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EFTs in BSM physics

Why EFTs play a role in the search for new physics




Direct searches for new physics

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
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Lots of luminosity

LHC / HL-LHC Plan ( HiLumi’y

LARGE HADRON COLLIDER

LHC HL-LHC .
] — | — ———TTE—
EVETS| Ls2 136Tev  BIAD 13.6- 14 Tev
13 TeV — — ——— 11
77ev _8TeV_ Titoncolimatore. iton netalaton inner tiplet el

R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

L P
We are here 510753 rominl Luni

ATLAS - CMS /
beam pipes

experiment
HL upgrade
nominal Lumi w ALICE - LHCb. 2 x nominal Lumi
upgrade

75% nominal Lumi

HL-LHC TECHNICAL EQUIPMENT:

luminosity [ERURTSS

DESIGN STUDY %3 PROTOTYPES / CONSTRUCTION INSTALLATION & COMM. III

m Marginal increase in energy, but ~ 20X more luminosity!

m Rather than looking for resonances, we can look for traces of new physics
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https://arxiv.org/abs/1910.11775

Effective theories

Effective theories are ubiquitous in physics:
m GR — Newtonian gravity
m QCD — nuclear physics

m Charge distribution — multi-pole expansion

ETs effectively separates energy scales

m ETs can be formulated independently of the
full theory

m In QFT the freeze out of heavy fields is
formalized by the decoupling theorem,
which is the foundation of EFTs

m All theories break down eventually, so
everything is an ET

Anders Eller Thomsen (U. Basel) EFT Matching
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Effective field theory

High-energy physics manifests as contact interactions in EFTs
/ UV Physics

EFT(d)) Lg= 4(¢) + Z Z Nd— 4Od k(d))

d=5 k
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Effective field theory

High-energy physics manifests as contact interactions in EFTs
/ UV Physics

EFT(d)) Ld 4(¢) + Z Z Nd— Od k(d))

d=5 k

m Bottom-—up:

— The use of EFTs allow for a model-comprehensive (“model-independent”)
analysis of deviations from the SM, quantifying possible deviations as an
expansion in E/A

m Top—down:

— Precision computations necessitates the use of EFTs to separate the large
scales introduced in BSM physics and avoid large logs

— Many BSM models results in the same EFT, ensuring that computation are
reusable: you only need to compute once in the EFT
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Top—down EFT workflow

EJ\

\
new ™ | np

5y

Matching

Jenkins, Manohar, Trott [13
ar, Trott [13

1

SMEFT [1312.2014]
‘0\35,, .
O‘oSeNa 1 Matching Jenkins, Manohar, Stoffer [1709.04486]
Dekens, Stoffer [1908.05295]
A Jenkins, Manohar, Stoffer [1711.05270]
(9]
F LEFT

The repetitive nature of EFT computations call for automated tools!
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Top—down EFT workflow

Included in codes
wilson and DsixTools

Aebischer, Kumar, Straub [1804.05033

Cellis ¢

Fuentes-Martin et al

4

EJ\

1

-+ Matching i

NP

5y

Matching

SMEFT

Y
(9]

LEFT

s, Manohar, Trott [1308.2627]
ar, Trott [1310.4838]

[1312.2014]
Jenkins, Manohar, Stoffer [1709.04486]
Dekens, Stoffer [1908.05295]
Jenkins, Manohar, Stoffer [1711.05270]

The repetitive nature of EFT computations call for automated tools!
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Top—down EFT workflow

EJ\

Matching

=g Jenkins, Manohar, Trott
03 Jenkins, Manohar, Trott
. SMEFT Alonso et al. [1312.2014]
Included in codes
wilson and DsnxTooIs )
Aebischer, Kumar, Straub [1804.0503 -+ Matching )
Cellis ot af [17 m)u' ;i Jenkins Immh»r”%t»ff'kw{lru‘,‘ 04486]
Fuentes-Martin et al. [2010.16341] Dekens, Stoffer [1908.05295]
A Jenkins, Manohar, Stoffer [1711.05270]
1 (9]
+ LEFT

The repetitive nature of EFT computations call for automated tools!
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Top—down EFT workflow

EJ\

Matching

?

| 2

-+ Matching i

Carmona et al 2112.10
Fuentes-Martin, Kénig, Pages, AET
Wilsch [2212.04510]

RX|

Y
(9]

t— New light states?

The repetitive nature of EFT computations call for automated tools!
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Matching at 1-loop order

1-loop matching is often the leading contribution from high-scale physics
m FCNGCs in the SM
%

s — N\ — d . 5 d
Matching
—
| — "\ NA\NS—5 il 5
d W d
m In BSM models: dipoles, FCNCs, EW precision, ...
w H w H
Y i . e Matching ,',
|‘ L /’ a e e
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Matching EFTs at 1-Loop

The tools of the trade




Matching weakly coupled theories

Ex Leer should reproduce the physics of L, at energies £ < A:
Matching
NP X 7
o £UV(¢V ¢) EEFT(d))
/\
C_i Matching i

(l)

Leer(9) = Lo=a(@)+D_ Y Y (lwy ey aaa Oi(®)
d=5¢=0 k ~——

double expansion

R

SMEFT

Matching i

il
—
m
T
_|
%
94
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Matching weakly coupled theories

Ex Leer should reproduce the physics of L, at energies £ < A:

Matching

(4

£UV(q)v ¢) EEFT(d))

cf Matchingi l Dlagramy\l

Cov [q)((b) 4)] ~  Teer[d]

NP

54

(l)

Lert(8) = La=a(@) + 3D ) e inasOk(®)
d=54=0 k [~

double expansion

R

SMEFT

Matching i

il
—
m
T
_|
%
94
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Matching weakly coupled theories

Ex Leer should reproduce the physics of L, at energies £ < A:
Matching
NP X
o UV((D ¢ EFT )
C_i Matching i

Fw[®(e). 4]

c®

Lerr(®) = La-a(®) + ZZZHW)@ ey aaa Oi(®)
d=5¢=0 k ~——

double expansion
Matching Advantages of functional matching:
i m Does not require prior knowledge of EFT basis

m Well-suited for algorithmic approach

R

SMEFT

- LEFT Jc\ m Computations are manifestly gauge covariant
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Expansion by regions

With expansion by regions we can separate scales in loop integrals, e.g., a
2-point function with p?, m* < M?:

/ddk 1
2m)d ( k+p —m2 k2= M2
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Expansion by regions

With expansion by regions we can separate scales in loop integrals, e.g., a
2-point function with p?, m* < M?:

/ddk 1
2m)d ( k+p —m2 k2= M2

dlk 1 k22 M2
= ——@——
h n)d K2 K2 = /\//2+

-
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Expansion by regions

With expansion by regions we can separate scales in loop integrals, e.g., a
2-point function with p?, m* < M?:

/ddk 1
2m)d ( k+p —m2 k2= M2

d% 1
I = (27m)9 k2 k2 — /\/12 T K < M2

. /d"k el
° om)d (k + p)2 m2 M2
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Expansion by regions

With expansion by regions we can separate scales in loop integrals, e.g., a
2-point function with p?, m* < M?:

/ d9k 1
2m)d ( k+p —m? k% — M?

| d% 1 N
" (2m)? k2 k2 — /\/12

- /d"k N
s 7 2m)d ( k+p)2 mmE

In dimensional regularization, integrals equal the sum of their hard and soft parts

-

I =1p+ 1

The regions /, and /; are systematically improvable power series in 1/M?
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Separation of scales

Mixed (heavy-light) loop example:
hard: k2 > A?

/—N !
1 -
i N c /d“xm

EFT

o

d \_;‘Q’ C/[D¢]eifd4XE(EOF)T

soft: k? < A?
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Separation of scales

Mixed (heavy-light) loop example:
hard: k2 > A?
/—N !
1 -
» o / it
,/

(1)
X ‘CEFT

o

soft: k? < A?

The quantum effective action of the UV theory is split in a hard and a soft part:

1) — (1) (1)
rU\/ - I—UV hard + l—

A NN
(e o) (ol o) (D et o)
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Separation of scales

Mixed (heavy-light) loop example:
hard: k2 > A?

/_N ’
1 -
» \.\ c /d“xm

EFT

o

d \_;‘Q’ C/[D¢]eifd4XE(EOF)T

soft: k? < A?

| I—S)VLM: long-distance contributions included in 1-loop matrix elements of
tree-level EFT operators

o) —TW
rulv}soft - rElFT
| r(JV)‘hard: short-distance contributions going into the EFT operators

Fuentes-Martin et al. [1607.02142]; Zhang [1610.00710]
M d W
r |hard /d ‘CEFT
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Functional matching

The theory is expanded around the classical fields, 7:

N " 0Ly . . 62L,y
Lyy[n+n = Ly[A] + ni 577U' 277/7715 om; [77] +.
classical piece
EOM — 0 fluctuation operator Q;;[7]
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Functional matching

The theory is expanded around the classical fields, 7:

N " 0Ly . . 62L,y
Lyy[n+n = Ly[A] + ni 577U' 277/7715 om; [77] +.
classical piece
EOM — 0 fluctuation operator Q;;[7]

By saddlepoint approximation, the effective action is
e/ TVl — gfSuvt j D exp ( i / dx 3m,QylAlm; +

— Tw[f] = Swlf] + ésw log Q[A] +
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Functional matching

The theory is expanded around the classical fields, 7:

N " 0Ly . . 62L,y
Lyy[n+n = Ly[A] + ni 577U' 277/7715 om; [77] +.
classical piece
EOM — 0 fluctuation operator Q;;[7]

By saddlepoint approximation, the effective action is
e'muvlil — e’SUV[ﬁ]/Dn exp(i/ddx smiQylAlm + .- )

— Tw[f] = Swlf] + ésw log Q[A] +

Master formula for 1-loop matching

/ d9x L = éSTr log A~

] 1
' hard - 5 Z E STI'[(AX)”] ha

5 £uv

[n] ATNID, M) = X(iD, 7)),  AN® ~ATt>X

Cohen, Lu, Zhang[2011.02484] [2012.07851]; Fuentes-Martin, Kénig, Pages, AET, Wilsch [2012.08506
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Covariant derivative expansion

The traces are evaluated gauge covariantly with the CDE:

o T
O Tt oh
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Covariant derivative expansion

The traces are evaluated gauge covariantly with the CDE:

Y ~ A d
o

Example: S'I'r[AX]|hard in a scalar theory with Liny = —3 (®Td)@?

STr[AX]:/X/k (ku—l—iDl

u)2 - Mc% (>\¢2)

Open covariant derivate
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Covariant derivative expansion

The traces are evaluated gauge covariantly with the CDE:

Y ~ A d
o

Example: S'I'r[AX]|hard in a scalar theory with Liny = —3 (®Td)@?

1
STrlAX] :/X/kf(kﬁiDuV e CUSEN

—i D-0 e D-8y

e
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Covariant derivative expansion

The traces are evaluated gauge covariantly with the CDE:

Y ~ A d
o

Example: S'I'r[AX]|hard in a scalar theory with Liny = —3 (®Td)@?

STr[AX]:/X/k D

1
= _ A2
[x/k (ky +1GL,0¢)? — Mi( )

s O

1
u)2 - Mc% (>\¢2)
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Covariant derivative expansion

The traces are evaluated gauge covariantly with the CDE:

S
Y

Example: S'I'r[AX]|hard in a scalar theory with Liny = —3 (®Td)@?

1
STr[AX] :/X/k (kT iD. 2 I (Ae?)
1 2

_//k (ky +/c~;wau)2 Y (")

[/ K2 — M3 & O[ (GuB)? = i{k*, Gu}OF) 15—

\ Truncate according to EFT order

L] oo
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Simplification and basis reduction

Number of SMEFT generators (1 gen., dim. 6):

80  (1986) — 59 -~ (2017)

Buchmiiller, Wyler '86 Grzadkowski et al. [1008
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https://arxiv.org/abs/1008.4884

Simplification and basis reduction

A C C C
£=—300%0 = 3707 = 20"+ 150"+ 50700 + 57(0u0)°
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Simplification and basis reduction

A C C C
L= —100%0 — InP@ — 0" + 10° + S0%0% + eHOLP)”

Exact simplification (linear):
IBP, Dirac identities, group identities, commutation relations,. . .

A C 3G, - C
£:_%¢82¢_%m2¢2_ﬂ¢4+/\7;¢6+%¢382¢
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Simplification and basis reduction

A C C C
L= —100%0 — InP@ — 0" + 10° + S0%0% + eHOLP)”

Exact simplification (linear):
IBP, Dirac identities, group identities, commutation relations,. . .

Ay G 3G-C
L= 1000 - imP¢? — 26" + 50" + T 50

On-shell equivalence (non-linear):

3C, — G

. N 3
Field redefinition: o — o+ 302 ¢
A 3C, — C3)m? 18C; — A(3CG, — C
L —390°0— ym’9’ - z4+(23A23))¢4 e

Anders Eller Thomsen (U. Basel) EFT Matching Warsaw 2023
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Simplification and basis reduction

A C C C
L= —100%0 — InP@ — 0" + 10° + S0%0% + eHOLP)”

Exact simplification (linear):
IBP, Dirac identities, group identities, commutation relations,. . .

Ay G 3G-C
L= 1000 - imP¢? — 26" + 50" + T 50

On-shell equivalence (non-linear):

. o 3G —C3 4
Field redefinition: o — o+ BETV I ¢
A 3Cy — C3)m? 18C; — A(3C, - C
£ —4000— gt — ( 5+ COZIT ) g BOER Ol

Removal of evanescent operators: (in application of fermion Fierz identities)
We will return to this point
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Linear simplifications

Example: Integrating out heavy fermion in the
fundamental representation of SU(3)

In[12]:= | LEFT // NiceForm

Out[12)//NiceForm=

% ng? é (D,6""A)2 +
% 7 g? é GHVA p2GHvA i70 ng? é D,G“A D, G
ﬁ ng? ﬁ DGR BEH % ng? é 64" D, DG +
4% ng? é G2 DD, G - % ng F;Z GHVA GHOB GVPC FABC

Basel)
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Linear simplifications

(@)
Example: Integrating out heavy fermion in the A |Q
fundamental representation of SU(3)

In[12]:= | LEFT // NiceForm

Out[12)//NiceForm=

i7; 51 ak A\ 2
— ng? — (D,G"”
55 48 = (@) s L,

a 7 g? 1 goapegova, T ng? L D,G“A D, G O
40 Mz? 540 Mz? N

1 2 1 A on, Lo 2 1 va A -
— hg® — D,6""D,6*" + = ng® — 6" D,D,6"°

Teelpe) oliall ol S e Lscat

1 a & A p_ & 3 1 CuvA cupB cvoC £ABC

=R S @RRRET - Sl = @@ Eet

40 '8 g P 2478 g

Oh
Lerr = E GO, €O
EFT : ] ! (93
i
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Linear simplificatio

Example: Integrating out heavy fermion in the
fundamental representation of SU(3)

In[12]:= | LEFT // NiceForm

Out[12)//NiceForm=

% ng? é (D,64A) % +

% 7 g? é GHVA p2GHvA ﬁ79 ng? é D,G“A D, G
ﬁ ng? é DGR BEH % ng? é 64" D, DG +
4% ng? é G2 DD, G - % ng F;Z GHVA GHOB GVPC FABC

LEFT — Z C,'O,‘ 6 O

Anders Eller Thomsen (U. Basel) EFT Matching

O2A lo

On

O3

| C O is the space of all operator
identities, e.g., IBP relations such
as

O1+203=0

is interpreted as

O1+205 €|
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Linear simplificatio

Example: Integrating out heavy fermion in the
fundamental representation of SU(3)

In[12]:= | LEFT // NiceForm

Out[12)//NiceForm=

% ng? é (D,64A) % +

% 7 g? é GHVA p2GHvA ﬁ79 ng? é D,G“A D, G
ﬁ ng? é DGR BEH % ng? é 64" D, DG +
4% ng? é G2 DD, G - % ng F;Z GHVA GHOB GVPC FABC

LEFT — Z C,'O,‘ 6 O
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O2A lo

prErell
L

On

O3

| C O is the space of all operator
identities, e.g., IBP relations such
as

O1+203=0

is interpreted as

O1+205 €|
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Linear simplificatio

. L )
Example: Integrating out heavy fermion in the A O
fundamental representation of SU(3)
In[TZ]‘:| LEFT // NiceForm [E] e O//

Out[12]//NiceForm= /

i7; 51 ak A\ 2

o M oz (D67 L,

A oa b whgaawn, T - o5 o i o 7

508 = R e oz D6 DG L 91

~

1 2 1 A oA, 1 2 1 A
—— hg e (B[S W@ E1f1g M—G” D,D,G** +

180 b ©?

L, 2 1 g D,D, G - . = (1 GuvA GueB GYeC ABC

40 Mz 24 Mz

\\/
On
= E GO, €O
LEFT I ! e 03
i

| C O is the space of all operator

_ . ind
With linear algebra on the basis of / we find a identities, e.g.. IBP relations such

simple representative element for [Lerr] € O/1:

as
In[13]:= | LEFT // GreensSimplify // NiceForm | _
out(13)//NiceForm= 01+203=0
Ll ng? L op,ehn,eHh - L pgd L guvA gueB gWC fARC is interpreted as
15 Mz? 180 Mz?
O +205 €|

Anders Eller Thomsen (U. Basel) EFT Matching Warsaw 2023 14
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To make your way through the BSM jungle




Automated EFT matching

Input

Automated matching and running

—_— Define fields Define couplings

~.\

sym. break

A\
L AN

func. derivatives,
CDE, STr

phys. proj.

Rematching
the ev. pieces g (" Full, phys. scheme:
S

— s

poles from self-
matching the EFT

Standard format output Standard format output

Fuentes.

\artin, Kénig, Pages, AET, \

Anders Eller Thomsen Basel) EFT Matching

Matchete v0.1 is a
Mathematica package

Matching of any model with
heavy scalars/fermions

Simple and intuitive
input/output

Handles all group theory
Simplifies to EFT basis*

Warsaw 2023



https://arxiv.org/abs/2212.04510

Automated EFT matching

Input

Automated matching and running

~.\

sym. break
et

Define couplings

A\
L AN

func. derivatives,
CDE, STr

phys. proj.

Rematching
the ev. pieces g (" Full, phys. scheme:
S

— s

poles from self-
matching the EFT

Standard format output Standard format output

J

Anders Eller Thomsen

Basel) EFT Matching

m Matchete v0.1 is a
Mathematica package

m Matching of any model with
heavy scalars/fermions

m Simple and intuitive
input/output

m Handles all group theory
m Simplifies to EFT basis*

Future plans:

m Handling of evanescent
contribution

m SSB and heavy vectors
m Interface with EFT tool chain

m 1-loop RG computations

Warsaw


https://arxiv.org/abs/2212.04510

Example: SM + Vector-like lepton

SM Lagrangian

Infal:= ’ LSM = LoadModel["SH"] |

Define new field

DefineField[EE, Fermion, Charges - {ULY[-1]}, Mass - {Heavy, ME}] |

Inf4]:=
Define new coupling
inis}= | DefineCoupling[yE, EFTOrder -» @, Indices - {Flavor}] |

Write interactions

inlél= | Lint = -yE[p] ~Bar@1l[i, p] «+ PR+ EE[] «H[i] // PlusHc;
Lint // NiceForm

Out[7]//NiceForm=

| ~VEP Ry (EE- P - UP) - yEP H' (T5 - Pr - EE)

Define full UV Lagrangian

In8l:= | LUV = LSM + FreeLag [EE] + Lint;
LUV // NiceForm

0ut[9]//NiceForm=
S i 2 - i GHvA2 _ iww“ +DuHy DHT + 2 Hy H w1 (@D -y, Pr - DLdP) + i (&P -y, Pr-DueP) +
i (EE- v, - D,EE) -ME (EE-EE) +i (T§ - v P - D, U"P) + i (g8 - vu P - D.q*'P) + i (U8 - v, Pg - DuuP) -
%/\F{i Hj HHI - V@' Hy (@0 - P - q®™P) - VeP Hy (@ - PL - UP) - veP" H' (T5 . Pq - ) - VAP HT (g0 - Pg - dF) -

T8 . Py - EE)

YUP" iy (qB - P - u®r) &3 - aPT I (f - P - qP) 4y - YEP By (EE - P - 17P) - yEPHT

Warsaw 2023 16
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Example: SM + Vector-like lepton

1

In[10]:= | LEFT = Match[LUV, LoopOrder » 1, EFTOrder »6] /. e~ -»0; |

In[11]:= | LEFTOnShell = LEFT // EOMSimplify;
Lengthe%

-+ EOMSimplify: 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]]}

out[12]=

67 |

In[13]:= | SelectOperatorClass[LEFTOnShell, {e, Baree, H, Bar@H}, 1] // GreensSimplify // NiceForm |
Out[13]//NiceForm=
i 1 4 spr s t gt s i
——n— [48gY* 6P  +5YE° |3yE" Ve ' Ye®P
360 ME2

(~DuFi HY (87 v, Pr - eP) + Fy DH' (87 - v, Pg - €P))

1+6Log[ ]]72yEsgV2 (13+GLog[%]]6p']]

ME?

. L= _
Qﬂp = (H' ’DLLH)(@/)'YMGA

Anders EI Basel) EFT Matchin Warsaw 2023
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Example: SM + Vector-like lepton

LEFTOnShell // NiceForm

liceForm=

Y
4

—7ﬁgVZLog[ ‘B‘”Z+D s DL+
a

( q -
chH‘ Z nyEP yEP cHH — [2 CHH - 3 ME2 [LzLog[L] ” Hi M+ i (3D - v, Pg - D,dP) 6°F +
\ 6 ME? ME?

i (€ - vuPr-DueP) &P+ i (T§ - v, Py DLUP) &P + i (Qh; - v Pu - DuG®™P) 6P + i (uf - v, Pr - DuP) &PT +

2

(1 1 ( ’Z ( 7 1
l—fl‘ﬁ [——yED ‘4yE'VerSVe”5 1+Log[“—”—yEp ‘—ZyEryE' Log[L] +2 ‘1+2Log L] \H -
L2 { ME? { ME? { MEZ )
1 e vE yeP v L
180 cHH 71 12 gY* - 5yEP yEP gY’ ‘\13 +6 Log[ &
5 yEP [712 (YE yEP yE™ + 6 yE™ Ye"® vePs - zyEVA) +yEP gL? ‘S‘SLog = MJH, Hy HHI -
\ ME
[—W'+%h7€syE5V 7‘ 4cHH+3MEZ‘1+2Log ‘Hm (a5 - P - q7™®) +

( ( IR
l—Vepr+ihyESi ~3yEP Ye®" (2 cHH - ME?) 3‘2Log[u—] +2yE® Vep" 4cHH¢3ME2‘1¢ZLog H“
\ 24 ME? | ! ME? )

A (e P - 17P) +

. N L .
[—Ve’°+ hYE® 3ME2 zyESve'P
\ 24 ME? {

bmg[ :]

+yE" Ye*P :3 +2 Log[ ME:Z ] ' ‘ -

2 cHH LAyESVe”’+3yE Ye*P 3+2Log ]‘HH‘ Pp-eP) s
( 1
[—Vd”+ uhyTsyESYd” \ 4 CHH + 3 ME2 ‘1+2Log \HH a5 - Pa - dP) +
. N X
[wwhﬁnyﬁyssw’? ‘ 4 cHH + 3 ME? 1+ZLog ‘HH‘ (a5; - Pr-u) 7+
( 1
[7 T AVE VT S \ 4cHH+3ME2‘1+2Log[ \Hm o P-q7P) Ey
1 4
—n— [122g¥*+
180 me? |
[ 21
5 yEP ‘12‘5’ EP (VE® yE™ yE® + 6 yES V& ve'™ - yE" 2) - 72 yE' V&' Ve”mr‘“ YeP! vets loLog[ 1] ‘+
mez "))

-gv?

2
yEP X ‘umgLZ SQGch[“—]
' MF2

13+5L0g[ \H]H,H]Hku HIHE .

Anders Eller Thomsen (
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Evanescent Operators

Why can’t QFT just play nice?



EFT from a 2HDM

Example: SM + leptophilic Higgs, ® ~ (1, 2);/»:

LD Lo+ DydTDED — M3 DT — (yEL 2, de, +hc.) + ...

Anders Eller Thomsen (U. Basel) EFT Matching Warsaw 2023 19



EFT from a 2HDM

Example: SM + leptophilic Higgs, ® ~ (1, 2);/»:

LD Lo+ DydTDED — M3 DT — (yEL 2, de, +hc.) + ...

Vg ! ~—°
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EFT from a 2HDM

Example: SM + leptophilic Higgs, ® ~ (1, 2);/»:

LD Lo+ DydTDED — M3 DT — (yEL 2, de, +hc.) + ...

Vg ! Y~

Below the scale Mg > vy
Care 2 CE Qi+ LRI

But the tree-level operator Ry is not part of the Warsaw basis

Anders Eller Thomsen (U. Basel) EFT Matching Warsaw 2023 19



Changing basis in an EFT

In d = 4 dimensions, L+ = Lerr, where

t n —_
Lo D CoQBy + CEMRET R = (Be)(@t)
5 1 ,pt t t 7 =
Farr D CoQB — JCEQT QO = (Bn)(@v*e)

Anders Eller Thomsen (U. Basel) EFT Matching Warsaw 2023 20



Changing basis in an EFT

In d = 4 dimensions, L+ = Lerr, where

Leer D CH,Q5, + CIFRY RIE = (Lpe0)(8sLe)

e
Eeer O C8,Q0%, — ACE QU QBt = (Byvube)(@ner)
But the 1-loop EFT amplitudes are different!

9>
6472

i(Aetimaw — Aetisaw) = [CeelP'yE (07! 0 Pru) gHe™

Anders Eller Thomsen (U. Basel) EFT Matching Warsaw 2023 20



Changing basis in an EFT

In d = 4 dimensions, L+ = Lerr, where

Leer D CH,Q5, + CIFRY RIE = (Lpe0)(8sLe)

e
Eeer O C8,Q0%, — ACE QU QBt = (Byvube)(@ner)
But the 1-loop EFT amplitudes are different!

9>
6472

i(Aetimaw — Aetisaw) = [CeelP'yE (07! 0 Pru) gHe™

For d # 4, there is an evanescent operator:
prst _ 1 ~ptsr prst prst d—4
R@c - 2Qée + EZe ' EZe 0

Anders Eller Thomsen (U. Basel) EFT Matching Warsaw 2023 20



Evanescent operators

An evanescent operator E is an operator satisfying

rank(E) =€ %0

Evanescent contributions have long been accounted for in the LEFT (Weak
Effective Hamiltonian). Not so much in BSM context

Buras, Weisz ‘90; Dugan, Grinstein ‘91; Herrlich, Nierste [hep-ph/9412375

Anders Eller Thomsen (U. Basel) EFT Matching Warsaw 2023 21
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Evanescent operators

An evanescent operator E is an operator satisfying

rank(E) =€ %0
Evanescent contributions have long been accounted for in the LEFT (Weak

Effective Hamiltonian). Not so much in BSM context

The physical contributions from evanescent operators are finite and local

E
Physical projection -~
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Evanescent operators

An evanescent operator E is an operator satisfying

rank(E) =€ %0

Evanescent contributions have long been accounted for in the LEFT (Weak
Effective Hamiltonian). Not so much in BSM context

The physical contributions from evanescent operators are finite and local

E
Physical projection -~

e.g., in the 2HDM example

ts
prst grLye
oo’ = " og

Q% + [many other contributions]

Anders Eller Thomsen (U. Basel) EFT Matching Warsaw 2023 21
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The physical projector

Choosing a set of identities allows for defining the physical projector P :

/idf’P
Od:POd+ngd

phys. part ev. part

m Reduction of Dirac structures for 4-fermion operators, e.g.,
Compatibility with NDR
/ P y

Vv’V P) ® [y Pl = 4(1 — 2€) (HP) ® [yuR] + EL)

m Fierz identities for 4-fermion operators, e.g.,
(R)®I[A] = _%('YuPL] & [YuPR) + Erierz(Pr, L)
m Other identities involving <5 and/or the Levi-Civita tensor, e.g.,

Euvpo 0™’ = 2i0u,Ys + Efj,"’)

Anders Eller Thomsen (U. Basel) EFT Matching Warsaw 2023 22



Evanescence-free schemes

For an EFT Lagrangian £ = §,0? + 7;E', the 1-loop effective action is

Ve 1-loop diagrams, tree-level couplings

r— /(gaouﬁ,ff)mg,n).

N\ bare couplings

Anders Eller Thomsen (U. Basel) EFT Matching Warsaw 2023 23



Evanescence-free schemes

For an EFT Lagrangian £ = §,0? + 7;E', the 1-loop effective action is

Ve 1-loop diagrams, tree-level couplings
= /(gaOa +E') +T(g.m).
X

N\ bare couplings

Scheme MS

5 P:0O? | ga=9gat09a
< & E' | Wi=mi+06m

Phys. eff. _ . -
action Pl /XgaO +Prg.m
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Evanescence-free schemes

For an EFT Lagrangian £ = §,0? + 7;E', the 1-loop effective action is

Ve 1-loop diagrams, tree-level couplings
= /(gaOa +E') +T(g.m).
X

N\ bare couplings

Scheme MS Compensated

5 P . Oa ga = ga + 593 (S_]a + Aga) 7:/Aga\:

< Ep:E' | Wi=mi+dn oni +.m;)

Phys. eff. .= [(?Ia-i-Aga)Oa

act}i/on Pr /gaO +Pl(g.m) Y= R
x +PT(g.m - [20,0
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Evanescence-free schemes

For an EFT Lagrangian £ = §,0? + 7;E', the 1-loop effective action is

Ve 1-loop diagrams, tree-level couplings
= /(gaOa +E') +T(g.m).
X

N\ bare couplings

Scheme MS Compensated

5 P . Oa ga = ga + 593 (S_]a + Aga) 7:/Aga\:

< Ep:E' | Wi=mi+dn oni +.m;)

Phys. eff. .= [(?Ia-i-Aga)Oa

act}i/on Pr /gaO +Pl(g.m) Y= R
x +PT(g.m - [20,0

The evanescent contribution is defined by

local, finite

:—/%
[Agaoa = P[F(g.n) - T(9,0)]
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Evanescence-free schemes

For an EFT Lagrangian £ = §,0? + 7;E', the 1-loop effective action is

Ve 1-loop diagrams, tree-level couplings
= /(gaOa +E') +T(g.m).
X

N\ bare couplings

Scheme MS Compensated
.5 P:O? | §a=0a+09, (9a + Aga) 7(Aga\:
< Ep: E'| @i =mi+0m, oni +om)
Phys. eff. .= [(?Ia-i-Aga)Oa
act}i/on Pr /gaO +Pl(g.m) Y=
x + PT(g,0)

The evanescent contribution is defined by

local, finite

:—/%
[Agaoa = P[F(g.n) - T(9,0)]

Anders Eller Thomsen (U. Basel) EFT Matching Warsaw 2023 23



Evanescence-free schemes

For an EFT Lagrangian £ = §,0? + 7;E', the 1-loop effective action is

Ve 1-loop diagrams, tree-level couplings
= /(gaOa +E') +T(g.m).
X

N\ bare couplings

Scheme MS Compensated Subtracted
5 P:0O% | Ga=9a+g, (S_Ja + Aga) *(Aga\: Ja+ Ags
< &p: E'| @i =mn+bm oni +omi) on;
Phys. eff. | [ . - [(ga +892)0° /(ga +A9,)0”
act}i/on Pr /gaO +Prg.m o X
- +P(9.0) +P(g.0)

The evanescent contribution is defined by

local, finite

:—/%
[Agaoa = P[F(g.n) - T(9.0)]
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Evanescence-free schemes

For an EFT Lagrangian £ = §,0? + 7;E', the 1-loop effective action is

Ve 1-loop diagrams, tree-level couplings
r= [(8:0° + 7€) + Tlo.m)
X

N\ bare couplings

Scheme MS Compensated Subtracted
5 P:0O% | Ga=9a+g, (S_Ja + Aga) *(Aga\: Ja+ Ags
< &p: E'| @i =mn+bm oni +omi) on;
Phys. eff. | [ . - [(ga +892)0° /(ga +A9,)0”
act}i/on Pr /gaO +Prg.m) o X
- +P(9.0) +P(g.0)

The evanescent contribution is defined by

local, finite

/—/%
[89.0° = P [F(g.m) - T(9.0)]
Handling evanescent contributions means computing Ag

Anders Eller Thomsen (U. Basel) EFT Matching Warsaw 2023 23



Application in the SMEFT

Tree-level BSM matching to the SMEFT can produce
49 different, redundant four-fermion operators, which will result in non-trivial
evanescent contribution at 1-loop order, e.g.,

Ree = (Ze)(&0) R®) = (gTu)(aTq) Ruceiqe = (a°€)(1q°)

Anders Eller Thomsen (U. Basel) EFT Matching Warsaw 2023 24
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Application in the SMEFT

Tree-level BSM matching to the SMEFT can produce
49 different, redundant four-fermion operators, which will result in non-trivial

evanescent contribution at 1-loop order, e.g.,

Ree = (Ze)(&0) R®) = (gTu)(aTq) Ruceiqe = (a°€)(1q°)

For dimension-6 SMEFT, evanescent operators contribute through 6 covariant

trace topologies

Q2
Siies

EFT Matching

\ From the O(1/¢)

pieces of the loops

Anders Eller Thomsen (U. Basel) Warsaw 2023
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Matematica interface

Filter: | Redundant  SMEFT Al

st st prst prst 1)prst 8)prst (1)prst (8)prst prst prst prst 1prst st prst prst prst prst
REt RE Ry Revet| RO)eret) Rt RU) et Ry Ry Rny RES REY RTS ORED RLY ORLY

7 tuge  leee a°q

prst  pprst  pprst  piprst prst prst prst (3)prst 1,8)prst 3,8)prst (1)prst (3)prst 8)prat (8)prst
Ry Riq Ry Riq  Ricgge Ru coter Begree Bucuae e Hfm e Rfm e qu qu REMW Ryq
t  pprst (1)prst (8)prst  pprst prst  pprst  pprst  pprst et pprst Iprst prst mm prst prst prst
RE Reg | Bug R.q Rtfqdc Ryl Ry R R cedee Roce  Tgeu Ry Rw R Rd‘z”q‘u quud Riceueq
Operator definition:
Rigie = (L) (diyer)
Reduces to:
Qs (Dyprt v o or b r st oypr pr
Qiedg> Quugd > Qaw > Qap» Quu > Q> Qop» Qu » Qo> Qavs
prst prst (1)prst (3)prst (1)prst (B)prst (D)prst (8)prst st
Qi+ Qi > Quegy » Quegu > Qo Quy v Quit o Qua' 0 Q™ Qf
Reduction Identity:
Rt _ ZQ,,LM 1 7y Umer o
tqde tedq T T6m2 ()/r Ya Jqd /;’1 vi' Qe
7’_/\/\% Qi +Q,H<0y'“ Ya" J}}“*‘»"Ayﬂ‘)
ptus (3 s ro 5 re ) 4 7w Shursy
Qul’u ( WU+ 300 ) + o Q()
QR 2 YTy Qi — 6 u(‘/‘vu‘oafﬂ
1 el eyWpur L7 s o (Bpuvr
- 1!1:4/2 Qi — qv* i Qe — 1;// Ty Qe
1
- 77/1” yrQ" — yerQumt — fau/,’fQ”
2 4
5 Auers A
— T QI - Ny — W Qp
— QU — g Qi — SUTT Qi
)
TeX
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m (Automatic) EFT matching is crucial to BSM phenomenology
m Functional matching provides a direct approach to automated matching
m One must carefully account for evanescent operators in computations

m Matchete is a public code for EFT matching. It already greatly simplifies the
matching task and many more features are planned!

https://gitlab.com/matchete/matchete

\ FIATCHETE |\
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Backup




RG in evanescent schemes

£ >C-)/\§/ 1>< = on(9) #
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RG in evanescent schemes

@) 1 E
£ ~ 2 = dn(9) #0
o
gﬂ 1
% o ,r‘\subtracted
8
4
\
4
Inw

Anders Eller Thomsen (U. Basel) EFT Matching Warsaw 2023 27



RG in evanescent schemes

O 1 E
£ ~ o —> on(g) # 0
5
o o
\(\*‘r ,AX %
Q 9 Q
E o subtracted
%‘ Il scheme
o &
e
: : >
t t+dt In w
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RG in evanescent schemes

.8 subtracted
.

subtracted scheme

o
scheme |
IS

Ev. couplings
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RG in evanescent schemes

O 1 E
£ ~ o = 0n(g) #0
“\6;’
O\Q\\ &ﬂ, N
N =
? )
) .8 subtracted
£ o subtracted o “ 1 scheme
S scheme Il :
S & = AN
> X©3
L ga
: : >
t t+dt In w
In the subtracted evanescent scheme 2-loop
/—/H
dga _ aS OAg,
at =0B; =0B.+B, an
M |n=o
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Matchete demonstration (SM implementation)

Gauge Groups

DefineGaugeGroup[SU3c, SUe3, gs, G,
FundAlphabet - CharacterRange["a", "f"],
AdjAlphabet - CharacterRange["A", "F"]]

DefineGaugeGroup[SU2L, SUeZ, gL, W,
FundAlphabet + CharacterRange["i", "n"],
AdjAlphabet -+ CharacterRange["I", "N"]]

DefineGaugeGroup[U1Y, Uel, gV, B)

Generation index

DefineFlavorIndex[Flavor, 3,
IndexAlphabet + {"p", e, Mst, mEw ngn mynyg

Fermions

DefineField[q, Fermion,
Indices - {SU3cefund, SU2Lefund, Flavor},
Charges - {U1Y[1/6]},
Chiral - LeftHanded,
Mass » 0]
DefineField[u, Fermion,
Indices + {SU3ce fund, Flavor},
Charges —+ (U1Y[2/3]},
Chiral -+ RightHanded,
Mass » 0]
DefineField[d, Fermion,
Indices + {SU3ce fund, Flavor},
Charges -+ {ULY[-1/3]},
Chiral - RightHanded,
Mass + 0]

Anders Eller Thomsen (U. Basel)

EFT Matching

DefineField[1, Fermion,
Indices + {SU2Le fund, Flavor),
Charges + {U1Y[-1/2]},
Chiral - LeftHanded,
Mass -+ 0]
pefineField[e, Fermion,
Indices -+ (Flavor),
Charges - {U1Y[-1]},
Chiral + RightHanded,
Mass -+ 0]

Higgs

DefineField[H, Scalar,
Indices » (SU2Le fund},
Charges - (U1Y[1/2]},
Mass -+ 0]

Couplings

DefineCoupling[A, SelfConjugate + True]
DefineCoupling[u, SelfConjugate + True,
EFTorder -+ 1]

DefineCoupling[Ye,

Indices - {Flavor, Flavor}]
DefineCoupling[Yu,

Indices + {Flavor, Flavor}]
DefineCoupling[Yd,

Indices » {Flavor, Flavor}]
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Matchete demonstration (SM implementation)

Lagrangian

L5M = FreelLag([] +
-u[)? BareH[i] -H[i] -
Al q 3 q q
TBareHU] H[i] <BareH[j] ~H[j] +
PlusHc [
-Yu[p, r] -CG[epse@SU2L, {i, j}]
BareHei Bareq[a, j, p] #+xufa, r]
-Yd[p, r] -Hei.Bareq[a, i, p] »xd[a, r]
-Ye[p, r] ~Hei Barel[i, p] »we[r]

1 // RelabelIndices;
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