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Effective field
Theories (EFTs




The appeal of EFTs

Fermi theory

v n v
- ><

e p e

The full theory can be matched to an effective theory by integrating out the ( 1\¢
A

The effects of physics at high energies
can be understood in terms of effective
operators involving only light fields

heavy degrees of freedom and introducing a series of local non-renormalizable
operators of dimension d suppressed by powers of (new physics scale)!

Basis of operators - Group theory

A basis of operators is needed (up to some mass dimension). Fields are usually
representations of one or more symmetry groups (Lorentz, gauge, flavor, ...) so finding
all independent operators is mostly a group theory problem
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Important example:

SUB)e SU©2), Uy SO(3,1)
D s 2 s L
u® 3 1 5 E% 0%
d° 3 1 AL 2170)
4 1 2 —% (%, 0)
e’ 1 1 1 (5+0)
H 1 2 5 (0,0)
G 8 1 0 (1,0)
W 1 3 0 (1,0)
B 1 1 0 (1,0)

... in a nutshell

What are the effective interactions between the Standard Model

fields allowed by gauge and Lorentz symmetries?

The SM supplemented by these interactions is called the
Standard Model effective field theory (SMEFT)
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Redundancies: EOMs

Non-renormalizable operators may have derivatives, and
combinations of some of these operators might be redundant

Equations of motion (EOMs)

Few field redefinitions

leave the Lagrangian invariant

However, the S-matrix does not
change under very general field
redefinitions

Consequence: operators proportional
to the classical equation of motion

R [ 0 Lren. }
o®; " 16 (8,9:)

can be dropped

Lehman Martin 1510.00372

For every field ® = ¢, ¢, F,, add

a tower of extra fields 8X, 8°X , ...

which are independent of X

BUT

Retain only the highest
spin part of "X
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Redundancies: IBPs
For some operators, /M Od*z =0

In the language of differential forms, these redundant operators are associated

exact to exact differential forms / (by assumption)
w(4),red L dw(?’) A / w(4),red Y / w(3) i)
M Boundary (M)
but ... we need to be careful: for some 3-forms, dw ()4 = 0

and we shouldn’t consider them because dd=0, so these
Henning, Lu, Melia, account for identically null 4-forms

Murayama 1512.03433

We have a recursive process, which

. it ? (3),red _ (2)
Which are these 3-forms? = dw ehdE s o we raneh 0 tortne

Translation into language of operators:

The total number of non-redundant operators up to dimension d is:

(rom=0) — (popmse-) + (poper="—") - (ropr™ ) + (PRt )

Ky, p, o are Lorentz completely anti-symmetrized indices
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Rapid progress in recent years

Using a mathematical tool called the Hilbert series, it became
possible to count all SMEFT operators up to very high dimensions

Benvenuti, Feng, Hanany, He hep-th/0608050 Lehman, Martin 1503.07537, 1510.00372
Feng, Hanany, He hep-th/0701063 Henning, Lu, Melia, Murayama 1512.03433
Hanany, Jenkins, Manohar, Torri 1010.3161

Dim 5 EH L2 +6H 2L ? Sample

G +57L0Q +45d°d*+81ded e" +36e’e™*+G " +B*HH +G*HH +0BelLH +9BdQH +9dGQOH =

HE*H +HG *H +9eHLH *+9dHQH *+H H +81dLd L +8lele L +81dQe L +9HB e L™+
9H e  H L™ +45L° L% +81elLd Q +162dQd Q" +9HB d Q +81eQe Q" +9Hd G Q +9H d"H Q" +

162 LQL Q +90Q° Q  +57 L7077 +81L0Qd u +540Q0° " W +9B " H Q U +9G H Q U +9HH Q u +
162’ L' Q u" +162d QP u" +81ld e U +HBE H W +9He LW +0Hd Q"W s 0H Q u W s HH W-w’ +
9BHQU+9GHQuU+162elLQu+162dQ°u+9H QH u+81dL  Q u+54eQ u+162dd v u+8lee’ u u=+
81LL U u+162Q0Q uw u+8ldeu’ +45u U +BHH W+9elLH W+9dQH W+9HQuUUW+HH W +W +
9dHd H 8+9eHe H 8+18HLH L  8+18HOH Q 8+9dH  u d+9H d  ud+9HH wud+2H H &

a

Dim 6

Format of each term: (#operators) x (field combinations)

® The Hilbert series method counts operators
It does not build them explicitly
—@ This method also does not indicate where to apply the derivatives
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Rapid progress in recent years
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The traditional way

The Hilbert series gained prominence only in recent years

For decades, physicists have been building models and listing operators
taking all combinations of fields, and picking out the ones which are
gauge and Lorentz invariant (the traditional method)

Can it be used to reproduce the Hilbert series counting?
Yes. There are programs doing that.

BasisGen Criado 1901.03501 Sym2|nt RF 1703.05221, 1907.12584
AAAPANLDA

more on it later

B Viable to high dimensions

1010F il Works out of the box with
0l SMEFT 108 SMEFT any group, representations
105 | . . s 5
wl  su -l shie) Yields more information than
e 10| just the number of operators,
o 107 | namely permutation
10 K . . °
o IR i symmetries of flavor indices
2 5 10 15 2 5 10 15
Dimension Dimension Can’t tell where to apply
RF 1907.12584 derivatives (same as HS method)
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QQQL in SMEFT

When the Standard Model is considered as an effective low-energy theory, higher
dimensional interaction terms appear in the Lagrangian. Dimension-six terms have
been enumerated in the classical article by Buchmueller and Wyler [3]. Although
redundance of some of those operators has been already noted in the literature, no
updated complete list has been published to date. Here we perform their classification The ClllpI'it

once again from the outset. Assuming baryon number conservation, we find 15 + 19 + ’
25 = 59 independent operators (barring flavour structure and Hermitian conjugations),

as compared to 16 + 35 + 29 = 80 in Ref.[3]. The three summed numbers refer to
operators containing 0, 2 and 4 fermion fields. If the assumption of baryon number

5 new operators firise in the four-fermion sector.

Grzadkowski, Iskrzynski, Misiak, Rosiek, 1008.4884
(a.k.a. the “Warsaw paper”)

conservation is relaxed

1 years later (2017)

yv3 in arXiv of the same work

When the Standard Model is considered as an effective low-energy theory, higher
dimensional interaction terms appear in the Lagrangian. Dimension-six terms have
been enumerated in the classical article by Buchmueller and Wyler [3]. Although
redundance of some of those operators has been already noted in the literature, no
updated complete list has been published to date. Here we perform their classification
once again from the outset. Assuming baryon number conservation, we find 15 + 19 +
25 = 59 independent operators (barring flavour structure and Hermitian conjugations),

as compared to 16 + 35 + 29 = 80 in Ref.[3]. The three summed numbers refer to . .
paree © Rt L] . Easy to tackle this kind of
operators containing 0, 2 and 4 fermion fields. If the assumption of baryon number

conservation is relaxerise in the four-fermion sector. problem syst emat ically
(see extra slides)
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Building operators
explicitly

bilhern Vellut (https



SMEFT

dim 6

1986-2017

Renato Fonseca

Known results for SMEFT

X3 ¢® and 'D? o

Qo | IPGRGRGH | Qp (p7p)? Qep (') (lperep)

Qe | FAFCGIGEGE | Q0 (o) O(pte) Qus (') (@)

Qw K W;” w;pw;m Qb ((,DTD‘”(p)* (gaii)ﬂtp) Quy (‘PTSO) (deﬁP]

Qw EIJKWiijpW;{“

X'y v Xp 2p?D

Qui el GA,GA Quw | Gowe)rlowl, | QW | (ot fjﬂ o)1)
Qo | PeCLE™ | Qu | GoeeBu | QR | @D o)Gr'vn)
Quw | AeWLW | Quo | G Tu)PGh | Qe | (#iDue)(Ere)
Qi | ST Qur | @ w)r'GWL | Q| (D)@t
Qon el B, B™ Qur (G0 1y ) By ﬁ} (¢li 5 ; ©) (@' v"q,)
Qi | BB | Quo | @™ Td)eGh | Qu | (¢iD. )@ u,)
Quws | @ WLE™ | Quw | @ d )T o W), | Qu | (¢liD,0)dyydr)
Quwn | PeWLBY | Qs | (@0"d)¢Bu | Quua | i@ D) (@ d:)

(plus the 4-fermion operators)

Buchmiiller, Wyler NPB 268 (1986) 621
Grzadkowski, Iskrzynski, Misiak, Rosiek, 1008.4884
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Known results for SMEFT

1:4?H" 4 he.

2: 2 H2D? 4 hee.

Ori | ijemn(LECL™)HIH*(H1H) O | €ijemn LiC(DHLIYH™ (D, H™)
Off)fu €im€jn L'C(DM L)) H™ (D) H™)
3:¢2H*D + h.c. 4: ?H?’X + hc.
OLitpe | €ijemn (L'Cyue) HHH™DFH™  Opip €ij€mn (L'Ca L™) HiH™ BH
Orirw | €ij(77€)mn (L'Coyy, L™) HIH"W B
5: 4D + hee. 6: *H + he.
Oﬂgu p | € (dy,u)(L*CDH*LY) Orrren | €j€mn(eL))(LFCL™)H™
& | ey ol | aem@@crm
2014 E_;c}mm ((jcﬁ'*d) (T,'D*:d} mﬁ.gﬁn '-:im'i:jitar‘i) (¥ C -rﬂ.m) H "
EQuan (L7, Q)(dC DMd) OLiGun | €i(Quuw)(L™CLY)HI
Odadep (Erud)(dCD"d) Orqqan | €ii(Llmd)(Q"CQ")H?
OF gaan (dCd)(Ld)H
OF adarr (zd} (uCd) H
O et €ij (L Crype)(dytu) HY
Ozqdan ¢ (EQ)(dC'd) HY

Renato Fonseca

Lehman 1410.4193
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Known results for SMEFT

11 : 2 H2D3

10 : 92X H* 4 h.c.

Qs | (o*ve )T HHTH)W], QL) s
Qs | Gore) HHIT H)W,, Qs
Qrenms ffpﬁpuﬂ-a-}H(Hf H)B,. QEELQW
Qquets | (@0 TAu, ) H(HH)GA, Q%) ps
Qs | (@ u)r HHUH)W], QY s
QP e | @omu ) HHITTH)W], QB e
Quupu? (%Uwur)f_j(fﬁﬂ)ﬁw Qe(;]zjrrz D®
Quacus | (GpoTAd,)H(H! H)Gﬁy Q?z}mm
2020 QW e | (@orvd,)T HHHW], Qe
Qwps | (@orrd ) H(HIT H)W], Qhapa
Quapi | (Go* de)H(H' H) By, Qe
QP iz po

QU o

Qg‘\ﬂz e

Quanzps + hee.

Murphy 2005.00059

i(l,y*D¥1,) (D, D, H'H)
i, D"1,)(H DD, H)
i(lyy* 7' D1,)(Dy. Dy HiT' H)
(! DL (H T DD,y H)
iepy* D e, ) (DD, HUH)
(@, D¥e, ) (HY Dy, D) H)
i(@ﬂ'TFDHQT-}{D(,,D,.)HUI)
i(gpy Dvq, ) (H! DD, H)
i(@pT{‘T,DU@-}(D(p Dv} il H)
i(qp’YHT!qu"){HTTID(P‘Du)H)
ity D uy) (D D, HYH)
i(tpy* D¥u, ) (HI D, D,y H)
i(dyy* D¥d, )(D(, D, HH)
i(dyyD*d,) (' DD,y H)
a‘(uﬂ,.nnudr)(ﬁt DD,y H)

Li, Ren, Shu, Xiao, Yu, Zheng, 2005.00008

Renato Fonseca aa Automatic generation of EFT operators

Li, Ren, Xiao, Yu, Zheng, 2007.07899

(plus many more)
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Going off-shell

Matching of Lagrangians: after integrating out heavy fields at some scale, one must
ensure that the EFT and the UV theory are physically equivalent at that scale.

It is convenient to compare the two theories off-shell. Without EOM relations, there
are more operators. It would be useful to have a of operators

SMEFT dim 6 Gherardi, Marzocca, Venturini, 2003.12525 Y 20221

Talk by

SMEFT dim 8 Chala, Diaz-Carmona, Guedes 2112.12724 g P e R
(bosons)

The methods (Hilbert series, traditional) and computer codes
Note which count operators can help. Knowing their number =
knowing when to stop looking for more independent operators
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GroupMath

A Mathematica package for the

group theory computations

RF 2011.01764

Basis-independent functions (} RO U P M A.‘. H

Adjoint | Casimir | Conjugatelrrep | Dynkinlndex | DimR |
PermutationSymmetryOfinvariants | ReduceRepProduct | Srop s E ko b
RepName | RepSU pTODimN | Weights | TriangularAnomalyvalue | GroupMath is a Mathematica package containing several functions related to Lie Algebras and the

permutation group. For now, it is still a work in progress, so it not fully documented.

Basis—dependent functions However, it inherits much of its code from the Susyno package @, so some of GroupMath's
function have already described in this link @. Over the years, group theory functions were added
. . to the Susyno program (whole aim is to calculate renormalization group equations), however it
IrrepInProduct | RepMatrices | Invariants Impg .
became clear at some point that such code would be interesting on its own, so GroupMath was
created.
Permutation group functions Note that the latest version of the Sym2int code @ requires GroupMath.

References
DecomposesnPrOdUCt ’ DraWYounngagram | GenerateStandardTableaux I GroupMath has not been described in any publication yet, however it inherits much of its code

HOOkCOﬂtentFormula | LittlewoodRichardsoncoefﬁcients ‘ Snclasscharacter from Susyno: Computer Physics Communications 183 (2012) 2298.
| SnClassOrder | SnlrrepDim | SnlrrepGenerators | ... Installing the code

GroupMath can be obtained from this page:

Symmetry breaking functions

Download

DecomposeRep | FindAlIEmbeddings | MaximalSubgroups |
RegularSubgroupProjectionMatrix | SubgroupEmbeddingCoefficients
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Sym2Int

«Symmetries to Interactions»

A Mathematica package to list the operators in a model
Works out of the box for any gauge group and representations

RF 1703.05221, 1907.12584

gaugeGroup [SM] ~= {SU3, SU2, Ul1};

31 11 (LT PO e W e 37 ] L el [

AT e L L W e e Fe R R DL PR

fld3 = {"Q", {3, 2, 1/6}, "L", "C", 3};

flda = {el {1y 1y =1 ), TR, 35

Elgan EpE ey e e v s me Sy

i e Tl S e Ly i X Wl Sl L e

fields[SM] ~= (fldl, fld2, fld3, fld4, f1d5, f1d6};

savedResults = GenerateListOfCouplings [SM, MaxOrder - 6] ;
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Sym2Int

«Symmetries to Interactions»

A Mathematica package to list the operators in a model
Works out of the box for any gauge group and representations
RF 1703.05221, 1907.12584
A name to the model
l (e.g. SM)

gaugeGroup [SM] ~= {SU3, SU2, Ul}; < The gauge group
(e.g. SU(3) x SU(2) x U(1)

fld1 = {"u”, {3,

ey e b R LR S )
fld2 = {"d", {3, 1
2
1

_1 /3}, "R", Ilclr, 3};

-

St e o s e i B 7 5 Sl g et B The fields, i.e. the irreps under the
R = e ] e e R e e gauge and Lorentz groups,

§ I3 e b et (e iyt [ e W M eph] Wi oo F including #flavors

e e Tt ph TR Rl L Gy S )t

fields[SM] ~= {fld1, fld2, f1d3, fld4, fl1d5, fld6}; J

savedResults = GenerateListOfCouplings [SM, MaxOrder - 6] ; } Max dimension of interactions

(e.g.: 6)
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Example: SMEFT up to dim 6

Operator Dim. Self Number of MNumber of Repeated Permutation
type conj.? operators terms fields symmetry
1 H= H 2 True 1 1
2 L= & H 4 False 9 1
3 Qs d H 4 False 9 1
4 u= Q H 4 False 9 1
5 H+ Hx H H 4 True 1 1 [Hs, H} I, [}
& LLHH 5 False 6 1 {L, H} (0, 13
7 F1 F1 F1 6 False 1 1 Fl 111
8 F2 F2 F2 & False 1 1 F2 [T
9 DD HsH«HH 6 True 2 2 H=, Hl 2[00, [0 +2 O=0., O=00) -2 (O=0,. OO
1a o H« L« L H & True 13 2
11 ' Hx ex e H 6 True 9 1
12 0 H+ Q+ Q H B True 18 2
13 T He d= d H 6 True 9 1
14 9 He us uH 6 True 9 1
15 F3+ L= e H 5 False 9 1
16 F3s« Q= d H & False 9 1
17 F2+ L+ e H 6 False 9 1
13 F2+ Q= d H & False 9 1
19 Fl= Q= d H 6 False 9 1
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Example: SMEFT up to dim 6

42 Tous d HH &  False 9 1 H O=0
43 us Q@ H F1 B False 9 1
44 u=s Q HF2 @ False 9 1
45 u= Q@ HF3 B Fal=e 9 1
46 uude 6  False 81 1 u - H
a7 udQlL @ False a1 1
48 uQg Qe B Fal=e 54 1 Q (|
49 0QQL &  False 57 1 0 HEF‘ I
E1E] H= L+ e HH B False 9 1 H 1
51  Hs Q= d HH &  False 9 1 H .|
52  Hs us Q HH 6 False 9 1 H Tl
53 Hs H+ H«r HHH & True 1 1 [Hs, H) 0T, OO}
Dimension # real operators # real terms # types of real operators
2 1 1 1
3 5] 8 =]
4 55 7 7
5 12 2 2
6 3845 34 72
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Sym2int up%rade

Ongoing wor

Currently, Sym2Int does not compute the operators explicitly

Compute distinct contractions of Lorentz indices
(fermions indices, vector indices)

Get a “maximal basis”
of operators

Use them as a basis for a vector
space. Everything becomes
Linear Algebra

Compute distinct contractions of gauge indices

GroupMath can do this, although it might be worth considering (IHVOIVIHg Hi Saie cas.es Vel
alternative forms (for human readability of the results) large vectors / matI'ICGS)

Relations among vectors

Account for EOMs With them we may get

(1) All Operators
(2) Use IBPs

Account for IBPs (3) Use EOMs

(4)Use IBPs and EOMs

Interface with other programs:
Feyn Rules Alloul, Christensen, Degrande, Duhr, Fuks, 1310.1921
MatchMakerEFT  Carmona, Lazopoulos, Olgoso, Santiago, 2112.10787
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Example: EOMs relations

Replace in each operators (@ the expression 9™ ® by a new
expression where the part removable by EOMs is segregated

090o® 00019 00029 09030
8061Q5 6161(?5 816)2Q5 8183¢

9,0, =
O = | 5,8, 8,82 202 D205
0p03¢ 0103¢ 0203¢p 03030
‘ Change variables
K[1] aa K[3] =4 K[ﬁl il [1] K[9] K[8] K[7]
[9] _Kil] _|_ 31&4.’1[6] Iy Ki:i] o Rﬁ[Ll] K[5] K[ ]
K[7] K[4] K|[2] SR B K4[61 — 2

The EOM removes the R][...| components and leaves all the K|...| components:

8,0"¢ = R[1]

So in this case we can just set R[1]=0 and see what relations appear between the operators
in the “maximal basis”
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Challenges

Perf Speed! Each operator is a polynomial in many
erformance/Speed! variables. And there are many operators.

Operators with repeated fields (such as the
Weinberg operator LLHH) are quite complicated
to handle. Note that in these cases one cannot
treat gauge and Lorentz indices separately.

Repeated fields

Couplings become tensors in flavor space and
they can have complex symmetries (e.g. QQQL)
Flavor, gauge and Lorentz indices cannot be
treated separately.

Do things in Making a code work for any operator/gauge
full generality group /representation is not easy
Stay
tunned

The good news: building such a code seems doable. E.g.: SMEFT with 3
generations looks doable up to at least dimension 10. Still, a work in progress.
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Summary

Effective field theories (EFTs) are an important tool in
the exploration of potential new physics

From a list of fields, and some symmetries, we want to
get, a basis of operators

There has been a remarkable progress in recent years
on counting and building explicitly operators...

..but there is still no efficient code to do so

Ongoing work to make GroupMath + Sym2Int not
just list, but also build explicitly EF'T operators

i

Renato Fonseca Automatic generation of EFT operators
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QQQL in SMEFT

QQQ L

SU(3)c = 0

SU(2)L H- 0

Lorentz group R, E] - RF 1907.12584

SU(2), (1T O

Grassmann a O

2
Total symmetry @ XEPzXEDj:EEEH-Hj—{-H 1% =1

Relevant symmetry if S3 x S; (the S; we could ignore)

Color 3 triplets contract completely anti-symmetrically ({1,1,1})
SU(2 3 doublets (QQQ) can form a pair of doublets (to couple with L) SU(2) Same as with
(2)r They transforms as {2,1} under S3 (more on this later) ¢ SU(2)g,

The @’s (and the L) are left-handed spinors, so they are singlets of SU (2),..
Therefore the contractions of this group transform trivially ({3}) under S;

SU(2)r

Q Fermion components anti-commute, so we multiply the resulting symmetry
dienan by the completely antisymmetric representation of Sz ({1,1,1})
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QQQL in SMEFT

QQRQ L

SU(3)c = 0

SU(2)L H- 0

Lorentz group R, Bj - RF 1907.12584

SU(2), EEAT [

Grassmann H O

2
Total symmetry @ ><E|:|2><|:|:[|:[|:|:|_|_B:|_|_a 1% =1

Relevant symmetry if S3 x S; (the S; we could ignore)

# Operators

s (@ne) +8 ([ na) +8 (hng)| s @nr) =

1

nLnQ (Zné + 1) ;lfzw;rith
3
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