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The Standard Model as an EFT

Nd5 NdS
5) (6) ™) ®)
LMEFT = fZSM+Z -0 +ZA2@ +ZA3@ +2 —0® +.

Wllson Coefﬂaents (WC)

» Systematic parameterisation of the theory space in the vicinity of the SM

> Low energy limit of generic UV-complete theories at high energies

- A the SM fields and tri 4 < naS
ssumes the SM fields and symmetries - #ﬂ?\ ‘H\,

» Can be matched to any BSM model that ! v
reduces to the SM at low energies Z smerT(@)
N Zsm(®)
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What is SMEFiT?

"A flexible toolbox for global interpretations of  zaoz0sse0
particle physics data with EFTs”

S MEFIT

» A Monte Carlo global analysis of the Standard Model Effective Field \
Theory: the top quark sector (2019)

[1901.05965]

» Constraining the SMEFT with Bayesian reweighting (2019) 1906.05296]

» SMEFT analysis of VBS and diboson data from LHC Run I

[2101.03180]

» Combined SMEFT interpretation of Higgs, diboson, and top quark
data from the LHC (2021) 105.00008

\_ /
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The SMEFIT framework
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The SMEFIT framework
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The SMEFIT framework

Theory | | Data
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The SMEFIT framework
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Validation
Extensive toolbox: | .
PCA, Fisher info, closure tests,.. f p (E | D)
Posterior

Tommaso Giani & Jaco ter Hoeve - Benasque - 04/10/23

Data
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A SMEFIT

Search docs

Standard Model Effective Field Theory

Fitting assumptions
Nested Sampling

The Monte Carlo replica method

Experimental data format
Theory tables

Construction of the fit covariance
matrix

Basis rotation

Code structure

How to run the code

Report functions
Produce a report

Link to reports

https://github.com/LHCfitNikhef/smefit release

@A / Project description View page source

S MEFi

Project description

SMEFiIT is a Python package for global analyses of particle physics data in the framework of the Standard Model Effective
Field Theory (SMEFT). The SMEFT represents a powerful model-independent framework to constrain, identify, and
parametrize potential deviations with respect to the predictions of the Standard Model (SM). A particularly attractive
feature of the !

T is its capability to systematically correlate deviations from the SM between different processes. The
full exploitation of the SMEFT potential for indirect New Physics searches from precision measurements requires
combining the information provided by the broadest possible dataset, namely carrying out extensive global analysis which
is the main purpose of SMEFiT.

The SMEFIT framework has been used in the following scig README.md

o A Monte Carlo global analysis of the Standard Model Effecf .
E. R. Nocera, J. Rojo, E. Slade, E. Vryonidou, C. Zhang [
e Constraining the SMEFT with Bayesian reweighting, S. van

e SMEFT analysis of vector boson scattering and diboson dat
J. Rojo [EGAMR21].

e Combined SMEFT interpretation of Higgs, diboson, and top
Mantani, E. R. Nocera, J. Rojo, E. Slade, E. Vryonidou, C,

SMEFIT is a python program for Standard Model Effective Field Theory fits

Installation from source

A the moment the code is not deployed yet, you can install it only from source using a conda environnement,
which is provided. To install it you need a conda installation and run:

./install.sh -n <env_name='smefit_installation'>

This will download and install also the MULtiNest library, which is required to run Nested Sampling . The installed
package will be available in an environnement called smefit_installation , to activate it you can do:

conda activate <env_name='smefit_installation'>
smefit -h
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&7 github-pages

Languages

® Python 96.6% ® CSS17%
Shell 1.3% ® HTML 0.4%


https://github.com/LHCfitNikhef/smefit_release

ATLAS PUB Note

ATL-PHYS-PUB-2022-037 7
12th July 2022

ATLAS

EXPERIMENT

Combined effective field theory interpretation of
Higgs boson and weak boson production and decay
with ATLAS data and electroweak precision
observables

The ATLAS Collaboration

Wilson coefficients of the Standard Model Effective Field Theory (SMEFT) are constrained in
a combined fit of measurements of Higgs boson production and decay in the framework of
Simplified Template Cross Sections and differential cross-section measurements of weak boson
production at the ATLAS experiment as well as electroweak precision observables measured
at the LEP and SLC colliders. The ATLAS measurements are based on 36-139 fb~! of
proton-proton collision data collected at the LHC at 4/s = 13 TeV. The SMEFT interpretation
is performed using a combined likelihood function that takes into account experimental
uncertainties and their correlation as well as theoretical uncertainties on Standard Model
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Data

Decay channel Target Production Modes
H — vy ggF, VBF,WH,ZH,ttH,tH 139
H—ZZ" geF, VBF,WH,ZH,ttH(4¢) 139
H— WW* ggF, VBF 139
H— 1t ggF, VBF, WH, ZH, ttH(ThadThad) 139
WH,ZH 139
H — bb VBF 126

| tiH

Process Important phase space requirements Observable £ [fb~!]
pp — efvuty  mygp > 55GeV, pJ,Ft < 35GeV p}Fad‘ lep. 36
pp — vt~ mye € (81,101) GeV my¥ % 36
pp — e et mge > 180 GeV mzo 139
| pp = jj mj; > 1000GeV, mee € (81,101) GeV  A¢;; 139

Observable Measurement Prediction Ratio

I'z [MeV] 24952 + 2.3 2495.7 + 1 0.9998 + 0.0010

R 20.767 + 0.025 20.758 + 0.008 1.0004 + 0.0013

R§ 0.1721 £ 0.0030  0.17223 + 0.00003 0.999 + 0.017

R 0.21629 + 0.00066 0.21586 + 0.00003  1.0020 + 0.0031

Ag’f 0.0171 £ 0.0010  0.01718 = 0.00037 0.995 + 0.062

ASF’C 0.0707 + 0.0035 0.0758 + 0.0012 0.932 + 0.048

Ag?b 0.0992 + 0.0016 0.1062 = 0.0016 0.935 + 0.021

41488 + 6 41489 + 5 0.99998 + 0.00019

Qgi [pb]

Tommaso Giani & Jaco ter Hoeve - Benasque - 04/10/23

Theory setting

C: C:C:

2\ — ~ LO/NLO _t ~LO/NLO !t J

Oefi (c/A ) = o + E 0; 2 + E 0, o
i ij

» SMEFTsim is used for
processes with SM-tree
diagrams at LO

» SMEFTatNLO used for process
with SM-loop diagrams at LO

(99 % H,gg = ZH, H — gg)

» Predictions for EWPO in
SMEFT derived from
calculations 10.1007/JHEP 06
(2021) 076 Corbett et al
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NS vs MC

Toy model showing
some pitfall of MC
method

The top quark legacy of the LHC Run II for PDF and SMEFT analyses

Zahari Kassabov!, Maeve Madigan®, Luca Mantani!, James Moore!, Manuel Morales Alvarado!,

Juan Rojo??, and Maria Ubiali®

» MC replica method will reproduce correct posteriors only in the case of
linear EFT corrections

» The effect is more serious for observables where quadratic EFT corrections
dominates

Tommaso Giani & Jaco ter Hoeve - Benasque - 04/10/23 13



Simplified likelihood

- 1
A¢@m%mkw@

Au=pu—p

Z (u)

—lAYV*A
exp |~ AUV, Au

» For each datapoint a best value + covariance matrix is provided
» Captures all the relevant statistical info measurement
> No nuisance parameters

> Publicly available

Tommaso Giani & Jaco ter Hoeve - Benasque - 04/10/23
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Simplified likelihood

1

Z (u)

—lA Ty—1A
exp |~ AUV, Au

\/ (2z)"m det V,

Ap=p—f

Full likelihood

Higgs measurements
99 EW measurements

X exp
| \/ (27)"ins det V

nsys

Xp <—%Ax (c)T V-1Ax (c)) X fl (vas,i)

Mpins

H Poisson (Nb | NP (e, 9))

(-le ¢, ) V-IAx (¢ 9))
> , :
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From Maeve Madigan @
(Re)interpretation of the LHC results
for new physics

Publishing statistical models: Getting the most out of particle
physics experiments

Kyle Cranmer 1*, Sabine Kraml ®** Harrison B. Prosper @ (editors),

Philip Bechtle 4, Florian U. Bernlochner 4, Itay M. Bloch 5, Enzo Canonero 6, Marcin
Chrzaszcz 7, Andrea Coccaro 8, Jan Conrad 9, Glen Cowan 10, Matthew Feickert 11,
Nahuel Ferreiro Iachellini ®'*'® Andrew Fowlie 14, Lukas Heinrich 15, Alexander Held 1,
Thomas Kuhr 13’16, Anders Kvellestad 17, Maeve Madigan 18, Farvah Mahmoudi 15’19,
Knut Dundas Mora 20, Mark S. Neubauer 11, Maurizio Pierini 15, Juan Rojo 8, Sezen

Sekmen 22, Luca Silvestrini 23, Veronica Sanz 24’25, Giordon Stark 26, Riccardo Torre

Robert Thorne 27, Wolfgang Waltenberger 28, Nicholas Wardle 29, Jonas Wittbrodt ®°

Tommaso Giani & Jaco ter Hoeve - Benasque - 04/10/23

I

16


https://conference.ippp.dur.ac.uk/event/1178/
https://conference.ippp.dur.ac.uk/event/1178/

From Maeve Madigan @
(Re)interpretation of the LHC results
for new physics

Y /8

Publishing statistical models: Getting

physics experimej wf ]
Kyle Cranmer 1* Sabine Kraml % Harrison: Oé § Individual ATLAS & CMS measurements
Philip Bechtle ©*, Florian U. Bernlochner ©*, Itay M. BY T f N QLLAS & CMS combination
Chrzaszcz 7, Andrea Coccaro 8, Jan Conrad 9, Glerg O ~10¢ : . 68% Cl
Nahuel Ferreiro Iachellini ©'*'® Andrew Fowlie ®'*, Lukd _0oF . — 95% Cl
Thomas Kuhr 3% Anders Kvellestad ©'7, Maeve Mag :
Knut Dundas Mora ©*°, Mark S. Neubauer ©*, Mauriz§ -30f 7 . 7
Sekmen ©*2, Luca Silvestrini ®**, Veronica Sanz ©*4% G! ¢ —0.10 -0.05 0.00 0.05
Robert Thorne 27, Wolfgang Waltenberger 28, Nichola§ 8 T ' M prrrrrrr
£ 6 1 6 :
t « 4/ 1 4 / .
o /
; T [ 2 :
» LHC Run1 Higgs data from ATLASand § © of | 0 :
CMS to constrain 5 dim-6 operators " RN o '
£ ~420.10 —0.05 0.00 0.05%-30 —20 =10 0 10
» Fits for individual CMS and ATLAS s R T B :
4 L ] L / \ ] L ]
measurements result in weaker  ; ok 1 of/ ) ]
constraints S 1 ¥ :
O 1-1r 71 N\ ]
3 N >~ /1 I J1 L\ ]
» Some info is lost if full correlation is } | T | S B 1 ]
not taken into Consideration v,l' —0.10 —0.05 0.00 0.05 lI3l()l 220 =10 0 10 ; 4 -2 0 2 4
% Chc CtH ChBox
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SMEFIT

* Publicly available on GitHub, together with documentation and examples
* Modular structure makes it possible inclusion of new data/computation
e Possible to include different likelihood functions

* Two sampling algorithms are provided (NS and MC). Possible to add
other ones

* Report with basic statistical and visualisation tools is part of the code

*\We have tested the framework by reproducing smetit2.0 and ATLAS
Higgs EFT results

Tommaso Giani & Jaco ter Hoeve - Benasque - 04/10/23 18



Three recent SMEFIT updates

A preview

1. Exact treatment of the EWPOs in the
{my, m,, G} scheme

»  SMEFiT2.0 assumed infinite precision
coming from LEP compared to LHC ...

> Treat on the same footing to enable future

projections studies, UV-matching, .... | mﬂﬂm wluu m
0 _ .

2. Automatised constraints from UV matching  2309.04523 00 25 50

3. Integration of ML-assisted unbinned
2211.02058 1t
observables
By 0 QG
o N
— 9t

(8)

Ctu
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https://arxiv.org/abs/2309.04523
https://arxiv.org/abs/2211.02058

1. From approximate to exact EWPOs

> In the SMEFT, the SM couplings receive corrections from dim-6 operators

Sgv = 0gzg% + Qo5+ Al =0, i=1,2,3,

0gls = 0gzgh+ AL =0, i=1,2,3, [\ [ m a
8gy = 8323V + Q"ds5 + Ay =0, c léi 0o -
o pLq
5931 = 5ng,lfl + A% = 07 cgoe p,/'T 0 _%
_ _ _ 1 1 1
5g% = 6gzg% + Q%s5 + Af, =0, C(pq) _ tw 453, 6 ( CoW B )
694 = 0254 + AL =0, G ~f T €D
3 3 3 1
) Wi, _ cu + 26505)i B 6505)1 B 69(03)2 _ . Cpu 0 3
gV — —0, 2—1,2,3, Cod O —l
e e )\ -
@ _ 6 ©® ce 0 0
W Cu + Cpq — Cppy — Copy
59 q — b = 0
4 4\/§GF ’

> Approximation: assume measurements at LEP are precise enough to set
the coupling shifts to zero: 14 constraints, 16 d.o.f

» Exact: no hardwired constraints get imposed, treat EWPOs on same footing
as (existing) LHC data: 14 extra d.o.f

Tommaso Giani & Jaco ter Hoeve - Benasque - 04/10/23 20



1. From approximate to exact EWPOs

I

I'z

Z pole observables

_ V2GFmiN.

- (Ig%/l2 - |9f4|2)

3

Z Pﬁi + I‘had + I‘inw
(=il
127 I‘eI‘had
m2 T2
Z Z

Fhad
T,

(2

ei — {ealu'aT}v

2g€g£

() )"

ZI-/lebfifi)

3}
ZAeAb/ca

Fb,c
bJ
IMad

gv.a=9vat+0gya

6g% = 8925% + Q703 + A,

595 = 0Gzga + A,

0 1 1
Av=——7;(¢2+

%)

: 1
AY = ——— (cl) +
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Co,

Gy

Coupling shifts

3)

q

+ Csoe/u/7>

+—c¢d>

Expand

>

"03p11k0pWB": [
-0.0010438614567093,
399.32023975701503,
-0.2176096044359309,
0.009305167598942,
0.009305167598942,
0.0263924724009384,
0.0141468056695515,
0.0141468056695515),
-0.0127387963164356,
0.0059059328764626,
0.0059059328764626,
0.0059059328764626,
-0.0127387963164356,
-3.46149595699e-05,
5.19224393548e-05,
-0.0077215537359723,
0.000233213845473,
0.0004623125086848,
0.0025122558179085

1,

"03p12%0pWB" : [
-0.0010438614567093,
—4.443465040465406,
0.009305167598942,
-0.2176096044359309,
0.009305167598942,
0.0019011389381649,
0.0141468056695515,
0.0019011389381649,
0.0059059328764626,
-0.0127387963164356,
0.0059059328764626,
0.0059059328764626,
0.0059059328764626,

EFT theory tables

21



1. From approximate to exact EWPOs

Repeat for all EWPOs

Increases the parameter space to 50 WCs

Input

Observables

Z-pole EWPOs

Tz, 0haas RO, Ry, RY, AR, A¥h, AFp
RY, RY, A%, A%, Ay, Ac
Ar (Pr), Ae (Pr)
A, (SLD), A, (SLD), A, (SLD)

Class Nyof Independent DOFs DoF in EWPOs
1,8 1,1 38
“Qq> Q> “Qq>
3,1 8 1
& H & H & b
four-quark Q> "ta> "te
14 8 1 8

(two-light-two-heavy)

Ctur Ctur CQu>

1 8 1
cQu’ Ctds Cids

Bhabha scattering

do/dcos (ngat = 21)

Vs = 189,192, 196, 200, 202, 205, 207 GeV

apw U (M)
Br(W — ete™)
W branching ratios Br(W — utp™)
Br(W — 7777)

WW production

do/dcos @ (ngat = 40)
/5 = 182,189,198, 206 GeV

o> Cod
four-quark ; CbQ, C%Q, Cth’
(four-heavy) O Cit
four-lepton 1 Cet
Ctps CtGy Chyps Cc(;l)l’ Cz(;>?,l)1’ Cc(;f)z
two-fermion Ceps Crpy CUW s cgf)z’ 683)3’ C<(/)3l)3’

(+ bosonic fields)

23 iz, s Sy

Coey Copy Cor,
3) (=)

+ LHC measurements sensitive to
operators entering the EWPO

Tommaso Giani & Jaco ter Hoeve - Benasque - 04/10/23

Cot Cogs Cpq’s
Couiy Codi
C G, C B, (& W, C WB’ C D
Purely bosonic 7 g e e v v
Cods CWWW
Total 50 (36 independent) 34 16 (2 independent)
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1. From approximate to exact EWPOs

Repeat for all EWPOs

Increases the parameter space to 50 WCs

Input

Observables

Z-pole EWPOs

Tz, 0haas RO, Ry, RY, AR, A¥h, AFp
RY, RY, A%, A%, Ay, Ac
Ar (Pr), Ae (Pr)
A, (SLD), A, (SLD), A, (SLD)

Class Nyof Independent DOFs DoF in EWPOs
1,8 1,1 38
“Qq> Q> “Qq>
3,1 8 1
& H & H & b
four-quark Q> "ta> "te
14 8 1 8

(two-light-two-heavy)

Ctur Ctur CQu>

1 8 1
cQu’ Ctds Cids

Bhabha scattering

do/dcos (ngat = 21)

Vs = 189,192, 196, 200, 202, 205, 207 GeV

apw U (M)
Br(W — ete™)
W branching ratios Br(W — utp™)
Br(W — 7777)

WW production

do/dcos @ (ngat = 40)
/5 = 182,189,198, 206 GeV

o> Cod
four-quark ; CbQ, C%Q, Cth’
(four-heavy) O Cit
four-lepton 1 Cet
Ctps CtGy Chyps Cc(;l)l’ Cz(;>?,l)1’ Cc(;f)z
two-fermion Ceps Crpy CUW s cgf)z’ 683)3’ C<(/)3l)3’

(+ bosonic fields)

23 iz, s Sy

Coey Copy Cor,
3) (=)

+ LHC measurements sensitive to
operators entering the EWPO

Tommaso Giani & Jaco ter Hoeve - Benasque - 04/10/23

Coot Coqs Cpq s
Couiy Codi
CpGs CoB;y CoW CoWB, CoD
. G CpBs CoWs eWB, Cp
Purely bosonic 7
Cody CWWW
Total 50 (@6 34 16 @mmmm@n}
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—-0.25 0.00 0.25

—0.25 0.00

© Exact EWPOs, NLO O (A™)
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~ Approx EWPOs, NLO O (A_4)
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1. From approximate to exact EWPOs

Individual 68% C.L intervals at O (A’Z) , LO

0.6
¢  This work
¢ LBrivio, M.Trott 1701.06424 6
0.4
4
0.21

2
100 X 3¢
o
o
+

° :

P
_‘:_
—..—

_:._
o
—o—
-+
—0—5
_._?
o

—0.21 'y
—4
—0.4 1
—6
—0.6 ' '
i Ced  Cou 6503(1) 6501(1) Cy CS) C(lz) CoD  CoWB CWWww

1 Lo 1,0
§CHd—QCHD+CHe+ §CHZ - ECHq
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1 1
—CHa — 2CHp + Che + 5022 — gc;;; -

Carefully benchmarked against
11701.06424] by 1. Brivio et al

8/10 constrained directions in
flavour universal scenario

15/18 constrained directions with
SMEFIT flavour assumptions:

UR2),xU2),xU@A),in the quark

sector and (U(l)f x U(1), ) in the
lepton sector

2
3O — 1.24(Ch) + Cp) + I.GOCHWB)

(3.40)

2
— 3Cmu + 2.20(Cs) + C)) — 0.24CHWB)



2309.04523

2. SMEFT assisted bounds via UV matching

See Alejo Rossia’s talk tomorrow afternoon!

Automates the last missing step in the EFT programme from UV models
to experimental constraints

ﬁ Match a given UV model onto the SMEFT to express the Wilson _
coefficients ¢ in terms of the UV parameters g at a scale U C= f(g9 /’t)

2. Reparameterise the EFT cross-section o in terms of the UV

parameters U(C) — G(f(gv //l))

3. Assume a flat prior z(g), and repeat global SMEFT l

K analysis with matching relation f built in )(2(g) J

Model name: S

coefficients:
Opd:

The interface between Matchmakereft and constrain:
- kS:
@ SMEFIT is provided by a new Mathematica ~ 0.5
package Match2Fit 1 o
C(PD = —ksz, max: 1000

min: -1000
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2. SMEFT assisted bounds via UV matching

»  Flexible pipeline: fit can be done for any user-defined model

» We cover heavy scalars, fermions and bosons at tree-level and one-loop, both at
LO and NLO QCD

I NLO O (A7)

1 NLO O (A™)

Heavy Scalars

Si

wi | ws | ¢

w

0

Q| T

s | (ys.)1a (v ) e i =
0 1 —0.050 —0.025  0.000 0.00 0.05 000 0.025  0.050
8 |(yﬁ)33| }(yﬁ)&;' w1 ‘(ygq)%’ ‘(y?ﬁ)ss‘ Ql
LT M.
0.0 2.5 5.0 0 9 0 9 0 9 4
|(y94)33\ |(yT)33| T |(U?I:L)3 |
0 9 4 0 9 10 5 10

Tommaso Giani & Jaco ter Hoeve - Benasque - 04/10/23

NN NN

NN NN

4 fermion «

Dpe

rators

26




2. SMEFT assisted bounds via UV matching

Comparison to the Fitmaker group  [2012.02779]

" N 10,0(A?) mEE NLO,O(A?)  WEE Fitmaker - myy = 1TeV
: e 10,0 (AY) mEE NLO,O (AY) 5
1.2
1.0
= 0.81
)
>
0.6
0.41
0.21
0.0- - 5 5
S = gb N E Al Ag ) 21 U D Q7 T1 T2 T Q5 Q17 81 Wl 818
Scalars Fermions Bosons
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3. Optimal observables: MLAEFT

) pip install mldeft
] Binned (p, ny)

Unbinned ML (p4, ) https://Ihcfitnikhef.github.io/ML4EFT
] Unbinned ML (18 features) 2211.02058 R. Gomez Ambrosio, JtH, M. Madigan, J. Rojo, V.Sanz
+  SM

(Goalz provide optimal constraints on the SMEFT via\
likelihood learning

- Diagnostic tool: what is the information loss incurred

oz | I | ; : .
by a particular choice of bins?
0.5} //\ : <
W 7 / | ~ Projections: how will SMEFT constraints improve if
Q . .
0.0f \@ - } Kunblnned data are made available? J
1t ; + 1 1
] | || || & Lig@]==— 2 wlogl - g(x)) -~ >, wlogg(x,)
X 0 @ e€EDgpy Dsm
Q
B m— TR 0 T See tomorrow’s morning session!
8 8 v
tu qt
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Summary

 SMEFIT provides a flexible toolbox for global interpretations of
particle physics data with EFTs

» The SMEFIT framework has been extended with an exact EWPO
implementation, leading to an unprecedented 50 d.o.f.

 New state of the art EFT theory calculations have been adopted
» SMEFIT now supports UV fits for any user-defined UV model

> Unbinned observables enhance the sensitivity significantly
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Correlation: Exact EWPOs
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