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The Standard Model as an EFT
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Wilson 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 he SM fiel i 4 < g’
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 20208660
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 |l

[2101.03180]

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

[2105.00006]
> Automation of SMEFT-Assisted Constraints on UV complete Models

\ (in preparation) /
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The SMEFIT framework

(N)NLO QCD + NLO EW for SM

NLO QCD, linear and quadratics,
with SMEFT@NLO

NNPDF4.0 no top PDF

Nested Sampling: Bayesian

Embed UV structure via constraints
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Higgs data (signal strengths, diff, STXS), |
diboson LEP and LHC, top quark, VBS,
Bhabha, Z pole, agy, Br(W)

Extensive toolbox:
PCA, Fisher info, closure tests,..

Full posterior distribution available




The SMEFIT framework

Public code with tutorials and documentation available at

A SMEFIT

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

SMEFIT RW
SMEFIT Top
SMEFIT VBS

lhcfitnikhef.github.io/smefit_release/

@A / Project description View page source

S MEFIT

Project description

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 scientific publications:

¢ A Monte Carlo global analysis of the Standard Model Effective Field Theory: the top quark sector, N. P. Hartland, F. Maltoni, E. R. Nocera, J. Rojo, E. Slade, E.
Vryonidou, C. Zhang [HMN+19].

e Constraining the SMEFT with Bayesian reweighting, S. van Beek, E. R. Nocera, J. Rojo, and E. Slade [vBNRS19].

e SMEFT analysis of vector boson scattering and diboson data from the LHC Run Il , J. Ethier, R. Gomez-Ambrosio, G. Magni, J. Rojo [EGAMR21].

o Combined SMEFT interpretation of Higgs, diboson, and top quark data from the LHC, J. Ethier, G.Magni, F. Maltoni, L. Mantani, E. R. Nocera, J. Rojo, E. Slade,
E. Vryonidou, C. Zhang [EMM+21]

Results from these publications, including driver and analysis scripts, are available in the Previous studies section.
When using the code please cite:

o SMEFiIT: a flexible toolbox for global interpretations of particle physics data with effective field theories, T. Giani, G. Magni and J. Rojo, [GMR23]
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http://lhcfitnikhef.github.io/smefit_release/

Major SMEFIT updates

First half of the talk

~

1. Exact implementation of the Electroweak Precision Observables
(EWPOs) from LEP and SLC up to 6 (A™)

Observables

 Recomputed all EFT xsecs for processes
sensitive to EWPO operators

0 0 RO 0 0,e O,u 0,7
L'z, 0haas R67R,un Rz, AFB’ AFB? AFB

0 RO AO0D 0,c
Rb7 RC’ AF37 AFBa Ab? AC

 Now 50 independent d.o.f. A (Py), Ac (P7)
(36 before) A (SLD), A, (SLD), 4, (SLD)
2. Automatised constraints from UV matching Second half of the talk

Both will come as dedicated publications, UV matching will be released soon!
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Approximate EWPOs

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

5gk = 06gzgv: + QUdsi + A =0, i=1,2,3,

l; - = l; . 1 1
%94 = 00204 + 84 =0, =123, [\ [ Tw Ta )
Sgtt = 892G + Qdsh + Al =0, Cot, 0 -3
994 = 09294+ 84 =0, Coe/p)T (1) 1_§ 1
St = 0329t + Q05 + A% =0, b || w w6 | cows
5gjd4 :5§Z§jd4+Ai :07 69(03(]) —# —ﬁ CQOD
cn+2¢% — 8 — B & 0 1"
5 wil; _ U wl; ol oly 0 193 U
gV - 4\/§GF - ) 1= )<y CgOd 0 _é )
3) _ .(3) 3) C
SqVa — i+ Cpqg — Coppy — Copy 0 \ e ) \ 0 0
gy = 4\/§G — Yy
F

» Assume measurements at LEP are precise enough to set the linear combinations
to zero: 14 constraints, 16 DoF

» Flavour assumption is MFV, with U(2)q X U(2),%x U(3),in the quark sector and
(U(l)f X U(l)e)3 in the lepton sector

Jaco ter Hoeve - LHC RIF 2023 - 31/08



Exact EWPOs

Class Naof Independent DOFs DoF in EWPOs
1,8 1,1 38
Q¢ “Qq’ “Qq’
3,1 8 1
C ) c ) C bl
four-quark Qo> M "4
14 8 1 8

(two-light-two-heavy)

Ctur Cu> CQu ’

1 8 1
CQu’ Ctds Ctd»

8 .l
“Qd> “Qd
- 1 8 1
four-quark - O CHQ» Cor
(four-heavy) c% , <
four-lepton 1 Cor
n 6 @O
Ctps CLGy Chyp C‘pgl, C(PEIa C<p£2
3 1) ()
Ceps Cropy CtW & y Cobns Copfar
two-fermion ¥ (;‘;’ O wly> by’ “pls
23 Ctz, C y € iy ) Cypey Copy Cor,
(+ bosonic fields) vQ’ "eQ v e e
3 —
o cod> Coa
Couiy Copdi
CoGys CoBs CoW s CoWB, CoD
Purely bosonic 7 e v v
Cody CWWW
Total 50 (36 independent) 34 16 (2 independent)
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> No longer impose
constraints from LEP
EWPOs via restrictions in
parameter space

> Include 14 additional
WCs as parameters in
the fit

> 50 independent DoF



Exact EWPOs

Independent DOFs

DoF in EWPOs

Class Nyof

1,8 1,1 38
€Qq» €Qq’ CQq

3,1 8 1

CHys Crgs C
q’ “tg?

four-quark Qa

8 1 8

14 Ctur Cu> CQu’

(two-light-two-heavy)

1 8 1
cQu’ Ctds Ctd»

8 .1
€Qd> €Qd
) 1 8 1
four-quark . CoQ» CQQ» CQt»
(four-heavy) C?gt, Cii
four-lepton 1 Cet
n 3 1)
Ctyp, CtG, cbcpa c(pfl’ Ccpel’ C(pfz
3) (1) ((3)
: Ceps Crpy CtW» Cobyr Cptzr Coly
two-fermion 3 () e
23 c y iy
. tZs C,01 CLO> Cypey Copy Cor,
(+ bosonic fields) P e
3 —_—
Cgot C<(Pq)’ CSO )’
cwi, C(,Odi
. CpGy CoB; CoW, CoWB, CoD

Purely bosonic

Cody CWWW

Total

34

IG(MGWEI
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> No longer impose
constraints from LEP
EWPQOs via restrictions in

parameter space

> Include 14 additional
WCs as parameters in
the fit

> 50 independent DoF



EWPOs benchmark

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

0.6
¢  This work
I.Brivio, M.Trott 1701.06424 6
0.4
-4
0.2
L of2
-
Na& ® + +
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—0.2- d
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Adopt {myy, m,, G} scheme

We include Bhabha scattering,
Z pole, Br(W) and agyy (optional)

» 15/18 constrained directions with
SMEFIT flavour assumptions

8/10 constrained directions in
flavour universal scenario

2
3

—CHy — 1.24(0( ) =+ Cl(f?l)) + 1. GOCHWB>

(3.40)

1 1 2
( Cria = 20up + Cre + 5 Cl) - 60}}; — 3Cru + 2.20(Cs) + C)) — 0.24CHWB)



—-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)

10



Matching to
UV complete models

Automation of SMEFT-Assisted Constraints on UV-Complete
Models

(b=t

Jaco ter Hoeve,*? Giacomo Magni,>? Juan Rojo,*" Alejo N. Rossia,c and Eleni Vryonidou®

@ Nikhef Theory Group, Science Park 105, 1098 XG Amsterdam, The Netherlands

b Physics and Astronomy, Vrije Universiteit Amsterdam, NL-1081 HV Amsterdam, The Netherlands

¢Department of Physics and Astronomy, University of Manchester, Oxford Road, Manchester M13 9PL, United
Kingdom
E-mail: j.j.ter.hoeve@vu.nl, gmagni@nikhef.nl, j.rojo@vu.nl,
alejo.rossia@manchester.ac.uk, eleni.vryonidou@manchester.ac.uk
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UV matching

> The ultimate goal of the EFT framework is to bridge the energy gap to

UV complete models

In the EFT approach, there is no need to constrain models on a case-by-
case basis provided matching relations are known

Example: extend the SM with a complex scalar ¢ ~ (1,2),,

Luv =Lsm + |Duo|? — m5p'e — (yé,f@j dTeRl +ys . P drg

J

. Ty
y?;,z-j quwqu ‘u

Integrate out ¢ to find

(C(g}“))3333 _ (yg,33)2 (C‘(]?‘))3333 _

A2 6 mé ’ A2
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UV matching

» What do we learn from this?

(ng)3333 _ (yg’33>2 (C‘(Ii))3333 _ (yg’?’?’)z (Cuplss _ _AoYpss  Cp

p— :O
A2 Gmé ’ A2 mé ’ A2 mé 7 A2

> The UV model gives additional structure on the EFT parameter space

- Positivity constraints
» Some UV parameters appear only as a product

> Natural question: How do we embed this structure in EFT fits?
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UV matching in SMEFIT

1. Assume a matching relation between the Wilson coefficients ¢ and the UV
parameters g at a scale u

Matchmakereft

[2122.10787]

c = f(g,u

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

Model name: S

o(c) = G(f(ga Iu))

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

analysis with matching relation f built in fOE:raim

The interface between Matchmakereft and nax: 1000
@ SMEFIT is provided by a new Mathematica min: -1000

package Match2Fit

Jaco ter Hoeve - LHC RIF 2023 - 31/08
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UV invariants

— N

Il - In the fit, we can only discriminate UV parameters g that
FLOOR

yf map to different Wilson coefficients ¢ = f(g, )

PLEASE BE

\CAREFUL » Introduce UV invariants h: U — [ /

/S S\

1000 -
750
U = UV parameters

500 A

250 ~

[ = UV invariants

—250 A

—500 A

—500 A

J(h(g)) = f(h(g))

—1000 A

—750

—1000 A

—0.04 —0.02 0.00 0.02 0.04 0.00 0.01 0.02 0.03 0.04 0.05

(8),,]
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UV matching in SMEFIT

Comparison to the Fitmaker group [2012.02779)

1.41

(D
4F operators, cQt

0.21

0.0
S ¢ = BW N E A Ay ¥ %

L

I LO,O(A_Q) ] NLO,O(A_Q) BN Fitmaker
I LO,O(A_4) ] NLO,(’)(A_4)

Different diff
H datasets

U D @5 Q 17 15 T Q7

__ Constrained by EWPO
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UV matching in SMEFIT

> We include 1-particle models
and multi-particle models at
tree level, and 1-particle models
at 1-loop

- Classified by spin: heavy scalars,
fermions and vectors

Advantages

Scalars

Fermions

Vectors

Particle Irrep Particle Irrep Particle Irrep
S (1, 1) N (1,1) B (1,1)
Si (1,1), E 1,1, By (1,1);
¢ (1, 2)1/2 Ay (172)—1/2 w (1,3)o
2 (L,3)o As (172)—3/2 Wi (1,3)
E1 (1, 3)1 b (173)0 g (871)0
w1 (3,1)_ 1/3 X (1,3)_4 H (8,3)o
wy (3, 1)_4y3 U (3,1)9/3 Qs (8:3)o
¢ (3,3)_1/5 D (3,1)_1/5 Vs (6,2)_s6
931 (6, 1)1/3 Q1 (3,2)1/6
Q (6,1),/3 Qr (3,2)76
T (6, 3)1/3 ) (3:3)_1/3
o (82)1/ T (3,3)2/3

T (3,1)g/3
Qs (3’2)—5/6

Based on [1711.10391] and [2012.02779]

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

 SMEFIT allows to study the impact of NLO QCD and quadratic

corrections

Jaco ter Hoeve - LHC RIF 2023 - 31/08
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Heavy scalars

0 NLOO(A?) [ NLOO (A myy = 1 TeV
S |} s (Ws)a S| | k=l Z | k=il | (429) 5] wi || ] () 5 wy
L5 —0.04 —0.02 000 0.000 0.025 0050 0.075 0.00 2 4 0 1 3
¢ ’ (ygg)% 0 Q)33 Qy |(yr) 33 | (Ya')as | o
3 0 4 0 2 1 0 10
Heavy Scalars
UV invariants NLO O (A~2) NLO O (A~%)
¢ |28 |w |ws| ¢ ||
|ks| 1.446 1.418 v | v
(¥s1) 1o (Ws1)q, | [4.243e—2, 2.668e—3] | [-4.225e—2, 2.961e—3] |V
k=] 6.862e—2 6.923e—2 VvV
|k=1] 4.914e—2 4.783e—2 Y
VvV
|(y&1) 45 5.186 1.704
‘(yw)asy 3.081 9-704e~1 v 4 fermion|operators
| (ygq) 33' 3.186 9.639e—1 v
’(ygfl ) ‘ 4.037 1.383 7 -
33 v v |V
|(y224) 33 4.400 1.397 y p
|(yr)33] 3.044 9.809e—1 v
|(¥$") as] 9.809 2.624 v
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Heavy fermions

[ NLO O (A7)

F(A%)s] N | [ I(Ag)] E

w

0.0 0.2 0.4 0.0 0.1 0.2 0.0 0.1 0.2 0.0 0.1 0.2 0.

0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.2 0.4 0.0 0.2 0.4

The heavy fermions get largely constrained by EWPO, hence negligible quadratic corrections
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Multiparticle models

> Nothing stops us from adding multiple fields simultaneously!
- Example: 2 quark bidoublets O, and O, + neutral vector triplet 7
> Any other combination possible as long as number of UV parameters stays sufficiently small

0 NLOO(A™?) [0 NLOO (A

‘(_94/\/)11} sg:n ((aw) 1) (9w) s }<9%/v>33| [(g)1 N
0.0 0.5 0.0 0.5 1.0 0 100 200 0.0 2.5 5.0
sgn ((9)11) (933 sen ((g¥y)11) gpp [(A8,)5
| I, . {THR. Q1 ~ (3,2) 16
[ S
i
mi::hi:iI'ﬂilliﬂlﬁHl""mHI T — . . W ~ (1’3 )O
—0.00 0.000 0.002 0.0 0.5 1.0

0.0 0.5 1.0
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[ J [
5t (Q1,Q7, W) model, 95 % C.L. intervals at O (A™*) M u Itl pa rt I CI e I I IOdels
= 0 mg, = mg, = my = 1.0 TeV
£ Or O mg, = 3.0 TeV,mg, = 4.5 TeV,myy = 2.5 TeV
0.10f j > Study the impact of different mass scenarios
0.057
N 00t 8 . .
= Q \ - As expected, bounds get more stringent in case of lower
—0.057 r
masses
—0.10¢
101
s+ (8 | T8 | @
—101
201
@ @ P @
—201
20¢
~ 101 r r r I
e QO || @ | =9 | (&) | =¥
—10f . ' I i
722i0 0 T 0 = Sia 0.0 5 B TR I % 0 20
(Aar)zs ()\lél)3 gy (9w)s3 (9) 22
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One-loop matching

> One-loop matching gives sensitivity to additional operators

o NLOO (A2 [0 NLOO (A )

r ) (12),

Tree level
A

0 200 0.00 0.02 004 002 000 002  0.04

(¥8) 55
[ Ag] sgn(Ay) (yZ) - 10
2| -
T L < 0
5 | ﬁﬂwm%ﬂwmm :
O 5 S e A 2 _,2 (.) é
) ) 5 (),
o9 1 g 1 3 Ag
r 7680w27n; 2560w27ng 32w27n§
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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

» We have shown the impact of NLO QCD and quadratic
corrections on UV fits
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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

» We have shown the impact of NLO QCD and quadratic
corrections on UV fits

Thank you for listening!
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Heavy scalars

Moy = 1 TeV T LOO (A T NLOO (A

[1]
w

|Ks| ) (Ys )12 (Ys a1 S1 |z L=

0.0 0.5 1.0 1.5 —0.04 —0.02 0.00 0.000 0.025 0.050 0.075 0.00 0.02 0.04

’(yglql)?):')‘ h

‘ (yaqulf)33| w1 | (yﬁf) 33| Wy

0.0 0.5 1.0

|(v0)ss! Q| | 1)l T 1| 1wl ®

NLO bounds improve by
~10% due to 4F operators
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