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Highlights

» Operator bases of EFTs are organized by the conformal algebra

The operator basis of an (non-conformal) EFT is spanned by
the set of scalar (spin-0) conformal primaries formed from the
canonical fields and their derivatives

» A completely automated technigue is developed for counting
the dimension of an operator basis

B. Henning, XL, T. Melia and H. Murayama:

1 dimensional spacetime (arXiv: 1507.07240)
General spacetime dimension (arXiv: 1601.XXxXX)
Application to SM EFT (arXiv: 1512.XxXxxX)
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Why counting operators?

Atheory = field content -} symmetries imposed
[ Lorentz invariance
v A, 18U (3) xSU (2), xU (1),
Degree of freedom of the theory Practical use?
SM 19
MSSM 105
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[ Lorentz invariance
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Degree of freedom of the theory Practical use? None...
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Why counting operators?

Atheory = field content -} symmetries imposed
[ Lorentz invariance
v A, 18U (3) xSU (2), xU (1),
Degree of freedom of the theory Practical use? None...
SM 19 The techn_ique de\_/eloped may
be useful in studying deeper
MSSM 105 underlying structures, if any
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What is hard about counting operators?

The number is large!
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What is hard about counting operators?

SMEFT:  £(®)= Ly, (Q))+%(’)5+%(’)6 +%@7 +%@8 ‘e

Complicated field content cDe{H,Q,u,d,L,e,Ga W, BW}

/JV’ /JV’

Various symmetries  SU (3) xSU (2), xU(1),, Lorentz invariance
Redundancy relations

- Group ldentities (G”)aﬂ (o, )75 = 26,,€45

- Equations of Motion (EOM) OxD’¢=0

- Integration by Part (1BP) D“(0,)=0

An operator basis: A set of complete but independent operators
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What is hard about counting operators?

» dim=6, N, =1

 W. Buchmuller and D. Wyler, Nucl. Phys. B 268 (1986) 621

80 baryon conserving

» B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, arXiv: 1008.4884
59 baryon conserving

» dim=8, N,=1

e L. Lehman and A. Martin, arXiv: 1510.00372

535 operators = 931 real coefficients
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» dim=6, N, =1

 W. Buchmuller and D. Wyler, Nucl. Phys. B 268 (1986) 621

80 baryon conserving

» B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, arXiv: 1008.4884
59 baryon conserving

» dim=8, N,=1

e L. Lehman and A. Martin, arXiv: 1510.00372

535 operators = 93Mnts 993 real coefficients
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Motivation

What is hard about counting operators?

counting by hand...

dim=6 B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, arXiv: 1008.4884

X3 A5 and 1D? 28 (LL)(LL) (RR)(RR) (LL)(RR)
Qc fﬂBC(’;‘;‘jv(;fﬂ(}'f{'ﬂ Q. (#he)3 ey (ohp }(,Fp( ) O (vl )" 1) Qee (Eprper)(Esvter) Qe (ol M er)
Qg _f-'““”('?';"’fif%'ﬁ"‘ Qo (¢te)0(ele) Quy (2T o)(Gour ) Qu (@t ) (@7 a) Qu (Tptr ) (@57 ) Quu (pyule) (@7 at)
Qw | EWIWIWER | Qupy | (51D42) (5 D) | Que EBA (Jffi}) (Gprum @ g ) || Qaa (dpyudr ) (dsydy) Qra (Il ) (dsydy)
Qs :.J'.H\"]T'JUI1;.}};;”';\'11- ):3: (Lo M@ @) | Geu (Fpuer Ty 1) Q(qf (Gp1utr) (Es77er)
2L X0 2.2 Qg | Ut W)@ ) | Qea (Eput ,-)(u’_s".-”d:) Qul | (@nudr) (@7 ue)
_ e : 5 Qu | @) dard) | QR | (G T @A T4 w)
ea Ao, chm Qew | (lpo™e )7 W], J{ (¢ ;U,;y}( 1) Q) | (@A) (d#TAdy) Qf;f} (@) ([durtde)
Qe ele (’;a\u(’ s (e (lpo™ er) o Buw 2{ 7 (! ‘;D;f Pt 1) Q[m (GpruT g ) (dmTAd,)
Quw o WL Wi Que | (Gpo"" THu)7Gh, | Que (;Tiég e)Epiter) (LR)(RL) and (LR)(LR) B-violating
Qv P Wi Quv | (G u) T W, | QW | (¢1iDy )@ ar) Qteas (Beo)(dud?) Qg o912, [(d2)TCul) [(q27)TCHE]
Qun FT;‘?-”“BW Qun (@po*ur ) By 2{ b ( AT“Drx )@ qr) (f;:n.ari ("é”r)-ﬁ'k(ﬁ;‘d;} (2gqu ebre [{ff;J)T(r"ff}‘] [(”E)T("'*]
Qi | ¢2BuB™ | Quo | @ TH)p Gl | Qe | (1iDy2)(p0u,) Qpuna | (BT ) @TAdy) || Qe ke (57 Cq] (@O
Quws | AToWLBY | Qav | Go"d) T oW, | Qua | (¢'iD,p)(dp*d,) QD | (Beeldus) | Qby B (r12) o (712) an [(a89)TCP¥] [(q7m™)TCIY]
(-.).‘,';T-';; At "“;{HRW Qap (Gpo"dr)? By Qpud ’-'{ETD;I;' (Tpn"dy) {2![':311 [‘T:J;”;fui'r)f'jk(*?f””””r) Quauu e [(“I:JT(-'“f] ['[ ul)TCe ']
Table 2: Dimension-six operators other than the four-fermion ones. Table 3: Four-fermion operators.
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Our goal: find a systematic, automated, and correct way of doing it
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Our goal: find a systematic, automated, and correct way of doing it
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Outline for the rest of this talk

* Review of non-derivative technigues
e derivative warm up: 1d spacetime

e true task: higher d spacetime



non-derivative techniques

Counting technigue without derivative (Invariant theory)

 Hilbert series as an organizing tool
e Molien-Weyl formula

Good reviews:

arXiv: 0907.4763, E. E. Jenkins and A. V. Manohar
arXiv: 1010.3161, A. Hanany, E. E. Jenkins, A. V. Manohar, and G. Torri
arXiv: 1503.07537, L. Lehman and A. Martin

11/30/2015 UC Davis Seminar Xiaochuan Lu, UC Davis 18



non-derivative techniques

Hilbert series as an organizing tool

polynomial ring Organizing all order information:

R[xl,xz,---,xn]zv{xfxgz---x;",r eN} ZC” uj <1

‘ \ grading

r=r+r+---4+4r, c =? _
counting information at each order

r
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non-derivative techniques

Hilbert series as an organizing tool

polynomial ring Organizing all order information:

R[xl,xz,---,xn]zv{x{lxg2 X eN} ZC u', Juf<1

‘ \ grading

r=r+r+---4+4r, c =? _
counting information at each order

r

K=R[4], x=¢->u, ¢ =1 H(“)zi“r:ﬁ

r=0
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non-derivative techniques

Hilbert series as an organizing tool

polynomial ring Organizing all order information:

R[xl,xz,---,xn]:v{x{lx;2 X eN} ZC u', Juf<1

‘ \ grading

r=r+r+---4+4r, c =? _
counting information at each order

r

K=R[¢], x=¢—>u, c =1 H(u):iur:ﬁ
r=0 _
X; =¢ — U multi-graded Uu=u,=---=uU =U
K:R[¢1’¢2""’¢n] H = 1 1 1 1
1-u;1-u, 1-u (1—u)”

n
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non-derivative techniques

Hilbert series as an organizing tool

polynomial ring Organizing all order information:

R[xl,xz,---,xn]:v{x{lx;2 X eN} ZC u', Juf<1

‘ \ grading

r=r+r+---4+4r, c =? _
counting information at each order

r

K=R[4], x=¢->u, ¢ =1 H(“)zi“r:ﬁ

r=0

X. =¢ — U multi-graded U=uU,=--=uU =U

K:R[¢1’¢2""’¢n] H = 1 1 1 H = 1

1-u;1-u, 1-u (1—u)”

n

freely generated
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non-derivative techniques

Example for non freely generated ring

C1+u®

K=R[¢"¢°], ¢>u  H=(1+u+u?+0’+u+-)-u "
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non-derivative techniques

Example for non freely generated ring

K=R[¢"¢] s->u H=(1+u+u2+u3+u4+---)—u:iiﬂz
X, = ¢° — U h ? 1 ~ 1
X, = ¢ — U’ C(1=x)(1-%)  (1-u?)(1-u?)
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non-derivative techniques

Example for non freely generated ring

1+u®
IC:R 2’ 3 ’ ’ H — l 2 3 4 ceo | — =
#.8°],  s—ou (Tru+u?+u®+u+-)—u "
X, =¢° — U’ :>H—? 1 B 1
X, = ¢° - U° C(1=x)(1-%)  (1-u?)(1-u?)
X; =X,  redundancy relation I=<Xf—X§>

K=RI/I =R[x1,x2]/<xf—x§> A guotient ring
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non-derivative techniques

Example for non freely generated ring

1+u®
IC:R 2’ 3 ’ ’ H — l 2 3 4 ceo | — =
#.8°],  s—ou (Tru+u?+u®+u+-)—u "
X, =¢° — U’ :>H—? 1 B 1
X, = ¢° - U° C(1=x)(1-%)  (1-u?)(1-u?)
X; =X,  redundancy relation I=<Xf—X§>

K=RI/I =R[x1,x2]/<xf—x§> A guotient ring

the least common multiple

—

1- % 1-u® 140’

(1-x)(1-%) (1-u?)(1-v®) 1-u’
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non-derivative techniques

Imposing symmetries

L(¢), K=R[g] L(g4), K=R|¢¢ |
Z,={e,P} {e¢=¢ $—e’¢
P2 —¢ Pp =4 U (). {¢*_)em¢*
5> {¢*—>u*
X=¢° — U 2l
X=¢ ¢—>UuU
Ian = R[X] anv = R[X]
Lo 1t o L o 1
C1-x 1-u? C1-x 1-u'u
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non-derivative techniques

Nontrivial examples of imposing symmetries

L(¢4.¢,), Z,=1{eP}

P¢1 — _¢1’ P¢2 — _¢2
¢ —> U, @ —>U,
X = ¢12’ X, = ¢221 X3 = ¢1¢2
XX, = X;

Koy = R[ X, X, x3]/<x1x2 — X

1— XX,

(1-x%)(1-x%,)(1=x,)

1+u,u,

(1-uf)(1-u3)

11/30/2015 UC Davis Seminar

2
3

)

L4 d..4) U
¢1_>ei9¢11 ¢2_>em¢2
b, B >U, b, F DU
X1=¢1¢1*’ X2=¢2¢;’ X3=¢12¢;’ Xy = 1*2¢2

X X, = X,X,

Ian = R[Xl,XZ,X3, X4]/<X12X2 - X3X4>

1- XX,
(1_ Xl)(l_ Xz)(l_ X3)(1_ X4)

1-u/u,“u,u,

H =

(1= uuy ) (21— uyuz ) (1-ufuy ) (1-upu, )
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non-derivative techniques

Molien-Weyl formula: representation theory

]
?,

P,

11/30/2015 UC Davis Seminar

H (U) = chinglet,rur - ?
r=0

_)g:gq) {1r1 2|’2...¢r:’n’ri+r2+...+rn:r}_)gr

R[¢1’¢2""v¢n]_) Or :@gr
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non-derivative techniques

Molien-Weyl formula: representation theory

¢1 H (U) = Z.():Csinglet,rur = 7
r=0
G=foh ©=|%|50=0  {gadnn i =g,
&, R[¢1’¢2”"’¢n]_>gpz:@gr

zr(g)=tr(gr)=2a)caza(g)

1
Csinglet,r =—2_1 Xr (g)
S T T e - L
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non-derivative techniques

Molien-Weyl formula: representation theory

]
?,

tr(gr)=Za:caza(g)

= 5ab

o0 1 o0
chmgletru = ﬂzzurl
g r=0

r=0

11/30/2015 UC Davis Seminar Xiaochuan Lu, UC Davis

—0=0, {1r1 2"2_.

@, R[¢1v¢2"'

U) = Z:Csinglet,rur = 7
r=0

rn J—
'¢n ’r1+r2+'“+rn _r}_)gr

4] 9: =D,

1
‘ Csinglet,r = @Zl X (g)
g

| |ZZR u,g)
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non-derivative techniques

Molien-Weyl formula: representation theory

¢1 H (U) = Z.olcsinglet,rur = 7
r=0
G={g) ©= % |50-00  {@gr i naein ot g,
&, R[¢l’¢2"“’¢n]_)gR:®gr

=tr(gr)=Za:caza(g)

1
‘ Csinglet,r 1~ 1 Zr (g)
ﬁle(g)Zb(g):é\b |G|Zg:

o0 1 e r
chmgletru _HZZU Zr | |ZZR U g
g r=0

r=0

=Y u"%.(9) graded Ring (R) character
r=0
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non-derivative techniques

Molien-Weyl formula: representation theory

ch:UDQUT, D®:diag(ﬂl,,12,...,,1n)
gr=diag{,11ﬁ...,1rn [+t =r}

r(g)=tr(g,)= D A*--A7

n+-+r=r
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non-derivative techniques

Molien-Weyl formula: representation theory

ch:UDq)UT, D©=diag(ﬂl,ﬂz,...’in)
grzdiag{,ql...grn [+t =r}

Zr(g —tr Z ﬂlrl lr
SYTPACIED D FP IR JTCLPIe)
r—0 r=0  [+-+r=r nr--r,=0
1 ~ 1 1

“(1—ui)--(1—ui,) det(1-uD,) det(1—ug,)
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non-derivative techniques

Molien-Weyl formula: representation theory

g, =UD,U', D, =diag(4,4,,,A,)
grzdiag{zlﬁ...,w [+t =r}

r(g)=tr(g,)= D A*--A7

n+-+r=r

00]

Ezurlr(g):zur Z Alrl...ﬂ’r:-n: Z Ur1+m+rnﬂlrl"'ﬂ«,:
r=0

r=0 [+ -+, =r no---r,=0
- 1 - 1 _ 1
(1-u4)--(1-u4,) det(l-uD,) det(1-ug,)

|G|Zdetl ug, ) J e ( detl ug, )
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non-derivative techniques

Weyl integration formula

g,=hg,h™* > g, ~ g,

_[dﬂe (9)f(9)= IaerﬂG (a)f [g(a)]

class function: /4

9,~ 0, > 1 (gl) =1 (g2) maximal torus generated by Cartan subalgebra
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non-derivative techniques

Weyl integration formula

g,=hg,h™* > g, ~ g,

_[dﬂe (9)f(9)= IaerﬂG (a)f [g(a)]

class function: /4

9,~ 0, > 1 (gl) =1 (92) maximal torus generated by Cartan subalgebra

SU(2)og=e""

e i0/2
)

Tog(a)=e e

o
a 0
0 at
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non-derivative techniques

Weyl integration formula

g,=hg,h™* > g, ~ g,

_[dﬂe (9)f(9)= IaerﬂG (a)f [g(a)]

class function: /4

9,~ 0, > 1 (gl) =1 (92) maximal torus generated by Cartan subalgebra

SU(2)og=e""

T :)g(a):emts, o =02

0.y (@) = (‘;‘ aolj

W. Fulton and J. Harris, Representation Theory, Springer, New York, 2004
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non-derivative techniques

Weyl integration formula

3 dx 1 B dy 11 ) 5
Jamy =9, 5 | d“su(zrqsy:lz—,,iyz(l‘y )(1-v7)
dz, 1dz, 11 1 z; z z z;
du. . = 9 2% 2 gz ) 1-—|[1- A |- B |- |-
j s (]521=Zz=1 27i 7, 27i 2, 6( ' 2)[ 2122}( ZZJ[ zf]( ZS]( ZJ

A. Hanany and R. Kalveks, arXiv: 1408.4690

Group Haar Measure on Maximal Torus
1 dz; . 12
(](I) (2mi)"r! jg .’li H IIj o Ikl
r r
. 1 dz; , 2 , _ 1
SU(? -+ 1) 2r) (1! H jg 32 H |"r'j _Ik| Lr+1 = H x;

H (:rj—:?:k)Q(l—:cja:k)Q ﬁ (1—zm ) (zm—1)

.T-jS‘-gk

I'm

SOQ2r+1) | womym Il §

USp(2r) WH § oo

m=1

H (:cj—:rk)g(l—a'.j:rk)g f—I (I—IQm%(IQm—l)

i - 9323'5'32& I“m
i=1|z;|=1 1<j<k<r m=1
r 2 2
P 1 dzx; (xj—xp) " (1=—zj21)
SO(2r) 5 =Tariy L1 [ | T

3:1|3%|:1 ‘ 1§j’<k§?
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non-derivative techniques

Plethystic Exponential

aeT - tr{[gq) (a)]r} = Yo (ar)

1
- det[1-ug, («

~expl 3" L] (g, ] =exp| 0z (o)

r=1 r r=1 r
= PE[U;{Q (a)]

AR (u’a)

1 =exp{—Indet[1-ug, |} = exp{-trin[1-ug, ]}

More than one generate multiplets: {®, |

= L = u a
7o (U ) = [Teet[1-u,9,, ()] PE@ Zo{ )}
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non-derivative techniques

A side note on fermionic fields

r=0

det(liugq))’ PE[U){q)(a)]:exp{g%ur% (ar)}

T

leur =1+r,  det(1+ug,), PEF[UZCD (a)]:exp{i

r=0 r=1

r+1

]
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non-derivative techniques

Summary of Molien-Weyl formula

project out singlet graded R character

T~ /

M@j&%%@®=kﬂ%WMﬂ%@

1

AR (ua’a) = UdEt[l—Uagq>a (05):| = PE|:§uaZCDa (a)}

~ \

generator multiplet representation matrix generator multiplet character
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non-derivative techniques

Back to examples of imposing symmetry

C(4.4,), Z,={eP) @, ={d.4} > U, ={u,u,}
Pg=-¢, Pg,=-9, gq>a(e)={1’l}’ gcpa(P):{—l,—l}
Zr (€)= : =T : _

E[det[l—uagq)a(e)] (1-u)(1-u,)
ZR(P): . = :

Hdet[l— U,go, (P)] (1+u,)(1+u,)

a

1

H :E ZR(e)+ZR(P)]:( LU,

- 02)(1-u)
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non-derivative techniques

Back to examples of imposing symmetry

L(dd b ), U(L) O, = {h & by | = Uy = (U, U Uy, U
4 —e'g, ¢ —>e"¢, Jo, (@)= { e e_'e,ez"g,e_z'e} {a al,a?, a‘z}
AR (ua,a) = : = .

I:Idet 11-u,0,, (2)] (1-u@)(l-ua™)(1-ua?)(1-ua?)

de 1 1
=271 o (1-ua)(1-ua ) (1-ua®)(1-ue )

H = jdﬂu(l) (@) 2r (U @) = C_ﬁ
da a’
e 271 (1- @) (1-U,a? ) (e - 0} ) (o - uj)
1-u/u,u,u,

) (1= uyuy ) (1-upuy ) (1-ufu; ) (1-uu,)
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Need to accommodate derivative!

-EOM - IBP

e warm up: 1d real scalar

* true task: higher d



warm up: 1d real scalar

EOM: removing generators

¢ —>Uu
00—t

Koo = R[4,00,0°,~] sy H,, (ut)= .

(l—u)(l—tu)(l—tzu)---

EOM: 8%$=0

Keom :R[¢,8¢] )  Hg,, (u’t):

1
(1-u)(1-tu)

ICN,EOM = R[¢1,8¢1,¢2,8¢2,---,¢N 18¢N] I_IN,EOM (ua’t) = H
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warm up: 1d real scalar

IBP: highest weight states of SO(3,C)

© ( ¢ j A spin ¥z representation of SO(3,C)
| 9

derivative as a lowering operator

( 102 \

Highest weights
@1 ® CbQ _ (;518@2 + ngaqbl
o01) \002) | 001002 =
\ 01062 — 62001 | anish by IBP/EOM
2 @ 2 = 3 & 1

11/30/2015 UC Davis Seminar Xiaochuan Lu, UC Davis 47



warm up: 1d real scalar

Calculation of Hilbert series

ZR(U&’OC): - = N,EOM(Ua’a)
[T581] e aaa
a=1
AR (Ua a):ZCHl(Ua)ZHl(a) 7(r+1(05):05r a7+ N\ +a”
r=0
Hy (UO’Ua): Zcrﬂ(_a)UOr = Lddﬂso(s,c)(“)zﬁgl:ﬂ(a)h (Ua’a)
r=0 r=0
da 1 ) ) 1
Cj}laIﬂZ_ﬂiZ(l_a J{t-a?) (1-Tye)(1-Tpar ™)
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warm up: 1d real scalar

Closed form results

. da 1 : 1y ()5
H _= _— 1_ 2 Y
AR Pl | Frur e B3y § (PR )
azb
1

H. =

' l_—O—l

o 1

©(-0m)(-0n)(1-ug,)
i 1- U,0,0,0
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warm up: 1d real scalar

Side remark: recursion relation (composition rule)

Hy1eom (Ua’a) =Hy com (Ua’a) H, eom (UN+1’05)

L
zZ
+
[N
~~
<
o
<
=y
I

dx 1 o g
""’UN+1):4>|X|=12_7[i;HN (UO’ul’“"uN—l’X)HZ(X 1’UN’UN+1)

L S

S - - 1
HN+M_1(UO’U1’.“’UN+M_1):ﬁ)q:lzﬂ'i X HN (uo’ul’“.’uN—l’X)HM (X ’uN’.“’uN+M—1)
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warm up: 1d real scalar

Side remark: composition rule in diagrams

o dx 1., ,— _ 4o o
H, (1,0, T, ) 45|x|:12_7,i§H2(u0’u1’X)H2(X L0, ) = H,y (0,0, 0,.0,)

general composition:
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warm up: 1d real scalar

1d method recap: two steps

» Find graded R character

1
U,a

u,a)= H u
ZR( a a) Hdetl:l_Uagq)a (a):| N,EOM( )
» Project out highest weight states

Hy (T,,0,) = J‘d:uso(&c) (a)ZUorZ:+1 (o)xx (U, @)
r=0
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true task: higher d

Can we generalize the 1d method to higher d?

e Lorentz invariance

Euclidean spacetime SO(d) =) Molien-Weyl formula
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true task: higher d

Can we generalize the 1d method to higher d?

e Lorentz invariance

Euclidean spacetime SO(d) =) Molien-Weyl formula

 EOM does not truncate generators
ICfree = Rl:¢, a,u¢’ 8ﬂ8V¢, aﬂavap¢1 e :| 82¢ = 8ﬂ8ﬂ¢ =0
Keow =R[0*¢|  0"¢: traceless symmetric 8,0, -0, 4
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true task: higher d

Can we generalize the 1d method to higher d?

e Lorentz invariance

Euclidean spacetime SO(d) =) Molien-Weyl formula

 EOM does not truncate generators
Kie =R[4, 0,6, 0,04, 0,008,  0°$=0,0,4=0
Keow =R[0*¢|  0"¢: traceless symmetric 8,0, -0, 4

 IBP
A group where each 0, acts as a lowering operator?
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true task: higher d

Can we generalize the 1d method to higher d?

e Lorentz invariance

Euclidean spacetime SO(d) =) Molien-Weyl formula

 EOM does not truncate generators
K =R| ¢, 0,6, 0,08, 0,0,0,4-]  °¢=0,0,4=0
Keow =R[0*¢|  0"¢: traceless symmetric 8,0, -0, 4

« IBP
A group where each 0, acts as a lowering operator?

SO(3,C) == SO(d+2,C) complexified conformal group
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true task: higher d

Can we generalize the 1d method to higher d?

conformal group O(ds 2 C [D,pﬂ]:_pﬂ
so(d,2)>{L,,.P,.K,,D] - (d+2.C)> 'D.K,]=+K

v ]
o H
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true task: higher d

Can we generalize the 1d method to higher d?

conformal group DP |=-P
} » SO(d +2,C) > [ ”] g

s0(d,2)>{L,,.P,.K,,D DK, |=+K,
¢
real scalar ;Z
Keow =R[®] = . "
0" o v
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true task: higher d

Can we generalize the 1d method to higher d?

conformal group DP |=-P
} » SO(d +2,C) > [ ”] g

s0(d,2)>{L,,.P,.K,,D DK, |=+K,
¢
real scalar ;Z
Keow =R[®] = . "
0" o v

Lorentz invariance, EOM, and IBP mms=) scalar conformal primaries
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true task: higher d

Can we generalize the 1d method to higher d?

conformal group DP |=-P
} » SO(d +2,C) > [ ”] g

s0(d,2)>{L,,.P,.K,,D DK, |=+K,
¢
real scalar ;Z
Keow =R[®] = . "
0" o v

Lorentz invariance, EOM, and IBP mms=) scalar conformal primaries

p? =0, Zi:pi:O — #(pipj)z(nJ—nzn(n_3)=#(crossratios)
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true task: higher d

4d real scalar example

» Find graded R character
Zr(4.0,0, ) =PE| ¢y, (0., B) | = exn{iéﬂﬂap (qr,ar,ﬁr)}

O > o ~ (55} Lorentz group
2°2 SO(4)=SU(2), xSU (2),

o (0,0, 8) = ®[ 4 diag (@, @2 -, @ diag (B, B2 -+, )

2o (@ 8) =t gy (d.a. B)]=3 i e B = q(1- 0% )P (g2, B)
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true task: higher d

4d real scalar example

» Project out 0-spin primaries Z[A;.—](q,a,ﬂ) = 0" " (o, B)P (0, B)

7, (9,a,8)=09"P(q,2,p) F. A. Dolan, arXiv: hep-th/0508031

Orthonormality: jd:uso(4,2) (g,a,8) z,(dha,B) xu(da,B)=5,,
dg 1 1
1271 q P(q,a,8)P(qa™, B7)

da dp 1 2 i 2 )
Idﬂ50(4)(a"g):<j5a=ﬁ:12; 271 4af (1—0( )(1—0{ )(1_'8 )(1_'8 )

Jdﬂso(4,2) (q’a’ﬂ) = Idﬂso(4) (0":5)85

1

H(4.p)= J‘d:uso(4,2)AZO P xR = jdﬂso(4)EZR

Ytz =2 0 P(qt et B =
1
A=0 A=0 — Pq

11/30/2015 UC Davis Seminar Xiaochuan Lu, UC Davis 62



true task: higher d

One subtlety: unitarity bound

H (6,9) = [ dttogy = 20 = (14 9°)+ (P p7) 4 +O(¢°)
2 (0@, 8)=0"P(q.a,p)
Za(da,B)# x.(0,a,B) unitarity bound is saturated

unitarity bound 7, (q.«.8)=x.(0.,a,8), A>1
Az21 1=0  gz(qapf)=r(0apB)-r(qap)

F. A. Dolan, arXiv: hep-th/0508031

Zo (%, f)=0d(1-0°)P (a2, 8) = Zu(d,a 5)
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true task: higher d

One subtlety: unitarity bound

(80,0, B)=1+c(8) (0., B)+C, () 7, (A, B)+C5 (@) 75 (0o, B) +-+
H (¢, p)=1+c,(¢) p+C,(4) p> +c5(4) p° +---

Xr—1=Cx +C 1, +(C3 _Cl)ZB L

Ca :jdﬂso(4,2)lz (ZR _l)’ A+3
C, = Idﬂso(4,2) (Z: + Z;)(zR _1)

H (¢’ p) — 1+J.d/uso(4,2) (Z; pAZZ + p3ll* _Zg](ZR _1)
A=

1
= jdﬂso(4)EZR + p3¢_ p4
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true task: higher d

4d SM EFT
» Find graded R character
2e({4.} 0.2, 8.%,Y,2,,2,) = PE[Z¢az®a (a.a.8.% Y2, 22)}

Zq)a (q,a,ﬂ,X,y,Zl,Zz) conformal(q a, /B) gauge(x,y’zl’zz)

» Project out gauge invariant 0-spin primaries

H ({¢a}’ p) - Idﬂgauge(x’ y’zl’ZZ)Idﬂso(4)(a’ﬂ) ( . AR ({¢a}’ p.a, b, X y’zl’ZZ)

P(p.a f)
— j d /ugauge j d :uso PE|:Z ¢a conformal gauge:|
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true task: higher d

4d SM EFT

 H(1)00) = [t [ 3P| T 227 |

Field content
e{H,Qu d,Le,G- W- B" ¢

] c! ] c! /uv’ /JV’ /uv’ }

Lorentz group representations 0 SU@)L SU@R SUB) SU@), Uy
H 1 1 1 2 3
é~(0,0) Q 2 1 3 2 1
~(%/2,0), vz ~(03/2) e 2 1 3 1 —4
] - d. 2 1 3 1 2
Xt ~(10), X® ~(01) 5 1 1 5 S
) . e. 2 1 1 1 6
{xﬂvsxwﬂxw X, =c, X~ |B 3 1 1 1 0
R _ 7! uv #v o
XR =X, —iX, w, 3 1 1 3 0
G, 3 1 8 1 0
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true task: higher d

4d SM EFT

 H(1)00) = [t [ 3P| T 227 |

(. (kK
(D2p=0 oo (2 2)
k+1 k — O[m+1—0(_m_1 ﬂn+1_IB_n_1
EOM Dy, =0 ‘ Dkl//L”‘( > ’E) Kimjana) (@ B) = p S e
DﬂXL B K+2 k
Dka~( il ,_j
i 2 2

k+1 k-1 k+1 k-1
conformal . ka1 & - /B - /B 2
y ULy = = 1_ P UL
2™ (a2, ) ;q T G a(L-a?)P(a,a, )

conformal q a, ﬂ :qu+3/2 Ot _00;_:_2 ﬂ;l__ﬂﬂ:lk_l :q3/2 |:(C¥+Ol_l)—CI(ﬂ+ﬂ_l):|P(q1a1ﬂ)

Z;:(()Lnformal(q’a,ﬂ):quﬂaa__Z__l_ ﬂ;__ﬂﬂ:l_ :q2|:(a2+1+a-2)—(](05+a_1)(ﬂ+ﬂ‘1)+q2:|P(q;a,ﬂ)
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true task: higher d

4d SM EFT

 H(1)00) = [ [ 3P| T 227 |

Gauge invariance SU (3) xSU (2), xU (1),

gauge

Ao,

290)=x2 2O =[PW] =y+yt  25P(y)=y +1lry?

(% v.2,2,) = 222 (X) 2o @ (V) 28 @ (2., 2,)

SU(3) sU(3) N z, 1 sU(3) 2 72 z, z; 1
X3 (21’22):[753 (21’22)] =L+ —+—, Haii (2:2,) =22, + 2+ 242+ 2+ =+
L 4 Z, 4 L L, 47

_[dlugauge(x’ y’zl'ZZ):Id/”u(l)(X)Idﬂsu(z)(y)J‘dlusu(s)(Zl'ZZ)
dx 1 dy 11 2 -2
Jomw = o 800 =85,y 3(0-¥)E-Y7)

dz, 1dz, 11 1 2! z z 25
d 94 205 2 2 g7y 1-—||1-E 1= 2 |1-A -2
I Haue = 3621 Hul1 27 7, 27i Z, 6( = )( 2,2 J[ sz[ zf)[ ZSJ[ le
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true task: higher d

10000000 000 -

7557369962 |
2795173575

1000000000 -
100000000 -
10000000 -
5474170

1000000 -

100000

10000 -

No. of independent ops

1000

100 -

10 12

931 by L. Lehman and A. Martin (LM), arXiv: 1510.00372

|
5 6 7 8 9 10 11 12 13 14 15
Mass dimension

11/30/2015 UC Davis Seminar Xiaochuan Lu, UC Davis 69



true task: higher d

What mistake did LM make?

LM method: H = max{H oy — PHp com: 0}

Heom ({ jdﬂso IB) ({¢ }’ p,a,,B)
Hp eom ({¢a ’ :_‘-dﬂso( ;B)Z(Ii(/)gelr}tzz)(avﬂ)ﬂ(R ({¢a}1 p’a’ﬂ)

Aﬂ € Keoy — DﬂAﬂ =0

A,=DA, —>DA =DDA, =0

u—v" uv
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true task: higher d

L. Lehman and A. Martin, arXiv: 1510.00372

Class O(D? H?> H™ X): there is just one operator in this class (plus h.c.)

D?(HTH)*WE), (3.26)

B. Henning, XL, T. Melia and H. Murayama, arXiv: 1512.XXxXxX

HQHT Wi D?* all + hee. (3.30)

/CEOMD{ (D,H")(D,H)(H™H)B., , (D,H'H)(H'D,H)B, }
/CEOMD{ (H'D,H)(H™H)B., , (D,H'H)(H'H)BL, }

Class H*XD?:

(H'D,H)(H'H)BL, +(D,H™H)(H'H)B., =D, B(H*H)2 B:V}
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true task: higher d

The#of IBP = #(D,A, =0)
Il A =DA,
#(n)-#(oA, )

Y7
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true task: higher d

The#of IBP = #(D,A, =0)
Il A =DA,
#(Aﬂ)_#(DVAuV)
[
#(A,,)-#(D,A,,)

v p" uvp

11/30/2015 UC Davis Seminar Xiaochuan Lu, UC Davis 73



true task: higher d

The#of IBP = #(D,A, =0)
Il A =DA,
#(A,)-#(0.A.)
[
#{Aw)=#(D,A)

[
#(A,.,)-#(D,A,,.)

UV o’ uvpo
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true task: higher d

The#of IBP = #(D,A, =0)
Il A =DA,
#(Aﬂ)_#(DVAuV)
[
#(A,,)-#(D,A,,)

v p" uvp

[
#(A,.,)-#(D,A,,.)

UV o’ uvpo

[
#(A0)
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true task: higher d

The#of IBP = #(D,A, =0)
Il A =DA,
#(Aﬂ)_#(DVAuV)
|
#(A )—#(D A )

v p" uvp

[
#(A,.,)-#(D,A,,.)

UV o’ uvpo

[
#(A,0)

The#of IBP = #(A,) — #(A,) + #(A,) — #(A..)

% 2% Huvp Uvpo
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true task: higher d

What mistake did LM make?

— 2 3 4
H = HEOM o le-form,EOM +P H2—form,EOM - P H3—form,EOM +P H4—form,EOM

= | d g4 {1— P X inaa) * P’ [z(z?g;“tz + z(b‘,’{)emz}— P X oz p4}lR
_(d 1
R TR Then it is almost correct

™~

(1- paB)(1- papB ) (1- pa*B)(1- pa B )
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true task: higher d

General d case

Lorentz invariance, EOM, and IBP s} scalar conformal primaries

H (4, P) = [ d oy (0% )z P 72 (6% )7 (4,0,%,)

2, (0,%)=0"P(d,%)

1 In 7% X
(1= ax) (1= ax”) when unitarity
P(ax) =) 1 1 bound is saturated F. A. Dolan,
(1-ax,) 1_qx;1) 1-q arXiv: hep-th/0508031
dg 1 1

_[d:“so(d,z) (a,%)= jdﬂso(d) (% )4>|

W27 P(a, %) P(q‘l, xi)

Conformal representation of each field content:  xx(#.9,%) = PE[W@ (a.x )]
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Possible future direction

o Application: counting issue in other theories, such as ChPT?

o Deeper understanding: connection between Hilbert series
and other observables?

o technical: generalizing the recursion relation at 1d?
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11/30/2015 UC Davis Seminar

Thank you!

Xiaochuan Lu, UC Davis
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