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Weinberg's Theorem

“If one writes down the most general possible Lagrangian, including all
terms consistent with assumed symmetry principles, and then calculates
matrix elements with this Lagrangian to any given order of perturbation
theory, the result will simply be the most general possible S-matrix
consistent with perturbative unitarity, analyticity, cluster decomposition,
and the assumed symmetry properties.”

S. Weinberg, Phenomenological Lagrangians, Physica A 96, 327 (1979).

“In this sense, non-renormalizable theories are just as renormalizable as
renormalizable theories, as long as we include all possible terms in the
Lagrangian.”

S. Weinberg, The Quantum Theory of Fields, Vol. I: Foundations, Cambridge Univ.Press.
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A EFT

Symmetries: Lorentz invariance + discrete ¢ — —p

1 A
Lypt—prT = —ESD(D +m?)p — 5804 D=4

c 2 oo, 5, CP g

—i—AzapD(p—i— A2@D<p +A2cp D=6
1

+O(ﬁ) D=8 +...

If new physics, beyond A\p*, enters at scale A > m then this is a
A\p*-Effective Field Theory. Amplitudes will grow at most like

A (B e

5/29



The \p*-EFT Lagrangian for S-matrix

S-matrix scattering amplitudes i.e., o — @y are independent from field
redefinitions:

1
o — o+ p(aﬁ + B0p)

Choose parameters «, 3 such that to remove redundant operators from the
previous Lagrangian and left with (3-2=)1 dimension-6 operators, i.e.,

1 A
Lygprr = —5p(@+m’)p— o* D=4

41
C¥ &
1
+O(=) D=8 +...

/\8

If A > m the D = 4 (renormalizable) part is the dominant one with NP
corrections expected at 1/A2. Experiments may be sensitive enough to see

these corrections!
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SMEFT

Symmetries: Lorentz + SU(3) x SU(2), x U(1)y gauge invariance

1 1 1
LsverT = Lsm + KCVOV + /\2; GO+ /\3: CGO;+...

Not counting flavour we have 60 operators up to dimension-6

Renormalization: infinities cancel by the new counterterms §C;
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SMEFT answers questions...

Why the SM is so precise? Because the scale of NP, collectively called A,
is much higher than every SM particle masses

Neutrino masses require physics beyond SM: they arise from dimension-5
operators. In SMEFT neutrinos are strictly Majorana particles.

Proton decay arises from dimension-6 operators first. Would this discovery
come next...?!

Instead of studying a myriad of BSM physics models this SMEFT +
experiments may guide us towards a new level of understanding.

This path may be proven to be useful at the LHC and future colliders

However, the non-redundant (Warsaw) basis contains 2499 d=6 operators!
B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, JHEP 10 (2010), 085 [1008.4884]
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SMEFT Feynman Rules

There are about 400 vertices (in R¢-gauges) that have been collected in

A. D., W. Materkowska, M. Paraskevas, J. Rosiek and K. Suxho, JHEP 06 (2017), 143
[1704.03888].

E.g., at d=6, h — 7 vertex

4ig’*v W s
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4igg'v [ g 5
- Wm?lp2leulu2alﬂ1

g

The code SmeftFR produces all of them! A. D., M. Paraskevas, J. Rosiek, K. Suxho
and L. Trifyllis, Comput. Phys. Commun. 247 (2020), 106931 [arXiv:1904.03204]
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The code SmeftFR v3.00

Our group! is currently updating SmeftFR to consinstently account for
® input parameter schemes,
® (dim6)? operator effects
® bosonic dim8 operators
SmeftFR extracts the full set of Feynman rules in IATEX or in UFO format

or in FeynArts.

It can feed various event generators, such as MadGraph, which perform
amplitude calculations for LHC.

SmeftFR download web-page:
http://www.fuw.edu.pl/smeft

The program builts on FeynRules in Mathematica.

'A.D., J. Rosiek, M. Ryczkowski, K. Suxho and L. Trifyllis, to appear soon
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The EFT picture

My —

Matching
UVmodel

Bottom — Up EFT

Lsvrrr = Lov + % %QQL

RGE Running

Mapping

11/29



Table of Contents

® Bottom-Up approach example: h — ~+ in SMEFT

12/29



The decay h — v~ in SMEFT

[(SM EFT, h — 4v)
F(SM, h — ~v)

Rbsyy = =14 0Rnyy

ATLAS:  Rpqy = 0.997017,
CMS:  Rpyy, = 1187517,

Let's remember this 6Rp_,~, ~15% available from LHC datal!
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Operators participating in Ry_,,, at 1-loop

Quw = MKWl wilr wir Qep = (¢T0)(Ipelp)
Qo = (¢Te)O(1) Qup = (¢'0)(Gpur?)
Qup = (9D )" (¢! Dyp) Qap = (1) (@,d})
Qs = '@ BB Qu = (Tt (1)
Quw = elowi,wim | Q) = (i D, o) (,'y1)
Quws = ¢t W, B
Qes = (10" €})pBuy Qew = (lo €)' oW,
Qus = (G0 u)e B | Quw = (Gpo’u))T' e W,
Que = (G,0"d} )y B Qaw = (c'/;,a“”d;)r’go W;iy

CP-violating operators do not contribute at 1/A? and at 1-loop. There
are 17 operators (not including flavour and H.c.) 1429



SMEFT Graphity: an example

AR e e
k — p2 k
T Ae

Only in SMEFT
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Renormalization

We worked? at 1-loop and up to 1/A? in EFT expansion

@® We regularize integrals with DR

® We use a simple renormalization framework3 with MS in Wilson
coefficients

©® We establish a £-independent and renormalization scale invariant
h — ~~ amplitude using the S-functions of Refs*

O All infinities absorbed by SMEFT parameters’ counterterms

@ A closed expression for the amplitude that respects the
Ward-ldentities

2A. D., M. Paraskevas, J. Rosiek, K. Suxho and L. Trifyllis, JHEP 08 (2018), 103
[arXiv:1805.00302]

3A. Sirlin, Phys. Rev. D22, 1980

‘R. Alonso, E. E. Jenkins, A. V. Manohar and M. Trott, arXiv:1308.2627, arXiv:1310.4838,

arXiv:1312.2014
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Results for Rp_+,

r 2 7 Cng
O0Rp—sny = — |48.04 — 1.07 log M2 /\2(,u)
L w J
2 1 W
- 1429—012|og“ Ciz(“)
M2, | A
2 7 WB
p” 1 C¥P ()
+ _26.17 — 0.521og M2 A2
+_211 0.841og /- C3U3B()
. — (o]
_ &Mz, MW A2
C”W( )

Ais in TeV units and p is the renormalization scale parameter

This is a renormalization scale invariant result
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Recent LHC analyses

LHC Working groups have started EFT analyses, e.g.

ATL-PHYS-PUB-2022-03F

ATLAS Preliminary

e BestFit

I
M Higgs

See talk by E. Vryonidou

~ i — 68 % CL "
V/5=13TeV, 36.1-139 fb versens 95 % CL EW
SMEFT A =1 TeV = linear
linear+guad
on e -
HB,HW HWB,HD tW 18
CHG B
—_ . —_ . —_ . . . . [ I ]
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The top-down EFT picture

Mw—

- Matching
UVmodel

RGE Running

L Louprr = Lou + 5 G
Mapping
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Brief History of Matching to EFT

® Heavy fields are integrated out from a known UV-theory
Appelquist and Carazzone, PRD (1975)

® | ast five years, an old functional matching technique [Gaillard, NPB
(1986)] has seen a renewed interest Henning, Lu and Murayama, JHEP
(2016,2018)

® SuperTrace functional technique [Cohen, Lu, Zhang, 2011.02484] establishes
a clean way to display gauge covariant diagrams for matching.
Automated tools exist [STream, 2012.07851; SuperTracer, 2012.08506]. [t is
this approach we followed in our work.

® Example: One-loop effective action after decoupling all scalar
Leptoquarks [A. D. and K. Mantzaropoulos, JHEP 11 (2021), 166 [arXiv:2108.10055]

® About to become all automated!
Matchete, 2212.04510; Matchmakereft, 2112.10787; CoDEx 1808.04403;
Wilson, 1804.05033
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The STr functional matching procedure

The Basic formula for functional matching:

Merr[¢] = MLuv(¢]
where ¢ denotes light-fields.
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The STr functional matching procedure

The Basic formula for functional matching:
Merr[¢] = MLuv(¢]
where ¢ denotes light-fields.

o Tree-level: LT [¢] = Luy[S, 4] with S being heavy-fields.

S=Sc [¢]
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The STr functional matching procedure

The Basic formula for functional matching:
Merr[d] = TLuv(¢]
where ¢ denotes light-fields.

® Tree-level: Cgll;e; [¢] = Luv[S,¢] with S being heavy-fields.

5=5c[¢]

® One-loop:

i
M.uv[e] = ESTr log K
hard

- 72 STr[(K~1X)"]

hard hard
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The STr functional matching procedure

The Basic formula for functional matching:

Merr[d] = TLuv(¢]
where ¢ denotes light-fields.

* Tree-level: Cglﬂe; [¢] = Luv[S, 9]

with S being heavy-fields.

5=Sc[¢]
® One-loop:
i
rL’UV[Qb] hard N §STr|0gK hard B 72 STr[ 1X n] hard
The expansion in (K~1X) can be graphed (STr dlagrams), eg.,n=3
f
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Two heavy LQs: S; + S,

Lets consider two (out of five), heavy LQs with masses M; and Ms:

| Field/Group | SU(3) SU(2) U(1) |

S 3 1

S, 3 2

ol= el
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Two heavy LQs: S; + S,

Lets consider two (out of five), heavy LQs with masses M; and l\772:

| Field/Group | SU(3) SU(2) U(1) |
S 3 1 —g
Sy 3 2 i

New Interactions with Quarks and Leptons:

Log=[(Ar) a5 e b+ (\7) & e,] Sii + he.
+ (/\BL) Sli Eiﬂ‘: {EPJ' e q;{k + (/\Bﬁ) Sli €iﬂ‘:{fpj 'i:t;':k + h.(!.

pr pr

+ (;\p,.) ingg; ce-f+he,
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Two heavy LQs: S; + S,

Lets consider two (out of five), heavy LQs with masses M; and l\712:

| Field/Group | SU(3) SU(2) U(1) |
S 3 1 —g
Sy 3 2 i

New Interactions with the Higgs:

Lon=— (M} +Am|H?)|S1 - (;ﬁr; + Z\H2|H|2) 1502 + Az (S - H) (H' - Sni)

— Ay, (5*;1. -H) Si+ %/\ae‘f’*’ (s*g; e 5”*2“,-) (HT' -5*25,) +he (3.3)
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Two heavy LQs: S; + S,

Lets consider two (out of five), heavy LQs with masses M; and Mo:

| Field/Group | SU(3) SU(2) U(1) |
S 3 1

S, 3 2

o= el

New Self-Interactions:

C " Co =+ = . 3 = _ L
—Lg= EL (S19)2 + EZ (83 82)* + LD (8181)(81 - 82) + €!2(81,51)(5] 52a)

+ V(3 8;) (8, Sai) + [w'S]y e (ST e S) + e
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Tree-level (S; + S, model)

There are 12 baryon number conserving operators (semileptonic +

four-quark)

[Gu)]“’) _ (g ()

iq prst - 44‘.&2 '
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Tree-level (S; + S, model)

and (all) 4 baryon number violating operators

L 1L LR
G ] o _ __2_f£i____jif_l G ] )? “Ast
999 prst — 4112 ’ Tqqi] pr, st ‘12 ’
BRyx()IL BR)«(\IR)
[Grtu ](0) = M . [Lnduu] = )‘]
lprat M2 prt M?

usually not discussed or killed by extra (ad-hoc?) discrete symmetries.
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One-loop (S1 + S, model)

Renormalizable operators: e.g corrections to the Higgs mass, 6m? /1672

(m?) = N [ A ME(1 + Ln) + (22 — Agg) ME(1 + Lo)

M7 log pi /M7 — M3 log pi? /M3
+| 45 2 (1+ : T 2] .
12
where
12 2
Li:|0gW7 Al = MP — M3,

and p is the renormalization scale.
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One-loop (S1 + S, model)

Renormalizable operators: e.g corrections to the Higgs mass, m? /1672

(6m?) = N. {)\Hlﬂ‘flz(l + L) + (2Am2 — Az3) M (1 + Ly)

AP (1 | MPlogp®/M; — M3 log 2 /M%)] |

2
A]E

Possible solutions:

® LQ masses M, /\;72 of the order of the TeV scale and O(1) couplings
® LQ masses at a high scale (>> m,, ) but Higgs sector couplings tiny
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One-loop (S; + S, model): Neutrino masses

Neutrino operator is radiatively induced: Lppr D %OW

log M2/ M3

GV = N, A5 (/\LL T, Z\) .
[ W] c 4151 ( ) yp o ME—ME

pr

| O, | ePerPHOHO £,

Physical neutrino masses:

V2 vd;, T (RUAT 3 M
m, = 2 T (T Koo mad Unes o ( 20
1602 202 — a3 LU (A)" Kokm maA Unns| log 2
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One-loop (51 + S model): (g — 2),

A recent 4.20 anomaly Aa, = (251 £ 59) x 10711 [BNL collab., 2104.03281]
has re-warmed up all BSM physics enthusiasts around the globe.

Two d = 6 operators are responsible in SMEFT,

Oy (fotve)a' H W}_‘IU
OeB (lo"Ve)H By

24 M} 48 M2

. 2
RYE) oNe | L[ (12N 3| Y LAcys  1Acys
[Cow]™ (1) mz{ s \az) T2 j\[l I uTME B
4

! AT 2 1L
Oy — NS5[ (w2 1] Yir lys-Ae 1A -yp
[Ces] (k) 167r2{24 %6 \2z) Y10 Mz T 2
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One-loop (51 + S model): (g — 2),

. 2
(S1+S2) o my m T L*
A(Ig ! 2 = Z m ]\,_[% [log (ﬂ—[}) —:| SR(J(/\:l )
q "y

in agreement with fixed order calculations, e.g. Bauer and Neubert, PRL (2016)

A chiral enhancement of O(m;/m,,) can solve the anomaly for a TeV
Si-mass and O(1) couplings.

However, the same covariant diagram results in large contributions to the
muon mass as well.
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Conclusions

e SMEFT is a calculable framework that encodes heavy BSM physics

e Bottom-Up: working within SMEFT
@ we understand why the SM is so precise,
@® we understand why neutrinos are massive particles
© we must see baryon number violation at some point (soon?)
@ other anomalies my appear too - LHC has started EFT studies
@ automation of trees and loops up-to d=8 is in progress

® Top-Down approach: matching
@ Advances in calculations: STr functional technics

@® Examples at 1-loop exist: Heavy Leptoquarks, RH neutrinos,...
© Near future prospects: From models to observables automatically

Thank you for your attention
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