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The high energy landscape

Lots of impressive cross-section measurements, but no clear deviation from the SM (yet) ...

... SO we study their overall pattern!

Linear EFT corrections:
interference SM-EFTdes
@NLO QCD

o(c, \) = ogy X

Quadratic EFT
corrections:
EFTds-EFTde
@NLO QCD
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Standard Model Production Cross Section Measurements
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Status: October 2023
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Why global SMEFT fits?

> The SMEFT is our universal tool to search for BSM physics above the EW scale, with minimal
assumptions on what it may look like

»  Given the cross-talk between Higgs, top, diboson and EWPO (and flavour and low energy
observables), a simultaneous fit is our only way forward

> Challenge: a large number of operators, with many datasets needed to break degeneracies

top EW
( e \ One observable can be influenced
ud by many operators Higgs decay
fC’HD \ CHt
CHWB CHD sz 1) . _ _ ___@
Cns Co O | Cral| O
CHW ) ng) CtB
Cita Chy Cru Cha oo
Cno Q EWPO qu One operator can contribute to
Cin many different observables
Con e Ok O3 C3, C8, /
Cr Ce Ci Ci C, -
\Cer -

: _/ _ .
Higgs ete” = ff Zh production Weak boson fusion

Higgs production

[2012.02779] Fitmaker collaboration Anke Biekétter - HET seminar Brookhaven
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https://indico.bnl.gov/event/14918/attachments/41472/69484/EFT_Biekoetter_BNL.pdf

[2404.12809] (Submitted to JHEP)



SMEFIT under the hood

N[ )

Projections

4 Theory N

SM: (N)NLO QCD + NLO EW

Data

447 measurements from HL-LHC, FCCee, CEPC

EFT: NLO QCD, linear and Higgs, top, diboson and EWPO
quadratics, with SMEFT@NLO , o
Full experimental correlations + Automatic projection module
NNPDF4.0 no top Ui exp

[2309.04523] l

UV models > g M E FiT <+<——— External likelihoods

p—

g N D

Methodology Output
Linear: Analytical solution (fast!) Automatised fit reports that include
Quadratic: Nested Sampling Posterior distributions, PCA, Fisher info,
closure tests,..

\_ L J
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https://arxiv.org/abs/2302.06660

SMEFiT3.0 in a nutshell

»  SMEFiT2.0 extended with recent datasets in
top, diboson and Higgs production based
on the full Run Il luminosity 15 gy Cdy G

@
3,1 ~Qq
€Qq - CWWW

Ratio of Uncertainties to SMEFiT3.0 Baseline, O (A’Q) , Marginalised

th

> Full independent treatment of the EWPOs
from LEP and SLD

> Dedicated projection module to extrapolate
Run Il data to HL-LHC .

»  FCC-ee and CEPC pseudodata from :
Snowmass predictions , updated to 4
IPs as per the FCC feasibility midterm report

»  Both results in terms of Wilson coefficients
and UV-complete models oz
§MEFiT
> : o =—fe—H[- LHC == HL-LHC, individual
Public code, data and theory: results are o i
fully reproducible

“Spider plots / Antarctica plots"
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Full treatment of EWPOs

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

8g% = 0Gzgy + Qdsi + Ay =0, i=1,2,3,
094 = 09294+ A4 =0, =123,

Sg% = 8gzg% + Qdsj + Al =0,

094 =09z94+ A% =0,

Sq% = 6925 + Q%S5+ AY, =0,

894 = 63294 + A4 =0,

et 243 B _ O

C
Sgvt = oh_eh B 0, §=1,2,3,
Iv 4\/§GF
®) _ B _ O
v 4/2GF ’

» SMEFiT2.0: assumed measurements at LEP were precise enough to set the coupling

shifts to zero: 14 constraints, 16 d.o.f

» SMEFiT3.0: hardwired constraints get no longer imposed, EWPOs are treated on the

same footing as (existing) LHC data: 14 extra d.o.f
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Full treatment of EWPOs

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

69y = 0929y + QUdsh + Ay =0, i=1,23,

| § L _ . 1 1
s = dgats + A4 =0, i=123 (e (e )
gt = 6928% + Q053 + AY =0, o, o -
094 =09gzg4 + A% =0, Cope/u/T 0 2
_ = 1 1 1
g = 6g2g% + QUs5 + A}, =0, csoq) _ tw 43, 6 CoW B
69 = 89254 + A% =0, &) ~h  Ta CoD
9.3 _ B _ O c 1"
Wi, Gl 2Cp — Cupy — Cop . ou 0 3
dgy ™t = 2 =0, +1=1,2,3, 1
3)_ .3 3) c
59"1/7’1 _ Cll + C@q - C(Pel - c‘P£2 _ 0 \ Ee / O O /
v 4/2GF ’

» SMEFiT2.0: assumed measurements at LEP were precise enough to set the coupling
shifts to zero: 14 constraints, 16 d.o.f

» SMEFiT3.0: hardwired constraints get no longer imposed, EWPOs are treated on the
same footing as (existing) LHC data: 14 extra d.o.f

SMEFiT3.0 is simultaneously sensitive to 45 (50) Wilson coefficients at the linear (quadratic) level!
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© Exact EWPOs, NLOO (A=) Approx EWPOs, NLO O (A4

3.8
€Qq ||
—0.5 0.0 0.5
3
Ctd ||
-1 0
1
0.0 0.2
Copd

—-0.25 0.00 0.25

—0.25 0.00 0.25 —0.25 0.00 0.25
i | CoG | |
—0.5 0.0 0.5 —0.02 0.00 0.02

No major qualitative difference, but
the approximate implementation resulted in too
stringent constraints in some of the EW operators
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Exact EWPOs, NLO O (A_4) Approx EWPOs, NLO O (A_4)

CoG

=025 000 0.2

SMEFIT

—0.02  0.00 0.02 —0.2

No major qualitative difference, but
the approximate implementation resulted in too
stringent constraints in some of the EW operators
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Dataset upgrade

Extend SMEFiT2.0 with recent Run Il datasets from top, diboson and Higgs production

Category Processes [2105.00006] ndat- EEEEEEEESR %
SMEF1T2.0 SMEFIT3.0
tt+ X 94 115
ttZ, ttW 14 21
tty - 2
Top quark production single top (inclusive) 27 28
tZ,tW 9 13
tttt, ttbb 6 12
Total 150 189
Run I signal strengths 22 22
Higgs production Run II signal strengths 40 40
and decay Run II, differential distributions & STXS 35 71
Total 97 133
LEP-2 40 40 ;
Diboson production LHC 30 41
Total 70 81
Z-pole EWPOs LEP-2 - i 44 5
Baseline dataset Total 317 449 E

Flavour assumption: U(Z)q X UQ3),xUQR), X (U(l)f X U(l)e>3
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" SMEFiT2.0 Dataset, NLO O (A™*)

'~ SMEFiT3.0 Dataset, NLO O (A™)
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Strongest improvement observed in the 2L2H

operators
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How will this further improve at the HL-LHC and future colliders?
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° H H
Res u |t ® L- L C Ratio of Uncertainties to SMEFiT3.0 Baseline, O (/\_2) , Marginalised

- We project all Runll datasets
from the SMEFIT 3.0 baseline:
one for each process and final
state see backup for details

>~ We see an improvement
ranging from 20 to 70 % in
the marginalised fit

~ The EW operators only
improve in the marginalised fit
because of correlations

S MEFIT

== HL-LHC == HL-LHC, individual
SMEFiT3.0, individual

Jaco ter Hoeve - ICHEP - 20/07/24 11/15



Result: FCC-ee

Dataset input

~ EWPOs at the Z-pole

» Light fermion pair prediction

»  Higgsstrahlung and VBF

»  Gauge boson pair production

> Top-quark pair production

> Optimal Observables

Energy (v/s)

Lint (Run time)

FCC-ee

CEPC

240 GeV
350 GeV

91 GeV (Z-pole)
161 GeV (2mw)

365 GeV (2my)

300 ab~! (4 years)
20 ab™! (2 years)
10 ab™! (3 years)
0.4 ab—! (1 years)
3 ab~! (4 years)

100 ab—! (2 years)
6 ab—1 (1 year)
20 ab~! (10 years)

1 ab™! (5 years)
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Ratio of Uncertainties to SMEFiT3.0 Baseline, O (A_4) , Marginalised

c8 C1 C
b Q@ Q@ D ¢
Cot CWWW

=de=HL-LHC

HL-LHC 4+ FCC-ee

12/15



Result: FCC-ee energy breakdown

Ratio of Uncertainties to SMEFiT3.0 Baseline, O (A‘z) , Marginalised

1.1 1,8
€Qq

> The FCC-ee plans to operate
sequentially , hence we need to
study the impact at the various
energies

- Largest impact for Z-pole at 91 GeV
plus the Higgs factory run at 240 GeV

- We can try other combinations too in

order to find the most optimal run
order for the SMEFT

S MEFIT

—— HL-LHC + FCC- ee (91 GeV) —f— HL-LHC + FCC-ee (91 + 161 + 240 + 365 GeV)
HL-LHC 4 FCC-ee (91 4 240 GeV)

Jaco ter Hoeve - ICHEP - 20/07/24 13/15
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UV-complete models

We quantify the mass reach of one-particle
extensions of the SM matched at tree level

Future colliders will give an unprecedented
indirect mass reach: 100 TeV, 10 TeV and
70 TeV for some of the heavy scalars,

fermion, vector bosons (assuming gyy = 1)

Models sensitive to EW operators are
dominantly constrained at the FCC-ee

Scalars Fermions Vectors
Particle Irrep Particle Irrep Particle Irrep
S (1,1) N (1,1)4 B (1,1)
Si (1,1), E 1,1, B, (1,1),
¢ (1L, 2)1/2 Ay (1, 2)—1/2 w (1, 3)0
E (1,3)o As (1,2)_3/2 Wi (1,3),
& (1,3), 2 (1,3) g (8 1)
w1 @3, 1)—1/3 21 (1,3) 4 (8:3)o
wq (3 1)_yy3 U (3:1)y3 s (8,3)o
¢ (3,3)_1/3 D (B, 1)_y/3 Vs (6,2)_s5/6
01 (6, 1)1/3 Q1 3, 2)1/6
Q (6,1)y)5 Q7 (3:2)7/6
T (6,3)1/3 Ty (3:3)_1/3
@ (8,2) 1/2 T3 3, 3)2/3
Qs (3,2)_5/6
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Conclusion and outlook

New physics might be just around the corner, and the SMEFT provides the
ideal framework to capture its effects with a minimal set of model assumptions

SMEFiT3.0: the biggest global SMEFT analysis to date with 50 WC to 449
datapoints

Demonstrated the impact of HL-LHC and FCC-ee on the global SMEFT
parameter space

The FCC-ee offers an unprecedented indirect mass reach on new heavy
particles

Jaco ter Hoeve - ICHEP - 20/07/24 15/15



Conclusion and outlook

New physics might be just around the corner, and the SMEFT provides the
ideal framework to capture its effects with a minimal set of model assumptions

SMEFiT3.0: the biggest global SMEFT analysis to date with 50 WC to 449
datapoints

Demonstrated the impact of HL-LHC and FCC-ee on the global SMEFT
parameter space

The FCC-ee offers an unprecedented indirect mass reach on new heavy
particles

Contact: jthoeve@nikhef.nl Thanks for your attention!
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HL-LHC projections

The central values of the pseudo data are fluctuated
around the SM

O(GXp) O(th) (1 Tipe 5(Stat) +Z e 5(SYS)>
k=1

Statistical uncertainties we rescale according to the
improved luminosity

o _ o, [T
Z ' LHLLHC

While systematics are rescaled by an overall factor,
namely 1/2 for all datasets

) = 5o o 58

red
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Em NLO O (A72)
Bmm NLO O (A7)

2L2H

2FB

41

Fit residuals (pulls) are largely consistent with the SM
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Large correlations in linear fit get lifted in the quadratic fit
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Em NLO O (A72)
Bmm NLO O (A7)

2L2H

2FB

Ctz

41

Fit Residual (o)

Fit residuals (pulls) are largely consistent with the SM

Large correlations in linear fit get lifted in the quadratic fit
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With statistical noise = L1 Without statistical noise = LO

Ratio of Uncertainties to SMEFiT3.0 Baseline, O (A‘4) , Marginalised

Ratio of Uncertainties to SMEFiT3.0 Baseline, O (A™*) , Marginalised

\
\\
o (1 ‘}‘\\‘\
o Wl o
| 1 Sl
Cou \‘ \ /] )

Cre @ s
GG ey Ciz c<p3q @
SMEFIT
== HL-LHC =d— HL-LHC, individual

=@= SMEFiT3.0, individual

0.00
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FCC-ee and CEPC

Ratio of Uncertainties to SMEFiT3.0 Baseline, O (A‘z) , Marginalised




1-loop & multi-particle matching




° ° Category Process SM Code/Ref SMEFT
SM predictions : 10520 NLO
tt (incl) NNLO QCD NLO QCD
+ NNLO K-fact
_ LO QCD
tt+V NLO QCD MG5_aMC NLO
+ NLO SM K-fact
Top quark MG5_aMC NLO
single-t (incl) NNLO QCD NLO QCD
production + NNLO K-fact
LO QCD
t+V NLO QCD MG5_aMC NLO
+ NLO SM K-fact
- ee LO QCD
titt, thtb NLO QCD MG5_aMC NLO
+ NLO SM K-fact
NNLO QCD +
g9 — h HXSWG NLO QCD
NLO EW
NNLO QCD +
VBF HXSWG LO QCD
NLO EW
Higgs production NNLO QCD +
h+V HXSWG NLO QCD
and decay NLO EW
NNLO QCD +
htt HXSWG NLO QCD
NLO EW
NNLO QCD + NLO QCD (X = bb)
h— X HXSWG -
NLO EW LO QCD (X # bb)
NNLO QCD +
ete” - WHw- LEP EWWG LO QCD
NLO EW
Diboson
production pp— VV! NNLO QCD MATRIX NLO QCD
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HL-LHC projected datasets

Dataset L (fb‘l) Info Observables naat | Ref.
do /dp’y
ATLAS_STXS RunII_13TeV_2022 139 ggF, VBF, Vh, tth, th do /dm;; 36 | [55]
do /dp}
CMS_ggF aa_13TeV 77.4 ggF, h — ~vvy 0497 (P, Njets) 6 [83]
ATLAS ggF ZZ 13TeV 79.8 ggF, h - ZZ T g0¢ (P, Niets) 6 [84]
ATLAS ggF 13TeV_2015 36.1 ggF, h = ZZ, h — vy do(ggF)/dph. 9 [85]
ATLAS_WH_Hbb-13TeV 79.8 Wh,h — bb do'™ jdp}Y (stage 1 STXS) | 2 [86]
ATLAS.ZH Hbb_13TeV 79.8 Zh,h — bb do®Y /dp% (stage 1 STXS) | 2 [86]
CMS_H.13TeV.2015_pTH 35.9 h — bbh — vy, h — ZZ do /dph. 9 [87]
ATLAS WW.13TeV.2016 memu 36.1 fully leptonic do'"Y fdm,,, 13 [88]
ATLAS.WZ.13TeV_.2016 mTWZ 36.1 fully leptonic do'Y fdmi¥Z 6 [89]
CMS_WZ_13TeV_2016_pTZ 35.9 fully leptonic do'8Y /dpZ 11 [90]
CMS_WZ_13TeV_2022 pTZ 137 fully leptonic do | dp#% 11 [56]
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Dataset L (b : ) Info Observables ngat | Ref.
ATLAS.tt.13TeV.1jets.2016 Mtt 36.1 L4 jets do [dm,; 7 [o1]
CMS_tt_13TeV.dilep.2016 Mtt 35.9 dilepton do [dm,; 7 [92]
CMS_tt_13TeV Mtt 137 £+4jets 1/odo/dmy | 14 | [57]
CMS_tt_13TeV_ljets_inc 137 L4 jets a(tf) 1 [57
ATLAS-tt-13TeV.asy-2022 139 £+ jets Ac 5 [59]
CMS.tt.13TeV.asy 138 £+ jets Ac 3 [58]

ATLAS Whel.13TeV 139 W-helicity fraction Fo, FL 2 [60]
ATLAS ttbb_13TeV_2016 36.1 lepton + jets Teot (tEBD) 1 [93]
CMS_ttbb_13TeV_2016 35.9 all-jets Tror (LED) 1 [94]
CMS_ttbb_13TeV_dilepton_inc 35.9 dilepton Toor (LEBD) 1 [68]
CMS.ttbb-13TeV-ljets-inc 35.9 lepton + jets ot (LEbD) 1 [68]
ATLAS.tttt.13TeV.run2 139 multi-lepton oot (LELE) 1 [95]
CMS_tttt.13TeV.run2 137 same-sign or multi-lepton oot (LELE) 1 [96]
ATLAS tttt_13TeV_slep_inc 139 single-lepton oot (LEL) 1 [64]
CMS_tttt_13TeV_slep_inc 35.8 single-lepton Ovor (LELE) 1 [63]
ATLAS tttt_13TeV_2023 139 multi-lepton Orot (LELE) 1 [66]
CMS-tttt-13TeV.2023 139 same-sign or multi-lepton oot (tHLL) 1 [67]
CMS.ttZ.13TeV.pTZ 77.5 tiZ do(ttZ) /dpF 4 | 7
ATLAS ttZ.13TeV.pTZ 139 tiZ do(t1Z)/dpF 7 | [61]
ATLAS_ttW_13TeV_2016 36.1 W Frot(LIW) 1| [os)
CMS_ttW_13TeV 35.9 W ot (LEW) 1| [99)
ATLAS_ t _tch_13TeV_inc 3.2 t-channel Tt (Lq), orae(Eg) 2 [100]
CMS.-t.tch-13TeV.2019.diff .Vt 35.9 t-channel dor fd|y| 5 | [101]
ATLAS.t.sch.13TeV.inc 139 s-channel o(t+1) 1 [69]
ATLAS tW_13TeV.inc 3.2 multi-lepton orat(tW) 1 [102]
CMS_tW_13TeV_inc 35.9 multi-lepton oot (tW) 1 [103]
CMS_tW_13TeV_slep_inc 36 single-lepton Orot (tW) 1 [71]
ATLAS-tZ-13TeV.run2-inc 139 multi-lepton + jets ara(tf* € q) 1 [104]
CMS.tZ.13TeV.pTt 138 multi-lepton + jets doaa(tZj)/dpr 3 [70]
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Operator Coefficient Definition
3rd generation quarks
> —
2 o () i(¢' Du ) (@7 Q)
0(3) (3) . fB A ot 1
Q0 Cotr i(¢'Du1ip) (R 7'Q)
H —
O, Copt i(p! Dy @) (E4* 1)
O.w Ctw i(QT™ T t) WL, + he
O.s CtB (*) i(QT#V t) P pr +h.c.
O.c G igs (QTH* Ty t) G, +he.
Om Ctyp ((P‘(P)Q to+ h.c.
Os, Chyp (tp*tp) Qby+h.c.
1st, 2nd generation quarks
(—)
o) ced (%) 5 i(e'Dy9) (@ )
“
oL ey -12’(9" Dy 7r0) (Giy" ')
Oy Coui 2 ile! Dy ) (i wi)
O«,odi Codi . 231( po 99)(_:'7“‘1;’)
Oc;p Cc&p ((p1(p) 2 C(p + h.C.
two-leptons
“» —
o) b i(' Dy ) (L7 )
(3) 3 T 7. bl g,
O, €, i(' Dy 1i0) (€ y* T'E3)
“r
0.. Cioe i(p' Dy, p) (€7 €)
>
0., Cop i(¢' Dy o) (A" )
“»
O, Cor i(p' Dy p) (72" 7)
0., Cro ((p‘c,o)[ 3T¢ + h.c.
four-lepton
Ou Cep (Zl"!'pe2) (ZTT’TI)
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Operator basis

Ok = (Giv*q;) (@vua),

O30k = (v 11 g;) (qrvut @),

O = (giv ;) (T yuw),

08(”“) (@ T 5) (T w),
l(z]kl) ( ’Y”q])(dk’)’pdl)
8(23kl) = (q ,YuTAqJ)(dkfy“T dp),

0(”’“’) (v ;) (Tryuw),

O = (@eytuz) (dyudy),
8(kal) (aﬁnT uj)(dqu dp),
Operator Coefficient Definition
O,c CoG Carlergers
O,z CyB (‘PT‘P) B" By
Opw Cow (elo) Wi Wy,
O,ws CoW B ('1rp) BHW,,
0,04 Copd Au(pT )M (pTp)
O,p CoD (' DHp) (o Dyyp)
Ow CWWW €IJKW;{uWJ’VpW;rﬁK H
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FCC-ee and CEPC datasets

EWPOs
Z-pole EWPOs (v/s = 91.2 GeV)
o, §/A O;
FCC-ee CEPC
a(mz)™1(x10%) | A =27 (1.2) A=17.8
'y (MeV) A =0.85 (0.3) A =1.8(0.9)
I'; (MeV) A = 0.0028 (0.025) A = 0.005 (0.025)
A, (x10°) A=0.5(2) A=1.5
A, (x10°) A=1.6(2.2) A =3.0 (1.8)
A, (x109) A = 0.35 (20) A =1.2 (6.9)
Ay (x10°) A=1.7(21) A =3 (21)
A, (x10°) A =14 (15) A =6 (30)
ol 4 (pb) A =0.025 (4) A =0.05 (2)
R. (x10%) § = 0.0028 (0.3) § = 0.003 (0.2)
R, (x10%) § = 0.0021 (0.05) § = 0.003 (0.1)
R, (x10%) § = 0.0021 (0.1) § = 0.003 (0.1)
Ry (x10%) § = 0.001 (0.3) § = 0.005 (0.2)
R, (x10%) § =0.011 (1.5) § =0.02 (1)

Zh and VBF (hvv)
ete™ — Zh
Vs =240 GeV Vs =365 GeV
o; SexpOi (FCC-ee) | SexpOi (CEPC) | Gexp®; (FCC-e€) | SexpOi (CEPC)
OzZh 0.0035 0.0026 0.0064 0.014
oz % BRy; 0.0021 0.0014 0.0035 0.009
ozn X BReg 0.0156 0.0202 0.046 0.088
ozn X BRgg 0.0134 0.0081 0.0247 0.034
ozn X BRzz 0.0311 0.0417 0.0849 0.2
ozn X BRww 0.0085 0.0053 0.0184 0.028
ozn X BR+, 0.0064 0.0042 0.0127 0.021
oz X BR, 0.0636 0.0302 0.127 0.11
Ozh X BR'yZ 0.12 0.085 - -
ete” — hvr
/5 = 240 GeV /5 = 365 GeV
O; dexpOi (FCC-ee) | dexpOi (CEPC) | expOi (FCC-ee) | dexpO: (CEPC)
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ohw X BRy;,
Ohvv X BRez
Ohyy X BRgg
O X BRzz
Ohvw X BRww
Ohyy X BRT+T_

Ohyy X BR’y'y

0.0219

0.0159

0.0064
0.0707
0.0318
0.0707
0.0255
0.0566
0.156

0.011
0.16
0.045
0.21
0.044
0.042
0.16
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FCC-ee and CEPC datasets

ete” > ff Light fermion production
Vs = 240 GeV Vs = 365 GeV

O; AcxpO; (FCC-ee) | AeypO; (CEPC) | AeypO; (FCC-ee) | AeypO; (CEPC)
owt(ete™) [fb] | 2.29 1.62 2.74 4.68
Apg(ete™) 9.79-107° 6.92-10° 2.83-107° 4.83-107°
oot (™) [fb] | 0.405 0.287 0.48 0.82
App(ptp) 1.98-1074 1.397-10~* 5.69-10~* 9.7-10~4
oot (7777) [fb] | 0.374 0.264 0.443 0.756
App(tt77) 2.17-1074 1.53-1074 6.24 - 1074 0.00106
otot(cC) [fb] 0.088 0.062 0.102 0.175
Arpg(cc) 0.000813 5.74-1074 0.00238 0.00405
1ot (bb) [fb] 0.151 0.107 0.171 0.29
Apg(bb) 4.86 - 104 3.44-107* 0.00142 0.00243

ete” - WTW~—
o, Vs =161 GeV Vs = 240 GeV Vs = 365 GeV
dexp (FCC-ee) | dexp (CEPC) | dexp (FCC-ee) | dexp (CEPC) | dexp (FCC-€€) | dexp (CEPC)

oww 1.36-10~4 2.48 - 104 1.22-10* 8.63-1075 2.81-10* 4.87-107*
BRw 0,0, | 2.72-1074 4.95-1074 2.44-1074 1.73-10~4 5.63-1074 9.75-1074
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EWPO benchmark

Individual 68% C.L intervals at O (A_Q) , LO
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