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Effective Field Theories

Euler-Heisenberg Theory
QED at low elergies E << m,

1., 2, b . op Fe°
ﬁeff_—fF w + 4(F )+WF FuoF°PF,, + O o

e e
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Effective field theories

Euler-Heisenberg Theory

QED at low elergies £ << m, w‘:;ii
Z ? -

Fermi Theory

Four-fermion at E << mz w u><ue >MM<
W
J _

(Broken EW gauge group)
Fingerprints of H at E < my m} X

Standard Model EFT h

Integrating NP E << mpp ‘ Q NP
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Effective Lagrangians

High energy physics encoded in the coefficients of local effective operators

Lerr =Y _ GO;

Lagrangian operators determined by
o Field content

o Symmetries

Joan Ruiz-Vidal (Maastricht) MINIBAR

Theory Day 2026

447



Effective Lagrangians

High energy physics encoded in the coefficients of local effective operators

Lerr = Z G Oi= Lg<a + % Z GO;+ % Z GO; +O</\13>

dim 5 dim 6

Lagrangian operators determined by
o Field content

o Symmetries

o Power counting scheme
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Effective Lagrangians

High energy physics encoded in the coefficients of local effective operators

Lerr = Z COi= Lg<s + % Z GO, + % Z GO, +(9<

dim 6

1
A3

Brute-force method
1. Write all operators

2. Remove linearly
dependent

3. Remove symmetry
breaking

dim 5
Lagrangian operators determined by
o Field content
o Symmetries
o Power counting scheme
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The MINIBAR approach

MINIBAR

Tools to calculate MINImal
operator BAses Rapidly with
MATHEMATICA

Joan Ruiz-Vidal (Maastricht) MINIBAR

https://github.com/jruizvid/MINIBAR
structures

Find trivial
relations
Overcomplete
basis.

reference to

Construct
operator relations

Remove odd monomials

Reorder monomials
Operator re-
lation matrix
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The MINIBAR approach

https://github.com/jruizvid/MINIBAR
structures
relations

reference to

MINIBAR

Tools to calculate MINImal
operator BAses Rapidly with
MATHEMATICA

Remove odd monomials

Reorder monomials

//getMininalBasis calls C++ [SPQR]
//getMinimalBasisMathematica slow

Operator re-
lation matrix
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The MINIBAR approach

https://github.com/jruizvid/MINIBAR
structures

Find trivial
relations

reference to Overcomplete
basis
Construct
operator relations

MINIBAR

Tools to calculate MINImal
operator BAses Rapidly with
MATHEMATICA

Remove odd monomials

Reorder monomials

Other public tools: [Rosetta] [Sym2Int]
[DEFT] [BasisGen] [GrIP] [ABC4EFT]
[MassiveEF T-Operators] [Matchete]

[AutoEFT] [opbasis]
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The MINIBAR approach

MINIBAR

Tools to calculate MINImal
operator BAses Rapidly with
MATHEMATICA

Other public tools: [Rosetta] [Sym2Int]
[DEFT] [BasisGen] [GrIP] [ABC4EFT]
[MassiveEF T-Operators] [Matchete]
[AutoEFT] [opbasis]

IMINIBAR] ChPT; flexible notation
Joan Ruiz-Vidal (Maastricht)
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Construct
operator relations

Remove odd monomials

https://github.com/jruizvid/MINIBAR
structures

Find trivial
relations
Overcomplete
basis

reference to

Reorder monomials

Operator re-
lation matrix

//getMinimalBasis calls C++ [SPQR]
//getMininalBasisMathematica slow
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Scope of MINIBAR

Effective Lagrangians

Qo

Qo

Qo

Qo

ChPT O(p? — pB) 231020547
ChPT+Gravity O(p? — p°)
ChPT+QED O(p? — p°)
ChPTHEW O(p? — p°)

ChPT with baryons?
ChPT with ALPS?
EWET?

SMEFT

LEFT / WET?

Joan Ruiz-Vidal (Maastricht) MINIBAR

Rest of the talk
o Three Lagrangians
o A tiny bit of code
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Scope of MINIBAR

Effective Lagrangians Rest of the talk
o ChPT O(p? — p®) 231020547 o Three Lagrangians
o ChPT+Gravity O(p? — p%) o A tiny bit of code

o ChPT+QED O(p? — p°)

) 6 The shelves of the MINIBAR
o ChPT+EW O(p® — p°)

©

ChPT with baryons?
ChPT with ALPS?
EWET?

©

Z % HelationsFronfule
iy " ot otalDerivatives o

©

o SMEFT

o LEFT / WET?
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1st Lagrangian

Chiral Perturbation Theory

in collaboration with J. Bijnens and N. Hermansson-Truedsson

Joan Ruiz-Vidal (Maastricht) MINIBAR Theory Day 2026 7/47



Chiral Perturbation Theory (ChPT)

._ 1 s
ﬁQCD = Iq(m - mq)q - Z G'LLVG;L

0 Effective theory of Quantum Chromodynamics
at low energies

0 Exact same symmetries

SU(3)c, U(1)*, SU(3). x SU(3)k
* Broke{n dl/(l)A generates anomalous sector (here)
I provided mg —

Bound states as asymptotic states

Joan Ruiz-Vidal (Maastricht) MINIBAR

021

ay(@Q?)

= o(Mz?) = 0.1179 % 0.0009
H

T T
T decay (N’LO) =
low Q2 cont. (N*LO) +o—
HERA jets (NNLO) i ]

Heavy Quarkonia (NNLO)
e'e” jets/shapes (NNLO+res) =
PP/pp (jets NLO) =
EW precision fit (N>LO) +e 7]
pp (top, NNLO) ++—

0.05
1

August 2021
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From QCD symmetries to mesons

. 1
d EQCD = Iq(m — mq)q — Z GSVGQMV
u o all possible rotations in {u,d,s} coordinates
s U(3)
dL dR

O assuming my = 0, independent rotations igr[Pgr + igLPqs
uy ug U3)L x UQ3)r
O factoring out global phase changes
= 5U(3)[_ X SU(3)R XU(l)L+R X U(].)L_R
hiral I
chiral group anomaly

O Spontaneous chiral symmetry breaking

G =SU3)L x SUB)r — SU(3)v

©

Resulting 8 pseudo-Goldstone bosons: light mesons
0,7 K= KO, K, s
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Chiral Perturbation Theory (ChPT)

O 8 massless Goldstone bosons. Best parametrized through matrix U

1.0 1 + +

i G + Vit t e 1 oTr 1 Ko

U=¢€'" —)gRUgL s P = ™ *ﬁ‘ﬂ'iJr VAL K
K= KO — 2y

NG

@ External background fields introduce mg # 0 and help relation to quarks
=0  _ _ .
L=Loly +a7" (vu+auys) g — G (s —ipys) q

@ Other standard parametrizations

O(x) s p Ly ra U x F3P FP o X+ FP

O Most general symmetry-preserving £ at lowest order

f2

;cQZI

(D, U'D*U + U'x + x'U)
—— —
external fields
o Known at O(p?), O(p*), O(p°).
[p*: Gasser, Leutwyler; Annals Phys. 158 (1984) 142]

[Scherer et al, hep-ph/9408346]  [Bijnens et al, hep-ph/9902437]
Joan Ruiz-Vidal (Maastricht) MINIBAR Theory Day 2026 10 /47
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https://arxiv.org/abs/https://inspirehep.net/literature/194037
https://arxiv.org/abs/hep-ph/9408346
https://arxiv.org/abs/hep-ph/9902437
https://arxiv.org/abs/1810.06834

O Intrinsic parity — two Lagrangians
> Even sector:
eg Tr(utuyu’u,)
> Anomalous sector:
e.g. Tr(uPu”uPu)euwpo

@ Contact operators with different
parametrization

Joan Ruiz-Vidal (Maastricht)

MINIBAR

{ther Fo s X

Compose invariant

e o Introduce traces

Identities:
o Total derivatives

4 Eq. of motion
o Bianchi

5 Cayley-Hamilton

© Schouten

o ViVl X

O Vi u+Fw =0

o Index permutations

5 Cychicity of traces
Find trivial

relations

o Trivia zeroes

Add other
monomials

reference to

Construct
operator relations

Remove odd monomials
Reorder monomials

Operator re
lation matrix

Overcomplete
basis

monomials that are

as possible.
o Others

-

Explicit contact operators with LR basis
{FlR x X, DuX}
obtained from full calculation

31k variables (monomials)

x
140k equations (relations)

999 for general Ny
£3% $ 705 for Np =3

Theory Day 2026

5 P-even combinations of
v,

Combine operators into

Prioritize monomials with
possible.

5 As faw traces as possible
5 As few V,.X as possible

5 As faw consecutive V... VX

211 for Ny =2, {f) £0

WX}

(Anti)symmetric indices
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Bases

O(x) s p Lo ra U x F2P FP o x+ 7
l Matrix Definition Transformation ‘

U exp (i @) gr Ug[

X 2Bo(s + ip) nggL

Fu? aaéﬁ - aﬁga - I[€a7€/8] F ﬁgL

F(y? a‘lrﬁ — 6ﬁra - i[rOH rB] F BgR

Ue i{uf (8a—ira)u—u( —ilo)u'} huahJr

X+ utyut + uxTu hy+ht

foP uFPut + utFRPu hf P pt * U =12

e Meson octet fields in (x) e U parametrization transforms linearly under the
(\}5770 + e w K* ) chiral group (gt,gr) € SU(2). ® SU(2)r
®(x) =

T 777 +7’]g KO

K- K0 ~2y;) ® Ua chiral transformation only with h € SU(2)v
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Constructing £3Q°: all conceivable terms

1. Do all possible combinations of building blocks at order p®

Ua X+ fiaﬁ; VEX

2. Impose Lorentz invariance, odd intrinsic parity, chiral symmetry, parity

3. Distribute them over flavour traces

1. Combinations of building blocks +
derivatives

2. Do permutations* and freeze order
3. Add indices and their permutations: Possible terms: ~ 244k
<fr8v7 L16> <fi”’u“ UU> EaBrs

N —

4 ind. with £,3~s (2 ind. pairs) = 4-8 indices

4. Group in (flavour traces)

*needed permutations

Joan Ruiz-Vidal (Maastricht) MINIBAR Theory Day 2026 13 /47



Constructing £";Q°: vanishing terms and trivial relations

O Directly vanishing terms from trivial identities <u> =0; <ff,,> =0
O One-to-one relations due to index (anti)symmetries

o Vanishing terms due to (Symmetric)x (Antisymmetric)=0

eg PP ALA; =0

1. Directly vanishing (244k — 74k)
(uy=0; THfE]=0:FF =0

2a. Calculate all shapes of each term and Possible terms: ~ 244k
cross-compare to find duplicates After trivial relations: ~ 31k

2b. Cycle traces and order indices with a
canonical criterion. Remove duplicates

3. (Symmetric)x (Antisymmetric)=0

Joan Ruiz-Vidal (Maastricht) MINIBAR Theory Day 2026 14 /47



Constructing L£5°: operator relations (I)

O The terms that survived (31k) are still related through different identities
@ These can connect up to ~ 20 terms simultaneously

@ Determine all relations systematically from each of these identities:

Total derivatives

O Total derivatives in the Lagrangian — surface terms in the action

5:/£d4x

@ 12k relations

1. Generate all possible total derivatives and store relations

d HA 9B
(ABC..) =0 — —BC..+A~
dxH

C..+..=0
OxH OxH

Joan Ruiz-Vidal (Maastricht) MINIBAR Theory Day 2026
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Constructing L£5°: operator relations (I1)

Definition of (- + Vu)

Uy, = i[uf(au —irp)u— u(Oy — iéu)uf]
VX = 0uX + [T, X]
Mo =3 [uf B = in) ut u (@ — it) u]
1Y = uFfut £ utFEY

— Vuu, —Vyu, +f 4, =0

@ 12k relations

1. Find instances of V,uy, or f_,, in the terms e.g.
X+ f—ap ) (fouy Vinus)
2. Each yields a relation
(x+F—ap) (fopuy Vpus)+

<)(. vauﬁ><f—‘l"’ V“,u(5>*
<X. VBUQ><f7u»’ V;A,U<5> =0
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Constructing L£5°: operator relations (II1)

Commutation of covariant derivatives

@ The commutation of derivatives

. ) [V, Vo] X = [, X]
O is given by the field-strength tensor I,

1 i
ru:*[u,uu]fffﬁ»u
@ 9k relations g 4" 27

Bianchi identities

O Introduced in differential geometry. Holds for the field-strength tensor I, as
Vulvo +Vulpp + Vol =0

@ 2k relations

Joan Ruiz-Vidal (Maastricht) MINIBAR Theory Day 2026 17 /47



Constructing L£23°: operator relations (IV
g &

Schouten identity
O Two indices in 1D p,v = {1} cannot be antisym. (A*A” £ —AYA*)
0 In 4D p; ={1,2,3,4}, we cannot have 5 antisymmetric indices
O In each term, permute 5 indices to build antisymmetric combinations
0= Aueaﬁ’yé - Aasuﬁ’yé - Aﬁeau’yé - A'ysaﬁué - Aésaﬁ'yu‘
O 27k relations
Equations of motion / field redefinitions

Vi, — é(x- - ,\1,f<><—>) =0

o EoM following from LO Lagrangian £o = %z(uuu“ + x+)
0 Equivalent from most general field redefinition [App.A, hep-ph/9902437]

@ 2k relations

Joan Ruiz-Vidal (Maastricht) MINIBAR Theory Day 2026
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https://arxiv.org/abs/hep-ph/9902437

Constructing L£5°: operator relations (V)

Cayley-Hamilton trace relations
O The determinant of the flavour matrix A is (for Np = 2)

det A1y, = A* — (A)A — detA (1n,) = (A*) — (A)?
N——

Ne
0 _A2 1 2 2 . .
=A"— (A)A— N A% — (A) Possible terms: ~ 244k
det A £ After trivial relations: ~ 31k
det A Relations:

O Total derivatives ~ 12k
Definition (f_ <> Vu) ~ 12k

O Introduce in our terms by developing
A = B+ C (Nr = 2); and analogously for the
identities in N =3, 4, 5, ... Equations of mation ~ 2k
Bianchi ~ 2k
Commuting derivatives ~ 9k

O 67k relations
Schouten ~ 27k

© 00 00 O

Trace relations ~ 67k
(Np =2)
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Constructing £3Q°: ensure H and C symmetries

P C h.c.

Uy —e()up ui | ouf
X+ £+ xt | =%
fru | Te(we() e :Ff:i:T;w fiTlW

o Find linear combinations of operators
that are

> Hermitian: (5/1L =

> Eigenstates of C:

& &

£ 46

o New basis {O;} with same number of
operators (31k)

O C-even identified (14k)

Joan Ruiz-Vidal (Maastricht)

MINIBAR

2a.

2b.

. Transform operators

0; SH G Alke 0

Ready eigenstates O; = O;
Correct H-odd by adding i

©) = i@f
Modified operators (j # i)
Depending on (Ai )\lj]:r')

oL 0t 0i—i0

! 2 A 2
i0; + O —i0;+ O
O; = ! /. @)= ! g
2 2
i®; + O; i0; — O;
0; = —! L, 0=— 4
2 2
O;+id -6, +i0;
0; = — L 0=— L.
2 2

Theory Day 2026
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Constructing £3Q°: find complete minimal basis

O Relations between terms form a system of linear equations [A5 =0]

@ Many linearly dependent: Gaussian elimination

@ System not rank-complete: get maximal set of independent variables

1. Build relation matrix A (31k x 200k)
[AO = 0]

2. Decomposition into unitary (Q) and
right-upper-triangular matrix (R)

[QRO = 0] — [RO = 0]

3. Nonzero terms in diag(R): contains a set
of linearly-independent terms

O Bases obtained for general Nr and
Ne =2 (u,d), NF=3(u,d,s)

Joan Ruiz-Vidal (Maastricht) MINIBAR

Possible terms: ~ 244k
After trivial relations: ~ 31k
Relations:

O Total derivatives ~ 12k
Definition (f_ <> Vu) ~ 12k
Equations of motion ~ 2k
Bianchi ~ 2k
Commuting derivatives ~ 9k

Schouten ~ 27k

© 00 00 O

Trace relations ~ 67k
(N =2)

Linearly-independent  terms
(general NF): 999
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Contact terms explicitly

O Operators that only involve external
fields

o Counter terms to renormalize loops
with vertices of lower p order

O Basis to make them explicit

uUx Fy’ FY’

0 Additional building block
% = (det()x )" — grig] -
O Repeat calculation with this basis

Joan Ruiz-Vidal (Maastricht) MINIBAR

S O N =

™

Build all possible terms
Check chiral invariance
Reduce with trivial relations

Obtain operator relations from
same identities except

» Equations of Motion
» Definition (f— <> Vu)

Build relation matrix

Gaussian elimination and final
basis
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Final number of terms

N¢ Nf=3 Ne=2 Nfp=2 <f+(w>:0*
Total Contact || Total Contact || Total Contact || Total Contact
Full 999 0 705 0 211 5 92 2
No x+ | 565 0 369 0 77 2 0 0
No 79 0 45 0 2 0 2 0
Only u, 36 - 16 - 0 - 0 -

* For the anomalous sector with Ng = 2, the physical case needs the inclusion of a (non

chirally-invariant) singlet vector source, i.e. <f+ag> # 0. Not considered in last column to allow

comparison with Hilbert series [2212.07901]

Joan Ruiz-Vidal (Maastricht)

MINIBAR
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https://arxiv.org/abs/2212.07901

ChPT Lagrangian — summary

[Bijnens, Hermansson-Truedsson, JRV, 2310.20547]

@ Obtained the anomalous ChPT Lagrangian
at 0(p®)

o Completing O(p®)

o Agreement with Hilbert series method on
number of operators at N — oo [2212.07901]

o Additionally provide explicit basis

O MINIBAR code published with the article

ILP. | Nf | Np=3 N =2
even 2 2 2

even 13 12 10

even | 115 94 56

odd | 24 23 13 [5](r,)=0
even | 1862 1254 475

odd | 999 | 705 | 211[92],,\

https://github.com/jruizvid/MINIBAR

Joan Ruiz-Vidal (Maastricht) MINIBAR
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Beyond the pseudoscalar octet

Challenges of ChPT
Reviews:  [Pich, hep-ph/9806303] [Scherer, A primer of ChPT]
0 Adding resonances

> For E above the first resonance m, ~ 770MeV, other
mesons play an important role

V(1=7), A(1T), S(0TF) and P(0™T)
> Systematic frameworks developed. Many new
interactions and new free parameters

o Adding baryons

> New allowed interactions modify power counting and
add many extra terms

0 Adding heavy quarks

» Chiral perturbation theory relies on small masses
q = {u,d,s}. Formalism with SU(Ng = 4)
» Combination with Heavy Quark Effective Theory

Joan Ruiz-Vidal (Maastricht) MINIBAR
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Beyond the pseudoscalar octet

Challenges of ChPT
Reviews:  [Pich, hep-ph/9806303] [Scherer, A primer of ChPT]
0 Adding resonances

> For E above the first resonance m, ~ 770MeV, other
mesons play an important role

V(1=7), A(1T), S(0TF) and P(0™T)
> Systematic frameworks developed. Many new
interactions and new free parameters

o Adding baryons

> New allowed interactions modify power counting and
add many extra terms

0 Adding heavy quarks

» Chiral perturbation theory relies on small masses
q = {u,d,s}. Formalism with SU(Ng = 4)
» Combination with Heavy Quark Effective Theory

o Adding gravitons

> Calculation of Gravitational Form Factors
> Phenomenologically accessible through GPDs

Joan Ruiz-Vidal (Maastricht) MINIBAR
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2nd Lagrangian

ChPT + Gravity

. graviton®
NiP) N(P)

in collaboration with J. Bijnens

Joan Ruiz-Vidal (Maastricht) MINIBAR Theory Day 2026
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Introduction

5= Sgrav + Smatter = /d4X\/ _gR + / d4X\/ _g[’matter
o Least action principle with dg,,, — Einstein Field equations

1 1 6y/—
Ruw — zguwR=kT,, , where T, = Ner fifaﬁer
—8 g

2
o T,, encodes fundamental information of the particles
— mass — spin — "mechanical properties”

o Form factors of conserved currents at zero momentum transfer

em: 9, J4, =0 (N'|JELIN) — Q = 1.602176487(40) x 10~°C
o= 2.792847356(23) un
weak: PCAC (N'|JE W IN) — ga = 1.2694(28)
gp = 8.06(55)
gravity: 0, Tk, =0 (N'|Thay|N) — m = 938.272013(23) MeV/c?
J=1
D

Il
o

[Polyakov, Schweitzer; 1805.06596]

Joan Ruiz-Vidal (Maastricht) MINIBAR Theory Day 2026 27 /47


https://arxiv.org/abs/https://inspirehep.net/literature/1673717

Phenomenology of gravitational form factors

. "
() y w'p)
i ' \/\%m o
Y
graviton®
i GDA
Tuv GPD YOk
N(P) NP?) NP) NP v e

o Experimental effects
> In strong gravitational field: direct coupling to gravitons
» Nucleon GFF: Deeply virtual compton scattering / threshold J /v
photoproduction access GFF through generalized parton distributions
(GPD): two spin-1 photons ~ spin-2 graviton
» Pion GFF: Hard exclusive production in vy — %% through
generalized distribution amplitudes (GDA)

o Revived interest in recent years [2207.05212] [GlueX, 1905.10811]
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https://arxiv.org/abs/2207.05212
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Energy momentum tensor for mesons in ChPT

T o_ 1 6\/ _gﬁmatter
Vg g

o Build all terms in the Lagrangian compliant with symmetries

o Include couplings of matter fields to curvature
o Practically: ChPT Lagrangian with extra building blocks

Riemann curvature tensor

B - B B B A B A
R pra altr va aVr po +T M)\r va r l//\r po
1
rlB wr = Egﬁ)\ (augx\ll + auguk - akgm/)
Ricci tensor Ricci scalar
Ruv = R\ R=g" R,

Joan Ruiz-Vidal (Maastricht) MINIBAR Theory Day 2026
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ChPT + Gravity: calculation with MINIBAR

o Add building blocks
{Rywpe: Ruvs R}

outside traces (not
flavour matrices)

Compose invariant
structures

Identities:
 Ryupo index relations
o Bianchi (GR)

o Original relations with
modified covariant
derivative

Find trivial
relations

o Add one-to-one Ry
index relations

reference to Overcomplete

basis

Construct
operator relations

© Add Ryps transformation
properties under #, C, P

Prioritize monomials with
o As few Ry, as possible

Remove odd monomials

Reorder monomials }
o As few Ry, as possible

o As few R as possible

Operator re-
lation matrix

Joan Ruiz-Vidal (Maastricht) MINIBAR Theory Day 2026 30/ 47

18 at O(p*), Ny =3
Lodd
Final basis 3 {167 at 0(5%),gen Ny




Covariant derivatives

Covariant derivatives

ChPT

General covariance (GR)
VX = 3 X + [, X]

VXY = 9, X% 4T, X7

M=ol O —in)u+u(@ —it)ul] 19, = 1™ (085, + Ougin — Dpgn)

o V and V combined into one covariant derivative V
o Adapt identities for operator relations
Commutation of covariant derivatives
A A vaRRY aB... — pa VB 8 ay
[vm vy} X = [, X] [V;u Vu] X iwux + R X

M = % [up, u] — éfﬂw
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Riemann indices

Index permutations

Ruvap = Rapuw
Ruwas = —Rusa Ruap = —Ruas

1st Bianchi identity

RﬂLﬁ“/ + R/L@ + R el = 0
2nd Bianchi identity

Ruvasry + Ruvpria + Ruvyass = 0

*Notation: Ruuagiy = VyRuvas
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Lagrangian at O(p*)

o First calculation O(p*) _
[Donoghue, Leutwyler, Z.Phys.C 52 (1991) 343] ° Lellgranglan rePVOdUCGd
— 18 terms for Ng =3 with MINIBAR

Operators
50 100

Pure ChPT Mixed Pure GR
1 TR(Uj1, 41 Ujzs 4 TR(Rj1,52]  TR[uj1, us2 TRIRj1,52,53,54)
2 TRuj1, 45 TRIR] - TRuj1, uj1 TR[Rj1,52]17

3 TR [uj1, 452]? TR[R] TR TR[R]?

4 TROX' 5 ujns 451

5 TR TR[uj1, uj1
6

7

8

50

Relations
3
8

—
j
-
)

a

=)

200
o From L to T* to (m|T*|m) e :

Renormalization of 1-loop diagrams ChPT + Gravity O(p*)

©

Joan Ruiz-Vidal (Maastricht) MINIBAR Theory Day 2026 33 /47


https://arxiv.org/abs/https://inspirehep.net/literature/30453

Lagrangian at O(p°)

S
PRELIMINARY

Possible terms: ~ 690k

After trivial relations: ~ 4.2k Operators

Relations: 1000 2000 3000 4000

O Bianchi 1 ~ 4.1k

Bianchi 2 ~ 600
Commuting derivatives ~ 1k
Index RHYP7 ~ 10k
Definition R and R*Y ~ 1k

5000F

Total derivatives ~ 1k

Definition (f_ <> Vu) ~ 200 10000f

Relations

Equations of motion ~ 80
Bianchi ChPT ~ 20

Schouten ~ 1.5k 15000F

0000 O00COOOO

Trace relations ~ 380
(Nf =2)

Linearly-independent  terms

(general Ng): 167 ChPT + Gravity O(pﬁ)

\.
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3rd Lagrangian
Standard Model Effective Field Theory

H Fu
Y ¢ H H g g
w w
X e i hd
Y v H :H H H L L

with Bachelor students at Maastricht
Jakub Gorzelany & Lam Trinh
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SMEFT

o EFT to search for New Physics
above the SM

o Full particle content of the SM

o Full Gauge group
5U(3)C X SU(Q)L X U(].)y

[Warsaw basis]

help of EOMs in Ref. [3] has been a partial success. It is really amazing that no author
almost 600 papers that quoted Ref. [3] over 24 years has ever decided to
basis from the outset to check its correctness. As the current work shows, the
straightforward enough for an M. Sc. thesis [2
respect to what was standard already in the 1980

ercise has be

Joan Ruiz-Vidal (Maastricht)

Identities:
o Fierz

o [D, DX

o Total derivatives (IBP)
o Eq. of motion

o Schouten

°

5 Combinations of
{qL, ug, dg, {1, e, H, Gy,
W, Buv, 75, 0%, T2, 7}

o Gauge invariance
SU(3)c x SUR)L x U(L)y

o Indices: Lorentz, Dirac,

Colour, Isospin

Compose invariant
structures

Find trivial

relations o (Anti)symmetric indices
o i

o Trivial zeroes

of

the operator
cen
30]. It has required no extra experience with

MINIBAR

Overcomplete
basis

reference to

Construct
operator relations

Combine operators into
monomials that are

-ev

© C, P, T-even or -odd

Prioritize monomials with
o As few D,.X as possible

o As few consecutive
D,....D,X as possible

o As few {#, 75,01, T?}
o Potential-Tree-Generated
operators

Remove odd monomials

Reorder monomials

o Others...

Operator re-
lation matrix

Lsm

Decompose o {59 for 1 generation

2499 for 3 generations
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https://arxiv.org/abs/1008.4884

Representations and indices

q. ur dr 4 er H Gy W, By Y v o T2 1 ]

Dirac Spinors SU(3) Colour SU(2), electroweak
le Qred _ (UL)
w — L2 q Ablue L
le Qgreen
YR2
Lorentz Generations
0 —Ex—E,—E, Ao qud
o Ex 0 —B, By o Ar g9 =\ Qcs
=le B o-8] 7 |A Geo
E,-B, B, 0 A3

MINIBAR vO: only Lorentz indices; v0.6: flexible index types
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Operator relations

e One-to-one relations
Trivial zeroes -~ . . :
(’Y) :15 (’7) =7, {7,7“}:0

{72 =28", Tr(y"7") = 4™
Tr(y"9"y"77") = —4i """

Tr(y*) =0, Tr(y")=0

Tr(odd number of v) =0
Tr(c') =0, Tr(T")=0

pv 2

Yy =4, v =g"—io

New identities

Fierz:

J

(Fuio) (istoe) = 3 (atoa)(Ftz) + 5 (B d) Frave)
+ %(1510”]/1/14)(@30W¢2) = %(&17“%%)(@3%%#}2)
+ 7 Wrste) (Jrsz)

Commutation: [D,,D,] ~ Fu., , EoM: ~*9,¢ = my

. 4
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The shelves of the MINIBAR

https://github.com/jruizvid/MINIBAR

Compose invariant terms Trivial relations

antisymmetricCombinations che_ ckRule CleanTraces findLinearlyDependent findSameDperators

s getCayleyHamilton etRelationsFromRule sethuleceyieytiniivon

gesschoucentn  getSchoutenJ getTotalDerivatives  cowm  imertmmsiceram

justOpes  xeld | reVitimegers  rescvedolluSign  rescvebverallfactor  rescveOrerallfactoriesl  remcvePatterss
sortGroupsCH subsIndices ‘testRelationRankUnder

Operator relations

getEvenTermsUnder getInverseTransformation R e
getTransformationRules i mmstomtsomnestromtistontor  haskiola  bastotias  movetp  nder
wiolts  useper  omaces  smove  T@0TAEr0PEratOrS  ewmem  scorePreferredoperators

separateEven0ddUnder e gD symmetrize testTransformation
Symmetry transformations and reordering

additionalOpestor basesDiff correctbin

getMinimalBasis

getRank getRankMathematica

getRedundantOperatorsUsing
getRelationMatrix e
isCompleteAndMinimallirt removeTags

testEquivalenceBases s

toSquare

Reduc

Helpers to debug

n with Gaussian el
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MINIBAR shelves: Helpers to debug

Helpers to debug

@ Notation
DD[field, nDer] [indices]
> inspect terms with

readableNotation, see
> find terms easily with

find, findExact, findWithNDer ...

@ Useful to debug large lists
seeEqualElements, seeChangedElements,

positionDuplicates, addTags, rmTags, ...

Joan Ruiz-Vidal (Maastricht)

ii1)=  TREDD[chim,0][1,DD{fp,1]1[3[1]1,3[11,31211,DD[u,@1[j[2]]1] //readableNotation

outstl TR[x", V51-£ 50,52 432 )

iezl-  miniBasisNf2//findExact [u,u,chip]//showLength//showTiming//see;

4 terms
©.000551 s

TR[Vi1-X"5 V5252, ujn] + TR[Vj2X"5 uj1, Vi2.u52]

K TR[X', Vj1.u52, Vy1.u2]

TR[X', Vj1eu51, V32.452]

i (TR, w515 452, F31,52) = TRIXT, 751,525 4515 452] )

iesi-  test//shouLength;

seeChangedElements [%,%/ . {chipchim}]

56 terms

14 changes

|#] Position | listl | list2 |
Iex |

8 TROT TR x']
1L TR, Tgreugas Tinessa]

16 TR[X', uj1s 425 415 452]

1
2
3
4
5 12 TR[x, Vy1eu1s Vizeugz)
6
7
8 18 TR[j1.x', Vi1.x']
9 22 TRX" wi1y X*y w51

1023 TR[x, X, w1, )

1354 TR[x', 1,52 £ i)

[

[

[

[

[

[

17 TR[X', 4515 4515 4525 Y52]
[

[

[

[

[

[

1455 TR[X, Fynses £inge)

T[ogc ]2

TR[x, )2

TROT TR, x7]
TRIX s 51525 51032
TR, Fy1-515 Tjz-ui2]
TRX s 415 4j2s 4515 452]
TR[X 5 4515 415 U525 452]
TR[ V52075 P310x7]
TR, w315 5 451
TRIX 5 05 w50, 1]
TRIX, X, X)

TR, X0, XC)

TRLx 5 Fi0,52 Fin52]
TRLx 5 f 50,52 £ 152

*Screenshots from MINIBAR/TUTORIAL.nb

MINIBAR
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MINIBAR shelves: Compose terms

Compose invariant terms

O Construct operators with
MINIBAR notation

@ User must define the building
blocks and type of indices

@ Only Lorentz* indices are
supported

»  jIndices contracted in pairs
» mIndices with external Levi-Civita

*Or other. But just one category (currently)

Joan Ruiz-Vidal (Maastricht)

[

In[54):=

In[58]:=

n[60):=

» TR[Bj1,52, By1,j2]

mIndices={};
jIndices={j[1]1,3[2],3[31};

BB= { A inAl dimA2,
B inA2  dimA2,
der inAl  dimAl};
comb = getCombinations[BB,{2,3,4}]//Flatten

{Aderdim®in?, ...31terms ..., AB>dim®in’, B* dim® in®}

Select combinations with 2 or 4 indices, and dimension 4

comb //Cases[_ in*(2|4)] //Cases[_ dim"(4)];
%/.{in>1,dim-1}//DeleteCases[der’_]

outsel- {A%, B?, Bder?}

Find field orderings, apply derivatives, wrap fields in traces, insert indices

%//Map [applyDerivativesAndPermutations]//introduceTraces;

possibleTerms=%//ins :xPlaceHolders //insertIndices //see;

TR[A51, Aj1)

TR[A;51]?

TR[Bj1,51, Bja, 2]
TR[Bj1,51] - TR[Bjz,52]
TR(V31.V51.By2,52]

TR[Bj1,52, By2,51]
TR(Bj1,52]  TR[Bjz,51]
TR[V51.952-By2,51]

TR[Bj1,52]?
TR[V51.¥52.By1,52]

Initial list of possibleTerms obtained
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MINIBAR shelves: Trivial relations

@  User defines how to generateAlternativeShapes
through "trivial” relations

Q  Then one can DeleteDuplicates and
getDictionaryOfShapes

Apply trivial relations

i possibleTerms//showLength;
basis = D e //Mapisort) 1/
Map[First] //DeleteDuplicates //shouLength;

4490 terns
1445 terns

Trivial relations

Prepare to reshape terms

issor- rulesTrivial = basis//Map[generate i //Mapgetdicti pes];
*[91//see;
Q identifyTerms with opel[il tags
3150 32,52 2 TRIXC, 73190, Fi2,52]
x /jm,/m; TR Pyt £
S TRIC, F150s £52,52]

Identify terms

Cy Fizgs £

243~ identifyTerms = makeIdentifyTerms[lag]; STRUx', £nans £ 2,32

TRx ]
TR[x' ]
TR[x 1]
2 TRIF 50,300 F 52,325 €] 2 TRIXC S 31,50 Fa2,52]
TR 52,32, 3031, 1]

TR[# 52,525 x5 Fr50,01] = TRIX S Fo51,50 F73,52]
TR[7 ]

0 K Fasa] 2 TR, Finan i)

50 3xIxlagl2;318534];

{%,%//1dentifyTerns}//Transpose//see; @  Substitution accelerated 50x using hash tables with
rulesToFunction
3iTRL'] TRLX', ] 3iope(2]
34TR[F50,52, F50,330 Fy2,35]  3iopel6) ieezi rulesTrivialf = rulesTrivial //showlength //rulesToFunction;
» 3iTRIx 12 TRx'] 3iope[l0]
3iTROC] TR[f 51,52, F41,52) 314 opel14] 30843 terms
34 TR[vs i ] TR 3iope(18] isesi- possibleTerms/.rulesTrivial//shouTiming;
/ 3
2.00479 5
0.038142
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MINIBAR shelves: Operator relations

antisymmetricCombinations Che CkRul e cleanTraces D findLi i
ueuas  getCayleyHamilton — getRelationsFromRule — icmuiccanesmamiion
getschoutenan ~ getSchoutenJ getTotalDerivatives  gowm  imsermmdicesrorm

justOpes realQ relVithIntegers larSign 11Factor 111 1

rotateTraces R T subsIndices testRelationRankUnder

rmOverallReal

Operator relations

@ Common relations: Cayley-Hamilton,

Schouten, total derivatives. e . . . .
O Specific identities are defined in a Rule,

used by getRelationsFromRule. It
i@si-  TR[A,A,B,B]//getCayleyHamilton[2] allows flexible notation

Cayley-Hamilton trace relations for NxN matrices (N=2,...,27)

3 relations found User-defined relations

{TR[A)> TR[B, B] - TR[A, A] - TR[B, B] - 2TR[A] ~TR[A, B, B] +
2TR(A, A, B, B], ...}

inask-  rulel = DD[B,n_? (#22&)][X_,y_,ind__] =
DD[B,n][x,y,7nd] + DD[B,n][y,x,ind];

% // checkRule;
Schouten relation for D+1 antisymmetric indices

3 Ve Ty +Bind = Vx+ Ty +Bind + Ty Vx - Bind
s~ test2//see//getSchoutend;

%[1] H N 3

[11//see m#1;= | Feldl = getRelationsFromRule[possibleTerms,rulel]//see;

» TRTAj1,525 Bj1,j2]  TRIBj3,ja, Bjz,jas Cjs,js] 3 relations found
32 relations found TR[Vj1-942-Bj1,52] + TR[Vj2.Vj1-Bj1 2]
» TR[Aja,j5, Bj1,52]  TR[Bj1,j2, Bj3,j45 Cj3,55] - » TR[Vj1-¥j2.Bj2,51] + TR[V52.951.Bj2 51]

TR(Ajs,j45 Bj1,52]  TRIBj1 525 Bjs,jas Cy3,ys) - 2 TR[751-V41-Bj2,52]
TR[Aj3,j5, Bj1,52]  TRIBj1,52, Bj3,ja, Cja,js] +

TR(Aj5,93, Bj1,52]  TR(Bj1 52, Bja,ja» Cia,gs) + --. 120 terms
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MINIBAR shelves: Symmetries and reordering

getInverseTransformationNaive

getEVenTermSUnder getInverseTransformation
get Trans f ormationRules getTransformationRulesFronListOrder hasField hasNotHas moveUp
I‘eorderUpera‘t ors reverseTR scorePreferredOperators
Symmetrize testTransformation

nDer

nFields nSeqDer nTraces remove

separateEvenOddUnder signsUnder simpleConjugate

Symmetry transformations and reordering

O scorePreferredOperators to determine

Find new symmetric basis with which should be kept in the final basis.
symmetrize
s~ Clear [scorePreferredOperators]
scorePreferredOperators[term_]i=
o~ Clear[H,P]
hasNotHas[ term,A,B] + 100 +
WLexpr_15=expr /.0D8,n.1{71d_1e>-DD[8,n] [ind] //CleanTraces//reshapeTerms;
nFields(term,B] 10 +
Plexpr_]:=expr /.DD[B,n_][ind___,a_,b_]=(-1)An DD[B,n] [ind,b,a] //cleanTraces,
nber [ term] a1
nTraces [ tern] + 0.1
Wi~  symbasis = possibleTerms // symmetrize[H,P];
prefbasis = basis//reor P i redoperators] //identifyTerms;

{%,%//identifyTerms}//Transpose//see;

TR[Aj1, Ajy ope(1]
TRIA] ope(2) @ Change bases:

TR(By1, 525 Bin 3z ope(3] .

TR (B 52, By ] opeta] raw <> symmetric <> preferred

TR[Byy,505 By, 52 ope(5]

TR[Bj1,52]2 ope([6] . . . .
TR[81,52]  TR[Bja ope (7] iesl-  symToRawOpes = symbasis //identifyTerms //getTransformationRules;
TRIBju51]  TR[Bjap0 opel8] rawToSymOpes = symToRawOpes //getInverseTransformation;

3 (TR[752-32+By1,52] + TR[ 7519524852 31] ) i 0pe9] + i ope[10

S TR[Vs1.95:- i ope(1l

5 (mR[ (. Biasi])  iopels] - iope(ld issi-  symToPrefopes = prefbasis //getTransformationRulesFromListorder;
» poa prefTosymopes = synToPrefopes //getInverseTransformationNaive;
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MINIBAR shelves: Final reduction

Relations

additionalOpesFor basesDiff correctDim
getMinimalBasis
getRank getRankMathematica

getRedundantOperatorsUsing

getRelationMatrix wspectretastonasris

isCompl

inimalWrt .T: summary
testEquivalenceBases s
tosquare

Reduction with Gaussian elimination

@ Put relations into a SparseArray with
getRelationMatrix

- {reli,rel2} // Flatten // reshapeTerms // identifyTerms
relMatrix = % // rawToSymOpesF // symToPrefOpesF // getRelationMatrix

Operators
2000 4000 6000 8000
Relation matrix of ChPT
5000 Odd IP Lagrangian
10k variables,
10000 T 16k equations
15000

Joan Ruiz-Vidal (Maastricht)

outes)-

MINIBAR

[Factorization with SuiteSparseQR]

O Interface to C++ to solve the system
> getRank: nbr of indep. operators
> getMinimalBasis: basis

relMatrix //correctDim[Length[basis]] // getMinimalBasis

Factorising ...

CHOLMOD sparse: R:
CHOLMOD sparse: D:
Rank: 3

11-by-11, nz 4, up/lo. OK
11-by-11, nz 3, up/lo. OK
Minimal basis obtained:

8 operators altogether

{ope (1], ope[3], ope[4], ope(5], ope(6], ope(7], ope(8], ope[9]}

These relations were found (-0): Minimal and symmetric basis:

-Bj1,52] + TR[752.951-Bj1,52] TR[A;1 ]2
TR([Bs1,51]  TR[By2,52
TR([Bj1,52]  TR[By2,51

TR(B31,52]?

Ba]  TR[712.751.82,13)

31-B12,92]

~TR[Aj1, Aj1] + TR[Bj1,52, By2,j1]
TRBy1, 52, Bya, 51

TR(Bj1,52, Bya, 52

TR(By1,515 By2,52

LTR[ %1752 By,52) - 1 TR[v51.752. B2, 51

O Slow alternatives: getRankMathematica,

getMinimalBasisMathematica
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https://github.com/DrTimothyAldenDavis/SuiteSparse

Stocked shelves of MINIBAR

@ 136 functions, all

Compose invariant terms Trivial relations documented
antisymmetricCombinations checkRule T Ty Ay H _
e getCayleyHamilton  getRelationsFTOMRULE s o Time- and
getschoutensn @@t SchoutenJ  getTotalDerivatives  woym  imsercmsicesorm m emory—efficient
JustOpes realQ \Dollarsi .OverallF:

‘sortGroupsCH subsIndices testRelationRankUnder a |g0rith ms

Operator relations

O Flexible notation

getEvenTermsUnder
getTransformationRules  wmseomsiommesronisomer  maoriara  nosvocss motp mher
ritds  sseer  otmaces  reve  1€0TAEYOPErators  coemm  scorePreferredoperators

separateEven0ddUnder signstnder sinpleconjugete symmetrize testTransfornation
Symmetry transformations and reordering
O MINIBAR v0.6
addivionalopesFor basesDiff corractdin
getMinimalBasis

@ Mathematica v13.0
@ SuiteSparse v7.0.1

getRank getRanklathenatica

getRedundantOperatorsUsing
getRelationMatrix sspecosionmscric

isCompleteAndMinimalWrt removeTags. susmary
testEquivalenceBases opnen
cosauare

Reduction with Gaussian elimination Helpers to debug
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Conclusions

@ Software MINIBAR to construct Effective Lagrangians
+ flexible notation
+ tools for large analytical calculations in Mathematica

https://github.com/jruizvid/MINIBAR
@ Shown Lagrangians

> Anomalous ChPT at O(p®) £2§°

> ChPT with gravity at O(p6) L:ChPT+Gravity
> Standard Model Effective Field Theory [WIP]

@ Other examples already finished or coming

@ Manual in preparation

Thank you for the attention!
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Backup
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Power counting and low energy constants

[ Matrix Definition Transformation ]
U exp ( *6) ) gR Uglr
X 2Bo(s + ip) grxg,
FLo  Bals — pla — i[la,€s) gFL el
ng Oarg — 0gra — i[ra, ra] gRF(fﬁg);

Power counting

@ The expansion parameter for this effective theory is the momentum transfer p of
the process (divided by an hadronic scale, typically my)

o Chiral + Lorentz symmetry in Goldstones — even powers p"

— O(p?)

Ly = % (DuUTDHU + Uty + xTu)
— O(p*) [p*: Gasser, Leutwyler; Annals Phys. 158 (1984) 142]

Ly =L (D UTD*UY + L, (D, UT D, UY (D*UT DY UY + L3 (D, UT D* UD, UT DY U)
+ L4 (D UTD*UY (UTx + xTUY + L5 (DL UTD U (U*x + X*U)) + Lo (UTx + xT )2
L7 (UTx = xT0)2 + L (X TUxTU + UTxUTx) — it (FE¥ D UDL UT + F*Y D, UT D, U)

+ Lio (UTFEY UFLLL) + HL (Fruw FEY + FLu FIYY + Ha (T x)
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https://arxiv.org/abs/https://inspirehep.net/literature/194037

Higher-order Lagrangians
Motivations

@ Broaden knowledge of ChPT; more accurate predictions eventually
O Explore mathematical structure of scattering amplitudes
[Kampf et al, 1611.03137] [Kampf, 2109.11574]
@ Comparison to other theoretical techniques:
> Hilbert series: extracts the dimensions of the operator space for different irreducible
representations. Based only on symmetries [Bijnens et al, 2212.07901]
[Graf et al, 2009.01239]
> Adler zero self-consistency condition on the amplitudes + group-theory
considerations + zero Gram determinant = constraints to find minimal basis
[Low et al, 2209.00198]
Calculations

— O(p6) [Scherer et al, hep-ph/9408346]  [Bijnens et al, hep-ph/9902437]
o Growing number of terms (and LECs): 115 / 94 / 56 for Ne = Ng / 3/ 2
O Calculated mostly by hand

— O(pg) [Bijnens, Hermansson-Truedsson, Wang, 1810.06834]
0 Unmanageable by hand: 1862 / 1254 / 475
O Automated analytical calculation with FORM [FORM, math-ph/0010025]

=> Another part of the interaction Lagrangian: anomalous sector <=
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https://arxiv.org/abs/1611.03137
https://arxiv.org/abs/2109.11574
https://arxiv.org/abs/2212.07901
https://arxiv.org/abs/2009.01239
https://arxiv.org/abs/2209.00198
https://arxiv.org/abs/hep-ph/9408346
https://arxiv.org/abs/hep-ph/9902437
https://arxiv.org/abs/1810.06834
https://arxiv.org/abs/math-ph/0010025

Chiral anomaly and intrinsic parity

~
o Chiral symmetry is broken in QCD
> Explicitly: through quark mass term T
> Quantum effects: axial anomaly in triangle diagrams 777"
Y

o Anomaly reproduced in the ChPT Lagrangian in vertices with odd number
of pseudoscalar mesons or axial vectors — odd intrinsic parity (IP)

Intrinsic Parity (IP)
o Even IP: Xp =X

nv P 2 2 ypv Yy MV
Xt — 6(u)“o(v)” Xp o =Xp

Transforms the fields, not the

space coordinates
1

Y B 5(w)s(v) YA
yr By oy
5(0) =1, 6(1,2,3) = —1

o 0dd IP: Xp = —X

XHP% ey pe L 6(1)8(1)8(0)8(0) X157 s
N e

-1
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Anomalous Lagrangian

[Wess, Zumino, Phys.Lett.B 37 (1971) 95-97]
— Anomalous O(p*) [Witten, Nucl.Phys.B 223 (1983) 422-432]
O In ChPT, the structure of the anomaly is encoded in the WZW action of O(p*).

O No new parameters. No hadronization problems. Highly predictive

break chiral symmetry odd intrinsic parity

— Anomalous O(pﬁ) [Scherer et al, hep-ph/0110261] [Bijnens et al, hep-ph/0110400]

@ The EFT must accomodate any possible interaction of the fundamental Lagrangian

@ Systematic analytical computation J. Weber; MSc thesis, Mainz 2008
chirally symmetric odd intrinsic parity
— Anomalous O(p®) [Bijnens, Hermansson-Truedsson, JRV, 2310.20547] [Today]

O Developed independently with FORM and MATHEMATICA

chirally symmetric odd intrinsic parity
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https://arxiv.org/abs/https://inspirehep.net/literature/67330
https://arxiv.org/abs/https://inspirehep.net/literature/13234
https://arxiv.org/abs/hep-ph/0110261
https://arxiv.org/abs/hep-ph/0110400

Example calculations with MINIBAR

Even IP O(p*)
13 terms — <1s

Odd IP O(p®)
24 terms — 1s

Even IP O(p®)
115 terms — 2s

Joan Ruiz-Vidal (Maastricht)

Even IP O(p®)
1862 terms — 15min

MINIBAR

Oodd IP O(p®)

999 terms — 12min
Theory Day 2026
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Computation of form factors

1. Lagrangian MINIBAR

LChPT+Gravity

2. Energy momentum tensor xAct

1 0 (
oL =y E)
V—g oghv
3. Form factors FEYNCALC  [WIP] T

v 174 1 v v
(x| T |r) = 2P"P"A + 5(Q"Q" ~ "' @)D

where P/»":pﬂ‘+p;/l,? Qu:PM*P;
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