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Outline

Part 1: Intro to Effective Field Theory

 What is an EFT? Fermi theory as an example
* Dimensional analysis & renormalisability
* Matching exercise: tree-level and one loop — anomalous dimensions

* Using EFT to search for new physics

Part 2: The Standard Model as an Effective Field Theory

* The effective theory paradigm at the LHC
e QOverview of SMEFT

Part 3: Application - SMEFT in the top/Higgs/EW sector

e Impact of SMEFT: new interactions
* Latest results - Global fit and high energy top quark processes

* Tools for SMEFT - state of the art
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One-loop matching

Can also improve via H.O. corrections in low-energy couplings

Assume fermions couple to the photon with charge Q

* Include NLO QED corrections to the matching

Lral = 1P| — o)|+ % (D, ®)* — %M%? — AP
Lowr = 0P| ot - 5= (P0) (b))

IR regulating mass term

IR divergences between the full theory and EFT must
match & exactly cancel

* Recall: both descriptions have equivalent IR behaviour, only differ in UV
* Very useful cross-check!
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One-loop matching

Calculate corrections to same scattering process
Full

». g 4 > z 3
ré : @ : g
2 . 4 -
A
2 4

S N

| |
A 1
E W X
for dim-6, can set external : :
momenta set to O 3 N 4
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One-loop: full theory

» l’ B d4/€ _ ) Zk . m
é | _/ (277)4“(193)(._"” 2 g2 e u.(p ) |
A > U(ps)(—iN) kQ__ZkUQ (1eQ)7" u(p2) L2 _ZMQ L2 __202
:ifﬁ ]\)\42 [bg % - 1] [U(ps )Yy  u(p1)u(pa) v you(p2))

required M scaling regulated IR divergence

Diagrams B, C, D permute gamma matrices: " — [/",7"] = —2io"”

A —aQ)? o?
Ma+Mb+M0+Md:<ZW>< An )MT[]OgW‘I_]_]

with: Ur = u(ps)o"”u(p1)u(pa)ou(pz) — (3 < 4)

Lorentz structure does not match cs: new operator @ 1-loop

Larr = 696 — 00 + 520 (00) ($4) + 5205 ($0H ) (Y0,,1)
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One-loop: full theory

Cs Lorentz structure

Final result in full theory at

IN2
Me = Us (W)

A2
U (ﬁ
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UV divergence related
to QED renormalisation
of Yukawa, A
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One-loop: EFT

Ak i ' —i —*
N / (27)4 E\Zg u(ps) ;2 7{602 (ieQ)y"u(p1) - u(pa) ;2 —chﬂ (1eQ@)yulp2) k2 —202
. 2 0_2
B Z?G?T J\C4S2 [_1 T 1ogﬁ [ ;] [u(p3) vy u(p1)u(pa) v vvu(pe))]

requlated IR divergence
* Heavy propagator replaced by 1/M?2

« UV pole proportional to cs: renormalisation of EFT coefficients

Diagrams permute gamma matrices: v — v, 7"] = —2ic"”
ic aQ)? 2 2
MA—|—MB—|—MC—|—MD: —52 Q Z/{T ——210g0—2—|—1
M ST € 14

UV divergence is proportional to cr structure!

 Need a ct operator counter-term to cancel it

* This will lead to operator mixing under renormalisation group evolution
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One-loop: EFT

Q-G

Same as

» 1

T

aQ)?

)|

€

O

(2

represents QED corrections — renormalisation of cs

Final result in EFT:

MgrT = Usg (

K. Mimasu

iCS
M?

v (3

1C9g
M?

) ()

) (5

27

2

— —2log — —1

| €

)

2
——210g—2—|—1

€

O

2

2

0.2

1

2
—-—210g——1}

EFT & Collider Pheno



Matching

K. Mimasu

I aQ?\ [2 o?
Mu — ~ 70 — — — 21 — — 1
=t () (%5) |2 ~2oe =1
I\ —aQ?*\ [. o ]
] -1
i () (55) [ 1
ics aQ?\ [2 o ]
Mgy — R I ) RO |
BFT = Us <M2)< T )_6 Og,uz i
ics aQ?\ [2 o? |
SN () (2 210 T 41
e () (5 ) [2 ~2oe o
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Matching

Tree Loop Tree Loop
ic [ aQ)? 2 o’ | ic ic aQ)? 2

e o () 1+ <7) (z 2wtz 1)] e l(ﬁi) (i) (50) (F 205 1)|
I aQ)? o’ | ' on2 o’

cs = A+ O(a)  Tree-level plus correction

Q

At leading order:
cr = O(a) One-loop only

Substitute LO matching result:
* As promised: IR divergences cancel exactly!
« Both theories predict same IR behaviour

* All dependence on low scale variables (masses, momenta) will cancel
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Matching

Loop
2 2
——210g0—2—1
¢ H

0.2

— +2log— —1
€ p

Tree

) (9)]
()

70
At leading order:

)
)
cs = N+ O(a
cr = O(a)

Substitute LO matching result:
do not match — that's OK

 Theories are not the same in the UV

Tree Loop
s fs aQ)? o’
e | () = (37) (50) (2w o)

0.2

aQ)?
8T

) (2o 2)

Tree-level plus correction

o (5e) (5

)

One-loop only

* Use a subtraction scheme (e.g. MS) to perform necessary renormalisation
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Matching

Tree Loop Tree Loop

i Q2 2 2 i ; ; Q2 2

e 52) o (22 (2 )] o () () () v )
')\2 Q 2 T ; Q2 2

Full : Us (;4—2> 1 (T) (Z —~2log ‘;2 - 1)_ + Uy <M2> (&gw ) (-2@% —2>

cs = A+ O(a)  Tree-level plus correction

At leading order:
cr = O(a) One-loop only

Substitute LO matching result:

l0g p? (renormalisation) and log V12 (heavy mass)

Set u=M to cancel these terms

Physically, we have performed matching at the scale M
Obtaining cs(M), ct(M)
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There are also functional methods to integrate

out heavy d.o.f .and obtain an effective action

M atC h | A g See e.g. 'Universal one-loop effective action’

Tree Loop Tree Loop

o (55) o (2 2] o[ (55) (5 (52) v )
e (5) o () vy o (32) (52) (-

cs = A+ O(a)  Tree-level plus correction
cr = O(a) One-loop only

At leading order:

One-loop matching result:

Cg = )\2 + 0(042) No one loop correction
3aQ?
cT = Q@ A2 + (’)(az) |eading order one-loop
8
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Running & MIxiNg
ot s (5) [ (457 (2 2oz 1) oo [(52) + (52) () (-2 1)

Recall UV poles in EFT prediction
e Contributions to both cs and ct Lorentz structures

e Combined with wavefunction renormalisations:

2 2
Counter-terms  dcg = _gaQ 1cS, der = —ia 1cs
v € m €
Cs CT
Defines 'anomalous _ 2Q%« [ =3/2/ —12 \ cs d ¢ = i
dimension’ matrix T —1/4 1/2 ) cr dlnp R
(-12, 1/2 entries not computed explicitly)
des (1) Q% Q%
L = —3 — 24
Coefficients dln i _— T TSove RGE to fing
run & mix der(p) 1Q% Q% c(u) from c(M)
= ————~cg(p) + cr (1)
dln p 2 m 7
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Minl summary

EFT approximate physical systems with scale separation
e Only include

e Supplement low energy theory with an operator expansion

Czo,fl

Order-by-order renormalisable QFT
Well-defined matching procedure to predict Wilson coefficients

* Systematically improvable through higher order terms in the power counting
and perturbation theory

Higher dimension operators have power-like contributions
to amplitudes as a function of external momenta

« Cross-sections that grow with energy below the new physics scale!
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Searching for new physics

In our toy model, new physics was a heavy scalar, ¢
 Now we build a yn-collider to
* Measure total, differential cross sections — exploit energy-growth

* Use data to constrain/measure cs, ct = indirectly probe A,\M

Why is this useful it we already know the full theory?
* We can now compute any observable using the EFT, should be easier

e |ess obvious for this very simple model

The most useful is it we don't know the full theory
e The EFT Is and model-independent, applies to all heavy NP
* Get limits on cs, ctr once and for all and indirectly constrain many models

* New scalars, vectors, Supersymmmetry, Extra-dimensions,...
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Searching for new physics

UV model MANY UV models MANY UV models
1 t V1 1/
Matching
c | | EFT
. ven more
Predictions o
predictions T
|
\ / Predictions
v e l
Data (IR) Data (IR) Data (IR)
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Searching for new physics

MANY UV models

NVt 17/
W/

EFT

|

Predictions

|

Data (IR)

K. Mimasu

EFT serves as an interface between UV
physics and ‘low energy’ phenomena

|t is the ultimate bottom up theory for arbitrary, heavy new
physics

« *That reproduces your low-energy theory in the IR

Provided it is used ‘properly’
l.e. there are rules:

* (Golden rule: new physics scale sufficiently higher than
all mass scales in your calculation (m, pext)

= ‘EFT validity’
» Second rule: only global analyses

= |nclude all possible (independent) operators
consistent with symmetry assumptions
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Valid interpretations

From now we take the bottom-up approach
* Try to measure operator coefficients without thinking about their origin (yet)
Cs Cr
(F, p) unknowns: (Cs, cr, A)
A Is a fictitious scale, just to make ¢ dimensionless
* Not to be directly identified with the true mass scale of new physics, M

* We can only measure c//\, inference on M is a matter of interpretation

* Depends on the specitfic predictions for ¢ (model dependent)

What is important is to not probe an EFT at energies above
the new physics mass scale, M

* Expansion breaks down & all orders are important = resonant production of
new particles, e.g. @, at mass M
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Valid interpretations

Testing of validity criterion is an a posteriori exercise
Suppose we measure Y\ production at our collider

. . o . C _

* Use, e.g., invariant mass distribution to set a limit on cCs: A_S2 < 1TeV ™2

o |nf traint del (\,M): s _ N cr =0  (tree-level)
nfer constraints on ¢ model (A,M): A2 N2 T

« Beyond some value (s 4m) A is non
perturbative

Non-pert. |
= Theory not predictive, can’'t match

* We measure at some energy/mass bin, E:
must be less than M

= EFT expansion breakdown

Ly
A
= * Valid region only known after measurement
M

= Model dependent (tree/loop, weak/strong)
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Global interpretations

We must consider all possible operators of a given dimension
* |n general, we do not know which operators UV physics could generate

* As we saw, RG evolution mixes operators together

* Only symmetries can protect you and forbid certain operators

e Setting ¢i=0 is only possible

lgnoring operators can lead to over-optimistic bounds

. 3aQ?
e QOperators could cancel each other in observables (cs, cr) = (AQ, — (;S AQ)

e ‘One-at-a-time’ operator constraints are instructive but not robust

* A robust statistical analysis will account for simultaneous variations of all
relevant coefficients

* This will impact the derived confidence intervals on individual coefficients

/Profiling
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Operator basis

All possible operators...
e The space of operators at a given dimension is technically infinite!
* Thankfully there are redundancies, only a

* |.e. Independent contributions to on-shell S-matrix elements

Operators can be related by simple identities

 |Integration by parts (operators with derivatives) < momentum conservation

* Flerz identities in Dirac, gauge group algebras

Field redefinitions and/or equations of motion

* Equivalence theorem states that S-matrix is unchanged by field redefinitions
[Chisholm; Nucl. Phys. 26 (1961) 469]
» Can be used to eliminate operators in favour of others  [Arzt; Phys.Lett. B342 (1995) 189]

* Non-redundant set of operators = basis
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Eliminating redundancies

Small change in a field induces variation of action

 c.f. Euler-Lagrange equation

6S[p] = /d4azc[¢+5¢] — L[¢] = /d4x (3_,5 g,k )5¢+0(5¢2)

o " 0(0,9)
For an effective action:

1 a
£:£O+F£1; 0p = FFW

5S[¢] = /d% 2 (%—% O a?&b)) Flol+0 <%>

Oth order EOM Dimension 8 terms

Choose a, F[¢] to eliminate an operator «F[¢]Gl¢] C L1, G[¢] C EOM

1 1
a = —¢C; ['_>£O+F£/1+O(P)

* New, equivalent action without Oi and shifted coefficients for Oj's
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Bottom-up EFT roadmap

Top-down step 1 Bottom-up step 1

Matching

RGE

FeynRules, MG5, Pythia, Delphes...

Combine into Likelihood function

L ({c; }|Data)
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Part 2

The standard model
as an eF 1



The SM success story

We have found a scalar that couples to mass
* |t behaves quite a bit like the SM Higgs

CMS 138 fb~! (13 TeV)
N > TTTT I T T T TTTT I T T T T TTTT T T T TTTT T
) — ] O Observed B Bgsw=0
E z 1 - ATLAS Run 2 = — 68% CL (stat @ syst) Binv, Bunget float., [ky| <1
A% § ; — 95% CL (stat @ syst) Bl B, Bunget float., off-shell inc.
— K,.=K ] SM expected
— | i c t — my = 125.38 GeV l P
°> ] + K. is a free parameter psm =0.11 = 0. Psm =0
W B = . — o+ 1
g q>J 10 = SM prediction 3 Ky poooaesis BRIRKRRN]
w - - W o=
V) — T — —+o+
— — O+ HEHRIRIRIKIHRHRKRKN
Kz oo i
2 _
10°E E R T
= Leptons = S Bae
= — —to—t—
B Ve || Vi | Ve = |Kp —op-
-3
10° Bk E BE
— e s ¢ 3 |KT| o+4—
P Force carriers Higgs boson ] |K | R
= = M ————
10 = : o » 1A [+ _ os
[ 1 I T TTTTT I I T T TTTT I —] ﬂi—‘*
- ] Iyl o
— ] [Kzy|
L I T g I N BinV
B i i i Bundet -
| 1 lIlIIIIlIlIlIIIIIIl
- 1 1 1 'I lII | | 1111 III | | 1111 II| | - '15 ‘10 '05 00 05 10 15 20
10~ 1 10 10 Parameter value

Particle mass [GeV]
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The SM success story

We have found a scalar that couples to mass
* |t behaves quite a bit like the SM Higgs

So far, all HEP data is broadly
consistent with SM expectations

=

NI :T“‘SR“”Z = At least one missing ingredient...
S - T ::;:tfree parameter . . .
< 10'E —— smeason 37 Still some way to go to pin down
o oo 1 precise INnteractions
- u,d,e? -

[ III| N T IIIIII|

The LHC mission continues...
Precision measurements
TV B T —T Direct searches

Particle mass [GeV]
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The best motivation for EFT

#

H
WONO UDWNRE

Dark
Matter

RPV
~

n
c
i
n
=
[}
E
(=]

Heavy Gauge
Bosons
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CMS Preliminary

Dataset

I Run2(13TeV) [ Run 3 (13.6 TeV)

Model

quark compositeness
quark compositeness
quark compositeness
quark compositeness
Excited-lepton CI

Z' mediator (dark QCD)
(Axial-)vector mediator
(Axial-)vector mediator
Z' —2HDM

Baryonic Z’

emerging jets (dark QCD)

scalar mediator (fermion portal) =

2HDM+a (H)

Leptoquark mediator
pseudoscalar mediator
dark Higgs

inelastic dark matter model

gluino (displaced)
gluino (prompt)

stop (displaced)

stop (prompt)
neutralino (displaced)
squark to 4 quarks
mass-degen. higgsinos

ADD HLZ
non-rotating BH
ADD Gk emission
ADD QBH
RS QBH

Gk
3-brane WED
split-UED

excited light quark
excited muon
excited electron
excited tau
excited b quark

HNL (Majorana)
Vector like taus .
Type-lll seesaw heavy fermions

Axigluon, Coloron
SSM W'(£v)

SSM W'(Tv)

SSM W'(qq)

SSM Z'(£1)

SSM Z'(qq)

LFV Z'

LRSM Wg
Superstring Z,,
Z'(B3 — L)
Leptophobic Z'
Zp, narrow resonance
Z'(qq)

String resonance
Diquark (paired dijets)
Scalar qiquark

Zy resonance
Color-octet scalar
Higgs y resonance
LQ pair production
gluino

axion-like particle
SUEPs ggH Scouting
WYy resonance

pp + ZIy + X
X-¢9
tt+¢

Final state JLIfb™] 95% C.L. Exclusion Upper Limits
2j 138 ALRR 37 TeV
2j 138 Al 17 TeV
2l 138 NLjrr 36 TeV
2 138 Alme 24 Tev
2u + 2j I 0.2-5.7 TeV
2j + MET = 1.5-5.1 TeV
2e,2u [ 0.2-4.64 Tev
2j 8 TeV
h + MET -3.2 Tev
h + MET =
= 1j + MET
20 + MET 150 mH 1.2 1€V
1u + 1j + MET 77 Mmed 0.3-0.6 TeV
= 1j + MET 101 Mmed 0.47 TeV
1,2f + 2j + MET 138 Mmed 0.16-0.352 TeV
2u + MET (displaced) 138 Mmed 0.003-0.08 TeV
displaced vertices 138 My 0.3-2.7 TeV
displaced vertices 138 Mt 0.3-1.85 TeV
4j+b 138 Mi [ 0.5-0.8 TeV
displaced vertices 138 My 0.3-1.3 TeV
2j 38 Mg 0.1-0.72 TeV
3j (boosted) 128 Mg B [ 0.07-0.075, 0.095-0.112 TeV
2j 138 Ms 15.9 TeV
Ly + =7j 138 M 11 Tev
= 1j + MET 101 Mp 10.7 TeV
Zj 138 Min 8.5 TeV
2 138 Min 6.3 TeV
Yy 138 Mg 4.8 Tev
2j 138  mi(gkk) 2-4.3 TeV
£+ MET 138 1/R # 0.4-2.8 TeV
2j 138 Mg
M+ 2j 77 My
e+2 77 Me-
YHT/TT 138 My
Y+i 138 Mp*
3u 138 Mx | 0.01-1.6 TeV
= 30(+T) 138 My | | 0.1-1.045 TeV
=30(+T) 138 Ms | | 0.1-0.98 Tev
2j 138 Moct 0.5-6.6 TeV
£+ MET 62 My 0.4-5.9 TeV
T+ MET pe s ~*4.8Tev
2j 'V
2e,2u 1.2-5.55 TeV
5
ejy ’ -5 TeV
2u + 2j eV
2e,2u ] -4.95 TeV
u+ =
2
2u 130 ™z U.11-U.Z 1€V
ly + 1j 138 Mz 0.01-0.15 TeV
2j 138 Ms 0.5-7.9 TeV
4 90 Maq DI 215 TeV
2j 138 My 0.6-7.5 TeV
dE/dx 101 Mz —
2e/2uf2j +y 36 Mx 0.35-4 TeV
2j 138 Moct 0.6-3.7 TeV
1y + 1j 36 My 0.72-3.25 TeV
2L +2j 138 Mo [ 0.3-2.12 TeV
dE/dx 101 My * 2.08 Tev
yy (pp) 103 M, 0.5-2 TeV
SUEP 138 My s 0.2-2 Tev
1y + 1j 138 Mx 0.3-2 TeV
£,y (pp) 37 My 0.6-1.6 TeV
2(yy) 138 Mx 1.2 TeV
3L =41 138 Ms ] [ 0.015-0.075, 0.108-0.34 TeV
1072 107 10° 10!

Overview of CMS EXO Results

July 2026

Vs=13,13.6 TeV, [L=36-283fb"

https://cms-summary-searches.docs.cern.ch/exo_all_bar/

Mass scale [TeV]
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Back to reality

The standard model is a great candidate for an EFT

« A well understood low energy theory around the weak scale, v
* Low energy degrees of freedom:  {Q;, L;, u;,d;, e;, 9,7, w* Z. h}

| HC data indicates a scale separation from possible new physics

Paradigm shift at the energy  de, w7

frontier for BSM searches db it

2010s:

2020s: Indirect \JL

= New physics is heavy SM N -

Heavy new physics £ £ > Linc
—» Standard Model Effective

High energy Field Theory (SMEFT)
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EF T expansion

E E?
BSM(E M) ~ E*T (a0+a1—+a2 | ), E<x M

M M?

SM \ / SM SM SM
i .-
. , N — & LI
/ \ p —M2 M? M2 M#
SM SM / l \ SM SM

2 2 2
<L ~g¥(pTp) ~ %(qﬁ*d))z + %qﬁaﬁ 1o, + %aﬂquﬂqba”quyqb TR

s = p” < M”: EFT validity criterion

2 not too large : Perturbative UV completion
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SMEFT: SM v2.0
D) (D)
£:£SM+Z ZAD_Z4

BSM particle masses M @ Generic new physics scale /A

Taylor expansion of A BSM @ Tower of operators @l(.D )

D Low energy (SM)
@f ) :) fields & symmetries
o

D)
i . - j ;
Moael parameters { 8RSM? Mk} {:} Wilson coefficients D2 (8hsne My )
measure g; . new physics
model parameters

K. Mimasu - 11/06/2024 50 EFT in multiboson production

measure c¢; . coupling strengths
of new BSM interactions

“Matching”



SMEFT

| c; OF fields
Operator expansion: Leg = L

—  Mmore
AD—4
1

SM gauge symmetry & linear EWSB SU(3)e x SU(2)L x U(1)y
* Higgs is an SU(2) doublet ( G ) 5
* Operators are SU(3)c x SU(2)L x U(1)y singlets B :

Parameter space for new interactions between SM particles

« With all nice features of EFT (gauge symmetry, matching, improvability,...)

1 1
£:£SM+K£5—|—F

At dimension-5, only one operator

» Lepton number violating Weinberg operator (neutrino masses) (L¢- H)(L - H)

L+ -

Dimension-6 Is the lowest non-trivial order
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Operator classes

Dimension-6 operators of the SMEFT:  Interaction

X2 1 €W, WP W™ #  gauge boson self-coupling

HY : (pTp)3 Higgs potential, self-coupling
VEH? : (pT0) (Giug ) Higgs-fermion (Yukawa)
V2 H?D (@TBM ) (G Y q;) gauge-fermion (Z,W)
X?H?: (p'p) G, GH” gauge-Higgs
H*D?: (" D*p)* (" D*) Higgs-Z
VX H : (G 0" u; @) By dipole
ot (@ " 45) (@ e @) gritﬂp%?rﬁgts four fermion
K. Mimasu 52

Impact

diboson
di-Higgs
ttH, H—bb
Z, W prod.
ggH, H—=VV
mz (LEP)
ff\V, fiVH

ffff scattering

EFT & Collider Pheno



[Buchmuller & Wyler; Nucl. Phys. B 268 (1986) 621]
[Grzadkowski et al.; JHEP 10 (2010) 085]

D=0 basis

‘Warsaw’ basis

X3 0% and @p*D? P23 (LL)(LL) (RR)(RR) (LL)(RR)
Qo | fABCGAGErGOH | Q, (plp)? Q.. (oto) Tery) Qu Loyl ) (Ls71s) Qee (€pyuer) (Ester) Qe (Tpvulr) (Es7Per)
ABOGAvGBaGC to) (! to)(a @ | @) @) | Q (Gpyr) @y u) | Qu | (Gvale) (@7 we)
g | JPUGGGHE | Qun | (9Te)0(e'e) Que (¥T0)(Gurp) . Pl 3T 8 e Pt A . Pt s
Ow €IJKWl{uWI;]pW;{H Qup (goT D"Lp)* (goT D#go) Quo (010)(@drp) z(;;;) (@3 ) (@ qr) || Qaa (dpyudyr)(dsy*dy) Qud (Lyyuly) (dsy*dy)
O | KWy IopKn Qi (lovulr) (357" 4e) Qeu (Epuer) (Tsy ue) Qqe (G yuar) (e er)
w 1 v 4 -
QY | (1)@ 7q) | Qea (Epyuer) (dsy*dy) W (T Yugr) Ty ur)
X?p? VX Y**D M _ - ® | 12 A N ura
+ GA GA” l— W I WI (1) ts B ‘ul Qud (up’)'uur)(dsfyudt) qu (qp’YuT qT)(US’Y“T ut)
v . v - . 7 B _
ZV’G SOTQO é;:/GAM Z w ( :; Me )7)' QPB u Zc(pgl) ((‘f DI# szlg Y ul)) QSZ) (Up'YuT Ur)(d ’Y“TAdt) ng) (QP'VMQT) (ds')’“dt)
oo | PPEWET s | (e )pBu a | (P ) Ty Q5 | (@7.T%4,) (dery* Tdy)
Q t WI WI;w Q = ,uuTA NGA Q B )( H ) — — _ _ « —
W | PP W we | (B T PG, | Qe | (¢ ’Hu‘p @rer (LR)(RL) and (LR)(LR) B-violating
Qﬂv’ ol W,quIW Quw | (go ”VUT)TI‘ZW;{V s(olq) (¢ ZDH ©)(@7"ar) Qledq (l_f;er)(dsqz) Quug Py [(d;‘)TC’uf] [(q’syj)Tle]
v G 3 = . :
Qe | PloBuB" Que | (30" ur)$ Bu o | (o ZDé D)@ e) || QW | @uen(@d) | Qu ek [(g57)TCaf¥] [(u)"Cel]
Qu5 ' By B" Quc | (Go"T4dr)p G, | Qeu | (¢ Zgu P) (@ ur) ||| QY | (@T4u,)esn(@TAdy) || Qe e jkemn [(457)TCgf*] [(g7™)"ClL7]
Qewr | ¢TI WLB™ | Qaw | (Go"d )T oW, | Qua | (#liD0)dpy*ds) | | Q. | @eresn(@w) ar | P k(T7E)mn [(a57)"Ca*] (™) CL]
Quvs | OToWLB™ | Qs | (G0"d )¢ Bu | Quua | (@' Dyup)(@yy*d,) QY. | Boweren(@ o™ w) | Qauu 1 [(d2)"Cuf] [(u7)"Cey)

59 independent operators (+ 5 B-violating)
# real parameters (degrees of freedom)
76 flavor universal All fermion generations have the same coefficient

2499 flavor general Independent coefficient for all flavor combinations
Number for Dimension 8 (835, 36971) known (up to D=15!)

[Henning et al.; JHEP 08 (2017) 016]
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SMEFT: SM v2.0

The SMEFT Wilson coefficients are theory input parameters

* |n addition & analogous to SM input parameters {as, apw, Gr, My, My, my, }

LHC precision programme

Measure the parameters of the { }
SM at dimension-6 (and beyond) ¢

Extend the energy reach of our colliders to NP beyond Ecwm

In order to do this, we must understand the impact of
SMEFT interactions on scattering amplitudes in the low
energy model (SM)
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Impact of SMEFT

A) New Lorentz structures: contact interactions & derivatives
» Explicit source of energy growth

¢4 : (@, 7“ Qj)(@f Y QZ) X EIJKW;L/ Wvp WI,Z’M
B) Modification of SM (dim-4) terms

 After electroweak symmetry breaking Modification
1 (0 (') (qu @) = v (qu ) Yukawa

(p) = NG (U> . (pT0)® = v (eTp)4, v (pTp)?, ... Higgs potential

(W' D) (f A f) =0 ZH(f A f) gauge-fermion

06 — UO5, U204 b2 9 . .
(¢T@)*FME,, = v FI'E,, gauge kinetic

« Shift of SM-like interactions
e Spoiling of unitarity cancellations of the SM — more energy growth
* SM inputs are extracted by comparing a few measurements to theory

= Extraction of SM inputs now depends on ci
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Example: Gr shift

Muon decay data gives: Gr = 1.17x10°> GeV-2— v = 246 GeV
o EFT contribution: A [0, = [I4#1D] [1™) ~,,10]

B,C [09]7 = [cp’fnfﬁﬂga] [l’“) Tyt l‘m] L i=1,2.
* A contains the Or up to a Fierz transformation [0,]"* == (ev*(1 = v5) v) (Ze v (1 —v5) ) + - -

(€ (1 = 5) vu) (Tevu (1 —y5) ) + - -

B s |

« B,C shifts W couplings to leptons after EWSB  [0,)*'" =

a2
L L [1 + [C9]" U—]

~ V2 V2 A?
Gr _ 1 1 v’ C(B) 11 1 v’ C(3) 22 11 1221 2112
p A e + 43 o] + 1z (o] | — 77z (el ™ + [eal™)
” 1 | | |
) v = \/—2—@ New relation between Higgs vev and Fermi constant

- (3)711 (3)7122 . 1212 1221 ﬁ 2
v=u1vg|1l+ ([Cﬁpz] + [C./] [cu] [cu] ) A2

Propagate to all observables that depend on V!
o (expanded to order 1//A2)
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Computing observables

Pick a SMEFT basis and appropriate symmetries

 Control the number of parameters (2499 is a bit tough) flavor structure,

, CP conservation,
« Work out the Feynman rules (e.g. using FeynRules) =

* Calculate Matrix element of scattering processes e.g. pp— X for LHC

Generic contribution from SMEFT is an expansion [aWA%
Ci 44 ' C;Cj
A:ASM+ZFA _>O__O_SM+Z (1nt)—|_z : (SJQ)

’.ASM‘Q QRG[AZMAEFT] |~/4EFT|2

Leading contribution from interference
* Quadratic EFT term is formally higher order, although basis independent

* Subleading unless interference forbidden/suppressed (symmetries/helicity)

* Importance with respect to dim-8 operators is model dependent
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SMEFT roadmap

Degeneracies/blind directions
New processes/observables

Map to UV models

Hints of new physics?
Constrain classes of models

Validity of EFT

A posteriori: depends on sensitivity
Intrinsically model dependent
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SMEFT likelihood

Model B &

Model C g(cl. ‘ 5)

SMEFT likelihood

¢; bounds

U(3)5 U(2)5 - Individual
UQ3)’ x U(2)? - Marginalised
- Flat directions
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Flavour symmetry

i=1,2.3
Consider SM fermion kinetic terms: %, = ) w7*D,w,
. Each term is invariant under a U(3),, flavor rotation V=g unde.e
W, — U"’l//] all generations equivalent

 Massless SM has a large global flavor symmetry:

G, =UQB),xUQB),xUB);xUQ3),x UQ3), = UBy

« Yukawa interactions break the flavor symmetry Gf
involve two different

Z vk _)’u ¢qz” +y ¢qld +)’ be e; +h.c. G, representations
Gf > U1y = U(l)s x U(l), X U(l)ﬂ X U(1) X U(l)y

New physics can have arbitrary flavor structure

* Flavour symmetry assumptions often used to control number of parameters
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Flavour symmetry in SMEFT

Large number of SMEFT coefficients come from flavor indices
_ _ 3 _ <> _ _ y
Cin Wy cildl v ¢ (@D )y ) ¢ dWo, ) FF

Assume UV theory respects particular flavor symmetry
o U(3)5: single coefticients for each operator a.k.a. universal theory

. U(2)W: common coefficient for 1st& 2nd generation, independent for 3rd
- UR2), X UR2), X U(3)’: singles out top quark

. Minimal flavor violation: same flavour breaking as the SM (ylz
[D’Ambrosio et al.; Nucl. Phys. B 645 (2002) 155]

Coefticients ¢;;; will respect that symmetry at the matching scale

SM breaks U(3)> — U(1)

* Flavour symmetries not preserved by RG evolution (weak loops)
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