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Introduction to ALP EFTs

« Axions: Proposed to solve the strong CP problem in QCD.

- ALPs: Generalization of axions, potentially explaining dark
matter and other phenomena.

« Shift symmetry: Goldstone nature under the spontaneously
broken U(1)pq symmetry in the PQ mechanism.

- Shift breaking: From a model building point of view, some
breaking of the shift symmetry is allowed (Graham et al., 2015;
Espinosa et al., 2015; Franceschini et al., 2016).

- Operator basis: Dim-5 (Georgi et al., 1986), Dim-6 (Bauer et al.,
2017, 2019; Brivio et al., 2021; Bonilla et al., 2021),
Dim-7 [incomplete] (Bauer et al., 2016, 2017).

+ What about Dim-8: positivity bounds, matching calculations,
mesons/nucleon decays.

+ How to build basis: Hilbert series as a guide.



Hilbert Series Techniques

The Hilbert series is a mathematical tool that allows one to
determine the number of independent invariants in a theory by
considering the power series representation.
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Hilbert Series Techniques

The Hilbert series is a mathematical tool that allows one to
determine the number of independent invariants in a theory by
considering the power series representation.
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The calculation of the Hilbert series can be accomplished by using
the orthonormality of group characters, i.e.,

/ dpa(9) xr(9) Xxr/(9) = SRR’ 5

where xr(g) is the character of representation R of a group G with
g € G, and dug is the Haar measure.



Hilbert Series Techniques

By considering all possible tensor products, the orthonormality of
the group characters allows one to project these products onto the
group invariants. The generating function is called the plethystic
exponential (PE) (an U(1) example: Lehman and Martin, 2015).
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Hilbert Series Techniques

By considering all possible tensor products, the orthonormality of
the group characters allows one to project these products onto the
group invariants. The generating function is called the plethystic
exponential (PE) (an U(1) example: Lehman and Martin, 2015).

PE [0 xn(2)] = exp (Z Hesiaers xR(zf)) |

=il

The Hilbert series can be obtained after the group integration
M) = [ duc []PELs:).

Procedure Problems
1. introduce fields and their reps. < EOM redundancy
2. find group characters + IBP redundancy

3. calculate PE up to some order  Conformal representations:
4. perform group integration (Henning et al,, 2017)



Conformal Representation

single particle module - symmetric: avoid field strength
a¢¢ « traceless: remove EOM 9%¢ = m?¢
H1
(d)
P p s (@) n<2
Ry = 1 Oy @ D) (= Xsymn (O) =
I (m) @) = :
{p1 u'z s} @ xifnin@m . Xiydrzn—%m)(”) n>2
(@A) SR Adn (d) ) A 2y p(d) (g,
. Ko@) = > a Xy (@) = a7 (1 = ¢*) Pt (g5 2)
{...}: symmetric, traceless (a0l = )
conformal representation (82 ¢, 0,02 ¢, 0141 8,5 0% $, - - ) s subtracted from R



Conformal Representation

single particle module
¢
Our &
1 Oy @

Ry =
6*(#1 8N26M3}¢

{...}: symmetric, traceless
conformal representation

(d)

Xy (@) =

QEZ);m(q:m)

« symmetric: avoid field strength
« traceless: remove EOM 9%¢ = m2¢

Xiyd")]n(m)(w) n<2

(@) () ,
Xsym”(D)(x) - Xsym"_2(D)(I) © 22
"ZOqM" x{e @) = -

0> PD (g 2)

(62¢>. 8“82¢, Opuq 8“262@‘;, -+ - ) is subtracted from R¢>

multi-particle module

(@]
00,

®n
Rg) ~ Z 8201

tensor product decomposition
scalar conformal primaries

A+n _(d)

o0
xfiil](q:m) :nz::oq xsymn,(D)(m)xl(d>(m)

:qAxl(d)(m)P(d)(rJ;m),

oo

P<d)(q z) = Z

()
" sym"L(D) (=),

« Characters are proportional to P
« Multiplying by 1/P will remove IBP



Hilbert Series for Operator Basis

By decomposing the tensor products of the R, into conformal reps.
The operator basis is spanned by scalar, conformal primatries.
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Hilbert Series for Operator Basis

By decomposing the tensor products of the R, into conformal reps.
The operator basis is spanned by scalar, conformal primatries.

H(D7 {d’z}) = /d#Lorentz / d#gauge% H PE [% X /] + AH(Dy {¢z})

The function P is
P(D,a,B8) =

1
(1 - DaB)(1 — D/aB)(1 — Da/B)(1 - DB/a)

G }\,gauge ~ conformal ® gauge. The conformal
characters for the SM are (Henning et al., 2017)
X[ly(o,o)](Dv a,8) =D P(D,a,p)(1 - DQ)

X[Q (l ())](D,Ol,ﬁ):D%P(D,OI,ﬁ) <a+17D( >>

X2 (o, 1)](2)0‘5) D2P(Daﬂ(ﬂ+f—D(a+ >

)
-6+

X(2,1,0 (D> @ B) = D*P(D, a, B) (az tit+—
( itz

+
@
v
N

R

+

Rl
N—
+
o)
V)
N———

X[2,(0,1)] (D>, B) = D2P(D,a, B)



Hilbert Series for Operator Basis

By decomposing the tensor products of the R, into conformal reps.
The operator basis is spanned by scalar, conformal primatries.

H(D, {¢:i}) = /dﬂLorentz/dﬂgauge* HPE [ d:; Xz] + AH(D, {¢:})

The function P is
P(D,a,B8) =

1
(1 =Dap)(1 - D/apf)(l — Da/B)(1 - DB/a)

Xi = Xiay (j1.52): ]xf’a”ge ~ conformal ® gauge. The conformal

characters for the SM are (Henning et al., 2017)

X[1,(0,0)] (D, e, B)

X33, 00> F)
Xi3,0, (PP
Xp2,1,00(Dr . B) =

X[27(0,1)]('D7 «, /3)

=D P(D,a,B)(1 — D?)

1
=D2P(D,a,B) (a+f7'p <;+
(03

=D2P(D,a, B)

Remove EOM
(Green's basis relevant)

1
B

— D3 P(D,q, ) (ﬂ+l P ( N i))

D2P(D0@5)<O¢2+1+ D <4\\%><)’\%> /p’—’)
( it : ,



Shift-Symmetric Conformal Character

For the ALP, in order to implement the derivative coupling, we have
to remove the scalar itself as a building block from the Hilbert
series, amounting to removing the first entry from the single
particle module. This yields

a
Ou,a
R, = Ap1Ouzya
O O Oy a
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series, amounting to removing the first entry from the single
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(')M ‘ ()/,: 1@

Of 1y O Opgra



Shift-Symmetric Conformal Character

For the ALP, in order to implement the derivative coupling, we have
to remove the scalar itself as a building block from the Hilbert
series, amounting to removing the first entry from the single
particle module. This yields

a

By a O a
B a{ 8L,}a _ 8{#1810}@
Ra = e — Roa = D111 Oz Opgya

a{m 8N28M3}a

The conformal character of a shift-symmetric singlet scalar is

xoa (D,0) = 3 D™ Xgymn (3, ) (@) = 2 P xgymm-2 (3. 1) (@)

n=1 n=2

dg n n
=D (—1 +> D Xsymm (1,1)(7) = > p Xsymnz(é,é)(w)>

n=0 n=2

=D((1-D?*) P(D,z)—1) .



Shift-Symmetric Conformal Character

For the ALP, in order to implement the derivative coupling, we have
to remove the scalar itself as a building block from the Hilbert
series, amounting to removing the first entry from the single
particle module. This yields

a

3#1“ dﬂla‘
B a{ 8L,}a _ 8{#18#2}a
Ra = e — Roa = D111 Oz Opgya

6{M1 8N26#3}a

The conformal character of a shift-symmetric singlet scalar is

xoa (D,0) = 3 D™ Xgymn (3, ) (@) = 2 P xgymm-2 (3. 1) (@)

n=1 n=2

dg n n
=D (—1 +> D Xsymm (1,1)(7) = > p Xsymnz(é,;)(w)>

n=0 n=2
=D (1-D?)P(D,z)-1).
Scaling dimension



Shift-Symmetric Conformal Character

For the ALP, in order to implement the derivative coupling, we have
to remove the scalar itself as a building block from the Hilbert
series, amounting to removing the first entry from the single
particle module. This yields

a
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Shift-Symmetric Conformal Character

For the ALP, in order to implement the derivative coupling, we have
to remove the scalar itself as a building block from the Hilbert
series, amounting to removing the first entry from the single
particle module. This yields

a

Ops @ Oz
_ a{ 8L,}a _ 8{#18#2}a
Ra = e — Roa = D111 Oz Opgya

6{M1 8N26#3}a

The conformal character of a shift-symmetric singlet scalar is

oo oo
xoa (D) = 3 D™ Xgymn (3,) (@) = D D™ xgymn -

n=1 n=2

dg n n
=D (—1+ZD Xsymn(3,3)(®) = D_ D XSym”z(é,é)(I)>

n=0 n=2

y(@)

11
2R

=D((1-D*) P(D,z)—1) .

Generate tower of derivatives



Shift-Symmetric Conformal Character

For the ALP, in order to implement the derivative coupling, we have
to remove the scalar itself as a building block from the Hilbert
series, amounting to removing the first entry from the single
particle module. This yields

a

3#1“ dﬂla‘
B a{ 8L,}a _ 8{#18#2}a
Ra = e — Roa = D111 Oz Opgya

6{M1 8N26#3}a

The conformal character of a shift-symmetric singlet scalar is

oo oo
xoa (D) = 3 D™ Xgymn (3,) (@) = D D™ xgymn -

n=1 n=2

dg n n
=D (—1+ZD Xsymn(3,3)(®) = D_ D XSym”z(é,é)(I)>

n=0 n=2

y(@)

11
2R

=D((1-D*) P(D,z) 1) .
Remove non-shift-symmetric part



Ingredients of the Hilbert Series

Depending on whether there is a shift symmetry for the axion, four
types of EFTs are defined with corresponding spurions as follows

+ aSMEFTpq: SMEFT extended with a shift-symmetric axion
{D7 6a,Q,QT,L,LT,H, HT7UJ7 u]L»d’ dT,e,eT,BL,BR,WL,WR,GL,GR},
+ aSMEFT: SMEFT extended with a non-shift-symmetric axion
{D,CL,Q,Qt,L,LT,H,HT,U,UT,d,dT,e,eT,BL,BR,WL,WR,GL,GR},



Ingredients of the Hilbert Series

Depending on whether there is a shift symmetry for the axion, four
types of EFTs are defined with corresponding spurions as follows

+ aSMEFTpq: SMEFT extended with a shift-symmetric axion
{D7 6a,Q,QT,L,LT,H, HT7UJ7 uT>d’ dT,e,eT,BL,BR,WL,WR,GL,GR},

+ aSMEFT: SMEFT extended with a non-shift-symmetric axion
{D,CL,Q,Qt,L,LT,H,HT,U,UT,d,dT,e,eT,BL,BR,WL,WR,GL,GR},
1) 2

gauge U(2 SU(3)

——
SU(Q)L SU(Q)R SU(S)L SU(Q)W U(l)y XR “XrR XR XR
a| 1 1 1 1 0 xg (=) =29
= L L L - 1/2 xiu(z)(y) :ng(Z)(y) =y + z
Q| 2 1 3 2 1/6 g
— b 1
u 2 1 3 1 —2/3 xod P w = +1+ =
— Y
d| 2 1 3 1 1/3 v 5 1
& 10 ) = 4 2 22 —,
L| 2 1 1 2 —1/2 S =L
e 2 1 1 1 1 Xgu(s)(ﬂ,zz) N kS
Gr| 3 1 8 1 0 %) &
2 2
Wi, 3 1 1 3 0 Xig(g)(21,22):zlzz+if2+i+2
Br| 3 1 1 1 0 S
. i Y B
Table 1: The aSMEFT field content and their charges SR B T

under Lorentz and gauge groups.



Hilbert Series and Isolation Condition

Hilbert series of aSMEFTpq
HEQ =0aQQ" + dauu’ + dadd’ + 0a LLT + daeel + 3aX?,
HEQ = (9a)?HHT,

HP? =04 QQ B + 86 QQTBr + 86 QQTG L, + 806 QQIG R + 02 QQTWL, + 9a QQTWr
+ dauu' By, + dauu' Br + dawu' G + dauu'Gr + daddt By, + dadd' Br
+08add'Gp, +8add'Gr + da LLTBL, + 8a LLYBr + 0a LLTW,, + 8a LL1Wg
+daeet By, + 8aeeTBR + 2(9(162QTHH]L +0auu'HHT 4+ 0add' HHY
+20a LLTHH'Y + 8aee' HHT + 9a BLHH'D + 0a BRHH'D + 9a W, HHTD
+0aWrHH'D + 8a HH™D + 20a QuHD + 200 Q1w H'D + 200 QdHTD
+20a QYd' HD + 20a LeH'D + 200 LTe'HD ,

PQ _
HPY = ...



Hilbert Series and Isolation Condition

Hilbert series of aSMEFTpq
HEQ =0aQQ" + dauu’ + dadd’ + 0a LLT + daeel + 3aX?,
HEQ = (9a)?HHT,

HP? =00 QQTBL +9aQQTBr +8aQQTGL +0a QQTG R + 0a QQTW L, + da QT W
+ dauu' By, + dauu' Br + dawu' G + dauu'Gr + daddt By, + dadd' Br
+08add'Gp, +8add'Gr + da LLTBL, + 8a LLYBr + 0a LLTW,, + 8a LL1Wg
+daeet By, + 8aeeTBR + 2(9aQQTHH]L +0auu'HHT 4+ 0add' HHY
+20a LLTHH" 4+ 8aee' HHY + 80 B, HH'D + 8a BRHH'D + 8a W, HHTD
+0aWrHH'D + 8a HH™D + 20a QuHD + 200 Q1w H'D + 200 QdHTD
+20a QYd' HD + 20a LeH'D + 200 LTe'HD ,

PQ _
HPY = ...

Peccei-Quinn breaking isolation condition

H%d =oM%, + aHMET + HPQ(Da — aD), n > 5 ]




Operator Counting an

1010 =
1806471999
L d
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=
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>
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£
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-e- N;=3
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- 2
L N L N N L
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=)
L
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T
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Mass dimension

e o
=Y
-
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Figure 1: The number of operators in the aSMEFT with and without a shift
symmetry for the ALP plotted against the mass dimension for N; = 1 and
Ny = 3 number of flavors.
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Constructing Operator Bases

+ Simple example

HE? S 0aQQT + dauu' + dadd'
(’)go D aanW“Q, Opauytu, @ﬂcf’y“d

« Hard example

HPQ S (9a)?B? + (8a)?BrBr + (9a)*B%,
However, one can naively build 4 operators:
8,a0"a B,,B"?, 8,a0"a B,,B"", 8,a0"a B**B,,, 0,a0"a B*B,,
We can use the Schouten identity to derive
v 1 vV
CT;LVXMPX p ZﬂﬁXV/)X r

where T+ is generic tensor (which we identify with 9#ad”a)
and X, is an anti-symmetric tensor.
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Constructing Operator Bases

+ Simple example

HE? S 0aQQT + dauu' + dadd'
(’)go D 8,@@7“@, Opauytu, @ﬂcf’y“d

« Hard example

HPQ S (9a)?B? + (8a)?BrBr + (9a)*B%,
However, one can naively build 4 operators:
d,a0"a B,,B"?, 9,a0"a B,,B"", 8,a0"a B*B,,, d,a0"a B""B,,
We can use the Schouten identity to derive  gne is redundant!

iy

vV 1 vV
;U/XHPX p ZﬂﬁXV/)X 2

where T+ is generic tensor (which we identify with 9#ad”a)
and X, is an anti-symmetric tensor.

m



aSMEFT and aLEFT Operator Bases

(0a)?2X? (9a)*y?D
oy, . duadta B,, B Ovazrp | Opadya (Ly* D DL
g2 9,a0"a B* B, Oparen | padya(@y" D De)
@ors d,adtaB,,B"" Opuop | Buadya (@y"'D "Q)
- Badra Wl wive Ovarup | Buadya(@y*D7w)
Or‘()i)m 9 ada WHHeW ), Opa2ap | Opadya(d ’Y“H"d)
o) duadra Wl Whve (9a)*Y?H + h.c.
e 8,a0"a GS,GvP Obazent d,a0"a LHe
Ophe Opad”a G* “’)( o Opazurr duad"a QHu
Opga2é 0uada ("l’,p(‘” e Osazan OpadtaQHd
(0a)* (0a)*H?D?
Oua 9,,a0"ad, ad"a O,y | duadtaD, HIDYH
(9a)*H* o | Ouad,aDPHIDVH
Opazpa 0,a0"a|H|*
B and I terms
dap* + h.c. day?H?D + h.c.
ObaLdu Oua (LCL)(dy*u) oW p | dua(LeH)(H DAL)
Ovarod | €P70,a(Lda)(Qy"dy) | O yp | Oua (LED*H)(HTL)
Opaea (¥) | €979,a (dSdg)(Ev"d,)

Table 2: Operators in the aSMEFTpq at mass dimension 8
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aSMEFT and aLEFT Operator Bases

(0a)?2X? (0a)*¥*D
oy, . duadta B,, B Ovazrp | Opadya(Ly" DL
g2 9,a0"a B" B,,, Oparep | Opadya(ey'D De)
Op25 d,ad"a B,,B"° Ovurop | Ouadya (@D D)
G Badra Wl wive Ovarup | Buadya(@y*D7w)
Oy | BuadaWh Wl | Oppup | Buada(dy*Dd)
o) Buadta Wl Whve (9a)*y°H + h.c.
e 8,a0"a GS,GvP Ot dya0"a LHe
@ Opad”a G* W)Cf’p Odazur duad"a QHu
Oparcs Buadta G Gorve Oparan 900" a QHA
(0a)* (0a)*H?D?
Ost | 84a0"ad,ad"a oW, 2 | 8,a0"aD, H DV H
(9a)>H* O, s | 9uad,aDMHIDYH
Opuzrir | 9,a0"a|H|*
B and I terms
dap* + h.c. day?H?D + h.c.
OaaLdu Opa (L°L)(dvy"u) OOaT wp | Oua(LCH)(HTD*L)
Osarqa | €18,a(Lda)(@574dy) | Oty | Bua (L°DHH)(H'L)
Obaca (x) | €*P9,a (d5ds)(@r"dy)

Table 2: Operators in the aSMEFTpq at mass dimension 8

In addition, we construct operator basis of aSMEFTpq, aSMEFTpg,

aLEFTpq, aLEFTpe up to dimension 8. -



aSMEFT and aLEFT Operator Bases

(0a)?X? (8a)*?D
oy, . duadta B,, B Ovazrp | Opadya(Ly" DL
g2 9,a0"a B" B,,, Oparep | Opadya(ey'D De)
@ors d,adtaB,,B"" Opuop | Buadya (@y"'D D)
Ogu)z w Opadta W',,IWW’I"”’ Osa2ubD dyady,a (uy* D V)
Of}fz)z w 9 ad”a Whie W;fp Oda2dp duadya(dy* D H”d)
o) Buadta Wl Whve (9a)*y°H + h.c.
Opoec 0,a0"aGy,G*" | Opgren | Ouad"aLHe aSMEFTpq, aSMEFT,,; are
Oé?m Opad”a G* W)Cf’p Odazur duad"a QHu 2d
Oponcs 8,000 G, Gove Ovurarr 9,00"a QHd also constructed by the
(9a)* . (6a)?H?D? Young tensor method:
Ogga d,a0"ad,ad” a O; d,a0"aD,H' D" H
et | G Of})ii Onad,aDhH' D H (Song et al., 2024)
Opaztis | 9,a0"a|H|* [See zhe's talk]
B and I terms
dap* + h.c. day?H?D + h.c.
OaaLdu Opa (L°L)(dvy"u) OOaT wp | Oua(LCH)(HTD*L)
Osarqa | €18,a(Lda)(@574dy) | Oty | Bua (L°DHH)(H'L)
Odacd (x) | € Gl Jua (dad;’f)(e”/ d"r)

Table 2: Operators in the aSMEFTpq at mass dimension 8

In addition, we construct operator basis of aSMEFTpq, aSMEFTpg,

aLEFTpq, aLEFTpe up to dimension 8. -



Mathematica Package for Hilbert Series

4 (Grojean, Kley, and Yao, arxiv:2024.Xxxx)
7 CHINCHILLA: A Mathematica package for the

construction of invariants using the Hilbert series

ode Helping with the INvariant Construction
CHINCHIILLA using the HiLbert series LAnguage

13



Mathematica Package for Hilbert Series

" (Grojean, Kley, and Yao, arxiv:2024.Xxxx)
CHINCHILLA: A Mathematica package for the

7 construction of invariants using the Hilbert series

Code Helping with the INvariant Construction
CHINCHIILLA using the HiLbert series LAnguage

Existing packages
« ABCA4EFT (Li et al., 2022)
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" (Grojean, Kley, and Yao, arxiv:2024.Xxxx)
7 CHINCHILLA: A Mathematica package for the

construction of invariants using the Hilbert series

Code Helping with the INvariant Construction
CHINCHIILLA using the HiLbert series LAnguage

Existing packages
« ABCA4EFT (Li et al., 2022)
+ AutoEFT (Harlander et al., 2023)
- BasisGen (Criado, 2019) * Operator basis
+ DECO (Calo et al., 2023) - Green’s basis
« DEFT (Gripaios and Sutherland, 2019)
+ ECO (Marinissen et al., 2020)
« GrlIP (Banerjee et al., 2020)
« Sym2Int (Fonseca, 2020)

CHINCHILLA

- For generic problems

+ Charge and Parity symmetry
- Flavor invariants
« Discrete symmetry

« Covariants
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Usage of the Mathematica Package

SMEFT Hilbert series by CHINCHILLA
In[1]:= SetSymmetries[{"Conformal"->Conformal,"SU2"->SU[2],"SU3"->SU[3],"U1"->U[1]}];

In[2]:= AddSpurion[H,"COnformal"—){0,0},”SUQ"—>2,"SU3”—>1,"Ul“—>1/2];
AddSpurion[Hd,"Conformal"—>{0,0},"SU2”—>2,"SU3"—>1,"U1"—>—1/2];
AddSpurion[Q,”Conformal"—){l/Q,O},”SUQ"—>2,”SU3”—>3,“Ul”->1/6,"FlaVor“->Nf];
AddSpurion[Qd, "Conformal"->{0,1/2},"SU2"->2,"SU3"->-3,"U1"->-1/6, "Flavor"->Nf];
AddSpurion[u,"Conformal"->{1/2,0},"SU2"->1,"SU3"->-3,"U1"->-2/3, "Flavor"->Nf] ;
AddSpurion[ud,"COnfOrmal"—){O,1/2},"SU2“—>1,”SU3"—>3,"Ul”—>2/3,"FlaVor"—>Nf];
AddSpurion[d,"Conformal"—>{1/2,0},"SU2"—>1,"SU3"—>—3,”Ul”—>1/3,"Flavor"—>Nf];
AddSpurion[dd,"Conformal“->{0,1/2},“SU2”->1,"SU3"->3,”U1”->-1/3,"F1avcr"->Nf];
AddSpurion[L,"Conformal"->{1/2,0},"SU2"->2,"SU3"->1,"U1"->-1/2, "Flavor"->Nf];
AddSpurion[Ld,"Conformal"->{0,1/2},"SU2"->2,"SU3"->1,"U1"->1/2, "Flavor"->Nf];
AddSpurion[e,"Conformal"—>{1/2,0},"SU2”—>1,”SU3"—>1,“Ul“—)l,”Flavor"—>Nf];
AddSpurion[ed,"Conformal"—>{0,1/2},"SU2“—>1,“SU3"—>1,“Ul”—>—1,“Flavor“—>Nf];
AddSpurion[Bl,"Conformal“—>{1,0},"SUQ"—>1,"SU3"—>1,"U1”—>0];

AddSpurion[Br, "Confcrmal"—>{0 o 1} ,"SU2"->1,"SU3"->1,"U1"->0] ;
AddSpurion[Wl,”Conformal"—>{1,0},”SUZ“—>3,"SU3“—>1,"U1"—>0];
AddSpurion[Wr,"Conformal"—>{0,1},”SU2“—>3,"SU3“—>1,"U1"—>O];
AddSpurion[Gl,"COnformal"—){l,O},”SU2“—>1,"SU3“—>8,"U1"—>0];
AddSpurion[Gr,"Confcrmal"—>{0,1},"SU2"—>1,"SU3"—>8,"U1”—>0];

In[3]:= HilbertSeries[8] (x"EOM" -> True, "IBP" -> True, "Kernel" -> 4, "CP" -> "0dd"*)

1%



+ ALP operator basis is in need for EFT studies.

+ Hilbert series is a useful tool for operator counting and
construction.

« EOM and IBP redundancies are effectively removed by using
conformal characters.

« Shift-symmetric interaction can be easily implemented in the
conformal character.

+ We have constructed shift-symmetric and non-shift-symmetric
operator basis for aSMEFT and aLEFT up to dimension 8.

+ CHINCHILLA is developed to compute the Hilbert series, and will
be available to use soon.
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Questions?



Backup: Dim-5 Hilbert series

The Hilbert series with flavor dependence is given by
HE® =N?0aQQ' + N?dauu' + N?9add" + N}0a LL' + N}daee' +9a HHID
8a By D — 8a BRD — da D3 .
The minus terms can be canceled by the AH.
AH = 8a B D + 8a BRD + da D3 .
The Higgs current term can be removed by a global hypercharge transformation on
the Higgs field which is not captured in our Hilbert series approach.
Ovarr = 8" a (HH%LH) A
This applies to the operators of type 9,,a 1pv*1) where flavor diagonal parts of the

Wilson coefficients can be removed by moving the derivative to the fermions by IBP
and using the conservation of baryon and lepton family number 8,54 = 8#3‘& =0.
In addition, there are operators of the form aF'F at mass dimension 5 which do not
appear in the Hilbert series. This is due to the fact that we use da and F as a building
block. Therefore, we should add them by hands, and the final flavor dependent
Hilbert series has the following form

HEQ = (N?—l)@aQQT+N?8au1LT+N?8addT—Q—(N?—Nf)aaLLT+NJ%3aeeT+3aX2.
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