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LHC is a top factory

Rich phenomenology:
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Top physics

Why study the top quark ?

1. Heaviest known particle: Strong coupling to the Higgs
2. Portal to new physics: e.g. EWSB, composite Higgs

3. LHC is a top factory: precise access to top properties through a lot
of production channels
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Top has a special place in the Universe

Stability of the vacuum

Higgs potential: e N e
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Top quark is a special quark

Spin Correlations M W

The top decays before hadronising
b
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Top Spin effects

Lepton+ or d emitted in the fop spin direction Spin analysing power

We can check how the top is produced!
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Weak interaction and W polarisation
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Weak interaction and W polarisation
Extract W polarisation by looking at thelyV decay products:
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Check of Wtb interaction!
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Status of top measurements

Top Quark Production Cross Section Measurements

Status: March 2022

ATLAS Preliminary
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Overview of CMS cross section results

CMS preliminary

18 pb~! - 138 fb~1 (7,8,13 TeV)

tt 7 TeV JHEP 08 (2016) 029 = o(tt) = 1.7e+05 fb 5fpb!

tt 8 Tev JHEP 08 (2016) 029 B ot = 2.4e+05 b 20 fb~1
tt 13TeV  Accepted by PRD = o(tt) = 7.9e+05 fb 137 fb?!
te_ch 7Tev JHEP 12 (2012) 035 O(te—ch) = 6.7e+04 fb 2 bt
tecn 8 TeV JHEP 06 (2014) 090 M o(te-ch) = 8.4e+04 fb 5 fb~t
te—cn 13TeV  PLB 72 (2017) 752 Ml o(t_) =23e+05fb 2 fb1!
tw 7Tev PRL 110 (2013) 022003 - o(tw) = 1.6e+04 fb 5 fb?
tw 8 TeV PRL 112 (2014) 231802 B=l  otw) =23e+04fb 20 fb~t
tw 13 TeV JHEP 10 (2018) 117 = o(tw) = 6.3e+04 b 36 fb~1
ts—ch 8 TeV JHEP 09 (2016) 027 - o(ts—cn) = 1.3e+04 fb 20 fb~1
tty 8 Tev JHEP 10 (2017) 006 == o(tty) = 3.5e+03 fb 20 fb!
tty 13TeV  Submitted to JHEP m—f  O(tty) = 1.2+03 fb 138 fb~?
tzq 8 TeV JHEP 07 (2017) 003 = o(tza) = 2.9e+02 fb 20 fb~t
tZq 13 TeV Submitted to JHEP B o(tZg) =87e+02fb 138 fb~?!
tz 7 Tev PRL 110 (2013) 172002 — ol(ttZ) = 2.8e+02 fb 5fb~t
tz 8 TeV JHEP 01 (2016) 096 = olttZ) = 2.4e+02 fb 20 fb~t
ttz 13 TeV JHEP 03 (2020) 056 =i  o(ttZ) = 9.5e+02 fb 78 fb~1
ty 13TeV  PRL 121 221802 (2018) s o(ty) = 1.1e+03fb 36 fb!
ttw 8 Tev JHEP 01 (2016) 096 = P o(ttw) = 3.8e+02 fb 20 fb!
tw 13TeV  TOP-21-011 —  O(ttW) = 8.7€+02 fb 138 fb~?
tttt 13TeV  EPJC 80 (2020) 75 B ottt = 13fb 137 fb~?
ggH 7 Tev EPJC 75 (2015) 212 -— o(ggH) = 1.6e+04 fb 5 fb~t
ggH 8 TeV EPJC 75 (2015) 212 = o(ggH) = 1.5e+04 fb 20 fb~1
ggH 13TeV  Nature 607 60-68 (2022) o(ggH) = 4.7e+04 fb 139 fb~?!
VBFqgH 7 Tev EPJC 75 (2015) 212 . o(VBF qqH) = 2.2e+03 fb 5 fb~t
VBFqgH 8TeV EPJC 75 (2015) 212 I o(VBF qgH) = 1.6e+03 fb 20 fb~1
VBFqgH 13 TeV Nature 607 60-68 (2022) @ Oo(VBF qgH) = 3e+03 fb 138 fb~!
VH 8 TeV EPJC 75 (2015) 212 P o(VH) = 1.1e+03fb 20 fb~t
WH 13TeV  Nature 607 60-68 (2022) B o(WH) = 2e+03 b 138 fb~?
ZH 13TeV  Nature 607 60-68 (2022) =l 0(ZH) = 1.1e+03 fb 138 fb~?
ttH 8 TeV EPJC 75 (2015) 212 - I ottH) = 4.2e+02 fb 20 fb~t
ttH 13TeV  Nature 607 60-68 (2022) = o(ttH) = 4.8e+02 fb 138 fb?
tH 13TeV  Nature 607 60-68 (2022) . Bl o(tH) = 5.4e+02fb 138 fb~?
HH 13TeV  Nature 607 60-68 (2022) — o(HH) < 1.1e+02 fb 138 fb~?
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Measured cross sections and exclusion limits at 95% C.L. July 2022

Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty o [fb]

See here for all cross section summary plots Light colored bars: 7 TeV, Medium bars: 8 TeV, Dark bars: 13 TeV, Black bars: theory prediction
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o = 507 + 35 — 50 fo (LHCHXSWG NLO QCD + NLO EW)
o = 495 + 99 fb (PRD 83 (2011) 074013)

o = 102 + 5 - 2 fb (Madgraph5 + aMCNLO (NLO))
o =12.0=+2.4fb (JHEP 02 (2018) 031)
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See here for all cross section summary plots
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SUSY, 2HDM...

New particles

CMS Preliminary {s=7TeV,L=5.1fb";ys=8TeV,L=19.6fb"

Events / 3 GeV
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New Physics searches at the LHC

Model-dependent

Model-Independent

simplified models,EFT

New Interactions of SM particles

anomalous couplings, EFT
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New Physics searches at the LHC

Model-dependent Model-Independent
SUSY, 2HDM. . simplified models,EFT
New particles New Interactions of SM particles
S 35_CII\/IS|PrIeIianinlary| ':'§=I7I'I'e\|/, LI=15.1Ifb'|;\fI§=I8'II’e\|/, LI=119.EISbe‘_ anomalous couplings, EFT
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EFT: What is it all about?
Energy

New Physics
>wm 7’

A

SM
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EFT: What is it all about?
Energy

New Physics
>wm 7’
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EFT: What is it all about?
Energy

New Physics
>wm 7’
A
Pt

SM p? — M?
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EFT: What is it all about?
Energy

New Physics
>wm 7’

SM P2 — M
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EFT: What is it all about?
Energy

New Physics
>wm 7’

SM P2 w
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EFT: What is it all about?
Energy

New Physics
>wm 7’
A

SM P2 w
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EFT: What is it all about?
Energy

New Physics
>wm 7’
A

SM p? M2 —M 2
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EFT: What is it all about?

Energy

New Physics
>wm 7’

Eleni Vryonidou

A

SM

>WW< s

P2 — ]\/[2

2 ]\[2

_]\/[2

p? \°
1
* M2>+<M?> *

STFC HEP school 2024

_]\[2

| A laylor expansion

10



EFT: What is it all about?

Energy

New Physics
>wm 7’
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Lot (r p? \? |
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We have integrated out the Z
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EFT: What is it all about?
Energy

New Physics
>m Lnp(p, Z')

A=M

>< ESA[(S‘Q) T ED?J?n()'(QP) T
SM -
_;[2 ‘CDz'mﬁ('p ) ( f Al"uf ) ( f A)'",u,f )

c/\2 can be linked to High Scale physics:
Matching and Running
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EFT for New Physics

Low Energy Effective Theory without the Z’

New Interaction —y ey L501(P) + LDime () +

Modified interactions suppressed
by the scale of New Physics

Rate

Energy
The way to probe New Physics in the absence of light states
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EFT for New Physics

Low Energy Effective Theory without the Z’
New |n’[erac’[|o>< NV # LS]\J(@) T CDsz(SO) =+
Modified interactions suppressed

by the scale of New Physics

Rate

=FT region The first sign of new
physics from precision
measurements

M Energy
The way to probe New Physics in the absence of light states
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Does the effective theory work?

An example of a successful EFT;

n—pte +Ure “ermi formulated his theory in the 1930’s
t described [3-decay data very well

—nergy of 3-decay: ~MeV

But this is not the full theory: cross-section rising with energy,
violating unitarity

1983 Discovery of W-boson at CERN UA1 and UA?

Mw=80 GeV >> QB

Energy borrowed from the vacuum
A virtual W-boson exchange
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Why use an effective theory?

Top-bottom: We know the full theory but it’s too complicated
EFT simplifies the calculation by only including the relevant interactions

It focuses on the relevant scale
Examples: SCET, HQEFT

Bottom-up: We don’t know the full theory, we are trying to describe measurements
and guess the full theory

Efficient to characterise new physics
Examples: SMEFT, Fermi Theory (when formulated in the 1930°s)
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SMEFT for New Physics

e Focus on SMEFT:
e only SM fields
. respecting SM symmetries
e valid below scale A

 Gauge invariant ¢/
 Higher-order corrections: renormalisable order by order in 1/A ¢

(s

O(as)+(9(%>+0</\2>+...

« Complete description ¢/
» Model Independent (apart from symmetries and no new light states) ¢
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Let’s take a tour of SMEFT

D

eff — £(4) -+ ZZ /\D 4 O(D)

D>4 |
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Let’s take a tour of SMEFT

(D)
Ci D
Logg = LY + ZZ AD—4 O,( ) =g Processes and observables

D>4 |
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Let’s take a tour of SMEFT

(D)
Ci D
Logg = LY + ZZ AD—4 O,( ) =g Processes and observables

D>4 /

Sensitivity
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Let’s take a tour of SMEFT

(D)
Ci D
Logg = LY + ZZ AD—4 O,( ) =g Processes and observables

D>4 /

Sensitivity — =———)\leasurements
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Let’s take a tour of SMEFT

(D)
Ci D
Logg = LY + ZZ AD—4 O,( ) =g Processes and observables

D>4 |

Sensitivity —————))\lcasurements m—) Constraints
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Let’s take a tour of SMEFT

(D)
Ci D
Logg = LY + ZZ AD—4 O,( ) =g Processes and observables

D>4 |

Sensitivity —————))\lcasurements m—) Constraints

!

UV
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Let’s take a tour of SMEFT

(D)
Ci D
Lo = L1 + ZZ AD—4 @,( ) =l Processes and observables

D>4 |

Sensitivity —————))\lcasurements m—) Constraints

!

UV

Huge effort to improve each one of these steps!
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SMEFT dimension-5

One lepton number violating operator at dim-5  weinberg (1979)
C

LzA

(L' e€p)C(p' eL) + h.c.

U2

My = c7=  Majorana neutrino mass

Neutrino masses of 0.01-0.1eV imply A ~ 101> Tevi!

Possible UV completion: see-saw model

_ 1
L=—vypLedp*vg— =MprvpCrvgr+He.
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SMEFT dimension-5

One lepton number violating operator at dim-5  weinberg (1979)
C

LZA

(L' e€)C(¢p" €L) + h.c.

U2

My = c7=  Majorana neutrino mass

Neutrino masses of 0.01-0.1eV imply A ~ 101> Tevi!

Possible UV completion: see-saw model

_ |
L=—ypLedp*vg— MgvirCrvp+He.

o

Not relevant for LHC physics
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SMEFT@dim-6

0(6)0(6)
Leg = Lsm + Z -O(A™)

Buchmuller, Wyler Nucl.Phys. B268 (1986) 621-653

59(2499) operators at dim-6:

Grzadkowski et al arxiv:1008.4884

X3 ©% and @*D? V23 (LL)(LL) (RR)(RR) (LL)(RR)
Qe | fABCGAGErGSH | Q, ()3 Q.. (eto) (e ) Qu (I Yulr ) (L*1e) Qee (EpVuer) (e er) Qe (L Yulr) (B €r)
& fABCE;';!quPGSu Q.o (591.50)[3(99?50) Qe (S&’/‘?P)(q_p'ur;/;) <(J}1) (T Yuar ) (37" ) Quu (TpYpttr ) (WY e Quu (-_p""ul ) (@7 we)
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N 3 NA ~Apv T ;3) BETR=9 SR o8 Qua | (BT ur)(dA T de) || Qg (@Yt ) (day* de)
Q. Pl GLG QeB (0" er ) B Qu | (¢ zD:) p) (LT L) Q¥ | @7 TAe,) (A" TAd,)

Qaw | PWu W Que | (0" T PG | Que | (P1iDs0)(E"er) (LR)(RL) and (LR)(LR) B-violating

Qv poWI Wi | Quy | (g0™u,)T' WL | QL) (99*1 L 2)(@"ar) Qreds (Le,)(d.q?) Qg e*®1e i [(d2)TCuf] [(g27)TCl¥]

Qun p'o By, B Qun (7,0"u, )P By, ng) (S’Qf'iDé P) (@7 "q;) Qf,i)qd (@u,)ek(gld,) Qqqu ez [(g29)TCqP%) [(u)" Cey)

Qi | P9BuB™ | Qu | (40T d)p G, | Qe (11D, ) (" ur) Quond | BT ur)ein(@Tde) || Qe e ke mn [(457)T CaP¥] [(@™) O]
Qewn | T oWLBY | Qaw | (60" d )T oWy, | Qua | (¢'iDyup)(d"d,) Q). (Be,)e(quy) Q% £ (716) (77 €)mn [(429)T CqP¥] [(g7™)TClP]
Quvg | PTeWLB™ | Qs | (30"d)¢Bu | Quua | i(FDup)(T,7"d,) Q). | (Eoue)em(@ o w) || Quu B [(d2)T Cuf] [(u2)TCe,)

Warsaw basis of dimension-6 operators
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59 operators in flavour universal scenario
2499 it fully general
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* Not all operators enter in all observables
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no B,L violation
Flavour (universality, MFV...)
CP conservation

<100 operators for the LHC
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Examples of operators
Dimension-6 operators of the SMEFT:

Class Warsaw Example Interaction

PPH? 2 (0T0) (qiu; @)
VH?D: (91D, 0)(@7" 4;)
VEXH : (q; 0" u; §)B,,

vt (@ 45) (T Yo q1)

Assumingi =] = 3

Eleni Vryonidou STFC HEP school 2024
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Examples of operators
Dimension-6 operators of the SMEFT:

Class Warsaw Example Interaction
W H? (SOTSO) (qi uj ) Higgs-tfermion (Yukawa)
<
W H?D : (9" D, 9)(3 " q5) gauge-fermion (Z,W)
V' XH : (g 0" u; ¢)Bu, dipole
Wl (@Y 45 )( @k e @) four fermion

Assumingi =] = 3

Eleni Vryonidou STFC HEP school 2024

Impact

ttH

ttZ production, Wtb, single top

ttZ, ttA, WIB (ttVH)

top palr production, single top, ttH,
ttV, tttt

20



From Operators to Observables

Operators have different impact on particle interactions
1) Modification of SM vertices
2) New Lorentz structures

(3) Indirect effect due to impact on input parameters and canonical
normalisation of fields

What is next? Study particular processes and observables to maximise
sensitivity on different operators

Fit data to extract EFT coefficients

Eleni Vryonidou STFC HEP school 2024
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SMEFT in practice

HH
ttH
v G AR VHVBE vy
t R4 thiz;
4-tops ttH vV
tH/Z] EWPO

EFT has a global character

Eleni Vryonidou STFC HEP school 2024
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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
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EFT pathway to New Physics

6
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EFT interpretations

Data interpretation at different levels
Complexity # assumptions Information

2k Inclusive (fiducial) cross-section

2k Differential parton level
3k Differential particle level

2k Detector level

LHC EFT WG effort:

https://indico.cern.ch/category/12671/

Eleni Vryonidou STFC HEP school 2024
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Global fit Setup

Theory Data

Top pair production and single top |
(differential) |

Associated production with W,Z,H *ﬁ
W helicity fractions

Best available prediction for the SM |
L NOQCDfor SMEFT |

. Global SMEFT fit |~
i Of the top-quark sector|,

Constraints on the Wilson coefficients J
{ Fitresults can be used to bound |
' specific UV?ctompIete models N

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

Fit Methodology Output

Eleni Vryonidou STFC HEP school 2024
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Observables

Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ ndat | Ref Dataset ‘ Vs £ ‘ Info ‘ Observables ‘ ‘ Ref
. 1 Dataset Vs, L ‘ Info ‘ Observables
ata ATLAS_tt_8TeV_ljets ‘ 8 TeV, 20.3 fb~1 ‘ lepton-+jets ‘ doJdm, ‘ 7 ‘ [46] CMS_t_tch_8TeV_inc ‘ 8 TeV, 19.7 fb ‘ t-channel ‘ Ttot (), ot () ‘ ‘ [83] 7
-1 - F, VBF, Vh, tth
CMS_tt_8TeV_ljets ‘ 8 TeV, 20.3 fb~1 ‘ lepton-+jets ‘ 1/odo/dyq; ‘ 10 ‘ [47) ATLAS_t_tch_8TeV ‘ 8 Tev, 20.2 fb ‘ t-channel ‘ o (tg)/dy: ‘ 4 ‘ [85] ATLAS_CMS_SSinc_RunI (*) | 7+8 TeV, 20 fb~1 | Incl. uf 995 o
] . -1 ~ (t+1) ‘ ‘ h =y, VV,77,bb
CMS_tt2D_8TeV_dilep ‘ 8 TeV, 20.3 fb—1! ‘ dileptons ‘ 1/od?0 /dy,zdm,; 16 ‘ (48] CMS_t_tch_8Tev_dif ‘ 8 TeV, 19.7 fb ‘ t-channel ‘ do/dly | 6 (84]
—1 s * -1 f
ATLAS_tt_8TeV_dilep (¥) ‘ 8 TeV, 20.3 b1 ‘ dileptons ‘ dorJdmyy ‘ 6 ‘ (54] CMS_t_sch_8TeV ‘ 8 TeV, 19.7 fb ‘ s-channel ‘ Tiot(t + 1) ‘ 1 ‘ [87] ATLAS_SSinc_RunI (*) 8 TeV, 20 fb Incl. p; h — Zv, pp
ATLAS_t_sch_8TeV ‘ 8 TeV, 20.3 fb~1 ‘ s-channel ‘ otot(t + 1 ‘ 1 ‘ 86 _
. . CMS_tt_13TeV_ljets_2015 ‘ 13 TeV, 2.3 fb~1 ‘ lepton+jets ‘ do /dm; ‘ 8 ‘ [51] ’ tot 2 [86] 1 I ggF, VBF, Vh, tth
| O _ al r rod U Ct | O n ATLAS_SSinc_RunII (*) 13 TeV, 80 fb™ Incl.
—1 T
CMS_tt_13TeV_dilep_2015 ‘ 13 TeV, 2.1 fb—1 ‘ dileptons ‘ do /dm; ‘ 6 ‘ [53] ATLAS_t_tch_13TeV ‘ 13 TeV, 3.2 fb ‘ t-channel ‘ Ttot (t)’o-mt (a ‘ 2 ‘ [88] h — Y WW, ZZ, TT, bb
[} ] [] s —1 n _
VV_ h e | | C |-t| e S CMS_tt_13TeV_ljets_2016 ‘ 13 TeV, 35.8 fb—1 ‘ lepton+jets ‘ do/dm,; ‘ 10 ‘ 52] CMS_t_tch_13TeV_inc ‘ 13 TeV, 2.2 fb ‘ t-channel ‘ Ttot (t), Otot () ‘ 2 ‘ [90] e s (5 LTy 0.6 it . , 4gF. VBF. Wh, Zh tth
- _SSinc_Run eV, 36. ncl. p]
; -1 _ (t+%) i -
) CMS_tt_13TeV_dilep_2016 (*) ‘ 13 TeV, 35.8 fb~1 ‘ dileptons ‘ do /dm; ‘ 7 ‘ [56] CMS_t_tch_13Tev_dif ‘ 13 TeV, 2.3 fb ‘ t-channel ‘ do/dly | ‘ 4 ‘ (89] h =y, WW,ZZ,77,bb
* -1 . (t)
asyl | l I I 'et ry ATLAS_tt_13TeV_ljets_2016 (*) ‘ 13 TeV, 35.8 fb~1 ‘ lepton-jets ‘ do /dm,p ‘ 9 ‘ [55] CMS_t_tch_13TeV_2016 (*) ‘ 13 TeV, 35.9 fb ‘ t-channel ‘ do/dly™| ‘ 5 ‘ (1]
ATLAS_WhelF_8TeV ‘ 8 TeV, 20.3 fb~1 ‘ W hel. fract ‘ Fo,Fr,,Fr ‘ 3 ‘ [49] I I i g g S S i g n al St re n gt h S
CMS_Whe1F_8TeV ‘ 8 TeV, 20.3 fb~1 ‘ W hel. fract ‘ Fo,Fr, Fg ‘ 3 ‘ [50] S | n | e -to -I: S C h a n n e |
9 o1
ATLAS_CMS_tt_AC_8TeV (*) ‘ 8 TeV, 20.3 fb—1 charge asymmetry ‘ Ac ‘ 6 ‘ [57]
ATLAS_tt_AC_13TeV (*) ‘ 8 TeV, 20.3 fb~1 charge asymmetry ‘ Ac ‘ 5 ‘ [58]
Dataset Info Observables
N ggF, VBF, Vh, tth N
Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Naat ‘ Ref CMS_H_13TeV_2015 ( ) ’ . B do’/de
h — ZZ, ~v,bb
inclusive
; -1 =
Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Ndat ‘ Ref ATLAS_tW_8TeV_inc 8 TeV, 20.2 b (dilepton) oot (W) 195) F. VBF. Vh. tih
g9
CMS_ttbb_13TeV | 13 Tev, 2.3 =1 | total xsec | owr(ti) | 1| [70] elusive ) ATLAS_ggF_13TeV_2015 (*) | 13 TeV, 36.1 fb—1 ’ Y do /dph,
ATLAS_tW_inc_slep_8TeV (¥*) 8 TeV, 20.2 fb~! ot (tW) [101] h— ZZ(— 4l)
CHS_ttbb_13TeV_2016 (*) | 13 TeV, 35.9 fb~1 | total xsec | owor(tibh) | 1 | [79] (single lepton)
ATLAS_ttbb_13TeV_2016 (*) ‘ 13 TeV, 35.9 fb—1 ‘ total xsec ‘ Gtot (tEbD) ‘ 1 ‘ 78] CMS_tW_8TeV_inc ‘ 8 TeV, 19.7 fb~! ‘ inclusive ‘ ot (tW) ‘ 1 ‘ [96] do (B /gplV
o .
. _ . . * —1
CHS_tttt_13TeV | 13 Tev, 35.9 b= | total xsec | ow(tit) | 1| [71] ATLAS ti_inc_13TeV | 13Tev, 3.2 | imclusive | owe(tW) | 1 | 7] ATLAS_Vh_hbb_13TeV (*) | 13 TeV, 79.8 fb G2
do'"?) /dpZ,
OMS_tttt_13TeV_run2 (¥) | 13 TeV, 137 fb? | total xsec | own(tBD) | 1 | [76] CHS_tW_13TeV_inc | 13Tev, 859 | mchsive | owlw) | 1| (o9
4 to p S y tt b b y to p - ATLAS_tttt_13TeV_run2 (*) ‘ 13 TeV, 137 fb—1 ‘ total xsec ‘ Otot (LLLE) ‘ 1 ‘ (77] ATLAS_tZ_13TeV_inc ‘ 13 TeV, 36.1 fb~! ‘ inclusive ‘ oot (tZq) ‘ 1 ‘ [100] ATLAS_ggF_ZZ_13TeV (*) , 79.8 fb—1 R OggF (p]%, Njets)
N . CMS_ttZ_8TeV 8 TeV, 19.5 fb—1 total xsec oot (12 1 72 ATLAS_tZ_13TeV_run2_inc (*) | 13 TeV, 139.1 fb—! inclusive oga(tlT4—q) 1 [102]
air associated e | e T+ L e el o0 g oo )| 1306, ||
CHS_ttZ_13Tev | 18 TeV, 85.9 b2 | total xsee | cuoe(tfZ) | 1| [73] CMS_tZ_13TeV_inc | 138Tev, 3591 | incusive | opa(Whtteg) | 1| fo9]
d t- CMS_ttZ_ptZ_13TeV (¥) | 13 TeV, 77.5 fb=1 | total xsec | do(t2)/dpZ | 4 | [81] CMS_tZ_13TeV_2016_inc (¥) ‘ 13 TeV, 77.4 b ‘ inclusive ‘ oaa(ttHe—q) ‘ 1 ‘ [103]
p rO u C I O n ATLAS_ttZ_8TeV ‘ 8 TeV, 20.3 fb—1 ‘ total xsec ‘ Otot (tt2) ‘ 1 ‘ [74] _I u 'ﬁ t' I
ATLAS_ttZ_13TeV | 18 Tev, 8.2 b1 | total xsec | ow(i2) | 1| (73] Ig g S d I ere n Ia
ATLAS_ttZ_13TeV_2016 (*) ‘ 13 TeV, 36 fb—1 ‘ total xsec ‘ Ttot (tEZ) ‘ 1 ‘ [80] t\/\/ tZ
CMS_ttW_8_TeV | 8 Tev,19.5 b1 | total xsec | owoe(tfW) | 1| [72) )
CMS_ttW_13TeV | 13 Tev, 35.9 b1 | total xsec | owou(ttW) | 1 | [73]
ATLAS_ttW_8TeV | 8 Tev, 203 b= | total xsec | owor(tW) | 1| [74]
ATLAS_ttW_13TeV ‘ 13 TeV, 3.2 fb~1 ‘ total xsec ‘ Otot (LTW) ‘ 1 ‘ [75]
ATLAS_ttW_13TeV_2016 (*) ‘ 13 TeV, 36 fb—1 ‘ total xsec ‘ Ttot (tTW) ‘ 1 ‘ [80]
Dataset Vs, L Info Observables Ngat Ref
LEP2_WW_diff (*) (182, 296] GeV LEP-2 comb | d?c(WW)/dEcmd cos Oy 40 [128]
ATLAS_WZ_13TeV_2016 (*) | 13 TeV, 36.1 fb—1 | fully leptonic do ) /dm )V Z 6 [129]
ATLAS_WW_13TeV_2016 (*) | 13 TeV, 36.1 fb~! | fully leptonic do8d) /dm.,, 13 | [130]
CMS_WZ_13TeV_2016 (*) | 13 TeV, 35.9 fb—! | fully leptonic do D) /dpZ 11 [131]
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Observables

Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ ndat | Ref Dataset ‘ Vs £ ‘ Info ‘ Observables ‘ Naa ‘ Ref
. 1 Dataset Vs, L ‘ Info ‘ Observables
at a ATLAS_tt_8TeV_ljets ‘ 8 TeV, 20.3 fb—1 lepton+jets ‘ do/dm; ‘ 7 ‘ [46] CMS_t_tch_8TeV_inc ‘ 8 TeV, 19.7 fb ‘ t-channel ‘ tot (1), ot (1) ‘ ‘ [83]
ot F, VBF, Vh, tth
CMS_tt_8TeV_ljets ‘ 8 TeV, 20.3 fb—1 ‘ lepton-tjets ‘ 1/odo /dy,; ‘ 10 ‘ [47) ATLAS_t_tch_8TeV ‘ 8 TeV, 20.2 fb ‘ t-channel ‘ o (tq)/dy: ‘ 4 ‘ [85] ATLAS_CMS_SSinc_RunI (*) | 748 TeV, 20 fb~1 | Incl. uf 99 B
. _ . h — VV,rT,bb
1 - (t+t> ’Y’Y? b b
CMS_tt2D_8TeV_dilep ‘ 8 TeV, 20.3 fb—1! ‘ dileptons ‘ 1/od?0 /dy,zdm,; 16 ‘ (48] CMS_t_tch_8Tev_dif ‘ 8 TeV, 19.7 fb ‘ t-channel ‘ do/dly | ‘ 6 ‘ (84]
—1 s * -1 f
ATLAS_tt_8TeV_dilep (¥) ‘ 8 TeV, 20.3 b1 ‘ dileptons ‘ dorJdmyy ‘ 6 ‘ (54] CMS_t_sch_8TeV ‘ 8 TeV, 19.7 fb ‘ s-channel ‘ Tiot(t + 1) ‘ 1 ‘ [87] ATLAS_SSinc_RunI (*) 8 TeV, 20 fb Incl. p; h — Zv, pp
ATLAS_t_sch_8TeV 8 TeV, 20.3 fb~1 -ch 1 ot(t+1 1 86 _
T . d t' CMS_tt_13TeV_ljets_2015 ‘ 13 TeV, 2.3 fb~1 ‘ lepton+jets ‘ do /dm; ‘ 8 ‘ [51] ¢ N ‘ © ‘ §-channe ‘ oot £) ‘ ‘ [86] ATiAS =e1 RunIT (*) 13 TeV. 80 fb—1 Incl f ggF, VBF, Vh, tth
op-pair production e R R ~
—1 7
p p | p | CMS_tt_13TeV_dilep_2015 ‘ 13 TeV, 2.1 fb—1 ‘ dileptons ‘ do /dm; ‘ 6 ‘ [53] ATLAS_t_tch_13TeV ‘ 13 TeV, 3.2 fb ‘ t-channel ‘ O-mt t)’o-mt {) ‘ 2 ‘ [88] h — Y WW, ZZ, TT, bb
[} ] [] s —1
\N h e | | C |-t| e S CMS_tt_13TeV_1jets_2016 ‘ 13 TeV, 35.8 fb—1 ‘ lepton-+jets ‘ doJdmy; ‘ 10 ‘ [52] CMS_t_tch_13TeV_inc ‘ 13 TeV, 2.2 fb ‘ t-channel ‘ ot (1), oot (£) ‘ 2 ‘ [90] * 13 TeV. 36.9 fb-1 f g9F, VBF, Wh, Zh tth
— CMS_SSinc_RunII eV, . - Incl. p;
. —1 k3 -
) CMS_tt_13TeV_dilep_2016 (*) ‘ 13 TeV, 35.8 fb~1 ‘ dileptons ‘ do /dm; ‘ 7 ‘ [56] CMS_t_tch_13Tev_dif ‘ 13 TeV, 2.3 fb ‘ t-channel ‘ da/dly(Ht)l ‘ 4 ‘ (89] h =y, WW,ZZ,77,bb
-1
asyl I ” ' Ietry ATLAS_tt_13TeV_ljets_2016 (*) ‘ 13 TeV, 35.8 fb~1 ‘ lepton-+jets ‘ doJdmy; ‘ 9 ‘ [55] CMS_t_tch_13TeV_2016 (*) ‘ 13 TeV, 35.9 fb ‘ t-channel ‘ do/dly®| ‘ 5 ‘ (1]
ATLAS_WhelF_8TeV ‘ 8 TeV, 20.3 fb~1 ‘ W hel. fract ‘ Fo,Fr,,Fr ‘ 3 ‘ [49] I I ig g S S i g n al St re n gt h S
CMS_WhelF_8TeV ‘ 8 TeV, 20.3 fb—1 ‘ W hel. fract ‘ Fo, Fr, Fr ‘ 3 ‘ [50] S i n g | e -to p -I: S C h a n n e |
)
ATLAS_CMS_tt_AC_8TeV (*) ‘ 8 TeV, 20.3 fb—1 charge asymmetry ‘ Ac ‘ 6 ‘ [57]
ATLAS_tt_AC_13TeV (*) ‘ 8 TeV, 20.3 fb~1 charge asymmetry ‘ Ac ‘ 5 ‘ [58]
Dataset Info Observables
N ggF, VBF, Vh, tth N
Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Naat ‘ Ref CMS_H_13TeV_2015 ( ) ’ : _ do—/de
h — ZZ,~vv,bb
) o inclusive _ i
Dataset ‘ NN ‘ Info ‘ Observables ‘ Nuas ‘ Ref ATLAS_tW_8TeV_inc 8 TeV, 20.2 fb (dilepton) ot (EW) [95] j
ggF, VBF, Vh, tth
CMS_ttbb_13TeV | 18 TeV, 2.3 b1 | total xsec | owor(tid) | 1| [70] inclusive ) ATLAS_ggF_13TeV_2015 (*) | 13 TeV, 36.1 fb—1! do /dpl,
ATLAS_tW_inc_slep_8TeV (¥*) 8 TeV, 20.2 fb~! ot (tW) [101] h— ZZ(— 4l)
CHS_ttbb_13TeV_2016 (*) | 13 TeV, 35.9 fb~1 | total xsec | owor(tibh) | 1 | [79] (single lepton)
ATLAS_ttbb_13Tev_2016 (*¥) | 13 TeV, 35.9 fb=" | total xsec | oor(ti) | 1 | [78] CHS_tW_8TeV_inc | sTev, 107 | inclwsive | ow@w) | 1| 190
da(ﬁd)/dpgv
- . 1 . ATLAS_Vh_hbb_13TeV (* 13 TeV, 79.8 fb—1
_tttt_ , 35. < to _tW_inc_
CMS_tttt_13TeV | 18 Tev, 85.9 b1 | total xsec | owou(tith) | 1| [71] ATLAS ti_inc_13TeV | 13Tev, 3.2 | imclusive | owe(tW) | 1 | 7] *) ) 0 1z
do) /dp
CMS_tttt_13TeV_run2 (*) | 13 TeV, 137 fb=! | total xsec | owr(tit) | 1 | [76] CMS_tW_13TeV_inc ‘ 13 TeV, 35.9 fb~! ‘ inclusive ‘ ot (W) \ 1 \ [98] T
4 to p S ; tt b b y to p - ATLAS_tttt_13TeV_run2 (*) ‘ 13 TeV, 137 fb—1 ‘ total xsec ‘ Ttot (LELT) ‘ 1 ‘ (77] ATLAS_tZ_13TeV_inc ‘ 13 TeV, 36.1 fb~! ‘ inclusive ‘ oot (tZq) ‘ 1 ‘ [100] ATLAS_ggF_ZZ_13TeV (*) , 79.8 fb—1 R UggF(pl%,Njets)
. . CMS_ttZ_8TeV 8 TeV, 19.5 fb—1 total xsec Ttot (tEZ) 1 (72] ATLAS_tZ_13TeV_run2_inc (*) | 13 TeV, 139.1 fb—! inclusive oga(tlT4—q) 1 [102] _
air associated ‘ T ‘ N o0 s e ser | 8ot | e | o
CMS_ttZ_13TeV | 18 TeV, 85.9 b2 | total xsee | cuoe(tfZ) | 1| [73] CHS_tZ_13TeV_inc | 138Tev, 3591 | incusive | opa(Whtteg) | 1| fo9]
d t' CMS_ttZ_ptZ_13TeV (*) ‘ 13 TeV, 77.5 fb—1 ‘ total xsec ‘ do‘(ttZ)/dp% ‘ 4 ‘ [81] CMS_tZ_13TeV_2016_inc (*) ‘ 13 TeV, 77.4 fb~! ‘ inclusive ‘ oha(tlTe—q) ‘ 1 ‘ [103]
p rO u C I O n ATLAS_ttZ_8TeV ‘ 8 TeV, 20.3 fb—1 ‘ total xsec ‘ Otot (tt2) ‘ 1 ‘ [74] u d . ff t' I
ATLAS_ttZ_13TeV | 18 Tev, 8.2 b1 | total xsec | ow(i2) | 1| (73] Ig g S I ere n Ia
ATLAS_ttZ_13TeV_2016 (*) ‘ 13 TeV, 36 fb—1 ‘ total xsec ‘ Ttot (tEZ) ‘ 1 ‘ [80] _t\/\/ tZ
CMS_ttW_8_TeV ‘ 8 TeV, 19.5 fb—1 ‘ total xsec ‘ Ttot (LTW) ‘ 1 ‘ [72] ) Category Processes Ndat
CMS_ttW_13TeV | 13 Tev, 35.9 b1 | total xsec | owou(ttW) | 1 | [73] _ .
tt (inclusive) 94
ATLAS_ttW_8TeV | 8 Tev, 203 b= | total xsec | owor(tW) | 1| [74] v -
ATLAS_ttW_13TeV | 18 Tev, 8.2 b1 | total xsec | owoe(ttW) | 1| (73] tz, ttW 14
ATLAS_ttW_13TeV_2016 (*) ‘ 13 TeV, 36 fb~?! ‘ total xsec ‘ Ttot (LEW) ‘ 1 ‘ (80] TOp quark production smgle tOp (lIlChlSlve) 27
Dataset Vs, L Info Observables Ngat Ref tz s tW 9
LEP2_WW_diff (*) (182, 296] GeV LEP-2 comb | d?c(WW)/dEcmd cos Oy 40 [128] titt, ttbb 6
Total 150
ATLAS_WZ_13TeV_2016 (*) | 13 TeV, 36.1 fb—1 | fully leptonic do ) /dm )V Z 6 [129]
Run T signal strengths 22
ATLAS_WW_13TeV_2016 (*) | 13 TeV, 36.1 fb~! | fully leptonic do8d) /dm.,, 13 | [130] & &
. G ) 2 nggs production Run II signal strengths 40
CMS_WZ_13TeV_2016 (*) 13 TeV, 35.9 fb— fully leptonic do'\"?) /dpZ, 11 [131] X X A . X
and decay Run II, differential distributions & STXS 35
Total 97
LEP-2 40
Diboson production LHC 30
Total 70
EI . V . d S Baseline dataset Total 317



Full fit: individual

0.05; l
I SU(3)°: EWPO+Diboson+Higgs o (1TeV)? ||
0.04 1 mm su(2)? x SU(3)3: EWPO+Diboson+Higgs+top 95%CL individual; C N2 i
| | mm Top operators: EWPO+top (incl. tEH)
0.03
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Ellis, Madigan, Mimasu, Sanz, You arXiv:2012.02779
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Individual: only one non-zero c;

(optimistic, unrealistic)

What does that mean
for the UV scale?
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Full fit: individual

Individual: only one non-zero c;
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(optimistic, unrealistic)

What does that mean

for the UV scale?

Strongly coupled
Weakly coupled

cf(u)
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27



Full fit: marginalised
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All coefficients allowed to
be non-zero

Bounds significantly worse
IN a marginalised fit

For weakly coupled
theories A\ bound below the
TeV scale: EFT Validity???
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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. Bounds depend
on

* the operator

e assumption of a strongly or weakly coupled
theory

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

* [inear or quadratic bounds

Eleni Vryonidou STFC HEP school 2024
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Bounds on new physics scale vary from 0.1 TeV
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* the operator

e assumption of a strongly or weakly coupled
theory

 individual or marginalised bounds (reality is
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* [inear or quadratic bounds
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cd(w) A%
A2 M2
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VAVAVAVANE VA VA VA VA VAN @
Non-pert.
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From EFT to the UV

Single-field extensions of the SM

Name | Spin | SU(3) | SU(2) | U(1) Param. Name | Spin | SU(3) | SU(2) | U(1 Param.
S 0 1 1 0 (Mg, ks) Ay : 1 2 —3 | (Ma,,Aa,)
S 0 1 1 1 (Ms,,ys,) Az : 1 2 —5 | (Ma,,2a,)
Scalars [, 0 1 2 L | (My,ZgceosB) || X 1 1 3 0 (Mg, )s2)
= 0 1 3 0 (Mz,k=) 1 : 1 3 -1 | (Mg, ,)yx,)

=1 0 1 3 1 (Mz, k=,) U : 3 1 2 (My,\v)

/'| B 1 1 1 0 (Mp,d5) D : 3 1 —1§ (Mp,\p)
W B 1 1 1 1 (1\/[31,933) Q1 % 3 2 3 (Mg, ,2o,)
W 1 1 3 0 (Mw,g3) Qs 5 3 2 —2 | (Mg;,AQs5)
4% 1 1 3 1 (Mw,,3%,) : ! 3 2 I (Mg,,2o-.)

VL N : 1 1 0 (My,AN) T : 3 3 -3 | (Mg, \1y)
E : 1 1 -1 (Mg, \g) T, : 3 3 < (Mr, A1)
VLQ T ! 3 1 2 (My,st,) TB | 1 3 2 L (Mrp,s}”)

» Simplest case: single-field extensions of the SM

Eleni Vryonidou

VLL

VLQ

 EFT bounds translate to constraints on parameters of
JV models

STFC HEP school 2024
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From EFT to the UV

Single-field extensions of the SM

Model | Cup | Cy Céy Chi ChHe | Cuo | Cra | Cita | Cpy
5 -1
S 1
Name | Spin | SU(3) | SU(2) | U(1) Param. Name | Spin | SU(3) | SU(2) | U(1) | Param. 1 — & — 3 yr
s | o 1 1 0 (Mg, ks) A, | L 1 2 | —L1 [ (Ma, ) N ~ i _
si | o [ 1 1 1 | Msws) || As |31 |2 | -1 | (Maga) = i S e S 2
Scalars [ [ g 1 2 I [ (M, ZscosB) | = | & 1 3 0 | (My)y) | VLL o 2 7
= 0 1 3 0 (M= k=) > ! 1 3 -1 | (Mg, )s,) B“ . 2 . L - —
= 0 1 3 1 (Mz, k=,) U ! 3 1 ! (My \u) i 5 P2
Z'| B 1 1 1 0 (Mg,35) D : 3 1 —3 | (Mp,Ap) u“/l — 2 _y;_ _y;t _y;}
WL B 1 1 1 1 (MBp,,98,) Q1 3 3 2 L | (Mg,,\q,) 4 888 8
w1 1 3 0 My gW 1 3 o | =3 | (Mo, £ o T | T
(Mw 35 ) Qs 2 e | (Mg;,A;) (B, By} B R T R
Wi 1 1 3 1 (]w""’l ,_@i’o‘]) 7 % 3 2 (ZS UV[Q? 7)‘QT) VLQ {Q1,Q7} Yt
N : 1 1 0 (Mn,AN) Ty . 3 3 -3 | (Mg, A1) R 3 : 3 i
’ ‘ ’ cy [cL, [ (c C Ciu | Cha | Cen | C
TR 2 1 ] -1 (MEg,AE) T ; 3 3 2| (Mp 1) (()]e _hiq fq ( fql)33 ( qu)33 Hu | CHd };H bH
VLQl T ! 3 1 . (Mr,s%) TB | 1 3 2 Lo (Mrp,sy) 5 —5 _4% —1 _4% 2 m
4 4 2
o ] 3
o ! ;
T “1 -3 _L _3 v | w
— . 116 316 116 316 i i
* EFT bounds translate to constraints on parameters of L R TR
T 27 | 337 Yt 7
JV models
* Simplest case: single-field extensions of the SM Tree-level matching dictionary

de Blas et al. JHEP 03 (2018) 109

Eleni Vryonidou STFC HEP school 2024
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From EFT to UV

Single-field extensions of the SM

M4 = 1) Mass limits (in TeV) AM = 11eV)
N - H |2 < 3.8 x 102 1.60
iy ] i 1% < 8.6 x 1072
Name | Spin | SU(3) | SU2) | U(1) |  Param. Name | Spin | SU(3) | SU(2) | U(1) | Param. W - i< e ig(’
= - | kg < 1.1 X (& 0o
S 0 1 1 0 (Mg, ks) Ay 2 1 2 —5 | (Ma,,Aa,) 511 I s P <1L6x107] 1.20
| — 2
| S1 0 1 1 1 (Msl ay51) Az % 1 2 _% (MA:“/\A:;) g :l] o) <D
Sealars |y [ To |1 | 2 |} [(Mdeeonp) | D | § | 1 | 5 |0 | 0y | V- S ; A
= 0 1 3 0 (M=,k=) N ! 1 3 -1 | (Mg, \s,) 0. | o < 026
=1 0 1 3 1 (M=, ,k=,) U % 3 1 % (My,\v) ¥ } As|? < 4.5 x 1072
Z| B | 1 | 1 1 | 0 | (Mggh) D | 3 | 3 1 | =5 | (Mp\p) To: } | Pl <00w]
ol B T T ) [0 [ s [ ] T Mada 4 ; ' e
W 1 1 3 0 (MW'»QI‘/}/) Qs % 3 2 _% (Mg5,2;) VLQ o | Zg cos 3 < 0.995
Wi | 1 1 3 1 (Mw, dy,) Qr | 3 3 2 6 | (Mg, \g,) N0 aiaif’ <08
VL0LL N % L L 0 (MN’)\N) Ty %’ 3 3 _51? (MTI :)‘Tl) Q7 I Ao, |? < 0.14
E % 1 1 -1 (MEg,AE) 15 % 3 3 % (M, ”\sz) BBD ‘—| } I/\QDF j (:)))s; -
1 2 1 1 L, l 9B, <.
VI_Q T ) 3 1 3 (MT,StL) TB 2 3 2 6 (MTBasL ) Bi ‘—l |g§1|2<6.9><10_3 —}
T11 ] |Ap |2 < 0.22
31 } |Ag, |2 < 2.7 x 1072
A; - | Aa, |2 < 1.7x 1072
 EFT bounds translate to constraints on parameters of UV models 0 : a : : . -

* Simplest case: single-field extensions of the SM
Ellis, Madigan, Mimasu, Sanz, You arXiv:2012.02779

Fix coupling and set bound on mass or the other way round

Eleni Vryonidou STFC HEP school 2024
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