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How to ook for new physics”
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Model-Independent
simplified models,EFT

New Interactions
of SM particles

anomalous couplings, EFT
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SMEFT: What is it all about?

-nergy
New Physics
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A Taylor expansion
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SMEFT: What is it all about?
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SMEFT: What is it all about?

—nergy

New Physics
>W” Lnp(p, Z")

A=M

>< £S]\f(99) - ﬁDifm(S(QQ) 2 b

SM

—;12 Lpime(p) = (f"“f)(f?uf)
c//\2 can be linked to High Scale physics:

E.Vryonidou Matching and Running .




Effective Field Theory for New Physics

Low Energy Effective Theory without the Z°
1,[2 * ES]W(90) + ‘C’D’im6(<,0) 4.,

Modified interactions suppressed
by the scale of New Physics

New Interaction

Rate ¢

Eﬁergy
The way to probe New Physics in the absence of light states
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Effective Field Theory for New Physics

Low Energy Eftective Theory without the Z’
1,[2 e Lsn (@) + Lpims(p) + -+

Modified interactions suppressed
by the scale of New Physics

New Interaction

Rate ¢

EFT region The first sign of new
G physics from precision

measurements
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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—p+e 41U, Fermiformulated histheory inthe 1930’'s

t described 3-decay data very well
Energy 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 UA2
Mw=80 GeV >> QB

Energy borrowed from the vacuum
A virtual W-boson exchange

E.Vryonidou 7



A toy-model example

Heavy scalar+Massless
=Py + fermions model

Heavy particle to Yukawa
be integrated out  interaction

1
()

«1»: Nevvscalar— >< * /\\ ><
l.

Looye =0+ - WW%D

We want to describe the same physics, below scale M

E.Vryonidou 8



Matching

EFT

1 =
" :
® + New scalar -
7#4 /\\

()

Full Theory 022 = Mpaw 4= ww ww
Matching will allow us to determme C

Writing down the amplitudes:
Avv = T(ps)u(p)a(pa)u(ps) (i)’

(p3 —])15 M=
Expanding the propagator in p2/M2:

! 3 A (ps — p1)? p* )
( l/\) (p3 pl) M2 \[) - p3”;31) ‘[) (1+ M2 +O(J‘[4)

2
Reading out c: |[C = %

>_{3<_>4}
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Matching improvements

Higher order terms In the momentum expansion:

= dimension-8 operators
)\2 1 — A A )\2
Lroye =i Py - ek U H d 0PI P i = — 3

EFT expansion systemaﬂcally improvable by adding higher
dimension operators

Higher-order corrections in the QED or QCD couplings:
1-loop matchmg mstead of tree-level matching

> //> ﬁﬁ\)
Faut
e m

E.Vryonidou —(8epd)

Systematically
> > Improvable
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What we learnt so far

(UV complete model) EFT: Ci(A)
matching

tree or loop
Running and mixing
RGE: Jenkins et al arXiv:
1308.2627,1310.4838,
Alonso et al. 1312.2014

EFT: Ci(Q)

E.Vryonidou
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What we will learn

(UV complete model) EFT: Ci(A)

matchg

tree or loop

Running and mixing
RGE: Jenkins et al arXiv:
1308.2627,1310.4838,
Alonso et al. 1312.2014

EFT: Ci(Q)

{  Tools: FeynRules,
| MG5_aMC, Pythia etc

Measurements
Constraints

E.Vryonidou 11

Obsevable




What we will learn

(UV complete model)
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SMEFT@LHC

 Focus on SMEFT:
e only SM tields
e respecting SM symmetries ¢/
e valid below scale A

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

O(as)+o(%>+o(i§) .

» Complete description ¢/
 Model Independent ¢/

E.Vryonidou
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SMEFT

Leg =Lsm+

2

c®0®

A2

-FO(A™Y)

° 59(2499) operators at dim-0: Buchmuller, Wyler Nucl.Phys. B268 (1986) 621-653

Grzadkowski et al arxiv:1008.4884
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4-ferm

oNn operators
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EF1 pases

Warsaw (arxiv:1008.4884): A well-defined basis
Other bases are equivalent up to dimension-6 terms

How to go from one basis to the others?

| . oc . oL
Use the Equations of motion %6 On 3 (020)

5 |3 1 1
{OnL,04,Owg} = {Ow,0B,Onp} Ow =g |50r = 7D Oy — Os + 7(Olur, + Olyg) | -
- u.d.e
Op =0yp+ 0O +O0ws, Onw = ig(D"H)'o"(D"H)W}, S 1 1
Ow = Ogw + Oww + Owp. Owp = %(H*a“H)l"'ﬁ“B‘” Op =g~ _§OT T 2 Z YrOur| -
' F
Biekotter et al., 1406.7320 with F' = {Ly,egr,Qr,ur,dr}, Yr the hypercharge, and

Onr = (iH'DuH)(Liy"Ly), Oy, = (iH'0*DuH)(Lyo"Ly).
Bases:
* SILH, G. Giudice et al [hep-ph/0703164].
* Warsaw arXiv:1008.4884
* BSM primaries Gupta, Pomarol, Riva arXiv:1405.0181
* Higgs, LHCHXSWG
E.Vryonidou ¢ someone’s favourite basis 14



Tools tor EFT bases

ROSETTA translation between bases: Falkowski et al. arXiv:1508.05895)
EW and Higgs Physics
3 6 LAD2 2003 : rry
X ¥ and b4 D LE2 nggs Ph}’SiCS Only 0“/, — % (H"'O-GD}I.H) DV”Z:U 9
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. ABC (3Av (+Bp (+Cis Aot , : Or = |H|*|D"H]| 1 — ig’ t e v
Qs fRGLTGPG, Q0 (¢'e)O(e'p) Quy (#0) (GourP) = . Op = 2 H'DFH | O B;w 2
QH" ‘(-‘JJK ”ZVH’VJPH’;)K# Q',:‘D (SﬁtD“Sﬁ)* ("erD#Y/;) Qd',a (‘Pt"p)(qurkp) OBB — gT|H| B‘“/B,u/ - O lg (DH_H 1»( )
. EuKﬁZulVanlV K Oww = | H|2"Vﬁy Waw 2
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Quc ploGAGH | Quw | Lowe)r oW, | Q) (¢'iD, 0)(G",) Oy, = yu|H|?Qr Hup 1 Oy = (zHTE,,H )(@py uR) 1
) ~y Apv T v i~ (3) ) .2 AN(T T = g
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~ /
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Grzadkowski et al arxiv:1008.4884

param card(Warsaw)
)Rosetta '—-bparam card Mass) -——O{ MG5 aMC}

d(SILH)
param_car -
_P~ A Mass eigenstates
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Physics applications

VH/VBF

VBS
t+H/Z

FCNC

tt+V
single-top TGC

K. Mimasu

EFT has a global character
E.Vryonidou
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SMEFT in Monte Carlos

A well known chain:

Lagrangian UFO model MGS5_aMC/Sherpa/

your favourite generator

FeynRules

PYTHIA, HERWIG,

your favourite PS
https://teynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage

EFT models publicly available

?MEF]CT‘Sim Detector simulation
op-eft
TGC Delphe.s,PGS

Higgs effective Lagrangian
Higgs characterisation
many more

17
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https://feynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage

SMEFT in Monte Carlos

0 feynrules.irmp.ucl.ac.be

LjubljanaTrainingEvent < VBSCan < TWiki

EffectiveModels

Strongly-coupled models and effective field theories

Model

Axion-Like Particles

Anomalous Gauge Boson Couplings

BSM Characterisation

Complete top-quark EFT implementation
Chiral perturbation theory

EFT mass basis

Effective theory for 4 top production

Effective theory for weak gauge boson
production

Effective top-Higgs interactions
FCNC Higgs interactions

FCNC Top interactions
Four-fermion FCNC
HiggsCharacterisation

Higgs Effective Lagrangian

Higgs effective theory
Mimimal Higgsless Model (3-Site Model)
nTGC Effective theory

Strongly Interacting Light Higgs
Technicolor

TFCNC

The SMEFT in the Warsaw basis

Top Effective theory

Short Description

Effective Theories for a light Axion-Like Particle

Model including anomalous couplings among gauge bosons

The SM EFT Lagrangian in the mass basis

A complete top-quark EFT implementation

The effective Lagrangian describing the low-energy interaction of mesons.
The SM EFT Lagrangian in the mass basis

Dimension-six operators invariant under the SM symmetries affecting 4 top
interactions

Dimension-six operators invariant under the SM symmetries affecting triple gauge
boson interactions

Dimension 6 Higgs-top interactions.

The SM plus higher-dimensional flavor changing Higgs interactions.

The SM plus higher-dimensional flavor changing top-quark interactions.
Contact Interaction model with b-s-I-I FCNC terms

The model file for the spin/parity characterisation of a 125 GeV resonance.
Higgs effective Lagrangian including operators up-to dimension 6.

An add-on for the SM implementation containing the dimension 5 gluon fusion
operator.

A higgsless model, including new heavy fermions and a Z' and a W' boson.

dimension-8 operators invariant under the SM symmetries affecting neutral triple
gauge boson couplings

A model including higher-dimensional SM operators to describe strongly coupled
theories of EWSB.

The Minimal Walking Technicolor Model
The SM, plus FCNC top interactions.

Standard Model Effective Field Theory
Higher-dimensional operators invariant under the SM symmetries affecting top

. A

&

EffectiveModels — FeynRules

Login = Preferences @ Help/Guide @ About Trac
Wiki Timeline View Tickets
Start Page = Index @ History

Contact

I. Brivio

0.].P. Eboli, M.C. Gonzalez-Garcia
B. Fuks, K. Mawatari

G. Durieux and C. Zhang

C. Degrande

B. Fuks, K. Mawatari

C.Degrande

C.Degrande

E. Salvioni and J. Dror

S. Krastanov

A. Amorim, J. Santiago, N. Castro, R. Santos
Y. Afik and J. Cohen

F. Demartin, K. Mawatari

A. Alloul, B. Fuks and V. Sanz

C. Duhr
N. Christensen

C. Degrande

C. Degrande

M. Jarvinen, T. Hapola, E. Del Nobile, C. Pica

M. Buchkremer, G. Cacciapaglia, A. Deandrea,
L. Panizzi

I. Brivio, Y. Jiang, M. Trott,

C. Degrande

Status

Available
Available
Available
Available
Available
Available

Available

Available

Available
Available
Available
Available
Available
Available

Available
Available

Available

Available
Available
Available
Available

Available

E.Vryonidou
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EET In HIQQgS physics

LsiL =

33 CP-even + 6 CP-odd

34 operators relevant for Higgs
Flavor-universal

SILH: hep-ph/0703164, Guildice et al.

arXiv:1310.5150, Alloul, Fuks, Sanz

Public and validated

UFO model

fMGS aMC>1mport model HEL UFO
tMG5_aMC>generate p p > w+ h NP=1
i MG5_aMC>output

' MG5_aMC>1launch

E.Vryonidou

o [810]9,[010] + -1 [ D" 8] [ T, 8] _@[@@]

1 Cw

o,
(@17, D 9] D'W, + 222 [81 D8] 9" By,
W w
229 EHW' 1 v k Zg, 6HB v
2 I:D#(bTTQkD q)] W#U + m—% [D#(I)TD <I>] By
912 = 92 C. .
S oteB,, B + % 2 atege g

mw my,

feynrules.irmp.ucl.ac.be/wiki/HEL
Higgs effective Lagrangian

Authors
Adam Alloul

« Groupe de Recherche en Physique des Hautes Energies - Universite de Haute Alsace
+ adam.alloul@...

Benjamin Fuks

« CERN / Institut Pluridisciplinaire Hubert Curien / Universite de Strasbourg
+ benjamin.fuks@...

Veronica Sanz
« University of Sussex
e v.sanz@..
Description of the model & references

The model we have implemented is based on the description given  here and on the parametrization adopted
nere. The Lagranglan consists of an extension of the SM Lagrangian with terms of dimension up to six comprising

—~ [%yum . Qrup + U—deé’f«b dQrdr + ;ye '® ®Ler + h.c.
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Some practical info

IMG5_aMC>import model HEL_UFO |
:MG5_aM(C>generate p p > w+ h NP=1

IMG5_aMC>output | — +
MG5_aMC>launch - N
Allow one EFT insertion
9 |
o 1TeV? 1TeV*4
NP=1 Syntax will give you o = oq\ A2 C;o; A4 C;C0;;
. 1<J
interference .
with SM interference between
operators, squared
contributions
mgg—gmgzgﬁggﬂite P p > wt h NP2==1 ; Formally of dimension-8
\MG5_aMC>launch I
()
o 1 TeV~
NP/A2==1 Syntax will give you e C:o;

E.Vryonidou 20



SMEFT predictions: Some
considerations

* Theory uncertainties:
 SM: factorisation and renormalisation scale, PDF uncertainties (obtained
automatically in MG5)
e EFT:. asin SM but also EFT scale c(u)
* dimension-8 operators
 Simplifying assumptions for operators to consider: flavour, CP violation, FCNC
 1/A2vs 1/A% contributions
* 1/A2 suppressed due to helicity: Azatov et al arXiv:1607.05236
* 1/A*can be large for loosely constrained operator coefficients/strongly
coupled theories
* Validity of the EFT expansion: E<A, report limits as a function of the max scale
probed: Contino et al arXiv:1604.06444
e Range of Wilson coefficients:
e The theory: perturbativity, unitarity, linear or non-linear EFT, UV completion
e The experimental limits Follow a global approach use as many
processes as possible

To keep in mind: connection to flavour, EWPO
E.Vryonidou
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Application: EFT fits in the Higgs sector

Use predictions+measurements: _ e
. Cq (x1000) T
ggh, VBF, VH, ttH, Higgs decays
c, (x100) -|_'—+ﬂ—_|-
A [TEV] A=veA A
0.1 0.2 03 04 08 04 03 0.2 c e
| ' I ] ' w i
Cur e | y
W I ey : C,
. e :
- l L | e
o : —= : Chw "y
_ e — :
CHB :! : { 5 : EHB |=-| e
Caw — | - +
| | cU3 .|.:.|.
¢, ( x100) y o — | .
IR i Cas r——
Cg(X].OO) : ‘ : EEEEEEEEE NN NN
i I -0.1 0.05 0 0.05 0.1
B '_—'6.'3 """" “02 -01 00 01 02
Higgs, TGC, combination Current, ,3000fb"1

TGC not included

1404.3667,1410.7703 Ellis, Sanz, You 1511.0517 Englert, Kogler, Schulz, Spannowzsgy

E.Vryonidou



SMEFT in processes with tops

Rich phenomenology:

pair production :::(
single K

associated production §§@m< ::E
top loops ) oo 5

E.Vryonidou 23




Top-quark operators and how to look for them

N N
©
—*—
3
S
N—
O
-
i~
\]
-
O

Zly

Ow = Ytgw(Qa* T't) W i
OB = Y19y (Qo* )@ By
O = y19s(Qa* TH4t) oG,

Oty = y; (®T ) (Qt) &

see for example: Aguilar-Saavedra (arXiv:0811.3842)
Zhang and Willenbrock (arXiv:1008.3869)

+four-fermion operators
+Nnon-top operators (Mixing)

H X

E.Vryonidou 24



Top-quark operators and how to look for them

3) .1 :
O = i5; (wf(ﬁfts&‘) (@71 Q Z::(

1y .1 ~
05 =59 (¢ Dup) (@7Q) t

1 .

Opt = ’1-53/152 (SOT(BMP (t7*1) Wzﬁ
O = Ytgw(Qo* 7 t) W, :
OB = thY(Qauyt)#’aBMV t

O = ye9s(Qat TH1) G, K

O = 43 (@'f'cb) (Qt) ¢

see for example: Aguilar-Saavedra (arXiv:0811.3842)
Zhang and Willenbrock (arXiv:1008.3869)

+four-fermion operators
+Nnon-top operators (Mixing)
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Top-quark operators and how to look for them

1 _

059 = i5; (w*(ﬁﬁs@) (Q'7'Q j::(
1 —

08} =542 (#' Dup) (@) t

1 -
Opt = ’l-g'ytg (@Jr(ﬁuiﬂ (t7*1) Wzﬁ

O = Ytgw(Qa* 7' 1) W, ;

O¢p = ytgy(Q(T”’Vt)@Bm/ t

O = ye9s(Qat TH1) G, K

O = 43 (é*é) (Qt) ¢

see for example: Aguilar-Saavedra (arXiv:0811.3842)
Zhang and Willenbrock (arXiv:1008.3869)

+four-fermion operators
+Nnon-top operators (Mixing)

E.Vryonidou 24



Top-quark operators and how to look for them
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Top-quark operators and how to look for them
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Top-quark operators and how to look for them
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Top-quark operators and how to look for them
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Zhang and Willenbrock (arXiv:1008.3869)
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Top-quark operators and how to look for them

1 ]
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05 = i3t (¢' Dur) (Q1"Q) \ t
1 _ \/
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— vV I A1 I
Owy = ytgw(C_QU“ V T ~t)v/WW 1’
OtB = Y19y (Q0""t)p By /

f
O = ye9s(Qat TH1) G, K

Op = 3; (470) (Qt) & -

see for example: Aguilar-Saavedra (arXiv:0811.3842) ~)
Zhang and Willenbrock (arXiv:1008.3869)

+four-fermion operators
+Nnon-top operators (Mixing)

Operators entering various processes: Global approach needed
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EFT In top production

Single top production

3 _
O((JQ),TS = (Gryut’ qs)(Q':»“T Q)

&

dim6top

A complete top-quark EFT implementation

Under the umbrella of the LHC TOP WG, common standards and prescriptions were established for the EFT interpretation of top-quark measure
the note at = https://arxiv.org/abs/1802.07237. Details concerning the present UFO model implementation are provided in Appendix B.1.

E.Vryonidou

ments at the LHC.

Top palr production
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EFT In top production

Single top production Top pair production
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EFT In top production

Single top production

Q
~
w
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ch:i§yt o DL

wiki: dim6top

A complete top-quark EFT implementation

Under the umbrella of the LHC TOP WG, common standards and prescriptions were establi:
the note at = https://arxiv.org/abs/1802.07237. Details concerning the present UFO mode
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Top palr production
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Towards global fits

EFT only makes sense if we follow a global approach
First work towards global fits in the top sector:
Buckley et al arxiv:1506.08845 and 1512.03360
(N)NLO SM + LO EFT

Dataset Vs (TeV) Measurements arXiv ref. || Dataset V= (TeV) Measurements arXiv ref. : — T
] individual ——e—
Top pair production C i arginalized +—e—i
Total eross-sections: Differential cross-sections: G —w— mAarginz
ATLAS 7 lepton4jets 1406.5375 || ATLAS 7 pr(t), Mg, vl 1407.0371 33 i
ATLAS 7 dilepton 1202.4892 || CDF 1.96 Mg 0903.2850 ‘uG ——
ATLAS 7 leptonttau 1205.3067 || CMS 7 pr(t). Ma, ve. wi 1211.2220 =1
ATLAS 7 lepton w/o b jets 1201.1889 | CMS 8 pr(t). Mg, ve. v 1505.04480 Cy e .
ATLAS 7 lepton w/ b jets 1406.5375 || D¢ 1.96 Mg, pr(t), |l 1401.5785 =9
ATLAS 7 tautjets 1211.7205 Cy —
ATLAS T Iy, WW 1407.0573 || Charge asymmetries: =1
ATLAS 8 dilepton 1202.4892 || ATLAS 7 Ag (inclusive+ My, uy)  1311.6742 Cd : B L :
CMS 7 all hadronie 1302.0508 | CMS T Ac (inclusive4 My, y;)  1402.3803 =92
CMS 7 dilepton 1208.2761 || CDF 1.96 Apg (inclusive4 M, yee) 1211.1003 Cd | e ,
CMS 7 leptondjets 1212.6682 | Dy 1.96 App (inclusivet My, y) 1405.0421 _ ' - '
CMS 7 lepton+tau 1203.6810 C 3& T
CMS 7 tautjets 1301.5755 || Top widths: a o
CMS 8 dilepton 1312.7582 || D¢ 1.96 Ty 1308.4050 (@F Ll
CDF + D¢ 1.96 Combined world average 1309.7570 || CDF 1.96 Ty 1201.4156 =3
Single top production W-boson helicity fractions: C¢>q e
ATLAS 7 t-channel (differential) 1406.7844 || ATLAS 7 1205.2484 =33
CDF 1.06 s-channel (total) 1402.0484 | CDF 1.96 1211.4523 C.B . '
CMS 7 t-channel (total) 1406.7844 || CMS 7 1308.3879 —
CMS 8 ¢-channel (total) 1406.7844 || D 1.96 1011.6549 Cou B
D¢ 1.96 s-channel (total) 0907.4259 —
D¢ 1.96 ¢-channel (total) 1105.2788 C <}>q ——
Associated production Run II data
ATLAS T tiy 1502.00586 || CMS 13 tf (dilepton) 1510.05302
ATLAS 8 HZ 1509.0527 -1 -0. 0 0.5
CMS 8 tZ 1406.7830 C; = Cv? /A2
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Tevatron and LHC data

Cross-sections and distributions

20



What's next”

Use SMEFT to
parametrise and look for
deviations from SM
predictions
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distributions
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predictions
QCD/EW corrections

27



What's next”

Use SMEFT to Use as many experimental

parametrise and look for %, measurements as possible

deviations from SM , Cross-sections+differential
predictions distributions

Use the best SM
predictions
QCD/EW corrections
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How can we Improve the EFT
poredictions?

« SMEFT@NLO in QCD: Adding N'’s
« MadGraphb5_aMC@NLO needs R2+UV counterterms
e NLOCT Degrande (arxiv:1406.3030)
 Automatic UV and R2 counterterms (under development)
 Mixing between operators: anomalous dimension matrix (UV
counterterms): Jenkins et al arXiv:1308.2627,1310.4838, Alonso
et al. 1312.2014
e NLO UFO EFT models:
https://feynrules.irmp.ucl.ac.be/wiki/NLOModels
* Higgs Characterisation
 Top FCNC
« HELatNLO

E.Vryonidou 28
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EFT@NLO examples

Recent progress:
Higgs:
* Higgs characterisation arXiv:1306.6464
 VVBF, VH Maltoni et al arXiv:1311.1829
* ttH Demartin et al arXiv:1407.5089, tH Demartin et al arXiv:
1504.00611
* HELatNLO Degrande et al: arXiv:1609.04833
* EW Higgs production
Top:
* top pair production: Franzosi and Zhang (arxiv:1503.08841)
* single top production: C. Zhang (arxiv:1601.06163)
* ttZ/y: Bylund, Maltoni, Tsinikos, EV, Zhang (arXiv:1601.08193)
* ttH: Maltoni, EV, Zhang (arXiv:1607.05330)
* tH/Zj: Degrande, Maltoni, Mimasu, EV, Zhang arXiv:1804.07773

E.Vryonidou 29
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=W HIgQs production

./bin/mg5_aMC
import model HELatNLO

generate p p>h j j $$ w+ w— z a NP=2 QCD=0 [QCD]<e— NLO
output VBFEFT

Higgs pr Di-jet rapidity difference

............................................................................... : Tt T T T T
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Flexible, process-independent implementation ready for
E.Vryonidou realistic simulations 30



lop-pair+Z

L t
?@E_V_wﬂé Z/y >mm< Z/n
; ;

~900fb at 13 TeV

Relevant operators

v? (¢ Dle) (@171Q)
Os:cz e o) ere
1 2

Ow = Uth(QUMV
OB = thY(QUu t)'“rOBm/

. oy oz .z
Lz = eu(pt) [ (CYy +75C1 4) + oy (e Z":"Scz,A)] v(pi)Zy
oz :1(6(3) oW _ o )L
v =% %0 ) gy Anomalous
z _ 1 (€IS ¢ ) I WL ;
cla=3(-Clara-C) mym  coupling approach
2
Cfy = (Coawely — Cisiy) %
Cf =0

O = y19s(Qat T4t) G,

4-termion operators
Triple gluon operator
(not discussed here)
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N practice

JFO model with UV+R2 counterterms

mport to MG5_aMC@NLO
Proceed as in SM case

MG5 aMC>import model TEFT

MG5 aMC>generate p p > t t~ z EFT=1 [QCD]
MG5 aMC>output

MG5 aMC>launch

Results: Implementation allows the
~ixed order NLO ; )
. 1 TeV? 1 TeV
NLO+PS with MC@NLQO o =osu+ A2 Cio; + A C;Cj0i;5.
i i<j

interference interference between

. operators, squared
E.Vryonidou P 4 32



PS04 AR MO PP v &

PO R R A

YT A A0 AR S R G

LB M A SO P i G

S LMo
B oo o BERBNELEEERHGHTT

Q L N

3 UM TR

O s Ll AP
P e e S R A EU OB Y e
EENTLE L 2 LB
IR (LB G RO e

FA DL LD U CH b = GRS

N2 RV D2 BN RN BN RNV KNSR KN BN FAVRNR NS AR & S AN L U DU X BNV SNV S A RIS P T T
FIX, 1Y ji ..:,/A»\ Y 1Xy 1Y i i\ i i p i\ i YN0 i AL i i
i i i . i L . i i R AL { Vit VL0 i { IR NI /i) Ji i
i i Py w\:/w.w i Py d PP A A e A A A i i RSy i _

FURD-GEUAE R0 8 6 A ISR B GR R P ORU R gt

)
O
m YEETE N SO PSR
QO
& iy g P

OG0 O DL RO PRVRY O GOZUSURURE QS0 RyAU St

B3 CHLOLEZOACREL RS0 G G20 O 0 S YRR

e e AR OB RS A OY GO

SOLL LT RROAI ORI 8
LR S G T

SR LR & DA 14O RO YRR

SR A LD A AU R A



N practice

JFO model with UV+R2 counterterms

mport to MG5_aMC@NLO
Proceed as in SM case

MG5 aMC>import model TEFT

MG5 aMC>generate p p > t t~ z EFT=1 [QCD]
MG5 aMC>output

MG5 aMC>launch

Results: Implementation allows the
~ixed order NLO ; )
. 1 TeV? 1 TeV
NLO+PS with MC@NLQO o =osu+ A2 Cio; + A C;Cj0i;5.
i i<j

interference interference between

. operators, squared
E.Vryonidou P 4 32



F tty, LHC13 pr(y) > 20 GeV
- NLO, p=m,, C,;g=4, A=1 TeV

0.1 E

do/dpt [pb/bin]

0.01

1 1
MadGraph5_aMCENLO

G/GSM 1+Cc(1 )/GSM

'—lIlllllllllllllllllllllllIlllllllllllll—
0 50 100 150 200 250 300 350

pr(v) [GeV]
Large contribution at O(1/A%)
rising with energy

arXiv:1601.08193
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Results for tt+V
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ttH In the EFT

\ O =4} (919) (@) ¢

E— 0,=w(s's)chc™

) / O = ygs(Qo™ T )¢ G,

A-fermion
operators

~

M _ . PABC A ~BpC
OG — gsf G#VGV ppr

Not in this talk, work in progress o



Differential distributions for ttH

L L do_ ]

- ttH production C — - [GeV] ttH production
0.006¢ LHC‘:S, f(N)LO 0.006¢ o,9p, () LHC13, f(N)LO
0.005k ---0,(LO) —O,,(NLO) 0.005F ---0,(LO) —O,(NLO)
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0.001E
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= NLO: smaller uncertainties, Different shapes for different
non-flat K-factors operators for the squared terms

| Maltoni, EV, Zhang arXiv:1607.05330
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Towards a complete implementation@NLO

Based on:

 Warsaw basis

* Degrees of freedom for top operators

Current status:

* 73 degrees of freedom (top, Higgs, gauge):
* CP-conserving
* Flavour assumption: U(2)a x U(2)ux U(3)d x U(3)L x U(3)e

* Successful validation at LO with dimetop (in turn validated with
SMEFTsim)

* 0/2F@NLO operators validated (with previous partial NLO
implementations) http:/feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

 4F@NLO operators validation: on-going

Future plans

e Full NLO model release (4F@NLO)

* Other flavour assumptions

* CP-violating effects Work in progress with:
C. Degrande, G. Durieux, F. Maltoni, K. Mimasu, C. Zhang

E.Vryonidou 36




EFT In loop-Induced processes

Ingredients:

 NLO-ready UFO model as betore: UV and R2 counterterms

* Loop-induced event generation

Example:

MG5 aMC>import model TEFT H

MG5 aMC>generate p p > H j EFT=1 [QCD]
MG5 aMC>output

MG5 aMC>launch

E.Vryonidou
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SMEFT in H+]
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Harder tails from dim-6 operators: Boosted analysis
E.Vryonidou Maltoni, EV, Zhang: arXiv:1607.05330

MadGraph5_ aMCE@NLO



HH In the EFT

-HH prcl)duction IL | | Os | g h
including interference and squared terms 8 H !
" dashed:” excluded by O éG "_.\\
o 5 g }
10t - . -
; // , /
. / -7
0 N\ /
S " .
~
. .
100 Lo Sl e l
- =005y =1 | Other couplings enter in the same
ric = 10,746 =200 Drocess:
Ty = 1 1 :
, , 1 , e , ~ top Yukawa, ggh(h) coupling, top-
20 s S =0 0 101520 gluon interaction
¢ =15 [TeV™2]
1 1 A2
E.Vryonidou

39



HH In the EFT

U/USM

—00s.rr—1 1 Other couplings enter in the same
ric = 10,756 =200]  pDrocess:
Ty = 1 1 ,
. . 1 . e . ~ top Yukawa, ggh(h) coupling, top-
—20 —15 —10 —5 0 5) 10 15 20

G = iy [ToV) gluon interaction
The present

Given the current constraints on o(HH), o(H) and
the fresh ttH measurement, the Higgs self-coupling
can be currently constrained “ignoring” other
couplings
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HH In th

e EFT

U/USM

re = 0.05,rg =1
riq = 10, r¢c = 200
th‘) =1

Other couplings enter in the same
Process:

top Yukawa, ggh(h) coupling, top-

10

The present
Given the current constraints on o(HH), o(H) and
the fresh ttH measurement, the Higgs self-coupling

can be currently constrained “ignoring” other
couplings
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20

gluon interaction

The future

Precise knowledge of other Wilson coefficients

will be needed to bound A as the bound gets
closer to SM

Differential distributions will also be necessary
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HH in the EFT
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HH in the EFT

Best LHC limit on onH

U/USM

-HH productlon L 14 | Os | ]
including interference and squared terms 8 H .
" dashed: excluded by DHC results / ) gG . "
th -
10t |- e

re = 0.05,rg =1

T't(;l)—l

riqg = 10,74 = 200

—20 —15 —10 —5 0 5) 10 15

The present

Given the current constraints on o(HH), o(H) and
the fresh ttH measurement, the Higgs self-coupling
can be currently constrained “ignoring” other
couplings

E.Vryonidou
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015 = y; (610) (Q1) 6.

OgbG — yt2 ((Z)Tqﬁ) GﬁI/GAHI/

Oi: = 1gs(Qot T4) G,

O = —A(¢'9)"

On = 5(8,(616))

Other couplings enter in the same
Process:

top Yukawa, ggh(h) coupling, top-
gluon interaction
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HH In th

e EFT

U/USM

-HH productlon L 14 | Os | ]
including interference and squared terms 8 H .
" dashed: excluded by DHC results / ) gG . "
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Best LHC limit on onH

015 = y; (610) (Q1) 6.
OgbG — yt2 ((Z)Tqﬁ) GﬁI/GAHI/
O = yigs(Qo THt) 6 Gy,

O = —A(¢'9)"
1

re = 0.05,rg =1

T't(;l)—l

_____ |05 = 5(0u(619))°

Other couplings enter in the same

g =10,m56 =200  process:

—20 —15 —10 —5 0 5) 10 15

The present

Given the current constraints on o(HH), o(H) and
the fresh ttH measurement, the Higgs self-coupling
can be currently constrained “ignoring” other
couplings
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~ top Yukawa, ggh(h) coupling, top-
20 gluon interaction

The future

Precise knowledge of other Wilson coefficients
will be needed to bound A as the bound gets
closer to SM

Differential distributions will also be necessary
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\

Top and Higgs
O =i (¢'9) (Q1) 6

00000 —»——
o000 ——€—— ~
Ogc = v (4'0) Gib, G
Oc = 1g.(Qo™ TA)3GE, = T T Tl Tl
_ , SR QAN
Grojean et al. arXiv:1312.3317
Azatov et al arXiv:1608.00977

Cirigliano et al arXiv: ttH H, H"‘j, HH

1510.00725,1603.03049,1605.04311
(including CP-violation)

/

See also
Degrande et al. arXiv:1205.1065

Use with 1) ttH and 2) H, H+] to break degeneracy between
operators and extract maximal information on these operators

Maltoni, EV, Zhang: arXiv:1607.05330
E.Vryonidou 41



Constraints using two-operator fits
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Current limits
using LHC
measurements

O = v (4'¢) (Q1) ¢

O¢G — yt2 (¢f¢> GA GApz/

pv

Oz = y19s(Qot* T4 1) 9 G,

14TeV projection
3000 fpb-T

Maltoni, EV, Zhang
arXiv:1607.05330
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=W precision In EFT

Leading Order Higher Order
Standard Model Effective Theory

HﬁZZ 'ﬁ % _____

new new

The picture at higher orders is more complicated, the computations are
much more challenging:

 New interactions arise for the same initial and final state
* Higher-order corrections can potentially be large

Promoting all effective field theory predictions to
higher-order to enhance the discovery potential
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Going beyond QCD corrections

Are we measuring >WLLL Or >ti ?
"

NLO EW in SMEFT may not be small:

O(OzEW/ﬂ'-Ct/CH) instead of O(OzEW/ﬂ')

Weak corrections can be important for
unconstrained operators

E.Vryonidou
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Towards weak loops in the EFT

Current constraints

Orp = Q1 (1) + hec,
<{X 08 - (BloN@rr),  [Orm T WO o
~PQ C =4 4
 oth [-5.28,5.28]

Opty = (SO]LZDMP) (t4"0) + h.c., c® [2.59,1.50]

Oip = (Qo*t) $B,, + h.c., + Coo %3.10,3.10}
_ oot 10.78,8.18

1 pr=g = | i
O = (#1100 u9) (@1"Q), Cim k700468

_ Cty [-6.5,1.3]
O = (Qo*7't) WL, + h.c.,

Poor knowledge of top couplings leads to
uncertainties on Higgs measurements at the LHC:

0% ~vZ bb WW* N TT [L 1L
gg [(-100%,1980%) (-88%,200%) (-40%.,48%) (-40%,47%) (-40%.46%) (-40%,48%) (-40%,48%)
VBF (-100%,1880%) (-88%,170%]) (-6.1%,5.3%) (-6.8%,6.7%)|(-8.8%,9.2%)|(-6.2%,5.9%) (-6.2%,5.9%)
H |- ) (
H |- (

100%,1880%) (-88%,170%) (-5.5%,4.2%) (-6.1%,5.6%)|(-7.8%,7.9%)|(-5.8%,5.1%) (-5.8%,5.1%)
100%,1880%) (-87%,170%) (-6.5%,5.9%) (-7.1%,7.1%) |(-9.4%.9.9%) | (-6.8%,6.7%) (-6.8%,6.7%)

loop-induced tree-level

E.Vryonidou EV, Zhang arXiv:1804.09766  “°



Weak loops in the EFT: Future colliders

Circular Electron Positron Collider & HL-LHC:
Top + Higgs Global Fit

e O

e

Higgs production and decay WW production
precision of the Higgs parameters at CC (global fit, Ax2=1)

1
. . ) 10 g7 3
precision of top operator coefficients (global fit, Ax?=1) | CC 240GeV circular collider with unpolarized beams g
- (Il CC 240GeV + HL-LHC 240GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab];
- - - - N light shade: marginalized over top parameters _
B HL-LHC circular collider with unpolarized beams CC 240/350/365GeV i _ _
l CC 240GeV 240GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab) 1 Il CC 240/350/385GeV + HL-LHC : : b a"_t°p PRRSIIETNS Set i 2 .
CC 240GeV + HL-LHC solid shade: 0k, setto 0 = 3
CC 240/350/365 GeV light shade: ok, set free ]
2 CC 240/350/365 GeV + HL-LHC - —
107 T 5 107¢ §

ul
precision

1072k

11 llllllI 11 IlllllI 11 lllllll

107" 107
1072 i = 1074 i L iR AR .
Opp 0Opq Ow  Os Oto O 6cz Czz €z Ty Tzy T Oyt Oy, Oy, Oy; Oy, Az 6ky10

Durieux, Gu, EV, Zhang arXiv:1809.03520
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« SMEF

summary

1S a consistent way to look for new interactions

« SMEF

1S a systematically improvable framework

* Jools and automation important to constrain the

operat

ors using LHC measurements

* Higher-order corrections needed to match SM precision
and experimental accuracy, automation to soon reach
the level of SM predictions

* Progress in both Higgs and top-guark processes at
NLO in QCD and EW, as well as loop-induced
Processes

E.Vryonidou
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Thank you for your attention



