SMEFT fit HL-LHC prospects: the

role of top

Workshop on top quark mass measurements
Valencia, 12th November 2025

Victor Miralles
Based on

[Cornet-Gémez, VM, Miralles-Lépez, Moreno-Llacer, Vos, 2503.11518]
[de Blas, Goncalves, VM, Reina, Silvestrini, Valli 2507.06191]

/,

/==X Universitat d’Alacant



The SMEFT framework

@ Model agnostic approaches are
an excellent alternative to
particular NP extensions

a

dE

--SM
--SMEFT
—Experiment

@ The SMEFT offers an excellent
framework for testing new
physics

collider reach region

@ To study the top-quark sector
we assume a U(2)® flavour
symmetry

Original fig. by C. Severi, M. Thomas, E. Vryonidou Energy
1 _
L= Lom + ﬁz ci(e) Oi+0 (N %)
1

0 = Osm + % Z c®6® 4o (N4

Victor Miralles WStopmass 1/25



SMEFT operators relevant for the top-quark

2-quark operators

Couplings of the t- and b- EW dipole operators

quark to the Z
q,Q = (0e'70) (¢'iDlio) | 0w =(Rr'cme) (cp W)
Oi5 = (Qo*Vt) (€¢* Buy)

Q
(pQ =(Q@7"Q) 8‘1’ i<5>u¢>
Oyes) = (E(B)Ft(b)) (D

f
Chromo-magnetic dipole op. t-quark yukawa

O = (C_)cr“" TAt) (sq)* Gy
4-quark operators
Couplings of light quarks with t- and b-quarks
8)(1 8)(1 1,8)(1,1 8)(1 8)(1
O§u)( ) Ogd)( ) ngq )(1.1) OEDU)( ) OEQd)( )
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2-quark 2-lepton operators

Couplings of light leptons with t- and b-quarks
Oet Olt OeQ
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The HEPfit code

@ Open source written in C++

("] AVa||ab|e Under the GPL on mflt home developers physics documentation

GitHub ©:

https : //glthub .com/ HEPfit: a Code for the Combination of Indirect and
silvest/HEPfit Direct Constraints on High Energy Physics Models

@ The MCMC sampling based on
BAT

Higgs Physics. Precision Electroweak Flavour Physics. BSM Physics
@ Sampling likelihoods with QR b e e

MCMC HEPfit webpage [J. de Blas et al., 1910.14012]

o Parallelised with MPI
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https://github.com/silvest/HEPfit
https://github.com/silvest/HEPfit
https://hepfit.roma1.infn.it/

Observables from current colliders (LEP/SLC, Tevatron,
LHC run 1 & 2)

@ Parametrisations obtained with SMEFT@NLO in MadGraph

Process Observable Vs Lint Experiment
pp — tt do/dmyz (15 bins) 13 TeV 137 b1 CMS

pp — tt dAc/dmy (5 bins) 13 TeV 139 fb~! ATLAS
pp — tt D(my; ~ 2my) 13 TeV 137 th~1 CMS

pp — tt Dy (myz > 0.8 TeV) 13 TeV 137 th~1 CMS

pp — ttH do /dp#t (6 bins) 13 TeV 139 fb~! ATLAS
pp — ttZ do /dp% (8 bins) 13 TeV 140 fb=1 ATLAS
pp — tty do /dp7 (10 bins) 13 TeV 140 fb~! ATLAS
pp — tEW o 13 TeV 138 b1 CMS

pp = tZq o 13 TeV 138 b1 CMS

pp — tyq o 13 TeV 140 fh~1 ATLAS
pp — tb (s-ch) o 8 TeV 20 fb~! LHC

pp — tW o 8 TeV 20 fb~ ! LHC

pp — tq (t-ch) o 8/13 TeV | 20/140 fb~! | LHC/ATLAS
t— Wb Fy, Fr, 8/13 TeV | 20/139 fb~! | LHC/ATLAS
pp — tt dApp/dm. (4 bins) | 1.96 TeV 9.7 fb~! Tevatron
pp — tb (s-ch) o 1.96 TeV 9.7 fb—1 Tevatron
e~et — bb Ry, A%prn ~ 91 GeV | 202.1 pb~! LEP/SLD
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Ranges 95% (TeV2)

Individual constraints

on 2-quark operators
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Ranges 95% (TeV~2)

Individual constraints on
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Current data constraints

Global
Individual
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High Luminosity LHC



Prospects for Measurements at HL-LHC

Theoretical Uncertainties scale with 1/2

Modelling —  scale with 1/2
Experimental Uncertainties Systematic —  scale with 1/vV.¥

Statistical —  scale with 1/v.%Z

@ Dominant uncertainties at HL-LHC = modelling and theoretical
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Ranges 95% (TeV~2)

Expected improvement at HL-LHC: 2-quark operators

Shadowed = Marginalised Solid = Individual
|
| EEE LIC EEE HL-LHC
1E il
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Expected improvement at HL-LHC: 4-quark operators

Shadowed = Marginalised

Solid = Individual

| = LHc =W HLLHC

100*:

Ranges 95% (TeV~2)
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Future lepton colliders



Measurements at eTe™ colliders: bb production

Machine Polarisation Energy Luminosity Observable
P(e™, e7):(—30%, +80%) 250 Gev 2.ab7 Oph
ILC TR 500 GeV 4ab ! bb
P(e*, e ):(+30%, —80%) 1TeV 8ab T AP
P(e™, e7):(0%, +80%) ElEC 2ab77 Oph
CLIC ne A AR 15 TeV 2.5 ab " b2
P(et, e):(0%, —80%) 3TV 5ab 1 AP
Z-pole 57.5/150 ab~! oo
CEPC/FCC-ee Unpolarised 240 GeV 20/5 ab~! Agg
360/365 GeV 1/15ab7 ! FB

o Expected uncertainties from [A. Irles, et al., 2403.09144]

@ These observables set constraints on the EW precision observables
+ _ 1 3
C<PQ = C(pQ + C(pQ and Cyp

@ Also relevant for 2-quark 2-lepton operators C,Z,,

C/b and Ceb

@ The higher-energy measurement are more relevant for the 2-quark
2-lepton operators
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Measurements at ete™ colliders: tt production

Machine Polarisation Energy | Luminosity | Observable
ILC P(e*, e ):(—30%, +80%) | 500 GeV 4ab7 1T Optimal
P(et, e ):(+30%, —80%) | 1 TeV 8ab! Observables

380 GeV 2 ab~T
P(e™, e):(0%, +80%)

Optimal

CLIC e ) 15TV | 25ab T | PR
(e*, e7):(0%, —80%) 3 TV 5 ab ! va
—1 T
CEPC/FCC-ee Unpolarised 350 Gev | 023ab Optimal

365 GeV | 1/1.5ab T | Observables

o Optimal observables maximally exploit the information in the fully
differential eTe™ — tt — bW+ bW~ distribution [1807.02121]

@ These constrain the 2-fermion operators C(;Q, Cot, Gw and Gz
@ Also the 2-quark 2-lepton operators Co Citr Cet and G

@ With these we eliminate blind directions in the C(;lc), - C(% plane

@ Two different energies above the tt threshold are need to constrain
all the 2- and 4-fermion operators
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Measurements at ete™

colliders: ttH production

Machine Polarisation Energy Luminosity | Observable
ILC P(e*, e):(—30%, +80%) | 500/550 GeV 4 ab~T Inclusive
P(e*, e):(+30%, —80%) 1 TeV 8ab ! cross section
CLIC P(et, e ):(0%, +80%) 15 TeV 25 ab-1 |nc|u5|v<.e
P(e™, e7):(0%, —80%) cross section
o Essential measurement in order to improve the limits on the

top-quark Yukawa

The effect of a ILC run at 550 GeV has been studied

@ At ILC550 the production cross section increases a factor of 3 w.r.t.
ILC500 improving the statistical sensitivity by more than a 50%
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ILC550 and CLIC1500 have a similar sensitivity as HL-LHC
ILC1000 improves the expected HL-LHC sensitivity by a factor of two
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Expected constraints for different eTe™ operation energies

| = HL-LHC
10

100

Ranges 95% (TeV~2)

10—4,
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Comparison of future e™e™ colliders

| = HL-LHC B HL-LHC4+FCCec  EEEE HL-LHC+CLIC
I HL-LHC+CEPC [ HL-LHC+ILC

P
9

Ranges 95% (TeV~—2)
=

1073

F
9
L

=
o
1
o
|

Victor Miralles WStopmass

15 / 25




Measurements at a muon colliders

Machine | Polarisation | Energy | Luminosity Observable
Oppr APS
3 TeV 1ab™?!
Optimal
Observables
Muon . _ _
Collllider Unpolarised | 10 TeV | 10 ab! (tf s-channel)
tt VBF
30 TeV | 90 ab!
ttH
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Effects of future u* = colliders

EEE HL-LHC B HL-LHC+FCCee+uC 34+10TeV
N [L-LHC+CLIC 80 HL-LHC+FCCee+uC 3410430 TeV
[0 HL-LHC+FCCee+4uC 3 TeV/

10

107!

1072

1073

Ranges 95% (TeV~—2)
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Impact of top-quark data in global
SMEFT fits with current data



Observables included

o Electroweak precision observables at LEP, SLD, Tevatron, and
LHC

@ Di-boson production cross sections at LEP

e Higgs boson measurements at LHC

@ Top-quark measurements at LHC and Tevatron
@ Drell-Yan measurements at LHC

@ LEP-II production of leptons and quarks

o Flavour observables measurements at Flavour Factories and LHC
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Running

duv, Yuv, Xuv.. .-

SMEFT
(1#)

Agw

LEFT
(tHW.Z)

Ap (B
Ac (D
As (K

Slide from L. Reina at LoopFest XXII

Victor Miralles

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

SM

ZLsmErT = ZLsm+Yi g ﬁSMEFT

lSMEFT RGE

LE
AEFT = ZQCD+QED T Lid — Vz @LEFT

| LEFT RGE

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

WStopmass 19 /25
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its for U(2)° flavour symmetry
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Fits for U(2)° flavour symmetry: Individual 2-quark top op.
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Fits for U(2)° flavour symmetry: Individual 4-quark top op.
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Fits for U(2)° flavour symmetry: Global

o Additional observables and improvement of experimental precision

10 TeV |

I
|UP Basis| A

I
Global

1
[

T T
Individual

HEP[ITR

129

10+

81

61

~+

R

1QdH %856 stwi]




Summary

@ HEPfit has proven to be a robust and efficient code extremely
useful to fit the SMEFT

@ When considering the running/mixing the strongest individual
constraints do not usually come from the top sector

@ To lift blind directions in the global fit is best to include as many
observables as possible

e For the demanding U(2)® case HEPfit is able to perform a fit with
EW, di-boson, Higgs, top, Drell-Yan, LEP-II, and flavour data,
including around 200 parameters

@ Given the current data included few coefficients can be constrained
for the U(2)® case beyond the perturbative limit for realistic values
of A=10 TeV

o Constraints from future collider will provide complementary
information helping to constrain more operators beyond the
perturbative limit
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Thanks for your attention!
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Observables included: EWPO and Di-boson

o Electroweak precision observables
o Z-pole observables (LEP/SLD): [ 7,sin? 6, A;, Afg.. . -
o W observables (LEP-II, Tevatron, LHC):M,y, Ty,
e my¢, My, sinOg (Tevatron/LHC)
HEPfit contains all the predictions to EWPO in the SM at highest
available precision [J. de Blas, M. Ciuchini, E. Franco, A. Goncalves,
S. Mishima, M. Pierini, L. Reina, and L. Silvestrini, 2112.07274]

240 g 5% by conirs s
! N i and m, S

m[GeV]

0232

803 804 805 802 8025 803 8035 80.4

My [GeV] My [GeV]

Same framework for the SMEFT including LO contributions on it

@ Di-boson production
o ete™ — WT W™ [Berthier, Bjgrn, Trott, 1606.06693]
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Observables included: Higgs and Top quark

o Higgs boson observables
° Simplified Template Cross Sections (ATLAS and CMS)

t/b b
t/b/c
tb/ch  DeeeeeeH = lemeeel AN Deeeeee
t/blc
t/b/t ’
------ < - t/bt H ------< H ------<
bl (74 blc T/u

e Top-quark measurements

T

o Asymmetries plus inclusive and differential cross sections
pp — tt, ttZ ttW, tty,tZq,tyq,tW,. ..

The SMEFT parametrisations are obtained using MG5_aMC@NLO with the
UFOs SMEFTsim3.0 [I. Brivio, 2012.11343] and SMEFT@NLO [Degrande et al.,
2008.11743] cross checked with in-house UFO models from J. de Blas and
SMEFTci2 developed by Angelica Goncalves
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Observables included: Drell-Yan and LEP-II

@ Drell-Yan:
o Cross sections for Drell-Yan dilepton (pp — ££) and mono-lepton
(pp — 0v) searches by ATLAS and CMS
o Added using the package HighPT [L. Allwicher, D. A. Faroughy, F. Jaffredo,
O. Sumensari, F. Wilsch, 2207.10756, 2207.10714]

@ LEP-II production cross sections computed analytically by J. de
Blas

o ete™ — utu~, 771~ hadrons
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Observables included: Flavour

o |AF|=2: Amg,, Amg,, &, D—D

o |AF|=1: B— Xs 47 plus leptonic (Bs = utu—, B—1v, K — (v,
m — (v) and semileptonic (Bs — D¥)¢v, B — mlv, K — nlv)
mesonic decays

@ These observables are used to determine the Vkp in the SM fits

@ The UTfit collaboration (including L. Silvestrini and M. Valli) has
been performing these fits in the SM [UTfit Collab., 2212.03894]

o HEPfit uses a similar framework (including the mentioned
observables) to constrain the (SM +) SMEFT parameters

—0
o 1=
> UT; " (Ot
= 0.0085 e £
summer22 1 exclusife Amg
0.005F . -
osl Am,
0'0045:"“5'- Vip Tfit average ; /
0.004} = sk /
0.0035 o % / / .
0.003| £ 7
a
0.2~ V,
0.0025, -
ab
0.002 { | i i | e |
0.035 0.04 0.045 -0.2 02 0.4 0.6 08 1 12
V P
v
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| Matching at Ayy
GlObal pICture Matchete [Fuentes—M%rtin et g , 2212.04510]

¢UV1 Yuv, Xuv.--- Matchmakereft [Carmona et al. , 2112.10787]
Auv CISE/IEFT(/\UV) satisfy the flav. symmetry of UV
RGESolver (C++ library) DsoiihTir::ls
Stefano di Noi and (Mathematica)
SMEFT Luca Samio 2210.06838] wilson
(w) (python)

Based on ].—lOOpZ [Jenkins, Manohar,
Trott, 1308.2627, 1310.4838,1312.2014] | SMEFT RGE
CMEFT(Agy) to calculate collider observables

Aew  Matching SMEFT with LEFT added in HEPfit
Based on: [Jenkins, Manohar, Stoffer, 1709.04486, 1711.05270]

LEFT Obtain CHEFT(Agy)

(t.HW.Z) Running of LEFT
included in HEPfit LEFT RGE
Ap (B
//t % C,-[_‘[]j] "(Ahaa) to calculate flavour observables

Slide adapted from L. Reina at LoopFest XXII
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Fits for U(3)° flavour symmetry: Individual

42 B B
DO [ - oy ——————————
SO frmm— =
S — — e
2
©0
2
DO fr - e
A AN A ——
[ZZ7777777777777% (Z777777777777777
s NSNS OISy, 45
] |
loy - - /
JO P ]
buyy - - .
P e
Py, - - 1y,
P —
m@w\@w@ —— L —
\@@&mv S .m - \w@w\
\@vu\\m - — o,
T [ - —
O [ ]
b\o 2
P T
2
O [ %5 e
2 — = = —
Of ——
2
Of - - e
‘O
e
% — p—
Of ——
4 2 E
®O [ ] e
DO fr ]
Ly, 4 — - - /o
\w@a\O —— | — “
P
Do Fr ——
2 ™ w — &
O [ >4 ——
£ u © 3 -
—— ——
< ™ o= -
DO o e
PR — - —
I ——
@\Mb — — G5
—— —
e
o )
OaO — — Qs
—— —
@ — = —
——— e —
Ly ™ = @
— —
&W — — N
——— ——
U — — Z
S —— e m— 2
Yob I )
— 2
‘o i B o
) — =
oL o
o = = E T i i G S
=3 = =1 | =1 = 1 ) i i I
— — — =1 — — =] =] =1 = =]
= S = =2 =

(A2L) 1adH %S6 e ['D/N /v

(;-AoL) Aaurenaoun 9,66 .v/'D

31/25

WStopmass

Victor Miralles



Fits for U(3)® flavour symmetry: Individual (quark op.)
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