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Introduction

Higgs & electroweak sectors = study of interaction between (SM) particles, excluding
strong interaction (QCD)

+ Precision measurement of free parameters of SM (sin6,,, Z mass, Higgs mass,... )
+ Precision measurement of interaction rates and properties to probe SM predictions

¢+ Search for rare processes that could be significantly enhanced in presence of new physics

Different kind of experiments targeting different properties and energy ranges
¢+ Low energy probes, e.g. measurement of Fermi contant from muon lifetime
+ “Medium” energy scale, e.g. in B-meson decays at B-factories

+ High energy colliders, e.g. LEP (e*e collisions at Z-pole) or LHC (pp collisions at ~13TeV)
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Precision measurements at the LHC
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Content

1st lecture:

> Higgs physics

%

* Higgs production and decay channels and their measurement
<+ BSM and EFT sensitivity of each channel

» EW physics
<+ Anomalous triple gauge couplings and dim-6 EFT interpretation

<+ Beyond dim-6: neutral anomalous triple gauge couplings and quartic gauge couplings
2" lecture:

> Towards a global fit: combining the available information
<+ Experimental challenges of combinations
<+ Global fit in action: how to ensure generality / model independence of EFT fits
< Limitations and perspectives for EFT fits — towards HL-LHC and beyond
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1% lecture: Overview of Higgs and EW measurements and their

> Higgs physics EFT sensitivity at the LHC
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<+ Anomalous triple gauge couplings and dim-6 EFT interpretation
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2" lecture: “Case study” of a general (global) EFT fit

> Towards a global fit: combining the available information
<+ Experimental challenges of combinations
<+ Global fit in action: how to ensure generality / model independence of EFT fits
< Limitations and perspectives for EFT fits — towards HL-LHC and beyond



Content
1 lecture:
> Higgs physics
< Higgs production and decay channels and their measurement

<+ BSM and EFT sensitivity of each channel



Higgs measurement channels

Several orders of magnitude between different Higgs production and decay rates

Many channels probed at LHC — adding new channels with increasing statistics and new
reconstruction techniques
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Channel

Gluon fusion
(99F)

Vector boson
fusion (VBF)

Higgs strahlung
(ZH or WH)

Associated top
production (ttH)

Couplings through Higgs production

Experimental signature

Higgs + N-jets (N=0)

Higgs + 2 jets with
large An; and m;;

Higgs + Z or W boson

Higgs + 2 tops (ttH)

Most important diagrams

@ Bosonic couplings
@® Yukawa couplings




Couplings through Higgs decay

Channel Experimental signature  Most important diagrams

Fermionic decays 2 fermions of given o @ Bosonic couplings
(H-bb, H-cc, type (b-jets, c-jets, H @ Yukawa couplings
H- 1T, Ho pp) T-lepton or muon)

Decay to vector Decay products of

bosons vector bosons (usually

(H-ZZ*, H-WW?*) leptonic decays, i.e. 4l
or 212v)

Higgs to diphoton 2 photons
(H-yy)




~— Coupling

Channel—

Overview of Higgs couplings to SM patrticles

H-W

H-Z

H-t

H-p

ggF

VBF

WH

ZH

ttH, tH

H- bb

H-cc

H-yy

H-WW

H-ZZ

H- 1t

H - pp
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Higgs measurements

- Different production modes and decay channels probed at LHC — sensitivity is function of frequency
(statistics) and experimental performance (resolution, backgrounds,... )

~ Higgs is narrow scalar particle — factorisation of production & decay — convenient for combined
measurements of Higgs properties and interpretations

Production Decay

b,T,u




Cross section

>

>

High statistics processes can have poor reconstruction efficiency or large backgrounds

Experimental channel sensitivity

Sensitivity driven by statistics (orders of magnitude between channels) but also experimental performance:

Low statistics processes might be reconstructed with good efficiency and resolution

ggF ¢

VBF

tH

- h

.

High stat. (largest prod. mode)
Higgs + N-jets — hard to tag

Rel. high stat.
2 forward quark jets with large
An and high di-jet mass

Rel. low stat.
Efficient & clean reco of leptonic
V decays (using mass constraint)

Low stat.
2 b-jets + leptons or jets — hard
to identidy, large backgrounds

Very low stat.

[+
Z*

Very low stat. (leptonic Z decays)
Excellent purity, efficiency,
resolution

Rel. small or well-modeled bkg.

Low stat.
Clean signature, good resolution
Functional background

Rel. high stat.
T reconstruction difficult
Z - 11 background hard to model

Rel. high stat.
c-tagging very challenging
Badly modeled background

High stat. (leptonic W decays)
Good lepton reco & resolution
Missing energy from neutrinos

High stat. (most frequent decay)
b-tagging challenging
Large bkg. modeling uncertainty

Branching fraction

Vi3
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Cross section

~ High statistics processes can have poor reconstruction efficiency or large backgrounds
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Cross section
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Experimental channel sensitivity
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Measurement

Most generic Higgs measurement:

+ Production and decay rates as a function of full event kinematics contain all information needed to
make any interpretation

¢ Only look at final state — no assumptions on production or decay mode

In practice:

+ Measure differential distributions in most sensitive observables (1 or 2 dimensional) with binning
defined by statistical and modeling power

+ Measurement for given decay mode, using Higgs mass constraint (on-shell Higgs)

¢+ Sometimes useful to measure by Higgs production mode

18



Overview: Higgs measurements

Fiducial (differential) measurements:

compute theory prediction in phase space close to experimental acceptance to minimise assumptions
on unmeasured phase space

Production and decay mode (differential) cross sections:
cross sections and branching fractions of channels as defined in SM: extrapolation to full phase space

Signal strength:
cross sections or branching fractions w.r.t. SM prediction — search deviations from 1

Couplings:
generic interpretations of results in terms of Higgs couplings to SM patrticles (coupling modifiers, EFT,
etc.)

Limits on specific BSM models:
typically 2HDM, MSSM, etc.

19



Higgs fiducial cross sections

- Measure cross section in specific phase space defined to match experimental cuts - reduce

uncertainties from phase space extrapolation

Reminder from Methodology lecture

Nops = ,,%x G’ X BR(H ZZ*) x

el 4 . >
Selected data  |ntegrated PO Acceptance factor
events In given |uminosity
pr bin i o = Nsei

Nses + N
- Large bias when extrapolating to (Nsei cut )

unmeasured phase space

Solution:

Aim at &/ =1 - define theory with same cuts, so that N =

0

o
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https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9

Higgs fiducial cross sections

- Measure cross section in specific phase space defined to match experimental cuts - reduce
uncertainties from phase space extrapolation

- Differential measurement in kinematic observables give sensitivity to BSM models

~ Unfolded results allow direct comparison to theory outside experiment

Example: H - 4] decay JHEP 08 (2023) 040
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e / CMS 138 b (13 TeV) CMS 138 b (13 TeV)
Z — _I\I\|I\|\|\|l‘|‘|‘||‘|‘|— 3 EI![\VI'III[\\Illll[\\\lllllf\z
p — H /e_ % 1; ) Data (stat. @ sys. unc.) p-value(POWHEG): 0.30 ; = { Data (stat. @ sys. unc.) p-value(POWHEG): 0.18 |
_— E — Systematic uncertaint E 3 L . . |
———— | === Q 5 R ggy—>H (amcaInIoFXF;+JHUGen+Pyihia)+XH I 8o L ST Systematicluncartalnty
p - ~— Y £+ o SN gg-H (NNLOPS + JHUGen + Pythia) + XH -ODO N 4% SM(POWHEG + JHUGen + Pythia) ]
— = 10 1:_ %4444 gg—H (POWHEG + JHUGen + Pythia) + XH . = o) 102 VWA AC (POWHEG + JHUGen {_~0.5 + Pythia) .
\ _ IQ_'_ E ""3';'5—= Zi:;:;};:\;jfm“j‘(;::lj;JHUGeMPym'a)’zo\ 1 \_O E (LHCHWG YR4, m,=125.38 GeV) E
. . e ! 5 =
Theory phase space defined by experimental = 24 8
acceptance on lepton and jets selection g
CMS 137 fb” (13 TeV)
= RECERAREE: REERESERANERAREREE TG T RazES
§ = + Data E [P R R E S S
~ EH(12§)ZZ ] @ qgp T T T
= 1 99-2Z, Zv* : i
2 a0 ! Bgo-ZZ 7 g 1 3
L%) B EW i % 0: il g
Simple observableto  © % S G i Bon
100 separate signal from pH (GeV)
background without
501 model assumptions . _ _ _ _
- Differential measurement as a function of kinematic
0

variables sensitive to new physics in H - 4l channel 71


http://dx.doi.org/10.1007/JHEP08(2023)040

Production mode cross sections & signal strengths

Example: gluon fusion, H- 4l SM g+ Experimental selection of ggF-like events:
H / s - H-4l1+0, 1, ..., N-jets with certain properties
p _———— - Mixing with other production modes — purity from MC
P \ '~ Selection acceptance — extrapolation factor from MC
/e_
t — + b e +
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o
» Hi =
= cMs (LALALLS CMS (T)sm 137 fo! (13 TeV)
z .J3181188 Jer4nss mH:H1;52328 GeV « Observed H—ZZ—4l
= [ s B i — + 1o (stat @ syst) -125.38 GeV
E STXS Stage 0 - |y4| <2.5 —i b (staf) m, e
102 3 2 e 4 i§§ f 0_1 X BRf L::H’tH _’-
s | M = T = Hi X pf Fay :
: ¢  Observed (stat@syst) (0-1 4 BRf )SM U i
0 WH :
Foe SM prediction \ E
t L O TR N ST TR A N R S M ‘ “VBF —::
52: l'ngH,be *
I . . u - \
goz l P R S IR R l

Inclusive ggH qqH VH-lep ttH Eur. Phys J.C81 (2021) 488 0 1 2 3 4 5 6 u 22


http://dx.doi.org/10.1140/epjc/s10052-021-09200-x

Production mode cross sections & signal strengths

Example: gluon fusion, H - 4l
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Model dependence — larger theory uncertainties
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Simplified Template Cross Sections (STXS)

Gluon fusion

ph < 200 GeV

qq — Hlv pp — HUL

Similar for VBF & t(t)H - Split events by (major) production modes

-~ Differential measurement in BSM sensitive and experimentally well
measured observable for each production mode

+ Choice of observable depending on most sensitive decay channel
+ Re-optimise binning with increasing amount of data

= 0jets = 1jets ,— > 2jets

my; < 350 GeV

- More details in 2" lecture 24



Measuring the Higgs couplings

BSM contribution possible in any Higgs vertex: modification of coupling strength and/or kinematics

Possible contributions from new heavy particle loops -- additional (effective) couplings (= new
diagrams), e.g. effective Higgs to gluon coupling

Usually, several anomalous couplings or EFT operators contribute to same experimental final state

Note: BSM might contribute to
+ non-Higgs couplings (“easy” to consider in EFT approach)

¢+ backgrounds (usually neglected for now)

Example: gluon fusion

Q0000000009 Q000000000
; g ; A g EFT
t —I_l—— + bt —I_l—— + P + j— —— - H
g tt g g
‘0000000000 ‘0000000000"
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Coupling modifiers -- k-framework

Simple scaling of Higgs-SM couplings: k; = Ji Example: gluon fusion, H - 4l "
gi,SM 7
’ 2
2200000000, _J‘,,,_l_( {
o K& . K2 . 65;2*’-
S M SM 2.2 o b o Z
. o -T'y 0 -Ff iKY .
oc-B(i—H— f)= L = i S - —— b
'y F}S;,M H%I P

> For generality of results:

+ Float as many coupling modifiers as possible in fit Total Higgs width
+ Can allow for new couplings and invisible Higgs decays . K & CKpPb K Zc
. . . 2 + + + .
+ Global picture through combination of channels z b c
- Limitations: s 2MS 13816 (13 TeV) __

5 * b-versus c-Yukawa coupling from

+ Single narrow Higgs with J*?=0** (SM-like) ggF in H- 4l analysis; all other

* No change of process kinematic 0.5- 1, couplings assumed to be SM-like
oF L + significant from impact of K, & K. in
-0.5- total decay width

—1.5 [#estit *sm —osnct —eenct | B(Ke Kp)
C e Do oy iy

v b b by
8 6 4 2 0 2 4 6 8 JHEP 08 (2023) 040
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http://dx.doi.org/10.1007/JHEP08(2023)040
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Ratio to SM

Coupling modifiers -- k-framework

CMS 138 fb™ (13 TeV)
_| T | T T T F 3 RE I & 5 | T T T E 3 FEdd | T "_
m,=125.38 GeV W Z ‘,t,." ]
pSM =37.5% ‘..“
b o
_ I 4
“." Leptons and neutrinos Quarks
Iy j.. .ﬂ
L ’,f‘" Force carriers Higgs boson Z
Fuul il E
:l | ||I c :
5 + {\ 1.05§ ﬂ —
ik eLLECE LR R LR P TR R e e P e PR 1_00§ .......... ..E
. ¢ 0.95F t 3
|| III ||I 1 1 1 ||
107 1 10 10°

Particle mass (GeV)

> So far, excellent agreement with SM
prediction

> Strong limits on many BSM couplings,
e.g. on Higgs couplings to “invisible”
particles (neutrinos or new particles)
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Anomalous couplings

Most general Lorentz-invariant scattering amplitude between a spin-0 boson (SM Higgs or light Higgs) and

2 x #(1) £x(2)pv #(1) 7(2)uv
My1€y1€y @ w f 2) m f L

CP-odd anomalous

+ 2 vector bosons:

Tree-level couplings (CP-even)

SM: only a,% and a,"" # 0 Higher order + anomalous gr?o-renvaelgus couplings
couplings (CP-even) :
couplings

+ 2 fermions:

A(HFf) = %/f' @'i) b

CP-even CP-odd coupling
coupling
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Anomalous couplings

Most general Lorentz-invariant scattering amplitude between a spin-0 boson (SM Higgs or light Higgs) and

2 x #(1) £x(2)pv #(1) 7(2)uv
My1€y1€y ;w f( ; m f L

CP-odd anomalous

+ 2 vector bosons:

Tree-level couplings (CP-even)

- CP-even
SM: only a.?2 and a "WV # 0 Higher order + anomalous couplings
’ ' couplings (CP-even) anom_alous
couplings
+ 2 fermions:
Note:

certain assumptions

Mg _ g This is a “simple” effective theory to
A(Hff) - _?’abf @5) Py describe Higgs interactions with
S K

CP-even CP-odd coupling
coupling
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Example: CP in H- 1t decay CMS-HIG-20-006

zZ
- Direct probe of CP structure of H to fermion coupling from H - tt decay pep?
¢ Measuring effective mixing angle:  tan(a777) = i3 s AL
KT
> Requirement: measure spin correlation between Higgs decay products —
this is possible since T's decay I
¢+ Observable: angle between 1 decay planes directly related to CP mixing angle
dr 7'(2 ‘: mt
(H—=1"1t7) ~1—=b(E")b(E™) == cos(dpcp — 24777) : 0
depep 16 .
_Cms 0 1e7f'(18Tey) _o,CMs I1I37pr*1|(1§|Tey) o
o Obs.-Bkg. pp + TP + Up + ep = [ * Bestlﬁt | — 6|8.3"o CL 7]
£ | [ Bkg. unc. : [ * SM -~ 95.5% CL ]
o 12— o = 0" —] - —- 99.7% CL 4 — 20
g 1;_ OCHTr =90° L é 1 -— U . —_ 4l
%‘ o.af— | T —f ] B 15 ¥
; 0.6:— _|_ o —l_ | = oL ] éﬂ
2 F i i <
Boef| 4, = I {1 B0
< oaf- E [ ]
» N B S— S — -ir 7 Bs Exclusion of
0 — IG‘D‘ — |12‘0‘ = I18|0‘ — IZAD‘ — IS[L?(; = I3_;50 E E pure CP-Odd
Pop (001058 2L 1 ®  coupling at 30
a1 = —1 419 (stat) & 1 (syst) & 2 (bin-by-bin) + 1 (theo)° . 30



Overview: Higgs measurements used for EFT

Fiducial (differential) measurements:

compute theory prediction in phase space close to experimental acceptance to minimise assumptions
on unmeasured phase space

Production and decay mode (differential) cross sections:
cross sections and branching fractions of channels as defined in SM: extrapolation to full phase space

Signal strength: In particular STXS

cross sections or branching fractions w.r.t. SM prediction — search deviations from 1

Couplings:
generic interpretations of results in terms of Higgs couplings to SM patrticles (coupling modifiers, EFT,
etc.)

Limits on specific BSM models: In particular anomalous couplings

typically 2HDM, MSSM, etc.
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EFT interpretation of Higgs measurements

~  General EFT assumptions:
¢ Linear EFT (e.g. SMEFT, HEL): Higgs included in doublet, linear under SU(2)

¢+ Non-linear EFT (e.g. HEFT): Higgs transforms as gauge single, chiral perturbation theory

> Basis:

+ Equivalent sets of complete and non-redundant operators designed for different target processes
+ Choice on case-by-case basis; translation between bases possible

SMEFT, HEL:

Eur. Phys. J. C (2015) 75:583

Basis

Underlying gauge symmetry

Fields used in the
Lagrangian

Warsaw, SILH
BSM primaries|Higgs

Higgs/BSM characterisation

SUB) e x SU2) x U(l)y
SUB) e x SU2) x U(l)y
SUQB)e x U()Em

Gauge-eigenstates
Mass-eigenstates

Mass-eigenstates

+ Warsaw: very general — comparison with BSM theories modifying fermion interactions
+ SILH (Strongly Interacting Light Higgs) in HEL: good matching to BSM modifying boson interactions
+ Higgs: in terms of mass eigenstates — operators aligned with Higgs observables (couplings) 32



Example 1: H-vyy

Well resolved signal peak over falling background
— good prerequisite for differential & fiducial cross sections

T
ATLAS Preliminary

R B AL SR
H—yy, \s=13TeV, 139 fb'

- Data, tot. unc. syst. unc.

= gg—H default MC + XH

B NNLOJET © SCET NNLO @ N°LL + XH ]
£ XH = VBF+VH-+ttH+bbH ]

el e i | iyt e
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Vo
w ;# " tf;t—**_
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0 50
vﬁ

Fit of diphoton invariant mass in each pT
bin to extract signal and reject background

1 L 1 1
100 150 200 250 300 350

\ Pl [GeV]
/

Unfolding to correct detector resolution

Many differential distributions measured

> Complementary sensitivity to BSM / EFT
operators

> Plot: impact of CP even operators in SILH basis

> Additional sensitivity to CP odd operators,
mainly from A®;

s18gg————m—m————————— =
21 _7E-ATLAS Simulation Preliminary H — yy, Vs =13 TeV =
91 aE. SILH E
=1.6F _ ~ .
r:c_I B —C,y=Cs=0.03 3
TE T, =24% 10" ]
1.4E -, -9.0x10° E
1.3 =
2= — -
1.1 —
1 E
0.95 E
0_8—0‘0@.? @lez )Iv')\\ von W olzc\ tlo;\@‘u\l—& »_
A A A AR AL AR TS S ARA)
>R 2 7 > %

P [Gev] Nes M [GeV] Agy Pl 1Gev]
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Example 1. H-vyy

Also constrain SMEFT operators in Warsaw basis

Sensitivity from ggF production vertex

H'H G, GM"

Main sensitivity from H - yy decay vertex <

Additional sensitivity from VBF -- through

mjj distribution in this analysis

CHB
CHW
CHWRB

H'H B, B*
H'HW/. Wi
H't'"HW[ B*

Example diagram

9
B
g

9]

Cpe [107]

{CHW [107]
CHW |
g [10°]

+2
g 110 ]_

-3
s [10 ]_

—

Y

Crung 107

L6 1107 _

———
ATLAS Preliminary

L H— yy, Vs =13 TeV, 139 fb’
SMEFT Interference-only

—
Observed 68% CL
Observed 95% CL

05 1

1.5

Parameter value
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Example 1: H-vyy

NOTE: LO EFT
»  Cne affecting ggH vertex — no modification of couplings in loop (top Yukawa etc.)

> Chw, Chs, Cnwe affecting H - yy at tree level — additional contributions in loops

LO rH_.yyint/ qunyM: _13.996 * CHW - 48.809 * CHB + 26.144 . CHWB

C.Hartmann, M. Trott

rH_>yyint / rH_.nyM = —40.15cyp — 13.08cyw + 22.4cygwp — 0.9463cw + 0.12cyn —
0.2417cypp +0.03447¢c, g —1.151c,,w—2.150c, —(}.3637C:;f+ 0.18 196‘;!

— Important to consider higher orders in EFT!

3
. f h“—qﬁ
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Example 2: VH(- bb)

Associated production of Higgs with vector boson (W or Z)

Analysis performed in 3 categories: 0, 1 or 2 leptons (depending on V decay)

Higgs decaying to 2 b-jets (low Higgs-pr region) or 1 merged larged radius b-jet (boosted Higgs)
MVA techniques for signal vs. background separation, large background modeling uncertainties

Resolved regime
2 well-separated b-jets

[fo]

E ATLAS VH, H — bb, V — leptons cross-sections E
- % C V5=13 TeV, 139 fo! ® Observed ==Tot. unc. Stat.unc. |
m 103 — ’ — Expected [ Theo. unc. —
X g , 3
%é C V=W : V=2 N
2L - —
x 10°E - .
b_ C — 1 ]
=1 0t =]
0e T g i e E
= S ——
= ' =
= . ’ 1
o 151 _ T - -
e —F N : -
° K =1 I— v =S =
§ 050 & : ]
o C - ]
w, Ve 2
90 omy Bsos,  Pspr_ T0<e By
T Sapg, eV T VTG, T SRg Gy

Eur. Phys. J. C 81 (2021) 178

Boosted regime
Additional split at p+H = 400 GeV

= 12
o
>92 10
[\
X 8
T e
X 4
&
2
0
=2
5 2
2
=]
s
o
Phys.

(. Large — R jet
NP\ Anti—kR=1.0
e \

\ pr > 250 GeV

¢ Highpr WorZ

pY > 250 GeV

E l
—ATLAS Boosted VH, H — bb, V — leptons —
i\(g=1 3TeV, 139 fb™ ® Observed ==Tot. unc. Stat. unc.j
I_ == Expected DTheo. unc. .
- V=W V=2 E
E e =
= il —3 =
EL L E
L . * | B N |
250 W --Z
w, TS z )
A [v40 OOGeV i I<40 OOGeV
e
Lett. B 816 (2021) 136204 36


https://link.springer.com/article/10.1140/epjc/s10052-020-08677-2
https://www.sciencedirect.com/science/article/pii/S0370269321001441

Resolved

Example 2: VH(- bb)

ATLAS
—68% CL ---95% CL
W Linear (obs.) |

e Best-fit (obs.)

Vs=13TeV, 139 fb"
VH, H - bb, A =1 TeV

Linear + quadratic (obs.)

Linear Linear + quadratic
£8%.Cl 68%.Cl
¢ [x10.0] .- [-0.017,0.029] [-0.018, 0.026]
Chu [x 5.0] e o [-0.081, 0.22] [-0.19, 0.10]
o [X2.0] e [0.17,0.21]  [-0.24,0.18]
Cows [X 0.5] T [-0.46, 1.3] [-0.44, 1.1]
Cgy [x0.05] [ o o [-18,3.3] [-10,3.8] U[29, 43]
L | P | PN I T T ST S MR
-2 0 2 4 6 8
Parameter value
Boosted ATLAS Vs=13TeV, 139 fb"
—68% CL ---95% CL Boosted VH, H — bb
B Linear (obs.) SRR R
Linear + quadratic (obs.)
o Best-fit (obs.)
ciyr [x 10.0] - b
Gy, [x5.0] Presssases s TRt 1
Co [X2.0] e —_—— 1
Cwe [¢0.5] Jesdsn ey o b 4
[ b ) s o e s s, SRR A el Skl
PR T TTT T NT H H S H AN SN S S H N R Y
- - = 0 1 2 3

Parameter value

a.u.

BSM owver SM

1
1
1
1
1
1
1
! l
-I' I [T 1 -
E T T T T L] =
| Sl e
L 1 I -
2 | - E
L L— | ]
- o — L I -
1:.-. . e "JI-.-..-"."..--. -.JI..- . |-'|-|I-|'|-||- -
| IR | I 3
a 100 200 1 300 480 500

™M

MadGraph Simulation — W
— PP — WH — kbb — SN +EM«BER —
- SMEFT Operalor: D: with ¢ = 0.1 3
qL v

Phys. Lett. B 816 (2021) 136204
Eur. Phys. J. C 81 (2021) 178

(H'iDLH)(G,7'y"q,)
p T J7i P 7%‘

Higgs p_ [GeV]

~ factor 2 improvement from split at 400 GeV
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https://link.springer.com/article/10.1140/epjc/s10052-020-08677-2
https://www.sciencedirect.com/science/article/pii/S0370269321001441

Analysis in many categories targeting different production modes and

Example 3: H- 4] MELA analysis

maximising signal purity

Matrix Element Likelihood Approach: high dimensional fit in observable
separating signals and backgrounds as well as anomalous couplings

Category Selection Observables ¥ for fitting
Scheme 1
VBF-ljet DYer > 0.7 Dhig

. VBF ~ pVBF pssH ggH
VBE-2jet | D%!(I_—tl > 0.5 Dyxg, Dijet » Do, Dp
VH-hadronic Dy > 05 Dy
VH-leptonic  see Section Dy i
ttH-hadronic see Section Diker ZDBtH
ttH-leptonic  see Section Dyigs ’D;tH
Untagged none of the above Dy,
Scheme 2

4 4

Boosted pT > 120GeV Diygr PT

: VBF Y
VBE-1jet Dyt > 07 Dyg, Pr

; VBF EW VBF+dec qyVBF+dec yVBF+dec nZ7VBFt+dec . VBF VBF

. EW ec ec ec 1, VH+dec

VH-hadronic Dzict > 0.5 Dbkg, Doh+ , Dy yDaq s Diaj s Dyt +Dep
VH-leptonic  see Section Dyyg, Py

Untagged

none of the above

dec dec dec Zry,dec dec dec
Dbkgf Doh+r Dn— ’ Dm ’ Dm . Dint ’ DCP

Events / bin

Events / bin

1

—_
(=]

20

15

10

CMS-HIG-19-009

5

CMS 137 b (13 TeV)
LI I B LN B L B

| fdata [ [ogHSM  HggH-4l

| [Jzzzy [ JogH "ot VBF-2jet |

__ lZX D H other Dyyg>0-2 _

4]

] L ]
e ————————————n.
0 02 04 06 08 1
g9
DO_
CMS 137 b (13 TeV)

————————————————
HVV, H—4l, VBF-2jet, D >0.2 b
Total | (VBF+VH f2'=05

T rrrrrrrr




Example 3: H- 4]l MELA analysis s ic.10.00

Fit of cross section ratios to reduce systematic uncertainties — reparametrisation in terms of EFT operators

CMS 137 b (13 TeV

-2Aln L

—_— I CMS 137 " (13 TeV)en 10 _|
— Observed --- Expected 9 = .
i i 001 3 Hgg couplings
—ggH(4l) 8 b
N’ > No resolution of top loop in this
) 2 measurement (k, absorbed in cgg)
I w0 5
T 95% CL ] 4
__________________ ;
2
-0.01 1
G—1I — —05 N OH I 05 — 1 -0.02 -0.01 0 0
g9 -
fas CMS 137 b (13 TeV) CMS 137 10" (13 TeV)
T I ‘ I T SM
— Observed, fix others best it 18
102-\\ ---- Expected, fix others 53;?9'— 16
HVV coupllngs — Observed, float others - =14
N Expected, float others 12
- Different scenarios (assumptions) 104
. . [aY]
on anomalous coupling (relations) he
—6
—4
—2
. — i

et . et
~1-0806-0402 002 0 002 02040608 1 E - . i ; 0.3 0.4
f

a3
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Non-resonant di-Higgs production

SM predicts Higgs self-coupling — coupling provides sensitivity to Higgs potential
Many BSM models modifying self-coupling strength — can be probed in terms of EFT

g Jh g = g _h
4 L e
/f )//
. g
Y i
g Yp g Ty a ~h

SMEFT:
G CH_D(H+H) O(H'H) + CHDD#(H+H)DM(HTH)* + Cy|lH |h IF

e C:;HQLHIHH\E'HI-C‘- + Cuc;QL%;,TUHfRGﬂL'H?‘f'-

Warsaw basis R Groeber
coefficients of O(1/A%)
40



EFT operators relevant for Higgs physics

nggf_ self- Wilson coefficient Operator Wilson coefficient Operator
coUping > ouo (H'H)O(H'H) CuG (oo TAu)H G4, }
g? CHDD (HfDPH) (Hfﬂyﬁ) CuW (qu{rpvur),rfg W;V
---—-H S T A o Auy _ y —_
ggF 4 { CHG H ;HG*”VG CuB (Gpour)H By,
c H'H B, B* o = -
H _’yy CHB HTH wf WIPV H “;}Tp'!f)“r}'p".\')
(+ VBF, VH) HW . v W (GpYuae) (G yY" qs)
o I Cqq dpYudt \qrY" gs
¢ CHWB H'THW,, B o (GpYut gr)(Gsy* v qr)
Hott  H- Cor (HH) (I e, H) Faa iy
4 . T = 7 qq q;JTp ij (_:fr}’ q_v
TOp-nggS ggF { CuH (H H){q,’)urf:{) CIMJ (_ Fi =
! . T = qdq '?;JTQT QI)(QJ'}’ T Q.\'}
ttH tH Can (H H)('?pdrH) - -

’ (1 .9 T Cru (HPTP HF') (”-‘!‘T“ Uy )

, : v i (H'i D H)(pyH1) i _ —
H-1-Z interactions: o® (H'i DL H)(T,t y1,) Cu (tp Yyt ) ity uag )
mainly H - 4l \ H e . ’ Cqu (@p Vi) (i y*its)
(+ZH) e (W1 Dut)epyer) s (p YT ) (ds y*TAd, )

L1 T = | _ _
CHq (H fﬂﬂ)(qﬁyﬂ%) Cou (qp}'p?"‘d‘q,-)(u_\.y“}"’d‘u,)
H-g-V interactions: J €y (H'i D H) (" y"q,) Cou (@pyuT"qr)(d; ‘F“TAdr}
mainly VH i (H'i'D ,H) i,y u,) ew KWW W
P -
CHd (H'i D, H)(dpy"dy) cG

8
q 7 I -..,_‘_;_{
- t

g ---- H

Couplings
involving H-
top (+gluons):
ggF, ttH, tH

FABC GAVGBPGCP } W




Content

1st lecture:

» EW physics
<+ Anomalous triple gauge couplings and dim-6 EFT interpretation

<+ Beyond dim-6: neutral anomalous triple gauge couplings and quartic gauge couplings
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Electroweak measurements

Many SM processes measured with great precision at the LHC

Search for rare processes that can be significantly enhanced in BSM

Study interactions of gauge bosons or leptons with well known decays — focus on production side
Often measure fiducial & differential cross section

Standard Model Total Production Cross Section Measurements Status: February 2022
— 11 | 50040
_8. - i = e ATLAS Preliminary
= Theory
ST V5=7813TeV
LHC pp V5 =13 TeV
r o Il Daa 32-1391
10° F Ao
E GAO LHC pp V5 =8 TeV
10* - Bl Daa 202-2030
LHCpp Vs =7 TeV
3L
10 = B Data 45460
r SN
2 L o
o ; .o 20 “ oo
i [ - I - oo
10° g &
E sOn_ VBF >g
WH i
1 F — - o o B
F o =
[ o N
107t H a
S e e wwz
F 02)g
1072 3

PP w Z tt t Wt H WW WZ ZZ tttW ttZ it
tchan s-chan Wl\oltVV



Electroweak measurements

Many SM processes measured with great precision at the LHC
Search for rare processes that can be significantly enhanced in BSM
Study interactions of gauge bosons or leptons with well known decays — focus on production side

Often measure fiducial & differential cross section Example: pp — WW production with WW  evp

q w g W

o

Standard Model Total Production Cross Section Measurements Status: February 2022 q +
E T
— 11 | 50Qub [ ATLAS ¢ Data2015+2016 g
'8_ 10 S ATLAS Preliminary 2 10°E {s=13TeV, 36.1 fb" ] Stat-® syst. uncertainty 3
[} Theory = [ pp—evuiv m[NNLO((TqHNLO(gg)]@N_LO(E\'N) ]
b 06 Vs=7,8,13TeV g [E8) Powheg-Box+Pythia8, k=1.13
10 E et LHC pp v =13 TeV q W g w 3 10 B8 Powheg-Box+Herwig++, k=1.13* 3
F k] e [ [ Sherpa2.2.2, k=1.0* E
F o Il Daa 32-1391 ® i ""'ﬁ..w * comb. w. Sherpa+( W, k=1.7
10° F o 3 o e
E s o LHC pp V5 =8 TeV g w F b
F - wedok
10* £ a Data 20.2—203fb 107 3
E B g SEi
F LHC pp V5 =7 TeV 102k _
10% 3 o + ,,,,,,,
3 o 0 H 100k oo
102 £ N - | 14
o = 125
F o Esomgmmrmr e L
i g s y - g og_mg;g&@%*g%wmm —_
10t 21b < 08E,
E iOh VBF S 14F T
I a3 £ 12 ————
3 o vAH ? L P e s
: 0.6F . . 3
1071 z 6070 107 2107 3x10? 10°
E D ea 2 m,, [GeV]
K: +
107° F

PP w Z tt t Wt H WW WZ ZZ tttW ttZ it
tchan s-chan \Nt\oltVV
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EFT sensitivity of EW measurements

Dim-6:

4

Gauge boson and lepton coupling modifications
from cross sections & EW precision observables

¢+ Anomalous triple gauge couplings (aTGC) from
diboson production & VBF
+ Heavy flavour couplings from measurements with
top quarks
Dim-8:
2

( top EW —\
(.f‘fqi'
((-'THU y - - (-'ff{f
. (-'HH'B 1{’-'HJ’J {-'fJ .
Cus k: (3) . Cow
. Ch. Chi
C HW Cf B
{r"il'iii {"1-: 1) {'"!
"'H'r; - H’e,l < Hu —
{-\‘ {"'-'i.l
YHG “Qq
2 EWPO .
1 H
B i 1.8 3.8 il Bl
{’. L {"’ L€ {"{:i‘n,l Cl’.éq l["'.{;i‘u {" o
Cra Ce C, CN. Cj
ol il
/4
\ Higgs —

Sensitivity to neutral TGCs and anomalous quartic gauge couplings (aQGC) from vector boson

scattering and tri-boson production
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Anomalous triple gauge couplings

Anomalous gauge couplings formalism: SM deviations in gauge bosons couplings

W /4 VA
+ aTGC at dim-6
(a)TGC (a)TGC aTGC (not in SM)
Z/y W Z[vy
%4 VA VA

+ simple extension of Lagrangian with additional interactions of 3 gauge bosons:

Ay
\f&

igy WEW, (MVY + 8" VR — gy e (WFa,W,” — 9,W W, )V,

L = igwwy (g};(1’1”:;,1’1""'_“ WHWL VY 4 oy WEW, VA 4 2 vt eys

_|_;{._VI/.{,-'+H,-’—ﬂ'ﬂ-v )\ W IH—H —Dp - C-or P-violating
e miy

Notes:

> aTGC considered independent of BSM scale — no cut-off scale Aas in EFT

> No complete field theory
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From alTGC to EFT

5 EFT operators relevant in HISZ basis:

Owww = Tr[W, WW]
O[_.{; — ( qu)) t WHY ( Du (I))

Op = (D,®)'B"™(D,®)

Oy = (D#®)T[.i_,?;tV( D,®)

> Only operators affecting interaction between gauge bosons — generating aTGC and modifying boson kinematics
~ More operators for boson to fermion interactions — neglected since well constrained from EW precision observables

by LEP experiments

Experimental channels:

Vector boson fusion

q q

2 forward quark jets
with large separation in
pseudo-rapidity

Diboson production

TG

Production of 2 gauge
bosons (W, Z or photon)




aTGC from VBF production

Example: EW Z+2jet production FEur Phys. J. C81(2021) 163 : : : :
Differential cross sections measured in

EW production Strong production several kinematic variables
a i | a z z 0 s i mll
aTGC |l s i
Z q q Z E
S o
S102k “ el E
q q q q q q g q A
1073 & ﬁzi:;;z;\z/;mw ’I
[5] PowHea+PY8 X
Several observables considered to discriminate between g
+ VBF Z+2j production and background processes 2
o

1
30 4050 10? 2x10? 10°

+ EW production (sensitive to aTGC) and strong production — definition pry [GeV]
of signal and control regions

E102,|'*"\*"'x""x"'*l_'"'l""Jl,
=, ATLAS Vs=13TeV, 139 fb
4= T — — = EW Zj — lljj NEP -0, £,<0.5 (EW SR)
0 EATLAS : 5 =13 TeV, 139 ", Zj I3 S [ATas V5= 13 TeV, 139 b, Zj 1] g e o
C i -¢- Data = B - Data o T
3l "VBF amaysis B EW Zj (PowHea+Py8)_ o - M EW Zj (PowHec+Pv8) - ~ B Total unc. =2 j "
10°E ' ' = = =]
E 1 region \:I Strong Zjj (SHerpa) 3 = [ Strong Zjj (SHERPA) _8 10F E
F | B ZV(V—=j) 3 B 4ot ZV(V=j) - “ o e
102 I {1, single top _ ~ Total uncertainty E
E [ Other VV E J
E 2 Total uncertainty 3 7 q:‘
10§— E b 15141 Sueren 2.2.1 — =
= 4 - @ HERWIG7+VBFNLO
_ @ POWHEG+PY8
E 10° = i)
= E o
3] = e
0 B =)
E B o
. | e PRI IP=2 s o IR | g

3x10? 10° 2x10° 3x10° 7x10° 2 3 4 5 6 7 8
i 1G] |Ayil



https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w

aTGC from VBF production

Example: EW Z+2jet production EurPhys.J. C81(2021) 163 L ,
* Parametrisation in terms of Warsaw basis operators

EW production Strong production
s ATLAS Simulation Vs =13TeV, EW Zjj-Ilj
q q q z q z q g Uc: |Mdfi|.2 2Re(MguMas)  —|Masl® + 2Re(MgyMas)
aTGC g og|mimsere
z q a Z = o ‘ AR S R
- e Tl IR B
q q q q g q =88 : '
0.3 |G/ N =02Tev?
> EFT sensitivity from high momentum tails — CP nature 00 : : J: L\_I:L]
from signe A® between 2 jets 03 =
> Simultanous fit on diff. cross sections in 4 observables 0.5 [ 7= Lo Tov=
Wilson Includes 95% confidence interval [TeV 2] p-value (SM) 0.0 I
coefficient | Mgg|? Expected Observed 0
ew /A2 no [-0.30, 0.30]  [-0.19, 0.41] 45.9% =
yes  [<0.31,029] [-0.19, 0.41] 43.2% 0.3 el =15TeV]
Ew [ A° no [-0.12, 0.12]  [-0.11, 0.14] 82.0% -
yes  [-0.12, 0.12]  [=0.11, 0.14] 81.8%
caw/A no [-2.45, 2.45] [-3.78, 1.13] 29.0% 03
yes  [-3.11, 2.10]  [-6.31, 1.01] 25.0% SERSEEEEEEEE R R H S S e S
caws/AL no  [-1.06, 1.06]  [0.23, 2.34] 1.7% SRR a1 1 T RSP PR3 A
yes  [-1.06, 1.06]  [0.23, 2.35] 1.6%



https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w

aTGC from diboson production

Example: WW production FurPys: 3 € TR0 channel with large SM backgrounds
7 W LU w + Fiducial phase space defined to minimise bkg (e.qg.
;ﬁ jet-veto against ttbar)
¢ e + Data driven techniques with control and validation
Hﬁkﬁ regions to constrain dominant backgrounds
q w 9 W

) w

Differential cross sectlons measured in many kinematic observables

> 10°F : =
ATLAS ¢ Data2015+2016 3 . .
§1oz el B 311" @fg;ﬁ;gi;igiggggmo(EW) Goqd limits on a‘_I'GC | EFT parameters — better I|m|ts
Bl BB ooy cons g 1 13 achieved by adding more channels (e.g. WW + 1-jet)
g!; S— w"’w’ msbhifzsézrférglggx—)ww, k17 ]
s 1F o 5580 =
- ] Operator  95% CL (linear and quadratic terms) 95% CL (linear terms only)
10‘3— ¥ E
10 e cwww /A> [-3.4TeV~2,3.3 TeV2] [-179 TeV—2, —17 TeV 2]
- | e— cw | A? [-7.4 TeV~2, 4.1 TeV2] [-13.1 TeV~2, 7.1 TeV 2]
145 ’ O 2 -2 -2 -2 -2
p: c/A —21TeV~2, 18 TeV —104 TeV=2, 101 TeV
Py T i e/ | ] [ L
= 046—| _ . .
£ 1-21;&___‘_,;%@%@@__? __________________ ke 3 Note: Largest sensitivity from pure BSM contributions
0%E. B L (quadratic terms) on pr of leading leptons
30 40 50 eo 102 2x1o2 3x102

prEad’[GeV] 50



aTGC from diboson production

Example: WW production Eur. Phys. J. C 79 (2019) 884

q w g w g w

A <
S S 2 N
H
q w 9 LLH%T w g W
Note:

aTGC / EFT interpretation from unfolded cross section results

> Significant dependence of cross section on fiducial phase
space definition — can be very different for SM vs. BSM

> Important to define fiducial phase space as close as possible
to experimental selection to avoid acceptance effects

+ response matrix should only quantify detector resolution

O'fiducial\I [fb]
3

600

500

400

Theory / Data

e i LS L e L

_ATLAS $ Data2015+2016

- Vs=13TeV, 36.1 fio ! [ Stat. ® syst. uncertainty

- pp — ey B3 Powheg-Box+Pythia8, k=1.13 *
BE& Powheg-Box+Herwig++, k=1.13 *

Sherpa 2.2.2, k=1.0 *
* comb. w. Sherpa+OL gg—»>WW, k=1.7

II|IIII|I

:IIIIIIIIIIIIlI

X
o 3 s
=S IS ol AT i I T i il Y Lo L

30 35 40 45 50 55 60
Jet-veto P, threshold [GeV]
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Example: 4 lepton production

Lepton interactions

JHEP 07 (2021) 005

On-shell Z

> [ATLAS /7 pal(Sherpa)=0.22 ~4~ Data
O 10Hs=13 TEV, 139 fb-val (Powheg)=0.09xx Powheg qg—41 + XJ
£ 3 w44 Sherpa qg—4l + X 3
a & X=gg—>4l+H—41+VVV+iV(V)]
Z(*)/W* ke) H—4l 3
) - © gg—4l ]
p © V(Y)W E
g > m< ‘ ?:
() /% ]
Z7 Iy B E
& A F 2 HHiggs————> On-shell 2Z 3
10— HI | Off-shell ZZ =
«© T r - - S

Z(*) - S

I )N S

©

o

g VA =
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Lepton interactions

Example: 4 lepton production

> Diff. cross sections in several kinematic observables

- SMEFT interpretation in Warsaw basis

*

*

Sensitivity to (gluon
fusion production and 4| decay)

Sensitivity to large number of operators generating contact
interactions between fermions

Z - Il couplings much better constrained from LEP data

~ Complementarity to H - 4l analysis

>

Better limit in some Higgs operators from generic
measurement

Large overlap of events would need to be treated in order to
profit from combination

JHEP 07 (2021) 005

full model (*)

Expected 95% CL === QObserved 95% CL

ATLAS
Vs=13 TeV, 139 fb”

Coeff. Observable Draw Scale
Cuc  May L I x 4
EHG My, _ x5
cHD m34 ;

Cuws  Msy —

Cua Py x 0.05
Chu AP, —r— _ x 0.05
o AP, j
cl AD;, j
c:':l? ACI)I,I ;
o ‘ x 0.5
cl AD,,,
f Cog My ;
Cpe My, : % 0.01
Ceu my _
Cg Mz :
g, i, ; x 0.02
< c, My x 0.02
o A®,, :
¢y  my — x 2
e x 4
Cu My : x2
\_ Ce M4 | i | X 2

(*) linear + quadratic terms

Obs. 95% interval
[-0.20,-0.029] U [-0.010, 0.012]
[-0.033, 0.033 ]
[-0.60, 0.29 ]
[-0.29,0.13]
[-2.6,8.3]
[-13.0,-6.9] U [-1.5,4.4]
[-0.70,0.21]
[-0.19,0.55]
[-0.47,0.12]
[-1.6,0.43]
[-0.15,0.52 ]
[-0.51,0.41]
[-33.0,42.0]
[-0.14,0.21]
[-0.41,0.36 ]
[-21.0,26.0]
[-20.0,25.0]
[-0.17,0.50 ]
[-0.086, 0.17 ]
[-0.064, 0.081 ]
[-0.16,0.20 ]
[-0.11,0.14]
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Top quark pair

-~

W

Single top (t-channel)

q

q

Top quark production

~ Top quark is (by far) heaviest particle in SM — special role in many BSM models
~ Sensitivity from processes involving top quarks to many EFT operators (top-boson or 4-fermion couplings)

W

174

ttH

i sl

top EW
~—Diboson ———
C'Ti'l.' r j

Cun o} 6
CHH'B CHD CH (1)
CHB C {2) {1} CH(} Ct“'
‘He TH1 T H1 :
CH W (1) Cg B
CHq Claa CH:!) S
Cuc 3
S EWPO s
A o
CbH C{"; C’T:i;f CI:‘]-I: Cf?_l " C’sz, d
Cen Ce CL CL & |
-TF H . r E- -/ __./
Higgs
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Top quark production

- Experimentally challenging: top decays to b-quark and W boson (in ~100% of cases)

+ Db-jet identification: use finite life time — measurable secondary vertex

+ W can decay leptonically or hadronically — leptons more easy to find and trigger, but then energy from
neutrino is missing

b-jet

decay e
lifetime -+ Secondary
PO vertex

primary
vertex

prompt tracks

> Even harder to identify charm or strange jets - measurements with top and b-quarks are the only way to
(currently) break U(3)5 flavour symmetry from experimental side
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Beyond dimension 6

Neutral triple gauge couplings (nTGC) and anomalous quartic gauge couplings (aQGC) at dim. > 8

NTGC at dim-8

Trilinear coupling between Z's and
photons

Z L
7, Z

,-},

Opw = i H'B,,W"" {D,, D"} H,
Oww =i H'W,, W+ {D,, D"} H,
Opp =i H'B,,B""{D,, D"} H.
Oy = i H B W" {D,, D"} H,

JHEP 1402 (2014) 101

aQGC at dim-8

qi1 arn

_ Triboson production
Vector boson scattering

qi2 qf2

3 types of operators:

> Os: contain derivation of scalar Higgs field
» Or: contain EW field strength tensor derivatives
> Owm: mixed -- contain both

WWWW \WWZZ \WW~rZ \WWy|ZZZZ|\ZZZv|ZZyy| Zyyy|yyyY
Os,0, Os,1 v v v
Onr,0, On,1,00,6 ,O07 v v v v v v v
Ow2 ,Oum,3, Om,a ,Ou,s v v v v v v
Or0 ,071 ,012 v v v v v v v v v
Ors ,Or6 ,Or7 v v v v v v v v
Ors ,0rp9 v v v g ¥

P. Calfayan 56



aQGC from vector boson scattering

Example: ZZ + 2 jet production EW production gt Strong production
(ZZ - 4 leptons)

ATLAS-CONF-2023-024

aQGPZ »
> Fiducial phase space defined at particle .
level and based on detector level cuts o 7 i
> Measurement of differential cross sections ,
q

with sensitivity to EW vs. strong ZZ+2j _ _ _ _
production Signature: 2 leptonically decaying Z bosons and 2
forward jets with large separation in n

-—A—m——-—-1—————
ATLAS Preliminary VBS-Enhanced region, { < 0.4
Vs=13 Tev, 140 b -e- Data, stat. unc.

ATLAS Preliminary VBS-Enhanced region, { < 0.4
{s=13 TeV, 140 fi* -e- Data, stat. unc.

o 5210—2 Total unc. o g ] Total unc.
- .
o= .
=] » a QO
107 —— [T A e ate T i
L le
10 T e 10
10-5 - == strong 41 (SHERPA) + EW 41] (MG5+PY8) 1073 |- Ep= Strong 41 (SHERPA) + EW 4] (MG5+PY8)
=@ Strong 4ij (MGS5_NLO+PYE) + EW 4 (MG5+PVS) Eape  Strong 41 (MG5_NLO+PYE) + EW 41 (MG5+PY8)
EW 41jj (MG5+PYE) EW 41j (MG5+PYE) 7
105 EW 4ljj (POWHEG+PY8) + ZZV(V— [j) (SHERPA) 10°* s | Ew 4l (P?W”EG"PVS)‘* LDV ”’I (SHERPA) . |
| = LI I =t =t H——t—+ ¥ R .
g 16f = ; g Lo Premirestmeeeeeretees - Other channels: WZ, WW, Wy,
g Taf ; 8 14F . . . . . . . £ . L - X
S 13 : o 12k | | | Zyin association with 2 jets
- - ; o it t ? E
= 0.8F —h@ E T 0.6~ B...| A .. o =
s 0.6 : . = x U6 o
D:OAE 3 0.4y T R I I
-3 -2 -1 0 1 2 3

2x10° (signed)
m; [GeV] A(])” [rad]



aQGC from vector boson scattering

ATLAS-CONF-2023-024
Example: ZZ + 2 jet production EW production gt Strong production

(ZZ - 4 leptons)
_ _ _ aQGP
Dim-8 EFT interpretation Introduce anomalous W ‘ ‘
_ quartic weak boson W
L =Lsm + Z %‘ & self-interactions z z
i
q q

IM|* = [Msml* + 2Re(Msm*Mas) + |Mas|*

Wilson [Mag)*  95% confidence interval [TeV 4]

coefficient Included Expected Observed
frolA* yes [-0.98,0.93] [-1.0,0.97]
no [-23, 17] [-19, 19]
fra/AF yes [-1.2, 1.2] [-1.3,1.3]
no [-160, 120] [-140, 140]
fra/A? yes [-2.5,2.4] [-2.6,2.5]
no [-74, 56] [-63, 62]
fr.s/Af yes [-2.5,2.4] [-2.6,2.5]
no [-79, 60] [-68, 67]
fr.e/A* yes [-3.9, 3.9] [-4.1,4.1]
no [-64, 48] [-55, 54]
fra/At yes [-8.5,8.1] [-8.8,8.4]
no [-260, 200] [-220, 220]
fra/A? yes [-2.1,2.1] [-2.2,2.2]
no [-4.6,3.1]x10* [-3.9, 3.8]x10*
frofAt yes [-4.5, 4.5] [-4.7,4.7]
no [-7.5,5.5]x10* [-6.4, 6.3]x10*

Major contribution from pure BSM terms



aQGC from vector boson scattering

ATLAS-CONF-2023-024
Example: ZZ + 2 jet production EW production gt Strong production

(ZZ - 4 leptons)
_ _ _ aQGP
Dim-8 EFT interpretation Introduce anomalous W ‘ ‘
_ quartic weak boson W
L =Lsm + Z %‘ & self-interactions z z
q q

IM|* = [Msml* + 2Re(Msm*Mas) + |Mas|*

Wilson [ Masl®  95% confidence interval [TeV ] Unitarity violation at high energy scales:
coefficient Included Expected Observed .
Frol N yes [098093]  [-1.0,0.97] + Prevented by reducing theory phase space to ms < E. (cut-off)
no [-23, 17] [-19, 19] . . en . . . . . .
/AT yes [-12.12] [-1.3, 13] + Constraints significantly looser in phase space without unitarity violation
no [-160, 120] [-140, 140]
FralA® yes [-2.5,2.4] [-2.6,2.5] . T g N L NI B
no (74, 56] [-63, 62] < a0 ATLAS Preliminary 3 ATLAS Preliminary ]
Frs/A? yes [-2.5,2.4] [-2.6,2.5] & f5=13Tev, 140" 3 fe=13Tev. 140007
no [-79, 60] [-68, 67] 20 = =
fre/ A yes [-3.9,3.9] [-4.1,4.1] E 3
no [-64, 48] [-55, 54] ] E
fra/At yes [-8.5,8.1] [-8.8,8.4] = —|
no [-260,200]  [-220,220] ; 3
fra/A? yes [-2.1,2.1] [-2.2,2.2] e 3
no [-4.6,3.1 ]XIO4 [-3.9, 3'8]X]04 —20 — — Expected 95% confidence imerva\_E — — Expected 95% confldenceintewa\_:
fT>9/A4 yes ['4‘5’ 4'5] ['4'7’ 4'7I Dbierved 95% confidence interval E Obpserved 95% confidence imenral—:
no [-7.5, 5.5])(104 [-6.4, 6.3]x10* —30 Unitarity Bound e Unitarity Bound E
PR SN ST SN S NN TN TN S S TN TR S T N SR TR S SN RN T T N PR [N S T T ST S T N T T
. . . 1 2 3 4 5 6 3 4 5 6
Major contribution from pure BSM terms E. [Tev] E, [Tev]
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aQGC from photon scattering

JHEP 07 (2023) 229

Example: yy - ZZ & yy - WW production
p b p 5 b > Both TGC and QGC interactions present in SM

: w \\y(/w + Mainly at low VV masses
AN~

p

TGC TGC 3 + Very low cross section
Y " P e .
w //i\w -~ Enhancement w.r.t. possible from BSM
P P P P ’ i + In particular at high VV masses

> Interacting photons radiated from protons
> Protons remain intact and can be measured

in very forward region close to CMS o _ _
Limits on non-linear dim-6 aQGC parameters a"* & a."V?

CMS-TOTEM 100 fb™* (13 TeV) 4
< 100 4 100 b (13 TeV)
£ T T T T \ 1 T \ 1 T I 456 100 fb™' (13 TeV) G 2500 Shesred S5O
< 90F 3 L 1200 E-CMS-TOTEM Observed 957 L imit S 9000 £ CMS-TOTEM Expected 95% CL limit
n = E I . WW = > E Expected 95% CL limit © E o =t
= E Observed data Xam p e: VV - = @ 1000 E Expected 95% CL limit + o G 1500 F Expected 95% CL limit £ 1o
S 80 = G g0k Expected 95% GL limit + 20 > 1000 F < Expected 95% CL limit 26
= - N~ e D =
L =i = 600 E o E
i - Prefit bkg. + expected signal (a "/A2=5*10° GeV?) 1 2 a0 < e N
60F 0 = X 200 X of
50E- E « OF < 500 E
g ] ) 3 5, -200 = g -
40F. — Prefit background + uncertainty W 400 E w1000 E =
g -600 £ ~ -1500 |
30 = -800 ~2000 E
e E ~1000 Bl e e L NN TS IUTRU PR PP PR SO IOURL LT
20 = =800 =200 =100 OW 2100 7200 200 S500 -375 —250 -125 0 125 250 375 500
10;_ € ao /A [>< 107 GeV ] ag/AZ [>< 107 GerZ]
g L1 1
20716 ,2016 ,,<016 5016 52015 ,2075 207> ;2075 ,2075 , 2015 , <015 5207
Wi/8 Wiy 62276 22 17 Wiy 7 Wy 17 2277 22118 Wy, /8 w18 25 T8 2,
W feg, JWregi’ &g. 32’ 9. o erg' JWreg Zo’ €. 52’ 9. o ergA (;Wregi’ €. 52’ 9. o 6 O


http://dx.doi.org/10.1007/JHEP07(2023)229

aQGC from photon scattering

Example: yy - 2Z & yy - WW production

P P p B B

Assuming no anomalous WW2Zy contributions:

Coupling Observed (expected) Observed (expected)
95% CL upper limit ~ 95% CL upper limit

No clipping Clipping at 1.4 TeV
[fmo/AY  16.2 (14.7) Tev—* 19.5 (19.2) TeV—*
|fma/A% 90.9 (82.6) TeV—* 110 (108) Tev—*
Note:

+ iImpact from unitarisation smaller than in VBS:
natural upper mass limit of ~ 2TeV from proton
reconstruction in detector

+ Unitarised limits comparable to VBS limits

Conversion into linear dim-8 EFT operators

a

w
0

m W

T

em

[5

2 fmpo

w2

+ 2¢

JHEP 07 (2023) 229

2fM,2

woA2

+ SEUC

funs
e
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aQGC from photon scattering

Example: yy - 2Z & yy - WW production

p p p B B

Assuming no anomalous WW2Zy contributions:

Coupling Observed (expected) Observed (expected)

JHEP 07 (2023) 229
Conversion into linear dim-8 EFT operators

W Mw stM'0+2c2fM'2+s ) fma
0 o W A2 wA2 whw A2

em

Alternative fit: all operators except one are zero
- strong dependence of limits on assumptions!

Coupling Observed (expected) Observed (expected)
95% CL upper limit ~ 95% CL upper limit

95% CL upper limit ~ 95% CL upper limit
No clipping Clipping at 1.4 TeV
[fmo/AY 162 (14.7) TeV 19.5 (19.2) TeV—*
|fma/A% 90.9 (82.6) TeV—* 110 (108) TeV~*
Note:

+ iImpact from unitarisation smaller than in VBS:
natural upper mass limit of ~ 2TeV from proton
reconstruction in detector

+ Unitarised limits comparable to VBS limits

No clipping Clipping at 1.4 TeV
|fmo/AY 66.0 (60.0) TeV 79.8 (78.2) TeV ™ *
fim1/ A% 2455 (214.8) TeV™*  306.8 (306.8) TeV
| fao/ A 9.8 (9.0) TeV—* 11.9 (11.8) TeV*
|fms/AY  73.0 (64.6) TeV ™ 91.3 (92.3) TeV*
|faa/ A 36.0(32.9) TeV* 43.5 (42.9) TevV*
|fms/AY  67.0(58.9) TeV 83.7 (84.1) TeV*
\fur /A 4909 (429.6) TeV™*  613.7 (613.7) TeV~*
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aQGC from triboson production

Example: Zyy & W*yy production

BSM production

In

Events / bl

Data / Pred.

SM production

Qal

Z(W)

q

cMs 137 fb (13 TeV)
7000E  W(— ev)yy ‘E,’Va'a
E VZZ Wyy
6000% [ Misid. electrons
S000E- [ Others
4000 1 Misid. jets
3000E-
20005
1000
15F
3
05E
0 50 100 150 200 250 _ 300

P’ [GeV]

Events / bin

Data / Pred.

l

300
250
200
150
100

50

JHEP 10 (2021) 174

A\

EFT interpretation of diphoton pr spectrum
> Assume no contributions from aTGC (dim-6)
Strongest aQGC contributions at high p+YY

A4

Wy (TeV ™) Zyy (TeV ™)
Parameter Expected Observed Expected Observed
fae/A* [-57.3,57.1] [—39.9, 39.5] — —
! fus/AY [-91.8,92.6]  [—63.8, 65.0] — —
v fro/A' [~1.86, 1.86] [—1.30, 1.30] [—4.86, 4.66] [—5.70, 5.46]
cMs 137 " (13 TeV) fro/A [2.38,238] [~1.70, 1.66] [—4.86, 1.66] [—5.70, 5.46]
£ Z(seefyy —+ Data fro/A' [-5.16,5.16] [-3.64,3.64] [-9.72,9.32] [-11.4,10.9]
= g o Frs/AY [-0.76,0.84] [-0.52,0.60] [-2.44,2.52] [-2.92, 2.92]
E [ Misid. jets fre/A' [-0.92,1.00] [—0.60, 0.68] [—3.24,3.24] [—3.80, 3.88]
a frr/AY [1.64, 1.72] [~1.16, 1.16] [—6.68, 6.60] [—7.88, 7.72]
£ frs/A* — — [—0.90, 0.94] [-1.06, 1.10]
E fro/A* — — [~1.54, 1.54] [-1.82, 1.82]
—
50 100 150 200 250 300
P [GeV]

63



Interplay between EW and Higgs

~ Similar event kinematics, e.g. for VBS / VBF — common experimental techniques

- EW might be dominant Higgs analyses backgrounds, e.g. ttW is main background of ttH in
multilepton channel

( top EW _\
Cu
(Cun — -8 Higgs
., Cuws Cup Chu i3 , y — - =
Cus £ (3 1) Cho Cw
A Cy. Cuwi Chi i N y
C”“‘ (3} (1) al ¥ ( ‘;““J ( s //
. Chuy Chy Cuu Cua S /
C HG (/{L?.q f"l
- EWPO [
(- tH L —‘) =
Cyy Che i) s C o X ."{"; . G ',':, i
Con iy 8, 0% W
(-'T;:H t
\ Higgs —

Ken Mimasu® - o : = e
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Global EFT fit
_, 2" |ecture
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BACKUP
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Excursion: unfolding

- Inversion of detector effects to allow comparison of measurements with theory prediction

> Unfolded results allow direct comparison to theory outside experiment

) Reconstruction A. Tarek’s thesis
Unfolding /—_ \

4000F - 4000 =
5 - _; [ 3:_’:.3: 3
| e e e e E E
IH’L X E N e e 00 ]
I = . " hepee! = Tl ® 2500 =
= . 2000} ]
= 3 E
o E E
Ly 5':':'; ;
j " | R AP T PETEY PRTE PUPTE P, T P =
¢ 1 2 .8 4 &8 = i e e N A T
Reconstructed distribution x, Phiysics distribution ¥,
Reconstructed distribution x; Detector response Physics distribution y;
(detector-level) (particle-level)

\ Unfolding ./
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Excursion: unfolding

- Inversion of detector effects to allow comparison of measurements with theory prediction

> Unfolded results allow direct comparison to theory outside experiment

Unfolding

M ETTRE FNTE PRvae E
[1] 1 2 3 4 5
Reconstructed distribution x,

Reconstructed distribution x;
(detector-level)

)
&

o ATLAS Simulation T
N 0.00 0.01 0.08 E
E‘j i ;'; qco:l:_- LR FLELTE P RS ) DRl Fol i ls fen R n PALR R '_:
D 0.4 E PP o =
] 06 g 3s00f ]
s T 3000f 3
0.3 _C‘I_> ® o500 -
04 & 2000 =
a
0.2 = 1500} =
. 1000 —
02 500[ ]
0.1 o : : =
5

Reconstruction

\Marek’s thesis

Eoeoa, bl ol h .
Ec':- <+ 3 -2 -1 0 1 2 a 2
Physice distribution ¥,

%

0.1 0.2 0.3 0.4 0.5

Detector-level z(pT)

Physics distribution y;
(particle-level)

\ Unfolding ./



Matrix element observables

- Matrix element based observables for optimal sensitivity Py (Q)
> Probability ratios for alternative model versus signal model Dan () = Pag (Q) + Py (Q)
“sig”: SM Higgs signal (possibly specific production mode) » (Q)
int

¢ “alt”: background, production modes or BSM Dy (
2 \/ng alt )

¢ “Iint”. interference terms
+ Q: full kinematic description of process

CMS Preliminary 415" (13 TeV)

—=ie 1| CP-related observables:

—— VBFHoyy (. -05 ]
2

- — H—'rr -;pu\\"egl

Example of kinemetic variables
for MELA calculation

Events

« D, : CP-even versus CP-odd probability ratio

« D_,.includes interference between CP-even
and CP-odd models

X/powheg




Higgs measurements from the

experimental point of view

Rate and coupling
measurements

Indirect Spin/CP
width hypothesis
Separation of measure- tests and
production ment in , CP measure-
modes high Direct ments
mass width
WW+ZZ measure-

ment

Measurements of
differential distributions

Michael Duehrssen kappas and beyond 2
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-2Aln L

Anomalous couplings in H- 4|

e . . RN cMs 137 15" (13 TeV)e 10| HIG-19-009
— Observed - Expected =
1ok i 0.01 3
—agH(4) !B R .
- Hgg couplings
6
! 25 @ 5 > Good agreement with SM
i 95% CL | 4 . . .
—————————————————— 3 > No resolution of top loop in this
2 measurement (k, absorbed in cgg)
—-0.01 1
0—1‘ = —05 ) 0 I 05 — 1 0
0 Cag
CMS e 2 (13 TeY) CMS 137 o™ (13 TeV)
— Observed, fix others SM o i
102-\ ---- Expected, fix others ;Z;tof&_: "
HVV cou plings —— Observed, float others = 95% CL|
.~~~ Expected, float others {51
. . . 12
~ Different scenarios (assumptions) oS
on anomalous coupling (relations) g o
|6
~ Good agreement with SM 1,
TR e ey, St -i2
-1-08-06-04-02 002 0 002 02040608 1 4 0

f i ; : i : 0.3 0.4
ad

Approach 1:f =f =f #=0

/1



CP in Higgs couplings

H-VV
coupling

g1

~ Probed in VBF / VH production and
H-ZZ* | H- WW* decays

~ Assumptions on ZZ vs WW (vs Zy)
contributions

k]

g4 >

Eff. H-gluon ¢

v coupling
o, g

----H

CP structure of effective H-gluon
coupling from ggF

No resolution of top loop — allow BSM
contributions in loop

- g t
Top Yukawa coupling sy
- Direct probe of H-top coupling
from ttH / tH production
-~ Relative sign from tH pp— .
t

> Indirect constraint from ggF
assuming top loop domination

- 12
Htt ||
fCP -

e [ SR

T Yukawa coupling

> Direct measurement from
H - 1t decay using relative
angular information of 1
decay planes

H-Zy, H-photon

couplings

q g
1.2

q "... «__‘.H

> No sensitivity from
decay (no angular
information)

> Small sensitivity
from production

Not covered in this
talk, see here for more
information on ongoing
analyses
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CP Iin H- 1t decay (1)

Direct probe of CP structure of H to fermion coupling from H - 1t decay
K

K

a.u.

- Measuring effective mixing angle: tan(a™™") =

T

+ Angle between 1 decay planes directly related to CP mixing angle

dr T2
— cos

(H—=1"17) ~1—b(E")b(E) (¢pcp — 2a777)

CMS Simulation
[T T

HIG-20-006

13 Tev
T

| —— CPeven
o1 == CP mix

20LHrr
P

—_—
«=-- CP odd
ininZ _

decp 16
o o _ o d"“eb‘"'1;‘20‘"'1éd“‘z£dr"'séd"'seo
Decay mode dependent ®_, definition -~ maximise experimental sensitivity Bpicgres)
; - Impact parameter method
pept ¢cp? + lpr tdecays: T- W, T- €*W, T- TT*W
v ) + plane from t impact parameter vector and charged particle
)
5 ) : Q
AT . - Tto intermediate resonances: px - T*1t°, @, - UMY, ... &'s\o
+ plane from charged particle and sum of neutral decay products @Q\, @
P é;\Q
b A+ A 4 QO
N ." Nx0 | Polarimetric vector <
' + all decay modes — sensitive to T spin
- requires good reco of Tt momentum (so far, used in decay via a *)

- Details in this review article
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CP Iin H- 1t decay (2)

> MVA analysis in every channel to discriminate between signal (Higgs) from backgrounds (genuine t's or fakes)
- Combined likelihood fit in all channels of ®__ in several MVA bins

CMS 1o 137 fb~! (13 TeV)
“é) E(I(l.sl.“a,ul.45|) ! .(0;5,(.].6; ! I(U.Iﬁ,ﬂl.nl ! I(u.l7,ul.ﬁ)I ! I(o‘lﬁ,(:.sv)l H I(u.le,ll.n)l
2] C 1 1 1 1 ]
[_E 103=_ '.......'1 : : :
- T
N 1 ] 1
102 i i i
2 i i i
- I ! 1
101 &
E 1 1
C 1 1 1
i 1 1
100 T TR I I | I L1 I
- 30 z_l T T T ! T T T T ! T T T T i T T T T g T T T T ! T T T g
o g E ] 1 1
Mg 20 E 1 I I h 1% .1
i} 10;{ g .
AE 0 f .
710:1 1 II I | VI I | I L1 Lo I 1 l- 1‘1_:
0 10 20 30 40 50 60
Bin number
§ Observed Others
Bl BestfitH — 171 Bkg unc.
77 bkg. — PSH— 17
Jet = 1 — BestfitH — 17

HIG-20-006

CMS 137 fb ! (13 TeV)

G L W e w122 CMS 137 1o (13 TeV)
[ # Best fit — 683%CL 7 |] £ F T T T
i -- 955%CL] |] 9 |+ Obs.—Bkg. PP+ TP+ up +ep |
L — 99.7%CL 4 |20 e r Bkg. unc. ]

1k 4 11 & 12— o o0 =
E . 7 : 3 o —OCHTT=905 L ]
i i __15\1 E 1:_ —— =
E B e an < - ]

4 S D 08= — =]

0 - — ] — (o) = — | - ]
| B ¥ 3lemionng T
I ] %) oaf | 4 | =

s 18 <of N
i ; | ———— E
-2 , o o T e '¢':o?degre;;';m
Kt
+ Pure CP-odd coupling disfavoured at 30
. 1+ 19 (stat) + 1 (syst) + 2 (bin-by-bin) + 1 (theo)®
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Impact of Warsaw basis SMEFT
operators in Higgs physics

Coefficient Operator Example process
CuG (QPUlWTA“r)ﬁ G;‘u
Cuw (Gpo* ur)T IHW,{,, q 7t \th
CuB (qpa“”ur)ﬁ By q t
Cqq (@pYu9)(@r 7" qs)
Caq (@ ar) (@)
Caq (@p7u9e) (@7 as)
Cqq (@ 7um ) @77 gs)
Cuu (@pypur ) (Tsy ur) q t /'fl
Ca (v ) (T us) q g
Cqu (Gpynae) (@r
Cud (up YT Aur)(dsy*Tdy)
ci}‘;t (qip’YuTA‘JT)(@s’Y”TAUA)
e (@T ) ([dn T d,)
ce fABCGﬁuGEPGg# 9 t i"tH
g

Coefficient Operator Example process
q q
cupp  (H'DMH)" (HD,H) Zz o
Z
q q
7
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Lepton interactions

JHEP 07 (2021) 005
Example: 4 lepton production

ATLAS full model ATLAS only linear term
Vs=13 TeV, 139 o Expected 95% CL — Observed 95%CL  |5=13 TeV, 139 o’ Expected 95% CL Observed 95% CL
Coeff. Observable Draw Scale Obs. 95% interval Coeff. Observable Draw Scale Obs. 95% interval
Cox My = l x4 [-0.20,-0.029] U [-0.010,0.012] «¢,, My I ' I x 10| [-0.0090, 0.015 ]
Coa Mo —— x5 | [-0.033,0.033] Cip  Mas [-0.63,0.28]
Cop  Mas j [-0.60,0.29] Cows  Mas [-0.29,0.13]
Cows M S — [-0.29,0.13] Cua Pr, % 0.01| [-3.0,18.0]
Cha Pro, i — x0.05 | [-2.6,8.3] Chu AP, x0.1| [-1.6,6.1]
Cu AP, J— — x0.05 | [-13.0,-6.9] U [-1.5,4.4] Cho AP 1 [-0.75,0.21]
Crio AP i : [-0.70,0.21] ch AD, [-0.19,0.57]
) AP, —— [-0.19,0.55] c®  A®, [-0.51,0.12]
) A®, ———— [-0.47,0.12] . i x 0.5 | [-1.1,0.47 ]
o 1 x 0.5 | [-1.6,0.43] Cln AD1 [-0.15,0.53 ]
Chr A _ [-0.15,0.52] o M x0.25 | [-1.0,2.3]
Cy My ‘ [-0.51,0.41] Coo Mgy x 0.005 | [-25.0,100.0]
Cpe My, se— % 0.01| [-33.0,42.0] Co My [-0.36,0.63]
c, m, _ [-0.14,0.21] Cy  Mas x0.25 | [-1.3,3.0]
Gy My S— [-0.41,0.36] c, My x 0.005 | [-18.0,130.0]
C, My : x0.02 | [-21.0,26.0] c, My x0.01| [-17.0,70.0]
c, My x 0.02 | [-20.0,25.0] " AD,i [-0.18,0.50]
o A®,, — [-0.17,0.50] cly My x 0.1 [-4.1,0.53]
¢y  my —— x2 | [-0.086,0.17 ] e my, x 4 | [-0.050, 0.098 ]
Cﬁ) Mg, _ x4 | [-0.064,0.081] c, my x 0.5 | [-0.78,1.4]
c, My e — x2 | [-0.16,0.20] Ce My x0.5 | [-0.72,1.2]
Coe my, —— x2|[-0.11,0.14]
|
405 0 05 T 05 0 05 -



ATLAS Run?2
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aQGC from vector boson scattering

ATLAS-CONF-2023-024

Example: ZZ + 2 jet production EW production gt Strong production
(ZZ - 4 leptons)
. . . aQGP -
Dim-8 EFT interpretation Introduce anomalous W z
uartic weak boson
J1.i 'y . If- i b
L= Loy + Z self-interactions z 7
A4
IMI? = [Msml* + 2Re(Msm"Mas) + | Mas|® . q
Wilson [Mag)*  95% confidence interval [TeV 4]
coefficient Included Expected Observed
frolA* yes [-0.98,0.93] [-1.0,0.97]
no [-23,17] [-19, 19] ) . > — . =
fT,l/A4 ves 12, 12] 13, 13] NOTE Wllsgn | Mae |~ 95‘% confidence interval [TeV ]
o 2160, 120] [-140, 140] COEfﬁClEil’l[ Included  Expected Observed
Fra/ A es [2.5,24] [2.6.2.5] cw/A” yes 13 13) [1212]
v o (74, 56] 163, 62] , - 32,22 37, 28]
frs/AY yes (2.5, 24] [2.6.2.5] : : i Wi e
: " (79, 60] 68 671 Dim-6 EFT interpretation T/ e e
> > HWB S =10, =10,
Fro/ A yes [-3.9,3.9] [4.1,4.1] . : : no [-12, 12] [-15. 10]
4 - Ced. 48] L35 541 All operators c_:ompatlble with O R TR T EN K GENE]
fraff e R DR + Good constraints from other analyses — 1901 (214
Fr.s/ A yes (2.1, 2.1] [22,22] . i im-9 i i no [-38, 38] [-38, 38]
T8 I i IV ot Neglected in dim-8 interpretation e BENE) R
FrolA® yes [-4.5,4.5] (-4.7,4.7] no  [420,420]"  [-200, 790]"
no [-7.5,5.5]x10* [-6.4, 6.3]x10*

Major contribution from pure BSM terms

78



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78

