130 200 300 400 1000 2000

m, [GeV]
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http://dx.doi.org/10.1140/epjc/s10052-019-6909-y

Complementarity to BSM searches

X 1 Excluded by
T E ATLAS, bbbb (merged) ATLAS, bbbb (resolved) E H-couplings
7)) — ¥s =13 TeV, 36.1 fb"! ¥s = 13 TeV, 36.1 fb" _A —
@ 1l o ATLAS, vvgg ____ CMSs, bbrr \YJ ~
T 10 = fs=13TeV, 359 " s =13 TeV, 35.9 b =

5 — CMS, tt1t7 ATLAS, putt I

5 — fs =13 TeV, 35.9 fb” fs =8 TeV, 20.3 fb" —
X 1072 = CMS, putt (merged) CMS, pptt (resolved) =

o= — fs=13TeV, 359 fb" s =13 TeV, 35.9 fb" =

© |"’b-c — ATLAS, bbup CMS, bbup _
c 10—3 | fs =13 TeV, 139 b ¥s=13TeV, 359" |
(o] — ATLAS, yyyy CMS, yyyy e

e [—  — . P

- — - s = eV, X = ev,
= — ¥s =8 TeV, 20.3 fb" s =13TeV, 132 fb

= 4l ATLAS, pupp CMS, pppup
'q_) 10 = ¥s = 13 TeV, 139 fb” Vs = 13 TeV, 35.9 fb"!
Q. n
> 5

a4 10—

O = =

X [ _

g 10—6 | | | | | 1 1 I | | | | | | | | I | | | | |

1 10
M. Cepeda et al (https://arxiv.org/abs/2111.12751) m, [GeV]
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https://arxiv.org/abs/2111.12751

Higgs Couplings (@ HL-LHC

Expect to reach O(%)-level precision in many
couplings!

Assumes trigger & detector performance /
reconstruction similar to Run-2

Uncertainty scaling:

Statistical Uncertainties _

x 1/VL

Until floor reached

Theoretical Uncertainties _

Uncertainty dominated by systematic
components in many cases for coupling
(inclusive) measurements

Caveat! Higgs boson couplings based on
partial Run-2 data - Represents only ~few %

of total expected HL-LHC dataset.

YR18

.| Total ATLAS and CMS

— Statistical HL-LHC Projection
—— Experimental

(s = 14 TeV, 3000 fb™' per experiment

Theory Uncertainty [%]
2% 4% Tot Stat Exp Th

—

1.8 08 1.0 13

1.7 08 0.7 1.3

1]

1.5 0.7 06 1.2

25 09 08 21

34 09 11 3.1

3.7 13 13 32

19 09 08 1.5

43 38 1.0 1.7

98 72 1.7 64

; .

7002 004 006 008 01 012 0.14
Expected uncertainty
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https://cds.cern.ch/record/2703572

b/c

H-b/c Yukawa

. — VH—->bb/cc measurements sensitive
“ 10F ATLAS Preliminary x to b-quark and c-quark couplings
8 Projection from Run 2 data H — b/C
- Vs=14TeV, 3000 fb 1>
6 VH( bb.cc) 4 P Expected measurements of ky-K. at
: 1 19
4 4 HL-LHC from STXS VH—>bb (STXS
ol 1K measurement) and VH->cc (inclusive
- =4 |IC . ..
ob R search) in resolved di-jet events
N 1N
oF - - Expected 68% CL 118 (ATLAS)...
C — Expected 95% CL ] 8
A + SM 10
4r e I I AR R BT 1 v CMS Phase-2 Projection Preliminary 3000 fb™' (14 TeV)
2 15 -1 -05 0 05 2 8 4IIIII0ISMI
Kp 3:- —=+10 g
L e *20 ]
2f ]

...and in boosted events (p;>200
GeV) using ParticleNet [1,2] H(bb/cc)
merged-jet tagging

(800-1C-DIH-SSD

[1] CERN-CMS-DP-2020-002
[2] PRD 101, 056019 H | | | Tk,
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Higgs boson 2"d generation couplings

Updates in 2022 (Snowmass) for key decay channels where projections now use analyses
based only full Run-2 datasets & improved analysis methods

3000 fb='(14 TeV)

1 0_30 B 1 1 I 1 | T T T T 1 I I I l T I T | T I 1 I I I I I I l | I ]
< | CMS 1
E:,L 0.25[ Phase-2 Projection Preliminary H-> ML .
le) - ]

- with Run 2 syst. uncert. (S1):  with HL-LHC syst. uncert. (S2):

0.20F A Snowmass 2013 Snowmass 2013 "

B < Yellow Report 2018 Yellow Report 2018 ]

i -©- Snowmass 2021 Snowmass 2021 ]

0.15[- =

i Expect to reach 56 @ ~300/fb 1
0.101 Uncertainty in u coupling ~4-5% at HL-LHC

= A .

i % ]

0.05 8 o & 5]

0-00 : L | Ll | Ll | I N | Ll I L I Ll :

0 500 1000 1500 2000 2500 3000
L [fb~']

Reminder that projections are often pessimistic as analysis strategies improve with each iteration
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CPin H2 Tt

Measure H->tt decays differentially in O¢pto
access potential CP-odd contributions to H-t

coupling X
t Htty _ ™1
an(w = g3
KT
CMS Suppiementary Projection, 3 ab™ (13 TeV)
J C T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T ]
S 60 ———— With YR18 syst. uncert. : Gy, =05
< . . . ATT °
N ———— With YR18 syst. uncert. + bin-by-bin : O, = 05
1

50

With Stat. uncert. only : &;(p_ =0=+5

40 _
With Run 2 syst. uncert. : o,

30

PR B 1
-10 0 10

1 I 1 1 1 1 I 1 1 1 1

20 30 40
Hr

CMS-HIG-20-006 o™ (degrees)

CMS Simulation 13 TeV

:' [ T T T T ‘ T T T T ‘ T T T T T T T T ‘ T T T T ‘ T T T T ]
< | = CPeven == CP odd |
0.1 == CPmix = === z —

i Her i

o ,L ]

0.08 .
0.06 f ]

0.04

0.02 f
™ — ' - p:_> 33 GeV i
o b b b b
0 60 120 180 240 300 360
(pcp(degrees)
Projection of Run-2 analysis at CMS

—> Expect to constrain CP-mixing angle

(af™™) to 5 degrees at H

L-LHC!
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BSM in Hi

ggs decays

Additional (BSM) decays of the Higgs boson results in modified Higgs boson width
Indirect from total width from coupling measurements (+ offshell) measurements

Direct measurement from H-> 4l mass peak

Limited by experimental resolution (', ~ 4 MeV in SM)!

CMS Phase-2 Projection Preliminary 3000 fb™" (14 TeV)

0.25

3 - H-zZ e R
CMS-PAS-FTR-21-007 S LE e
't expected upper limit (MeV) | Projection || Optimistic | Pessimistic -
Total 177 155 177 015/
Syst impact 150 123 150 N
Stat only 94 o1
@ 207‘ LA L L B B B BB B T w:‘w”o?o‘fbj(?‘l\TEV) A 0.05;
o r CMS Phase-2 = B
(% 18? Simulation Preliminary ) B H :
L2 16f = Median exp.vs ET A 185 e S T T T B TS a8 TaS TS TSI B s Top s
= B ) T > m, [GeV]
2 [ [ 6% exp. i
T o14f ] eswen u
T T a4 Median exp. smeared E:’iss o . ..
5 120 ® Direct searches for VBF H=>invisible decays
5 10| 2 benefit from improved forward tracking &
5 8 . , calorimetry
E 6 E y = Sensitivity limited by trigger/selection
8 4 E u / thresholds achievable at HL-LHC
o2 EE
T X > Needt t tert intai d
&\) 150 200 250 300 350 400 ee (0] ge smarter to0 maintain or do
(o]

Minimum threshold on E7*° (Gey

better than sqrt(L)!
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Future Colliders

Collider Type N P (%] N(Det.) Linst & Time Refs. Abbreviation
[e /et] [103*]cm~2s~! | [ab~!] [years]
HL-LHC pp 14 TeV - 2 5 6.0 12 [13] HL-LHC
HE-LHC pp 27 TeV - 2 16 15.0 20 [13] HE-LHC
FCC-hh®) | pp  100TeV - 2 30 30.0 25 [1] FCC-hh
FCC-ee ee Mz 0/0 2 100/200 150 4 [1]
2My 0/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3 FCC-66240
2myop 0/0 2 0.8/1.4 1.5 5 FCC-eesg5
(+1) (1y SD before 2m;,, run)
ILC ee 250 GeV  +80/£30 1 1.35/2.7 2.0 11.5 [3,14] ILC;s50
350 GeV  +80/£30 1 1.6 0.2 1 ILC3s9
500 GeV  +80/£30 1 1.8/3.6 4.0 8.5 ILCs00
(+1) (1y SD after 250 GeV run)
1000 GeV  +80/£20 1 3.6/7.2 8.0 8.5 (4] ILC000
(+1-2) (1-2y SD after 500 GeV run)
CEPC ee Mz 0/0 2 17/32 16 2 [2] CEPC
2My 0/0 2 10 2.6 1
240 GeV 0/0 2 3 5.6 7
CLIC ee 380 GeV +80/0 1 1.5 1.0 8 [15] CLIC3gg
1.5TeV +80/0 1 3.7 2.5 7 CLIC 1500
3.0TeV +80/0 1 6.0 5.0 8 CLIC3000
(+4) | (2y SDs between energy stages)
LHeC ep 1.3 TeV - 1 0.8 1.0 15 [12] LHeC
HE-LHeC ep 1.8 TeV - 1 1.5 2.0 20 [1] HE-LHeC
FCC-eh ep 3.5TeV - 1 1.5 2.0 25 [1] FCC-eh

Nicholas Wardle
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Future colliders & EFT

69;lgi[%]

102:-::7

10

10—1 i

. HL+HELHC . HL+LHeC HL+|LC250 HL+CL|C380 HL+FCCeez40 |——d
| Higgs@rc we HL+ILCso0 M HL+CLIC1s00 HL+FCCee365 |1
:. . September 2019 SMEFTND fit - HL+|LC1000 . HL+CL|C3000 . HL+FCCee/eh/hh :

102
10f

101

gﬁzz gﬁww gle-lyy gl.iIZy gﬁlgg gﬁltt gﬁlcc gflbb gﬁlrr gle-lpp 6912 GKY

10~

6garce
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Exploiting new ideas

( FTAG-2023-01)

Song-Ming Wang @ ICHEP 2024

70
sob VS =13 TeV

50 -

40|

C-jet rejection

30F
20F

10}

2017 2018

Smarter algorithms (enhanced with Graph-based

C ttjets, £, = 70%

2019

- ATLAS Simulation Preliminary

2020
Year

2021

2022

/I-\_-
(GN2 )]

2023

ML) to identify jet-flavor - VH(bb), HH>4b

New dedicated triggers for HH searches (both for 4b and
2b2t final states) to improve signal efficiency in RunU

Normalized to Unity
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0.020

0.015

=
o
—
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0.005

N —

0.000

T

Reco signal GBR
Reco signal JEC
= Truth signal
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Run 3 2023 HH trigger ¢(HH— 4b) = 82%

Run 3 2022 HH trigger ¢(HH— 4b) = 68%

Run 2 ¢(HH- 4b) = 52%

—_— T HH(4b) peak

Event selection: = 4 jets with P, > 30GeVand | <25

2500
12000
] S .
] % Gradient boosted
1500 ‘g :
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g () .
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1 3 H->bb/cc
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2 08f
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https://cds.cern.ch/record/2882626?ln=en

Looking beyond the Higgs?

Search for 4-tops provides complementary

approach to constraining Higgs-top Yukawa

coupling! g
CMS 138 b (13 TeV)
IIIIIIIII!IIIIIIIIIIIIIIIIIIIIIIIII |||||||| I|||||||||I||||I||||I||||I||||

E Expected g
ac : /A 0 86 .Observed

- =

3¢ —e— 2.9 v

' o 134101 — ; ~

ttt TT-18 ~+

: arXiv:2212.03259 i

2¢SS -o— 4.0 Z';

: (I 4 0 >

: Expected g

Combined e -e— Observed 4.9 N

¥/, Observed upper limit 5.6 w

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 3

40 1 2 3 4 5 6 7 01234567

/ot Significance (SDs) [

Full Run-2 analysis yields 4-top observation

Combined significance 5.90 (5.10’) !

CMS

137 fb~! (13 TeV)

{ £<££ QObserved upper limit
| === QObserved cross section
1 === Predicted cross section

€00-81-dOL-SWD

00 05 10 15

20 25
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http://dx.doi.org/10.1016/j.physletb.2023.138290
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html

Looking beyond the signal strenghts

Huge datasets available in Run-2 (and being collected in Run-3)
allow to measure Higgs boson properties differentially

0v0 (£¢0¢) §0 dIHI

CMS 138 b (13 TeV)
A~ FT T T T | T T T T | T T T T | T T T T | T T T T
% t Data (stat. ® sys. unc.) p-value(POWHEG): 0.30 |
1 g_ —— Systematic uncertainty _§
(2 F NN gg—H (amcatnloFXFX + JHUGen + Pythia) + XH E
L SN gg—H (NNLOPS + JHUGen + Pythia) + XH i
O
P 10 Y4444 gg—H (POWHEG + JHUGen + Pythia) + XH _
E XH = VBF + VH + ttH (POWHEG + JHUGen + Pythia) S J
I - : ®
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© F s 3
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© i R =
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o 06
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Differential information provides
additional handles on Higgs
boson (self) couplings
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http://dx.doi.org/10.1007/JHEP08(2023)040

Projection of signal strengths CMS
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Differential measurements

With the data collected in Run-2 we have enough
Higgs bosons to explore high momentum regions and
probe potential hiding places for new (heavy) physics!

CMS Preliminar 138 fb~1 (13 TeV)

- rFrr-rr-+ Tt 1+t tr 7 1> ° [ 1 1 T "
FIN s = HIG-23-013

| — aMC@NLO, NNLOPS

1 0—1 1 [ Combination, Syst. unc.
- Combination

H—vyy

H— ZZ

H— WW

—h

o

|

\e}
I O
o+ HH FH B e+

I H— 11
1 0—3 1 H — 11 Boosted
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/index.html

Differential measurements

With the data collected in Run-2 we have enough
Higgs bosons to explore high momentum regions and
probe potential hiding places for new (heavy) physics!

Combinations of decay channels provides most
stringent tests of SM Higgs (and our
understanding of the SM Higgs!)
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Differential measurements for EFT

Similarly to SM couplings measurements, can express
differential cross-section measurements in terms of EFT

couplings (Wilson Coefficients)

pi = pi(c)

0
o CHe

u — pl (c)

q

q

q
H

7 < CHwa

q

q

Nicholas Wardle

CMS Preliminary 138 fb~! (13 TeV)
L L L R B
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Differential measurements for EFT

Conversion to lower bounds
on New Physics scale A

d
Loverr = Lov + ) ﬁQ; )
d;

H

(d)

C.
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q
H
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q

q

138 fb™' (13 TeV)
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T T
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EFTs allow us to indirectly probe higher energy scales
—> Guide on the path to New Physics!
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Differential measurements for EFT SMP-24-003

EFT provides consistent framework to combine measurements across
different sectors of the SM

CMS Preliminary Hybrid fit, 1-by-1 scans 36.3-138 b (13 TeV)
B — 68% CL — 95% CL ® Best fit — Linear —— Linear+Quadratic I
1 | |
c | ne
> | |
l:/ O | ‘ ‘ . i i1 I * ] I ‘M I .
N< ¥ R X3 # | $4 R K ' * | |
= | t 4 | |
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C
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o]
s 0.6
C
o
° 04
®©
[
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o
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A Real CMS analysis selection flow

cms 137 fb™ (13 TeV)
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Data-driven background

s
s
d
Estimate the normalization of the B(Z — VV)
Z-»neutrinos background using data! NZ(—H/V) ~ NZ(—mu) B(7 A(:UJ)G(:“)
Nicholas Wardle ( _> IU'IU')



We’re not there yet — and have new ideas in the pipeline

Inference aware optimization to improve sensitivity to XGBoost Cor. . Post-IA XGBoost Cor. ..
. . . s . ‘ , A RR 0 5
Higgs production modes (STXS) in classification task = .- Il . [ o 1R, &
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Similar improvements seen in 2-parameter model in H>Tt with systematics included in training (MLG-23-005)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/MLG-23-005/index.html

VHbb EFT optimized analvsis

CMS simulation 138 fb~! (13 TeV)

Simulation-based-inference ML approach to constrain
multiple EFT coefficients at once = optimality across
wide range of new physics scenarios!
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c Z(")H(bb) analysis e Best frozen fit —— q < 1 (frozen) ---- q < 4 (frozen)
-]
= : g<l qg<4
101:_ __________ B (1) 5 [-0.068,-0.028]U[0.009,0.074]  [-0.093,0.096]
[ CHq [X5] w - o
B | I ———— 1 1
I [ i
__________ j CI(-I3q) [X5] Co—e— [-0.059,-0.007] [-0.080,0.020]
i , ®
I F __________ :
! ] :
B S Bl S CHu [x5] . —“_ _ [-0.050,0.036] [-0.091,0.073]
100 P : ] i
- ] G [x5] === : — [-0.102,0.105] [-0.146,0.153]
e e | g=Z | xll I —'—-—__ [-0.259,0.409] [-0.573,0.614]
e e e e T e e E
9%% | [x1] " B [-0.366,0.352] [-0.601,0.615]
10_1 I I I I 1 1 1 1 1 1 1 1 i 1 1 1 1 1 1 1 1
1 2 3 4B|T 5 -0.8 -0.4 0 0.4 0.8
score Wilson coefficient value
H1G-23-016
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-23-016/index.html

A massive achievement

Precision in Higgs boson mass at the level of
~0.1% with Run-1 & Run-2 data using high
resolution channels (H>4l)

CMS 138 b (13 TeV)
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With the value of my known, we can make precision tests of the SM with the Higgs boson!

olO-1Z-DIH
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