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Why EFTs in BSM Physics? TUT

Match any high-scale New Physics to an agreed-upon parameterization®.

Low-energy phenomenology can simply be extracted from reference
results derived using said parameterization!

As an added benefit of the EFT framework, logarithmic corrections are
easily included.

Still, this is a lenghty task, heavy on book-keeping, easy to make
mistakes, miss contributions, ...

Find an automated solution, in order to
MATCH Effective Theories Efficiently

)\ FIATCHETE |
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Functional Methods
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The Wilsonian Effective Action T|_|T|

Scenario: Two-scales, separated by a cutoff A. Want to compute
scattering at energies F/ < A.

Split field content ¢ into modes w > A (“hard”) and w < A (“soft”):

¢ — ou + Ps

Matrix elements at low energies derived from the generating functional:
Z[Js| = /DqﬁSD(;SH exp {iS(¢5, o) +i/d4x Jg(x)qﬁs(:v)}
From this, one defines the Wilsonian effective action:

[ Démexp {is(6s,0m)} = exp {isa(05)}

and also S\ = /d4x£eg(x)
Can compute S, directly from this definition!
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The Background Field Expansion T|_|T|

Want to compute the path integral perturbatively, split

p=9+n
77 N

classical field, satisfies eom quantum fluctuation
Expand in the quantum field #:

_ 1 6L 3
L=L(p)+mni- b@h)+-mmlwﬁ%(@+OM)
/ —T
tree-level fluctuation operator Q;;(¢)

(indices on fields here denote hard or soft)

The path-integral of the one-loop piece is Gaussian:

, 1_
exp {zSng)} = /DneXp {277Q77}
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Supertraces Tm

From this, one finds the effective action given by
dd
Sé;f) = fSTr(log Q) = 2/ 7 (kltrlog Qk)

This supertrace generalizes the usual trace to operators with fermionic

and bosonic fields with appropriate signs.
[Cohen et al (2020), 2011.02484]

One now splits the fluctuation operator into:
Qij = 0 AT = Xij = AT (05 — AiXyj)

{ —(D? 4+ M?)  scalar
AT =

; iy — M, fermion X;; = (interactions)

g" (D? + M?)  vector

and expands the log in the interactions:

S = %STr(logA . Z STr[(AX)"]

n 1
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https://arxiv.org/abs/2011.02484

The Method of Regions Tm

This is just the usual one-loop effective action S.s. How to get to the
Wilsonian effective action Sy from here?

Remember, in Sy only the integral over hard modes was carried out!
— Need to “select” only those pieces of the integrals

d’k
— (k|tr1l k
| Gy (Hliros Qlk)
An intuitive way to realize this, would be to evaluate the integral with a
lower momentum cutoff in place.

In dimensional regularization however, we can simply expand the
integrands around this limit, by power-counting the loop momentum k&
like the heavy masses M.
[Beneke, Smirnov (1997), hep-ph/9711391]
[Jantzen (2011), 1111.2589]

Each propagator now has virtuality k% ~ M?2.
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https://arxiv.org/abs/hep-ph/9711391
https://arxiv.org/abs/1111.2589

The Method of Regions - Example T|_|T|

Take this simple scalar loop graph with p? ~ p3 ~ (p1 - p2) < M2

P2

] / d?] 11 1
) (2m)a 12 (1 — p1)2 (I + p2)? — M2

'//2 ~ M2 \22 ~ (pi -pj)
/ il 11 1 / dél 1 1
om)d 121212 — M? om)d 12 ( l—pl) (—M?2)

“hard region” “soft region”
The hard region corresponds to the one-loop matching correction to an
operator ¢3, the soft region to a matrix element of an operator ¢*

<T{¢4, i / d4x£(:c)}>

P
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The Method of Regions Tm

Further features:

m Power-corrections: The method of regions allows to extract
matching coefficients to any order in power-counting!

m Overcounting? Said that “hard region”: 12 ~ M?, but we still
integrate over all d?l.
— Not in dimensional regularization and as long as we identify
€rr = €yv. Then the overlaps are all scaleless integrals.

m Matching: Along those lines, graphs with purely soft modes are
automatically zero and thus the method automatically “selects” the
correct amplitudes and directly yields matching coefficients.

From this it follows that evaluating the effective action in the hard

region, directly yields the Wilsonian effective action!
[Fuentes et al (2016), 1607.02142]

s

1 d%k (1)

hard o
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https://arxiv.org/abs/1607.02142

Hard-Region Supertraces

We can now evaluate the supetraces in the hard region:
(1 _ ¢ iy
Sy’ = 5STra(log A™) — 5 nZ::ISTrh[(AX)”]

The fluctuation operator and thus A and X depend on the classical
fields ¢ and derivatives.

= S is of the form i/d4x ZC’i(M) - Oi(p,iD,,)

with loop functions C;(11) and composite operators of classical fields and
covariant derivatives.

This is almost an effective Lagrangian!

The expression is not manifestly gauge-invariant and contains
redundant operators.
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The Covariant-Derivative Expansion

The supertraces contain open covariant derivatives:

d
/(;Z&tr(g(@,wu)) 15...D,1

that cannot be set to zero, as is clear from e.g F,, =i[D,,D,]/g.

To this end, one uses the Covariant-Derivative Expansion (CDE) and
introduces the unitary operator Up satisfying

Up = exp(iD - 0}, Ulup =1, Up-1=1.

Now insert Q-1 = U};QUD -1 and commute Up to the left.

The resulting expression will have all all open derivatives in
commutators and thus be expressed through covariant derivatives and

Field-strength tensors.
[Henning et al (2016), 1604.01019]
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https://arxiv.org/abs/1604.01019

Redundant Operators and Field Redefinitions

The hard-region expansion produces terms with derivatives in L.g,
containing terms like

2 .
D ¢7 llbd}v DuF‘mjv

Operators containing such expressions are deemed redundant and can be
removed.

Using equations of motion here is subtle, because the duality
field redefinitions — equations of motion

is broken in the presence of power-corrections.

Not relevant in the SMEFT at dim 6, but in a general framework,
anything can happen.
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Advantages of the Functional Formalism T|_|T|

The functional matching procedure with CDE vyields the complete
effective action. Just extract the fluctuation operator from the
Lagrangian, compute

s = %STrh(log AL — % S STr,[(AX)"]

n=1

and truncate the sum in the last term.
No need to enumerate diagram topologies, compute symmetry factors.

The result is manifestly gauge-invariant, operators with F,, and 1D,
emerge in a transparent way.

Lends itself extremely well to automation.
[Das Bakshi et al (2018), 1808.04403]
[Cohen et al (2020), 2012.07851]
[Fuentes et al (2020), 2012.08506]
[Carmona et al (2021), 2112.10787]
— see also other talks!
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The Matching Checklist Tm

Straightforward algorithm:
m Define your UV Lagrangian Lyy and identify heavy fields.

m Compute the equations of motions for the heavy fields and solve
for them to express them through soft (classical) modes:

0Luv
oo

m Split ¢ = ¢ + n Compute the fluctuation operator with at least
one of the 7 a hard mode:

0 = ¢ = ou(es)

 SLuy
d1;0m;

Qij

m Compute the hard supertraces, with power-type traces up to the
desired order, replace classical hard modes with their eom.

m Perform the CDE expansion.
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A Guided Tour of MATCHETE

N FIATCHETE L\
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MATCHETE - Design Philosophy TUT

MATCHETE is a Mathematica package, that:

m Takes as an input the field content, power-counting and
interaction Lagrangian in an intuitive form.

m Computes the effective Lagrangian up to one-loop order using
functional methods, extending 34977

= Provides automatic reduction of redundant operators (IBP, Field
Redefinition, Fierz transforms).

m Handles evanescent contributions.

m Provides the output in an easy-to-interpret form.

m Goes up to any order in power-counting (given enough computer
time).

m Can easily be used to implement multi-step matching.

m Is fully open-source.
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The MATCHETE Workflow Tm

‘ EFT Lagrangian\ EFT Lagrangian
UV Lagrangian Fluctuation Operator (partially simplified) (minimal basis)
Functional 523 Identification and Reduction of
methods uv evaluation of redundant operators
N 0= 54, X, —Salaonol o) [Z0)
Zuy [”H’ ”L] Yoemem | T U pertraces (CDE) EFT [nL] IbP, Fierz identities, L [”L]
= Field redefinitions, ...

\ Tree-level matching _/ L 5 .u. FE rs

THRACER
J

S
) FIATCHETE |

The user defines the UV theory, by field content, symmetries, mass
hierarchies and interaction Lagrangian.

MATCHETE computes from that the tree-level matching and

fluctuation operator, passing this to 2272~ .

After hard STraces are computed, MATCHETE simplifies the output.
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Challenges for Automation Tm

There is a lot to do:
v/ Defining and implementing an input standard for Lagrangians.

v/ Modular handling for group theory, allowing arbitrary symmetry
groups and representations.

v/ Implementation of functional methods to derive EOMs and
fluctuation operators.

v/ Evaluation of hard supertraces — Z47&7

TAACER
v/ IBP identities for derivative operators.

... Kinetic diagonalization, field-redefinitions for redundant
operators.

... Fierz transformations, handling of evanescent operators.

... Targeting a specific basis.
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Redundant Operators TUTI

As previously mentioned, the SuperTracer output contains derivative
operators that can be reduced with IBP:

5L = c1 ¢°(DyD"¢) + 3 ¢*(Dy)? = (q - C;) ¢*(D*¢)

Particularly nasty with charged fields:

5L = c1909y*y" (DD, + Dy Dy, )t
= 261 (D) (P l) — 21 6( D D) + c1p P (il )

Not unique — Choice: Prefer derivative operators proportional to
EoMs!

This removes as many terms as possible from the Lagrangian, when field
redefinitions are applied.
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Fierz Transformations and Evanescent Operators T|_|T|

Four-fermion operators can be reduced by Fierz transforms:
3L = ST (g (@) + 5 () (@)
— (cg — 2c1)(fPe") (d*q1)

But this identity holds only in d = 4. Beyond that, evanescent
operators need to be included.

Compute hard IR-regularized supertraces of the difference Lagrangian
between original and 4d-Fierz'ed basis.

= Yields finite corrections to the physical operators.
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Evanescent Operators - An Example T|_|T|

These corrections are finite one-loop effects and are especially
important for “loop-level operators”.

Integrate out a vector leptoquark, yields at tree-level:
SL = czin“st (pryuqt)(czs,}/,uer) — czlarstO]lJrst

We want the SMEFT basis! So Fierz: O1 = —2Qjcqq. This generates the
evanescent operator

Eigige = O1 + 2Qiedq -

This evanescent gives an important contribution, for example, to the
dipole operators:

Yst
S = [ @ o (v QEy, — 39:Q05) + many more

6472
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Evanescent Operators

The full result is much more complicated, and you will be glad not
having to derive it by hand:

1 vt yruw ety (Druvs
e (S YT Y2QU

prst Toprst | prstapprst _ _ o prot (it _ o prst ptsr
ate Rigte + e Rigze = = 260 Qpey — 2653 Qb

+ SATE Y QU + 120y VF Uy + v Vi

Yut 1)prst ap SPrtyyar Opr an rsi st (yrs
VT Quonr™ 4+ 369y e Qg + 369y oy YI'Qliy

N

Qp puvr 7w 1)prst prst Lruv y/pi ruvs Y 750, ) stuv
+ 36 YV Qg™ + 48700 VT YI'QUI™ + 48 VI Y Q)

spro-

VT Y QE T VT YU + 90 Y Y Yy

i+ VT VPV QU+ LAY QU
P (B)prst

QT+ 28eitY T VYT Qly — 3 Vi Vi Qi

o puvryssoyut )3Tt 1o spriYrr BT _ 19, BTSE yptyrs
3¢ade Ya "Y' Qrequ 12g1.Cg. Yo' Qi — 12916500, Y Qi

— 1265 YT Y QL) — 124, YIQU T — 126V Y QT
— 120 Y YQE) = GV Vi Q — 2 YT Y QE”

— 2Aclat VI YIQp — AN Y Qyr — 36910, V7' Qi

— 36915, Y7 Qi — Ao YET Q) — ALY Q.

— A8V VI QU — aseq YIT Y Qi — 48N Y Qiy

— A8 YT YPQU — A8 Vi YIQU — A8 YT

— A8 VIV Qo™ — A8l Y QY, — 14N

— W4 Y Q. — W YT YO, — 1Ay Qly,
— VYT Y QU, — 1M Y5

tomated One-Lo



A Guided Tour of MATCHETE

Demonstration
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Demonstration T|_|T|

Consider a simple toy theory with U(1) symmetry and following field
content:

Field Type Charge Mass
10) Scalar 0 0
P Fermion +1 0
¥ Fermion +1 My, (heavy)

The interaction Lagrangian is:
L=Ly— yzEgZ)PR\IJ + h.c.

Want to compute the complete effective Lagrangian after integrating
out U, at one-loop order.
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Backup: Code

ini34= | DefineGaugeGroup[Ule, U[1], e, A]
DefineCoupling[y, EFTorder - 0]

DefineField[2, Fermion, Charges - {Uleel}, Mass - Heavy]
DefineField[y, Fermion, Charges - {Uleel}, Mass - 0]
DefineField[¢, Scalar, Mass -» 0, SelfConjugate » True]

LInt = -y[] ~é[] ~Bar[y[]] «* PR«x @[] // PlusHc;
LUV = LInt+ Freelag[];

L1 = EchoTiming[Match[LUV, LoopOrder - 1] // IBPSimplify] // NiceForm

23,2519
Out[41],
L DA DA i (T v D) b (D77, P -D%) - 2 gy 2 (D% -1, P Dy
2 O A L (T - DY)+ | ER % uf’s“yym}‘ U-ve Po-Doy) +
1 11 1 r 1 4y [ 1 i 14
v D’¢ D%0 + -~ nlog|m A2 _ny?y? o Log| i? +yMz? [-2ny-2hYlog|@® @+
3TV s 4 3ntee J vyt Log[i ] cymet [ 2ny - 2nyLog[i S|
(1 [31 i 1 . 1 1
V+hy 2 2 ny ny = 1 -y, PL-DJ) nyly? o
Y ny-nyLog[ ||| (D.9) 4y‘ A 1Y Log 7 M;J]‘ (P D]« SBT Y 60
13 5.1 5 3 1 1, 2 - 1 v (= ) 1o
lshyy@D@oﬁg}AyymmA +36hyyWD,,A (u-?_‘PL-w,+§)‘yy—2A Yo PL-D) +
R [+ 1 1 (58 1 - .
ghyy—Af‘VlD,w-y_ﬂru PL-¢;+kEyy@+y@|‘i u—H’é (T vy PL- D) +
[ i 1 1 (51 N n
At i |2 ayeiny? Log[ ] ¢ (0,77 PL- ¥)
\ L
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Outlook and Conclusions
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Conclusions T|_|T|

m One-loop matching is a repetitive, mechanical, but crucial task in
BSM physics.

m Functional matching with the CDE and the Method of Regions
are an economical way to compute effective Lagrangians.

m Well-suited for automation, requires minimal user input.

m Most-importantly, the target basis needs not to be known.

m MATCHETE is a Mathematica package providing an easy-to-use
framework for SMEFT-like EFT matching.

m Still lots to do: Many steps trivial to humans are complicated to
teach a machine in full generality.

m Derivation of the EFT beta functions possible by methods already
implemented.

» Future: Interface to exisiting pheno codes (smelly, flavio, ...),

export of UFO files to interface with Monte Carlo generators like
MADGraph, ...

Automated One-Loop Matching with MATCHETE



Bonus slides
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There are no bonus slides.
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