Precise SMEFT predictions
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L HC: the story so tar

Rediscovering the SM

Standard Model Total Production Cross Section Measurements Status: Feor
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Searching for the unknown

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2022 JLdt = (3.6-139) b VE=8,13TeV
Model ¢,y Jetst ET™ [Ldt[ib'] Limit Reference
T T T T T T —T

27 ADD Gyk +g/q Oepty 1-4j Yes 139 Mp 11.2TeV n=2 2102.10874

9o ADD non-resonant yy 2y - - 36.7 Ms HLZ NLO 1707.04147

2  ADDQBH - 2j - 139 My, 1910.08447

@ ADD BH multijet - >3] - 36 | Mu 955TeV.  n=6, Mp =3TeV,rot BH 1512.02586

£ RSt Gk -y 2y - - 139 [ Gkimass 4.5TeV k/Mp=0. 2102.13405

S Bulk RS Gy —» WW/ZZ multi-channel 36.1 Ggk mass 23TeV k[Mp = 1.0 1808.02380

g Bulk RS Gk — WV — (vqq Teu 2j/14 Yes 139 Gkk mass 2.0TeV k/Mp; =10 2004.14636

> Bulk RS gkk — tt 1eu =21b21J/2) Yes 36.1 8Kk Mass 3.8TeV r/m=15% 1804.10823

w 2UED / RPP leu 22b,>3] Yes 361 KK mass 1.8 TeV Tier (1,1), B(AM) - ) = 1 1803.09678

SSMZ’ -t 2eu - - 139 |'Z'mass 5.1 TeV 1903.06248

SSM Z' — 71 27 - - 36.1 Z' mass 2.42 TeV 1709.07242

‘é-‘ Leptophobic Z’ — bb 2b - 36.1 Z’ mass 2.1TeV 1805.09299

S Leptophobic Z’ — tt Oeu 21b22J Yes 139 Z’ mass 4.1 TeV Mm=12% 2005.05138

8 | ssMW -ty Ten - Yes 139 | W’mass 6.0 TeV 1906.05609
Q SSM W’ — 1v 17 - Yes 139 W’ mass 5.0 Tev ATLAS-CONF-2021-025
S SSMW b - >1b>1J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043

3 HVT W — WZ — fvqgmodel B 1 e, u 2j/1J  Yes 139 W’ mass 4.3 TeV gv=3 2004.14636
8 HVT W — WZ — ¢v ¢’ model C 3 e u 2j(VBF)  Yes 139 W’ mass 340 GeV 1g=0 ATLAS-CONF-2022-005

HVT W' —» WH — tvbbmodel B 1e,u 1-2b,1-0j Yes 139 | W’ mass 3.3 TeV 2207.00230

HVT 2’ — ZH — f/vvbbmodel B 02 e,z 12b,1-0] Yes 139 |Z'mass 3.2TeV v=3 2207.00230

LRSM Wg — uNg 2u 1J - 80 | Wg mass 5.0 TeV m(Ng) = 0.5TeV, g1 = g 1904.12679

Cl qqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127

_  Clilgq 2epu - - 139 | A 358TeV 1, 2006.12946

o Cl eebs 2e 1b - 139 A 1.8 TeV g =1 2105.13847

Cluubs 2pu 1b - 139 A 2.0 TeV g.=1 2105.13847

Cl ttt >tep 21b21] Yes 36.1 A 2.57 TeV |Cael = 47 1811.02305

Axial-vector med. (Dirac DM) Oepu1y 1-4j Yes 139 Mpned 2.1TeV 25, g,=1, m(x)=1 GeV 2102.10874

g Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4]  Yes 139 [ iimea 376 GeV =1, m(x)=1 GeV 2102.10874

Vector med. Z’-2HDM (Dirac DM) O e, i 2b Yes 139 Mined 3.1TeV , 82=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 Mined 560 GeV =1, m(x)=10 GeV ATLAS-CONF-2021-036

Scalar LQ 15‘dgen g e Zgj Yes 139 LQ mass 1.8 TeV 2006.05872

Scalar LQ 2" gen I3 22j Yes 139 LQ mass 1.7 TeV 2006.05872

O | ScalarLQ3™ gen 17 2b Yes 139 LOE mass 1.2 TeV B(LQy — br) =1 2108.07665

= ScalarLQ 3" gen Oepu  >2j,>2b Yes 139 '-03 mass, 1.24 TeV BLQ - tv)=1 2004.14060

Scalar LQ 3 gen >2epu,>17>1j,>1b - 139 | LQymass 1.43 TeV BLQS - tr) =1 2101.11582

Scalar LQ 3" gen Oeu, 217 0-2j,2b Yes 139 LQg mass 1.26 TeV B(LQZ — bv) = 2101.12527

Vector LQ 3 gen 17 2b Yes 139 LQ} mass 1.77 TeV B(LQ;" — br) = 0.5, Y-M coupl. 2108.07665
@ VIQTT - Zt+ X 2e/2u/>3eu 21 b, 21) - 139 T mass 1.4TeV SU(2) doublet ATLAS-CONF-2021-024

= @ VLOBB - Wt/Zb+ X multi-channel ) 361 | Bmass 1.34 TeV SU(2) doublet 1808.02343

LS VLQ Ts/3Tss|Tes > W+ X 2(SS)/>3eu>1b2>1) Yes 361 Ts/3 mass 1.64 TeV B(Tsj3 —» W)= 1, o TsjaWe)=1 1807.11883
‘3 E VIQT o Hy/Zt Teu 21b>3] Yes 139 [Tmass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040

39 vLQ Y - Wb Teu >1b,>1] Yes 36.1 Y mass. 1.85 TeV. B(Y — Wh)= 1, cr(Wh)=1 1812.07343
> VLQ B — Hb Oeu 22b>1),>1J — 139 | Bmass 2.0 TeV SU(2) doublet, k= 0.3 ATLAS-CONF-2021-018
VLL 7' — Zt/Ht multi-channel ~ >1] Yes 139 |’ mass 898 GeV SU(2) doublet ATLAS-CONF-2022-044

E 2 Excited quark ¢* — qg - 2j - 139 q° mass 6.7 TeV. only u* and d*, A = m(q") 1910.08447

2 S Excitedquark ¢* — qy 1y 1j - 36.7 | q" mass 53 TeV only u" and d", A = m(q") 1709.10440

g £ Excited quark b* — bg - 1b,1]j - 139 b* mass 1910.0447

w 5_, Excited lepton ¢ 3eu - - 20.3 A=3.0TeV 1411.2921

Excited lepton v* Seput - - 20.3 A=16TeV 1411.2921

Type Ill Seesaw 234e,pu >2j Yes 139 N° mass 910 GeV 2202.02039

LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2TeV m(Wg) =4.1TeV, g =gr 1809.11105

» | Higgstriplet H** » W*W* 234 e, (SS) various  Yes ~ 139 [ H* mass 350 GeV DY production 2101.11961
D Higgs triplet H** — ¢ 23,4 e,u(SS) - 139 | H** mass 1.08 TeV DY production ATLAS-CONF-2022-010

3 Higgs triplet H** — 1 3eput - - 20.3 DY production, B(H;* — (1) =1 1411.2921
Multi-charged particles - - - 139 | multi-charged particle mass 1.59 TeV DY production, |q| = 5e ATLAS-CONF-2022-034

Magnetic monopoles — — — 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130

Vs=13TeV V5=13 TeV M| L L el L L el L L P
artial data full data -1 1
E 10 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
‘+Small-radius (large-radius) jets are denoted by the letter j (J).
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Where is New Physics?

There Is a good chance that New Physics is Heavy

Not enough energy to produce it

Indirect searches are needed SMEFT opens
new directions
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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)

—ffective Field Theory reveals high energy physics through
orecise measurements at low energy.

E.Vryonidou Moriond EW 4



EFT pathway to New Physics

“—¥ Precise EFT predictions

/% Precise SM predictions

~¥ Precise experimental measurements
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EFT pathway to New Physics

“— Precise EFT predictions

/% Precise SM predictions

~¥ Precise experimental measurements

1
Constraints € O(u)
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EFT pathway to New Physics

“—¥ Precise EFT predictions

/% Precise SM predictions

- Precise experimental measurements
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EFT pathway to New Physics

“—% Precise EFT predictions

~¥ Precise experimental measurements

Constraints —c O() ey J\/

Huge effort to improve each one of these steps!

E.Vryonidou Moriond EW 5



Global nature of EFT

HH
ttH
y H AR vHvBF  yy
tt H4] 17z
4-tops ttH v

SMEFT correlates different sectors = Global fits
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Global fit Setup

Theory Data

| Top data, Higgs data, EW data, EWPO |

t Accurate predictions for the SM and ‘
\ Inclusive and differential |

_theEFT

{ Constraints on New Physics scale |
' Fitresults can be used to bound  }
-‘f specific UV complete models

Faithful uncertainty estimate | "
Avoid under- and over-fitting :
{ Validated on pseudo-data (closure test) |

Methodology Output

E.Vryonidou Moriond EW



Operator examples

currents  i(p' D p)(0r"Q) Yukawa (qt9) (@ p)
f f , h fr fr , h
G| e e
f f 1% fr fr S h
. Shift SM ffV couplings « Decouple m, &y,
. ffVh contact interactions . tthh(h) contact interactions
dipole (G 0,,t IV 4 fermion  (q7,9)(Qr"Q)
7 2 o ! et ‘
- a| XX«
fL fr v f t t t
« Chirality flipping ffV couplings e Contact interactions
. ffV(V)h contact interactions » 2-heavy-2-light or 4-heavy
« W, B & G fields * Numerous (~O(20) w/ top)
+Purely bosonic operators From K. Mimasu

E.Vryonidou Moriond EW 3



Top

HIggs

EW

E.Vryonidou

Global fit observables

Category Processes Ndat

tt (inclusive) 94

ttZ, ttW 14

ingle t inclusi 27

Top quark production single top (inclusive)

tZ, tW 9

tttt, ttbb 6
Total 150

Run I signal strengths 22

nggs production Run II signal Strengths 40
and decay Run II, differential distributions & STXS 35
Total 97

LEP-2 40

Diboson production LHC 30
Total 70
Baseline dataset Total 317

-

Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006
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Global fit results

| EEE Top — only, Quadratic NLO EFT

S MEFi
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B Top + Higgs + VV, Quadratic NLO EFT

O - -) _ _
— — — () -}

1035_
1073

(ASL/T) SPUNOE [9A97 9IUGPYUO)) %GE JO OPNITUTEIN

Bounds vary from operator to operator! Lots of information

Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006
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What do we learn from global fits”

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

6 2
Bounds depend on: ‘W _ A <
A2 M?
® the operator RN RN,
Non-pert.

® assumption of a strongly or weakly

coupled theory ~

Allowed

® ndividual or marginalised bounds

(reality is somewhere in-between) v

® |inear or quadratic bounds

E.Vryonidou Moriond EW



Where i1s most information from?

100
cQQ1 -

cQQ8-
cQtt -
cQt8-
ctt1 -
C81 qq _|60.1
cl1qq-
c83qq-
c13qq-
08qt |725
ciqgt-
c8ut-
clut-
c8qu-
clqu-
c8dt-
cidt-
c8qd-
clqd-
ctp-
CtG _|50.0
cbp-
ccp-
ctap-
ctW -
ctZ-
c3pQ3-
cpQM -
cpt-
cpG-
cpB-
cpW-
cpd-
cWWW -
cpWB-
cpD-

4-termion operators: mostly top

75

50

Tree  Loop
<4 Top Yukawa

<+ Top Chromomagnetic :E Z}i ﬁ
4|tV couplings % @x

Higgs-Top interface

25

ON[RA JIOUSI] POZIRULION

Ho

Fisher information table

Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006
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Where i1s most information from?

100
cQQ1 -

cQQ8-
cQt1-
cQt8 -
ctt1 -

4-termion operators: mostly top

c81qq £
cl1qq-
c83qq-
c13qq-
c8qt |72.
ciqgt-
c8ut-
clut-
c8qu-
clqu-
c8dt-

95% Confidence Level Bounds

75 10t

50

cidt-
c8qd-
clqd-
ctp-
CtG _|50.0
cbp-
cep-
ctap-
ctW -
ctZ-
c3pQ3-

(efe)Qt

tthar
HiggsSS

Hdift

Sum

All Data (2D)

25

ON[RA JIOUSI] POZIRULION

cpQM -
cpt-
cpG-
cpB-
cpW-
cpd-
cWWW -
cpWB-
cpD-

10

-0

Fisher information table

Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006
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Future of global fits

More observables: More/different operators:
* particle level observables  different flavour

* sSpin correlations assumptions

* new final states * dimension-8 operators

Better EFT predictions
Higher Orders in 1/A4
e squared dim-6 contributions
e double insertions of dim-6
e dim-8 contributions

Higher Orders in QCD and EW
EFT is a QFT, renormalisable order-by order in 1/A2

| Qa, a,,
Ol ) 0 <F) +0 <F) +0 < >

E.Vryonidou Moriond EW
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SMEFT of computations at dimension-6

6
AQODbs, = ObsEXP — ObsSIvI 2 (ﬂ) al (W O (L)

A4

Tree level: Done (SMEFTsim)
https://smeftsim.github.io/ Brivio, arXiv: 2012.11343

NLO QCD: ~Done (SMEFT@NLO)

http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
Degrande, Durieux, Maltoni, Mimasu, EV, Zhang arXiv:2008.11743

NLO EW: Some examples available, needed to probe
unconstrained operators.

E.Vryonidou Moriond EW
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http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
https://arxiv.org/abs/2012.11343

SMEFT of computations at dimension-6

c
AQODbs, = ObsE><FJ — ObsSI\/I Z (ﬂ) a? (W|+ O (L)

A4

Tree level: Done (SMEFTsim)
https://smeftsim.github.io/ Brivio, arXiv: 2012.11343

NLO QCD: ~Done (SMEFT@NLO)

http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
Degrande, Durieux, Maltoni, Mimasu, EV, Zhang arXiv:2008.11743

NLO EW: Some examples available, needed to probe
unconstrained operators.

How about this //t?

E.Vryonidou Moriond EW
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http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
https://arxiv.org/abs/2012.11343

Running and mixing in SMEFT

de; () One loop anomalous dimension known:

dlogp Y cj ()
(Alonso) Jenkins et al arXiv:1308.2627, 1310.4838, 1312.2014

Example: Turn one 1 operator at high-scale

cs, = lat2TeV

Compute effect on top pair cross-section

0.121
-+ No Running
§ 0.101 U= H/2
CSQ)L(,LLQ = 2TeV) = 1 = u=m;
r %0.08-
\ %:006
0.3! s
; | S 0.041
'8( 0.27 7 — Sum 0.021 e —
b ? ? (1) — ]
I ; o(c 0.00
0.1 | (CQu)
I 1 8 o
oo . TTmeeo O'(C(QL) 51O —— T
0.5 I
500 1000 1500 2000 e TS
me: [GeV]
ulGeV]

Aoude, Maltoni, Mattelaer, Severi, EV arXiv:2212.05067

E.Vryonidou Moriond EW
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Impact of RGE on constraints

How does running and mixing impacts the constraints?

Top sector fit:

Bound for 0> and 0§, Bound for O ") and OF,
—— No running —— No running
10 Merr = H7/2 10 Merr = HT/2
Merr =My Meer =My
) I R ————y 5
5 0 o 0 \\\
5 \‘\ (V) l,' 5 \\\ &\_,\) j ’:
\\\\ /,/ \\\\ \—/ ////
-10 \\\_/ //' -10 R ="
-10 -5 0 5 10 -10 -5 0 5 10
c!8.3) cl8.1)

Aoude, Maltoni, Mattelaer, Severi, EV arXiv:2212.05067

Effect becomes more important for differential distributions &
measurements with very different scales

E.Vryonidou Moriond EW 16



Conclusions

« SMEFT is a consistent way to look for new interactions
 The LHC gives a lot of opportunities to explore SMEFT
through a lot of new measurements

* First global fits results already available: important to
combine as many processes as possible

» Strong link between Higgs and top sectors

* Precise EFT predictions (NLO, RGE-improved) maximise the
potential of EFT probes

 Eventually global fit results give us a clear indication of the
scale of potential new physics

E.Vryonidou Moriond EW 17
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