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Higgs & the standard model

e SM = set of quantum field theories that describe fundamental particles and their interactions
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Masses of matter particles (Yukawa)

Higgs interactions & masses of force carriers
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e Higgs mechanism plays a major role in the SM

Explains how:

e W and Z bosons acquire mass

e (Quarks and charged leptons acquire mass

Prediction of new scalar particle — Higgs boson
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Higgs boson production & decay @ LHC

Higgs boson production modes

a)

=P ® ™ " Production mode Cross section (pb) | Decay channel Branching fraction (%)
V kv, ggH 48.31 +2.44 bb 57.63 +£0.70
EB VBF 8771.-0.807 WW 22.00 =£0.33
WH 1.359 +0.028 gg 815 £0.42
SCLELELY a v ZH 0.877 4 0.036 T 621 £0.09
d) ttH 0.503 £ 0.035 e 286 £0.09
bbH 0.482 £ 0.097 ZZ 271 +0.04
tH 0.092 + 0.008 V¥ 0.227 £0.005
Zry 0.157 £0.009
ss 0.025 +0.001
Uy 0.0216 £ 0.0004

ggH

Higgs boson offers unique tool to probe many different interactions
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CMS experiment

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0 m Pixel (100x150 um?) ~1 m? ~66M channels
Overall length :28.7m Microstrips (80-180 pm) ~200 m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16 m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

/ P
CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbOWO, crystals

HADRON CALORIMETER (HC/
Brass + Plastic scintillator ~7,000 channels
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CMS experiment

CMS Experiment at the LHC, CERN
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C M S e x pe ri m e nt CMS Experiment at the LHC, CERN

Data recorded: 2017-Aug-20 18:16:45.926208 GMT
Run/ Event / LS: 301472 / 634226645 / 664
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Twelve years since discovery

e Since discovery we have collected significantly more data

Discovery We are here
| LHC | HL-LHC

‘ Run 4-5... . :
ILUM
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~200k H-bosons
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e Since discovery we have collected significantly more data
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Discovery We are here
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T T

m meeeee] 3000 fb
luminosity EENVE{R

~200k H-bosons ~7.7M H-bosons

e Entered era of precision measurements in the Higgs sector
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e Entered era of precision measurements in the Higgs sector — Still much more to come!
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Higgs boson combination July ath 2022

e Ultimate precision comes from statistically combining Higgs boson analyses across different decay channels

e C(Celebrated ten years since discovery with statistical combination paper in [Nature 60/ (2022) 60-68]

Theinternational journal of science/ 7 jJuly 2022

natu re

HIGGS.
AT10

Probing the
properties

of themost -
elusive particle *

years

HIGGS boson

discovery

in physics

Coronavirus Cleaning up

Didvaccinemandates  How to pullthe plug Ocean microbiome
help or hinder the fight  on coal-fired power reveals wealth of

against COVID? plants biosynthetic pathways  #

Papers from ATLAS and theory community in same journal edition
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html

Nature input analyses i...covonses

e Combination of Higgs boson analyses using the full Run 2 dataset (2016-2018) = 138 fb™!

Analysis Decay tags
Single Higgs boson production

Production tags

gegH, pr(H) x N;j bins
VBE/VH hadronic, pr(Hjj) bins

Jonathon Langford

H — 7y [42] Y WH leptonic, pr(V) bins
ZH leptonic
ttH pr(H) bins, tH
ggH, pr(H) x N; bins
VBE, mj; bins
H—-Z7Z — 4¢ [43] 4]1, 292]!,4 VH hadronic Higgs boson production modes
::I_I-il leptonic, pr(V) bins ) 2 2 ;
s & i v Kv V kv
eu/ee/uu ggH < 2-jets &b Y2 _H L&
Jp+j/ ee+ij/ epiij LA g " ¢ ¢ v
H - WW — fviv [44] VH hadronic .
21 WH leptonic 2 B g ¢ ?a a
4/ ZH leptonic 65| ke " B W
ggH Ty CeT wi T H
e 2 VBE . S . ;
ggH, pr(H) x N; bins
VH hadronic
H — 77 [46] ey, eTh, HTh, ThTh VBE
VH, high-p1(V)
W (fv)H(bb) WH leptonic
Z(vv)H(bb), Z(¢£)H(bb) ZH leptonic
S=+bhi{al o tH, — 0,1,2( +jets
ggH, high-pr(H) bins
geH
H — up [52] Up VBE
ttH production 2(SS,3¢,47 HH
with H — leptons [53] 14 + 1, 20 SS+1T, Th
geH
f VBF
miss
sl il 2 P VH hadronic
ZH leptonic

Particle Physics Seminar - UoB


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html
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Building the likelihood

e Analysis region = selected set of p-p collision data events, dr — (1) Signal region (SR) designed to be enriched in Higgs boson events
(2) Control region (CR) designed to control background predictions in SR

e Define likelihood for each analysis region: ﬁr(eru,, I/) = H Prob (Xr,d ‘ Z :ui’fs;.’:;(u) -+ Z Bk(u))
Xr,d E dr d lvf k
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Building the likelihood

e Analysis region = selected set of p-p collision data events, dr — (1) Signal region (SR) designed to be enriched in Higgs boson events
(2) Control region (CR) designed to control background predictions in SR

e Define likelihood for each analysis region: | L, (d,|u,v) = PI‘Ob Xr y ‘ Z’ul fSl Z(V) 4 Z Bk(ll))
Xr.d = dr i

Parameters of interest, y Nuisance parameters, v k
Expectation

Observation
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Building the likelihood

e Analysis region = selected set of p-p collision data events, dr — (1) Signal region (SR) designed to be enriched in Higgs boson events

(2) Control region (CR) designed to control background predictions in SR

I,

WS W) + Y Bw))
f k

e Define likelihood for each analysis region: ﬁr(dr‘p,, I/) = H Prob GXr,d:
Xr,d e dr g I-.-I

e Thedata (d) in each analysis region can be...

- ] «10° S'ig?a! c'ategc')rites' . . 1?':8'fb"1 $13 Te‘V) CMS 137 fb~' (Vs =13 TeV) Bkg. Sig.
= = CMS simulati ___ VBFm,=125GeY, o 40Fcms N : : . _'” T 2 = 2
3 o simdiation ) B(H-inv) = 100% L - e ] B [ 105<my<140GeV * Data g
CL'>; E \5=8 TeV, sl il —FWK = 305_ - gi:. tin= 5 goiHseJrrf;H _: 1.00 :_ Untag., VBF-1jet-tagged, VH-lep-tagged, ttH-lep-tagged,  ttH-hadr-tagged 10° ‘§
% 1;— VBF H(mV) D QcD 20;— x3 x5 x5 x15 _: ’ - .:- . e ° . . . é
2 C ' 10F i r* ﬂ. = 0.75 - . "z o) i, 3%, E
E - oF T T T T a— B ¢ & .' . :. o = i
1 0-2 - g I —&— Observed Bkg. unc. — ggH ] 0.50 — & . * :
; T [ — ggH + qaH N R o B
- . r . ey . - —10-" 5
10°8 i 0.25 e . 1'° .
E = B > i -1
- © C : 3
10-4E o 0.0 B 1 |'.| o 1% .| L :I T+ ! I' s I .'-'f :I .l Ll T. |:'| la I I..ﬂ 'ﬂ. T':.I L -
1 1 1 | 1 1 1 1 | : 1 1 1 | 1 1 1 1 C L 1 L | L . ’ qOS 110 115 120 125 130 135 140
500 1000 1500 2000 0 10 20 my; (GeV)
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' ° ' : Unbinned observables:
Cut-and-count: Binned (histogram): -
| = sinale Poi ; L = product of Poisson terms L, = (extended) product of
= singtle rFoisson term . .
r over bin counts Poisson terms over events
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Building the likelihood

e Analysis region = selected set of p-p collision data events, dr — (1) Signal region (SR) designed to be enriched in Higgs boson events
(2) Control region (CR) designed to control background predictions in SR

e Define likelihood for each analysis region: | L, (d,|u,v) = H Prob ( x, 4 ‘ Z ,ul fIS (I/) |_|_ Z Bi(v)
Xr.d €© d, L_.-.-._

e Signal model for Higgs boson production process i, in decay channel f (derived from Monte-Carlo simulation)

CMS Simulation 13 TeV CMS Simulation H — vy (13 TeV)
% 90_1 LA L I L I L 1— > ,.H.e,,,,:'f‘g';'; —_ : : 7 —_— Z‘zo 37: 3 100§
. o N
1) - H— vy 0J high p’" Tagd 1 o ﬁ::ﬁifﬂgiﬁiiﬂﬂ ‘ BENE - 9 §
LO, 80—_ T _‘ % ttH lep 60 < 7 <120 1 g
(e ] - . g ] S Hlep "< 60 o
= - + Simulation . 3 Mg;:p = R 112 80 8
) - - ‘O tHhad 120 <p] <200 4 1)1 1 1 =
E 70_'_ = S~ tHhad60<p] <120 2 8
o o P . n © thadpf<60 1 70 =
S L arametric - c VHMET 1)1 ) I E 1 9 16 g
L 60 - model -] < wmmvzf"gﬁ T 11089 5 R
C 2016 7 wmep75<p§<1so 1@l 7|6 1 60 :
. . _ WH lep ! < 75
= Ko B QN 3 qq::'n-nke T 182123 2 EF‘S ; o) e o H M
sl 50T Fie -0 4 X = R LT - 18 X Efficiency X Acceptance X Luminosity
: | qqH low m high p!* A sl ¥l2]2 45|5 16 2 16 1 1
4oF. T 2018:0,,= 167 GeV = sttt R A “H e 40 ©
- - ggH VBF-like 2214 612 3|6 8 2 9 2 4 1 1 1
B — BSMp;-'>650 B | 4 2 13
C n BSM 450 < p’’ < 650 59 6 1 1 2 — 30
30 — Ogf = 1.64 GeV - B:;’go?o 300 : g : :
: . it s | o0
20 — *“’“ g :
-, - lJmedn 1 —10
L . 1low B 1
10—_ .= o&nlgh
- e 0
E . = e L ]
‘PS 110 115 120 125 130 135 140
m,, (GeV)
Shape Composition in analysns region, r
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Building the likelihood

e Analysis region = selected set of p-p collision data events, dr — (1) Signal region (SR) designed to be enriched in Higgs boson events
(2) Control region (CR) designed to control background predictions in SR

e Define likelihood for each analysis region: | L, (d,|u,v) = H Prob (Xr r ‘ Z ,ul fS (I/) + Z‘ Bk(ll))

Xr.d = dr

#

e Background model: majority are data-driven e.g. mass sidebands to estimate background under signal

5CMS 137 fb (13TeV)

= H =y, m, = 125. 38 GeV AII categorles
S/(S+B) weighted

— S+B fit

30:_ -i16 =]
- [(]+2¢ .

----- B Component :ﬁ

S/(S+B) weighted events / GeV

| |
100 110 120 130 140 150 160 170 180

m,, (GeV)
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Building the likelihood

e Analysis region = selected set of p-p collision data events, dr — (1) Signal region (SR) designed to be enriched in Higgs boson events
(2) Control region (CR) designed to control background predictions in SR

———
e Define likelihood for each analysis region: £r(dr|p,, 1/) = H Prob (Xr,d ‘ E :,LL"fS;’Z(V) + Z Bk(ll))
Xr,d € dy J ! X

e Parameters of interest: “signal-strength” formalism measures rate relative to SM prediction

i\ f - f_ O B(H — )
pht =t —
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Building the likelihood

e Analysis region = selected set of p-p collision data events, dr — (1) Signal region (SR) designed to be enriched in Higgs boson events
(2) Control region (CR) designed to control background predictions in SR

———
e Define likelihood for each analysis region: £r(dr|p,, I/) = H Prob (Xr,d ‘ E :Mi’fﬁ;’Z(V) + Z Bk(ll))
Xr,d € dy J ! X

e Parameters of interest: “signal-strength” formalism measures rate relative to SM prediction

if_ i f_ 0 B(H—=f) |
ptt =gt = ——

t/b A

e Extract different interpretations by parameterising signal strengths

zz _ (L06KF 4 0.01k3 — 0.07Kpky )k,
HggH * b KJ%{

o E.g. Coupling modifiers (kappa-framework):

_)
p— () .
SM defined by: K — ]_ — /,L(]_) p— ]_
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Building the likelihood | z,(d|u,») = ] Prob (xr,d | NROMOEDS Bk(u))
d if k

e Combination likelihood calculated as the product of likelihoods across analysis regions

L(Dlp,v) = || £ x Gauss(¥|v)
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Building the likelihood |z, (alu.s) = [[Prob(x.a| 3= w50k + 3 &ufo)
: I . '

Ll ——

e Combination likelihood calculated as the product of likelihoods across analysis regions

L(Dlp,v) = HE, X

Gauss(P|v)

l
l
l
J

e Crucial ingredient: nuisance parameters — Account for systematic uncertainty in signal/background normalisation and shape
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Building the likelihood | z,(a,lu.r) = [[Prob(x.a| 3= s fid+ 3 810
d N L :....4_

L -2

e Combination likelihood calculated as the product of likelihoods across analysis regions

F-—m======

L(Dlp,v) = HE, x 1Gauss(V|v)

l
l
l
J

e Crucial ingredient: nuisance parameters — Account for systematic uncertainty in signal/background normalisation and shape

1. Experimental/detector systematics:
Object efficiencies, energy scales, luminosity, ...

2. Signal theory uncertainties:

l
|
I
1 i
8 C ! S(PDF+as)

Inclusive x-section, QCD scale, PDF, UEPS, branching fraction, ... A\ il

- —— S(EW)
4_— \ .
i 6(PDF-TH)
3. Background theory uncertainties: 2 ]
1 . . - S(scale)

Cover extrapolation from CR to SR phase space for data-driven estimates oL, N : [

0 © 20 40 60 80 100

Collider Energy / TeV

e Combinations typically have O(1000)’s nuisance parameters — Correlate effects across different input channels
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A computational challenge

e Nature combination has ~850 analysis regions and ~9500 parameters in the model (mostly constrained nuisance params)

'C(Dl/'l'a i)ﬂ)
(DI,

e Fitting the likelihood is a computationally expensive task: £(D|“’ 1/) — q(l-") — —21n

o ~30 Gb to build likelihood, (~10 Gb, ~10 hours) to fit per parameter point

Parallel kev! Profiled likelihood ratio
o Parallelisation is key!

CMS

00 25 50 7.5 100 12.5
Parameter of interest value
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A computational challenge

e Nature combination has ~850 analysis regions and ~9500 parameters in the model (mostly constrained nuisance params)

'C(Dl/'l'a i)ﬂ)
(DI,

e Fitting the likelihood is a computationally expensive task: £(D|“’ 1/) — q(l-") — —21n

o ~30 Gb to build likelihood, (~10 Gb, ~10 hours) to fit per parameter point

Parallel kev! Profiled likelihood ratio
o Parallelisation is key!

CMS Combine: statistical fitting tool developed in CMS
4 -
Comput Softw Big Sci (2024) 8:19 ")
https://doi.org/10.1007/s41781-024-00121-4 Cut;e(;:;»; ;2’
&) The CMS Statistical Analysis and Combination Tool: COMBINE
jo 9P L L S ("
CMS Collaboration”
CERN. Geneva, Switzerland
1 A
Received: 10 April 2024 / Accepted: 27 June 2024
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http://cms-analysis.github.io/HiggsAnalysis-CombinedLimit/latest/

A com bi n ed ﬁt [Nature 607 (2022) 60-68]
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Higgs boson couplings

e |n SM — Higgs interactions strengths (couplings) to SM
particles are proportional to mass of those particles

e Probe this relationship with the kappa-framework

p— p(FK)

>

£1

S

Ele

Ratio to SM

e Measurements are in good agreement with SM with good precision
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Higgs boson couplings

L

Ratio to SM

e Measurements are in good agreement with SM with good precision
e Are we not done?
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[Nature 607 (2022) 60-68]

Higgs boson couplings

CMS 138 fb™”' (13 TeV)
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e Measurements are in good agreement with SM with good precision 10 1 10 10

Particle mass (GeV)
e Are we not done?
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The open questions

e “Almost every problem of the Standard Model originates from Higgs boson interactions”

Origin of EWSB?

Thermal History of
Universe

Higgs Portal
to Hidden Sectors?

| Stability of Universe

CPV and
Baryogenesis

Fundamental
or Composite?

Is it unique? Origin of masses?

Origin of Flavor?

Taken from G. Salam slides @ FCC Week 2023

Z =yHyp+u*|HI> - 2|H|* -V,

t t t

flavour naturalness stability

cosmological constant

g

g

Higgs boson production modes Higgs boson decay channels

b c g h
q q q H v f
tb
K, V 2k V & Ky K,
tb 2--H “---H Bl e oo H mim i
v
tb
q q q v v f
e f s i i
tb g q q q 1z 4
w w tb
K, K,
- D H N ¢ ® /’H e —-H H- - - w H--- t,b
tb w
w tb
tb b t b t Y Y

e Precision measurements of Higgs boson offer a unique tool to search for new fundamental physics
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https://indico.cern.ch/event/1202105/contributions/5423455/attachments/2659121/4607170/fcc-london.pdf

The open questions

e Are the Higgs interactions SM-like?
Do all SM particles lie on that line?

Jonathon Langford
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Ratio to SM
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Overview of analyses

1. [CMS-PAS-HIG-23-013] ‘Y

Combination and interpretation of fiducial differential Higgs boson production cross sections at /s = 13 TeV

2. [CMS-PAS-SMP-24-003]:

Combined effective field theory interpretation of Higgs boson, electroweak vector boson, top quark and multi-jet measurements
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Higgs couplings to probe BSM physics

e Precision measurements of Higgs boson interactions provide complimentary approach to direct searches

| I | | | I | | | l | I | I | | | I |
s . ] E In extended sectors (e.g. hMSSM) couplings to vector

") + Discovery * LHC Run 1 < This paper _ (€9 ). _ PHng

g i 1 bosons and fermions can be modified from the SM
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Higgs boson couplings to vector bosons
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Higgs couplings to probe BSM physics

e Precision measurements of Higgs boson interactions provide complimentary approach to direct searches

Higgs boson couplings to Fermions

+ Discovery # LHC Run 1 = This paper
1.5~ |—68%CL =--95% CL ¢ SM Higgs

Nature 607, 60-68 (2022)

- - -
-
il
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-2 - S
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11‘1 | ] . |

In extended sectors (e.g. hLMSSM) couplings to vector
bosons and fermions can be modified from the SM

Table 1-8. Generic size of Higgs coupling modifications from the Standard Model values when all new

particles are M ~ 1 TeV and mixing angles satisfy precision electroweak fits.

numbers assume tan 3 = 3.2 and a stop mass of 1 T'eV with X; = 0 for the k., prediction.

The Decoupling MSSM

Model Ky Kb Ky
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —.4%
Composite ~ —3% ~—=B8-9% ~-9%
Top Partner ~ —2% ~ —2% ~ +1%

] | | Y il | ] | ]
00706 08 10 12 1
Higgs boson couplings to vector bosons
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A model agnostic search

Extra-
dimensions

SM

‘ t Beg ¥y P the
W Re-VE)
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A model agnostic search

With no direct observation of new physics (NP) at the LHC we turn to:

Effective Field Theory

Extra-
dimensions

q” (5) a” (6) q" (7) Gy (8)
LepT :»CSM"FZ'TO,- +Zﬁ0i —I—Zﬁ(’)i —I—Z—/’\—4(’)i ¥ s

e Assume NP exists at a mass scale, /A, beyond energy-reach of collider

e Coherent expansion in 1/A of SM Lagrangian to include higher-dim operators
o Integrate out short-distance new physics

o Look for imprints in SM interactions

I= _‘:‘} F/:v i
+ (LD +he
t L Beg ¥y P the
W Rf-VE - e Model-independent approach (¥)

o Systematically probe space of BSM theories

= | (*) - Valid for E<A. Assumes some flavour scheme. Obeys SM symmetries
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A model agnostic search

With no direct observation of new physics (NP) at the LHC we turn to:

Effective Field Theory

Extra-
dimensions

Odd terms violate B-L conservation

e Assume NP exists at a mass scale, /A, beyond energy-reach of collider
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A hiker’s guide to EFT

Complete theory: map of mountain range down to details of cracks in rock

e A hiker does not need this level of detail

e Introduce 10m grid on terrain and use average values for each square

Effective theory:

e Discard information with
length scale below some
cut-off

e But capture relevant physics!

Jonathon Langford Particle Physics Seminar - UoB



° ) ° (*) Compare with Fermi-theory for muon decay. Fermi-theory is an EFT for the SM
A hiker’s guide to EFT

Apply same principle to TeV+ scale physics

:
|
SM i
|
|
:
&) i New Physics
|
1
E < ELHC E > ELHC
Complete theory: map of mountain range down to details of cracks in rock Short-distance Contact interacti
’ ontact interaction,
high-ener
e A hiker does not need this level of detail g gggiwm o lower-energy
X c
G
e Introduce 10m grid on terrain and use average values for each square b d D H -------- H
1200000000/ X
g g (6) _ ’H‘2Ga GV
Effective theory: 5

e Discard information with AWllson coefficients
N(D) (d)

length scale below some

cut-off £(d) — E O(d)‘,——— Higher-dim operator
/\d 4

e But capture relevant physics!
J E Mass-scale suppression
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ﬁ h ° ke r,s g ° d e to E FT _ (*) Compare with Fermi-theory for muon decay. Fermi-theory is an EFT for the SM
Apply same principle to TeV+ scale physics
; CMS Preliminary 138 fo~' (13 TeV)
:Cl :] [ s (;ombinatioln —[ Combinaltion expec]:ted I i :
< r -
N 7f SM |
: :
6| !
B S, : New Physics
5 :
4} :
| Bl B 55 By
2 Short-dlstance, Contact interaction,
i high-energy lower-energy
: g 000000000 g )
1 H ’ H
- X! > U Feem e
10°0100-0.0075-0.0050-0.00250.0000 0.0025 0.0050 0.0075 & \000000000} X o ©) o
CHG ; O —]H\G G
q
Measure Wilson coefficients, c /Awuson coefficients
N(D) (d)
e Deviations from zero are a smoking gun for BSM physics (d) L (d) Higher-dim operator
Z /\d 4
e And tells us where to look i.e. what kind of interactions! J \: Mass-scale suppression
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Importance of going differential

Onshell production Offshell production, high-g?

CMS 138 fo (13 TeV)

Vi v
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) Inclusive measurements (in bulk) ?)  Differential measurements (in tail)
High precision yields precision on new 5 q High momentum production is sensitive
6 —_— T physics scale E— to new physics

/\ 8~1% — A ~2.5TeV /\ 8~15% (q=1 TeV) - A ~ 2.5 TeV
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Importance of going differential

Onshell production Offshell production, high-g?

CMS 138 fo (13 TeV)

f W
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) Inclusive measurements (in bulk) ?)  Differential measurements (in tail)
High precision yields precision on new 5 q High momentum production is sensitive
6 —_— physics scale E— to new physics

/\ 8~1% — A ~2.5TeV /\ 8~15% (q=1 TeV) - A ~ 2.5 TeV

Use differential Higgs boson measurements to exploit sensitivity to EFT
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Differential Higgs boson measurements

H— py

e Large Run 2 dataset has paved the way for precise differential Higgs boson measurements
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Differential Higgs boson measurements

e Large Run 2 dataset has paved the way for precise differential Higgs boson measurements

H— py
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Simplified template cross sections (STXS)

Fiducial differential cross sections

>

-
Larger model-dependence
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-016/index.html

**NEW JULY 24**

Combination of fiducial differential cross sections o000

“Fiducial” = measurements performed in specific fiducial phase space, designed to be close to experimental phase space

o For example: H—-yy

Observable Selection
p%l /e >1/3
pi2/ Moy >1/4

Lis <10GeV
77| <2.5

Experimental
phase space

Fiducial
phase space

Total Higgs-boson

decay phase space

® H—ypy uHepo7 (2023 091, H—ZZ*— 4\ ynEP 08 (2023) 040, H->WW™* —epvv umep 03 (2021) 003, H—TT Phys. Rev. Lett 128 (2022) 081805 and H—77 (boosted) pnys. Lett B 857 (2024) 138964

o Analyses use full dataset collected 2016-2018 corresponding to 138 fb!

o Fiducial regions defined by loose selections — measurements are mostly sensitive to ggH production

Differential cross sections extracted through simultaneous maximum likelihood fit

o Common parameters of interest (u = dG/dGSM) for all channels with correlated nuisance parameter scheme

. .1 .
o Measurements: pl{!’ Njetsa ’yH’, pJT, mjj, |A77jj’, T'éj

Jonathon Langford
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/
http://dx.doi.org/10.1007/JHEP07(2023)091
http://dx.doi.org/10.1007/JHEP08(2023)040
http://dx.doi.org/10.1007/JHEP03(2021)003
http://dx.doi.org/10.1103/PhysRevLett.128.081805
http://dx.doi.org/10.1016/j.physletb.2024.138964

Combination of fiducial differential cross sections
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(*) Combination requires extrapolation to full Higgs boson decay phase space (unavoidable model dependence)
Additional systematic uncertainties from scale variations are included to cover this extrapolation
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Combined spectra
CMS Preliminary
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Combined spectra
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e Shape distortions in measured pTH spectra used to constrain EFT Wilson coefficients
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o . Class Operator Wilson coefficient
SMEFT interpretation g WP o

3 _ gip2 (D"HfH)(HfD,uH) CHD

e Standard Model Effective Field Theory (SMEFT) ‘ i e

H'HG;, G CHG

9 _ x2ppe H+HB vBH CHB

o Used to parametrise distortions in PT spectrum P H:HW,’n Wi CHW
H U'IHw;ll B”" RCIZWB)

elc
o Flavour symmetry: L{(Z) it X U(3), ’ (H*H)(QFHb) Een(eyrs)
tH)(QHt) Re(c;y)
| | | | £6) _ g : Re(cur)
o Consider all relevant CP-even operators for Higgs boson interactions ° (H'H)(I,e,H) Im( ‘;H)
(HfH)(QY:llﬁ) Re( uH)
(6) (Qo™Tet) HGE, Re(c,c)
6) (Q(ﬂ“’b)HB;u' Re(CbB)
L = [ 6) _ g2 (Qott)H Re(c;p)
SMEFT sM Z e (O Re(co)
j=0 P Im(cp)
(Qot)o' HW], Re(cyy)

(H'D ,H)(I,7"1,) iy

(H'i'D i H)(Io'y"1,) s

b _

(H'i D ,H)(d,7"q,) Chiy

(H*'D',H)(3,0'1"q,) e

) -¢?HD  (HYD ,H)(Q1'Q) oL

55700 = (3)

(H iD(_;_;H)(QpUl'Y"Qr) CHQ

(H+i£_>;4H)(l-p’Y""r) CHu

(H+i£>]lH)( -p')'"dr) CHd

(H+i D(_;lH)(épf)'”er) CHe

(H+I D ,(H)(E’Y"b) CHb

(H'i'D ,H)(Fy"t) Cht

£e" — (LL)(LL) (Tovdy) (v L) i
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S M E FT ° o Class Operator Wilson coefficient
Interpretation g % W
: 112 ‘ M CHD
s . o () e H1 cd-np (H'H)O(H'H) o
e Standard Model Effective Field Theory (SMEFT) TG Gt e
g 6(4) — X2H2 i uv CHB
o Used to parametrise distortions in PT spectrum 5 H HW, W™ Cr
H+0'IHW;“ B”“ CHWB
Reteyr—
o Flavour symmetry: L{(Z) ud X Z/((3),e (HH)(SED) Bivlye)
(H'H)(QHt) Re(c;y)
(3) 2173 R "
o Consider all relevant CP-even operators for Higgs boson interactions Ui (H'H)(I,e,H) hzg"ﬁ))
(HfH)(qY,TllH) Re(CuH)
(6) q q (Qt_f’“’T" )HG;L- Re(c;g)
Loierr = Low+ Y 450" 12 Qoo el
— (6) _ 42 (Qo*t)H Re(c;p)
SMEFT SM T £6 lp e (Q-(J”“ )("'HW' Re(q:w)
j=0 7 Im ()
q q (Qe** o AW, Re(cry)
(H*i‘E’ H)(T,y"1,) e
(Hti D’H)(l iyl s
(H*zD H)(d,7"4,) eo!
(H*zD WH)(q,0'7"q,) Cf.‘,
£ —yHD  THL D H0,770,) 513
(H'i D yH)(Q,0'r"Q,) cHO
(H+1D H)(“;:’Y'""r) CHu
<H*z§ H)(d,7"d,) CHa
(H'i D ,H)(e,7"e,) CHe
(H'i D W H) (by"b) CHp
(H*tD H)(Ey"'t) CHt
£y — (LL)(IL)  (Tmd ) (Tl o
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o . Class Operator Wilson coefficient
SMEFT interpretation z e W
- D*HYH)(H'D,H
U S o (e H1 cd-np | (H*H)[):(](H*H) | o
e Standard Model Effective Field Theory (SMEFT) TG Gt e
g @ _ x2p2 : v CHB
o Used to parametrise distortions in PT spectrum 5 HEHW, Wi Caw
H+0’1Hw;“ B”“ CHWB
Reteyr—
o Flavour symmetry: L{(Z) ud X Z/((3),e (HH)(R0) (g
(H'H)(QHt) Re(c;y)
. . . . Eés) — p?H? V(] Re(c,n)
o Consider all relevant CP-even operators for Higgs boson interactions (H'H)(lye,H) Im(c,,,)
(HfH)(LTY,TuH) Re(CuH)
(6) qQ qQ (QomT*)AGE, Re(c,c)
(ch'“’b)HBu. Re(cyp)
Lovierr = Lov + L, 2701 (- (PR o
° N wh i i Re(CbW)
j=0 Z Qoo Im(ci)
q q Qe t)o AW, Re(cry)
(H''D ,H)(I,7"1,) et
M — MSM -+ MEFT MEFT = Z“ici (H*I%}’ H)(l,o'y*1,) CS}
i (H'i'D ,H)(3;7"9,) )
. (H''D',H)(q,0'1"9,) ey
Ly’ —$?H?D (HYL D H0,770,) CHo
(H'i D yH)(Q,0'r"Q,) cHO
(H+l£> H)(“;:'Y u ) CHu
(H*'g H)(d,y"d,) CHd
(H'i D H)(2,7",) CHe
(H+1D H)(by"b) CHp
(H'i'D ,H)(iy"t) CHt
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o . Class Operator Wilson coefficient
SMEFT interpretation 7 oz WD
H E(S) _ HAD? (D"H+H)(H+D!‘H) CHD
e Standard Model Effective Field Theory (SMEFT) | < . Eenzilsleaas) -
y H.FHG;IH Gﬂ!l]' CHG
H g @ _ x2p2 H'HB,, B CHB
o Used to parametrise distortions in PT spectrum 5 H'HW, W CHw
H+0’1HW;“ B”ll CHWB
Reteyr—
o Flavour symmetry: L{(Z) ud X U(3), ! ELEIRET) In(Cyr)
(H'H)(QHt) Re(c;y)
. . . . Eés) — p?H? V(] Re(c,n)
o Consider all relevant CP-even operators for Higgs boson interactions (H'H)(lye,H) Im(c,,,)
© aoie e
o Tt)HGE e(c
Lomrr = Lo+ ), —~ i SO T S Qrons. et
m— = R E(»6) _ ZXH (QUIW ) Re(ClB)
SMEFT SM ° 4) (Q’U;u )(T'HW' Re(CbW)
] =( Z c k= Im(fbw))
q q Qo o' HW;, Re(cpy
(H''D ,H)(I,7"1,) chl
M = MSM -+ MEFT Megpr = Z“ici (H*z‘ﬁ' H)(l,o'y1,) )
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A 2 * * 2 H
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o . Class Operator Wilson coefficient
SMEFT interpretation 7 oz WD
3 . (D*H'H)(H'D,H) CHD
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e Standard Model Effective Field Theory (SMEFT) HTHG, G e
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o Used to parametrise distortions in PT spectrum 4 H'HW,, W CHw
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o Flavour symmetry: U 2 x U(3)? (T ECHD) Im(czz)
sud l,e
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: : : : — Y23 Re(c,
o Consider all relevant CP-even operators for Higgs boson interactions Ui (H'H)(I e, H) hﬁ(i i
( eH)
(6) (HfH)(LTYJuH) Re(CuH)
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4 4 (Qw"'b)HB,.'. Re(cup)
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SMEFT interpretation

H = 14 ZAiCi =t ZBijCiCj
i ij

e Higgs boson production (differential) cross sections and decay rates are quadratic functions of Wilson coefficients

o Parameterised by A (linear interference term) and Bij (quadratic BSM term) factors

o Derived numerically with Monte Carlo tools using SMEFTsim and SMEFT@NLO models [EFT20bs]

o Decay scaling calculated within fiducial phase space of each channel

e Narrow-width approximation:

Jonathon Langford
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https://github.com/ajgilbert/EFT2Obs

SMEFT interpretation p=1+) Aic;+) Bjcic
I if

e Higgs boson production (differential) cross sections and decay rates are quadratic functions of Wilson coefficients

o Parameterised by A (linear interference term) and Bij (quadratic BSM term) factors

o Derived numerically with Monte Carlo tools using SMEFTsim and SMEFT@NLO models [EFT20bs]

o Decay scaling calculated within fiducial phase space of each channel

e Narrow-width approximation:
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X B 1, H—X X _i —H —-=H ....x0g 7 {____]_ _________________
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https://github.com/ajgilbert/EFT2Obs

SM EFT inte rp retation CMS/nterna/ 138 fo~! (13 TeV)
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SMEFT constraints

e Express likelihood as function of Wilson coefficients:
L(D|us,v) — L(D|i (), v)

e Combined fit to all channels (within fiducial phase space)

o Consider new physics in one operator at a time i.e. set all other WCs to SM (zero)
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SMEFT constraints

e Express likelihood as function of Wilson coefficients:
L(D|us,v) — L(D|i (), v)

e Combined fit to all channels (within fiducial phase space)

o Consider new physics in one operator at a time i.e. set all other WCs to SM (zero)

CMS Prellmlnary 138 fb~' (13 TeV)
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CMS Preliminary 138 fb~' (13 TeV)
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138 fo-! (13 TeV)

CMS Preliminary
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138 fo-! (13 TeV)

CMS Preliminary
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Principal component analysis (PCA)

e Available data do not contain enough information to constrain all coefficients simultaneously — flat directions in likelihood
e PCA: eigenvector decomposition of Fisher information matrix to find constrained (and unconstrained) direction in WC space

o Obtain linear combinations of SMEFT WCs

o Fit constrained directions and fix unconstrained directions to zero(*)

(*) Minimal loss of generality in fit by fixing flat directions in likelihood
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Principal component analysis (PCA)

e Available data do not contain enough information to constrain all coefficients simultaneously — flat directions in likelihood
e PCA: eigenvector decomposition of Fisher information matrix to find constrained (and unconstrained) direction in WC space

o Obtain linear combinations of SMEFT WCs

o Fit constrained directions and fix unconstrained directions to zero(*)

e For example: H—ypy [\ Use Asimov dataset

0% In L(D|u]”, v)
Yy T — —
C(D|,LL,' 77/) Igiff o { 00,00, }

Under Gaussian Approximation: I'y’)/,diff — Hf),r),’diff :C;f)}’diff

(*) Minimal loss of generality in fit by fixing flat directions in likelihood
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Principal component analysis (PCA)

e Available data do not contain enough information to constrain all coefficients simultaneously — flat directions in likelihood
e PCA: eigenvector decomposition of Fisher information matrix to find constrained (and unconstrained) direction in WC space

o Obtain linear combinations of SMEFT WCs

o Fit constrained directions and fix unconstrained directions to zero(*)

e For example: H—ypy [\ Use Asimov dataset

82 In L(D ’u;y”y’ v
LD|p]",v) — Lgg = { aékgel )}

Under Gaussian Approximation: I'y’)/,diff — Hf),r),’diff Cr),f)}’dlff

Rotation to SMEFT basis: PZ.’Y’Y — Algg_)H £ AH_ym/ — A;Ot

1 o Te=1 DYy
Crrsmerr=P"" C ) aigeP

(*) Minimal loss of generality in fit by fixing flat directions in likelihood
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Principal component analysis (PCA)

e Available data do not contain enough information to constrain all coefficients simultaneously — flat directions in likelihood
e PCA: eigenvector decomposition of Fisher information matrix to find constrained (and unconstrained) direction in WC space

o Obtain linear combinations of SMEFT WCs

o Fit constrained directions and fix unconstrained directions to zero(*)

e For example: H—ypy [\ Use Asimov dataset

82 In L(D ’u;y”y’ v
LD|p]",v) — Lgg = { aékgel )}

Under Gaussian Approximation: Z'Y'Y diff — H,Y,)/ diff = 1/}/’)} diff Perform Eigenvector decomposition:
. Croverr= (EVy)A (EV,.)~
H— ,SMEFT
Rotation to SMEFT basis: PZTY — Algg + A. Y _ A;Ot Y il L

1 o Te=1 DYy
Crrsmerr=P"" C ) aigeP

(*) Minimal loss of generality in fit by fixing flat directions in likelihood
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Principal component analysis (PCA)

. . _ -1 _ —d
e Two-dimension example: nyfy,SMEFT_ (EV’Y’Y)A’Y”Y(EV’W)

C.MS.ln.teCné.’I _ 138 fb~" (13 TeV) CMS Internal

138 fb-! (13 TeV)
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Principal component analysis (PCA)

e Extend basis rotation to full combination: build block-diagonal information matrix

IO

Cl = (EV)A(EV)™
SMEFT
CMS Preliminar 138 fb~! (13 TeV)
EVO. -0.09 L. 10.30 004002 002 002\ = 499589.612
EV1 0.14 0.26 . 0.08-0.15  0.01-0.03 A =118374.210
EV2 . 0.04-0.01-0.03 -0.010.040.16  0.04-0.060.03 -0.070.02 0.14 0.03 A =106.874
EV3 0.10 0.09 0.04 0.01-0.010.03 0.01 0.04.-0.03—0.08 -0.05-0.14-0.010.10 . 0.01 A =8.133
EV4 0.07 0.41 -0.01-0.180.41 0.04.0.37 -0.100.16@-0.020.10 0.01-0.01 A= 2:133
EV5 012 -0.17-0.070.01 0.010.04-0.14  0.1008#40.18 0.28 -0.090.04-0.10-0.24 0.100.03 A= 0.535
EV6 -0.14-0.080.01  -0.060.05-0.15 0.050.19 0.18-0.02-0.01  -0.140.17-0.04-0.17  0.18-0.05-0.02 A =0.096
EV7 -0.02 -0.20-0.18-0.02  -0.280.07-0.100.02 0.33 0.07 0.11 0.05 0.10.0.12-0.14 0.26 0.09-0.04 A =0.039
EV8 0.03 -0.18-0.030.05  0.8390.08-027 0.310.320.36032 004  -0.12-0.25-0.18-0.230.02 0.28-0.150.18 A =0.021
EV9 -0.010.02-0.02  0.03-0.05-0.02 .-0.01 0.06  -0.12-0.11-0.08-0.030.02-0.03  0.45 0.30 0.09 0.03-0.01-0.020.04-0.09 A = 0.006
3T T T ETIT T EEELEE L L PcFeFcrercPe? § 2 2 253 3T 2T S
50060882 g5 8 8898 F SR g £ 80
£ EELEZEPZS £ g &

e Consider only 10 eigenvectors with highest eigenvalues (most sensitive directions) — Others fixed to zero
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Simultaneous SMEFT constraints

e Simultaneous fit to ten linear combinations of Wilson coefficients:

L(D|pi,v) — L(D|p; (EV),v)

Generally obtain small
correlations between
eigenvectors with this
approach

EV,
EV,
EV,
EV,
EV,
EVs
EVg
EV,
EVg

EVg

CMS Preliminary

138 fb~! (13 TeV)

-0.0621 0.1350 0.1631

-0.0092

-0.0687 0.0513 0.0799 0.1467 0.0726 0.0844

-0.0261 -0.0241 -0.0029 0.0079 -0.0299

0.1350 0.0736 0.0880 0.1874 0.0652 0.0947
0.1631 - 0.0538 0.0907 0.1386 0.0931 0.1395
-0.0687 -0.0407 -0.0542 -0.0253 -0.0526
0.0513 -0.0261 0.0736 0.0538 0.0166 -0.0258
0.0799 -0.0241 0.0880 0.0907 -0.0407 -0.0459
0.1467 -0.0029 0.1874 0.1386 -0.0542

0.0726 0.0079 0.0652 0.0931 -0.0253 0.0892

0.0844 -0.0299 0.0947 0.1395 -0.0526 -0.0258 -0.0459 0.0058 0.1041
R R 2R AR R A
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CMS Preliminary 138 fb~' (13 TeV)

S ——— — T 1 1rlI‘r11lr1lr!l

== Combination 5% Cl

How to interpret these results? S it

== Combination expected 95% Gl

- Combination expected 6B% CL --i--.
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How to interpret these results?

e Observe ~20 deviation from SM in EV5

CMS Preliminary
LAl

(0 0]

138 fb~' (13 TeV)
° i

i T | E—
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‘ — Combination

— Combination expected ]
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CMS Preliminary 138 fb~' (13 TeV)
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CMS Preliminary 138 fb~' (13 TeV)
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e Observe ~20 deviation from SMin EV,
EV, x1072 -
e \We can check impact on measured spectra and compare to data
-1 s e
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Rialisiag 138 fb~' (13 TeV)
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CMS Preliminary 138 fb~' (13 TeV)

. 7 -l- l'CDl".bi!na'[on 1953‘:0 C: - A . LS T T T T T A l T T T T I T T T T
= Combination 88% CL
ow to interpret these results: N
== Combination expected 85% Cl
SRR |y e b
e Observe ~20 deviation from SMin EV,
EV; x10-2 =
e \We can check impact on measured spectra and compare to data
EVy x10~' = ——-
e Use rotation matrix to infer what kind of interactions are contributing
CMS Preliminary 138 fo-! (13 TeV) lgualzll  Teeeeess G
EVO -0.09 . -0.30 o.2s. 004002 002  002JA = 499589.612
EV1 0.14 0.26 - 0.08-0.15  0.01-0.03 A =118374.210 anloe
EVq 3=
EV2 . 0.04-0.01-0.03 -0.010.040.16  0.04-0.060.03 -0.070.02 0.14 0.03 A =106.874
EV3 0.10 0.09 0.04 0.01-0.010.03 0.01 o.o4.-o.03-o.os -0.05-0.14-0.010.10 . 0.01 A =8.133
laad 001l . . : = - -
EV4 0.07 -0.410.12 0.01-0.180.41 0.04 70.37 0.100.16-0.40-0.020.10 0.01-0.01 A=2.133 EV, L e
EV5 -0.12 -0.17-0.070.01 0.010.04-0.14  0.10 0.18 0.28 -0.090.04-0.10-0.24 .0.100.03 A = 0.535
EV6 -0.14-0.080.01  -0.060.05-0.15 0.050.19 0.18-0.02-0.01  -0.140.17-0.04-0.17  0.18-0.05-0.02 A = 0.096
EV7 -0.02 -0.20-0.18-0.02  -0.280.07-0.100.02 0.33 0.07 0.11 0.05 0.10.0.12-0.14 0.26 0.09-0.04 A =0.039 EVs R te —— oo
EV8 0.03 0.18-0.030.05  0.89008-027 031082036032 004  -0.12-0.25-0.18-0.230.02 0.28-0.150.18 A =0.021
EV9 -0.010.02-0.02  0.03-0.05-0.02 .-0.01 0.06  -0.12-0.11-0.08-0.030.02-0.03  0.450.30 0.09 0.03-0.01-0.020.04-0.09 A = 0.006
- i X B G E O AR el B B 5 B . o B s = =V; x10 :t:
§5335335338338TWTTTNS35:988854°
c E & E E:’/ E & T &2 2 B
EVg x10 ph
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CMS Preliminary 138 tb~' (13 TeV)

® 7 -I-lCu!n'.')ilnaIIan‘:?S’.‘:: CT llllll s I
w— Combination 88% CL
ow to Interpret these results: N
== Combination expected 95% Gl
EVp x1073|e comanmton sxpenea e | -~ —8—-="
e Observe ~20 deviation from SM in EV5
EV, x10-2 =
e \We can check impact on measured spectra and compare to data
EV, x10-! Bhpon . g
e Use rotation matrix to infer what kind of interactions are contributing
CMS Preliminary 138 fo~! (13 TeV) Ll o
EVO -0.09 . -0.30 ] 0.04 0.02 0.02 0.02JA = 499589.612
EV1 0.14 0.26 . 0.08-0.15  0.01-0.03 A =118374.210 e
EV2 . 0.04-0.01-0.03 -0.010.04 0.16 0.04-0.060.03 -0.070.02 0.14 0.03 A =106.874 EVa T
EV3 0.10 0.09 0.04 0.01-0.010.03 0.01 0.04.-0.03-0.08 -0.05-0.14-0.010.10 . 0.01 A =8.133
EV4 0.07 0.410.12 -0.01-0.180.41 0.0410:520.37 -0.100.16-0.40-0.020.10 0.01-0.01 A=2.133 EV, s A ——
EV5 -0.12 -0.17-0.070.01 0.010.04-0.14  0.10 0.18 0.28 -0.090.04-0.10-0.24  0.45 A = 0.535
EV6 -0.14-0.080.01 -0.060.05-0.15 0.050.190.18-0.02-0.01  -0.140.17-0.04-0.17  0.18-0.05-0.02 A = 0.096
EV7 -0.02 -0.20-0.18-0.02  -0.280.07-0.100.02 0.33 0.07 0.11 0.05 0.10.0.12-0.14 0.26 0.09-0.04 A =0.039 EVs T mm——— —o —=—===-
EVS 0.03 -0.18-0.030.05 0.390.08-0.27  0.31 0.320.36 0.32 0.04  -0.12-0.25-0.18-0.230.02 0.28-0.150.18 A =0.021
EV9 -0.010.02-0.02  0.03-0.05-0.02 .-0.01 0.06  -0.12-0.11-0.08-0.030.02-0.03  0.450.30 0.09 0.03-0.01-0.020.04-0.09 A = 0.006
& T T T =TT T @ O3 2 D o 2 Oc-co959cxero9s9 F 2 T @ c_.m3 s T =T B SN k10 = &
§3852333338333TFTFTTwWEEIE 88835 S0
ua:) E g E E E § c &9 2 g &a
3 EVg x10 o
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» » EVo x10 Rl meeie g
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(*) - Valid for E<A. Assumes some flavour scheme. Obeys SM symmetries. Rotated basis truncation

How to re-interpret these results?

e EFT is a model-agnostic(*) approach to search for new physics — UV-complete matching
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(*) - Valid for E<A. Assumes some flavour scheme. Obeys SM symmetries. Rotated basis truncation

How to re-interpret these results?

e EFT is a model-agnostic(*) approach to search for new physics — UV-complete matching

F 5

Extra-
dimensions

Higgs -

Parameters: My 5 8y y «--
1. Favourite UV-complete theory
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(*) - Valid for E<A. Assumes some flavour scheme. Obeys SM symmetries. Rotated basis truncation

How to re-interpret these results?

e EFT is a model-agnostic(*) approach to search for new physics — UV-complete matching

g o D
Loverr = Lsv + <= O]-

‘ /\ j=0
| . 6
Oimgi)

[LHCEFTWG-2022-002]

Parameters: M co
x> 8x> 2. “Matching” to EFT Wilson Coeffs

1. Favourite UV-complete theory

Jonathon Langford Particle Physics Seminar - UoB _


https://arxiv.org/pdf/2212.02905

(*) - Valid for E<A. Assumes some flavour scheme. Obeys SM symmetries. Rotated basis truncation

How to re-interpret these results?

e EFT is a model-agnostic(*) approach to search for new physics — UV-complete matching

Extra-
dimensions

Loverr = Lom + ) 5570;
j=0

[LHCEFTWG-2022-002]

Par ters: M
arameters X &X' 2. “Matching” to EFT Wilson Coeffs

1. Favourite UV-complete theory

CMS Preliminary 138 fb~' (13 TeV)

EVO -0.09 . -0.30 0.26. 0.04 0.02 0.02 0.02]\ = 499589.612

EV1 0.14 0.26 . 0.08-0.15  0.01-0.03 A = 118374.210

EV2 . 0.04-0.01-0.03 -0.010.040.16  0.04-0.060.03 -0.070.02 0.140.03 A = 106.874

EV3 0.10 0.09 0.04 0.01-0.010.03 0.01 0.04 -0.05-0.14-0.010.10 . 0.01 A =8.133

EV4 0.07 .0.12 -o.o1-o.1slf;1;} -0,100.16.»0,020.10 0.01-0.01 A =2.133

EV5 0.12 -0.17-0.070.01 0.010.04-0.14 -0.090.04-0.10-0.24 .0.100.03 A =0.535

EV6 -0.14-0.080.01 -0.060.05-0.15 0.050.190.18-0.02-0.01  -0.140.17-0.04-0.17  0.18-0.05-0.02 A = 0.096

EV7 -0.02 -0.20-0.180.02  -0.280.07-0.100.02 0.33 0.07 0.11 0.05 o.1o.o.12~o.14 0.26 0.09-0.04 A =0.039

EVS8 0.03 -0.18-0.030.05 0.390.08-027  0.310.320.360.32 0.04  -0.12-0.25-0.18-0.230.02 0.28-0.150.18 A =0.021

EV9 -0.010.02-0.02  0.03-0.05-0.02 .—0.01 0.06  -0.12-0.11-0.08-0.030.02-0.03 ﬁo‘ao 0.09 0.03-0.01-0.020.04-0.09 A = 0.006
3333333335383 8WFTUEREI38v333333
EEEEgER

EV(m,y,gy,...)
3. Rotate relations to EV basis
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https://arxiv.org/pdf/2212.02905

(*) - Valid for E<A. Assumes some flavour scheme. Obeys SM symmetries. Rotated basis truncation

How to re-interpret these results?

e EFT is a model-agnostic(*) approach to search for new physics — UV-complete matching

Extra-
dimensions

Loverr = Lom + ) 5570;
j=0

[LHCEFTWG-2022-002]

Par ters: M
arameters X &X' 2. “Matching” to EFT Wilson Coeffs

1. Favourite UV-complete theory

- 1
_CMS Preliminary 138 fo' (13 TeV) CMS Preliminary 138 fb-" (13 TeV) CMS Preliminary 138 fb™! (13 TeV)
T | 7 = Combmaion — Combination expectea ‘ 1.00 EVO -0.09 . 10.30 0‘25. 004002 002 002\ = 499589.612
a EVO -0.0621 0.1350 0.1631 -0.0687 0.0513 0.0799 0.1467 0.0726 0.0844
N7k 1 EV1 0.14 0.26 . 008-0.15  0.01-0.03 A =118374.210
EV‘ - 0.0511 -0.0092 0.0280 -0.0261 -0.0241 -0.0029 0.0079 -0.0299 0.75
of E EV2 . 0.04-0.01-0.03 -0.010.04 0.16 0.04-0.060.03 -0.070.02 0.140.03 A = 106.874
EV,| 01350 00511 01221 -0.0494 00736 0.0880 0.1874 00652 0.0947 0.50
EV3 0.10 0.09 0.04 0.01-0.010.03 0.01 0.04 -0.05-0.14-0.010.10 . 0.01 A =8.133
51 EV5:*2.717"3‘ ] EV3 0.1631 -0.0092 0.1221 -0.0380 0.0538 0.0907 0.1386 0.0931 0.1395
EVs = 0,020:1488 9.25 EV4 0.07 .0.12 -0.01-0.180.41 -0,100.16.70,020.10 0.01-0.01 A =2.133
4 e 1 EV,4|-00887 00280 00494 -0.0380 -0.0187 -0.0407 -0.0542 0.0253 -0.0526
R = g . d.00 EV5 -0.12 -0.17-0.070.01  0.010.04-0.14 -0.090.04-0.10-0.24 .0.100.03 A =0.535
I S— I ’ EVs| 00513 00261 00735 00538 -00187 00291 00166 0.0138 -0.0258
J J J af E EV6 -0.14-0.080.01  -0.060.05-0.15 0.050.190.18-0.02-0.01  -0.140.17-0.04-0.17  0.18-0.05-0.02 A = 0.096
0.25
L ] EVg| oeree ot ooy oomr conur o g o oove o0 EV7 -0.02 -0.20-0.18:0.02  -0.280.07-0.100.02 0.33 0.07 0.11 0.05 0.10.0.12-0.14 0.26 0.09-0.04 A =0.039
V7[R > R ©0>| 00 RS 9:50 EVS 0.03 -0.18-0.030.05 0.390.08-027  0.310.320.360.32 0.04  -0.12-0.25-0.18-0.230.02 0.28-0.150.18 A = 0.021
1 7
EVa| 00725 voom oosse oosst ocess oo oonss oosse oon (M u EV9 -0.010.02-0.02  0.03-0.05-0.02 .fo.m 006  -0.12-0.11-0.08-0.030.02-0.03 @L:}o‘ao 0.09 0.03-0.01-0.020.04-0.09 A = 0.006
0 L L L L L L EVg|o0844 00209 00947 01305 00526 00258 00459 0ooss ofo41 NGGEMING 000 K L L A m — o~ o~ % & a 9 O ~TUe0 o= 5= ~0 ~0 = B O . e S s N
L 10 2323333808338 33FFvv$yisiivegzzié
EVs PPN OO s SsEsEsEs” @ = —=
c Er EQgEC
N\ N\
>(m )=(EV — EV(m NV HEV — EV(m ) EV(”’X78X7 )
X X1 8x X 8x X 8x
L] L]
4. v fit to extract traint UV-th 3. Rotate relations to EV basis
X O exXtract constraints on -theory
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https://arxiv.org/pdf/2212.02905

How to re-interpret these results?

(*) - Valid for E<A. Assumes some flavour scheme. Obeys SM symmetries. Rotated basis truncation

e EFT is a model-agnostic(*) approach to search for new physics — UV-complete matching

Vij = pijoio;

Xz(mX7gx) = (EAV - EV(mXagx))TV_l(EAV — EV(my, gy))
4. x2 fit to extract constraints on UV-theory

Jonathon Langford

Particle Physics Seminar - UoB

CMS Preliminary 35.9-138 fb™ (13 TeV)

2 3
S S0 = ' hMSSM Observed exclusion 95% CL
40 - 3
/ N
E : t 30 = N S Expected exclusion 95% CL
xtra- 3
B M . % .n ~ i N e
S /dLl'Dﬁnsl g = i h(125)
M S S M \q 10 N A/H/h — 11
‘ > - arxiv:2208.02717 *
’ [ H — WW(2l2v)
6 *
(HIG-20-016)
41 H — hh (bbyy)
HIG-21-011 %
H/A — tt
o JHEP 04 (2020) 171
_,sc'\.’ISF}’i”’T?""a"y — 198 fort I“STeY) CMS Preliminary 138107 (13TeV)
577 s -0.0621 0.1350 0.1631 -0. A % Zh (ll‘tt)
075 JHEP 03 (2020) 65
i 0.50 1 _ L
st \ EVe - 271713 - 130 200 300 400 1000 2000 198 1"
EVs = 0.020:] 4
i = 0.00 mA [GeV]




(*) - Valid for E<A. Assumes some flavour scheme. Obeys SM symmetries. Rotated basis truncation

How to re-interpret these results?

e EFT is a model-agnostic(*) approach to search for new physics — UV-complete matching

QQQQQQ
EAE2

- CMS Preliminary 35.9-138 fb™ (13 TeV)
e ;
(= L N
o 50 S hMSSM Observed exclusion 95% CL
40 - N
N &
30 = N Expected exclusion 95% CL
W N
— S
20 \ h(125)
; EPJC 79 (2019) 421
10 N A/H/h = 1t
- N arxiv:2208.02717 *
L &
N . H > Ww(2l2v)
5 L N (HIG-20-016)
B\
4 [ ? H — hh (bbyy)
‘_ HIG-21-011 %
3 u
( H/A — tt
o JHEP 04 (2020) 171
_,sc'\.’ISF}’i”"T?""a"y — 13810 1 I“STeY) CMS Preliminary 138107 (13TeV)
51 P . y A — Zh (lkt)
e JHEP 03 (2020) 65
ok 0.0511 0.0947 0.50 1 N 1 ! |
s EVs - 27173 oo orsm [ 130 200 300 400 1000 2000 *138 1"
EVS:OOZO:}A? 0.0280 -0.0494 -0.0380 -0.0526
V. ji o — p T O- / O- / T 00261 00736 00538 -0.0187 8 00 mA [GeV]
i We need to do better at this part of the EFT workflow
1 \ 00078 00652 0.0931 -0.0253 0.0138 0.0043 0.0892 0.1041 0.75
G - L L L L -0.0299 0.0947 0.1395 -0.0526 -0.0258 -0.0459 0.0058 0.1041

The tools exist:

Xz(mX7gx) — (EAV — EV(mXagx))TV_l(EAV - EV(mX7gX))

4. x2 fit to extract constraints on UV-theory Encourage theorists to test models with plethora of EFT constraints
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Towards a global SMEFT fit

e Beauty of EFT is it’'s a fully consistent expansion of the SM — coherently correlate BSM effects across different processes

top EW
Standard Model Total Production Cross Section Measurements Status: October 2023 ( ﬁ D | bO son ﬁ \

500 pb*

g_ 107 B e ATLAS Preliminary B ey CW -
B i V5 =57,8,13,13.6 TeV LHC pp V5= 136 TeV ttV ————
B2 Data 29.0 - 31.4fb / \
Vi=13Te
o [Peel e W o ¥ Bl
Py LHC pp V5=8 TeV ( C C C \ #
104 BBl Data 202-203fb! C HW B H'L) Il C(l) C
3 N BB C (3) (1) HQ ww
e o LHC pp Vs =5 TeV He Hl Hl (3)
- o B=1 Da;a_\j‘ 255 - 030" CHW CHQ CtB
107 e ks s c® o . O
| o gy N . KHQ Hq Hu I-_y 31
B total O oo C C ’
B 2T caver wn" e k J %
e EWPO ")
. gl a o & Ciu
a
- B
107! i a 1,8 3,8 8 8
4 veag Cos Co Cg, G4y Cqu Cau
1072 I
Con O 85, B, OF
7 k tG td A tq
pp w z tt t Wt H ww wz 2z t W ttZ titt t t )
t-chan s-chan “:::.v CI-L i J
B Higgs
99 JHEP 04 (2021) 279

e Global EFT fit by combining measurements of many different processes
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https://arxiv.org/abs/2012.02779

**NEW SEPT 24**

Combined EFT interpretation of CMS data

e [CMS-PAS-SMP-24-003]: Higgs boson, electroweak vector boson, top quark and multi-jet measurements

o First attempt at a global EFT fit from CMS: Analysis Type of measurement Observables used Experimental
likelihood
H— yy Diff. cross sections STXS bins [41] v
Wy Fid. diff. cross sections pi < |¢¢| v
WW Fid. diff. cross sections my v
Z — vy Fid. diff. cross sections p% v
tt Fid. diff. cross sections Mz <
EWPO Pseudo-observables Pz iRy Ry Rig Ry A%, X
0, 0,b
Appr Arp
Inclusivejet  Fid. diff. cross sections 2t x|yt X
ttX Direct EFT Yields in regions of interest v/
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-003/

**NEW SEPT 24**

Combined EFT interpretation of CMS data

e [CMS-PAS-SMP-24-003]: Higgs boson, electroweak vector boson, top quark and multi-jet measurements

o First attempt at a global EFT fit from CMS: Analysis Type of measurement Observables used Experimental
likelihood
1 . . .
CMS 137fb (13 TeV) H — 7y Diff. cross sections STXS bins [41] v
o Observed * . . 3
% | o e ol Woy Fid. diff. cross sections pr * |¢f| v
& Ll B :to (sysh WW Fid. diff. cross sections my, v
28 50 g2 - 5 ﬂwd; 1502 ~ SMprediction ® o - V4
+T T8  #lgs TL i W Z—vv Fid. diff. cross sections o v
Hos Iy <25 °‘l}omﬁ; |ty 1o‘zz;+°1’+°f1|?ié.];; tt Fid. diff. cross sections Mg X
STXS stage 1.2: minimal Y 40 0%a O,{
Lt Ml ke ’ 3 ‘ | T EWPO Pseudo-observables Fzy Ry Ry Ry Ry Apy X
0, 0,b
e BEE [ 3 A_FtB' Afrp
Es £ . . . - . e 1
A l ‘ ] | ! { | L] _ Inclusive jet Fid. diff. cross sections el Ul 2
B ¥ ol ol & AP e ke aE IR R i Lot cke nho ke epel 13 7 . . . . . .
8 TR | I . [ | ' I BiE ttX Direct EFT Yields in regions of interest v’
T ok S N SVANE :
TEErT T nrnr e @ 9 z=a>_ ?Q._ ?Q» I=|:f § % 288 E— 83 8§ 888 T
2325 0§ i cfrEer2Ff s Ervas
3353220 03382588¢ a3 8gg > 1
8383383385 23z2%858 ELE g 8§ CMS 36.3 fb™ (13 TeV)
22 8= 223 2 = L L />\ T T —— T T 3
1z 58y = e 10% % Anti-k (R = 0.4) 1
> 2 3 — CT14NNLO ® NP ® EW ] i i : : i
3
. CMS 138 b (13 TeV) %_ 10 ” 1< 0,56 0% 2 DC-)-harge misid. |:||\_/|ISId. leptons l[?lboson |:|Tr|boson D(Ec-mv. ,tWZ .ttH
; WE(Fv)y 0<lol<g PPYPY: V o< % = 102k m 05<]y| <1.0 (x107 3 B i By [tilq G Bt 7 Totalunc. ¢ Data
s —e— Data ' 1.0<|y| < 1.5 (x10? :
© 10 . E A y 3 :
©) E XIV(S:\:ZZommeisidy % 10 = ¢+ 1.5<|y|<2.0 (x 10%) 3 CMS postfit = 138 fb™' (13 TeV)
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- — C,, =-0.2TeV? 53 L g
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-003/

Combined EFT interpretation of CMS data

**NEW SEPT 24**

Again use PCA to find constrained directions — Many more compared to using only Higgs differential measurements

CMS Preliminary Hybrid fit 36.3-138 fb' (13 TeV)
ol 68% CL —— 95%CL e Bestfit ]

(\I’l\ 1_ —

> - -

(o) . ‘ _

= ! * ]

(aV} |

= B ote . Tl | b b ]

o 0 __+ - ‘ - - | + { * + * | | - L4 ‘ * é -

= [ * + t t | t ¢ * . A
b : Breakdown of sensitivity
i | ! from different channels

=g | —

Qs 1— | L L ] L | | | | | | L | L | =1
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= 0.8} 1 Ewy

2 £ 1 ww
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S 04} | ot I AT,
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Flavour of what is to come in Run 3 — Ultimate consistency test of the SM @ LHC using global EFT fits
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Summary

Thermal History of Higgs Portal
Universe to Hidden Sectors?

e “Almost every problem of the SM originates from Higgs boson interactions”

Stability of Universe

o Probe answers with precision Higgs boson measurements

Fundamental 2 A ' CPV and
or Composite? Baryogenesis

e |arge Run 2 dataset has opened the door to more sophisticated analyses

Is it unique? Origin of masses?

o Going differential! Origin of Flavor?

e Ultimate precision via Higgs boson statistical combinations

o Differential combination — SMEFT interpretation SM

New Physics

e Global EFT fits for ultimate SM consistency tests

E < ELHC E = ELHC
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Discovery July 4th 2012
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Nature input analyses i...covonses

e Combination of Higgs boson analyses using the full Run 2 dataset (2016-2018) = 138 fb™!

t.b

t.b

g M\ t.b

Jonathon Langford

TT

ﬁ 27 VY Z;slél

99

l Analysis

Decay tags

Production tags

Single Higgs boson production

ggH, pr(H) x N; bins
VBF/VH hadronic, pr(Hjj) bins

H — 97 [42] Y WH leptonic, pr(V) bins
ZH leptonic
ttH pr(H) bins, tH
ggH, pr(H) x N; bins
2 VBE, mj; bins
H — ZZ — 4/ [43] 4u,2e2u, 4e VH hadronic
VH leptonic, pr(V) bins
ttH
eu/ee/pp ggH < 2-jets
Hp+j/ ee+jj/ep+jj yor
H — WW — lviv [44] VH hadronic
3¢ WH leptonic
S ¢ Data 4/ ZH leptonic
o . : E
2 MYy +jets My +jets 3 ” ,. ggH
2 Wiy Wiy H=ZriSl “ VBE
o 4 i .
Z 10 .O;feerts Vty ggH, pr(H) x N; bins
i : VH hadronic
- . H — 77 [46] e, eTh, HTh, ThTh VBE
: VH, high-pr(V)
102 — W(¢v)H(bb) WH leptonic
E : Z(vv)H(bb), Z(£¢)H(bb) ZH leptonic
0 S5 b0l bb ttH, — 0,1, 2¢ + jets
ggH, high-pr(H) bins
1 H — up [52] Up %/gBP;
> ttH production 2(SS, 3¢, 4¢, HH
158 ‘ é : with H — leptons [53] 14 + 1, 20SS+11,, 3¢ + 114
& e e 2 ggH
05| : o : & - VBF
%005 J?tat- ur:cs Ditat. ®2.Sg =L unac. 35 4 H - Inv.[71,72] Pr VH hadronic
BDT-bkg ZH leptonic
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html

Nature input analyses i...covonses

e Combination of Higgs boson analyses using the full Run 2 dataset (2016-2018) = 138 fb™!

Analysis Decay tags Production tags
Single Higgs boson production

Excellent photon energy resolution of CMS ECAL ggH, pr(H) x Nj bins
VBF/VH hadronic, pr(Hjj) bins
_1 H — 7y [42] Y WH leptonic, pr(V) bins
°CMS 137 fo™! (13 TeV) ZH leptonic
> 60 _—l LI L L L L L L L L L L L L L L L L B L L a—_: ttH pT(H) bins, tH
& - H— yy, m, =125.38 GeV All categories . ggH, pr(H) x N; bins
= P S/(S+B) weighted 7 VBE, m;; bins
%) . a H — ZZ — 4/ [43] 4u, 2e2yu, 4e VH hadronic
= : ¢ Data . VHI ; :
o) . . eptonic, pr(V) bins
b it . B component : ey/ee/ up ggH < 2-jets
9 o “fe E T VBF
= E A : H — WW — fuév [44] pptij/ eetij/ et VH hadronic
© - o . 3¢ WH leptonic
i 20— = 4¢ ZH leptonic
b wE 3 SRS = VBE
o - . %/%_Il-ll;p;(H). x N bins
0 :1 (IS | PN 07 NN [0 00 N Vo 0 [N TPV TRY YOO Y] [NOY VO U0 T FN . T (0 OO I (o T T2 i 8 P T H - TT [46] e}" eTh’ yTh/ ThTh VBF acronic
2500 LI I L I (3 e I LI I LI I L I LI I ! 3 L w f H bb &I;I-i i‘llg:l_p:r(v)
S B component subtracted (¢v)H(bb) eptonic
H - bb [47-51] Z(vv)H(bb), Z(¢¢)H(bb) ZH leptonic
E bb ttH, — 0,1, 2 + jets
ggH, high-pr(H) bins
geH
H — up [52] uu VBE
BOOE L 5 L g Do el s 6l g wla v ea T e § ttH production 2(S8S, 3¢, 4¢, HH
100 1o 120 130 140 150 160 170 180 with H — leptons [53] 10 + T, 20SS+11h, 3¢ + 17
miss VBF
. . . . Herlon L, 221 P VH hadronic
Extract signal with fit to diphoton mass spectrum ZH leptonic
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Nature input analyses i...covonses

e Combination of Higgs boson analyses using the full Run 2 dataset (2016-2018) = 138 fb™!

Study four different di-7 final states: ey, erh,hrh

| CMS-Experiment at the LHC, CERN
Data gecord d: 2018-Jul-17 03:21:01.157638 GMT
f R{fn/ Event// LS: 319756 / 2934016220 / 1850

/

- Gl i |

Benefit from clean leptonic final
states + good 7, identification
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Analysis Decay tags

Production tags

Single Higgs boson production

H — 7y [42] @ §

H — ZZ — 40 [43] 4p, 2e2, 4e
eu/ee/pup
H — WW — fvfv [44] Hptij/ eetij/ epjj
51
4
H — Zvy [45] Zy

H — 77 [46] ey, eTh, UTh, ThTh

W (¢v)H(bb)

H 5 b [4751] Z(vv)H(bb), Z(£¢)H(bb)

bb
H — pp [52] Up
ttH production 2(SS, 3¢, 4/,

with H — leptons [53] 14 + 1, 26S5+11, 3¢ + 1y,

H — Inw. [71, 72] Pllpi:s.s

ggH, pr(H) x N; bins
VBF/VH hadronic, pr(Hjj) bins
WH leptonic, pr(V) bins
ZH leptonic

ttH pr(H) bins, tH
gegH, pr(H) x N; bins
VBE, m;; bins

VH hadronic

VH leptonic, pr(V) bins
ttH

ggH < 2-jets

VBF

VH hadronic

WH leptonic

ZH leptonic

ggH

VBF

ggH, pr(H) x N; bins
VH hadronic

VBF

VH, high-pr(V)

WH leptonic

ZH leptonic

ttH, — 0,1, 20 + jets
ggH, high-pr(H) bins
ggH

VBF

ttH

ggH

VBF

VH hadronic
ZH leptonic
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Nature input analyses i...covonses

e Combination of Higgs boson analyses using the full Run 2 dataset (2016-2018) = 138 fb™!

Extract ggH, VBF (and VH production) with fit to DNN output

Nevents

Ratio w.r.t. bkg.

%103 Signal categories 138 fb (13 TeV)
LN B R L B B L B B B L B

* N &MS [ ] ©t bkg. [ JJdet >t 7

- [ ] Others —— ggH d

30 —— qqH B 9oH + qqH F

- ‘LT. Bkg. unc. —e— Observed i

20 » %xs Exs Exs Ex15 =

e a0

[ ’ | ; — 3

2 | Ll I T I Ll _

[ 4 Observed Bkg. unc. — ggH 1

-~ —qqH — 9ggH + qqH i

1.5} =

Analysis Decay tags

Production tags

Single Higgs boson production

10

Jonathon Langford

2D discriminant Bin Index

H — 97 [42]
H — ZZ — 4/ [43]

H - WW — (vlv [44]

H — Zy [45]

\/ H — 77 [46]

H — bb [47-51]

H — up [52]

ttH production
with H — leptons [53]

H — Inv. [71, 72]

XY

4y, 2e2y, 4e

eu/ee/uu
up+j/ ee+jj/ ep+jj

3¢
4¢

Zy

eu,eTh, UTh, ThTh

W(¢v)H(bb)
Z(vv)H(bb), Z(££)H(bb)

bb
HH

2(SS, 3¢, 4¢,
14 + 1, 26SS+11, 3¢ + 1T

miss

Pr

ggH, pr(H) x N; bins
VBE/VH hadronic, pr(Hjj) bins
WH leptonic, pr(V) bins
ZH leptonic

ttH pr(H) bins, tH
ggH, pr(H) x N, bins
VBE, mj; bins

VH hadronic

VH leptonic, pr(V) bins
ttH

ggH < 2-jets

VBF

VH hadronic

WH leptonic

ZH leptonic

ggH

VBF

ggH, pr(H) x N, bins
VH hadronic

VBF

VH, high-p1(V)

WH leptonic

ZH leptonic

ttH, — 0,1, 2¢ + jets
ggH, high-pr(H) bins
geH

VBF

ttH

ggH
VBF

VH hadronic
ZH leptonic
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html
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The open questions

e |s the Higgs sector SM-like?
Do all SM particles lie on that line?

e Why is the universe matter dominated?

Can the Higgs boson self-coupling explain baryogenesis in

the early universe?

Jonathon Langford
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Overview of analyses

e Rest of talk: present recent Run 2 CMS Higgs boson combinations and explain how they address the open questions

1. [EMS-PAS-HIG-23-013]:

Combination and interpretation of fiducial differential Higgs boson production cross sections at /s = 13 TeV

2. [CMS-PAS-SMP-24-003]:

Combined effective field theory interpretation of Higgs boson, electroweak vector boson, top quark and multi-jet measurements

3. [CMS-PAS-HIG-20-011]:

Combination of searches for nonresonant Higgs boson pair production in p-p collisions at /s = 13 TeV

4. [CMS-HIG-23-006, submitted to Phys. Lett. Bl:

Constraints on the Higgs boson self-coupling with combination of single and double Higgs boson production
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-003/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-23-006/index.html

Probing the Higgs potential

e Dynamics of electroweak-symmetry breaking are defined by shape of Higgs potential

1

e H?3term generates Higgs-Higgs interactions — Higgs boson self-coupling

o IntheSM: [A3 =4 gy = — /' H

o Only parameter regulating shape of potential + fully predicted when mH and v are measured

e Measurements of the Higgs boson self coupling are of the highest priority in the field (see European strategy)

1. )\3 Is not a free parameter — closure test of the SM
2. )\3 regulates shape of potential — test of EWSB and vacuum stability

3. )\3 deviations from SM would enable first-order EWSB transition — Could provide mechanism for EW baryogenesis

Jonathon Langford



Probing the Higgs potential

e Dynamics of electroweak-symmetry breaking are defined by shape of Higgs potential ¥}

V(H) = %m

e H?3term generates Higgs-Higgs interactions — Higgs boson self-coupling

,2_, + )\3VH3

o IntheSM: [A3 =4 gy = —

o Only parameter regulating shape of potential + fully predicted when mH and v are measured

+ M H?

Re(¢)

V()

Im(¢)

e Measurements of the Higgs boson self coupling are of the highest priority in the field (see European strategy)

1. /\3 Is not a free parameter — closure test of the SM

2. )\3 regulates shape of potential — test of EWSB and vacuum stability

3. /\3 deviations from SM would enable first-order EWSB transition — Could provide mechanism for EW baryogenesis

Jonathon Langford
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Baryogenesis

e Universe is matter (baryon) dominated

ng >> Ng

False Vacuum

e First order phase transition: essential ingredient for production of B-asymmetry (Baryogenesis) ja.b. sakharov. E7P Lett. 5 (1967) 24-27]

o Sharp discontinuity in state of Universe — nucleation of “bubbles” of the new phase within old phase (out-of-equilibrium)

e Electroweak Baryogenesis? Bubbles of Higgs field true vacuum in background of false vacuum

o As bubbles expand — create regions where CP-violating interactions occur at bubble walls — B-asymmetry

o A smooth second-order transition would not generate required asymmetry

Jonathon Langford Particle Physics Seminar - UoB 27/11/24 102


https://inspirehep.net/literature/51345

Electroweak baryogenesis

e To achieve first-order phase transition in EWSB we need a modified Higgs potential

e o o o o o o o o o o o o o o e e e e e e ) —-— . o o o e e e . .
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Electroweak baryogenesis

e To achieve first-order phase transition in EWSB we need a modified Higgs potential

—(v+ H)4:+,A_2 (v+ H)°

e o o o o o o o o o o o o o o e e e e e e ) —-— . o o o e e e . .

e |nclusion of dim-6 (BSM) term in potential changes relationship
between fundamental Higgs parameters

A3

SM
)‘3

R\ —

=1
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Electroweak baryogenesis

e To achieve first-order phase transition in EWSB we need a modified Higgs potential (Phvs. Rev. D 97. 075008 (2018)]
TCyTTTTTs 'V T ' |
I
M 2 4 41 6 g !
Va—@w+H) "+ —@w+H) " +H 5w+ H),
: 2 4 BEPA : g 15l
I I
: SM 1 BSM
] et
e |nclusion of dim-6 (BSM) term in potential changes relationship * | | | | | | [
: 0 02 0.4 0.6 0.8 1 .2 i1 |
between fundamental Higgs parameters )\
6
)\3 14 16)\6 V4
PNTNSM T ST T A2
3 H

e 50% increase in self-coupling — Provides mechanism for first-order EW
phase transition
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https://arxiv.org/pdf/1711.00019

Electroweak baryogenesis

e To achieve first-order phase transition in EWSB we need a modified Higgs potential Phys. Rev. D 97. 075008 (2018)]
| | | ’Ed | {
2 i ¢' &
F _____________________ 1 l_ __________ I " W
| 2 A | I A I "' 1St "‘,“
| /’I/ 2 4 4| 6 6 "¢ order_‘,‘-"
Va—@w+H) "+ — v+ H) "5 v+ H) ! /
| 2 4 | | I /< I ¢' "o":‘ a
I | I , E 15 ,’ ““““‘ ““““““ _ Z .
I . P Ll —
S oM i BSM s - g
| et 2nd i Togh® | |
: : . . . , 71?" order * SM
e |nclusion of dim-6 (BSM) term in potential changes relationship

between fundamental Higgs parameters

A3
AsM mz, N2

R\ —

e 50% increase in self-coupling — Provides mechanism for first-order EW
phase transition

o |ncreasing our precision on )\3 Is of paramount important to
understanding evolution of the early Universel!
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https://indico.ihep.ac.cn/event/18025/contributions/133685/attachments/74054/90734/ATLASCMS_nonresonant_HH_Higgs2023.pdf
https://arxiv.org/pdf/1711.00019

A3

Di-Higgs production |= =

e How to probe the Higgs self-coupling? — Only direct method via search for non-resonant Higgs boson pair production

T T T T T T E
HH production at 14 TeV LHC at (N)LO in QCD : / 27
~~~~~~~~~~~ My=125 GeV, MSTW2008 (N)LO pdf (68%cl) | ,’ K 7
~~~~~~~~ & / g 7 H
102 - Ty II — H >
= g ~1000x smaller : Ky  Kxed
R than single H = e At Y
\\\\\\\\ - ST, \
\\\\\\\ }I \ }1 g; - }{
~ g \ K™
\ \
N
\ N\
Q
: % - (13 TeV)
- : 0.025
4 ©) = |
%I = I —k, =1, SM
| % 0.02 :_ — k, =0, only box diagram
8 - — k, =2.45, maximal interference
(‘g — k, =5, soft spectrum
i — k, =20, mainly triangle diagram
0.01§ -
= '_“\\
AR

\\\\\\\I‘«u. \\_

e C(ross section: O-ggHH — 31.05 fb o ’\\\\\\\i\\\

450 500 550
my, [GeV]

e Destructive interference between triangle and box diagrams =X
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A big step in Run 2

e |arge statistics of Run 2 dataset has enabled CMS to gain significant ground in measuring this rare process

e Plethora of HH final states offers a fun experimental challenge

Direct Di-Higgs searches

Branching ratio [%]

9.6% 3.52% 0.669%

7.3% 2.71% 1.03%

yod| 3.08% 1.14% 0.432% 0.332% 0.070% "

0.265% 0.098%

Taken from Jona Motta slides @ Higgs 24
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https://indico.cern.ch/event/1391236/contributions/6095878/attachments/2960567/5207749/DiHiggsSearches@CMS_Higgs2024_JMotta.pdf

A big step in Run 2

e |arge statistics of Run 2 dataset has enabled CMS to gain significant ground in measuring this rare process

e Plethora of HH final states offers a fun experimental challenge

Direct Di-Higgs searches

Given current luminosity and large backgrounds we typically leverage:

1. Large branching fraction

2. Good selection purity

Branching ratio [%]

3.52% 0.669%

3. Combination of (1) and (2)

I
| i
—p TT 2.71% 1.03% 0.395%||

I Three “main” channels: HH—4b, HH—bbzr, HH—bbyy

yod| 3.08% 1.14% 0.432% 0.332% 0.070% "

bbb WW  gg T 77 YY

Taken from Jona Motta slides @ Higgs 24
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https://indico.cern.ch/event/1391236/contributions/6095878/attachments/2960567/5207749/DiHiggsSearches@CMS_Higgs2024_JMotta.pdf

A big step in Run 2

e |arge statistics of Run 2 dataset has enabled CMS to gain significant ground in measuring this rare process

e Plethora of HH final states offers a fun experimental challenge

Direct Di-Higgs searches

Given current luminosity and large backgrounds we typically leverage:

1. Large branching fraction

2. Good selection purity

Branching ratio [%]

3.52% 0.669%

3. Combination of (1) and (2)

2.71% 1.03%

Three “main” channels: HH—4b, HH—bbrr, HH—bbyy

1.14% 0.432% 0.332% 0.070%

Significant advancements in reconstruction and identification

techniques (e.g. Machine Learning) has allowed us to move away
from these constraints...

Taken from Jona Motta slides @ Higgs 24
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https://indico.cern.ch/event/1391236/contributions/6095878/attachments/2960567/5207749/DiHiggsSearches@CMS_Higgs2024_JMotta.pdf

A big step in Run 2

e |arge statistics of Run 2 dataset has enabled CMS to gain significant ground in measuring this rare process

e Plethora of HH final states offers a fun experimental challenge

Direct Di-Higgs searches HH — bbbb Non-resonant, resolved topology Phys. Rev. Lett. 129.081802

Non-resonant, boosted topology Phys. Rev. Lett. 131.041803
Non-resonant, VHH production CMS-PAS-HIG-22-006

Resonant X—YH Phys. Lett. B 842.137392

HH — bbtt Non-resonant Phys. Lett. B 842.137531

Branching ratio [%]

Resonant X—=YH JHEP 11 (2021) 057

gg 9.6% 3.52%

73% 2.71% 1.03% 0.395%

HH — bbZZ Non-resonant JHEP 06 (2023) 130

Resonant Phys. Rev. D. 102.032003
HH — bbWW Non-resonant + Resonant JHEP 07 (2024) 293

y#4 3.08% 1.14% 0.432% 0.332% 0.070%

Resonant JHEP 05 (2022) 005

f 0.037% 10.029%;: 0.012% 10.001% HH — bbVV  Non-resonant, fully hadronic boosted topology CMS-PAS-HIG-23-012

HH — WWyy Non-resonant CMS-PAS-HIG-21-014

HH — yy7zt  Non-resonant + Resonant CMS-PAS-HIG-22-012

HH — WWWW + WW77 + 7777 NoOn-resonant + Resonant JHEP 07 (2023) 095

Taken from Jona Motta slides @ Higgs 24
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https://indico.cern.ch/event/1391236/contributions/6095878/attachments/2960567/5207749/DiHiggsSearches@CMS_Higgs2024_JMotta.pdf

e.g. HH—4b (boosted) candidate

State of the art GNN to tag large radius jets

CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-13 16:51:13.749568 GMT

Benefit from new layer in the pixel tracker! | Run/ Event/LS: 278803 / 465417690 / 259

Jonathon Langford Particle Physics Seminar - UoB 27/11/24



CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-21 11:22:36.732928 GMT
Run/ Event/LS: 325001 / 246775231 / 137

41
:
| 8
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Combination of non-resonant HH production

e Brand new result from ~two weeks ago [HIG-20-011]

e Updated HH combination from Nature 607 (2022) 60-68

©)

Additional channels, more interpretations, expanded projections

W*Wyy *

Obs. (Exp.): 95 (54)

bbZZ, 4|
Obs. (Exp.): 33 (41)

YT *

Obs. (Exp.): 31 (26)

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

bBWW 1

Obs. (Exp.): 16 (18)

bbyy

Obs. (Exp.): 8.4 (5.6)

bbt*t
Obs. (Exp.): 3.4 (5.3)

bbbb

Obs. (Exp.): 7.5 (4.3)

Combined
Obs. (Exp.): 3.5 (2.5)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/
http://dx.doi.org/10.1038/s41586-022-04892-x

Combination of non-resonant HH production

e Brand new result from ~two weeks ago [HIG-20-011]

e Updated HH combination from Nature 607 (2022) 60-68

o Additional channels, more interpretations, expanded projections

e (Construct combined likelihood: L(D‘M, V)

Parameters of interest e.g. K

/\j Nuisance parameters with

correlation scheme

GeV)

S/(S+B) Weighted Events / ( 1

-1
cms 137 b (13 TeV) PR - USRI . L )
o B I e N N C107 Roimne =

30— HH—yybb All Categories 3 2 L T, —e— Data '
E m, = 125 GeV S/(S+B) weighted 1 w Background (post-fit)

o501 ¢ Data = NN Uncertainty (post-fit)
F —HH+H+Bfit ]

—— H + B component ]
----- B component

[ B3R
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= n
o o
T
[

>
|

o
TIT
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o
TTT

[ HH e, vgr ¢ -3.33,85% oL

[T
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Data / Bkg

Lsllal
_105_ H + B component subtracted 7 i -
=P I PPN ISRl I P AN AT pud
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m,, (GeV)
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Pre-fit expected Iogw(S/ VE)
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W*Wyy *

Obs. (Exp.): 95 (54)

bbZZ, 4|
Obs. (Exp.): 33 (41)

YT *

Obs. (Exp.): 31 (26)

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

bBWW 1

Obs. (Exp.): 16 (18)

bbyy

Obs. (Exp.): 8.4 (5.6)

bbt*t
Obs. (Exp.): 3.4 (5.3)

bbbb

Obs. (Exp.): 7.5 (4.3)

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

Particle Physics Seminar - UoB

CMS Preliminary

**NEW NOV 24**

138 fb”" (13 TeV)

TT I I 1 L I
K}\,=KT=KV=K2V=1
—e— Observed
«««.s Median expected

s 68% expected
...... 95% expected

|

e e il
1 10

95% CL limiton o(pp - HH) / ©

A |
100

Theory



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/
http://dx.doi.org/10.1038/s41586-022-04892-x

**NEW NOV 24**

Combination of non-resonant HH production

CMS Preliminary 138 b (13 TeV)
e Brand new result from ~two weeks ago [HIG-20-011] ] LT v — T % L ELTh
K =K==, =1
o —e— Observed s 68% expected
e Updated HH combination from Nature 607 (2022) 60-68 «vvene Median expected === 95% expected
W*Wyy *
o Additional channels, more interpretations, expanded projections Obs. (Exp.): 95 (54)
, o bbZZ, 4l
e Construct combined likelihood: L(D‘,u V) Obs. (Exp.): 33 (41)
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\,\ et e
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Observed (expected) upper limit on SM HH cross section: 3.5 (2.5) times SM



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/
http://dx.doi.org/10.1038/s41586-022-04892-x

Self-coupling sensitivity 0 (K, ) = K3KEE+ Kb + KK

e ggHH signal dependence on (kx, £¢:) modelled using linear combination of three simulated data samples

CMS Preliminary 138 fb' (13 TeV

1 1 1 I I I I I 1 | I I I 1 I I 1 I I I I 1 1 A
: Observed s Median expected :
- X\ Excluded B 68% expected

Theory prediction :------ 95% expected

o
>

x SM prediction

95% CL limit on o(pp — HH) (fb)

10°F \ :
Excluded § Excluded
i = 1 § -
KV =. ](|2VI j 1 R | §. |
10 -5 0 5 10
Ka
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Self-coupling sensitivity o (K5, 70) = KKt + kb + Ky

e ggHH signal dependence on (kx, k¢:) modelled using linear combination of three simulated data samples [See Back-Up]

roCUS Profiminary 19615 (13 Tey | oCUSPelmiay ___________1ss'(19Toy
2 F —— Observed e Median expected d@ Nk el 1: — Observed Expected
T i XN Excluded B 68% expected ] i’ 5_ : EW baryogenesis ]
L | iction ----=- 95% expected o L '
T ¥ SM prediction i ' > | )
Q 13 Ny NN s d bR ' o] 95.4% L
o107 &
c | 35 Ky € [—1.4,6.43]
= ; | @95.4% CL
1102 N g . ]
o 10°¢ § 2: :
52 . Excluded | | |
o \ : OO Y. S | eeeeeessflveneerns [o...... 883%CL]
7 \ S N _
Ky = Koy = \\\ Z ' : '
| | L A\. L 0' g = | L 1 |
-10 —0 0 5 10 -2 0 2 & 6 8 10
K, By
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Self-coupling sensitivity o (K5, 70) = KKt + kb + Ky

e ggHH signal dependence on (kx, k¢:) modelled using linear combination of three simulated data samples [See Back-Up]

e I | oSMSPeimbay _________1mm'(13Tey
€ —— Observed = eeeeen Median expected d@ Nk el 1: — Observed Expected
T | X\ Excluded = 68% expected - y K ! EW baryogenesis ]
L iction === 95% expected o L l >
T x SM prediction i | .
Q403 I 95.4% CL
Q_10 i 4__ """""""""""""""""""""""""""""""""""""""
= | : Ky € [—1.4,6.43]
o 3L ]
= ; | @95.4% CL
402 N B T ]
3 10°F § : 2f |
32 . Excluded | | ,
o \ : N . V5. " S [ 883%0L]
Ky = Koy = \ ! :
P BN A PR I &- N R o S P b N e P S I B
-10 -5 0 5 10 -2 0 2 4 6 8 10
K, By

e Vast improvements to 2016-only results: ~5x stronger constraints (expect to be ~2x from increase in statistics alone)
o Driven by advancements in analysis techniques e.g. GNN for b-jet tagging

e Many more interpretations in note: VBFHH production and Koy constraints, HEFT benchmarks, c2, UV-complete, ...
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*PAPER SUBMITTED JULY 24**

Combination of H and HH production

e Ultimate k) sensitivity comes by combining with indirect constraint from single-Higgs production

e NLO EW corrections to single Higgs boson production and decay involve Higgs self-coupling

S |
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*PAPER SUBMITTED JULY 24**

Combination of H and HH production

e Ultimate k) sensitivity comes by combining with indirect constraint from single-Higgs production

e NLO EW corrections to single Higgs boson production and decay involve Higgs self-coupling
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*PAPER SUBMITTED JULY 24**

Combination of H and HH production

e Ultimate k) sensitivity comes by combining with indirect constraint from single-Higgs production

e NLO EW corrections to single Higgs boson production and decay involve Higgs self-coupling
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Combination of H and HH production

*PAPER SUBMITTED JULY 24**

e Ultimate k) sensitivity comes by combining with indirect constraint from single-Higgs production

e NLO EW corrections to single Higgs boson production and decay involve Higgs self-coupling

e Key benefit: relax SM assumptions on other couplings without large degradation in sensitivity
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Outlook: Run 3 improvements

e More luminosity (~300 fb™!), more enerqy (+10% HH cross sections at 13.6 TeV)

e HH is within touching distance — We are not taking our foot off the gas...
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e HH is within touching distance — We are not taking our foot off the gas...
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https://cds.cern.ch/record/2868787/files/DP2023_050.pdf

Outlook: Run 3 improvements

e More luminosity (~300 fb™!), more enerqy (+10% HH cross sections at 13.6 TeV)

e HH is within touching distance — We are not taking our foot off the gas...

New triggers New taggers
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Outlook: Run 3 improvements

e More luminosity (~300 fb™!), more enerqy (+10% HH cross sections at 13.6 TeV)

e HH is within touching distance — We are not taking our foot off the gas...

New triggers New taggers New pT regressions
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Outlook: Run 3 improvements MA \,J \J

e HH is within touching distance: ,ugi/[%CL ~ 1

Landau-Ginzburg Higgs Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs

o New innovative ideas could bring it closer — If something is very BSM-Llike in Higgs potential, we might see it in Run 3!
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(*) Projection of Run 2 results — Conservative as do not include Run 3 improvements

Outlook: HL-LHC projections

e [HIG-20-011]: included detailed projection study for HL-LHC sensitivity(¥*)
We are here
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~8k HH pairs ~18k HH pairs
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(*) Projection of Run 2 results — Conservative as do not include Run 3 improvements

Outlook: HL-LHC projections
Pro) HiL UM ,

e [HIG-20-011]: included detailed projection study for HL-LHC sensitivity(¥*)
We are here
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° ° (*) Projection of Run 2 results — Conservative as do not include Run 3 improvements
Outlook: HL-LHC projections <
alLyuml p

_HL-LHC PROJECT

e [HIG-20-011]: included detailed projection study for HL-LHC sensitivity(¥*)
We are here
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(*) Projection of Run 2 results — Conservative as do not include Run 3 improvements

Outlook: HL-LHC projections

e [HIG-20-011]: included detailed projection study for HL-LHC sensitivity(¥*)
We are here
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Expected sensitivity is sufficient to establish

(SM) HH existence at 3-40 with CMS alone

Depending on systematics scenario
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Discovery Significance [o]

Achieve 5o observation combining with ATLAS!

Elucidate early Universe dynamics
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(*) Projection of Run 2 results — Conservative as do not include Run 3 improvements

Outlook: HL-LHC projections w /ﬁ
e [HIG-20-011]: included detailed projection study for HL-LHC sensitivity(¥) Hl&LF’JRgJTEng
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Expected sensitivity is sufficient to establish

(SM) HH existence at 3-40 with CMS alone
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Achieve 5o observation combining with ATLAS!

Fa lse Vacuum Elucidate early Universe dynamics
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