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EFT matching

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

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

S —)
o0 1 How to find:
— (d)H(d) - i d) o
ZLerr(y) = ZLgg(np) + Z v Z C0 () “Wllson coefficients C, .
d=5 H i Effective operators Ql.( )2
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EFT matching

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

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

—
How to find: h

Lerr() = Ly 4(n;) + Z i Z C (d)Q(d)(ﬂ ) |Wilson coefficients C) 2
d=5 i “Effective operators Q¢ 2

—

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

z W 1‘% \\// N sl \\ // ﬂ
, AN T S BN
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EFT matching

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

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

Lerr(n) = Laes(ny) + Z =
d=5

Z 0 any)

Pf e
How to find: ]

Wilson coefficients Cl.(d) ?

“Effective operators Ql.(d) ?

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

‘ W 1’(% \\ //

, N

= Diagrammatic matching

N
VAN

* One-loop matching required for many interesting phenomena (e.g. FCNC)
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Automating multiscale EFT analyses

Energy scale
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Chiral perturbation theory

Isidori, FW, Wyler [2303.16922]
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Automating multiscale EFT analyses

Energy scale

/
ABSM

Asm

mw

mp

Aqcp

Felix Wilsch

A
Very heavy UV theory
Matching
_( )T
BSM theory (BSM RGE)
L\
Matching
B e

SMEFT (SMEFT RGE)

—( EWSB & Matching

T-

LEFT (LEFT RGE)

—( Matching

LEFT’ (without b quark)

T-

(LEFT’ RGE)

<>

—( Matching

’

RGE

<«

—( Non-perturbative matching

|

Chiral perturbation theory

Isidori, FW, Wyler [2303.16922]

Theory work:

Jenkins, Manohar, Trott [1308.2627], [1310.4838]
Alonso, Jenkins, Manohar, Trott [1312.2014]
Jenkins, Manohar, Stoffer [1709.04486]

Dekens, Stoffer [1908.05295]

Jenkins, Manohar, Stoffer [1711.05270]

Tools:

DsixTools

Celis, Fuentes-Martin, Vicente, Virto [1704.04504]
Fuentes-Martin, Ruiz-Femenia, Vicente, Virto [2010.16341]
Wilson Aebischer, Kumar, Straub [1804.05033]

—P Fit BSM theory parameters to low-energy experimental data

IRN Terascale: Functional one-loop matching of effective field theories “GAITIET-EINW


https://arxiv.org/abs/2303.16922
https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1310.4838
https://arxiv.org/abs/1312.2014
https://arxiv.org/abs/1709.04486
https://arxiv.org/abs/1908.05295
https://arxiv.org/abs/1704.04504
https://arxiv.org/abs/2010.16341
https://arxiv.org/abs/1804.05033

Automating multiscale EFT analyses

Energy scale —
A Theory work: (mostly) model dependent ...

Tools:

Very heavy UV theor
y M Y Matchmakereft [diagrammatic matching]

. _( Matching ) Celis, Carmona, Lazopoulos, Olgoso, Santiago [2112.10787]
A
FIATCHAETE |[functional matching]
BSM theory (BSM RGE) Fuentes-Martin, Kénig, Pages, Thomsen, FW [2212.04510]
Y
Ansm Matching ))7 \ FATCHETE |\
\ —

Theory work:
SMEFT SMEFT RGE
( ) Jenkins, Manohar, Trott [1308.2627], [1310.4838]

Alonso, Jenkins, Manohar, Trott [1312.2014]
Jenkins, Manohar, Stoffer [1709.04486]
Dekens, Stoffer [1908.05295]

mw EWSB & Matching

T-

LEFT (LEFT RGE) | Jenkins, Manohar, Stoffer [1711.05270]
\/
my Matching — Tools:
_( DsixTools

Celis, Fuentes-Martin, Vicente, Virto [1704.04504]
Fuentes-Martin, Ruiz-Femenia, Vicente, Virto [2010.16341]
Wilson Aebischer, Kumar, Straub [1804.05033]

LEFT’ (without b quark) (LEFT’ RGE)

<>

(% —( Matching

’

—P Fit BSM theory parameters to low-energy experimental data
RGE

<«

Aqcp —( Non-perturbative matching

|

Chiral perturbation theory

Isidori, FW, Wyler [2303.16922]
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Automating multiscale EFT analyses

Energy scale

A
Very heavy UV theory
Az —( Matching )T
BSM theory (BSM RGE)
Apsm —( Matching )%

Theory work: (mostly) model dependent ...

Tools:
Matchmakereft [diagrammatic matching]
Celis, Carmona, Lazopoulos, Olgoso, Santiago [2112.10787]

FIATCHAETE |[functional matching]
Fuentes-Martin, Kénig, Pages, Thomsen, FW [2212.04510]

) FIATCHETE |\

SMEFT (SMEFT RGE) | Theory work:

mw EWSB & Matching

T-

LEFT (LEFT RGE)

T-

my —( Matching

LEFT’ (without b quark)

<>

(% —( Matching

’

RGE

<«

Aqcp —( Non-perturbative matching

|

Chiral perturbation theory

Isidori, FW, Wyler [2303.16922]

(LEFT’ RGE)

Jenkins, Manohar, Trott [1308.2627], [1310.4838]
Alonso, Jenkins, Manohar, Trott [1312.2014]
Jenkins, Manohar, Stoffer [1709.04486]

Dekens, Stoffer [1908.05295]

Jenkins, Manohar, Stoffer [1711.05270]

Tools:

DsixTools

Celis, Fuentes-Martin, Vicente, Virto [1704.04504]
Fuentes-Martin, Ruiz-Femenia, Vicente, Virto [2010.16341]
Wilson Aebischer, Kumar, Straub [1804.05033]

—P Fit BSM theory parameters to low-energy experimental data

Plethora of BSM models requires automation of all steps
(matching & running)

= Goal: integration into single software suite
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Functional matching

One-loop matching with path integral techniques



Functional Methods

« Background field method: shift all fields 7 — #1 + 7
#: background fields (satisfy classical EOM)
n: pure quantum fluctuation

 Path integral representation of effective quantum action:
— )

CXp (lTUV(ﬁ)) = [9’7 eXp i[ddx Ly + 1)

\ J

- Perform path integral over n (“integrating out”)

- Expand in powers of m,}l

= Effective action of EFT containing all higher dimensional operators and coefficients

Dittmaier, Grosse-Knetter [hep-ph/9505266] del Aguila, Kunszt, Santiago [1602.00126] Zhang [1610.00710]
Henning, Lu, Murayama [1412.1837] Fuentes-Martin, Portoles, Ruiz-Femenia [1607.02142] Cohen, Lu, Zhang [2011.02484]
Drozd, Ellis, Quevillon, You [1512.03003] Henning, Lu, Murayama [1604.01019] & many more
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Tree-level and one-loop matching

 Expanding the Lagrangian in z:

1 8*Lyy

Lyv(n) = Lyl +n) = Lyyl) + = — N+ o)
2 on;om
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Tree-level and one-loop matching

 Expanding the Lagrangian in z:

1 8*Lyy

ZLyv(n) = Ly +1n) = [-;Uv(ﬁ)]‘F N —— N+ o)
2 on;om

— 0) _ Ao
» Tree-level matching: E;IET = ZLyv (ﬂL, ﬂH(ﬂL)>

- Substitute 7 by its EOM and expand in m[ll
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Tree-level and one-loop matching

fluctuation operator O;

 Expanding the Lagrangian in z:

X R 1| 6°Luy | .

ZLyv(n) = Luyn+n) = | Loy |+ 0| — N+ O@°)
2 | omom; | |

n=n

__J

— 0) _ Ao
» Tree-level matching: E;IET = ZLyv (ﬂL, ﬂH(ﬂL)>

- Substitute 7 by its EOM and expand in m[ll

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

- Gaussian path integral

- Can be expressed in terms of superdeterminants SDet

generalization of Det to mixed spins]
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Tree-level and one-loop matching

fluctuation operator O;

 Expanding the Lagrangian in z:

X R 1| 6°Luy | .

ZLyv(n) = Luyn+n) = | Loy |+ 0| — N+ O@°)
2| on;on; ||
n=i

higher loop

orders

— 0) _ Ao
» Tree-level matching: E;IET = ZLyv (ﬂL, ﬂH(ﬂL)>

- Substitute 7 by its EOM and expand in m[ll

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

- Gaussian path integral

- Can be expressed in terms of superdeterminants SDet

generalization of Det to mixed spins]
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) I ]
« Supertraces: FUV = ESTr (ln @) = + 5

 Fluctuation operator: 0

[ - )
—(D? + M?)
A7l =4 "D, - M,
g"(D* + M7)
L - )

_ Py

j —

of]; o

Cohen, Lu, Zhang [2011.02484]

d%
(k|tr(In O)|k)

(2m)

— —1 — A1

n=i T

propagators interaction terms

Felix Wilsch
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. . d Cohen, Lu, Zhang [2011.02484]
. Supertraces: I'") = —STr (In 0) = + iJ 'k (k|tr(In O)|k)
uv 2 2 ) Qn)d
R i »
» Fluctuation operator: 0;; = — =08 — X;; = A7 (0 — A X))
- . on;on; |
(D2 + MP) =1
Al=4 iD= M, propagators interaction terms
Lg’”’(D2 + M?)
« Expanding the logarithm, AX is at most @(mlgl):

1 (lt 1j TOO 1
v =|5STr (In A7) - 52 STr [(AX)"]
— N

log-type supertrace power-type supertrace
- log-type: model independent, only depend on propagator type A

- power-type: depend on the interaction terms X
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Method of regions

 Expand loop integrands in soft (k ~ m;) and hard (k ~ my;) region before integration
Beneke, Smirnov [hep-ph/9711391], Jantzen [1111.2589]

« Summing the results gives back the original integral expanded in mL/mH

(h _— () (1)
IﬂUV o 1—‘UV ‘ h + 1_‘UV
ard

soft
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Method of regions

 Expand loop integrands in soft (k ~ m;) and hard (k ~ my;) region before integration
Beneke, Smirnov [hep-ph/9711391], Jantzen [1111.2589]

« Summing the results gives back the original integral expanded in mL/mH

() _— | (D) (1)
IﬂUV o EJV ‘ h J_I_ EJV
ard

sofJ

f‘ L an E o )
- Short-distance contributions - Long-distance contributions by one-loop
identified with one-loop EFT matrix elements with tree-level EFT
Wilson coefficients C(!) operators (captured by C (0)) )
\ -/
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Method of regions

 Expand loop integrands in soft (k ~ m;) and hard (k ~ my;) region before integration
Beneke, Smirnov [hep-ph/9711391], Jantzen [1111.2589]

« Summing the results gives back the original integral expanded in mL/mH

(Hh ) (1)
IﬂUV o [;JV ‘ h J_I_ EJV
ard

sofJ

i

-

r—ﬁShor’c—distance contributions
identified with one-loop EFT

Wilson coefficients C(V

« One-loop EFT Lagrangian:

—
- Long-distance contributions by one—loopj
matrix elements with tree-level EFT

i operators (captured by CV))

Cohen, Lu, Zhang [2011.02484]

i

d () _ @)
Jd X Zeer = Iy

hard

e i

= %STr (ln A‘l)

R e _-:_j

hard

—5 r|(AX)"]

n=1

hard

= Re— — e ——

RE— — e

- - -

e Supertrace evaluation in manifest covariant form through CDE (see backup)
\ FATCAETE | o3y
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Operator reduction

directly provides EFT operators

. d () — (D
Supertrace output Jd foEFT = FUV

hard
(no a priori knowledge required), but £zt is not in a minimal basis

= Many redundancies among the present operators
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Operator reduction

directly provides EFT operators
hard

(no a priori knowledge required), but £zt is not in a minimal basis

. d () — (D
Supertrace output Jd foEFT = FUV

= Many redundancies among the present operators
e Goal: bring Zgpr to minimal form by using:

- Integration by parts identities

- Diagonalize kinetic & mass mixing

- Field redefinitions (equations of motion)

- Reduction of Dirac algebra

- Fierz identities

= Z crr in minimal basis (e.g. Warsaw basis)
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Operator reduction

directly provides EFT operators

. d () — (D
Supertrace output Jd foEFT = FUV

hard
(no a priori knowledge required), but £zt is not in a minimal basis

= Many redundancies among the present operators
e Goal: bring Zgpr to minimal form by using:

- Integration by parts identities

- Diagonalize kinetic & mass mixing

- Field redefinitions (equations of motion)

“r.r— Reduction of Dirac algebra

— evanescent operators !!!

- Fierz identities

= Z crr in minimal basis (e.g. Warsaw basis)
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Buras, Weisz [Nucl.Phys.B 333 (1990) 66-99]

Evanescent operato rs Herrlic,:h, Nierste [h.ep-pr;/941 2375]

prst e 75, . Flerz identity / prst NG S A1
g B Clqde(fp}/’uq )(d }/Iue ) I&::T 1’ g D — 2Clqd€(fpe )(d q )

o Tree-level: £ & &’ lead to same physics
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Buras, Weisz [Nucl.Phys.B 333 (1990) 66-99]

Evanescent operato rs Herrlic,:h, Nierste [h.ep-pr;/941 2375]

prst e 75, . Flerz identity / prst NG S A1
g B Clqde(fp}/’uq )(d }/Iue ) I&::T 1’ g D — 2Clqd€(fpe )(d q )

o Tree-level: £ & &’ lead to same physics

e One-loop: Z & &' do not lead to same physics (in dimensional regularization d = 4 — 2¢)
T — )
| (_,SJ The one-loop effective action built from

< and £’ do not agree:
- q d H
1340 + (D

£ B € EFT EFT
— »

figure by A. Thomsen

. In d dimensions we have: CZ’; (fpy”qt)(cfsyﬂer) = — 2C;Z]’§et (ZPe")(d'q") +Cll;’§et Elpq};et

f

evanescent operator O(¢)
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Buras, Weisz [Nucl.Phys.B 333 (1990) 66-99]

Evanescent operato rs Herrlich, Nierste [hep-ph/9412375]

rst; 7 7., 1\ Fierz identit / rst; 2p ,r\( g
Z 2 g (dye") ——=—=—p LD = 20777 (d'q")

Tree-level: & & &’ lead to same physics

One-loop: £ & £’ do not lead to same physics (in dimensional regularization d = 4 — 2¢)
T — )
| (_,SJ The one-loop effective action built from

< and &' do not agree:
- q d H
1340 + (D

¢ B e EFT EFT
- )

figure by A. Thomsen

In d dimensions we have: CP"™! (LZpy”qt)(JSyﬂer) = — 2CP (PP (d'q") +CP™S BV

lgde lgde lgde lgde
Effective one-loop action: I T =T'D 4+ AS evanescent operatofr O(e)
P ‘\* EFT = * EFT E

Absorb physical effect of evanescent operators by finite one-loop shift of action AS;.
(depends on all UV poles €y of SMEFT one-loop integrals)

Computed for the SMEFT in Fuentes-Martin, Kénig, Pages, Thomsen, FW [2211.09144]

For LEFT see: Aebischer, Buras, Kumar [2202.01225], Aebischer, Pesut [2208.10513]
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)\ FIATCHETE |\

o Errecrive meurmicS ErricicniLy

T

https://gitlab.com/matchete/matchete

Fuentes-Martin, Konig, Pages, Thomsen, FW [2212.04510]


https://gitlab.com/matchete/matchete
https://arxiv.org/abs/2212.04510

 Define generic weakly coupled
UV theory*
(symmetries, fields, couplings)
*with mass power-counting

 Automatic matching
computation of EoM & Qij,
STr enumeration & evaluation

« Simplifications

Reduction of redundant operators:

IbP, field redefinitions, (Fierz id.),

= Minimal basis (e.g. Warsaw)

Felix Wilsch

Input

Automated matching and running

(*written in Mathematica)

7

Define (gauge)
groups

Define fields Define couplings J

[ Broken phase

ym break.
Euv Write down [,UV

\

— J
\
func. derivatives,
CDE, STr
Tree-level, un5|mp||f|ed Field redefs. 1-loop, unsimplified:
/(0 N /(1
2 RN L
i /l\ 'l.
Full, uns/implified: ‘A Lo’ > Full, simplified:
Lerr Simplifications Lerr
- completed
- to do
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 Define generic weakly coupled
UV theory*
(symmetries, fields, couplings)
*with mass power-counting

 Automatic matching
computation of EoM & Ql-j,
STr enumeration & evaluation

« Simplifications

Reduction of redundant operators:

IbP, field redefinitions, (Fierz id.),

= Minimal basis (e.g. Warsaw)

e To do:

- Fully automatic treatment
of Evanescent operators

[-functions

- Heavy vector bosons

Felix Wilsch

Input

Automated matching and running

(*written in Mathematica)

7

[

Define (gauge)
groups

Define fields Define couplings J

ym break.

Write down [,UV

[ Broken phase [,UV

\

—

func. derivatives,
CDE, STr

Tree-level, unS|mpI|f|ed
£/(O)

EFT

"

Full, unsimplified:
/
£EFT

Tree-level, physical:
Loy = PlLeer

EFT

- completed
- to do

Field redefs 1-loop, unsimplified:
Al /(1
Ler?
1 ) /
<\ N
A L Full, simplified:
— >
Simplifications Lerr

Tree-level, evanescent: )
[ 5[£éFT] J phys. proj.
|
Rematching Y
the ev. pieces\ Full, phys. scheme:
[ £§FT J

[RG

functions: J /

B poles from self-
EFT

matching the EFT

g

p
Standard format output]

[Standard format output]

J
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Real singlet scalar extension of SM

Loading the SM definitions

The Higgs potential parameters are relabeled to mH and AH.

In[2]:= LSM = LoadModel["SM", ModelParameters -> {"u" -> mH, "A" -> Ah}];

LSM // NiceForm
Out[3]//NiceForm=
1 1

l . . - :
. B2 _ . A2 - ZwHYI2 L p H; D,H' + mH? Hy H' +

i (d5 vy Pr-D,d?®) +i (e® -y, Pr-DyeP) +i (15 -y, P -D,UP) +
i@, B Dq ) ilm P DUl %/\h Hi H; H' HY -
VP  H; (5 - PL-g®'P) - VeP  Hy (e P 17P) -

YeP H' (T§ - Pr-e") - vdP H (g8 - Pr - d*") -

YuP" H; (qgj - Pg - uar) el _vuP" W) (uf - PL- q?P) &y
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Real singlet scalar extension of SM

Loading the SM definitions

The Higgs potential parameters are relabeled to mH and AH.

New field and couplings
In[2]:= LSM = LoadModel["SM", ModelParameters -> {"u" -> mH, "A" -> Ah}];

LSM // NiceForm Define new field

Out[3]//NiceForm= inl4]:= DefineField[¢, Scalar, SelfConjugate -> True, Mass -> {Heavy, M}]

1 1 1 - ; s 0
Uv2 uvA?2 uvI2 . i 2.yl
"2 e a G 7 W Pt Dl emit Bl Define new couplings

. (TP ap . (=P P . (TP ip

1 (da * Yu Pr - Dyd ) tt (e “YuPr-Dye ) e (11' “Yu PL- Dyl ) B In[5]:= DefineCoupling[A, SelfConjugate -> True]
i 1 s . ] E

i (qgi TP Duqmp) i (Ug P Duuap) ~ = xhH; H; TRETER DefineCoupling[x, SelfConjugate -> True]
' . 2 DefineCoupling[u, SelfConjugate -> True]

YdP" H; (ag - P - qa1p) - YeP" H; (ér - P - ljp) - DefineCoupling[A¢, SelfConjugate -> True]

: = i | P ——
YePl W' (15 :p o2 WdP'H! (g0 Py dT)

YuP" Hj (ﬁgj - Pr - uar) el _yuP" W (U; - PL - qaip) €45
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Real singlet scalar extension of SM

Loading the SM definitions

The Higgs potential parameters are relabeled to mH and AH.

New field and couplings
In[2]:= LSM = LoadModel["SM", ModelParameters -> {"u" -> mH, "A" -> Ah}];

LSM // NiceForm Define new field
Out[3]//NiceForm= Inl4]:= DefineField[¢, Scalar, SelfConjugate -> True, Mass -> {Heavy, M}]
1 1 1 i : S
Uv2 uvA?2 uvI2 . i 2.yl
"2 e a G g 7 L Pt Dl emit Bl Define new couplings
. (TP ap . (=P P . (TP ip
1 (da - Yu Pr - D,d ) - (e YuPr-Dye ) e (11' “Yu PL- Dyl ) - In[5]:= DefineCoupling[A, SelfConjugate -> True]
i 1 o . A .
i (qgi TP Duqmp) i (Ug P Duuap) ~ = xhH; H; TRETER DefineCoupling[x, SelfConjugate -> True]
' . 2 DefineCoupling[u, SelfConjugate -> True]
YdP" H; (ag - PL- qa1p) - YeP" H; (ér - PL - ljp) - DefineCoupling[A¢d, SelfConjugate -> True]

YePl W' (15 :p o2 WdP'H! (g0 Py dT)

YuP" Hj (ﬁgj - Pr - uar) el _yuP" W (U; - PL - qaip) €45

Lagrangian . S Ap
P = —AHHp ——HH? — =3 -~
Write interaction terms - ¢ 2 ¢ 3| ¢ 4!

¢4

1 1 1
In[9]:=.[,'int=(—A[] Bar@H[i] ~H[1] ¢[]—Ex[] Bar@H[i] ~H[i] ~ &[] ¢[]—3—u[]¢[]3—4—2«¢[]¢[]4 // RelabelIndices;
! !

LNP = FreelLag[¢] + L£int;
LNP // NiceForm

Out[11]//NiceForm=

1 i i . a2 1 5 1 4
=D _ W AR eHiH .
> (Du0)® - S M6 AR H 6 -~ xHiH 67 - S gt s

Define full UV Lagrangian

In[12]:= LUV = LSM + LNP;
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Tree-level matching

Tree-level

Matching

In[16]:= LEFTO = Match[ LUV, LoopOrder -> 0, EFTOrder -> 6] ;
LEFTO - £SM // HcSimplify // NiceForm

Out[17]//NiceForm=

1 1 ) . 1 1 g i i
Z A ZHiHjH'H + 2 A2 = (-3xM?+Ap) Hy Ay A H HI HR &
2 M2 6 M
1T [ i i 1 1 . .
A* — Hy D,Hj D,H' H? + (—AZ — H;HjD,H' D,HI +H.c.
M* 2 M

Felix Wilsch IRN Terascale: Functional one-loop matching of effective field theories “GAIITIATENN



Tree-level matching

Tree-level

Matching

In[16]:= LEFTO = Match[ LUV, LoopOrder -> 0, EFTOrder -> 6] ;
LEFTO - £LSM // HcSimplify // NiceForm

Out[17]//NiceForm=

Removing redundant operators on-shell

Simplify to the physical basis using field redefinitions.

In[18]:= LEFTOONShell = LEFTO // EOMSimplify;
LEFTOOnShell - £LSM // CollectOperators // HcSimplify // NiceForm

Out[19]//NiceForm=
A W omb JIEHOH'R B [ 6A 3N (¢ DR AL A HH B A - DH DL
2 M 6 N M*

1

1 1 . e 1 1 s s i . .
(E\/e”’A2 e P H'H (15 - Pr-eP) + EYdrpAz i H'H? (ga; - Pr - d) + - Hs Hj W) (g - Pr - u?P) £ +H.c.)
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One-loop matching

One-loop

Matching

In[20:= LEFT = EchoTiming@EOMSimplify@Match[£LUV, LoopOrder -> 1, EFTOrder -> 6] /. €™* -> 0;

LEFT - £LSM // CollectOperators // HcSimplify // NiceForm
» The Lagrangian contains terms of lower power than dimension 4. Defining effective couplings and assuming these terms to

be dimension 4. Use 'PrintEffectiveCouplings' and 'ReplaceEffectiveCouplings' to recover explicit expressions.

» Added new CG cgl with indices {Bar[SU2L[fund]], SU2L[adj], Bar[SU2L[fund]]}

& 57.477

Out[21]//NiceForm=
_2

8+3Log| = ]]]]E Hi &

1 1
CHH - mH? + gfzc:HHA2 - (—3M2+2cHH

M M2
1 1 i1 > >
5A2—4 (-2 cHH + M?) e 6AxuM (=5 CcHH +3M2) +3M* 2 -cHH+3M2Log[“—2]]-12uA3 (—3M2+CHH 14+3Log[“—2]]]+
M M M M
4 2 T T 2 2 2 2 2 2 T
18A* |-M? |7+ 4 Log| L || + cHH |38 + 20 Log| = | | | - A |cHH | ~348x M? + 480 Ah M2 + 36 2 M2 - 33 u® - 252 M2 Log| = | +
M M
= —2 —2 —2
288 2h M2 Log| = | + 36 29 M* Log | = | + gL2 M2 (31+30 Log| = | | + g¥? M2 (31+3o e |
M M M M
21 5 -5 a? T a* e
oM |? - M |20 1+Log[m] _4x 3+2|_og,[W +22h|7+6Log| H; A; H H 4+ 43 more terms

In[26]:= PrintEffectiveCouplings[£LEFT]

1 1 1 1 1 1 1
CHH = AA2+A Z A2 +mH? —amH? A2 = —a “mH?2A? = +amH*A%2 = +a - mH*A2 = + ZaxM+ - n = xM? -
€ M2 € M2 M4 € e -2 2 €
1 1 I 72 1 72 1 72 1 72 72
—hAu-—h—Au+ﬁA2Log[“—]-ﬁmHzAz—Log[“_]+ﬁmH4A2—Log[“_]+—ﬁ}<M2 Log[“—]-—ﬁAuLog[“—]
2 2 € M2 M2 M2 M4 M2 2 M2 M2

Felix Wilsch IRN Terascale: Functional one-loop matching of effective field theories



Conclusions

* Functional methods well-suited for automation in FEATCAETE
- Currently supported UV states: Scalars, Fermions

- For heavy vectors only tree-level matching is available
» Reduction of £y to a nearly minimal and Warsaw like basis

- Fierz identities not yet automatically implemented due to evanescent
operators

 Functional methods can be extended to computations of -functions and
evanescent operator contributions

Thank you for your attention!

\ FIATCHETE |\
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Back up



Defining the SM — symmetries

Define gauge groups

In[2]:= DefineGaugeGroup [SU3c, SU[3], gs, G,
FundAlphabet -> {"a",”b","C”,"d",”e","f”}
AdjAlphabet -> {"A","B","C","D","E","F"}]

DefineGaugeGroup [SU2L, SU[2], gL, W,
FundAlphabet -> {"i","j","k","1" "n","n"},
AdjAlphabet -> {"I", "J", "K" "L, "M", "N"}]

DefineGaugeGroup [UlY, Ul, gY, B]

' Tlabels used for printing

label, gauge group, gauge coupling, gauge field

Define flavor indices

In[3]:= DefineFlavorIndex[Flavor,3, IndexAlphabet—>{ "p","r","s","t","u","v" }]
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Defining the SM — fields

Fermions

In[4:= DefineField[q, Fermion, Indices -> {SU3c[fund],SU2L[fund],Flavor},

Charges -> {U1Y[1/6]}, Chiral -> LeftHanded, Mass -> 0]
DefineField[u, Fermion, Indices -> {SU3c[fund], Flavor},

Charges -> {U1Y[2/3]}, Chiral -> RightHanded, Mass -> 0]
DefineField[d, Fermion, Indices -> {SU3c[fund], Flavor},

Charges -> {U1Y[-1/3]}, Chiral -> RightHanded, Mass -> O]
DefineField[1l, Fermion, Indices -> {SU2L[fund], Flavor},

Charges -> {U1Y[-1/2]}, Chiral -> LeftHanded, Mass -> O]
DefineField[e, Fermion, Indices -> {Flavor},

Charges -> {U1Y[-1]}, Chiral -> RightHanded, Mass -> 0]

Higgs

In[5]:= DefineField[H, Scalar, Indices -> {SU2L[fund]},
Charges -> {U1Y[1/2]}, Mass -> 0];

Felix Wilsch IRN Terascale: Functional one-loop matching of effective field theories “GAIITIATENN




Defining the SM — couplings

Yukawa couplings

In[6]:= DefineCoupling[Yu, Indices -> {Flavor, Flavor}]
DefineCoupling[Yd, Indices -> {Flavor, Flavor}]
DefineCoupling[Ye, Indices -> {Flavor, Flavor}]

Higgs mass and coupling

In[7]:= DefineCoupling[u, SelfConjugate -> True, EFTOrder -> 1]
DefineCoupling[)\, SelfConjugate -> True, EFTOrder -> 0]
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Defining the SM — Lagrangian

Yukawa interactions

In[8]:= Yukawal = Ye[p,r] Bar[1l[i,pl]l**e[r] H[i]
+ Yd[p,r] Barlqla,i,pl]l**d[a,r] H[i]
+ Yulp,r] Bar[qla,i,pl]l**ula,r] CG[eps[SU2L], {i,j}] Bar[H[jI];

Scalar potential

In[9}:= HiggsPotential = -p[1?Bar[H[i]]H[i] + —%?—BaI[H[l]]H[l]Bar[H[J]]H[J]

Full SM Lagrangian

In[10]:= LSM = Freelaglq, u, d, 1, e, H, G, W, B]
- PlusHc[Yukawal] - HiggsPotential //Relabellndices;
LSM //HcSimplify //NiceForm

1 1 i oo
-—G'L“/A2 _Zw,UJ/I2 +DMHiD,uH1 +/1'2HiHl —)\H H HlHJ +1(dp ’)’MP -D dap)

1
Out[10]= -ZBWQ 2

+i(&Py, Pp-DyeP) +i(15-y,PLD,1'P) +i(qh;-y,PL-Duq*P) +i(uB-y,Pp-D,uP)

+(-Ye™H" (13-Pr-e?) -Yd™PH"(qf;-Pr-d*) -Yu™H; (qf;-Pru*)e’* + H.c.)
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Covariant derivative expansion (CDE)

Henning, Lu, Murayama [1412.1837; 1604.01019]

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

momentum-independent functions U,

e Supertraces not manifestly covariant (open covariant derivatives DM]])

dk d

(2m)

STr (QUD,, U, ) = J (k|tr (QUD,, U,) ) 1K) = + Jddxj (; tr (QUD, +k,, U,) ) 1

r)d
 Covariant derivative expansion (CDE)

Path integral transformation sandwiching the trace between e "D and e'P-%

- These operators vanish when acting to the left / right

- Pass e P% through Q to cancel against e'D-o

= putts all covariant derivatives Dﬂ into commutators/field-strengths F L

— — — — S

[: Functional matching approach and supertraces are manifestly covariant

———— e —— e — ———— e — —————
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Covariant derivative expansion (CDE)

Henning, Lu, Murayama [1412.1837; 1604.01019]

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

momentum-independent functions U,

e Supertraces not manifestly covariant (open covariant derivatives DM]])

dk d

(2m)

STr (QUD,, U,) ) =+ J (k|tr (QUD,, U,) ) 1K) = + Jddxj (; tr (QUD, +k,, U,) ) 1

r)d

 Covariant derivative expansion (CDE)

Path integral transformation sandwiching the trace between e ~'P"%and

- These operators vanish when acting to the left / right

- Pass e P% through Q to cancel against e'D-o

= putts all covariant derivatives Dﬂ into commutators/field-strengths F L

— — — — — S——

E Functional matching approach and supertraces are manifestly covariant

———— e — —— e — ———— e — —————
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CDE

Covariant Derivative Expansion of the supertrace:

dd
ST (Q(iD”’ Uk)> - [ddxj (27561 et (Q(iDﬂ t Py Uk)) e’

* Transformation properties:

—lD g, —iD-0,
"(p,+iD)e " =p, + lGﬂydl’j

—Z Dy g G-
(n+2)n' (1)

~ o —iD- - (_l)n a a
- UkE DaUke Dap= Z (D{al,“.,an}Uk)apl'“apn

— n!
* The covariant supertrace
51 (0D, U0) = = [t [ 97 e (00, + 16,21, B¢
STr( iD,U)=inx" tr< +iG, 0, U,(x )
t Q( U k) (271-)61 Q(p,u uv-p k( )) J
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Example: scalar toy-model

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

Two real scalars with mass hierarchy M > m

Lo <I>)=l(a g — m? 2)+l<aq>aﬂc1>—M2c1>2)—ﬁgo“—igo%b
(@, ®) = — (9,000 —m*p? | +— (9, AT

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

 Tree-level matching:

. _ 5 A s A,
- Equation of motion: M“P = - DO ——@

3!
- Solution: O =-— Lqﬁ + OM™
6M?
- Tree-level EFT Lagrangian:
1 K 1017
0 _ _ as  222Y) N ag ~6
Zer 2<aﬂ¢a¢ mC”) n? Y enp?
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Example: scalar toy-model

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

Two real scalars with mass hierarchy M > m

Lo <I>)=l(a g — m? 2)+l<aq>aﬂc1>—M2c1>2)—ﬁgo“—igo%b
(@, ®) = — (9,000 —m*p? | +— (9, AT

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

 Tree-level matching:

A A 1 substitute
- Equation of motion: M?® = — D*® — ?gﬁ
- Solution: O =-— Lqﬁ + OM™
6M?
- Tree-level EFT Lagrangian:
1 K 1017
0 _ - as  222Y) N ag ~6
ZErr = 3 <aﬂ¢aﬂ¢ e ) n? Tem?
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Example: scalar toy-model

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

Two real scalars with mass hierarchy M > m

Lo <I>)=l(a g — m? 2)+l<aq>aﬂc1>—M2q>2)—ﬁgo“—igo%b
(@, ®) = — (9,000 —m*p? | +— (9, AT

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

 Tree-level matching:

A A 1 substitute
- Equation of motion: M?® = — D*® — ?gﬁ
: 2 A s —4
- Solution: O = —qu + OM™)
- Tree-level EFT Lagrangian:
a - o 102
20 =L (5 04— m2?) = Lot 4 1 6
EFT_2 M§0 §0 CO 4'€0 6'M2(p
.2 o 4 6lMe
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Scalar toy-model @ one-loop

» The fluctuation operator O,

A
AGl= =ML Xpp=0, X=X =242
0
1_ 21 .2 K. . 2_£A2_’1_A4
S A 7 L S S vs

* Supertraces to compute with the CDE:

- Log-type:  STr(InAg')

hard

- _ : 2] [2]
Power-type: STr (A X cD¢A€0ch (D>

[2] [2] [2]
STr <A XZIA, XA X )

hard hard

* One-loop EFT Lagrangian from supertrace evaluation:

e _ m? \ . | K A_
L = 2(1+—) ¢t — —@?0*0* + —¢°

1672 16
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Scalar toy-model @ one-loop

» The fluctuation operator O,

A =—0—-M°,  Xpo=0, X=X =-

K A
Al =—%  XP=—m?- K2 apd =

* Supertraces to compute with the CDE:

hard /

- Log-type:  STr(InAg')

- _ : 2] [2]
Power type.ETr (A X(D¢A¢X (D>

hard |

=~

* One-loop EFT Lagrangian from supertrace evaluation:

1 A2 m?2

AN 2({1+— | ¢*——

EFL 16722 16 M?

diagrammatic
representation
*~g | of supertraces

p

CSTr <

[2] [2] [2]
ApX2IA X2IA X )

hard
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Scalar toy-model @ one-loop

» The fluctuation operator O,

A
Mg == P Xap=0,  XEl=(XE)T=-Z4
0
1_ 21 .2 K. . 2_£A2_’1_A4
S A 7 L S S vs

* Supertraces to compute with the CDE:

| |
hard
_

.
- Power—type:ETr (A XZIA X[2]> , STr <A XA XI2IA X[2]>

diagrammatic
representation
| of supertraces

- Log-type:  STr(InAg')

Do~ P p® Y e il

hard hard

* One-loop EFT Lagrangian from supertrace evaluation:

ﬁ S S S S S S S S

2 | 2 1
m A o b L
BFT 1642 16 M? M? M J
L - —
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Method of regions

UV Theory EFT
4 ) 4 )
) (| )
w @ 1 RGE &

= RS, evanescence

v O -

QO o - =

> O < © =

( c 0 e i )
O I FIg O
o]0 E W, ) L \_ E _J o)
) = = )
| - = A ( = | -
- ( a ) ( a ) —
= 1 1 1 1 =
y— — — y—
€IR €UV €UV €IR
\ : = _ = \ J
o) = o)
n equal by n
1 construction 1
€IR €IR
\_ W, J L \_ _J
. J \. J

Isidori, FW, Wyler [2303.16922]

* The artificial IR poles of the hard region of the UV theory integrals provide the
counterterms for the full EFT Lagrangian.

= The EFT is automatically renormalized.
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Method of regions

— S —

i ] Jantzen [1111.2589]
U—Iow to evaluate loop integrals in supertraces ?]

 Method of regions in dimensional regularization:

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

- Separate and expand in momentum regions:
soft-region: p ~ m; <> hard-region: p ~ my

- Integrate each region over the full d-dimensional space

- Summing both integrals gives the full integral without expansion

[=|d? N =1 . +1
P (p2 _ m,%)(pz . m[%{) soft hard

N p>  p° J N AL
[ .= |44 1 + + + -1, rd = d’ I+

1

Beneke, Smirnov [hep-ph/9711391]

: : : : .
. (AII the short distance effects we are interested in are encoded in hard region
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Method of regions: toy model

Lol d))—l( ot —m 2)+l(a c1>aﬂc1>—M2c1>2)—£(p —iga o
uvl®; > \ 99" = o > (9 X 3
UV theory (soft and hard contributions)
a rt(l) j
\ s+t+u
‘[z ettt - — I
T 167 [ M? 2M ] - ] U har @
+16Z;T2A [ 3ﬁ22+3%221n (ZZ)] + O(M™), - -
soft \ 1_’(1)
, , Uv
> L r[amamtn(m)]| von, g Lm0
T —

EFT (only soft contributions)

Op ()] e s—| 2,
>< (s +1+u) gl(«:ll;T

Fuentes-Martin, Portoles, Ruiz-Femenia [1607.02142]
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Method of regions: toy model
K A

1 p AN . 24,2 4 3
fZUV(ga,@):E(aﬂgoa 0 — m2g )+5(aﬂc1>a ® — M2D )—4—!(p - ¢’

UV theory (soft and hard contributions)

rt(l) j
rUV

2
9 m s+t+u
wlaragn o

<€

hard

. harcb

>l

-

soft |

A

cancel exactly

Fuentes-Martin, Portoles, Ruiz-Femenia [1607.02142]
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Method of regions: toy model

1 U 2.2 1 U 202
fZUV(ga,@):E(aﬂgoa 0 — m2g )+5(aﬂc1>a ® — M2D )

4

UV theory (soft and hard contributions)

Felix Wilsch

K A
__q04__€03q)

! 3!

rt(l)
rUV

o

harcb

(D)
uv
-

N

soft |

A

matching

exactly condition

Fuentes-Martin, Portoles, Ruiz-Femenia [1607.02142]
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Y5 prescription in d dimensions

Fuentes-Martin, Kénig, Pages, Thomsen, FW [2012.08506]

« Continuation of ¥5 to d dimensions: semi-naive dimensional regularization

e Y, y")y =2g", (r',vs} =0, y52 =0 foru,v=1,...,d

» Abandon cyclicity of tr with odd # of ys = require: tr[y*y" vy y°ys] = — 41e#*P°
= Reading point ambiguity of O(e) — which is the left-most y matrix?

- Only relevant in divergent diagrams: ambiguity ©(¢) can combine with
pole O(e™1)

* UV theory does not contain UV poles (anomaly cancellation)

* Method of regions can introduce spurious IR divergences in the UV theory
due to expansion in hard momentum region

* These poles cancel exactly agains UV divergences introduced in the EFT

N —

S —

[:» 6(¢) ambiguities also cancel if same reading point is chosen in EFT and UV

——————— S—

= ———————
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RGE computation

 Deriving Renormalization Group Equations (RGE) using supertraces:
- In the EFT there are no heavy particles
- Do not expand loop integrals in heavy masses

- Compute the UV poles of all supertraces in the EFT

= /3 functions of the EFT
* Possible issues:
- The matching might not generate the full EFT basis

- RGE derivation yields new operators

= Repeated application of RGE derivation
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Field redefinitions — EOM

Criado, Perez-Victoria [1811.09413]

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

1 ,
 Perturbative field redefinition: |n — i1 =n + —0on

A
e Shifting the EFT Lagrangian: Toy model:
~ 2 A 2 A K A A3
~ 1 0Z77] 0°p = —m°@p — e )¢
Zn] —» £l = Znl + . on e
A 57] ~ K /12
- VoY =—me |\ 3y 32n2> ’
EOM '

e Atleading power: field redefinitions are equivalent to EOM for relating
redundant operators
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Field redefinitions — EOM

Criado, Perez-Victoria [1811.09413]

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

1 ’
 Perturbative field redefinition: |n = 17 =5+ Xén

-

* Shifting the EFT Lagrangian:

1 5[] 1 8°Z7] ) 3
L LIl = Ll + 51 5n2+ 0 (A~
1] = LU = LUl + === ot s = n°+ 0 (A7)
M= n=n
EOM

e Atleading power: field redefinitions are equivalent to EOM for relating
redundant operators

* At sub-leading power: EOMs do not capture the full effect of the field
redefinitions.

= At sub-leading power field redefinitions have to be used!
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Field redefinitions — EOM

Criado, Perez-Victoria [1811.09413]

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

1 ’
 Perturbative field redefinition: |n = 17 =5+ Xén

-

* Shifting the EFT Lagrangian:

1 &[] 1 5227 ) 3
%% L] = L] + 51 5n’+ 0 (A~
1] = LU = LUl + === ot s = n°+ 0 (A7)
n=n n=n
EOM

e Atleading power: field redefinitions are equivalent to EOM for relating
redundant operators

* At sub-leading power: EOMs do not capture the full effect of the field
redefinitions.

[: At sub-leading power field redefinitions have to be used! ]
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Example: vector-like fermions

n3l= | << Matchete’

N FIATCAETE |\

Gauge groups

Defining models:

mak= | (+ U(l) gauge group with coupling e and field-strength A x)

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

Field content (except for gauge fields)

ne:= | (* heavy vector-like fermion with charge 1 x)

DefineField[Z, Fermion, Charges -» {Ule[1]}, Mass -» {Heavy, M}]

7= | (» massless vector-like fermion with charge 1 «)
DefineField[¢y, Fermion, Charges - {Ule[1]}, Mass -» {Light, m}]

ngl=| (» real massless scalar «)

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

Define (non-gauge) couplings

ngl= | (* Yukawa coupling y =x)

DefineCoupling[y, EFTorder -» 0]
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Example: vector-like fermions

n3l= | << Matchete’

N FIATCAETE |\

Defining models:

Gauge groups

mak= | (+ U(l) gauge group with coupling e and field-strength A x) 1) Define gauge groups:
DefineGaugeGroup[Ule, U[1l], e, A] U(l)e with gauge field A,u

Field content (except for gauge fields)

ne:= | (* heavy vector-like fermion with charge 1 x)

DefineField[Z, Fermion, Charges -» {Ule[1]}, Mass -» {Heavy, M}]

7= | (» massless vector-like fermion with charge 1 «)
DefineField[¢y, Fermion, Charges - {Ule[1]}, Mass -» {Light, m}]

ngl=| (» real massless scalar «)

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

Define (non-gauge) couplings

ngl= | (* Yukawa coupling y =x)

DefineCoupling[y, EFTorder -» 0]
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Example: vector-like fermions

n3l= | << Matchete’

S
\ FIATCHE TE |\ iy
Ny n,

Gauge groups

nsi= | (» U(l) gauge group with coupling e and field-strength A x)

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

Field content (except for gauge fields)

ne:= | (* heavy vector-like fermion with charge 1 x)

DefineField[Z, Fermion, Charges -» {Ule[1]}, Mass -» {Heavy, M}]

7= | (» massless vector-like fermion with charge 1 «)
DefineField[¢y, Fermion, Charges - {Ule[1]}, Mass -» {Light, m}]

ngl:= | (» real massless scalar «)

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

Define (non-gauge) couplings

ngl= | (* Yukawa coupling y =x)

DefineCoupling[y, EFTorder -» 0]

Defining models:

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

2) Define field content

Y heavy fermion with charge 1
y light fermion with charge 1
¢ massless real scalar
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Example: vector-like fermions

n3l= | << Matchete’

S
\ FIATCHE TE |\ iy
Ny n,

Gauge groups

nsi= | (» U(l) gauge group with coupling e and field-strength A x)

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

Field content (except for gauge fields)

ne:= | (* heavy vector-like fermion with charge 1 x)

DefineField[Z, Fermion, Charges -» {Ule[1]}, Mass -» {Heavy, M}]

7= | (» massless vector-like fermion with charge 1 «)
DefineField[¢y, Fermion, Charges - {Ule[1]}, Mass -» {Light, m}]

ngl:= | (» real massless scalar «)

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

Define (non-gauge) couplings

ngl= | (* Yukawa coupling y =x)

DefineCoupling[y, EFTorder -» 0]

Defining models:

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

2) Define field content

Y heavy fermion with charge 1
y light fermion with charge 1
¢ massless real scalar

3) Define couplings
y Yukawa coupling order @(mg)
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Lagrangian

Writing the Lagrangian

Free Lagrangian an,

nfo)= | Lfree = FreeLag[];
Lfree // NiceForm

Out[11]//NiceForm=

_iAuv2+

l 2 . —_ = . = -
" E(Du¢)-+1(w.y“.uuw)-m(w.w)+1(@-yu.ou@)—M(@.@)

Interactions

nf12)= | Lint = -y[] ~Bar[¢[]] ** PR x»x &[] ¢[] // PlusHc;
Lint // NiceForm

Out[13]//NiceForm=

-y o (Y -Pr-T) -Yo (T-PL-¥)

Full Lagrangian

(4= | £ = Lfree + £int;
L // NiceForm

Out[15]//NiceForm=

(Du#)* + i (¥ -vu-Du) -m (F-9) +i (T-yu-Dy®) -M(T-T) -y¢ (F-Pr-T) -y (T-PL- )
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Tree-level matching

Tree-level matching

in[16]:= | LEFTO = Match[£, LoopOrder -» 0, EFTorder -» 6] ;
LEFTO // NiceForm

Out[17})//NiceForm=

1 1

= AMV2 T
4 2

D,0) 2+ 1 (T v - D) —m (T 9) + 1Ty = 6D (7 - vy P LYy 6 (7 vu P DY)
(0u)? + 3 (T u - Du) =M (T 9) +1FY 5 60,0 F-wuPu-#) +i ¥y - 6% (V- wuPu- Dy

Simplifications

IBP simplification

(8= | LEFTOIBP = LEFTO // IBPSimplify // RelabelIndices;
LEFTOIBP // HcSimplify // NiceForm

Out[19)//NiceForm=

1 i

1 _ _ 1 _
_ZAHVZ+§ (Dud)® + i (¥« vy -Du¥) -m (¥ - y) + -Eny& (Duz//-yuPL-w)+h.c.)

Field redefinitions

Inf20j:= | LEFTOIBP // EoMSimplify // HcSimplify // NiceForm
Out[20]//NiceForm=
1

y 1 . — -
—ZA“2+E (Du¢)2+1(lﬁ°Yu°Dulﬁ)+ (—m(W°PR‘W)+EmyyM—¢
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One-loop matching

One-loop matching

in21:= | LEFT1 = Match[£, LoopOrder -» 1, EFTorder » 6]
LEFT1 // NiceForm

Out[22])//NiceForm=

1 7 1 1 1 1 1 1 1 1
SSAM2 . ne? = (D,AMY)?+ ne® =AMV DAY 4+ > DD, A" A+ —_ne* = DDA A" + — ne® = D,A"Y DA +
4 270 M2 20 M2 240 M2 240 M2 90 M2
7 1 7 1 7 1 1 1 1 1
— ne®> —DAYD,AY+ —ne* = AYD,DAY+ — ne* = AYD,DAP+ — ne’ DDA AP+ —ne’> — D,D,A"Y AP
270 M2 240 M2 240 M2 120 M2 120 M2
2 1 1 1 1 1 1 1 1 1
—_he’ _D,ADAP+ —he’ T DAYDAY -~ he’ _ AYDDAY - —ne’ AV DDAP - ~he’ A“VZLog[ ]+
135 M2 27 M2 40 M2 40 M2 3 M2
E(D $)°-2nyym’¢>-2hy m4i¢2—2h— M2d>2+ih_ i¢D2D2¢+Eh_ id)DDDDdHEh_ i<¢>D DD, ¢ -
> (Du yy yym 5 yy 5 1YY g 1YY 17 #DuDDUDV G+ B Yy o ¢ DLD7D,
1 1 1 1 1 1
2nyym®¢® Log|i* — | -2nyym* — o’ Log|w® — | -2nyyM ¢’ Log|i® — |- - nyyeD’6+2nyym’ — ¢D0-
M M M M 2 M
3 X L, 1 o _ i 1 X 1,
nyyoDioLog[r | vi (Vv D) -m @) - onyy o (W mPL-DDw)—Ehyy—(w-mPL-DVDuDvw)—
1y i(w- P. - D°D w)+ih— i(DZDw. P .w)+i—h— i(DDDW- P .w)+ih— i(D D°Y - yu PL - ¥) +
TRAART Yu PL u TRAART v - v PL 18 1YY 7 (DubyDu v P 8 1YY 2 (D Yu PL
>l gy (#vuPL-D) + S nyy (¥ vu P DY) Log aziz 3 gy (0B vuPL-¥) - S By (D vi P ¥) Log gziz -
8 4 M 8 4 M
1 1 1 1 13 1 13 1 1 1
ayly?oetLog|m® — | +2am’yiy? — ¢+ Ay y? 6%+ — n 2 (D + —n = D’¢¢° + —hyye® = ¢> A7y
y y ¢ g[uMz] Y 3yyM2d> 12yy — ¢” (Duo)* 12yy ¢ - ATy Mzcb
5 1 by 1 1 by 1 1 -
E1r1eyy—DA (¥ - yuPL-w)—EheyyM—zDuA (z//-vaL-w)—gheyy A (- Tuvo PL- DoY) +

1. 1, 1 1, 5i  , , 1 5
S HeTY = (Dpw-ruvaL-w)myy ¢ Dyd (¥ - yuPL- ) +1yy @ (w-mPL-Duw)—Thy y' 50 (¥ - yuPL-Duy) -

51 l2

1 _ 1 _ 1 _ 1
iny'y* 56" (V- vuPL- D) Log[HZM—2]+—hy V' 50" (Du - vuPLoy) +iny?y? o 6 (D0 v P y) Log[E ]
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Operator simplifications

Simplification

g
in23:= | LEFT1IBP = LEFT1 // IBPSimplify // RelabelIndices // CollectTerms; ,J’
LEFT1IBP // HcSimplify // NiceForm

Out[24]//NiceForm=

2 2 1 uv up O - 1 — 1 2 2 1 1 2 _2 1 uv2
—Ehe M—ZDVA DA +JL(d/-yu-Duz//)—m(lﬂ-l//)+§f1nyD¢D ¢ + (-Z—gﬁe '—08[“ F]]A *
f122_221_22 _21 4 2 — A _21 41 — — _21 2 — 2
m-y"y M—z—y y Log[u M—z] ¢ +h |ym —2y—2yLog[u M—z] +ym w2 —2y—2yLog[u M—z] +yM —2y—2yLog[u —] ®° +
1 51 1 51 ) 3i i 51 _ 1. 5 51
13 1 1 1 4 1 _ 1 1
EﬁyzyzM—ZDZ¢¢3+§1’17Y€2M—2¢2A“V2+§f1€7yM—zDvAw (F-vuPL-¥) - g heyy o A (¥ - Tuvo PL- Do) +
(—ghyyM—z(D V- yvPL-DY) + [—EyyM—zmy = (Ty +1y* Log|n M—z]]]cb (D - yuPL-¥) +h c)

In25:= | LEFT1IBP // EoMSimplify // CollectTerms // HcSimplify // Quiet // NiceForm
Out[25]//NiceForm=

1

1
-~ ne* = DAY DA 4 5

W = 1 . 1 1 B 1,
(Due)* +1 (F-vu - Duv) - CamMyy (z/z-PL-Dzw)—glhmyyM—2 (% - P - D2y) +

1 i 2 _2 1 uv2
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