Global fits of the SM and beyond

Constraining new physics via global fits of the
Standard Model (SM) and the SM Effective Field Theory (SMEFT)
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Global fits of precision measurements

" The symmetry structure of the Standard Model defines specific relations
among couplings and masses.

" The renormalizability of the theory assures that tree-level relations are
modified by finite calculable corrections.

" Precision measurements of masses and couplings via multiple observables:
= Test the consistency of the theory at the quantum level
= Indirectly probe new physics via virtual effects

A comprehensive program of precision physics (EW, top, Higgs, flavor, ...) can be

a very powerful tool to explore physics beyond the Standard Model



The Standard Model at a glance

A minimal theory of elementary particles with high predictivity.

A very successful history of precision physics leading to predictions confirmed
by discoveries and now pointing to the model’s intrinsic limitations.




The Standard Model of particle physics

A very minimal quantum field theory describing
strong, weak, and electromagnetic interactions,
based on a local (gauge) symmetry

SU(3)e x SU(2),x U(1)y = SU(3)cx U(1)q

Strong interactions: gluons - m, = 0

Electromagnetic interactions: photon - m, = 0
Weak interactions -
Pl Welel Due to the presence of a scalar field whose potential
Leptons spontaneously breaks the gauge symmetry of electroweak

interactions and gives origin to massive gauge bosons (W,Z)

The Higgs boson (H) is the physical
particle associated with such field



SM: a very constrained pattern
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SM: unique pattern
of Higgs couplings
and particle masses



rediction to discovery to precision
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Anomalies in Top-quark EW couplings (W,Z,H) possible hint of BSM physics




From prediction to discovery to precision

Global fits of precision EW observables gave us strong indications of where to find the

SM Higgs boson and we now use its mass as one of the EW precision observables of

the EW global fit to constrain new physics.
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The big open questions

The SM weaknesses are its strength: less satisfactory aspects that we should

investigate




The scalar sector of the SM is still very mysterious

The Higgs is necessary to the consistency of the SM as a quantum theory,
W and Z have longitudinal components that can be problematic without a Higgs:

/ \
LAV VNVVV VN VIV &/

Ut

But the origin of SSB and ultimately of the EW scale is unexplained by the SM

» Dynamical origin? What induces it?

» Mass of scalar not protected by symmetry, ' 1
receives large quantum corrections 'L@,’L AMI?I o + X Mz

162 X



Yukawa couplings to fermions: an even deeper mystery

Ly = yijPLov} + h.c.

C ‘ Yukawa couplings

¢ >H+v

( fermion masses

» Why the hierarchy of fermion masses?
» Why the hierarchy of Yukawa couplings?
(arbitrary in the SM)

» Why flavor-diagonal scalar couplings? < Why one Higgs?

(With more than one Higgs mass and current eigenstates can be different)

Yij = —= 0ij =Yg

> Is this a new force all together??



he big open questions

Origin of EWSB?
Thermal History of Higgs Portal
Universe to Hidden Sectors?
Stability of Universe

What is the origin of the EW scale?

Naturalness

discovery o ooson has sharpened
the big open questions and given us a unique

Fundamental CPV and
or Composite? Baryogenesis
Origin of Flavor?

handle on BSM physics.

» Why the M &M, hierarchy problem?

» What are the implications for Naturalness?

» Can we uncover the origin of BSM physics from precision measurement of Higgs
properties (couplings, width, ...). Elementary vs composit? One Higgs? More?

» Can we measure the shape of the Higgs potential —— Higgs self coupling(s)

» Can Higgs properties give us insights on flavor and vice versa?

» Couplings to heavy flavors (bottom, top, ..)
» Couplings to light quarks and leptons



Beyond Higgs, exploring the TeV scale
with collider physics

Exploring the TeV scale: enabling the LHC physics program and beyond




The LHC era: exploring the TeV scale
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We are only here

Many years of HL running ahead of us

- 2-fold increase in statistics by the end of Run 3
- 20-fold increase in statistics by the end of HL-LHC!

Indirectly via Higgs and Top:

» Run 2 delivery for Higgs
couplings outperformed
expectations

» LHC will define top physics till
the next high-energy collider
> e*e” >500 GeV
> pp@100 TeV
> utu > 10TeV

Statistical limitations will be overcome
for a very large number of observables

L Reach % level precision




m Example: zooming in on Higgs couplings

CMS, arXiv:2207.00043
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» Couplings to W/Z at 5-10 % » HL-LHC projections from partial Run 2 data (YR):
» 2-5% on most couplings
» < 50% on Higgs self-coupling.
» Full Run2 results drastically improve partial Run
2 results: better projections expected

> Couplings to 3" generation to 10-20%
> First measurements of 2" generation
couplings



Run 2 and : . :
Beyond a simple rescaling of SM-coupling

Extend SM Lagrangian by effective interactions (ex. SM EFT)

e 1 1 1
'ng\f/[:LSM+ZAd—4‘Cd:‘CSM+K'C5+F£6‘|‘"'

d>4 Under the assumption that new

d) ~(d physics leaves at scales A > +/s
La=3y c0®, o] =d

‘*j Rescaling

Expansion in (v, E)/A: affects all SM observables at
both low and high energy

» SM masses and couplings — rescaling L etails

» Shapes of distributions — more visible in tails of distributions

[lustrative plot

pT(t,H)



Beyond total rates Extending the SM via effective interactions

above the EW scale — SMEFT

Events/GeV

Energy

-4 P 1 . 2 . . |
']\ 10 70 100 200 300 400 1000 2000

Need SM precision calculations at differential
level both at lower energy, where rates are
large and at where rates are small
but effects of new physics may be more visible.

_N

1
‘Ceff = ﬁSM + (F Z CzOz + hC)

1 \ on-shell precisio

off-shell precision direct searches

dim=6
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SM process

Dimensional

i Operators

Renormalizable

SM Lagrangian

| EFT
| breakdown

Resonance
| produced
| on-shell

Examples:

\

EFT operators EFT operators  EFT: light new
with Higgses with derivatives  physics

Crucial to control EFT sensitive regions



Standard Model Productlon Cross Sectlon Measurements Status:
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The breadth of collider physics program

a unique spectrum of SM measurements
and BSM direct searches!
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Emphasizing the breadth of collider physics

Colliders may not be able to indirectly probe
scales as high as e.g. flavor physics, but they
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Theory has come a long way

Aiming for percent level precision at the HL-LHC




Many components to percent precision

/_\ W
Choice of

strategies
observables

QCD at 1% accuracy

N2LO and N3LO QCD infrastructure representative all-round standards
calculations for these calculations uncertainty estimates for accuracy control

Snowmass Report of QCD
Topical Groups, 2209.14872

* Parton-shower event generators _
» Adapting theoretical tools to * Well-defined standards for

experimental analyses theoretical systematics
* Statistical models for data analysis




Higgs production via gg fusion at N3LO

LHC
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Continuous progress on a crucial process

12

10

* The leading Higgs production mode
* A benchmark test of QCD, and QCD+EW, including H+j production
* An excellent testing ground to probe theoretical accuracy
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LHC@13TeV
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Chen, Gehrmann, Glover, Huss,
Mistlberger, Pelloni, 2102.07607



... crucial to map residual uncertainties

e —— — —— — : Dulat, Lazopoulos, Mistlberger
12 k : LHC @ 13 TeV 1802.00827 (iHixis)
10 .
L S(theory) = Tyogy  (19%%)  d(scale)
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f IO — : ++0.49pb  (£1.00%)  S(EWK)
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ok, . 0(PDF) = 40.89pb (£1.85%),
0 20 40 60 80 100 +1.25pb +92.59%
Collider Energy / TeV (a5> - —1.26pb (—2.62%)

Future challenges:

Uncertainty removed by calculation
of exact NNLO m;dependence

* N3LO PDF! — O(PDF-TH)
e Light-quark mass effects — d(b,c)

Reduced uncertainty to 0.26% by
calculation of NLO mixed QCD+EW

e More EW corrections

_ o Czakon, Harlander, Klappert,
* Large logs resummation (fiducial)?

_ _ Becchetti, Bonciani, Del Duca, Hirschi,
Nieggetied, 2105.04436

Moriello, Schweitzer, 2010.09451

4-loop splitting functions (low moments) — Moch, Ruijl, Ueda, Vermaseren, Vogt, 2111.15561
DY@N3LO QCD — Duhr, Dulat, Mistlberger, 2001.07717, 2007.13313



DY at N3LO — input to PDF fits and M\, measurement

LHC 13T
PDIS4L3;-ISY5 1 K—Factor W~
PP ik X(—Iin 0—;1)0 NLO = NNLO = N3LO LHC 13TeV NLO
Sy +X (eteT+ 7
PDF4LHCI15_nnlo_mc

ﬂcent.zQ

. cent.=Q

o/oN3LO

1000 1200 1400 1600 1800

800

200 400 600
600 800 1000 1200 1400 1600 1800
Q[GeV] My Q[GeV]
Duhr, Dulat, Mistlberger, 2001.07717 K —Factor W*
LHC 13TeV
PDF4LHCI15_nnlo_mc

cent.=Q

e Scale dependence: non-uniform behavior in all Q-regions

e Important input for PDFs (not yet included)

* Region around Q~My,: reconsider how to estimate
theoretical uncertainty from scale variation

400 600 800 1000 1200 1400 1600 1800

200
Q[GeV]
Recall from before: need 0.1% accuracy in template Duhr, Dulat, Mistlberger, 2007.13313

distributions in order to achieve AM,,~10 MeV




PDF — first approximate N3LO sets

Gluon Fusion: gg— H (p=mp/2)

50 1

45

40 4

o (pb)

351 LR

30 1

25 1

Light: PDF + Scale uncertainty
Dark: PDF uncertainty

e Hn=mpg aNBLO O ggH

NLO

» Gluon fusion to H: the increase in the cross section prediction at N3LO is

NNLO N°LO
o accuracy

o (pb)

4.4

4.3 1

4.2 1

4.0 1

3.9 1

3.8

Vector Boson Fusion: gg— H (1 =Q?)

aNBLO OVBF NLO PDFs

NNLO OVBF
NLO ovypr

¢ NNLO PDFs

* aN’LO (H,']‘ + K—,']‘)*l PDFs

$ aN’LO H/,~! PDFs

Light: PDF + Scale uncertainty
Dark: PDF uncertainty

aN3LO - MSHT20aN3LO

NLO

NNLO
o accuracy

N°LO

compensated by the N3LO PDF, suggesting a cancellation between terms in the
PDF and cross section theory at N3LO —» matching orders matters!

» Vector Boson Fusion: no relevant change in going from N2LO to N3LO PDF,
due to different partonic channel involved.

McGowan, Cridge, Harland-
Lang, Thorne, 2207.04739

* Based on N3LO approximation
to structure functions and
DGLAP evolution

e Making use of all available
knowledge to constrain PDF
parametrization, including
both exact, resummed, and
approximate estimates of
N3LO results

* Including PDF uncertainty from
missing higher-orders (MHOU) as
theoretical uncertainty in the fit



NNLO for 2—3 processes

Chawdry, Czakon, Mitov, Poncelet; Kallweit, Sotnikov, Wiesemann; Badger, Gerhmann, Marcoli, Moodie;

 Most recently first NNLO results for multi-scale processes: bbW, ttW, ttH

rmassive final-state /

particle (b massless) 3 massive final-state

Major impact on LHC

particles
phenomenology Hartanto, Poncelet, Popescu, Zoia
2205.01687 Buonocore, Devoto, Grazzini, Kallweit,
Mazzitelli, Rotoli, Savoini, 2306.16311
Major bottle neck: 2-loop 5-point amplitudes Catani, Devoto, Grazzini, Kallwett,

Mazzitelli, Savoini, 2210.07846

Evaluated in ttW, ttH calculation by soft-W/H approximation

Febres Cordero, Figueiredo, Krauss, Page, Reina, 2312.08131
. Buccioni, Kreer, Liu, Tancredi, 2312.10015
for 2-loop amplitudes Agarwal, Heinrich, Jones, Kerner, Klein, 2402.03301

Very recently first results




ttW and ttH at NNLO

Buonocore et al., 2306.16311

800F | | ]
pp — ttH BR = pF = me + mu/2 700 _ } i |
LO =) _ ]
NLO ﬁ 600: ° =M]/2
, i Ho ]
10t} ] NNLO % i ! _
$ ATLAS s 200F o po=M/4 1
¥ cms I ]
) 400 o Ho=Hp/2 A
[ ol [ ]
= LO NLO NNLO
101} - L
13 NNO QCD+NLO EW within at 5ol T ATLAS +CMS
7 e most 2o of exp. measurement. :
Tz ; S ————— S ) ) 4007
£ o Ratio 0,7+ /0w in very
2 good agreement with ATLAS = 350]
& _10k ] =
10 35 = = = measurement :
V5 [TeV] 300
Catani et al., 2210.07846 |o [pb] \/§:13T§V \/Ezloo;rev Comparison in fiducial volumes |
+31.3% +21.1% . . . L
Theoretical uncertainty | I may give further insight =0
o 0.4875 +5:6% 36.43 1947
reduced to 3% level e T S sool, T
oNNLo |0.5070 (31)19:9% 1 37.20(25) +9-1% o

LA S S s S S B S B s B e

* NNLOQCD +NLOgw 1




NLO: push the multiplicity challenge

Beyond on-shell production to match fiducial measurements

10'35‘ Ho=Hr/3 NS otfshell
— : T NWA |
% — LOdec
©)
£ 10%E 3
Q? 100 E o | ' | ' | - - - - E
< | t{{W* QCD+EW —— off-shell |
g 10_5'_ 1 0l — NLOPS i
= 1= I NLOPS + Ac ] Modelling full process crucial to
r ] U . E j . o .
[ —— 510 N match experimental fiducial cuts
wee L L L E 10-3 | = i and estimate theoretical systematic
<« T T T T T T T T T T T E — %
E 1.6 - = % 10—4 L :_ :
=, = ; — \ Off-shell effects most relevant in tails
7 - R e SO N wospo and end-points of distributions, where
S g e L2 hvsics eff hi
0 100 200 300 400 500 600.S 1 new physics effects can be hidden
Prs, [GeV] = 8-? i T
Bevilacqua, Bi, Hartanto, ED 0 R dot"  dgNtO+Ps N Ao ff-shell
Kraus, Worek, 2005.09427 é 1.1 = dx = dx dx
1
[«

. . 0 | 160 | 260 | 360 | 460 | 560 | 600 dA dO_NLO dO_NLO
Bevilacqua, Bi, Febres Cordero, Hartanto, pr(b1) [GeV] off—shell _ ~~off-shell ““NWA

Kraus, Nasufi, LR, Worek, 2109.15181 dX dX adxX



... exploring boosted kinematics and off-shell signatures

Top pair + boosted Z/H

CMS Simulation 13 TeV

| cz /A2 [TeV2] =
—0.0 06 1.0 ——1.2

UEFT/USM

500 600
pZ [GeV]

100 200 300 400
E2 Effects in tails of
Onsm ~ 91238M_ P .
M2 distributions but also

anomalous shapes

Top+additional leptons

Cot + 2

c(ptb

Cow

Cigx 2

Con* 2

Ctp + 5
Cz

Ciw

-20

—— Others profiled (20)
—— Others profiled (1)

Others fixed to SM (20) | ==
....... Others fixed to SM (1o)

415" (13 TeV)
CMS

-10 5 0 5 10 15 20
Wilson coefficient Cl / A% [TeV?]

[CMS: arXiv:2012.04120]

-15

W spin corr. SRR

Tt w/o spin corr. E

0 200

10— —_— ]
|2 1075 | =£ M. Ghezzi et al.
S P ttete—, NLO+PS ]
% 10—6 L ° \e I " I I I I ] [2112.08892]
50 100 150 200 250 300
512 |
2% i
215 f
| | | |
50 100 150 200 250 300
pr(p~ pt) [GeV]
'  — O{'f-silell
10t ——= Off-shell M2) GV |
E Off-shell M10 GeV
Oﬁ_s h e I | Q e NWA g
L - =~ NWALodee
studies g

100
prrir— [GeV]
G. Bevilacqua

Pointing to the need for precision in modelling signatures from tt+X processes in regions where
on-shell calculations may not be accurate enough

600

et al. [2203.15688]



Parton-shower event generators

Its time for better Parton Showers! Slderom 6. Salars
Drell-Yan (y/Z) & Higgs production at hadron colliders Crucial ingredient to reproduce
LO NLO NNLO[....coeveiernnans ] N3LO the Complexity of collider events

DGLAP splitting functions

LO  NLO NNLO [parts of N3LO] Often unknown or with poor formal
transverse-momentum resummation (DY&Higgs) accuracy (built in approx., tunings, etc.)
LL  NLL[......] NNLL[...] N3LL

parton showers (many of today’s widely-used showers only LL @leading-colour)

LL [parts of NLL......ccooeiiiiiiciir v s r e e e ]

fixed-order matching of parton showers
LO NLO NNLO [....... ] [N3LO]

1970 1980 1990 2000 2010 2020

. Hadronization

. Fixed-order calculations
. Parton shower

From S. Ferrario Ravasio, RADCOR 2023

Hard
)) Scattering
Q ~ 100GeV|

» Standard PS are Leading Logarithmic (LL) = becoming a limitation

» Several groups aiming for NLL hadron-collider PS
Nagy&Soper, PanScales, Holguin- Forshaw-Platzer, Herren-Hoche-Krauss- Reichelt




Global fits of the SM and beyond

From EW precision fits to global fits of EW, Higgs, top, and flavor observables in

the framework if the SM effective field theory (SMEFT)




Need a framework

Open-source tool

Statistical framework based on a Bayesian MCMC
analysis as implemented in

BAT (Bayesian Analysis Toolkit)

Caldwell et al., arXiv:0808.2552

Supports SM (fully implemented) and BSM models, some
already implemented (e.g. dim-6 SMEFT).

Used for several global fit and future collider projections.

New release will include EW, Higgs, top, and flavor
observables in the SM and the SMEFT with

 SM predictions at NLO or higher;

 SMEFT at tree level (dim-6 operators only);

O RGE running of the SMEFT Wilson coefficients;

O Linear and quadratic effects from dim-6 operators.

-
m flt home developers samples documentation

HEPfit: a Code for the Combination of Indirect and
Direct Constraints on High Energy Physics Models.

Higgs Physics Precision Electroweak Flavour Physics BSM Physics
HEP£1it can be used to study Electroweak precision observables The Flavour Physics menu in Dynamics beyond the Standard
Higgs couplings and analyze data are included in HEPL1t HEPL1t includes both quark and Model can be studied by adding
on signal strengths, lopton flavour dynamics models in HEP£1t

http://hepfit.romal.infn.it

J. De Blas et al., 1910.14012

Other existing frameworks for SMEFT global fits:
SMEFiT, Celada et al. 2105.00006, 2302.06660, 2404.12809
Fitmaker, Ellis et al. 2012.02779

Allwicher et al, 2311.00020

Cirigliano et al. 2311.00021

Bartocci et al. 2311.04963



http://hepfit.roma1.infn.it/

EW Global fit: general framework

" Set of input parameters (o or M,y scheme):
" Fixed: G, a
" Floating: My, Mz, My, m, a. (M), Aoty,q®
" Compute EW Precision Observables (EWPQO), including all known higher-order SM
corrections:
= Z-pole observables (LEP/SLD): I';, sin%0¢, A, Agg, ...
= W observables (LEP Il, Tevatron, LHC): M,,, I'\y
" m,, My, sin®0 (Tevatron/LHC)

= Perform best fit to EW precision data through different fitting procedures and
compare with experimental measurements.

= Parametrize new physics effects on EWPO (tree-level) and constrain deviations in
terms of chosen parameters:

= Obligue parameters :S,T, U
= Effective interactions: SMEFT

.. focus of this talk




EW Observables: Theoretical parametrization

* Analytic theoretical predictions of Zand W boson observables.

e Z-pole observables:

1 v 2 (gz—’;) 3
sinOerpi = 7 ( - —) A = — 5 4 Arpr =44y
gA,f
GFM3 2 127 Ferhad 0 Phad, 0 Fq,’/
Fz.p =Ny 24\/§7Zr4 [(gv.1)? + (9a.5)°] Chad = M2 12 Re = T Ry, = Thad
Z Z e a

* Functions of all the parameters of the model (masses, couplings) through SM gquantum corrections

10



Stress-testing the SM

A recent challenge: CDF new My, measurement

S’ 240 [~ 68% and 95% pr
> I
O, | [T T] Fit without
e 220 - [T Funl Fit
200 |-
De Blas et al. [
[2204.04204] 180 [
160 |-
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| | | |
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D:D Experimental measurements
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EW global fit of the SM- exerpt =
©)
For My, we combine: J.de Blas et al. 2112.07274, 3
[ All LEP 2 measurements; 2204.04204, plus updates
1 Previous Tevatron average
(d ATLAS and LHCb measurements
( CDF measurement [M,y=(80.4335+0.0094) GeV] “standard”
d ATLAS measurement [M\,=(80.360+0.0016) GeV] (6.1 G pull)
M,y = 80.409 + 0.008 GeV (standard, with CDF)
My = 80.360+ 0.012 GeV (standard, without CDF)
For m; we combine: N
O 2016 Tevatron combination o
O ATLAS Run 1 and Run2 results E
 CMS Run 1 and Run 2 results
 Recent CMS |+j measurement [m=(171.77+0.38) GeV]
“conservative”
m,=172.71 +0.58 GeV (standard)
(3.0 o pull)

Due to tension between LEP, Tevatron, and LHC measurements consider
also a conservative error of 5M\y=18 MeV and dm=1 GeV (a la PDG)
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gHERH
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EW global fit
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oam2ims 0172 From L. Silvestrini’s talk at MWDays23



Beyond the SM: {S,T,U}
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Beyond the SM: SMEFT (d=6)

0= (61D 1) (17M11) |
0F) = (i D g) (1 o i) . Only 8 independent combinations enter EWPO
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Global fit of all coefficients Fit of individual coefficients
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No substantial impact of new mt and MW measurements, within uncertainty of the fit.
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Beyond EW fits: adding Higgs, top, DY, di-boson, flavor

Constraining new physics through the spectrum of LHC measurements and beyond

Higgs boson observables
* Signal strengths.
* Simplified Template Cross Sections (STXS) Wij

O'iXBT}'

B (0iXBT1j)sm ~ Preliminary results in this talk

Top quark observables
* pp - tt, ttZ, ttW, tty,tZq, tyq, tW, ...

Drell-Yan, Di-boson measurements
* pp o> W, Z > fif;
s vpo>WIZ,WW,ZZ,Zy

_ Still being tested

Flavor observables
* AF=2: AMB;,, D° — D°, &
* Leptonicdecays: Bgs > pu*u ,B=>1v,D - v, K> pv, m > pv
* Semi-leptonic decays: B - DMy, K - v, B = Kvv, B,K = mlv
* Radiative B decays (B — X; 47)




Beyond EW fits — Higgs, top, flavor observables

Connecting far apart scales naturally lends itself to the EFT framework

SMEFT
(V)

LEFT
{2 )

AUV

(t,H,W,Z)

A, (B)

A (D)

A (K)

Heavy physics decouples and leaves
effective contact interactions of dim >4

l RGE

SMEFT
1,d SMEFT
LSMEFT — LSM + Z A2 i,d
id
l RGE
LEFT
[ —r + 1,d LEFT
LEFT — &~QCD+QED 02 id
id

Operators mix through RGE and what we really want to
know is the SMEFT structure at the high scale



Beyond EW fits — Higgs, top, flavor observables

Connecting far apart scales naturally lends itself to the EFT framework

- AUV [\ C‘EZ’EFT(AUV) (from matching to UV theory)

Will be constrained l
SMEFT by the fit

(GM) Evolved to C; 1/ *"" (Agy) using RGE based
on 1-loop SMEFT anomalous dimension

A AEW All fit observables are calculated in terms of €5 " (Agy)
(t,H,W,Z) ﬂ
LEFT
HHMWZ) Match to LEFT operators to
calculate flavor observables
v Ab (B)
Ac (D) Notice that the NLO evolution requires tree-level
initial conditions at Ay and matrix elements at Agy,

A (K)



Beyond EW fits — Higgs, top, flavor observables

: : ing with specifi dels:
Connecting far apart scales naturally lends itself to the EFT framework Jrarting with specfic U modets
A MATCH2FIT, 2309.04523
A uv C;-S:Z’EFT(AUV) (from matching to UV theory)
Will be constrained l
bv the fit Based on 1-loop SMEFT
SMEFT , Evolved to C7g """ (Agw) anomalous dimension
('UA"L) using RGEsolver++ Jenkins, Manohar, and Trott,
Di Noi and Silvestrini, 2210.06838 1308.2627, 1310.4838,1312.2014

Agw

(t,HW,Z)

All fit observables are calculated in terms of €5 " (Agy)

LEFT

( TV ) Match to LEFT operators to | Jenkins, Manohar, Stoffer,
calculate flavor observables | 1709.04486,1711.05270
' A, (B)

A (D

¢ ( ) Notice that the NLO evolution requires tree-level

A (K) initial conditions at Ay, and matrix elements at Agy,
S




The SMEFT framework for this study

4
Lsyprr = () +ZA2QZ

“Warsaw” basis

Higgs field and Mh

~

Grzadkowski, Iskrzynski,
Misiak, Rosiek, 1008.4884

Yukawa couplings }'\ VEf, Hff

N

v

_____________________________________________________

A ~Auv 1 I,uv
_ZG”‘”G o —4WWW a

RSN
si‘f/
[l

1
+ (Dup) (D) + m*plp — D\ (7)"
+i (ULl + € pPey + ¢ L Pq), + d rPdY)
_ (l_’LFeechp + (]—/LFUUIRSE + q_/LFdd/R(p) + h.c. E

with covariant derivative:

S

gauge fields
and masses,

HVV, VVV %/

D, =0, +igsGLTA +igwWIT! +ig B,Y

» Dim-6 operators only, including linear and quadratic effects

» Obeying SM symmetries, CP even

» Assuming U(2)> flavor symmetry (3" generation singled out)
» One Higgs doublet of SU(2),, SSB linearly realized.

-

X3 5 and o D2 W23
fABCGrGRraSr | O, (') (To) Uper)
e TRW Wl w i 1l Oyn (¥Te)O(e'p) (¥Te)(@ppur)

Opp | (¢1D"0)" (¢1 D) (1) (@ppdy)
X2(,02 ¢2X90 ¢2902D

PlpGaGA || Ouy | (Lote, )T oW}, (eiDy @) B1"1;)

ol WL Wi Ocp (lpo*”e,) By (WDI @) (LT ")

SDTSOB;U/B“V Ouc (‘ij“yTAur)SZGﬁu (SOT’LDM v)(eprrer)

trlo Wl B Ouww | (Go™ u,)T' W), (@TZDM ©) (@Y qr)
Oun (@po""uy )@ By (SDTZDI )((713 qr)
Ouac ((ZDUHVTAdT)SOGﬁV (‘PMD# o)(u 'Y”ur)
Oaw (Qpauudr)TISO W;{u (QOTZDM ©)( p’V“d )
Oup (gpo*dr) By (SOMDMSD)( upyyHd,)
(LL)(LL) (RR)(RR) (LL)(RR)
(LpYplr )(l Y1) Oece (epyper)(€srter) (lp'Y;L r) (€t et)
(‘jp')’u%’)( s qt) Ouu (UP’VHUT)(US’Y”W) (lp'Yu )(usryﬂut)
(@7u7"a) (@777 qr) || Ouad (dpvudy) (dsy¥dy) (LpYule) (dsydy)
(l_p%J )((j ’YMQt) Ocu (ép")/uer)(us’)/'uut) (qp')/,uQT)(esz'uet)
(lp%ﬂ— 1) (@ 77 qr) Oed (ép'Yuer)(JS'Vudt) (@pVuar) (Usy"us)
O | @) (doydy) (@7 Tar) (" T uy)
0% | (T u)(dr T dy) (@) (")
(QP’YMT qr)(d 'YMT dy)

4-fermion interactions: tt, ttH,




Direct and indirect SMEFT effects

Example: scalar sector

[ | ] | 2 [ L ]
VEV identified from the minimization of V(¢): (0 Expansion of SU(2) scalar doublet |
|:> ¥ = U\J/r_h “=% around the VEV and Higgs field
2

(unitary gauge)

A 4 A2
— 21,2 3m20(p 63m C‘P
v = X (1 + 52 + \a + ...

_______________________________________________________________________________________________

________________________________________________________________________________________

————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

____________________________________________________________________________________________________________________________________________________________________________________________________________

————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Shift on the physical mass of the Higgs field identified from the normalization of its mass-term:
. . 1 - T . . . 1 .
M? = \o? — ot (3C<p —2C,0 + §C¢D>\) — %(40(@ — Cyup) <3C¢ —2C,oX+ §C¢D)\> +...

____________________________________________________________________________________________________________________________________________________________________________________________________________

______________________________________________________________________________________________________________________________________________________________________________________________________________

_______________________________________________________________________________________________________________________________________________________________________________________________________________



SMEFT predictions

________________________________________________

________________________________________________

_________________________________________________

Fields and parameters B  00/A*)  o@a/AY

_________________________________________________

' Interactions f UA / + W\< s
_ Interactions M»< Q
' Probability amplitudes W\<>J\N W\< P W\ /\N . (A/\,<>/\N o

_________________________________________________

O(1 /AO o1 /A2 o1 /A4

—————————————————————————————————————————————————

Physical observables | Osyerr = Osy + AOW + AO® 4+

Y e e e e e e e S 1 '



SMEFT predictions

A given observable will be written as

Osuerr = Osy + AO(l) + AO(Z) + ...

SM: including SM ) <
higher-order corrections SMEFT: tree level

Observables have been calculated either analytically and via parametrizations reported
in the literature (e.g. EW observables) or obtained using various tools
(MG5 _aMC@NLO with

Feynart+Feyncalc for loop-induced Higgs decays, ...)

Including direct and indirect SMEFT effects from
dim-6 operators up to O(1/A74),




Example of Preliminary results

5
4l * EW Observables
* EW & Higgs Observables
* EW & Top-quark Observables
3r  EW, Higgs & Top-quark Observables
2.—
1_
I De Blas et al.
o—HH + m ] N i et ” H e A In preparation
il fift
_2._
_3..
£ 141 ATLAS 4 SM predicion |
B 1.3] vE=18TeV. 36-139fb™ — 68% CL
I g: jﬁoseev, |yu| <25 o5 L
1'2, =+ Best fit
-5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 110
Co | Coe Cown Cop  Copox ngu Cg,fﬂ Cﬁ),u Cgr),aa Cocas Coezs Cea ngsa ) qu)’” Couaa Couza Codaa Coazz Ceprs Cuppz Cappa Cuigza Cawas Cupma 1or E
09|
/ \ 02|
Effect of Vtt (V=Z,W,y) Effect on H to bb T S,
— Driven by EW Y St
gsof ATLAS *OMS - NNLOqen+NLORw ] 05507 08 098 10 11 12 13 14
w0 ATLAS e Data (Total uncertainty) [ Syst. uncertainty [N sM prediction "
Highly constrained from ggH " Tl %‘ T Lo
.. Z 550} 2 G
RGE effects visible o B " .
300p VBF )T ] ¢ rH
250 WH I?' &z He— e &
ZH 1 ¢ 1 1 1 1 1 1 1 1 |_El_i 1 1 1 1 1
200L. L L L 1 1 1 Tu 0o 1 2 12 3 4 0o 1 2 1 2 3 o 1 2 012 3 4
450 500 550 600 650 700 750 bb w T zz 144 o

Tywe[fb]

6 x B normalized to SM prediction



Projecting back on EW and Higgs couplings

precision reach on effective couplings from SMEFT global fit

1
Leg = Loy + P Z C;0; +hec. | + O(A_4)

-~

top EW ﬂ

Cue

———Diboson——
CW .

r /

C

e C’HWB C'HD Cll 1)
Cus C (3) (1) CHQ
C He Hl Hl

" c® oL o, C;y
CHG k q q u

e | 2 EWPO

Con Ce Cgq; C4 G5, Coa
Crn Co C5 C3  Co
(Cor 2

Higgs

Higgs couplings

Vff couplings Higgs couplings

Vif couplings

10”
1072
1072
1074

107"

1072

-1[[imposed U(2) in 1&2 gen quarks]

M HL-LHC S2 + LEP/SLD

(combined in all lepton collider scenarios)

Free H Width

no H exotic decay

B CEPC Z;00/WW¢/240GeV 50
B CEPC +360GeV/

M ILC 250GeV, M CLIC 380GeV, TwFCC-ee
W ILC +350GeV,,+500GeV, | MCLIC +1.5TeV,5 | MMuC 10TeV

10
HILC +1TeVg wiGiga-Z | Il CLIC +3TeV g Il MuC 125GeVq 0,+10TeV 4o

Il MuC 3TeV4

subscripts denote luminosity in ab', Z & WW denote Z-pole & WW threshold

Ml FCC-ee +365GeV 5

=)
sbuiidnoo sb61H

ee ee
ZL 6977

S

sbuldnods YA

697 r bay

EW + Higgs
arXiv:2206.08326

EFT connects different processes with large correlations: pattern of

coefficients give insights on underlying BSM model



https://arxiv.org/abs/2206.08326

Coupling deviations from SM [%]

Disentangling models from EFT patterns
The “inverse Higgs” problem

N

o
N
(=~

- 'o\?' [ '§' 20 i T T T T T T T
: = : E : ILC 250 GeV, 2 ab™' + 500 GeV, 4 ab™': Composite example :
10 -— - 2 10 ;,_._ . —— UE) 10 __ |:| ILC precisions from full EFT fit __
R g : 9 [ ———— model predictions ]
» @
L il ": § 0 :— . 5 Qfe==s=ssscsssssssnnnnnnnnnnnnnnnnnnnnnnnnn -
F 1 .g I kS i
- . i >
L q') i —_— I
-10 N ILC 250 GeV, 2 ab”" + 500 GeV, 4 ab™: Singlet example ] 3_10 [~ ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™': 2HDM-Il example — -83—10 [ —
i : ILC precisions from full EFT fit L [ : ILC procisions from full EFT fit = i
: e s | o s |
-20 i ] ! ! ) L 1 8 -20 | 1 ! 1 1 L - 8 -20 B ] 1 1 l ] ] ]
TT
bb cC g9 wWw z2z np bb cc gg Ww Tt 2z Y nup bb cc gg Ww Tt ZZ VY o
additional scalar smg}et 2HDM-II Composite Higgs
(ms=2.8 TeV, max mixing) (MH=600 GeV, tanp=7) (f=1.2 TeV)

Snowmass 2021: ILC white paper (arXiv: 2203.07622)

Examples to illustrate the different patterns of Higgs coupling deviations from different BSM models



EFT allows multiple probes

m tyg mm ttZinc WA tZg mm ttyinc
B tEZ diff Wl Wb o tly diff EEE Global

Global fits of top observables -
6 N
V. Miralles, et al. [arXiv:2107.13917] + [

N2
>
S
102 | Individual Uncertainty per Observable (95% prob.) P °
~ 62
FIC = . | F ’
] & : s [ = -6
it g i =
>>§— ig__ . CrwlN\? (TeV—2)
_ = %g%ﬁ il
210 = sl E: Kinematic distributions add
= T = . .
: = % =8 substantial constraining power
o ..,E %_ﬁ ng ,§
= i ~ _s
_1 < .
10° | = SE . -
Accurate modelling of tt+X
differential cross sections and
Co  COw Co o Con Cow signatures becomes crucial
perator Coefricients




Testing the SMEFT framework

Assessing the validity of the EFT approach: relevance of higher-order terms in

the EFT expansion.




Relevance of dim-6 quadratic terms — The case of EW fits

Testing the EFT expansion to dim-6. Tensions could indicate need for dim-8 in specific cases.

Analytic parametrization of Z and W observables:

GrM3
Tsp=N +
Z,f ! /o [(gv,£)° + (9a,5)?]
I | R
0 _ had RO q,
fe T, Y Thad

Ohad = M—% F2Z

v.r
Ap = i <9A7f) 3

A =—-A_A
1+ (gv_,f>2 FB,f A ellf
gA,f
. 1 gv,
7 sin20, 1= ( — —’)
1 4 ga,l

_______________________________________________________________

_______________________________________________________________

Ci

OSMEFT = OSM + AO(I) + AO(2) + ...

gv,f = gii,]\f +
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VV\<+ V\/\<+VV\<+--~

(2)
+ Agy o+
(2)
+Aga s+

1 A ~A uv 1 I I,pv 1 v
= GGG — WL W~ B, B
1
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2
+i ('L DU, + €' rDey + ¢ g, + d' rDd})
- (l_/LFee/]%SO + q_,LFuUQQSB + q_/L]'—‘ddg*?,(P) + h.c.




Relevance of dim-6 quadratic terms — The case of EW fits

Preliminary Global Fit of EW observables at quadratic order in the dim=6 SMEFT

1 O(1/A?%) : degeneracy is (analytically) lifted

1% | Cou | Coa| Con | Cow | Coua

|
J— (3) (1)
Observable HEQOD | Caws | Cel ‘ Cut ‘ CoL ‘ Cor O(1/N?) : Constrain 8 independent relations
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Sin eszJ i ~ (3) A(3) 1 EI\/[J/Q ~ Ev ~
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. LA a1
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Relevance of dim-6 quadratic terms — The case of EW fits

Preliminary Global Fit of EW observables at quadratic order in the dim=6 SMEFT:

0(1/N2)
cHL1hat q
cHL3hat 4
cHehat L |
cHQlhat —_-
cHQ3hat = |
cHuhat ~l—

cdhat | — —

cLLhat |

-1 -0.8 -06 -04 -02 0 0.2 0.4 0.6 0.8

Fit parameters = Analytically Numerically
<8 v v
>8 X X

H O* d\S\T(bU‘(’(OﬂS
Tl corelotions

1
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cHe “_| m11WC cHehat {
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Relevance of dim-8 operators — The case of DY
Increased precision allows sensitivity to SMEFT expansion beyond dim-6

0.10 ! ! ! ! ! ! ! !

RB, Huang, Petriello (2023) A=4TeV

*oF _ A Non-SM effects from
o5 _f opmsssmsiaie e oo o dim-81in angular
__— S distributions
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From R. Boughezal’s
talk at LOOpfeSt 2024 RB, Huang, Petriello (2023)




Conclusions

= Global fits stress-test the SM and provide a very strong indirect constraint on new
physics.

= Effects of new physics can then be constrained using the broad spectrum of precision
measurement available from EW, Higgs, top, flavor physics and more.

= The SMEFT (—LEFT) framework can be used to connect unknown physics at the UV scale
(> 1 TeV) to the EW scale and below within a systematic framework that allows some
model independence.

= With increasing precision in both theory and experiments, constraints could start to show
intriguing patterns and guide future explorations.



