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EFT matching o Tana

Scenario: theory £ ;v(17y, ;) with large scale separation my > m;

« Analysis of low-energy phenomenology = construct effective theory (EFT)

TN )
N How to find:
Lerr() = L -4y + Z — Z Ci( )Qi( ;) |wilson coefficients C92
d—
d=5 H i Effective operators Ql.(d) ?

« Example: Fermi’s theory — integrating out the W boson
Stanclard Moclel Fermi Theory

<
o> q }X U% w» s
>

= Diagrammatic matching

* Many interesting phenomena (e.g. FCNC) only at loop-level

* Requires one-loop matching

Felix Wilsch La Thuile 2022: Matching effective theories efficiently



AUtomation Of the matching Universitit

Mulils -.sé&p mat.tcln'n%

Analysis of great variety of BSM theories:

. MM » m
W theory L, ('Z""Zﬁ"l

1. Match UV theory to an EFT )

L

2. Use RGE of the EFT to run to the scale
of experiments

ma {'olninj

- Possibly multiple matching steps EFT, ﬁep'r;('z',y,'z-.) RGE of EFT,

N
3. Compare EFT to data 3 m@chnj v e i
= |Variety of theories and complexity of ’ .
computation require automation EFT, L) et
v
&x,)ercimenl /b( 7{’; m

T — =

Felix Wilsch La Thuile 2022: Matching effective theories efficiently



Automation of the matching L) Universitat

Mulils -.sé&p maéc/n'n%

Analysis of great variety of BSM theories:

. MM » m
UV u'wr), 'Kuv ('Z""ZE /'2,

1. Match UV theory to an EFT )

L

2. Use RGE of the EFT to run to the scale
of experiments

ma {'ol»inj

- Possibly multiple matching steps EFT,  Lealpsn) [RGE £erm

3. Compare EFT to data 3 walehi e i
3 d
= |Variety of theories and complexity oj RCE £ EFT
computation require automation EFT. ﬂsn,_('zn-) 2
.l \"4
] ] experimen /b(7d ~m
partial automation P F
| |STrEAM MatchingTools H full automation
Cohen, Lu, Zhang [2012.07851] Criado [1710.06445] H o - - - - _W
— \ FATCHETE Lo
q SiiEER | Matchmakereft Y
CODEX Tmcsﬁ Carmona, Lazopoulos, Fuentes-Martin, Kénig, Pages, H
Das Bakshi, Chakrabortty, Fuentes-Martin, Kénig, Pages, q Olgoso, Santiago [2112.10787] Thomsen, FW [in preparation]
‘ Patra [1808.04403] Thomsen, FW [2012.08506] J . [diagrammatic technique] [functional technique] h
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https://arxiv.org/abs/1808.04403
https://arxiv.org/abs/2012.08506
https://arxiv.org/abs/2012.07851
https://arxiv.org/abs/1710.06445
https://arxiv.org/abs/2112.10787

EFT matching with
functional methods

path integral | background field method



Functional matching formalism [ =™

Henning, Lu, Murayama [1412.1837] Henning, Lu, Murayama [1604.01019]
= = . del Aguila, Kunszt, Santiago [1602.00126] Zhang [1610.00710]
* Functional formalism: Fuentes-Martin, Portoles, Ruiz-Femenia [1607.02142] Cohen, Lu, Zhang [2011.02484]

- Lagrangian Z;v/(n) with fields n = (nH, nL)T and hierarchy my; > m;

ﬂ:

.
- Effective action: | exp (iF UV(n)) = J@n exp <i[ddx QUV(n)>
. )

« Background field method: shift all fields y — 77 + 7
#: background configuration satisfying classical equations of motion (EOM)
n: quantum fluctuation

 Integrate out 774: perform the path integral over the quantum fluctuations #
- Expand in inverse powers of the heavy masses my

= Effective action of the EFT describing same low-energy dynamics as &£y

- Contains all the higher dimensional operators and Wilson coefficients
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https://arxiv.org/abs/1412.1837
https://arxiv.org/abs/1602.00126
https://arxiv.org/abs/1607.02142
https://arxiv.org/abs/1604.01019
https://arxiv.org/abs/1610.00710
https://arxiv.org/abs/2011.02484

Tree-level & one-loop matching (. ==

 Expanding the Lagrangian:

1 8*Lyy

ZLyv(n) = Lyl +n) = Ly + =0 — N+ o)
2 on;om
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Tree-level & one-loop matching (. ==

 Expanding the Lagrangian:

X R 1 8*°Luy
L) = Lov(f+1) = 3Uv<n>]+ _g
of]; On;

5 n;+ O(1°)

. 0) __ A A oA
 Tree-level matching: SZ;I}T = fZUV (ﬂL, ﬂH(ﬂL)>

- Substitute #7;; by its EOM and expand in n;
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fluctuation operator O;

 Expanding the Lagrangian:

X X 1| 6°Lyy | .

Lov) = Lo+ = | Loy |+ 1| = 0+ 00r°)
2| onon; | |
n=n

. 0) __ A A oA
 Tree-level matching: SZ;I}T = fZUV (ﬂL, ﬂH(ﬂL)>

- Substitute #7;; by its EOM and expand in n;

1
* One-loop matching: exp <1F82,) = "977 exp (Jddx Eﬁi O, '7]')

- One-loop effective action is a Gaussian path integral

- Can be expressed in terms of superdeterminants SDet

generalization of Det to mixed spins]
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fluctuation operator O;

 Expanding the Lagrangian: ]
) - 1_ | 8°Luy ;
Lov) = Lo+ = | Loy |+ 1| = 0+ 00r°)
2| onon; | |
n=1

higher loop
orders

. 0) __ A A oA
 Tree-level matching: SZ;I}T = fZUV (ﬂL, ﬂH(ﬂL)>

- Substitute #7;; by its EOM and expand in n;

1
* One-loop matching: exp <1F82,) = "977 exp (Jddx Eﬁi O, '7]')

- One-loop effective action is a Gaussian path integral

- Can be expressed in terms of superdeterminants SDet

generalization of Det to mixed spins]
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Supertraces 1) et

Cohen, Lu, Zhang [2011.02484]

(D i ; dd
« Supertraces: FUV = ESTr (ln @) = =* (p|tr(In O)|p)

2 ] 2n)
5L v 1 1
» Fluctuation operator: 0;; = — =08 — X;; = A7 (0; — A X))
or; on; . - .
= (D2 + MP)
A7l =1 i*D,— M,
- Separating propagators A; from interaction terms Xij ¢"(D? + M?)
« Expanding the logarithm in AX we find (AX is at most @(m;ll)):
0 N
1 — | = —-1\| _
FUV = 2STr (ln A )
\w y,
log-type supertrace power-type supertrace
- log-type: model independent, only depend on propagator type A
- power-type: depend on the interaction terms X STr evaluation see backup
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A Mathematica package for fully automatic one-loop matching:

EFT Lagrangian EFT Lagrangian
UV Lagrangian Fluctuation Operator (partially simplified) (minimal basis)

Functional )
methods 0 g Uv

Zyy [”Ha ’TL] —> O

Identification and Reduction of
redundant operators
D A,

— X evaluation of > 1) > (1)
on; 57]j l supertraces (CDE) gEF T [nL] IbP, Fierz identities, gEF T [”L]

n=f Field redefinitions, ...

\ Tree-level matching / s i,. FE ﬁ

EOM — iy —— o —— Fuentes-Martin, Konig,

I FimLEry Pages, Thomsen, FW

W ““ [2012.08506] [work in progress]

Features: * Automatic reduction of redundant
operators in the EFT Lagrangian:

 Compatible with any weakly

coupled UV theory with a mass - Integration by parts,
power counting Field redefinitions,
-lerz identities, ...

* Works to arbitrary mass
dimension®, only limited by * QOutput format compatible with

computation time other phenomenological codes
*apart from operator simplification
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https://arxiv.org/abs/2012.08506

Example: vector-like fermions ) Zana

ng= | << Matchete: o Defining models:
\ FIATCAETE |\ D
IDQIJ,
nEi= | (» define gauge groups =)

DefineGaugeGroup[Ule, U[1], e, A]

nel:= | (» define field content x)

DefineField[Z, Fermion, Charges -» {Ule[1l]}, Mass - Heavy]
DefineField[¢y, Fermion, Charges -» {Ule[1l]}, Mass - 0]
DefineField[¢, Scalar, Mass -» 0, SelfConjugate -» True]

Ingl:= | (» define couplings x)

DefineCoupling[y, EFTorder - 0]

Inf10:= | (» write interaction Lagrangian x)
Lint = -y[] ~Bar[¢[]] ** PR*% &[] ¢[] // PlusHc;

Full Lagrangian

Inf11:= | (* combine with free Lagrangian x)
L = FreeLag[] + £int;
L // NiceForm

Out[12])//NiceForm=

1 _ _
__A“V2+5 (Dud)® +i (¥-vu-Du¥) +i (T-vy, -Dy@) -MZ(T-@) -y (¥-Pr-T) -y (T-PL-y)
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Example: vector-like fermions ) Zana

<< Matchete’ Defining models:

In[3]:=

In[5]:=

In[6]:=

In[9]:=

In[10]:=

In[11]:=

8
\\\ &y
W‘ o ’77/,73,3/ 1) Define gauge groups:

(» define gauge groups x)

U(1), with gauge field A,

DefineGaugeGroup[Ule, U[1], e, A]

(» define field content x)

DefineField[Z, Fermion, Charges -» {Ule[1l]}, Mass - Heavy]
DefineField[¢y, Fermion, Charges -» {Ule[1l]}, Mass - 0]
DefineField[¢, Scalar, Mass -» 0, SelfConjugate -» True]

(» define couplings «)

DefineCoupling[y, EFTorder - 0]

(» write interaction Lagrangian x)
Lint = -y[] ~Bar[¢¥[]] ** PR+% &[] ¢[] // PlusHc;

Full Lagrangian

(» combine with free Lagrangian x)
L = FreeLag[] + £1int;
L // NiceForm

Out[12])//NiceForm=

1 _ _
__A“V2+5 (Dud)® +i (¥-vu-Du¥) +i (T-vy, -Dy@) -MZ(T-@) -y (¥-Pr-T) -y (T-PL-y)
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In3l:= | << Matchete’

\ FIATCHETE |\

nBi= | (» define gauge groups x)

Defining models:

1) Define gauge groups:
U(1), with gauge field A ,

DefineGaugeGroup[Ule, U[1], e, A]

_ , 2) Define field content
nel:= | (» define field content x)

DefineField[&, Fermion, Charges -» {Ule[1]}, Mass - Heavy] ¥ heavy fermion with Charge 1

DefineField[y, Fermion, Charges » {Ule[1]}, Mass - 0]  massless fermion with charge 1
DefineField[¢, Scalar, Mass » 0, SelfConjugate - True] ¢ massless real scalar

InEl:= | (» define couplings x)

DefineCoupling[y, EFTorder - 0]

Inf10:= | (» write interaction Lagrangian x)
Lint = -y[] ~Bar[¢¥[]] ** PR*%* E[] ¢[] // PlusHc;

Full Lagrangian

In[11]:= | (» combine with free Lagrangian x)
L = FreeLag[] + £int;
L // NiceForm

Out[12])//NiceForm=

1 _ _
__A“V2+5 (Dud)® +i (¥-vu-Du¥) +i (T-vy, -Dy@) -MZ(T-@) -y (¥-Pr-T) -y (T-PL-y)
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In3l:= | << Matchete’

N FIATCHETE L\

nBi= | (» define gauge groups x)

DefineGaugeGroup[Ule, U[1], e, A]

Defining models:

1) Define gauge groups:
U(1), with gauge field A ,

2) Define field content

ne:= | (» define field content x) T ] ]
DefineField[Z, Fermion, Charges -» {Ule[1l]}, Mass - Heavy] heavy fermion with Charge 1
DefineField[y, Fermion, Charges » {Ule[1]}, Mass - 0]  massless fermion with charge 1

DefineField[¢, Scalar, Mass » 0, SelfConjugate - True] ¢ massless real scalar

in@l:= | (» define couplings x)
DefineCoupling[y, EFTorder - 0] 3) Define coupllngs
. 0
y Yukawa coupling order O(m;)
Inf10:= | (» write interaction Lagrangian x)

Lint = -y[] ~Bar[¥[]] ** PR*x &[] ¢[] // PlusHc;

Full Lagrangian

In[11]:= | (» combine with free Lagrangian x)
L = FreeLag[] + £int;
L // NiceForm

Out[12])//NiceForm=

1 _ _
__A“V2+5 (Dud)® +i (¥-vu-Du¥) +i (T-vy, -Dy@) -MZ(T-@) -y (¥-Pr-T) -y (T-PL-y)
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In3l:= | << Matchete’

N FIATCHETE L\

nEi= | (» define gauge groups =)

Defining models:

1) Define gauge groups:
U(1), with gauge field A ,

DefineGaugeGroup[Ule, U[1], e, A]

2) Define field content

DefineField[&, Fermion, Charges -» {Ule[1]}, Mass - Heavy] ¥ heavy fermion with Charge 1

DefineField[y, Fermion, Charges » {Ule[1]}, Mass - 0]  massless fermion with charge 1
DefineField[¢, Scalar, Mass » 0, SelfConjugate - True] ¢ massless real scalar

nel:= | (» define field content x)

in@l:= | (» define couplings x)
DefineCoupling[y, EFTorder - 0] 3) Define coupllngs
. 0
y Yukawa coupling order O(m;)
Inf10:= | (» write interaction Lagrangian x)

Lint = -y[] ~Bar[¢[]] *»* PR*»% @[] ¢[] // PlusHc; i .
’ 4) Write Lagrangian

Full Lagrangian

In[11]:= | (» combine with free Lagrangian x)
L = FreeLag[] + £int;
L // NiceForm

Out[12]//NiceForm=

1 _ _
__A“V2+5 (Dud))2+j (w‘Yu'D/ﬂ”“Li (@-YH-DHEE) -MZ(T-T) -y (y-Pr-3T) -y (T-PL-Y)
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In3l:= | << Matchete’

N FIATCHETE L\

nBi= | (» define gauge groups x)

Defining models:

1) Define gauge groups:
U(1), with gauge field A ,

DefineGaugeGroup[Ule, U[1], e, A]

2) Define field content

DefineField[&, Fermion, Charges -» {Ule[1]}, Mass - Heavy] ¥ heavy fermion with Charge 1

DefineField[y, Fermion, Charges » {Ule[1]}, Mass - 0]  massless fermion with charge 1
DefineField[¢, Scalar, Mass » 0, SelfConjugate - True] ¢ massless real scalar

nel:= | (» define field content x)

in@l:= | (» define couplings x)
DefineCoupling[y, EFTorder - 0] 3) Define coupllngs
. 0
y Yukawa coupling order O(m;)
Inf10:= | (» write interaction Lagrangian x)

Lint = -y[] ~Bar[¢[]] *»* PR*»% @[] ¢[] // PlusHc; i .
’ 4) Write Lagrangian

Full Lagrangian

Inf11:= | (* combine with free Lagrangian x) . .
L = Freelag[] + Lint; 'Predeflned models: SM, ... '

L // NiceForm

Out[12])//NiceForm=

1 _ _
__A“V2+5 (Dud))2+j (w.YM.Duw>+J'L(@-YH-DHEE)—M&D (T-T) -y (y-Pr-T) -y (T-PL-¥) ‘
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Vector-like model @ one-loop

Specify loop order: 0 | 1 Specify EFT order: 4 |5]|6|7|8] ...

.
One-loop matching
in(15]= | LEFT1 = Match[£, LoopOrder - 1, EFTorder - 6] ‘
LEFT1 // NiceForm
Out[16)//NiceForm=

1, 7 1 1 1 1 1 1 1 ‘ 1 1 7 1 :

A2 he? = (D AMY)Ps —he? — AYDAY s ——he? —_ D,D,AYA+ —_he? —_D,DAVAP+ —he? —_ D, ADAP+ — ne’ — DAY DAY +
4 270 Ma2 20 Ma? 240 Ma? 240 Ma? 920 Ma? 270 Ma?

7 S 7 1, Vo 1 1 Vo 2 1 R | 1 v

—— ne’ — A“YD,D,A"° + — ne® — A“YD,D, A" + ne* —_ D, D,AYA”+ —_nhe* —_D,D,AYAY - —_nhe’ —_D,A"D,AY+ _—ne’ — D,AYD,A -
240 Mz? 240 Ma? 120 Ma? 120 Ma2 135 Ma? 27 Mz?
il 2 1 1 1 1 2 1 1 2 . 2,2 1,_ 1 202 . 2 2 2 1
—ne? —_ A"YD,D,AY - —he* — A“YD,D,A - = he’ A% Lo —— |+ = (Do) -2nyyME 9+ Zhyy — ¢D°D'¢p-2hyyMe* ¢° Lo — | -
40 Mz? 40 Mz? o 3 g[ M@z] 2 (Pu?) Y 37 e Y g[u M@z]

il 2 _ 2 2 1 Ry il 2 il g —
~hyy¢D’¢-hyy¢D’¢Log|n —2]+1{w-n‘0uw)——hyy—(w YuPL-D,D%) + = hyy — (D,D?F - vuPL-¥) + == hYy (7 vu Py - D) +
2 Mz 6 Mz? 6 Mz? 8

i o =7 —2 1 3i - 77 - 7 —2 1 o2 2 44 —2 1 1 o3 3 1 6 13 o2 2 1 2 2
ZhYY(W'YuPL'DuU/) Log[u _Mg_:z] == ayy (Du¥ - yuPL- ¥) —ZﬁYY(DHd/-nPL-W) Log[u —MQZ]—hy y ¢ Log[u —MQ2]+§ﬁy y —Mgzcﬁ +—12hy y —Q2<1> (Do) +
3, , , 1 , 5 1 5, 1 5 ., 19 _ 1 Y 1 _ 1 Y 1 _ 1 Y

) —D —hyye? — ¢* A" —~ heyy — D A" “YuPL-¥) - —heyy — DAY (J-yyPL-¥) + —heyy — A“ «yuPL-DY) -

T Y L S0ee +onyye 6 * e ReYY G VA @ vuPLe ) - D ReYY S DAY (T vy P Y) + S heYY L (- vuPL- DY)

1 N 1 N _ 1 1 _ o1 _ L1,
gheyyMQZA {w‘ruvaL'DpU/)+gheyyMQ2A (D"w'Y“PL'w)*gheyyM_QzA (DDJ/'TM‘/QPL'U/)+1yy—M§‘2¢D“¢($-YHPL-d/)+1yy—M§2¢ (t[/-yuPL-D“d/)_
Si_. 5, 2 1 5 - .o 2.2 1 5 2 2 1
> h Bl YuPL-Dy) -ih il - YuPL-D,¥) Lo il
2BV Y ¢ (¥ - vu PL - DY) VY o0 (¥ - yu P+ D ¥) g[u =

Si. 5 2 1 50 - .22 1 o 5 1
+Tﬁyy E¢ {Duw'YHPL'W)+1hyy E¢ {Duw'YppL'w)Log[H E]

Simplification

in171= | LEFT1 7/ IBPSimplify // RelabelIndices // CollectTerms // HcSimplify // NiceForm
Out{17)//NiceForm=

13 1 1 ‘ 11 1 1 1 Vo _ 1 1 11 19} o
— ez—A“D AY+ — ne? DDA A - —— ne® —_ D AVDAY - ——he’ —_ DDAYAY +i (§-yu-Duy)+ - hyy — D’¢D’¢+ [___—ﬁezLog[nz—HA“’z-
540 Mz? 45 Mz? 180 Mz? 540 Mz? 3 Mz? .4 3 Mz?
hyzyzfp“Log[ﬂzi] + by MZ? [v—27—2)7Log[E2i” 6% + E+ny ('lyﬁ«yLog[ﬁzi]""] (Du0)% +hy "£y+iyLog[ﬁ2iH (¥ - yuPL-DL¥) +

M2 2 12 12 me2 )] 4 2 Mz ) : .
1. 5, 5 1 ¢ 13 1 P S | - 1 1
—h —¢ + —h —D¢¢>+—h e—¢ A"+ _he — DAY (Y- yuPL-¥) - —he A" (y.T PL-Dy¥) +
3 VY myyQ Sl o NeVY S DAY (W wuPLoy) - S heyy (¥ - Tuvo PL- DoY)

i 1 1 (5i 1 1Y) 3 ,I
._iyy +hy2E .—y +iy Log[ ?]H o (Duw'YuPL‘d/)*‘h-C.J

lheyy — A (Do¥ - Tuvo PL-¥) + [-—hvy— (D?F - yv PL - DLy) +
8 M2 . 6 Ma?
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CO“CIUSion Universitit

Importance of automating one-loop EFT matching due to:

- Great variety of BSM models

. Matchmakereft
- Interesting phenomena at the loop level

Carmona, Lazopoulos,

- Complexity of the computation involved Olgoso, Santiago [2112.10787]

diagrammatic matching
 Functional method well suited for automation:

- Works for any weakly coupled EFT with \ FIATCHE TE _|\\\ |
mass power counting

Fuentes-Martin, Konig, Pages,

M . f t| . t f | Thomsen, FW [in preparation]
- anirestly covariant tormalism functional matching

- EFT basis fully generated by path integral

« The eventual goal is a code that combines and automates:

- One-loop matching ~ [
Multi-step matchin
- RG evolution — 7 P J

- Interface to phenomenological codes Thank yOU!

S ——

r- Fully automated pipeline from UV to pheno

Felix Wilsch
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Diagrammatic matching

Matching off-shell Green’s functions



Universitat

* Diagrammatic matching is the most common method in the literature
« UV theory: & v/ (1y, 17;) with heavy 17 and light 7; fields

» EFT construction: find all effective operators built out of #,, that are
compatible with the symmetries of £{;y, = EFT Lagrangian & ger(1;)

* Matching: compute all off-shell Green's functions with light external particles
in the UV and the EF

- Equating the Green’s functions ensures that the effective actions (as
functions of 77;) of both theories coincide

- This guarantees that both theories yield the same low-energy dynamics
— “matching the EFT to the UV”

- Matching conditions: relate EFT Wilson coefficients Cl.(d) to the
microscopic UV parameters
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A scalar toy model ) unvers

Fuentes-Martin, Portoles, Ruiz-Femenia [1607.02142]

« Toy model with heavy ® and light ¢ scalar (M > m)

L@, @) = 1 (a oty — m2q02> + 1 (a Do P — M2c1>2) — £q04 - igo%b
SV 2 \H 2\ H 41 3!
e The corresponding EFT Lagrangian atd = 6 is
1 C 4 C 492 C 6
_ u,o =2 2 ¢* 4 ¢ 0" 20 2 ¢° 6 —4
Zerr(@) = 2 (%00 @ —m@ )+ ITRARITTY A vyt
* At tree-level we find: 2 - point - point § - point

o= X 34
@uate amplitudes Cos
e XX

l tree-level matching conditionsj C.=101"
— — —— — C'P"g :0 40

R
X\
<

N
1
3
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https://arxiv.org/abs/1607.02142

Universitat

Fuentes-Martin, Portoles, Ruiz-Femenia [1607.02142]

« For the one-loop computation we use dimensional regularization with M.S

= matching condition:‘ﬁfz = ml

Diagrams appearing in both UV]

* 2-point function:

and EFT always cancel

* 4-point function:

* 6-point function: analogous

———— S— i I — i — i I

= | Difficulty of computation quickly increases with complexity of the UV theoryl

e e e S e

Felix Wilsch La Thuile 2022: Matching effective theories efficiently
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Functional vs. diagrammatic method (i

NG

Functional integration Diagrammatic matching

obtained from the path integral complete set of operators has to be

EFT operators (no a priori knowledge required) derived before the matching

Feynman diagrams — all topologies have to be derived
Manifestly covariant Q Q
formalism

e Common features:

- Method of regions: hard region of the supertraces / Feynman diagrams
encodes the full information about the Wilson coefficients

- Reduction of redundant operators after the matching

= | Functional method is well suited for automation]
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EFT matching with
functional methods

methods of regions | covariant derivative expansion
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Fluctuation operator

. ) : :ne (D — i
One-loop effective action: FUV =5 STr (ln @)

« Supertrace: STt is the generalization of the trace to matrices with both
fermionic and bosonic degrees of freedom carrying opposite signs

AT
- 5’7]' it

_ —1

 Fluctuation operator: ij

n=n

- Separating the propagators Al- from interaction terms Xij

- Treating light masses (m; ) as interactions

(D + M?)
- Feynman gauge for quantum fluctuations (), ATl =1 iy'D,— M,
General Rg gauge for background fields (77) kg””(Dz + M)

Felix Wilsch Orsay - Seminar: Matching effective theories efficiently



Method of regions ) niversi

. FS%I Is the one-loop effective action for the full UV theory

- EFT Wilson coefficients encode the short distance dynamics only
= They are determined by the hard momentum region of FS%, only

* Method of regions in dimensional regularization: 75155 20/ epPVorTTeo

- The loop-integrals contain light m; and heavy m;; masses (m; > m;)

- Separate the region of soft- (p ~ mL) and hard-momentum (p ~ mH) and expand
each region in the quantities that are small there

- Integrate each region over the full d-dimensional space

- Summing both integrals gives the full integral without expansion

1 Jdd al Lo+,
— p = Lo t Lharg
(p2—mp(p?—mE) Lo
N 2 4 N 2 4
Liop = [ddp 1+ P —+ P + |y Ly = [ddp 1+ m; + mj 4+ ...
(p? — mp)(—mp) m§  mf p> p

T pA(p? — mg)

= | All the short distance effects we are interested in are encoded in hard regionj
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Universitat

Zurich™
Lo, ©) = 1 (a o' — m2¢2) + 1 (a DoHD — M2c1>2) — £q04 - igﬂb
UV 2 \7H 2 \7H 4! 3
UV theory
20N g m?  s+t+u (1)
— N [3+3 4 . £ — I
167 [ M 2M ] Uv hach

r-t(l) )
I
. uv soft
A
cancel exactly match!ng
EFT condition
N4

Fuentes-Martin, Portoles, Ruiz-Femenia [1607.02142]
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One-loop EFT Lagrangian D) uriverse

Cohen, Lu, Zhang [2011.02484]

* Split one-loop effective action into hard- and soft-momentum region

ro — ol o
uv (.UV harci uv soft

heavy particle loops mixed particle loops light particle loops

. ( FSQ, ]: long distance contributions from one-loop matrix elements with
soft

the tree-level EFT Lagrangian QggT
. (FS%, ]: short distance contributions that can be identified with the EFT
hard

Wilson coefficients at one-loop level

e e e

_ [ddx 0
hard

) _ — (1)
One-loop EFT Lagrangian: FUV ERT

1:-::-_:—)

—
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Covariant derivative expansion (. &ie™

Henning, Lu, Murayama [1412.1837; 1604.01019]

« Operators Q(iDﬂ, U,) can depend on covariant derivatives Du and a set of

momentum-independent functions U,

« Supertraces are not manifestly covariant (open covariant derivatives Dﬂ 1)

| d’p . . [ dp |
STr (Q(zDM, Uk)) -+ J o (P11 (Q(zDM, Uk)> p) = + Jd xJ ! (Q(zDﬂ +p, Uk)> D
 Covariant derivative expansion (CDE) \ f
Path integral transformation sandwiching the trace between e P % and P %

- These operators vanish when acting to the left / right

- When passing e~ through Q to cancel against e'P % it has the

desired effect of putting all covariant derivatives into commutators

= This renders the supertraces and the whole functional matching
approach manifestly covariant

— = S—— S—— — =
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Example: scalar toy-model L) poiversitt

Fuentes-Martin, Portoles, Ruiz-Femenia [1607.02142]

Two real scalars with M > m

Luv(p, @) = 1 (a ot — m2q02> + 1 (a Do+ D — M2c1>2) _ e igo%b
UVie =\ O > \k ITRGEEEY

* Integrate out ® applying the functional method up to d = 6

 Tree-level matching:

- - 24 28 A 3
- Equation of motion: M“® = — D“P — ?qo

- Solution: O =— Lgﬁ + OM™
6M?

- Tree-level EFT Lagrangian:

1 K 10,2
p0) 50h0 — m262 ) — A4 ~6
. EFT 2 <0M(p0 ¥ ¥ ) 4!(p T 6!M2¢J

———— S— S—
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Universitat

» The fluctuation operator O;

A
Ayl =—0"—M?  Xpe=0, X2 =X o) =-=p%

@D P 9)
2
-1 _ 21— .2 Ko & 5 K., A
Bl =T R m o AR = o

* Supertraces to compute using the CDE:

- Log-type: STr (ln Ag)l)

hard

- Power-type: STr (A‘I’chlAq”Xﬁ%)

2] 2] 2]
STr (AgXI2IA, XEIA, X021 )

hard hard

* One-loop EFT Lagrangian from supertrace evaluation:

- B

1 A2 _ m? 1 K _

70 = 2| 1 +— | ¢* — —¢%0*p* + —¢°
EFT 1642 16 ( M2) 7 M2¢ 7 quﬂ
\_ - i,
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» The fluctuation operator O;

A
Ayl =—0"—M?  Xpe=0, X2 =X o) =-=p%

@D @ 9)

1_ 2] _ » Kooy s » K .o A2 4

Aco = =0 Xpp =—m _5('” —ApD = —m _E(P —W(P
a8 )
* Supertraces to compute using the CDE:
- Log-type:  STr(InAg') /
hard
. J

ﬁ

- Power-type: [?Tr <A¢Xg;A¢X<E’%I]’>

2] 2] 2]
STr (AgXI2IA, XEIA, X021 )

hard | hard

* One-loop EFT Lagrangian from supertrace evaluation:

- B

1 A2 _ m? 1 K _

70 = 2| 1 +— | ¢* — —¢%0*p* + —¢°
EFT 1642 16 ( M2) 7 M2¢ 7 quﬂ
\_ - i,
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Universitat

* Creating a standard for inputing and handling Lagrangians

* User interface:
- Defining fields, couplings, ...

Q * Creation of a group theory module allowing to use any group /
representation

Q * Implementation of functional derivative to compute EOMs and fluctuation
operators

* Treatment of heavy vector bosons (gauge fixing and ghosts)
e Qutput simplification:
- Finding a general algorithm to remove redundant operators

- Targeting specific operator bases Completed V.

Work in progress
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Redundant operators ) e

* Path integral / supertrace output: set of redundant effective operators
— reduction to a minimal set of operators without redundancies

« Simplification methods:
- Reduction of Dirac structures to a Dirac basis (Greek method)
- Integration by parts
- Kinetic- and mass-mixing — requires diagonalization
- Field redefinitions (equations of motion)
- Fierz identities in d-dimensions — can yield evanescent operators

> Tree-level evanescent operators inserted in divergent one-loop EFT
graphs yield a finite renormalization

. the path integral only yields the set of operators generated by the specific U\?
Ltheory — a complete basis might not be generated

= S— = = = S———

y
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Field redefinitions ) g

Criado, Perez-Victoria [1811.09413]

e |LSZ formula: S-matrix is invariant under field redefinitions

. 1 )
« Perturbative field redefinition: |y — # =n + —0ony

\ J

- Effect on the EFT Lagrangian:

1 &[] 1 5°Z[i]
¥ LIl = Ll + Sii A on*+ 0 (A3
i = LU= Ll + L=+ s = n°+0 (A7)
n=n n=n
EoM

 The EOMs only capture the leading power contribution of the corresponding
field redefinition

* At sub-leading power using EOMs does not give the correct result and fielc?
redefinitions have to be used!

S—— S S S—— J

§

Felix Wilsch La Thuile 2022: Matching effective theories efficiently
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FUtu re featu res Universitat

* Aspired features:

- Interface to other codes for phenomenology (e.g. smelli, flavio, ...)
Stangl [2012.12211]; Straub [1810.08132]

- Wilson coefficient exchange format output: WCxf
Aebischer et al. [1712.05298]

- Generation of UFO files for the UV models and EFTs

Degrande et al. [1108.2040]

 Long term goals:

- Parallelization of the computation 1w bheory Loln,n.m.)
: : ma@olu'nc?; M=my
- Computation of f-functions for the EFT
> RG evolution (at one-loop) 3 EFT. Lelp,g.) |RGE err
3 mal-cL[n v -
> treatment of evanescent operators 3 J S
RGE of EFT,
- Automatic breaking of symmetry groups EFT. 2r(p)

v

&xpen'menl

- Multi-step matching and running i
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