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Effective Field Theory

Energy : .
UV physics (hea articles) L 7'.X,Q,S...
physics (heavy particles) Lnp (¢ Q )

new

Effective Field Theory Lsa(¢)H Laime(@)[+ - -

Standard Model Lsa (o)

Effective Field Theory reveals high energy physics through
precise measurements at low energy.
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EFT pathway to New Physics

Z—% Precise EFT predictions

L— Precise SM predictions

L. Precise experimental measurements
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Global nature of EFT
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Global fit Setup

| Experimental data }
{ 445 data points from: Higgs, top, diboson (LHC) & }
{ EWPO (LEP). :

{ Inclusive and differential: mostly parton level

} Accurate predictions for the SM and the EFT ?
| SM: (N)NLO QCD + NLO EW

EFT: NLO QCD, linear and quadratics, with  §
t SMEFT@NLO NNPDF4.0 no top ]

¢ Experimental uncertainties and their correlations
| as provided by experiments ]

™ G MEFITY

" Giani, Magni, Rojo arXiv:2302.06660™

Qutput |

-' Fit reports with bounds on coefficients, posterior
t distributions, PCA, Fisher information
i Constraints on New Physics scale

Methodology

Nested Sampling for quadratic fits

t Analytic solution for linear fits

{ Faithful uncertainty estimate

¢ Avoid under- and over-fitting, validated on  §
{ pseudo-data (closure test) |

¢ Fit results can be used to bound specific UV ,
1 complete models | f
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Experimental input

Category Processes dat
SMEF1T2.0 SMEFI1T3.0

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
L E P & Total 150 191
Run I signal strengths 22 22

L H C Higgs 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

SMEFIT3.0 Celada, Giani, Mantani, Rojo, Rossia, Thomas, EV, ter Hoeve arXiv:2404.12809

SMEFiT2.0: Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006
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Which operators?

Flavour assumption:

U(2)gxU(3)gxU(2)y x (U(1)e xU(1)e)®  + Yukawa of bottom, charm and tau

DoF Definition (in Warsaw basis notation) | DoF Definition (in Warsaw basis notation)
Operator Coefficient Definition ‘ Operator Coefficient Definition
1 1(3333) _2.3(3333) s 3(3333)
3rd generation quarks Q@ 2¢q 3Caq ‘QQ 8cqq
1 (L(3333) s 8(3333)
o) ey 49 A = CQt Cqu CoOt Cqu
044 cog () i (cpTD,L ©) (@7 Q) Ow aw i(QT 1) @ W , +h.c
hug = = 1,8 1(433 3(¢33 1,1 1 33 1(233 3(233
Oi?g L(pig i(‘pr,u TI(P) (Q yH TIQ) O,s e (%) i(QT’“’ t) @B +h.c Oq s (i33d) + 3¢5 (z i) o (u ) + f1S qu i) 4 ; q((]z i)
s B ) _ .
ngt Cot i QDT Du SD) (t ,_yp, t) OtG e igs (QT;U/ TA ) QOGA +h c. Cgs é((]l?)?)’b) _ 0281331) C%; 3(%33) +1 ( 1(1331) 0251331))
O,, Cte (p'e) Qtp+hec. Oh, Chp (pT@) Qby +hc. ng 21(}133) cth cl(“33)
1st, 2nd generation quarks c?u 205}330 ctlu (“33) + 3 (1331)
- - _ 8 8(3344) 1 1(33i1)
o) ENOIEDY i(¢'Dy ©) (@ 7" @) O,a Cod i(¢" Dy o) (di v dy) CQu Cqu Ou Cqu
s S e 8 S(3344) ol (3349
0¥ %) > i(e' Dy i) (@ 7'ai)| O, Cep (¢tp) @2cp+hec. td Cud td ud
=12 o 3 S(3347) cl L (3349)
Op  Cpu S i(" D o) (33 7 ws) o Cad o Cud
i=1,2
two-leptons
O, Cot; i(WTBu 90) (gi yH fi) 0, Con i(cpTBN <,0) ( iyt “) Operator Coefficient Definition Operator Coefficient Definition
x4 <>
(’)(i)_ (32)- i(cpTDH 7'199) (Z_i A 7"&4) O, Cor i(cpTDN <,0) (7" A 7')
oL Coot; o ) ¢ N O.c CoG ((pT ) G GA O.0 Cpl) au((pT‘p)au (‘PTSD)
O,. Cope 1 (<p D, <p) (e yH e) (O Cro (cp <p) 3T+ h.c.
O<pB CyB (‘PT ) B B;U/ O¢D CoD (‘pTDM(p)T(y)T Du(p)
four-leptons v I ya7J, K
O,w Cow (o) W WL, | Ow CWWwW e1ggk W, WHePw, ok
0 Tryule) (Bt |
o Cue ( 1w 2) ( 27 1) OchB CoWB ((PTTNP) B;,LVW’L/

50 degrees of freedom
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Current global fit results

W NLOO(A2) W NLOO (A9

W NLOO(A2)  WEm NLOO (A™9)
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s @ /
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95% Confidence Level Bounds (1/TeV?) Cou ‘
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41
. e —— |
- Bounds varying between operators 1 e
Most Wilson coefficient bounds below 1 for A=1 TeV * v
Cow | i
Quadratic terms important )

Cwww

C,

Least constrained coefficients are 4-top operators ..,

107* 1072 107! 10° 10!

95% Confidence Level Bounds (1/TeV?)

arXiv:2404.12809
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- Bounds varying between operators

Most Wilson coefficient bounds below 1 for A=1 TeV

Quadratic terms important

Least constrained coefficients are 4-top operators
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Current global fit results
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How about the HL-LHC?

( iLumi )
LARGE HADRON COLLIDER

LHC HL-LHC
i
| | Run 2 | | Run 3
EYETS LS2 13.6Tev  [RUAR 13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation -
7 TeV 8 Tev button collimators interaction . ) inner triplet . HL LH.C
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
5to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes . . . . HL upgrade
nominal Lumi 2 X nominal Lumi, ALICE - LHCb p—2x nominal Lumi |

75% nominal Lumi | /_ upgrade
m m m integrated 3000 fb!

luminosity [ELVR{ o
HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY ) PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. |||| PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS

+ HL-LHC will collect 3000ab-1 over the next 20 years
- Any future project will come after that

- How will the constraints look at the end of the HL-LHC?

E.Vryonidou LCWS2024



Constraints at the HL-LHC

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

- We project all Run |l datasets: one for each process ;
and final state B8 o

8 1

Qt CWWW

- Scaling of uncertainties:
- Statistical ones scaling with Luminosity

- Systematics reduced by a factor of 2 1

- Explore relative improvement compared to
current LHC fit G

- We see an improvement ranging from 20% to a 5
factor of 3 in the marginalised fit

- Improvement also through marginalisation

- No dedicated binning: Expect further
)
() SR

improvement over LHC due to access to 2

istically limited high ener | “C ew az g 9 :

statistically limited high energy tails z ¢ S MEFIT

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

arxiv:2404.12809
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The future

International
UON Collider
Collaboration

<P

CEP &)
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Future circular lepton colliders

=

—

3

Energy (v/s)

Lint (Run time)

FCC-ee (4 IPs)

CEPC (2 IPs)

LECC—ce/LCEPC

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

365 GeV (2m;)

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

100 ab~! (2 years)
6 ab—! (1 year)

20 ab~! (10 years)
0.2 ab™!

1 ab™! (5 years)

3
3.3
0.5

2

3

LCWS2024
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Future Circular Colliders

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

What will the FCC-ee measure?
- EWPOs at the Z-pole
+ Light fermion pair prediction
- Higgsstrahlung and VBF
- W boson pair production
- Top-quark pair production (365GeV)

Uncertainty projections from
Snowmass study:
arXiv:2206.08326

See also Jorge’s talk on Monday

Significant improvement for:

» gauge operators (up to 30 times)
- 2-fermion operators (up to 50 times)

E.Vryonidou

LCWS2024

€Qu ply
u ol
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S MEFIT
== HL-LHC HL-LHC 4 FCC-ee
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https://arxiv.org/abs/2206.08326

FCC-ee: Energy Runs & CEPC

Ratio of Uncertainties to SMEFiT3.0 Baseline, O (/\_2) , Marginalised

1,1 1,8
S8 €Q €oq CoD
3,1 Qg

S MEFIT

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

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

1,1
) C @
il 022’2 € "Qa C¥D
. CQq CWWW
Ciyg
1

COu cu
CQu Cor
Ci;d Cop
ctld Cye
o
4
R IR

' .
SMEFIT
== HL-LHC + FCC-ee HL-LHC + CEPC

Significant impact of 240 GeV run, 365 GeV run also helps Very similar results for CEPC

arxXiv:2404.12809
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Fisher information
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2l BN e 3 nne 8 20 B3NS P20000
H'BEERVREBVRVR s ISIBERIOCONERVRE I ISIRERSRDISNEERER
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00 00 152 77 48 0.1 0.0 0.0 0.1 40.0 316 04 00 00
04 89 03 01 135 00 00 0.1 149 08 ”.7‘ 02 01
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08 37 25 1.0 137 01 00 04 69 52 m‘ 07 02
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05 138 96 0.0 388 371 02
15 87 02 24 94 01 00 05 212 121 429 08 02
04 138 102 0.0 356 40.0 0.1
00 00 0.1 1l
00 0.1 03 291
05 39 16.9 536 25.1
00 01 0.0 .2!2
18 13 01 00 01 0.0 00 00 01 13 9.1 75 01 09 0.0 00 00 04 399 254 119
0.0 0.0 0.0 25 133 0.0 0.0 446 279 116
32 00 00 00 00 0.0 00 01 00 00 00 00 0.0 18 05 34 35 27
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15 0.0 0.0 00 00 00 0.0 0.0 00 00 16.1 16
1n2 0.1 03 18 . 05 6.2 36 15
16 00 00 00 00 00 425 00 287 272
46 00 00 00 00 00 156 1.7
31 00 00 00 00 00 139 15
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i) 00 00 00 00 00 310 00 415 259
43 00 00 00 00 00 154 17
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0.0 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 01 25 529 445
03 25 109 58.7 276
25 132 441 286 11.7
0.0 0.0 0.0 0.0 00 00 00 0.0 0.0 01 00 00 00 .||1
02 0.0 0.1 0.0 48 00 634 314
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Fisher information shows which
process gives more sensitivity for a
given operator

- Proxy for a linear individual fit

- FCC-ee dominates nearly all operators
except for 4-quark operators, only
accessible at in pp collisions (tree level

- Global fit picture more complicated due
to correlations

- Both Z-pole run and run at 240 GeV
important to pin down 2-fermion and
gauge operators

LCWS2024



What do we learn from global fits?

Bounds on new physics scale vary from
0.1 TeV (unconstrained) to 10s of TeV.
Bounds depend on:

* the operator

e assumption of a strongly or weakly
coupled theory

 individual or marginalised bounds
(reality is somewhere in-between)

 linear or quadratic bounds

E.Vryonidou LCWS2024
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From SMEFT to the UV

Global fit constrains parameters of UV models

MATcHMAKEREFT Carmona et al arXiv: 2112.10787

: W MATCH2FIT | SMEFIT (
[ c = f(g1,n) | ( a(c) = o(g1) } ( x*(g1) }

- Automate chain with final output constraints on the UV parameters
- Simplest case: single-field extensions of the SM de Blas arXiv:1711.10391

* Assume mass, constrain the coupling or vice versa
ter Hoeve, Magni, Rojo, Rossia, EV arXiv: 2309.04523
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https://arxiv.org/abs/1711.10391
https://arxiv.org/abs/2112.10787

What can we learn from these fits?

M Matchmakereft

l [2112.10787]

match2fit

[2309.04523]

S MEFi T e—

[2302.06660]

Scalars Fermions Vectors

Particle Irrep Particle Irrep Particle Irrep

S (1,1), N (1,1), B (1,1),

S (1,1), E (1,1)_, B, (1,1),

¢ (1,2), Ay (1,2)_y/2 w (1,3),

g (1,3), Az (1,2)_3/5 Wy (1,3),

£ (1,3), b (1,3)o g (8,1)o

wy (3,1)_yy3 Z, (1,3)_, H (8,3)

Wy (3, 1)—4/3 U (3, 1)2/3 Qs (8,3)o

¢ (3.3)_1/ D (3. 1)_1/s ¥s 6.2)_s/6

o (6,1)y/3 @ (3.2)1/6

Q4 (6,1)4/3 Q (3:2)7/6

T (6,3),/3 Ty (3,3)_1/3

@ (8:2)1) T (3,3)y/3

Q (3,2)_s/6

E.Vryonidou

B 10,0 (A7) B Fitmaker

s LO,0 (AT

BN NLO,O (A7?)
B NLO,O (A7)

T Q5 Qr B W BB

S = 6 N E A Ay ¥ % U D Q T T

ter Hoeve, Magni, Rojo, Rossia, EV arXiv: 2309.04523

Automated constraints on UV models (also 1-loop and
multiparticle models) from global EFT fit

Current mass constraints on single particle extensions:
1TeV to 10TeV

Best constraints for models modifying EWPQOs, worst for
those only changing 4-top operators

LCWS2024 18



What can we learn from these fits?

M Matchmakereft

l [2112.10787]

match2fit

[2309.04523]

S MEFi T e—

[2302.06660]

Scalars Fermions Vectors

Particle Irrep Particle Irrep . Particle ‘ Irrep

S (1,1), N (1,1), B ‘ (1,1),

S (1,1), E 1,1)_, B |,

é (1,2),5 A (1,2)_y 5 wo| w3,

= 1,3), As (1,2)_g/ W w3),

£ (1,3), - (1,3)o g (8,1)o

wy (3,1)_yy3 Z, (1,3)_, H (8,3)

Wy (3, 1)—4/3 U (3, 1)2/3 Qs (8,3)o

¢ (3.3)_1/ D (3,1)_y/3 ¥s 6.2)_5/6

o (6,1)y/3 Q (3.2)1/6

Q4 (6,1)4/3 Q (3:2)7/6

T (6,3),/3 T (3,3)_1/3

@ (8:2)1) T, (3,3)y/3

Q (3,2)_s/6

E.Vryonidou

B 10,0 (A7) B Fitmaker

s LO,0 (AT

BN NLO,O (A7?)
B NLO,O (A7)

Current

[l IH'I

T Q5 Q7 B W BB

2TeVm I I

| 1]
Y
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From SMEFT to the UV

X Heavy Scalar —
g
N Q
Heavy Fe
=
=
;fl
N E Ay A = b Q1 T,
Heavy Vector B SMEFIT
=
£
B 2% H Qs Vs

E.Vryonidou

Scalars Fermion:

' Particl Irrep Particl Irrep Partic
S (1,1), N (1,1), B
S (1,1), E (1,1)_, B,
[ (1,2),, A (1,2)_ w
E (1,3), Az (1,2) 2%
= (1,3), by (1,3), g
wy (3, 1)_yy3 2 (1,3)_, H
wy (s 1)y U (3.1) Qs
¢ (3,3)_1/3 D (3,1) Vs
1)) (6,1)/3 Q: (3,2),

Q4 (6,1)4/3 Q7 (3,2);

T (6,3),/3 T (3,3)_,4

¢ (8,2)1 /2 T, (3,3),
Qs (3,2)_;

Large improvements in mass reach for
models modifying EWPOs at the FCC

Bounds reaching 100 TeV for some

models at the FCC-ee

HL-LHC improving models generating
4-quark operators (expect better
improvement with dedicated HL-LHC

analysis)

LCWS2024
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Conclusions

« SMEFT is a consistent way to look for new interactions

* (lobal fits results already available: important to combine as
many processes as possible to extract maximal information

 Eventually global fit results give us a clear indication of the
scale of potential new physics and the reach of future
colliders

e Significant improvements in New Physics reach at the HL-
LHC and especially at future circular lepton colliders

* Plan to extend this to other future projects

https://Incfitnikhef.github.io/smefit_release/previous_releases/smefit30.html

E.Vryonidou LCWS2024

20



Thank you for your attention



