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Introduction

 EFTs are everywhere;
 Fermi Theory for 3-decay

e Nucleon-nucleon interactions

e Phonons in CM

* They include the relevant degrees of freedom for a particular range of
energies.



* In the case of the SM the process is as O e g i

5192(q7"q) g% + G°*G* + g, f "9, G*Gg5|— O, WO, W, —
2 — ! 0 0 1 27070 1 1
- s H? = 8,01 9,0™ — M?¢* ¢~ — 30,0°0,8° — 5 M°9° — B[ 257+

MH + L(H? + ¢°¢° + 267 ¢7)] + L0y, — ige, [0, Z3(WFW, —

Wiw,) - Zy(WroW, — W, oW)) + Z) (W, oW, —
g " W, 0,W,0)] — igswl0, A (WiW, = WiW,) — A, (WHo,W, —
* Include all operators consistent with W 0V;) A, V70~ WooW ) LT,
-th -t . f 'th S M 't . SOWIW WIW,, + ¢°(ZOWIZIW, — Z,Z0W, W) +
252 (AW AW, — A AWIW,) + ¢ sucu[A ZY(WEW, —
e symmetries of the O a given A B e
| ' Lg2an[H'+(0°) +4(¢+ ™) 2 +4(4°) 267 ¢~ +4H2GH ¢~ +2(¢°)* H?) -
mass dimensions (5,6,7,8....) T A e
Wu— (¢Oau¢+ - §b+au¢0)] + %Q[W:(Hau¢_ _ ¢_auH) o Wu_ (Hau¢+ -
¢+8uH)]+%9$(ZS(H0M¢°—¢°3;LH) —ig%ijZB(WJW ~Wioh)+
. ig5u MA,(Wie™ —Wogh) —ig52e 70(¢+8,6™ — ¢=8,6"
e Remove those operators which are Ry s ARPUONIR w—al PR

redundant under EOM and IBP AL ORI + (0 + 25— 1] - b Vo +

W, ¢") = 5ig* 22 ZVH(W,F ¢~ = Wi ¢T) + 59%50 A0 (W,Fo™ +
Wu_ﬁbJr) + %iQQSwAuH(WJ¢_ — Wu_¢+) - 92%(%3; - 1)Z/2AIJ¢+¢_ —
9's2 A Audt o |— eM(v0 + my)et — A yovt — uj(v0 4+ my)u; —

» The task is gigantic since in principle i T R o M

1 Za(P L+ )A) + (@ (45, — 1 = 7°)e?) + (@7 (357, —

1—7°)u}) + (*(1 = 555, — V)dD)] + s Wi (1 + 7)e?) +

there are a huge amounts of (7(1+ 7)) Col5)] + W (@71 + 7)) + (5 Ch (1 +
VP ud] H 325 5 (6T (72 (1 — 7°)ed) + ¢~

operators. EH (@) + (@) + oo
My (@) O (147°) 5]+ 572567 [y (O (1497 uf) —mis(d3 O (1 -

A _ A - : -
Y)uf] — $5 H(aju}) — $34H(d}d}) + $ 5% (@7°u]) —

* |s there a way to make sure how many PR AN R
there are?

OuX1Y) + igeuy W (0, X~ X° — 0, X°X+) + igs, W, (0,X~Y —
O Y X)) 4+ igcy Z(0, X X — 0, X" X7) +igsyAu (0, XTXT —
0, X" X7)— sgMXtXtH+ XX H+ 2 X°X°H| +
2% jg MIX* X0¢+ — X~ X0¢7] + z-igM[XOX ¢+ — XOX+¢] +
igM 5, [X°X ¢ — XOX*¢7] + LigM[XtX+¢® — X~ X~ ¢°]

A1+ 7)) -




Hilbert Series

* Hilbert series provides with a way to count the number of operators for a given
mass dimension.

* One just need to specify the field content, representation and quantum numbers.

* |t works for different number of space time dimensions and also for different
spacetime symmetries.

* du: project out Lorentz scalars
|
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Hilbert series: 1
An algebraic function;\‘ H = Jdﬂg —PE]| Z ¢i)(R,i] Characters:

Encoding information of polynomials/ P - Representation of each field
Haar measure: :
du.. = d J Plethvsti fial- Spurions:
Heg = CHsu@) xsu@)Hgauge Anti © Yst'f’ _exptc:]nen al: t Both fields and derivatives;
nti-)symmetrizing the arguments; - .
Group invariant volume measure Fermi/Bose statistics Not real fields;

Treated as complex variables

1 1
Example: O = {3,2,8}, L={1,2, —5}

SO, L;x,y,u,21,2) =30x+—)y+—)(g +—+—)u "+3L(x+—)(y +—)u
X

Y SIS X Y

X,y are group parameters of SU(2);, SU(2), and u is the group parameter of U(1)

H = Jdﬂ PE[.7(Q,L;x,y,u,2;,2)] = 1 H57LQO>|+ 4818L*Q° + - - -

Counting operators < > Finding the coefficients



* One has to correct the counting by redundancies
due to EOM and IBP.

EOM: 0°¢p ~ m*¢p, iy"0,y ~ my”, - BP: O, ~ O, + 00,
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Supersymmetry:
Non-supersymmetric theory

Fields

Derivatives Partial derivative 0ﬂ

(0.,0,} = 2ic" 0

ao H

| orentz scalar

Lagrangian S = J'd4XfZ(X) Singlet

d*xW(D., 3%S.) o
Which one to choose, J' xW(P; a )7

D-term or F-term? J'

Scalar field ¢, fermion field v, etc.

Supersymmetry
Chiral superfield ®

0,0=0,0® =0

Super derivatives d,,, d,,

0 R
D,=0,6 = ic” 090,
86’0‘ ao H
D.,=0,= - + i0%* 0
6(90‘ ao H

L = Jd“eK(cb, D7) + Jd29W(<I>) +h.c.

Superpotential

d*x{05[Sh( P, 055)1} o ~ Jd4x[Skh(®i’ 02505,



EOM in Supersymmetry

For a chiral superfield ®, equation of motion is given by égd) ~ m®'. We can verify this relation by
expanding @ in components, i.e. ® = ¢(y) + \/56’1,”()/) + 00F(y), where y* = x* + i06™0, and we get

0% = mgh*, ic" 0, w” —ml//

o

P ), 0,
a.g o 040, 050,;0,®
— 0;040,0,D Indices are chosen to be
050;0,P 9, aﬁaﬁa 0.0 @ i 979395930, symmetric combinations
aﬁaﬂa a d ﬂ /)’ afa},aﬂaﬂadaaq)
Bosonic Part « oUeY » Fermionic Part
Free of EOM Y0.0) = P(a, p, D)1 — D?) X0 = Pla, p, D)((a + é) — D(f + %))

PE] Z Gixril = PE[DY 0+ PPY1 )]  P:spurion of super derivative
| T




IBP In Supersymmetry

—2 Independent IBP Relations

K~K+9d,X"
3 different derivatives 0, 0, 9, > 3 IBP relations K~K+09,X*

K~K'+9d,X"
Only 2 of them are independent! K~K+9d,0,X +0,0,X") -

Still, we have 2 relations and the previous 1/P factor doesn’t work here. (P is not a rep here)

It is tempting to simply subtract the number of X¢, X% to get the number of independent operators,
because it seems like that one operator with one fewer derivative provides one IBP relation, and if we get
rid of all these operators, our result is free of IBP. However it’s incorrect because these IBP relations can

be linearly dependent!



— Correction Space

Starting with a space @, we define the zeroth order equivalence relations on @ as follows:

01 ~ 0y + Zfisl-, 0, € 0O,s;, €S,

We call & } the first order correction space if all elements in & } satisfy the following conditions:

s;#0, and F.T

l]] l]]

= 0, (no sums over i),Vs; € cS’ :

A space & ;’ is called the nth-order correction to O if there exist maps:

97;‘. : Sj” — Sl.(”_l), such that:

s: %0, and I V”ZIV”S—OVS ES”Vk

l]] y-J

and is denoted as S;’({&?_l} — {05’?_2}),11 > 2.

of independent operators =

10}

PREHE

PREH




—SMEFT Example Revisit

eg. O0;~0;+ 2 d,0", 0,0, € {X}, O € {X"}. Terminates with four total

Operator Space IBP Space antisymmetric indices in

If we identify 7 11 =0, and S1 =0, four dimensions.

f19711S = 6M6UX[””] =0  X!is the first order correction space!

I 1,75, XHrl = d,0,X lpl = (0 XWWPlis the second order correction space!

T 1T Xl = 0,0,X uvpol = () X'#vPol s the third order correction space!
a}l ay a/) 00
Diagram: (X} - {XH) < {X[/""]} « {XU“/‘P]} < {X[yppoj}
Order: 1 D D? D3 D4

ZD”)([ ]=1—D(a+l)(ﬂ: 1) - D?[(1 + a* A 1) (1 + % 1)]_D3(a+l)(ﬁ, 1) DA = —
Xlu1uo - in ~ ﬁ a2 ﬂz - 'B -

Operator Space - [IBP Space + First order correction space - Second order correction space 4 Third order correction space



— 6 Infinite Branches
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It doesn’t terminate because one can form infinite numbers of indices to be fully symmetric,

In contrast to the antisymmetric case.

luv---| __
0,0, X1 = 0

0, 0, 9 0,

P
SMEFT Diagram {X} < {X;l} < {X[;w] } < {X[#UP]} - {Xl#vl)al}




—Second Branch

(Ouly + 040)X* = 0

(lp9, + 91X =0
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— Third Branch

Non-trivial!

lnln—l — O’Vn > 1 /

e o

{X(a1a2)d}4,1 ll {Xa}5,2
. P
_______________ (X}*?
00" Deep reason?

. aaaﬁx{aﬁ...} =0« {0, aﬁ} = ()
o (O4ly+0407) =0 [{0,0,},041 =0

° lnl 1 — O NS [{aaa aa}a {aﬁa aﬁ}] — O

n



Any additional branches/corrections?

*P=4q —
. . JPRSTRILL _3 """""
* All three composite maps must vanish (X (X2
lo{X}2’4 p— ZO?I{X}PJ? / ln—4 /%3‘\‘:"‘\‘
{X}n—2,1 ‘ {X}n—Al,2 Lo

(02{X}*? + 03 (X} = (028, + 05%,){X}PP

S
*PFq
(X!
» Suppose p > 4, the following two conditions must NG . ’
be satisfied ) e v-.. ?’1”
0 {X}"* = 0, G3{X}P1 =0 W " S
L3 (X} =1, 385{X}P1 =0 (X}3 ———— (X}




/.' /.° /.'

Ly 4

S m mati On 512 {)((061052)0'5};13,14 {Xa}i:f
u X(alaz)‘z/,o o < o 4,2/
} }Sf e $ LS
(XL b 12,1
number = RN X0
= #{ X}V (X100 ™~ :
© \ / 53
—#({X} + (X)) " xj0s (X)) \
S 0 .
X2 + (X2 + (X)02 + {X)20) ez (e e
2 1 S5 5
—#{X) (X (X) + (XP0+ (X)) ™ NN
1,4 4,1 0.4 4,0 4,2 2.4 s (X e X
#LX] T H X X H X H X+ LX) N NN
PP This becomes the 1/P factor in supersymmetry, and
2 Q" Xxr P,Q represent two super derivatives

when we put this into Hilbert series, it will automatically

—(Px + Qy)
+(PQ*x + P*Qy + P*(x* — 1) + Q*(y* — 1))
—(PQ°xy + P°Qxy + P’ (x” = 2x) + Q°(y° — 2y) + P*Q")

remove all IBP redundancies.

1
du—— PE[ ) ¢xp) + AH

In practical use, we will truncate this infinite series.



— Examples 0, [D(0*D)(0,DT)(0°D")] ~ (0,DP)(0°®)(d, D) (0*D") — 2B (9, D)(0*0*D")(d, D),
0, [D*(0,D")(0%0DT)] ~ 2d(d, D)(0“0*“D)(0,D") + ®*(0,0,D")(0°0°D"),

0, [D(0%0°D)D (9, DT)] ~ (0°0°®)(d, D)D'(0,D") + B(0“0*“D)D'(0,0,D"),
0,1(0,D)(0* @)D (0°D")] ~ (9,P)(I"@)(9,D")(0*D") + 2(9;0,P)(I" D)D" (I*D"),
0.[(0,D)(0%0°D)D™?] ~ (0,0, D)(0%0°D)D'? — 2(d D) (0*0“D)D (0, P"),

0(d,%0, DD 1?)

0,[®(0,D)D(0°0°DT)] ~ ®(9,0,P)D(0%0°D") — D(d, D)(3“0*“D)(0,D").
0 ) lO Only 5 of these are independent! The independent number
} 3 1 \ IS therefore 6-5=1, which is the same as 6-3-3+1+1-1=1.

1  We don’t need to find all relations, not even the
va\ / explicit form of operators in IBP spaces. What we
. 3 « — 1 do is using Hilbert series to count the number of

l() operators in each correction space, and calculate

the summation.



— More flavors and Derivatives

4~ 4
ll lO
; I, . 1 — 2 < 1
a, 6 % 4 l
v ™~ 0, 15 +— 7 /
> S
16— 10 d
] 15 < — 7 \
~. 0 ™~ " ly N
4 < - 4 < — 1 1 < ~ ) < — 1
[ Ly [y ly
12-6-16+4+10+4-5-4+1=0 24-15-154+14+1+7+7-2-2-6+1+1=2

Schouten identity makes it even more difficult



Vector superfields

e So far we have just considered chiral superfields
 The formalism can also be applied for vector interactions.

* | ets remind how gauge abelian terms are included in supersymmetry:

O — D) = ¢ APy B - B, = N @
V a real superfield
/ / V:V*
dTetVd — TV @ = dletV @

1 __
ZD2D@V



One subtlety is that we have to
Include the Haar measure for the

U(1 )R. Same P factor as before!

e The Hilbert series works in the same

way as in SMEFT except we have to H(PQ 82" Wa, W)
add the Haar measure for two U(1) / At Lorent=Uptgange it () P~ (P, Q, v, B, 2) PE[L(®, &1, W, W, ")
groups.
z (I))(I)T’WO“Wd, v os = P X (I)Jr X
T R Y e e+ Qe+ Vo
M Lorentz (27Ti)2 al=1 ) 8l=1 5 P(DWQ)X(LO)—I—Q(DW )X(071)—|—€ gi19-
1 dgi [ dge |
HHgauge = (2mi)? ]{gl|z1 gr Jigs|=1 92 ’
1 dz
dpyg(1) = 5 T

270 Ji =1 2 (D, (I)T, Wa,Wd,ev)ferm — P(D(I))gflz_1>2(%,0) + Q(D® )QZZX(O 1y + WaZX( 0T W 2_192( Ly

2



 For a non-abelian case (e.g. SU(2)
things work in the same way:

1 dgi
d auge — : — (1 —
Hgaug (277)2 ]{ a1 ( g

Same P factor as before!

/ ditLorentzAigaugediv 1y P~ (P, Q, o, B, 2) PE[Z(®, ®1, Wo, W, ")

1 1
g1 g2

—& 1. 1. - Q o~
(D, ", Wo, W, € Jpos = ®(g1 + —)X(0,0) + (92 + —)X(0.0)+ P(DWa)X1,0) + QDWW X(01) + e (g1 +—)(g2 + —)

g1 g2

. 1 _ 1 )
I((I)a (I)Ta Wou |44 76V)ferm — P(D(I))(gl + g_)z 1X( ,0) + Q(D(I)T)(QQ T g)ZX(O,%)—I_ WOéZX(



Conclusions

 Hilbert series are an useful tool to calculate the number of independent
operators (IBP & EOM free) in an EFT.

* |n this talk | have applied the formalism to an N=1 SUSY theory with chiral
multiplets.

« EOMs redundancies can be treated similarly to non-supersymmetric theories.

* |BP generate a richer structure due to the existence of three derivatives and
not just one.

* The techniques also works in super gauge theories.



* Future directions that we are exploring are the following:
* Connection to the superconformal group
» |dentifying the structure of the operators using Young Tableaux techniques.

e Studying the role of super amplitudes in this approach.

Thank you!
)
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