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Effective Field Theory Analyses ) niversiat

e Heavy BSM particles not directly produced in experiments

e Probe heavy states indirectly through imprints on low-energy observables O, ~ Og\ + 60yp

Energy
A
A, - NP,
A= NP,
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Effective Field Theory Analyses ) griversit

e Heavy BSM particles not directly produced in experiments

e Probe heavy states indirectly through imprints on low-energy observables O, ~ Og\ + 60yp

o Effective Field Theory (EFT):

- Consider Z\p(1y, ;) with fields 17 and #; with masses A; ~ my > m; ~ my,
- Construct effective description Zgr(#7;) containing only SM particles #;

- Effects #, incorporated through new small interactions Q.

Energy
(D)@ A
Leern) = Laeg(ny) + Z mg]_ Z COQD,)

- . A, - NP,
- Only finite number of operators Q; allowed (for fixed d)
= Model independent

e Aq - NP,

my, | SM—SMEFT
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Effective Field Theory Analyses ) griversit

e Heavy BSM particles not directly produced in experiments

e Probe heavy states indirectly through imprints on low-energy observables O, ~ Og\ + 60yp

o Effective Field Theory (EFT):

- Consider Z\p(1y, ;) with fields 17 and #; with masses A; ~ my > m; ~ my,
- Construct effective description Zgr(#7;) containing only SM particles #;

- Effects #, incorporated through new small interactions Q.

Energy
Lot = Loy + Z — g’,‘ Z COQD,) A
- Only finite number of operators Q; allowed (for fixed d) Ag= NP
= Model independent A, - NP,
e Challenge: My -

- Relate Wilson coefficients C; to explicit BSM theories
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Phenomenological SMEFT Analyses ) Universitat

e Tower of EFTs valid at different energies Energy scale

A
- Different ETFs related by:

» Matching calculations

Very heavy UV theory

] ) ) Apsum —( Matching )7
» Renormalization group evolution
BSM theory (BSM RGE)
ABswm —( Matching )7
SMEFT ] (SMEFT RCE)

mw EWSB & Matching

|

LEFT (LEFT RGE)

<>

myp —( Matching

[

LEFT’ (without b quark) (LEFT’ RGE)

<>

M —( Matching

[

RGE

<>

|

Aqcp —( Non-perturbative matching

Chiral perturbation theory
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Phenomenological SMEFT Analyses ) Universitt

e Tower of EFTs valid at different energies Energy scale

A
- Different ETFs related by:

» Matching calculations

Very heavy UV theory

] ) ) Apsum —( Matching )7
> Renormalization group evolution
BSM theory (BSM RGE)
® Proper analyses requires combination of EFTs
ABswm —( Matching )7
A

>  Automation: SMEFT—LEFT
\r SMEFT

mw EWSB & Matching

(SMEFT RGE)

<

|

LEFT (LEFT RGE)

<>

myp —( Matching

[

LEFT’ (without b quark) (LEFT’ RGE)

<>

M —( Matching

[

r
—>
=
Q
=
\

Te

Aqcp —( Non-perturbative matching

Chiral perturbation theory
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Phenomenological SMEFT Analyses i) Universitat

e Tower of EFTs valid at different energies Energf scale
- Different ETFs related by: 4 Very heavy UV theory h
> Matchmg- calf:ulatlons | Nyt [ R ]
» Renormalization group evolution
BSM theory (BSM RGE)
® Proper analyses requires combination of EFTs
P ! . : Apsm —( Matching —
> Automation: SMEFT—LEFT = A <
SMEFT (SMEFT RCE)

(—)‘(
—
&3
=S,
H
=
)
&)

mw EWSB & Matching

LEFT
my Matching —
» Matching BSM theories to the SMEFT LEFT' (without b quark) ](LEFT’ RCE)
me Matching —
L le®

Te

Aqcp —( Non-perturbative matching

Chiral perturbation theory
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Phenomenological SMEFT Analyses ) Coneia

e Tower of EFTs valid at different energies Energf scale

- Different ETFs related by: g Very heavy UV theory A

» Matching calculations

] ) ) Apsum —( Matching )7
> Renormalization group evolution
BSM theory (BSM RGE)
® Proper analyses requires combination of EFTs
. ABswm —( Matching )7
> Automation: SMEFT—LEFT = A <
SMEFT (SMEFT RCE)

(—)‘(
—
&3
=S,
H
=
)
&)

mw EWSB & Matching

LEFT
my Matching —
» Matching BSM theories to the SMEFT LEFT' (without b quark) ](LEFT’ RCE)
me Matching —
L le®

Te

Aqcp —( Non-perturbative matching

= Goal: integrate matching, running and Chiral perturbation theory

phenomenology codes into unified software
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Matching Effective Field Theories ) nieersiat

e EFT Matching: determine the EFT Wilson coefficients in terms of the UV couplings
- Equating S-matrix elements in both theories: (1, | Sgpr|n;) = (.| Syv | 11)
- Equating the effective action of both theories: @'grrln;] = U'yving, n5(0;)]
m Expand UV contribution in powers of mgl (operator product expansion)

= Matching conditions
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Matching Effective Field Theories ) nieersiat

e EFT Matching: determine the EFT Wilson coefficients in terms of the UV couplings
- Equating S-matrix elements in both theories: (1, | Sgpr|n;) = (.| Syv | 11)
- Equating the effective action of both theories: @'grrln;] = U'yving, n5(0;)]
m Expand UV contribution in powers of mgl (operator product expansion)
= Matching conditions

e Diagrammatic matching: Low-Energy Effective Theory / Fermi's Theory

H e H e S —» — S 0w
W= E
E =
W- e <1 —=— <1
_— \ 4 A >
_ W+ _
v, 7, v, 7, b— — put b pt
Tree-level matching One-loop matching

= Knowledge of EFT operators required
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Matching Effective Field Theories ) nieersiat

e EFT Matching: determine the EFT Wilson coefficients in terms of the UV couplings
- Equating S-matrix elements in both theories: (1, | Sgpr|n;) = (.| Syv | 11)
- Equating the effective action of both theories: @'grrln;] = U'yving, n5(0;)]
m Expand UV contribution in powers of mgl (operator product expansion)
= Matching conditions

e Diagrammatic matching: Low-Energy Effective Theory / Fermi's Theory

H e H e S —» — S 0w
W= E
E =
W- e <1 —=— <1
_— \ 4 A >
_ W+ _
v, 7, v, 7, b— — put b pt
Tree-level matching One-loop matching

= Knowledge of EFT operators required

[o Functional matching: compute I'[#;] through its path integral representation ]
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One-Loop Matching

Automation of Functional One-Loop Matching of EFTs

\ FIATCHETE L\




Universitat

Functional Matching

e Lagrangian: £y (1) with fields n = (nH, nL)T and

hierarchy my; > m;

e Background field method: shift all fields n — 71 + 7
#: background fields (satisfy classical EOM)

n: pure quantum fluctuation

e Path integral representation of effective quantum action:

exp (IT'yy(@®)) = Jgﬂ exp <i[ddx ZLyv(n + 77))

- Perform path integral over 5y
(“integrating out” the heavy states)

- Expand in powers of mﬁl

= ['-rr containing all higher-dimensional operators and coefficients

Felix Wilsch EFT Foundations and Tools 2023 — MITP
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Functional Matching at Tree Level & One Loop ( : |jhversitat

e Expanding the action in #:

X X _ 5°Syy .
Suv() = Suv( +1) = Syv() + =7 n; + O(°)

2 on;on;

n=f
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Functional Matching at Tree Level & One Loop ( : |jhversitat

e Expanding the action in #:

X " 1 8%Syy
Suv(m) = Syy( +1n) = [SUV(H) J'l‘ -1,

.+ O’
20 S on, N+ O0n°)

n=f

e Tree-level matching: ng)F)T = Zuv (ﬁL, ﬁH(ﬁL))

- Substitute #y by its EOM and expand in mfll
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Functional Matching at Tree Level & One Loop ( : |jhversitat

e Expanding the action in 5: fluctuation operator @
l

5°Syy
of]; o

1
Suv() = Syv( + 1) = [Suv(ﬁ) J"‘ Eﬁi n; + O )

n=f

e Tree-level matching: ng)F)T = Zuv (ﬁL, ﬁH(ﬁL))

- Substitute #y by its EOM and expand in mfll

1
e One-loop matching: exp <1F8\)/> = [917 exp (Jddx Eﬁi Q;; ;7]->

- Gaussian path integral:

) 1/2

'Y = —ilog (SDet Q7]

i .
Uv = ESTr (log @[7])

- Expressed through a superdeterminant (SDet) or supertrace (STr)
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Functional Matching at Tree Level & One Loop ( : |jhversitat

e Expanding the action in 5: fluctuation operator @
l

A A 1 — 5ZSUV 3
Suv(i) = Suv(n +n) = [SUV(H) J'l‘ i N+ O0n°)
n=i
higher loop orders
e Tree-level matching: EZS)F)T = Zuv (ﬁL, ﬁH(ﬁL))

- Substitute #y by its EOM and expand in mfll

1
e One-loop matching: exp <1F8\)/> = [917 exp (Jddx Eﬁi Q;; ;7]->

- Gaussian path integral:

) 1/2

'Y = —ilog (SDet Q7]

i .
Uv = ESTr (log @[7])

- Expressed through a superdeterminant (SDet) or supertrace (STr)
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Supertraces

Universitat
Zurich™

0 = j i [ d%
* Supertraces: I ESTr (In @) =+

® Fluctuation operator: @; =

Felix Wilsch

2 ) @)
52SUV —
_ = §;A7!

on;om; | 1

(k|tr (In @) | k)

Interaction terms

— X; = AT(8; — AX;)

propagators

EFT Foundations and Tools 2023 — MITP

ATl = 4

—(D* + My)

| §"(D* + M)
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Supertraces

Universitat
Zurich™

* Supertraces: I') =

® Fluctuation operator: @; =

5%Syy
of; on;

n=n

(2m)

d
(k|tr (In @) | k)

l—interaction terms

= 8, A7' — X = AT, — AX,)

=i

propagators

e Expanding the logarithm, AX is at most @(m;ll):

- log-type STr:

r.

1 _ | L -
FUV— 2STr(lnA

\_

)| =5 X STr[ax)]

) ( )
: 0

n=
_J \_ _J

log-type

power-type

depends on A — model independent

- power-type STr: depends on X (interactions)

Felix Wilsch
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A7l =4

—(D?* + M?)
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Supertraces

* Supertraces: I') =

;STr (ln C@) =+ : [ &
2 T2 )

Universitat
Zurich™

(k|tr (In @) | k)

l—interaction terms

: 5°Syy
® Fluctuation operator: @; = — = 5:]Az_ - X; = A7 (6 - AX) .
onon; | (D> + MP)
i propagators A =1 i'D, - M,
e Expanding the logarithm, AX is at most @(m;ll): | §"(D* + M)
— N (o N
1y _ |2 ~1 ! n
Ty =|5STr (In A7) | - EZSTr [(AX)")
N J U"E J
log-type power-type

- log-type STr:

depends on A — model independent

- power-type STr: depends on X (interactions)

¢ QOne-loop EFT Lagrangian:

Obtained with:

d (H _ (1)
Jd xgEFT F

hard

Method of regions
i | =
SSTr(In A7) —— ) STr [(AX)'] Evaluated with:
hard n=1 hard Covariant derivative expansion

J

Felix Wilsch

EFT Foundations and Tools 2023 — MITP
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The Method of Regions 8 S

e Expand loop integrands in soft (k ~ m;) and hard (k ~ my) region before integration

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

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

soft

Felix Wilsch EFT Foundations and Tools 2023 — MITP
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The Method of Regions 8 S

e Expand loop integrands in soft (k ~ m;) and hard (k ~ my) region before integration
e Summing the results gives back the original integral expanded in mL/mH

heavy particle loops mixed particle loops light particle loops

NV b T

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

soft
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The Method of Regions

Universitat
Zurich™

e Expand loop integrands in soft (k ~ m;) and hard (k ~ my) region before integration

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

Felix Wilsch

Eed particle loops light particle loops

!

() _— | () (1)
IﬂUV o [FUV ‘ h ]_I_ [FUV
ard

_ Short-distance contributions
identified with one-loop EFT

. Wilson coefficients CV)

lJ/

[ . . . )

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

~ operators (captured by C©) )

EFT Foundations and Tools 2023 — MITP
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The Method of Regions <) Zora

e Expand loop integrands in soft (k ~ m;) and hard (k ~ my) region before integration
e Summing the results gives back the original integral expanded in mL/mH

|xed particle loops light particle loops

r — F(l)‘ 4T
uv [UV hard uv soft

_ Short-distance contributions b g Long-distance contributions by one-loop |
identified with one-loop EFT matrix elements with tree-level EFT
. Wilson coefficients CV | | operators (captured by C) )

e One-loop EFT Lagrangian:

L i STr [(AX)"|
2

n=1

hard

Felix Wilsch EFT Foundations and Tools 2023 — MITP


https://arxiv.org/abs/2011.02484
https://arxiv.org/abs/hep-ph/9711391
https://arxiv.org/abs/1111.2589

The Method of Regions: Divergences <) Zora

UV Theory EFT
r r p
\ 4 \
00 M RGE &

= Q evanescence

v o -

s o5l s

e g \8_/ c 2 p
c - 1 C
9O T | IR 9o
a0 = ) L g = J oY0)
) = = )
| - = 3\ ( = | -
- e : \ f : ™ i
E 1 1 1 1 E
€IR EUV €EUV €IR
\ ¢ E — E y /
ol | = < o
n equal by n
1 construction 1
€IR, €IR
g J ) L g J
. y . y

e 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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Covariant Derivative Expansion ) Universta

See also:

o Operators Q(iD,, U,,) can depend on:

Covariant derivatives D, and momentum-independent functions U,

o Supertraces not manifestly covariant (open covariant derivatives D, 1)

dk d

(2m)

STr <Q(iDﬂ, Um)> = + [ (k| tr (Q(iDﬂ, Um)> k) = + Jddxj (g ir (Q(iDﬂ +k, Um)> 1

m)d

Felix Wilsch EFT Foundations and Tools 2023 — MITP
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Covariant Derivative Expansion ) Univers

See also:

o Operators Q(iD,, U,,) can depend on:

Covariant derivatives D, and momentum-independent functions U,
o Supertraces not manifestly covariant (open covariant derivatives D, 1)
d’k ¢
(2m)

STr <Q(iDﬂ, Um)> = + [ (k| tr (Q(iDﬂ, Um)> k) = + Jddxj (g ir (Q(iDﬂ +k, Um)> 1

m)d

e Covariant derivative expansion (CDE)

and

Path integral transformation sandwiching the trace between
- e*P% vanishes when acting to the left/right

- Pass e7'P% through Q to cancel against e'?% (using Baker-Campbell-Hausdorff formula)

= Organizes all covariant derivatives D, into commutators

= Functional matching approach and supertraces are manifestly covariant

Felix Wilsch EFT Foundations and Tools 2023 — MITP
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Redundant Operators 1) et

® Supertrace output [ddx fZggT = FS%, directly provides EFT operators
hard

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

= Many redundancies among the present operators
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Redundant Operators ) niversitt

NEREY

® Supertrace output [ddx SZ,(E?T = FS%, directly provides EFT operators
hard

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

= Many redundancies among the present operators

e Goal: bring Lgpr to minimal form by using:

- Integration by parts identities

- Diagonalize kinetic & mass mixing

- Field redefinitions (equations of motion)
- Reduction of Dirac algebra

- Fierz identities

= Zerp in minimal basis (e.g. Warsaw basis)
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Redundant Operators ) niversitt

NEREY

® Supertrace output [ddx fZggT = FS%, directly provides EFT operators
hard

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

= Many redundancies among the present operators

e Goal: bring Lgpr to minimal form by using:
- Integration by parts identities
- Diagonalize kinetic & mass mixing

- Field redefinitions (equations of motion)

- Reduction of Dirac algebra

— evanescent operators !!!
- Fierz identities

= Zerp in minimal basis (e.g. Warsaw basis)

Felix Wilsch EFT Foundations and Tools 2023 — MITP



Evanescent Operators ) Univers

ISty o 78 r Fi id . / rst; pp r\( IS
ZL > g dye)  ——===e LD =200 (e d'q)

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

e One-loop: & & &£’ do not lead to same physics (in dimensional regularization d = 4 — 2¢)

Felix Wilsch EFT Foundations and Tools 2023 — MITP
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Evanescent Operators 1) et

ISty o 78 r Fi id . / rst; pp r\( IS
ZL > g dye)  ——===e LD =200 (e d'q)

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

e One-loop: & & &£’ do not lead to same physics (in dimensional regularization d = 4 — 2¢)

- )
! (JJ The one-loop effective action built from

Z and &’ do not agree:
- q d
1R82 7,51’*’(1)

e
t o EFT 7~ EFT
L _

e In d dimensions we have: Cl’;’;é (sz}//"qt)(czsyﬂer) = — ZC;Z]ZZ (¢Pe")(d’q") +CZZ’;£EZ;£

)

evanescent operator O(¢)

Felix Wilsch EFT Foundations and Tools 2023 — MITP
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Evanescent Operators ) Univers

rsty 7 YN r Fierz identity / rsty op r\¢ 5 1
<D Cl’;de(fpy”q )(d'y,e") S B L' D - ZCZde(fpe Wd°q")

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

e One-loop: & & &£’ do not lead to same physics (in dimensional regularization d = 4 — 2¢)

- )
! FSJ The one-loop effective action built from

< and &£’ do not agree:
- q d
1R82 + (D

e
14 B EFT EFT
¢ p

e In d dimensions we have: Clp”” (Zpy/"qt)(cisyﬂer) = — 2CP" (LPe")(d°g") + CPT EPTS

qde lgde lgde qude
o Effective one-loop action: [FSET = FE%)T + ASE:] evanescent operator O(e)

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
uv

e Computed for the SMEFT in

e For LEFT:
Felix Wilsch EFT Foundations and Tools 2023 — MITP
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e User input:
weakly coupled UV theory
*with mass power-counting
(symmetries, fields, couplings)

e Automation:

Matching
Computation of EOM & @,

STr enumeration & evaluation

- Simplifications

Reduction of redundant operators:

IbP, field redefinitions, (Fierz),

= (Nearly) minimal basis
e.g. Warsaw basis

Felix Wilsch

Input

Automated matching and running

Universitat

Zurich™

{ Define (gauge)

J—)( Define fields
groups

( Define couplings ]

ym break.
[ Broken phase EUV )[ Write down ﬁuv J

\

func. derivatives,
CDE, STr

“/

Tree-level, unsimplified: Field redefs. 1-loop, unsimplified:
oo S Ler?
'I \‘/
/‘\ l
Full, unsimplified: ‘A L > Full, simplified:
Leer Simplifications Lerr

EFT Foundations and Tools 2023 — MITP


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

e User input:
weakly coupled UV theory
*with mass power-counting
(symmetries, fields, couplings)

e Automation:

Matching
Computation of EOM & @,

STr enumeration & evaluation

Simplifications

Reduction of redundant operators:

IbP, field redefinitions, (Fierz),

= (Nearly) minimal basis
e.g. Warsaw basis

e Future features:

- Fierz identities and evanescent
operators

- f-functions computation
- Integrating out heavy vectors

Felix Wilsch

Input

Automated matching and running

Universitat

Zurich™

Define (gauge)

]—)[ Define fields [ Define couplings ]
groups

ym break.
[ Broken phase EUV )[ Write down ﬁuv ]

\

func. derivatives,
CDE, STr

-

Tree-level, unsimplified: Field redefs. 1-loop, unsimplified:
oo Ler?
'I \‘/
/‘\ l
Full, unsimplified: ‘A L > Full, simplified:
Leer Simplifications Lerr

[Tree level, evanescent:} )
phys. proj.

£1£9)]

[ Tree-level, physical: |

L‘?F(?) P[L‘éFT] Rematching\ Y
the ev. pieces Full, phys. scheme:
B
[ RG functions: J(/

B poles from self-
Sl matching the EFT

(Sta ndard format output]

[Sta ndard format output]
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https://arxiv.org/abs/2211.09144

CO"CIUSionS Universitat

¢ Functional methods well-suited for automation in FEATCHETE
- Currently supported UV states: Scalars, Fermions
- For heavy vectors only tree-level matching is available
e Reduction of Zgpr to a nearly minimal and Warsaw like basis
- Fierz identities not yet automatically implemented due to evanescent operators

e Functional methods can be extended to computations of f-functions and evanescent

operator contributions

N FIATCAETE |

= Combination with other tools desirable to constrain landscape of BSM scenarios

Thank you for your attention!
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Functional Matching:
Technical Details



The Method of Regions: Example Integral ) Universitat

[How to evaluate loop integrals in supertraces ?J

e Method of regions in dimensional regularization:

- The loop-integrals contain light m; and heavy my 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

1= |d% N =1 q+1
(p2 . mg)(pz . m%I) soft hard

N p* p* " N m?  my
L= |[d l+—+—+-|, I ,=1[d 1+ — +—+ -
soft “ pP (p2 . m]%)(_mlgl) [ m% mg hard P pz(pz Il m%) p2 p4

1

o (AII the short distance effects we are interested in are encoded in hard regionJ

Felix Wilsch EFT Foundations and Tools 2023 — MITP



https://arxiv.org/abs/hep-ph/9711391
https://arxiv.org/abs/1111.2589

The Method of Regions: Scalar Toy Model (et

Lol c1>)=l<a o+ —m2¢2>+l<d c1>aﬂc1>—M2q>2)—£¢4—i¢3cb
UV = O o \% FYRGNEY

UV theory (soft and hard contributions)

“ TN . 2
2 i m?  s+t+u F(l)
pr— —
167r2)\ [3+3M2+ 2M? ] Uuv
hard haI’d
; 2 2 2
Loy2 g g (T
T 162 [ 3M2+3M2IH(M2>]

+OM™),
soft \ F(l)
e o )2 m? m21 m? (M- / uv soft
=5 |2+ 25 () || voor,
EFT (only soft contributions)

_ b oo em om?(m? 4 (0)

>0< [ s g (1) + o0 e | 2O
C

e A (1)

>l< iC,s e (s +1+u) gEFT
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https://arxiv.org/abs/1607.02142

Universitat

Zurich™

1 1
Ly, @) =5 (%00”‘(# = m2¢2> +5 (%‘P@”‘D - qu)z) T AT A

UV theory (soft and hard contributions)

\ B 1 9 m
= 1671_2)\ [3+3

N O

EFT (only soft contributions)

2 s+t+u
o+ |
2M?

M

cancel exactly

\4

(D
gEFT
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Universitat

Zurich™

1 1
Ly, @) =5 (%00”‘(# = m2¢2> +5 (%‘P@”‘D - qu)z) T AT A

UV theory (soft and hard contributions)

matching

cancel exactly condition

\4

‘ ’ O(M—4) 7_

(D
gEFT
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CDE Evaluation of Super Traces ) Yriversit

Covariant Derivative Expansion of the supertrace:

dk .
STr (QUD, U, ) =+ Jddxj e P%tr (QUD, + K, Uy,) ) €2

2r)?
e Transformation properties:

"’Dak(k +iD,)e” ’Dak—k +1G o

Z Dy )G
* (n+2)n! (et O

- ﬁmze‘iD’akUme‘iD’ak—z( ) (Dia...ayUp) 07107
n!
n=0

e The gauge covariant supertrace:

: d d'k Y AV T
STr (QUD,, U,) ) =+ Jd xJ o U (O, + G, T,

)
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Example: Scalar Toy Model ) Univers

Two real scalars with mass hierarchy M > m

1 | K A
— o 02 2 . Uy 2R2)Y 4 3
Lo, D) ZGme m¢>+2<%@ﬂbzw®> 0t =g

e Integrate out @ applying the functional method uptod =6

e Tree-level matching:

substitute
- Equation of motion:  M?® = — D*® — —@?

R A
_ Solution: O=——0+OM™*
olution oM @ ( )

- Tree-level EFT Lagrangian:

e )
1042
) _ soun 2.2\ Kooy 6
ZErr > <0ﬂ(p0 ¢—mg > ATV
\_ )
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Universitat

Zurich™

o The fluctuation operator O,

A
A== =M Xpo=0, XU=&E)"=-=¢

D 9)
2
1 _ 21 .2 K. o 2_£A2_/1 ad
g )
e Supertraces to compute with the CDE: §-. R diagrammatic

representation

- Log-type:  STr (IHAE)I) - {(‘; q‘; of supertraces
Y . J
- : [2] [2] [2] [2] [2]
Power-type.[STr(Aq,Xq)q)Aq)Xq)(D) h d], STr (AgX2A, X12IA, X121 -
ar ar

e One-loop EFT Lagrangian from supertrace evaluation:

a - 71
1 22 m?2 1 K
FU = 2| 1+— ) ¢* — —=9%0%p* + —¢°
EFT 1672 16 ( M? v M2¢ v M2¢
\_ - - J
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Field Redefinitions vs. Equations of Motion (. )jiies

e LSZ formula: S-matrix invariant under field redefinitions

é Y

1
Perturbative field redefinition: |n - 7 =5+ Xén

. _

e Shifting the EFT Lagrangian:
Toy model:

1 53 % R R K /12 X
Znl = Zlijl = Znl + i o 02¢=—m2¢_<3!_32n2)¢3

A o7
= 32 2 A4 K A 6
VOg=-—mei=\ 7m0 |9

EOM

o At leading power: field redefinitions are equivalent to EOM for relating redundant

operators
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Field Redefinitions vs. Equations of Motion (. )jiies

e LSZ formula: S-matrix invariant under field redefinitions

é Y

1
Perturbative field redefinition: |n - 7 =5+ Xén

o
e Shifting the EFT Lagrangian:
1 5[] 1 5°ZI7]
4 Zliil = ZLIn) + on + n*+ 0 (A3
nl = L1l = L+ = Ry V= n°+ 0 (A7)

!
1
=
ey
1
=

EOM

o At leading power: field redefinitions are equivalent to EOM for relating redundant
operators

e 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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FMATCAETE Example 1:
Vectorlike Fermions




Example: Vectorlike Fermions Uy Universitat

In[1]:=| << Matchete’

N FIATCHE TE _|\\\ JVIEN-

by Javier Fuentes-Martin, Matthias Konig,

Julie Pageés, Anders Eller Thomsen, and Felix Wilsch
Reference: arXiv:2212.04510

Website: https://gitlab.com/matchete/matchete Defining models:

Define gauge group

In[2]:= | DefineGaugeGroup[Ule, Ul, e, A]

Define fields

In[81:=| (* heavy vectorlike fermion with charge 1 «x)

DefineField[Z, Fermion, Charges -» {Ule[l1]}, Mass -» {Heavy, M}]

In[4]:=| (* light vectorlike fermion with charge 1 «)
DefineField[¢, Fermion, Charges -» {Ule[l1]}, Mass - {Light, m}]

In[5]:=| (* real light scalar «)
DefineField[¢, Scalar, Mass -» Light, SelfConjugate -» True]

Define coupling

In[6l:=| (* Yukawa coupling =)

DefineCoupling[y, EFTOrder -> 0]
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Example: Vectorlike Fermions

In[1]:=| << Matchete’

A FIATCHE TE |\ BTSN

by Javier Fuentes-Martin, Matthias Konig,

Julie Pageés, Anders Eller Thomsen, and Felix Wilsch
Reference: arXiv:2212.04510

Website: https://gitlab.com/matchete/matchete Defining models:

Define gauge group

1) Define gauge groups:

In[2]:= | DefineGaugeGroup[Ule, Ul, e, A]

1 U(1), symmetry with gauge field A,

Define fields and gauge coupling e

In[81:=| (* heavy vectorlike fermion with charge 1 «x)

DefineField[Z, Fermion, Charges -» {Ule[l1]}, Mass -» {Heavy, M}]

Inf4]:=|] (* light vectorlike fermion with charge 1 «x)
DefineField[¢, Fermion, Charges -» {Ule[l1]}, Mass - {Light, m}]

In[5]:=| (* real light scalar «)
DefineField[¢, Scalar, Mass -» Light, SelfConjugate -» True]

Define coupling

Infe]:=| (* Yukawa coupling x)

DefineCoupling[y, EFTOrder -> 0]
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Example: Vectorlike Fermions Uy Universitat

NEREY

In[1]:=| << Matchete’

A FIATCHE TE |\ BTSN

by Javier Fuentes-Martin, Matthias Konig,

Julie Pageés, Anders Eller Thomsen, and Felix Wilsch
Reference: arXiv:2212.04510

Website: https://gitlab.com/matchete/matchete Defining models:

Define gauge group

1) Define gauge groups:

In[2]:= | DefineGaugeGroup[Ule, Ul, e, A] |

1 U(1), symmetry with gauge field A,

Define fields and gauge coupling e

In[81:=| (* heavy vectorlike fermion with charge 1 «x) ‘

DefineField[Z, Fermion, Charges -» {Ule[l1]}, Mass -» {Heavy, M}] |

2) Define field content

In[4]:=| (= light vectorlike fermion with charge 1 «) b 4 heaVy fermion with Charge 1
DefineField[¢, Fermion, Charges -» {Ule[l1]}, Mass - {Light, m}] W |Ight fermion Wlth charge 1

¢ light real scalar

In[5]:=| (* real light scalar «)
DefineField[¢, Scalar, Mass -» Light, SelfConjugate -» True]

Define coupling

Infel:=| (* Yukawa coupling x)

DefineCoupling[y, EFTOrder -> 0]
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Example: Vectorlike Fermions AI") Universita

In[1]:=| << Matchete’

A FIATCHE TE |\ BTSN

by Javier Fuentes-Martin, Matthias Konig,

Julie Pageés, Anders Eller Thomsen, and Felix Wilsch
Reference: arXiv:2212.04510

Website: https://gitlab.com/matchete/matchete Defining models:

Define gauge group

1) Define gauge groups:

In[2]:= | DefineGaugeGroup[Ule, Ul, e, A] |

1 U(1), symmetry with gauge field A,

Define fields and gauge coupling e
In[81:=| (* heavy vectorlike fermion with charge 1 «x) ‘
DefineField[Z, Fermion, Charges -» {Ule[l1]}, Mass -» {Heavy, M}] | 2) Deﬁne flEld content
In[4]:=| (= light vectorlike fermion with charge 1 «) b 4 heaVy fermion with Charge 1
DefineField[¢, Fermion, Charges -» {Ule[l1]}, Mass - {Light, m}] W |Ight fermion Wlth charge 1
In[5]:=| (* real light scalar «) ¢ llght real Scalar
DefineField[¢, Scalar, Mass -» Light, SelfConjugate -» True]

Define coupling

3) Define couplings

Infel:=| (* Yukawa coupling x)

vy Yukawa coupling order @(mg)

DefineCoupling[y, EFTOrder -> 0]
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Vectorlike Fermions: Lagrangian AP Universit

Write Lagrangian

Free Lagrangian

in[7]:=| £free = FreeLag[];
Lfree // NiceForm

Out[8]//NiceForm=

4 2

1

(Du8)? - = mp? ¢* +i (¥-vu-Du¥) -m (F-¢) +i (T-y,-D,E) -M(T- @)

N |

Write interactions

n9l=| Lint = -y[] ~Bar[¢[]] ** PRx* T[] ~¢[] // PlusHc;
Lint // NiceForm

Out[10]//NiceForm=

-y (Y -Pr-T) -y (T-PL-¥Y)

Full UV Lagrangian

n[11]:=| LUV = £free + £int;
LUV // NiceForm

Out[12]//NiceForm=

__A“"2+% (Du¢)2‘%m¢2¢2+i (0 vu D) -m (- y) +1 (T-yu-Du@) -M(T-2) -y ¢ (§-Pr-T) -y (T-PL-y)
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Vectorlike Fermions: Tree-Level Matching 1) Universitt

Matching ®

In[13]:=| LEFTO = Match[.£UV, LoopOrder » 0, EFTOrder -» 6] ;
LEFTO // NiceForm
Out[14]//NiceForm=

_EAHV2+1

4 2

1

(Du#)? - = mg? ¢* + i (¥-vu-Duy) -m (¥ - ¥) +iyy$¢nu¢ (U - vuPL- V) +iyy%¢2 (¥ - v PL- DY)

N |

Removing redundant operators off-shell

In[15:=| LEFTOOffShell = LEFTO // GreensSimplify // HcSimplify;
LEFTOOffShell // NiceForm
Out[16]//NiceForm=

_EALIV2+1

4 2

(Du¢)2—%m¢2¢2+j (- Yu- D) -m (F-¥) + (‘%YY$¢2 (DL¥ - Y PL- ¥ +H'C')

Removing redundant operators on-shell

In[17]:=| LEFTOONShell = LEFTO // EOMSimplify;
LEFTOOnShell // NiceForm
Out[18]//NiceForm=

1

L 1 . 1 1
A 5 (Du0)? - M s (T D) M (@) - MYy (6> (W-PL-¥) + 0> (F-Pr-¥))
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Vectorlike Fermions: One-Loop Matching L) Universitat

One-loop matching

in[19]:=| LEFT = Match[£UV, LoopOrder » 1, EFTOrder » 6] /. e -> 0;
LEFT // NiceForm

Out[20]//NiceForm=

—EAlez lhe A“VzLog[_z] . (D qﬁ)z—£m¢2¢2—2hyym2¢2—2hyym4icbz—ZhyyMzcb -2ayym?¢? Log[ﬂ—]
4 3 M2l 2 VT M2 M2

1 o 2 o 1 2 2 2 .
2hyym M—d) Log[W]—ZhyyM ¢ Log[—z]——hyycﬁD ¢+2hyym —d)Dd) hyy¢D¢Log[—2] 1(

2 BYY (U vuPL- D) + 22 nyyme® o (Ve vuPu- D)+ G BYY (WP DY) Log[’j—j]%hvym&%(w-mPL-DHw) Log[‘;—z]—
?,g_lhyy(Duw'YuPL'w)‘?;_jhyymCPz%(DuW-YuPL'L’/)—%hVY(DHW-Y,lPL-d/) Log[ﬂ—z]—%hyquﬁz%(DHJ.YHPL.w) Log[Z_Z]Jr
lhy —¢D D% + ;hyy$¢DuDvDuDv¢+%hyy%¢DuDzDu¢+2770he2%(DDA‘“’) +2i0he2 le‘“’DzA‘“’+

21430f1 le D, D A" A#P 4 %h 2; DD, A" AHP %hezéDpA“v D, AM° 4 %hezéDvA“v D, A - 4i81r1ez$A“v D, D A -

4—18he2 M12 A*Y D, D, A" + ﬁhé%DHDDAWAVMm Z%DDDHAHVAV"-é—Shé%DDAWD Avp+2—l7he %DHA‘”DDAV"—
%heZ%A’”DHDDAV"—Af—zh 2; A" DD, A" - 1i8nyy$ (;_[/-YHPL-DHDZw)—Ehyy (w-yuPL-DvDuDvw)—

lighyy;2 (¥ - v.PL-D?D ) +118hyy$ (DD, - vy PL - ¥) +1—8f1yy 1 (D,DyD,Y - v PL - ¥) +l—8f1yy (Duozw.pr.w) _
hyzyzcﬁ“Log[’j—z]+2hm2y2y2M—¢“+%hv3y3$¢6+i—ihy2y2$¢2 (Du0)* +i—;h7 y M—DZM —hyye M—¢2 A2
%heyy—DA“v (w-mPL-w)—l—lzheVy—DA“V (& - yv P~ w>—%heyym/’«‘” (¥-TuvoPL- DY) +
%heyyWA“v(Dpw-rprL-w)+wy ¢D¢(w-wL-w)+wy%¢2(w-mPL-Duw)—%hy2y2%¢2(w-quL-Duw)—
iﬁy2y2$¢2 (w-YuPL-DHW) Log[ﬁ—z] +STjhy2y2$¢2 (Duw'YupL'W) +ihy2y2$¢2 (Duw'YuPL'd/) Log[ﬁ_z]
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Vectorlike Fermions: Operator Simplifications () Universitat

Zurich™

Removing redundant operators off- and on-shell

In[21):=| LEFTOffShell = LEFT // GreensSimplify // HcSimplify;
LEFTOffShell // NiceForm

Out[22]//NiceForm=
_2
(—l 21 h e? Log[u—]
4 3 M2

. _ 1 1
l(w-m-Duw)—mw-ww%hyyW (M2 + 2 mp?)

R 2
AHYE 4

l+Log[%”]¢>2+

—2
_ 1 1 2 l
3+2L°g[%”(l//'YuPL'Dud/)+§hnyDZ¢D2¢_E o2 DANVDAHD

~-4m? + M?

1 1 1
~ 4+ =R il
+5BYY

2
l+2L0g[%}])) (Du¢)2+ (—%m¢2_2hyy% (m4+m2M2+M4)

13 1 1 7 1 .
H¢4+§hy3y —2¢6 ﬁhyy —qubqb §hyyezwq§2A‘“’2+—heyy—zDvA‘“’ (0 vuPL-¥) +

|tl
VIS

ay?y? = |2m? —MzLog[

36
i 1 1 -
—ghyyW(Dd/ vy P - Dw)+§heyy A (D% - Yp Ty PL- ¥) +

i 1 i, 5, 5,1
_ 4+ - A il
SYY AV Y

5+4Log[“—2”)¢2 (D - Y, PL- ) + H.c.

In[23]:=| LEFTOnShell = LEFT // EOMSimplify // HcSimplify;
LEFTOnShell // 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
Out[24]//NiceForm=

1 1 m21 1
[—Z - §he2 Log[w] A‘JV2+ 5 (D#¢)2+

4cop+12m? - 3 M?

1 1
C¢¢+§ﬁyyC¢¢W

1+2Log[§—z”” 62 +

2
J'l(w-}(u.DuL//)—m(w-tﬂ)+%hy2y2— 13c¢¢+18m2—9M2Log[%”¢>4+%hy3 = - ¢° +lhyye 1 7 A 4

4m? - 12 copop w-PR-w)—ﬁhemyy A‘”(@-PWPR-w)+

+3M?

3+2Log[:]

3+2Log|P

h=
N
-
— =
—
—

[—mvy——ihmyzyzi [37+38Log[ﬁ—2]]]¢2 (- Pr-¥) +H.C )—ihe“i (V- -w)2+lhyye 1 (- vu-¥) (§-vuPL-¥)
2 M2 16 M2 M2/ : Ut 1s u 36 M2 » L

In[25]:=| PrintEffectiveCouplings[LEFTOnShell]

1 1 Iy 1 o2 vy
cop = —5m¢2—2hyym2—2hy’ym4W—Zhy’yMz 2hyym Log[uz]—zhyym“MzLog[:z] ZhyyMzLog[u—z]
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FIATCHAETE Example 2:
S, Leptoquark



Example: Defining the S, Leptoquark 1) pniversitat

Defining the S; ~ (3,1)/; leptoquark model:

Loy = Low+ (D,S) (D'S) — M2STS, - [ iL (Gel) S, + AR (@) S +h.c.

Felix Wilsch EFT Foundations and Tools 2023 — MITP



Example: Defining the S, Leptoquark ) griversit

Defining the S; ~ (3,1)/; leptoquark model:

ZLuv =+ (D,S)'(D*S)) — M* 8|S, — [ A (Goet) S| + Ay (i5e,) Sy +h.c.

Define the SM:

LSM = LoadModel["SM"] ;

Felix Wilsch EFT Foundations and Tools 2023 — MITP



Example: Defining the S, Leptoquark 1) et

Defining the S; ~ (3,1)/; leptoquark model:

r

Loy =[§fSM]+ [(DﬂSl)T(DﬂSl) — M2 Sjsl]— [ AL (G5et,) S+ AR (e, S +h.c.

Define the SM:

LSM = LoadModel["SM"] ;

Define the S, field:

DefineField[S1, Scalar, SelfConjugate -> False, Mass -> {Heavy, M},
Indices -> {Bar[SU3c[fund] ]}, Charges -> {UlY[1/3]}]
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Example: Defining the S, Leptoquark [

Defining the S; ~ (3,1)/; leptoquark model:

Loy =[§fSM]+ [(DﬂSl)T(DﬂSl) - M Sjsl]— k| @gee,) 8, + (38 @ge) s, +h e

Define the SM:

LSM = LoadModel ["SM"] ;

Define the S, field:

DefineField[S1, Scalar, SelfConjugate -> False, Mass -> {Heavy, M},
Indices -> {Bar[SU3c[fund] ]}, Charges -> {UlY[1/3]}]

DefineCoupling[AL, Indices -> {Flavor, Flavor}]

DefineCoupling[AR, Indices -> {Flavor, Flavor}]
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Example: Defining the S, Leptoquark [

Defining the S; ~ (3,1)/; leptoquark model:

7 =[§fSM]+ [(DMSI)T(DﬂSl) _ M2 Sjsl]— [[/11,5 (@52, S, + AR @e,) SIJ+ h.c. ]

Define the SM:

LSM = LoadModel ["SM"] ;

Define the S, field:

DefineField[S1, Scalar, SelfConjugate -> False, Mass -> {Heavy, M},
Indices -> {Bar[SU3c[fund] ]}, Charges -> {UlY[1/3]}]

DefineCoupling[AL, Indices -> {Flavor, Flavor}]

DefineCoupling[AR, Indices -> {Flavor, Flavor}]

Define the NP interactions:

Lint = AL[p, r] ~CConj[Bar[q[a, n, p]]] ** L[m, r] - Bar[CG[eps[SU2L], {n, m}]] ~S1[a] +
AR[p, r] ~CConj[Bar[u[a, p]]] **e[r] ~S1l[a];
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Example: Defining the S, Leptoquark [

Defining the S; ~ (3,1)/; leptoquark model:

ZLyy = [g SM]+
Define the SM:

LSM = LoadModel["SM"] ;

Define the S, field:

[(DMSI)T(DﬂSI) _ M Sjsl]— [[/11,5 (@t S, + AR @ )SlJ+ h.c. ]]

DefineField[S1, Scalar, SelfConjugate -> False, Mass -> {Heavy, M},

Indices -> {Bar[SU3c[fund] ]}, Charges -> {UlY[1/3]}]

DefineCoupling[AL, Indices -> {Flavor, Flavor}]
DefineCoupling[AR, Indices -> {Flavor, Flavor}]

Define the NP interactions:

Lint = AL[p, r] ~CConj[Bar[q[a, n, p]]] ** L[m, r] - Bar[CG[eps[SU2L], {n, m}]] ~S1[a] +

AR[p, r] ~CConj[Bar[u[a, p]]] **e[r] ~S1l[a];

Define the NP Lagrangian:

LS1 = FreeLag[S1] - PlusHc[Lint] // RelabellIndices;
% // HcSimplify // NiceForm

D,S1°D,S1, - M>*S1%S1, + /\RrpSI (ePT. CPg- ~AL™Ps1, (UPT.cP. - q?*'") g45 + H.cC.
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Example: Defining the S, Leptoquark [

Defining the S; ~ (3,1)/; leptoquark model:

[Sf UV]:[g SM]+
Define the SM:

LSM = LoadModel["SM"] ;

Define the S, field:

[(DMSI)T(DﬂSI) _ M Sjsl]— [[/11,5 (@t S, + AR @ )SlJ+ h.c. ]]

DefineField[S1, Scalar, SelfConjugate -> False, Mass -> {Heavy, M},

Indices -> {Bar[SU3c[fund] ]}, Charges -> {UlY[1/3]}]

DefineCoupling[AL, Indices -> {Flavor, Flavor}]
DefineCoupling[AR, Indices -> {Flavor, Flavor}]

Define the NP interactions:

Lint = AL[p, r] ~CConj[Bar[q[a, n, p]]] ** L[m, r] - Bar[CG[eps[SU2L], {n, m}]] ~S1[a] +

AR[p, r] ~CConj[Bar[u[a, p]]] **e[r] ~S1l[a];

Defi he NP L ian:
efine the agrangian: Define gUV:

LS1 = FreeLag[S1] - PlusHc[Lint] // RelabellIndices;
LUV = LSM + LS1;
% // HcSimplify // NiceForm

D,S1°D,S1, - M>*S1%S1, + /\Rrp51 (ePT. CPg- _aL™s1, (UPT.cp, - q*'") gij+H.c.)
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Integrating out the S, Leptoquark L) Universitat

B

Tree-level matching:

LSMEFTO = Match[LUV, EFTOrder -> 6, LoopOrder -> 0] ;
LSMEFTO - LSM // GreensSimplify // HcSimplify // NiceForm

(/TEtS AR"P % (T3-cPr-a%;") (ePT-CPg-u?) ¥+ H.c.) + ARS XAR"P % (e5-cP -ul") (ePT-CPg-u) +

1 . . . 1 - . .
LS ALTP = (T3-cPr-qa%;") (UPT.cP.-q") - XL aL™ - (T3-CPr-qag;") (UPT.CPL-q*")
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Integrating out the S, Leptoquark L) Universitat

NEREY

Tree-level matching:

LSMEFTO = Match[LUV, EFTOrder -> 6, LoopOrder -> 0] ;
LSMEFTO - LSM // GreensSimplify // HcSimplify // NiceForm

(/TEtS AR™P % (T3-cPr-a%;") (ePT-CPg-u?) ¥+ H.c.) + AR®S AR"P % (e5-cP -ul") (ePT-CPg-u) +
AL 5y % (T3-cPr-qa%;") (UPT.cP.-q") - XL aL™ % (T3-CPr-qag;") (UPT.CPL-q*")
oy = @Crtaartew - Y o= Akl
Fierz identities* — Warsaw basis 0 = Ere)arte) - CY = —1iLk
(*lead to evanescent operators at one loop | 0, = (ép}/,uer) (iy"w,) R Ceq _ % 1 5) 1 5*
. Obegw = Ghe)ey(@lu) = Gl = Thehs
setting: A=M Ql(jq)u . g;‘) 0 e) Sij(Q{; o"u,) N Cl(jq)u — 9 /1}1; /%*
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https://arxiv.org/abs/2211.09144

Integrating out the §,; Leptoquark

Universitat
(X] L UZH
<z Lurich

Tree-level matching:

LSMEFTO = Match[LUV, EFTOrder -> 6, LoopOrder -> 0] ;
LSMEFTO - LSM // GreensSimplify // HcSimplify // NiceForm

(Hts AR™P % (T3-cPr-a%;") (ePT-CPg-u?) ¥+ H.c.) + AR®S XR™ % (e5-cP -ul") (ePT-CPg-u) +
AL 5y % (T3-cPr-qa%;") (UPT.cP.-q") - XL aL™ % (T3-CPr-qag;") (UPT.CPL-q*")
oy = @rl)artq) - )
Fierz identities* — Warsaw basis oy = Cyil)ardey) - G
(*lead to evanescent operators at one loop | 0, = (ép}’,uer) @iy u,) R Ceq
| oy, =  @e@n -
setting: A=M ngq)u _ (g; o e) gij(Q{; ) R Cl(jq)u

L[ oL
Z;tpr/lts

l 2L 4L*
_Zﬁprﬂz‘s

l;LR /1R*

2 “rptst

1R L*
E’lprﬂts

22805

One-loop matching for leptonic dipoles:

For full one-loop matching results see:

LSMEFT = Match[LUV, EFTOrder -> 6, LoopOrder -> 1]
LSMEFTsimplified = EOMSimplify [LSMEFT];

1
SelectOperatorClass[LSMEFTsimplified, {Barel, e, H}, 2] /. {— -> 0} // HcSimplify // NiceForm
€

(-% A gL L’ % (2 YeP ALt - 3 YuSt AR®P H wT (T5 -1y, Pr-eP) TH &

3+2Log[ﬁ—2”

Qewlpr = (Epot e, )T HWY,

136 hgY % 2 Ye"t ARST ARSP - YuSt ALS" ARP (19 + 10 Log [ %] ) ) H' B (1] - Ty, Pr-eP) +He) [QeBlpr = (Zpa“”er)HBW
1 g1 * * [y * 19 /1'2 1 g2 *
(Celyn = Wg{ - (AR AL |5+ slos (524 Clor = 15524 Mg AblYir = 3L
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https://arxiv.org/abs/2211.09144
https://arxiv.org/abs/2003.12525

Universitat

e Combine:

BSM theory

- §,-to-SMEFT matching conditions

1 g ABsm —( Matching |—
- SMEFT renormalization group equations SMEFT (SNEFT RGE)

mw —( EWSB & Matching )—
- SMEFT-to-LEFT matching conditions
LEFT

- Experimental constraints from measurements of: (§—2), and u — ey
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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/2104.03281
https://arxiv.org/abs/2006.04822
https://arxiv.org/abs/1605.05081

Zurich™

The S; Leptoquark in Light of (g —2), and p — ey [} Joiversitat

e Combine:

BSM theory
- -to-SMEFT matchin ndition
Si-to-S atching conditions - YTy :
- SMEFT renormalization group equations SMEFT (SNEFT RGE)
mw —( EWSB & Matching )—
- SMEFT-to-LEFT matching conditions
LEFT
- Experimental constraints from measurements of: (§—2), and u — ey
Aa, = (251 £59) x 107! But — ety) <42x 1071
0.04F (92 ] 0.0002
0.02 0.0001}
=5 o ] oE 0
~0.02 — ~0.0001}
~0.04 - ~0.0002
o0t oo 0 oo 0ok 00002 -0.0001 0 0.0001 0.0002
A A5

= Peculiar flavor structure implied:
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https://arxiv.org/abs/2111.13724
https://arxiv.org/abs/2102.08954
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/2104.03281
https://arxiv.org/abs/2006.04822
https://arxiv.org/abs/1605.05081

Universitat

Diagrammatic Matching

e Most common method in the literature
o UV theory: Zy(1ny, ;) with heavy 5y and light #; fields

e Construct EFT Lagrangian Lgp(7;):

Find all higher-dimensional operators built out of #; and respecting the symmetries of £y
e Matching the UV theory to the EFT (off-shell):

- Off-shell matching:

» Matching conditions: ZyylJ, .01 = ZggrlJ, 1 or  T'yy(p) = Iger(ny)

» Compute all 1LPI off-shell Green's functions with light external particles #;

> Requires knowledge of an off-shell basis (called Green'’s basis)

- On-shell matching:

» Matching conditions: (n; | Sger|n:) = (1|1 Syv 1 11)

» Compute all amputated on-shell Green's functions with light external particles #;

> Requires knowledge of a minimal on-shell basis (such as the Warsaw basis)

Felix Wilsch EFT Foundations and Tools 2023 — MITP



Diagrammatic Matching of S; Model ol Pt

Ly = Lsu+ DS (D) = MS[S, — | 25 @5et,) S, + 25 (iGe) S, +h.c.

e Tree-level matching:

EFT operators:

> 2 < >< Ryl = @ytir) B,
T — [R ]P""St (qu JT)(esqt )a
[Recu]prst = (€pur)(usey),
] (U

Pe uv vy EFT Y [Rucetgelprst = (Uher)es (Logs?)

<
<
<
<
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Diagrammatic Matching of S; Model L) e

Ly = Lsu+ DS (D) = MS[S, — | 25 @5et,) S, + 25 (iGe) S, +h.c.

e Tree-level matching:

EFT operators:

> : < >< Ryl = @y t3) B,
T — [ ]P""St (qu JT)(esqt )a
[R6° Jprst = (€pur)(user) ,
Jprst = (4

©ooouv YT EFT Y [Rucetge ora = (Wper)e (Ga7?)

<
<
<
<

e One-loop (on-shell) matching for leptonic dipole operators:

S W/B B -« ---- H H-p———>—
! q / ’ T EFT
. o W/B
UV Yu qa YU qa YU S1Y \\\
51 o) S /<
e—>—L---<«---1—>» e—>—L---<---1>» 7y e —>—L---<---+ " B
e 14

*method of regions

— scaleless integrals
Qewlor = (Gp0™ )T HW,
[QeBlpr = (£p0"" er) HBuy

Conlr = — 10— ¥R 4 2L AR [22 4 5 10g (Hr Cowlpr = 7252 AEAE Y. — BNGTYVZLAT |2 +10 i
Blor = o2 g | U elptet for T Asp Hulstfir | 7T 008 2 Wi = 1672 g " o S\
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Universitat

Zurich™

e Covariant loop diagrams: sum of Feynman diagrams that is gauge invariant

e Used to graphically represent supertraces

Supertraces in §; model matching onto leptonic dipole operators:

o
X
A Y1)
¥ A¢, Ad) 52SUV » »
on; on;
chl/, XMI) X‘MJ XQ/’(I) Y n=in
X < —(D?+ M?) Here:
D o AT =1 "D, — M, D =§,
STr [Aq) qu A¢ X¢q>] STr [Aq) anp AQ/, pr AQ/, X¢<p] !
g"(D* + M;) W =q,u
- A, : Propagators running in the loop
- X;; : Interaction terms connecting loop to external fields
e CDE dresses all A; and X:: with gauge boson emissions — gauge invariant diagrams
I ij

® FEvaluating hard region of these STr yields one-loop matching condition for dipole operators
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Universitat

Zurich™

e Covariant loop diagrams: sum of Feynman diagrams that is gauge invariant

e Used to graphically represent supertraces

Supertraces in §; model matching onto leptonic dipole operators:

[
X
A Y1)
¥ A¢, Ad) 52SUV
Q; = = 5,A7" = X, = ATY(5; — AX;)
5;7]5;7 J J ! J
chl/, XMI) X‘MJ XQ/’(I) Y n=in
[ (D +M?) Here:
Ag Ag .
A7l = iy*D, - M, D = §,
STr [Aq) qu A¢ X¢q>] STr [Aq) anp AQ/, pr AQ/, X¢<p] !
g"(D* + M?) W =q,u
- A, : Propagators running in the loop
- X;; : Interaction terms connecting loop to external fields
o CDE dresses all A; and X;; with gauge boson emissions — gauge invariant diagrams

® FEvaluating hard region of these STr yields one-loop matching condition for dipole operators

ECeB]pr _ 191{ Y ARAR 4 AL Y] AR [129 L 5log (3%)]} [Cew]pr = 161?982 {,\L*)\L Voo — AL (Y] AR [3 + log (ljt/—%)]}]

1672 8
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SM Definition in rmATeRETE



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]

T T

label, gauge group, gauge coupling, gauge field

Plabels used for printing

Define flavor indices

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

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];
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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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