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Matching in EFTs

Effective Lagrangian structure:

oD
LsmerT = Lsm + Z Z cP ADz_4
i D

The idea of matching

Given a UV Lagrangian Lyv[S, f], with a hierarchy in mass scales Mg > my,

OF =7

2

so that EFT and UV give the same physical predictions.

There are two approaches:

o Amplitude matching, using Feynman diagrams

e Functional matching, using the method of Supertraces
T. Cohen, X. Lu, Z. Zhang: 2011.02484
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Feynman Diagrammatic Matching

Amplitude Matching

o Compute amplitudes in th UV

pi K Mg
_—
Pext=0

LuvlS, f] Auvv(pi)

e Choose a basis (Warsaw, Green
etc.) and compute EFT
amplitudes

Lerr[f]

o Equate to get Wilson coefficients
in a given dimension, {CP}

—  Agrr(pi)
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Functional Matching

Equate generating functionals,

Ferrlf] = TLuvif]

@ Tree level:

LD = LovlS, fllss.iy) -
where S, solves the classical EOMs: 5SUV/6S\S:SC ]

e One loop:

: 528
diz £512P) [ f] = Zlog Sdet [ — ——V

)

where ; is a multiplet containing all independent fields and “hard”
denotes regions of momenta where ¢ ~ Mg > my

hard
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Master Formula

The functional derivative has the general form,

_ 8%Suv
dpidep;

=K-X=K(1-K'X) .

o K~! contains propagators, derived from the second derivative of the
relevant kinetic terms

o X is the interaction matrix, derived by taking the second derivative of
every other term in the Lagrangian

Plugging back in and Taylor expanding

Master One Loop Formula

00 Z Z 1
/dd ﬁ(ll p)[f] = 5 STrlogK|hard — = Z o STr [( 1X ]|hard
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Contents of Matching

o Field Multiplet.
For example, a complex scalar and a Dirac fermion organize into

@) wm() — ()

e Propagator matrix K=! — 62Lyy D %&,BK&,O
P?— M? spin-0
P -my spin-1/2

where P, = 1D, the hermitian covariant derivative.
o Interaction Matrix X — §2Lyy D —% 0p Xy

Xij=Uj+ (P2l + ZEP, +..) .

Indices 4, j denote fields from the full field multiplet .
e.g. Xgy, Xyg refers to the interaction matrix of the scalar S with the
fermion f.
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Supertraces

o Log-type
Matrix K is diagonal, therefore,

) )
5 STrlogK|, .4 = 3 21: STrlog K;

e Power-type
The power expansion of the master formula becomes,

_%% [(K1X)"] = —= — “ZM STr [ Xiis "'KlinX""“} :
and admits a diagrammatic representation of order n,
@impﬁ 1 1 1
i
RS Lt |
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Outline

o Functional Matching for Scalar Leptoquarks
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Setup of the Lagrangian

There are 5 different LQ representations,

_ 1 ~ _
Sp~ (3717 g) ) Sp~ (3717

4
5)7 SZN(3727Z

- 1 -1
‘92 ~ (3727 6) 5 S3 ~ (3737

General interactions,

Lsg=FAFS; + fARfS, + fAFS; +hec.,
Lo = (AijHS;:S; +hee) + Ao (STS) (HYH) + (A3s8:8; Sk HY +hc) + ...
Ls = —MZ2[Si|* + Al;(SIS;Sk) + cijua (S S;)(SkS) + ..

where F = {q, ¢}, f = {u,d,e} and S; = {S1, S1, Sa, S2, S5}
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Tree Level Matching

o First expand S; . into inverse powers of the heavy mass M;
Sic=82 +5% +...

@ Collect terms with operator dimension 3 and 4

1 - _ .

(ST = <5 (FXFS, + FALFS + FAFS,) |
4 1 3

(ST =~ Ay H'S)

e Plug back in the Lagrangian to obtain operators up to dim-7

i) = M) (5D) + (A, HTSEDSH 4 he)
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One Loop Matching

The interaction matrix connects the field multiplets, through the second
variation of the action,

1, _\ [Xss Xsr| (s
—= (& 0
2 (005 0¢1) {XLS Xrr| \0¢L
o Xgsgs: LQ-only variations

Xss = {Us;s;}

° Xsr(ns): LQ-Light fields (Light fields-LQ) variations

Xrssr)y = AUs,prsi)s Usiaas:ys Xsivvs) )

o X Light-Light fields variations

Xrr = AUss, Unn, Uvv, Unsismy, Upvvey Uvaav) )
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Constructing Supertraces

The rules for Supertraces

e Propagators:

_____ _ 1 _ 1

Si P2 - M; f P
----- = i AN = /1
H p? v p2

@ Vertices:

(3/2]

1,2,3,4,6 —0-- =U
5o = e D
I V) = va
o T Us.s f {7126
3,4,6 -==0--- = H
i A UI[;]H

- —_———--0N\ o —
X5V Hovoot
1,3] ~one = Upy
/ vV v
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Supertraces Examples

Let’s pick some matrices and make up traces for heavy-light contributions

e O (U 5:@ U J[clf,?’] U][c?,’gz]> — Operators dimensions [4, 6]:

f
) 1 1 1
= —= T —_— = r— ’q.
o1 et g gUrs |
S; Ty
(1,2] rr[3/2]77[1] 7r[3/2] : :
e O (US,-SJ- Us'; Usp Ul ) — Operator dimension [5, 6]
o 1 1 1.1
w 1
- — T 9. T s g,
? 25T | prapz Vs pr Vs plsr plss.
Vs 1 hard
Si f
HEP 2021 15 /23
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Heavy-Light Supertrace Diagrams

$
~

o‘s‘
XA
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Calculating Supertraces

We use the MATHEMATICA package STrEAM to evaulate Supertraces + some

manual intervention
T. Cohen, X. Lu, Z. Zhang: 2012.07851
J. Fuentes-Martin, M. Konig, J. Pages, A.E. Thomsen, F. Wilsch: 2012.08506

Example:

1 1 “2 2
T G tr{USif(P Uff/)Uf/Si}
i i
1 2
oz tr{USifof’(P Uf'Sz')} ’
i

1
Foar AU P (P U )
2

b ! S n trdUg. U, priop G YU
Ts f/ a2 \ o DB ) TS st e S plsy o
T k3
2
1 1 I3 ’
_ - = i aid
Ys <2+10g Mg)tr{USiflg“WGf Uff/Uij,}
i i

1

+

T tr{Usificru,/(P“Uff/)(P‘“Uf,si)} .
K2
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Fully Functional Result

@ We need to include the UOLEA as well.
e UOLEA contains 19-unique terms.

e Captures contributions of only the heavy particle runs in the loop.

Complete Lagrangian:

Lgﬁlgop) = LyoLea + (Supertrace Results)

Two applications of this formula:

e Two LQ model S; + 53, full agreement with the Feynman rule approach.
V. Gherardi, D. Marzocca, E. Venturini:2003.12525v4

e Two LQ model S; + S, full derivation of the spectrum of dim-6 operators
in the Green basis.

e Second model, phenomenology rich, e.g. radiative neutrino masses,
proton decay, (g — 2),,...
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B.

The Whole Picture

"

1. Matching

2. Running

de, (1) i
dlogpu ; 1602 4
l O(0.1%) - O(1%)
il Precision
et > observables
3. Mapping

Henning, X. Lu, H. Murayama: 1412.1837

Some preliminary results in the S + Ss
° (g—2)u

S1+S T my o7 (1L*{1R
A0 tTP2 = - L o llog —% + — | Re(Ap A0
s an2 M2 M2 4 = H

1

m2
123 {1L*1L J1R*x 1R
san2ar? Qe "2 + A M)

2

m

2 L.

_ A
322872 thOTH
2

In agreement with
M. Bauer, M. Neubert: 1511.01900
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Robust Way of Functional Matching Procedure

Given a UV Lagrangian one can decouple any particle with any structure of
interactions following the steps below:

o Identify the heavy degrees of freedom.
e Write down equations of motion for the heavy fields.
o Organize all fields in the a great multiplet and derive K and X matrices.

o Identify the dimensions of given X’s and draw the relevant Supertraces
up to the desired mass dimension.

Evaluate these graphs through automated packages.

Finally, evaluate the resulting traces and extract operators.
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Conclusions:

e Two distinct advantages of functional methods over traditional Feynman
diagrammatic technique
- In all steps of the calculation we work with explicitly gauge covariant
quantities.
- Possibility of obtaining universal results, with widely applicable master
formulas

@ Derived the full 1-loop Lagrangian for the decoupling of all leptoquarks

o Extracted the complete spectrum of up to dimension-6 operators for two
LQ models, currently exploring the phenomenology of the model
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Thank you for your attention!
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Full Results 1/4

0 (0?)

2
<1+log J\lj[Q) tr{Us,uUns,} .
1/1 u? "
5 —|—10g M2 tr{USif'Vu(P Ufsi)}7
1
12M2 tr{Usf’7 (P P, UfS)"‘USf'Y (P p? UfS )} ’

18M2 tr {Us, ;1 Uss, (P.GE")}

L (T g 22 Y i LU (PPG YD
3oz \ 12 Tloe gz ) Usrw(PRG ) Ursi g

tr {(P"Us, )G, v5Uss, + Us, s Gl7"vs(P*Uys,) } -

1
2M2
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Full Results 2/4

@ (Zi3)
2 2A2 4 (M2 4 M2)log M2 /M2
I ] z J J v I
(1+leg : ) {US $Yrsr Y585 }+ a(az)? tr{(P USiSJ)USJf'Y“UfSi}

2
M?

J m m }
log —= tr 4 Ug.g.Ug. PHPU;g ) —Ug.g. (PFUg. Uss, ¢ »
2 { 5;5;Us;ful £S;) 5;5;( 5;)mUss;

i

4A2
ij

1 ;Lz
721\/11.2 ( + ogM—l> tr{US f(P UppUprg, }+ v tr{US £ ff/(P Uprs, )}

r {Usif(P“Uff')(PuUf’Si)}
2
1 3 ® . ! pyv
4M2 <;+logm) tr{USifof/ur‘“,Gf/ Uf’Si}
i i

! + o ﬁ tra Ug. piopu G PYU, ., U }+ tr{U iouy (PHU, ) (PHU )}
2 gM S, ftour f FrIYrs; S;ftouv ff! f/S
i M7

am?
i

ulos (UOI) Effective Action for Scalar Leptoquarks HEP 2021 3/5




Full Results 3/4
o (U*)

1

3+1~“2 trq U U U U

anm? \ 2 OgM? PATSIT T E TS f
1ogMi2/Mj2
i %

1]
logM?/M?
7“{UsisjUijUff’Uf’Si} N

A2
ij
1 3 2 “
D ACRETE w{Us vy s}
K2 T
1
Tz {Usi 005000 g0 PO ) = (PRU LU LU g Ui |
i
! 2 u w
T o? 1+102§M7‘2 tr{UfsiUff/(P Uf/f//)"me//Si —Ugfs,; (P Uff/)Uf/f//"me//Si} s
i i

21112
Zla”] 0 tr {Usisj Us; s, Usy s7" (PuUyps,) = Us;5,Us ;s (P“Uskf)wUfsi}

2,1211
—Z[q ]ijkO tr{USiSj (P“Usjsk)uskf'yl"UfSi — (pMUSiS]_)USjs)C Uskf'“‘USif} .
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Full Results 4/4

o (U®)

2

<1 +10g M )tr{US fof/Uf f/lUfolNUf///S }

AT[q%)ijnd tr{Us,5,Us, 5, Us, fUsp Uprs, b -

Ml
0 (2%, 2?)
1/3 p u As
1 §+logm tr{ZsiVUVf’YNUfSi +USif’YuUfVZVSi} )

M2 (3 p? =
1 < + log M2> tr{ZginVSi,,u} .
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