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The special role of top

Standard Model Total Production Cross Section Measurements Status: June 2024
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* Top plays a special role in the SM

P A
- largest fermion mass <tM .ﬂ

- largest Yukawa coupling
- top-loop effects are crucial in Higgs and EW processes Q\ ﬂl\

larXiv: 1804.097606]

* Cross-talk between different sectors (Higgs, top, EW) requires a global analysis
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SMEFT global fits

* The SMEFT reveals high energy physics effects through
precise measurements at low energy
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* |deal framework to look for overall pattern in global fits

* Large number of operator coefficients, many datasets needed to break degeneracies
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Fitmaker Collaboration [arXiv:2012.02779]
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One observable can be influenced

by many operators

One operator can contribute to
many different observables

e S

ete” = ff Zh production

Higgs decay

B

Weak boson fusion
Higgs production

Anke BiekoOtter - HET seminar Brookhaven
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SMEFiT3.0: a summary
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e Extension of SMEFIT2.0 with recent LHC Run-Il datasets on top, diboson and Higgs
production [arXiv:2105.00006]
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e Exact treatment of LEP and SLD Electroweak Precision Observables (EVWPOSs)
* Projections for HL-LHC pseudodata extrapolated from Run-Il data

* FCC-ee and CEPC pseudodata from Snowmass predictions updated with FCC midterm

Feasibility Report [arXiv:2206.08326]
[CERN/3789/RA]

e Results for LHC Run-Il and future colliders in terms of Wilson coefficients and UV-complete

models
[arXiv:2309.04523]

* Public code, data and theory: results are fully reproducible
() [Incfitnikhef.github.io/smefit_release/]
| | | I il | |
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https://lhcfitnikhef.github.io/smefit_release/
https://inspirehep.net/literature/2696156
https://arxiv.org/abs/2206.08326

The SMEFIT setup

445 data points from Higgs, top, diboson
(LHC) & EWPOs (LEP)

Experimental uncertainties + correlations
as provided by experiments

U _J

§MEFiT/

Giani, Magni, Rojo, arXiv:2302.06660
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The SMEFIT setup

SM: (N)NLO QCD + NLO EW

EFT: NLO QCD, linear and quadratics, with
SMEFT@NLO

NNPDF4.0 no top

& v

445 data points from Higgs, top, diboson
(LHC) & EWPOs (LEP)

Experimental uncertainties + correlations
as provided by experiments

& J

\»‘S‘MEFiT/

Giani, Magni, Rojo, arXiv:2302.06660
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The SMEFIT setup

a N\ [ )
SM: (N)NLO QCD + NLO EW 445 data points from Higgs, top, diboson
EFT: NLO QCD, linear and quadratics, with (LAC) & ERPOs (LEF)
SMEFT@NLO Experimental uncertainties + correlations
NNPDF4.0 no top as provided by experiments
_ | J v

/G;m Magni, Rojo, arXiv:2302.06660

Linear fit: Analytical solution
Quadratic fit: Nested sampling

k (Bayesian inference) J

-

Eugenia Celada - Top 2024 5


https://arxiv.org/abs/2302.06660

The SMEFIT setup

SM: (N)NLO QCD + NLO EW

EFT: NLO QCD, linear and quadratics, with
SMEFT@NLO

NNPDF4.0 no top

U J

e

445 data points from Higgs, top, diboson
(LHC) & EWPOs (LEP)

Experimental uncertainties + correlations
as provided by experiments

U _J

MEFIT/

/Gl;m Magni, Rojo, arXiv:2302. OGN

-

Linear fit: Analytical solution
Quadratic fit: Nested sampling

\ (Bayesian inference) J
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a Output A

Automatised fit report with bounds on
coefficients, posterior distributions,
PCA, Fisher information
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https://arxiv.org/abs/2302.06660

Experimental input

Extension of SMEFiT2.0 with recent LHC Run-Il datasets on top, diboson and Higgs
production

SMEFIT3.0: EC, Giani, ter Hoeve, Mantani, Rojo, Rossia, Thomas, Vryonidou [arXiv:2404.12809]
SMEFIT2.0: Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, Vryonidou, Zhang [arXiv:2105.000006]
Ndat
Category Processes
SMEF1T2.0 SMEF1T3.0
tt+ X 94 115
7, tTW 14 21
tty - 2
Top quark production single top (inclusive) 27 28
tZ,tW 9 13
tttt, ttbb 6 12
Total 150 191
Run I signal strengths 22 22
nggs production Run II SIgnal Strengths 40 36 (*)
and decay Run II, differential distributions & STXS 35 71
Total 97 129
LEP-2 40 40
Diboson production LHC 30 41
Total 70 81
EWPOs LEP-2 - 44
Baseline dataset Total 317 445 —|—1 1 8 data pOH’TtS
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Theory input: operators

e Warsaw basis of dim-6 SMEFT operators
* Flavour symmetry: Simultaneous fit of 50

U2),x U3);x UR), x (U(1); X U(1),)’ Wilson coefficients
+ Yukawa of bottom, charm and tau
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Current global fit results

Marginalised linear and quadratic

B NLOO(A™%2) mmm NLOO(A™)

10-3 10-2 107! 100 10! 102

10! 102
4

10-3 10-2 10! 100 10! 102 10! 102

* Most bounds below 1 for A =1 TeV

10-3 10-2 10-! 10° 10!

95% Confidence Level Bounds (1/TeV?)
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Current global fit results

Marginalised linear and quadratic M
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Current global fit results

Marginalised linear and quadratic S —
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Current global fit results
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Current global fit results

..........................................................................................................XH......

1 4 -
' ' ' ' cQq B NLOO (A2
* it residuals (pulls) largely consistent with the %] = .
) - s NLOO (A7)
ch T
8 I
CQ!
1 4 -
(SM) | | . | |
; —_ . -3 -2 -1 0 2 3
— < Ci > Cz
P - = 2L2H
. 18 J I
min max 6 8 % CI Cqq ——
C: 3 C: 11 —
1 1 Cgq ——
38 4
CQ q i
c3,1 4 .
[ [ ] [ [ [ [ ] Qq
4 q
e Large correlations in the linear fit are lifted in the quadratic fit  «
1 |
.o B . 1 e
© T w0 T & s s 23 X X s o9 o5 S U NGO Ror T Y fodedeT e 2oy L0 RBEREQ 1 -
PP T T F F R TR TP P S § S8 S oFTFTTS ST I IS SIS sgdds s dg& & Ctu -
1.8 4 I
ok 04 04 B 0207 08 Gu f—
B W 2 Chu T ——
€Qq Qu
| o2 -03 03 -04 02 02 I I 08 09 &) e —
3.?
€Qq o4 Cia ] =
tq- 03 580 o7 0308 04 04 0.4 02 08 A e
1
oy 03 05 02 08 o o
& loa 03 -o.a- 05 -05 03 03 02 @ . . . . .
iy 03 02 o8 g -3 -2 -1 0 1 2 3
8
e o4 [ os 03 09 B8 o s 02 07 o
ClQu -0.4 02 -0.5I4).2 -0.3 i1 -0.4 0.2 0.4 -05 03 0.2 Cop 1 — T —
8 -
& 2 -04 0305 04 03 b [ I
ey 02 08 o2 03 . |
” —
8
“qu [B o2 @@ o5 [@Bos s 08 o7 Cro .
@ 2 R S - b o ——
Cep 02 02 03 04
Chp 03 02 03 0.4 04 04 050505 02 (0605 05 03 cw -
Cty 0.2 . -0.2 0.2 Gz [ ..
(3) 1 e
Crp 09 Coq
ac |02 03 03-03 0403 04 05 1 —
o |07 08 o3 [Hfos 08 -02-02 02-02-02 B8 o 02 e e
c((;q) 03 03 0.3 0.3 03 0.4 ) —
3 P
&) . 03 fos o g =
Cf:;(g 02 03 0.4 -0.4 04 -04 040404 04 04 .
a7 e
) - 04 03 #
‘Q Cot | e
o T T _ _
Cod 03 02 02 02 02 03 02 Coly !
Cot [06/-0.4 04 02 08 Coly T _—=
o, 04 02 04 03 03 Coly T —
@, 0.4 0.2 0.4 05 -0.4 03 0.3 03 _03 Ef:l) 1 —_——————
\
Coly 04 04 02 0.4 03 02 ¢ 1 j—
C(ifl) 03 05 -0.4 05 0.2 0.2 0.2 -0.3 0.2 C(3) i —EE
¢ Hzi 04 -0.4[0N-0.2 ct: | L
s 4 -
B 03 03 0.4 05 -02 —
els Cop -
Coe 05 02 04 02 02 L
Con 05 02 04 02 02 Cor ; ; - ; !
Cor 05 -0.2 04 02 02 -3 -2 -1 0 1 2 3
cu 03 -03 03 -03 41
CoG 0.2 03 03 0.2 —0.2- -0.5 cu .{ ' —
con . . 02 .-o.z . . 02 02 02 3 5 1 0 > 3
cow 0308 -02 04 0.4 s
cowB 05 02 04 [080s
o6 1 -
cwww 0.2 03 02 02 0.2 G
.0 04 02 02 030302 -03-03-03 [ ———
oD 05 02 04 Cow ] .
CoWB ] —
P - -2 cwww B
Correlation: NLO O (A w
Co0 ] —— .
_ -, S MEFIT
2

Eugenia Celada - Top 2024 9 e 5

0
Fit Residual (o)



Current global fit results
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Impact of new datasets

" SMEFiT2.0 Dataset, NLOO (A™%) [ SMEFiT3.0 Dataset, NLO O (A™%)

strongest improvement
on the

operator coefficients
‘ (factor 2-3)
f t
f

N o
_/\E

from:
e {1 production
—0.25 0.00 025 [ ] AC in tf

l S MEFIT

—0.025 0.000 0.025 -0.2 0.0 0:2 . . —0.25 0.00 0.25 —-0.25  0.00 0.25

—=0.25 0.00 0.25
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Prospects at future colliders

Implemented in SMEFIT3.0

ilp
Infernational linear collider /:\ JON Colider

ollaboration
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HL-LHC results

. 1
R [cmin | ¢inax] 95% CL (baseline + HL-LHC) &, cht a Q@ Cep T
d0c; — ) . .
[cmin | ¢max] 95% CL (baseline)

S MEFIT

== HL-LHC == HL-LHC, individual
Eugenia Celada - Top 2024 13 —®— SMEFiT3.0, individual ~ Baseline: LHC, marginalised, quadratic



HL-LHC results

o lern e 9% CL (haseline + HL-LHQC)
dc; — )
: [cmin | ¢max] 95% CL (baseline)

e L1 projections of Run |l datasets

* pseudodata fluctuated around SM theory
* statistics rescaled by luminosity
+ systematics reduced by a factor 2

S MEFIT

== HL-LHC == HL-LHC, individual
Eugenia Celada - Top 2024 13 —®— SMEFiT3.0, individual ~ Baseline: LHC, marginalised, quadratic



HL-LHC results

[gmin, gmax] 9% O (g geline 4+ HL-LHC)
Réci - min .max]95% CL
[c c ] (

T 0T

baseline)

* L1 projections of Run Il datasets

pseudodata fluctuated around SM theory
* statistics rescaled by luminosity
* systematics reduced by a factor 2

 marginalised bounds improve by a
factor 1.2-3

 individual bounds are overly optimistic

. improved by 30% (further
iImprovement of a factor 2 expected with a
dedicated binning)
[arXiv:2206.083206] . i
- GG 0
[arXiv:2205.02140] CwW iz Coq ¥ §MEFiT
=fe— HL-LHC == HL-LHC, individual

Eugenia Celada - Top 2024 13 ~®— SMEFiT3.0, individual  Baseline: LHC, marginalised, quadratic



Future circular lepton colliders

e Dataset input
EWPQOs at the Z pole

- light fermion pair production Energy (V/s) o (8 ) Lrcc—ee/Lerpc
FCC-ee (4 IPs) CEPC (2 IPs)
Higgs production (Higgstrahlung and VBF) 91 GeV (Z-pole) | 300 ab1 (4 years) | 100 ab-1 (2 years) 5
- diboson (WW) production 161 GeV (2my) | 20 ab~! (2 years) | 6 ab~! (1 year) 3.3
. top pair produc’[ion 240 GeV 10 ab~! (3 years) | 20 ab™! (10 years) 0.5
350 GeV 0.4 ab~! (1 year) | 0.2 ab~! 2
e Uncertainty projections from Snowmass 365 GeV (2m;) | 3 ab~! (4 years) | 1 ab~! (5 years) 3
study updated with FCC midterm Feasibility
Report larXiv:2206.08326]
[CERN/3789/RA]

Eugenia Celada - Top 2024 14



FCC-ee results

[gmin, gmax] 9% O (g geline 4+ HL-LHC)
Réci - min .max]95% CL
[, ] (

) )

baseline)

. improve of up to a
factor 30

. operators improve of up to a
factor 50

° NO sensitivity to operators:
improvement only from marginalisation

further improvement expected from
one loop corrections

[see for instance arXiv: 1809.03520,
arXiv: 2409.11466]

C C
G ey Ctz Cpq ¥9

S MEFIT

Baseline: LHC, marginalised, quadratic
Eugenia Celada - Top 2024 15 —+—= HL-LHC  —@= HL-LHC+FCC-ee


https://arxiv.org/pdf/1809.03520
https://arxiv.org/pdf/2409.11466
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Conclusions & outlook

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

« SMEFT is a consistent way to look for new interactions
e Global fits need to combine all the processes available at LHC

« SMEFiT3.0 in the biggest global SMEFT analysis to date: 50 Wilson coefficients and
445 datapoints

e Significant improvement in New Physics reach expected at HL-LHC and at future
circular lepton colliders

e Extension to other future colliders (ILC, CLIC, muon collider) and RG running in
progress

» Code, data and theory are public and available at ) Incfitnikhef.github.io/smefit_release/
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EWPOs exact implementation

(3) _ 1 1

: . o) S
 SMEFiT2.0: assume LEP/SLD measurements precise enoughto | .7, 0o i
' ' C_) % ﬁ_% CoWB
set coupling shift to O S Il L ( oD )
=% only 2 independent Wilson coefficients iy o 4
Cee 0 0
| Exact EWPOs, NLO O (A™*) Approx EWPOs, NLO O (A™%)

e SMEFiT3.0: EWPOs implemented
like the rest of LHC data
=» 16 independent Wilson
coefficients

no major difference, but the
approximate implementation
resulted in too stringent constraints
on some EW operators
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New LHC datasets

Dataset Vs (TeV) | £ (fb~1) Info Observables Ngdat | ref.
do /dp’y
ATLAS _STXS RunII_13TeV_2022 13 139 ggF, VBF, Vh, tth, th do/dm;; 36 [82]
do /dpY.
CMS_WZ_pTZ_13TeV_2022 13 137 W Z, fully leptonic 1/odo /dp% 10 [83]
CMS_tt_13TeV_ljets_inc 13 137 £+ jets o(tt) 1 [84]
CMS_tt_13TeV. Mtt 13 137 £+ jets 1/odo /dm,; 14 [84]
CMS_tt_13TeV_asy 13 138 £+ jets Ac 3 [85]
ATLAS_tt_13TeV_asy. 2022 13 139 £+ jets Ac 5 [86]
ATLAS Whel_13TeV 13 139 W -helicity fraction Fo, Fr, 2 [87]
ATLAS ttZ_13TeV_pTZ 13 139 ttZ do /dp? 7 [88]
ATLAS tta_8TeV 8 20.2 Inclusive o (tty) 1 [89]
CMS_tta_8TeV 8 19.7 Inclusive o (tty) 1 [90]
ATLAS tttt_13TeV_slep-inc 13 139 single-lepton oot (tttt) 1 [91]
CMS_tttt_13TeV_slep_inc 13 35.8 single-lepton Otot (tttE) 1 [92]
ATLAS tttt_13TeV_ 2023 13 139 multi-lepton oot (tttt) 1 [93]
CMS_tttt_13TeV_2023 13 139 same-sign or multi-lepton Ot (tttE) 1 [94]
CMS_ttbb_13TeV dilepton_ inc 13 35.9 dilepton oot (tEbD) 1 [95]
CMS_ttbb_13TeV_ljets_inc 13 35.9 £+ jets ot (tEbD) 1 [95]
ATLAS t_sch_13TeV_inc 13 139 s-channel otot (t + 1) 1 [96]
CMS_tZ_13TeV pTt 13 138 dilepton doga(tZ7)/dp% 3 [97]
CMS_tW_13TeV_slep.-inc 13 36 single-lepton oot (tW) 1 (98]
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LO vs L1 projections

e Level-0: no fluctuation of the pseudo-data

O(exp) = (’)gth) , 1=1,..., 0
* Level-1:
- pseudodata fluctuated around SM
OgexP) = Oz(th) (1 + Tz'(sz(Stat) + Z‘T‘k,i(s,(:},s)) ’ 1= 1, .+ .3 NMbin
k=1

- statistics rescaled by luminosity
5(stat) _ S(stat) LRun2
' *V LuLLHC

- systematics reduced by a factor % = 1/2

N k .
68 =58 fB =1, k=1, ng

Good agreement found between the two approaches.
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FCC-ee and CEPC

== HL-LHC + FCC-ee =@®- HL-LHC + CEPC
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FCC-ee energy breakdown

Study the impact of sequentially adding
different runs

 largest impact from 91 + 240 GeV
combination

e 365 GeV also relevant

== HL-LHC + FCC-ee (91 GeV)
~®— HL-LHC + FCC-ee (91 + 240 GeV)
== HL-LHC 4 FCC-ee (91 + 161 + 240 + 365 GeV)
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