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Scale anomalies in CFT

[Zn:x{’—ﬂ+ nAO]<O(x1)---(9(xn)>COnn =6 (%) 7 (X5)---0° (Xy,)
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Scale anomalies in CFT

nA, =(n-1)D
[.anxiﬂa)%JF nAO]<O(x1)---(9(xn)>COnn =6 (%) 7 (X5)---0° (Xy,)
i=1 i \
l Scale anomaly coefficient
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Scale anomalies in CFT

nA, =(n-1)D
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nA,=(n-1)D+2r, r=012,-

OX
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Scale anomalies in CFT

Difference with the “scale anomaly” in QFT

(iznllx{‘£+nd0j<(’)(x1)---(’)(xn)>conn _ ﬂ%@(xl)-..o(xn))m
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Scale anomalies in CFT

Difference with the “scale anomaly” in QFT
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Scale anomalies in CFT

Difference with the “scale anomaly” in QFT

- ZX‘A%JF nd(,)j<(’)(x1)---(’)(xn)>Conn = y%<(9(x1)---(9(xn)>cOnn
e A (@) 000 0(x),, <0

11/28/2016 UC Davis Seminar Xiaochuan Lu, UC Davis 12
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Scale anomalies in CFT

Difference with the “scale anomaly” in QFT
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Scale anomalies in CFT

Difference with the “scale anomaly” in QFT

- éxf%+ nd0]<(’)(x1)---(’)(xn)>conn _ y%@(xl)---o(xn)}m
el S A (@) 000 0(x),, <0

At fixed point:  5,(9.)=0, A,=d,+7,(9.)

(Zn:x{‘%Jr nAO]<(’)(xl)---(9(xn )>Conn =0%'5° (%, )0° (X )6 (%)

o OX;

nA,=(n-1)D+2r, r=012,-
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nA,=(n-1)D+2r, r=012,-  Why studying it?
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nA,=(n-1)D+2r, r=012,-  Why studying it?

» Scaling dimension protected

T A; =D, J¥: A;=D-1
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nA,=(n-1)D+2r, r=012,-  Why studying it?
» Scaling dimension protected
T A; =D, J¥: A;=D-1
» Computable from CFT data, physical meaning: “counts states”

2
C= > AbowCy, Cy 20

Y=primary
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nA,=(n-1)D+2r, r=012,-  Why studying it?
» Scaling dimension protected
T A; =D, J¥: A;=D-1
» Computable from CFT data, physical meaning: “counts states”

2
C= > AbowCy, Cy 20

Y=primary
> At D=4
: a V. Vv
(in“ax—ﬂ+16)<T“11(x1)---T“44(x4)>Conn ~€0*6* (%,) 0" (X3) 8" (%)
i=1 i

C counts states created by T*", <T T ”“> oc C
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Focus of this talk:  scalar operator @, n=4, r=0

o OX{

(ix{‘i+4AO]<O(X1)---(’)(x4)>conn =¢5" (%,)0° (%3)8° (%)

Achievements:
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Focus of this talk:  scalar operator @, n=4, r=0

(izélllx{‘£+4AO]<O(X1)---(’)(x4)>cOnn =¢5" (%,)0° (%3)8° (%)

Achievements:
e Computed c in Euclidean position space

--- computable from CFT data
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Focus of this talk:  scalar operator @, n=4, r=0

(il:xiﬂ%Jr4A0]<O(X1)'”O(X4)>conn =¢5" (%,)0° (%3)8° (%)

Achievements:
e Computed c in Euclidean position space

--- computable from CFT data

o Computed c in Minkowski momentum space

--- formalism hopefully useful elsewhere

--- positive definite sum:

2
C= Y AbosCy, Cy =20

Y=primary
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Euclidean position space

Euclidean position space

(2Xi"@%+3Dj<(’)(x1)...(f)(x4)>conn _¢cSP (X12)5D (X23)5D(X34), 4A, = 3D
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Euclidean position space

Euclidean position space

(il:xiﬂ6)%+3DJ<O(X1)“'O(X4)>conn _¢cSP (X12)5D (X23)5D(X34), 4A, = 3D
\

(0(x)0(x,))__=f(X), X

(X12’ X931 X34) e R
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Euclidean position space

Euclidean position space

OX

\ \

(0(x)0(x,))__=f(X), X
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Euclidean position space

Euclidean position space

OX
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Euclidean position space

Euclidean position space

OX

\ \

(0(%)+0(%,)) = F(X), X =(Xg: X5 X5) € R
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—
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Euclidean position space

C= <J}d§- Xf ()Z) , 3D —1dimensional surface integral

f(x): Ao Z ﬁ“(?)(’)‘PG‘P(u!V)-l_ - — —

2 2 - 2,2 \Ro 2,2 o 2,2 o
(X12X34) ¥=primary \ (X12X34) (X13X24) (X14X23)

conformal blocks
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Euclidean position space

C= <J}d§- Xf ()Z) , 3D —1dimensional surface integral

~ 1 1 1 1
f(X)= A20yGy (U, = = =
X) (Xx%) i, orelt) (&) (Bx)° ()™

1 N

= TR g(u,v) conformal blocks
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Euclidean position space

C= c_[)d§- Xf ()Z) , 3D —1dimensional surface integral

()i Z”[H 23 <xf4x1;3>4
1 ~

= g (U,V) conformal blocks

()"
S 2 s (Y

W=primary \"
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Euclidean position space

C= c_[)d§- Xf ()Z) , 3D —1dimensional surface integral

- 1 1 1 1
f(X)= A20uGy (U, . - -
( ) ( X X5, )AO ‘P=§nary OO\PM—I_ ( X1p X34 )AO ( X13Xos )AO ( X1aXas )AO

1 N

RN = 9(uv) conformal blocks
(X12X34)
\ U Ao
> AoeGy (Uv)+ _1_qu_(_)
¥=primary \"
Conformally invariant cross ratios
2 2 24,2
u= X12X34 V = X14X23
T 22! T L2 2
X13X24 X13X24
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Euclidean position space

C= cﬁd§- Xf ()Z) , 3D —1dimensional surface integral

- 1 1 1 1
f(X)= A20uGy (U, . - -
( ) ( X X5, )AO ‘P=§naw OO\PM—I_ ( X1p X34 )AO ( X13Xos )AO ( X1aXas )AO

1 N

~ . 2 \Ao g(u,v) conformal blocks
(X12X34)
\ U Ao
> A0eGy (UV)+| —1-u® —(—j
W=primary \"
Conformally invariant cross ratios R .
4
2 2 24,2
u= X12%54 V= *14%53 X, —> 00
2 2! 2,2
X13X24 X13X94 Z ®
@ >
X; =0 X, =1
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Euclidean position space

C= cﬁd§- Xf ()Z) , 3D —1dimensional surface integral

vi 1 1 1 1
f(X)= A2.G (U, - _ _
( ) (X122X§4)A0 \Pz%:nary 0oy ‘P(U V)+ (X122X§4)A0 (X123X224)A0 (X124X223)A0
1 \
T, 2 \Ao g(u,v) conformal blocks
(X12X34)

N

W=primary \"

5 osnan (1)

Conformally invariant cross ratios

A X4
2 2 2 2
U= X12 X34 V= X14 %53 X, —> 0
2,2 ! 2,2
X13X24 X13X24 Z ®
2 2 @ >
-l =7 r— =
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Euclidean position space

Using Faddeev-Popov technique to “gauge fix” x, =1, X, =, X, =0

C= <j§d§- Xf ()?) = QD_J: r["ldr_[o”sinD‘2 edé’(r2 A(u,v)g(u,v)

)—3D/4
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Euclidean position space

Using Faddeev-Popov technique to “gauge fix” x, =1, X, =, X, =0

C= <j§d§- Xf ()?) = QD_J: r["ldr_[:sinD‘2 0do(r?

)—3D/4

A(u,v)g(u,v)

{u=|2|2=r2 X, = o0

V= |1— z|2 =1-2rcosé +r’
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Euclidean position space

Using Faddeev-Popov technique to “gauge fix” x, =1, x, =, X, =0

C= <j§d§- Xf ()?) = QD_J: r["ldr_[oﬂsinD‘2 0do(r?

)—3D/4

A(u,v)g(u,v)

4 X,
u=|z|2=r2 X, —> o0
{v=|1— z|2=1—2rc036?+ r2 ‘ . R °
X, =0 X, =1
A(u,v) = 27 - [d A4, 2,8 (4 + 4, + 4, —1)( Lol JDM
r(D/2)[T(D/4)] AU+ Ay + A, AoV
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Euclidean position space

C= QD_J: rD‘ldrIO”sin b2 0d9(r2 )_SDM

W=primary v

Auv)g(uy) . g(uv)= ¥ “3(){1(—”

. 2 ’
C= Z ﬂ’OO‘I’C‘I’ + Cdisc
Y=primary

cl, = QD_J: r["ldr_[oﬂsin["2 6?d6’(r2

Ao
Ciec = QD_J:r["ldrjoﬁsin["2 6?d<9(r2)_3m4 A(u,v){—l—u% —(Ej }

)—3D/4

A(u,v)Gy (u,v)

vV
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Euclidean position space

C= QD_J: rD‘ldrIO”sin b2 9d9(r2 )_SDM

W=primary v

Auv)g(uy) . g(uv)= ¥ ﬂGN{l(_”

- 2 ’
C= z /IOO‘PC‘P + Cdisc
Y=primary

cl, = QD_J: r["ldr_[oﬂsin["2 6?d6’(r2

Ao
Ciec = QD_l‘[:r["ldrj:sin["2 6?d<9(r2)_3m4 A(u,v){—l—u% —(Ej }

)—3D/4

A(u,v)Gy (u,v)

vV

» Computable from CFT data
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Euclidean position space

Ao
c=QD_ljoer‘ldrjoﬁsinD‘zadH(rz)_SDMA(u,v)g(u,v) ,g(uv)= > /”té@\PGq,(u,v){—l—qu—(E) }

W=primary v

- 2 ’
C= z /IOO‘PC‘P + Cdisc
Y=primary

cl, = QD_J: r["ldr_[oﬂsin["2 odo(r? A(u,v)G, (u,v)

Ao
Ciec = QD_l‘[:r["ldrjoﬁsin["2 6?d<9(r2)_3m4 A(u,v){—l—u% —(Ej }

)—3D/4

Vv
» Computable from CFT data

> Numerical Results (D=4, A, =3):
cy, >0forl=0
c, <0forl=2/4,6,---
Cyis. <0

disc
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Euclidean position space

Ao
c=QD_ljoer‘ldrjoﬁsinD‘zadH(rz)_SDMA(u,v)g(u,v) ,g(uv)= > /”té@\PGq,(u,v){—l—qu—(E) }

W=primary v

_ 2 ’
C= z /IOO‘PC‘P + Cdisc
Y=primary

cl, = QD_J: r["ldr_[oﬂsin["2 odo(r? A(u,v)G, (u,v)

Ao
Cyo = QD_l‘[:r["ldrjoﬁsin["2 6?d<9(r2)_3m4 A(u,v){—l—u% _(Ej }

)—3D/4

Vv
» Computable from CFT data

> Numerical Results (D=4, A, =3):
cy, >0forl=0
¢, <0forl=246,-- No sign of positivity
Cyis. <0

disc
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Minkowski momentum space

Minkowski momentum space

(2x{‘@%+3Dj<T(QOZO3Q)>= 1168”30 )8° (X0t ) 8° (%4 )
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Minkowski momentum space

Minkowski momentum space

OX:

(2x{‘iﬂ+3Dj<T(OlOZO3O4)>= “i66° (%4 )8 (X ) 5° (Xas)

Couple the CFT to a probe field A: L= —%(@A)2 +€AO + Lopr
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Minkowski momentum space

Minkowski momentum space

OX:

(2x{‘iﬂ+3Dj<T(OlOZO3O4)>= “i66° (%4 )8 (X ) 5° (Xas)

Couple the CFT to a probe field A: L= —%(@A)2 +€AO + Lopr

l

massless scalar

11/28/2016 UC Davis Seminar Xiaochuan Lu, UC Davis 43



Minkowski momentum space

Minkowski momentum space

[2x{‘@%+3Dj<T(OlOzOgO4)>: 1168”30 )8° (X0t ) 8 (%4 )

Couple the CFT to a probe field A: L= —%(@A)2 +€AO + Lopr

P1 Pa l
H massless scalar
P2 P3

iM, o o (AA— AA)(27)° 8° (2411 j j(]‘[d xe'“j< (00,00,))

11/28/2016 UC Davis Seminar Xiaochuan Lu, UC Davis 44



Minkowski momentum space

Minkowski momentum space

[2x{‘@%+3Dj<T(OlOzOgO4)>: 1168”30 )8° (X0t ) 8 (%4 )

Couple the CFT to a probe field A: L= —%(@A)2 +€AO + Lopr

P1 Pa l
H massless scalar
P2 P3

iM, o o (AA— AA)(27)° 8° (2411 j j(]‘[d xe'“j< (00,00,))

{S:_(pﬁ‘ p2)2

- _( P+ p3)2
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Minkowski momentum space

Minkowski momentum space

[2x{‘@%+3DJ<T(OlOzOBO4)>= 166”30 )8° (X0t ) 8 (%4 )

Couple the CFT to a probe field A: L= —%(@A)2 +€AO + Lopr

P1 Pa l
H massless scalar
P2 P3

iM, o o (AA— AA)(27)° 8° (2411 j j(]‘[d xe'“j< (00,00,))

i M (s s:—(p1+p2)2 ce' =2 s£+t2 M(s,1)
M(st) | {=—(p1+p3)2 ( os GJ
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Minkowski momentum space

Forward limit: t—0 , M(s)=limM(s,t)

t—0

Ce* = Zsi/\/l(s)
0S
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Minkowski momentum space

Forward limit: t—0 , M(s)=limM(s,t)

t—0

Ce* = Zsif\/l(s)
0S

€

[MJ =0 = M(s)oce’[In(s)+In(-s)]
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Minkowski momentum space

Forward limit: t—0 , M(s)=limM(s,t)

t—0

Ce = ZSQM(S) E— iIm/\/l(s)

oS T

€

[MJ =0 = M(s)oce’[In(s)+In(-s)]
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Minkowski momentum space

Forward limit: t—0 , M(s)=limM(s,t)

t—0

Ce = 282/\/1(8) E— iIm/\/l(s)

0S T
€

[MJ =0 = M(s)oce’[In(s)+In(-s)]

Optical Theorem Implies:

C o IMM(3) o Gy (AA = CFT) o 3|y | AA)

7
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Minkowski momentum space

Forward limit: t—0 , M(s)=limM(s,t)

t—0

Ce = 282/\/1(8) E— iIm/\/l(s)

oS T

€

[MJ =0 = M(s)oce’[In(s)+In(-s)]

Optical Theorem Implies:

C o IMM(3) o Gy (AA = CFT) o 3|y | AA)

7

Need to make this precise
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Minkowski momentum space

Caveats: ImM(s)— o

» UV divergence

L= —%(GﬂA)Z +eAO+ Loy

ECFTzL‘Tree(¢) ! O:¢3 J D 4
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Minkowski momentum space

Caveats: ImM(s)— o

» UV divergence AL €

2 - ¢
zz_%(aﬂA) + PO+ Lo <Z
¢

ECFTzL‘Tree(¢) J O:¢3 1 D=4 A” €
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Minkowski momentum space

Caveats: ImM(s)— o

» UV divergence AL €

2 b ¢
£=—%(6ﬂA) + eAO + Lo <Z } P
¢

ECFTzL‘Tree(¢) J O:¢3 1 D=4 A” €

11/28/2016 UC Davis Seminar Xiaochuan Lu, UC Davis 54



Minkowski momentum space

Caveats: ImM(s)— o

» UV divergence AL €

2 b ¢
£=—%(6ﬂA) + eAO + Lo <Z } P
¢

ECFTzL‘Tree(¢) ! O:¢3 J D 4 -

€AW ]>D = A, >2A,-D L., oA
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Minkowski momentum space

Caveats: ImM(s)— o

» UV divergence AL €

2 b ¢
c:-%(aﬂA) + eAO + Lo <Z } P
¢

ECFTzL‘Tree(¢) ! O:¢3 J D 4 -

€AW ]>D = A, >2A,-D L., oA

> IR divergence: forward limit well defined

L= —%(aﬂA)2 +eAO+ Loy

‘CCFT:[Tree(l/?’l//) ! OZWI// ! D:4

11/28/2016 UC Davis Seminar Xiaochuan Lu, UC Davis 56



Minkowski momentum space

Caveats: ImM(s)— o

» UV divergence AL €

2 b ¢
ﬁ:—%(aﬂA) +eAO + Lo <Z } P
¢

LCFT=£Tree(¢) ! O:¢3 , D=4 A” €
€AW ]>D = A, >2A,-D L., oA
> IR divergence: forward limit well defined
1 2
L:—E(GﬂA) +€AO + Loy Ao e
_ _ 4
‘CCFT:[Tree(l//’l//) J O=W// J D:4
~ 7
A~ €
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Minkowski momentum space

Caveats: ImM(s)— o

» UV divergence AL €

2 b ¢
E:—%(éﬂA) +eAO + Lo <Z } P
¢

ECFTzL“free(¢) ! O:¢3 J D 4 -

€AW ]>D = A, >2A,-D L., oA

> IR divergence: forward limit well defined

1 2
ﬁ:—E(ﬁﬂA) +eAO + L+ A ~_ €
/4
‘CCFT:[‘rree(l/?’l//) ! O:l’;l// ’ D=4
M(s)=limM(s,t) < AT e g

t—0
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Minkowski momentum space

(AA— CFT) o Y [(w|AA)

W

coclmM(s)xco

total
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Minkowski momentum space

CocC |mM(S) O total (AA_) CFT) Z‘<W| AA>‘2

W

IM, oo (AAS AA)(27)° &P [.Z:: pij J(Hd X e j< Q0,00 )>Conn
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Minkowski momentum space

CoC |mM(S) O total (AA_) CFT) Z‘<W| AA>‘2

W

4

M, (AA—> AA)(27) DaDEZ p.j—e I(Hd Xe'pxj< (0000,)),,,,

(T(00,00,))
+T (00,0,0,))

__€ : '( 1%+ PaXa )—i( PiXs+PaXs )
i)=& [ oo Jo v

4 4 _ . _
_ f/_j( d DXi j el(p1X1+ P2Xp )—i( PyXa+PaXs) <T (0304 )T (0102 )>
i=1
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Minkowski momentum space

CoC |mM(S) O total (AA_) CFT) Z‘<W| AA>‘2

W

i i=1

iM, o (AAS AA)(27) D§D[Z4: p.j— : I(li[dDXieip‘x‘jW (eletelon)m

(T(00,00,))
+T (00,0,0,))

4 4 _ . _
_ f/_j( d DXi j el(p1X1+ P2Xp )—i( PyXa+PaXs) <T (0304 )T (0102 )>
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Minkowski momentum space

Primary:  |¥)=W_(x¢ =0)|0)
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Minkowski momentum space

Primary:  |W) =¥, (x¢ =0)|0)=2"¥(z)|0) |, z”:(i,f))

11/28/2016 UC Davis Seminar Xiaochuan Lu, UC Davis 64



Minkowski momentum space

Primary:  |W) =¥, (x¢ =0)|0)=2"¥(z)|0) |, z”:(i,f))

Euclidean R®
Xg <> (r,;(,QD_Z)

0
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N
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Minkowski momentum space

Primary:  |W) =¥, (x¢ =0)|0)=2"¥(z)0) |, z”:(i,f))

Euclidean R®

Xg <> (r,;(,QD_Z)
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Minkowski momentum space

Primary:  |W) =¥, (x¢ =0)|0)=2"¥(z)0) |, z”:(i,f))

Euclidean R" E-cylinder
Xg <> (r,;(,QD_Z) (r,;(,QD_Z)

Xg r=Inr
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Minkowski momentum space

Primary:  |W) =¥, (x¢ =0)|0)=2"¥(z)|0) | z”:(i,f))

Euclidean R" E-cylinder M-cylinder
Xt & (rp,Q%%)  (2,7.Q°7%)  (T.2.Q°7)

Xe r=Inr =—Ir
Z?‘\r:]'
» X —e—»
E 0 T £ 0 V2 £
X=r
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Minkowski momentum space

Primary:  |W) =¥, (x¢ =0)|0)=2""¥(z)0) |, z”:(i,ﬁ)

Euclidean R E-cylinder M-cylinder Minkowski R°™*
Xg <> (r,;(,QD_Z) (r,;(,QD_Z) (T,;(,QD‘Z) (Xo,p,QD_Z) > X~
Xe r=Inr =—ir 0 [i]zé(tanT;ZitanT;Z)
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Minkowski momentum space

Primary:  |W) =¥, (x¢ =0)|0)=2"¥(z)|0) |, z”:(i,ﬁ)

Euclidean R E-cylinder M-cylinder Minkowski R°™*
Xg <> (r,;(,QD_Z) (r,;(,QD_Z) (T,;(,QD‘Z) (Xo,p,QD_Z) > X~
Xe r=Inr =—ir 0 [i]zé(tanT;ZitanT;Z)
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Minkowski momentum space

Primary:  |W) =¥, (x¢ =0)|0)=2"¥(z)|0) |, z”:(i,ﬁ)

Euclidean R E-cylinder M-cylinder Minkowski R°™*
Xg <> (r,;(,QD_Z) (r,;(,QD_Z) (T,;(,QD‘Z) (Xo,p,QD_Z) > X~
Xe r=Inr =—ir 0 (i]zé(tanT;ZitanT;Z)
7=0L r=1 B

. . X
Xe Ee;; 4 0 s X Z=0. -+ ¥ .;(=7r

Y=7

Ve (XSZO)|O> Xt =0 © X”Z(i,ﬁ)

(49
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Minkowski momentum space

Primary:  |W) =¥, (x¢ =0)|0)=2"¥(z)|0) |, z”:(i,ﬁ)

Euclidean R E-cylinder M-cylinder Minkowski R°™*
Xg <> (r,;(,QD_Z) (r,;(,QD_Z) (T,;(,QD‘Z) (Xo,p,QD_Z) > X~
Xe r=Inr =—ir 0 (i]zé(tanT;ZitanT;Z)
7=0L r=1 B

. . X
Xe Ee;; 4 0 s X Z=0. -+ ¥ .;(=7r

Y=7

Ve (XSZO)|O> Xt =0 © X”Z(i,ﬁ)
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Minkowski momentum space

Primary:  |W) =¥, (x¢ =0)|0)=2"¥(z)|0) |, z”:(i,ﬁ)

Euclidean R E-cylinder M-cylinder Minkowski R°™*
Xg <> (r,;(,QD_Z) (r,;(,QD_Z) (T,;(,QD‘Z) (Xo,p,QD_Z) > X~
Xe r=Inr =—ir 0 (i]zé(tanT;ZitanT;Z)
7=0L r=1 B

. . Xow
Xe Ee;; 4 0 s X Z=0. -+ ¥ .;(=7r

Y=7

Ye (x¢ =0)[0) Xt =0 « x*=(i,0)

’ : (09 |
(-£9) (‘%jr (-1 6)¢>
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Minkowski momentum space

Primary:  |W) =¥, (x¢ =0)|0)=2"¥(z)|0) |, z”:(i,ﬁ)

Euclidean R E-cylinder M-cylinder Minkowski R°™*
Xg <> (r,;(,QD_Z) (r,;(,QD_Z) (T,;(,QD‘Z) (Xo,p,QD_Z) > X~
Xe r=Inr =—ir 0 (i]zé(tanT;ZitanT;Z)
7=0L r=1 B

. . Xow
Xe Ee;; 4 0 s X Z=0. -+ ¥ .;(=7r

Y=7

Ye (x¢ =0)[0) Xt =0 « x*=(i,0)

’ : (09 |
(-£9) (‘%jr (-1 6)¢>
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Minkowski momentum space

Primary:  |W) =¥, (x¢ =0)|0)=2"¥(z)|0) |, z”:(i,ﬁ)

Euclidean R E-cylinder M-cylinder Minkowski R°™*
Xg <> (r,;(,QD_Z) (r,;(,QD_Z) (T,;(,QD‘Z) (Xo,p,QD_Z) > X~
Xe r=Inr =—ir 0 (i]zé(tanT;ZitanT;Z)
x=0L r=1 B
. . Xow
Xg Ee;; 4 0 s X Z=0. -+ ¥ .;(=7r
Y=7
Ye (x¢ =0)[0) Xt =0 « x*=(i,0)
- 1 - 4
(1,0 (E Oj/l\ (0,6) /_\ (0 6)
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Minkowski momentum space

Primary:  |W) =¥, (x¢ =0)|0)=2"¥(z)|0) |, z”:(i,ﬁ)

Euclidean R E-cylinder M-cylinder Minkowski R°™*
Xg <> (r,;(,QD_Z) (r,;(,QD_Z) (T,;(,QD‘Z) (Xo,p,QD_Z) > X~
Xe r=Inr =—ir 0 (i]zé(tanT;ZitanT;Z)
x=0L r=1 B
. . Xow
Xg Ee;; 4 0 s X Z=0. -+ ¥ .;(=7r
Y=7
Ye (x¢ =0)[0) Xt =0 « x*=(i,0)
- 1 - 4
(1,0 (E Oj/l\ (0,6) /_\ (0 6)
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Minkowski momentum space

Primary: |‘P>:‘PE(X,§‘ :O)|O>:2A‘“P(z)|0> , Z" :(i,ﬁ)
Euclidean R" E-cylinder M-cylinder Minkowski R°™**
Xg <> (r,;(,QD_Z) (r,;(,QD_Z) (T,;(,QD‘Z) (Xo,p,QD_Z) <« X!
Xe r=Inr =—ir 0 (i]zé(tanT;ZitanT;Z)
2 Nk X — o0
" Xe 3@;; X 3 pal A - X .
Y=7
Y (Xé’ =0)|O> Xt =0 < X*= (I O) o x”—b”X22 - —(—1,6)
_ 1~ 4 1-2b-x+bX
(1,0 (E,Oj/l\ (0 - /_\ (0’6)
> @ ® o
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Minkowski momentum space

Primary:  |W) =¥, (x¢ =0)|0)=2"¥(z)|0) |, z”:(i,ﬁ)

Euclidean R E-cylinder M-cylinder Minkowski R°™*
Xg <> (r,;(,QD_Z) (r,;(,QD_Z) (T,;(,QD‘Z) (Xo,p,QD_Z) <~ x*
Xe r=Inr =—ir 0 (i]zé(tanT;ZitanT;Z)
y=01 r=1 B
_ B X —> 0
Xg Ee;; 4 0 s X Z=0. -+ ¥ .;(=7r
Y=7
TE (Xél :O)|O> XE‘ =0 & X :(I O) X" = X — Pt x> bﬂ_(_lé)
B} 1. T 1-2b-x+b%%" L7
(1,0 (E,Oj/l\ (0,6) /_\ (0’6)
g > : = >» @ ©
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Minkowski momentum space

Primary:  |W) =W (x¢ =0)|0)=2"¥(z)[0) , z“=(i,0)
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Minkowski momentum space

Primary:  |W) =W (x¢ =0)|0)=2"¥(z)[0) , z“=(i,0)

Momentum eigenstates:

W (k))=[dPge™e™|w) , P,|¥(k))=k,|¥(k))
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Minkowski momentum space

Primary:  |W) =W (x¢ =0)|0)=2"¥(z)[0) , z“=(i,0)

Momentum eigenstates:

W (k))=[dPge™e™|w) , P,|¥(k))=k,|¥(k))

For tensor operator:  |¥, (k))= & (k)| ¥, (k))
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Minkowski momentum space

Primary:  |W) =W (x¢ =0)|0)=2"¥(z)[0) , z“=(i,0)

Momentum eigenstates:

[w(k))=[dPge™e™|w) , P,|¥(k))=k,|¥(k))

For tensor operator:  |¥, (k))= & (k)| ¥, (k))

(¥, (p)|¥, (a))=(27)" 5" (p-a)0(p°)0(-p*)e " 2***11, ()5,
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Minkowski momentum space

Primary:  |W) =W (x¢ =0)|0)=2"¥(z)[0) , z“=(i,0)

Momentum eigenstates:

[w(k))=[d°ge™e™|w) , P,|¥(k))=k,|¥(k))

For tensor operator:  |¥, (k))= &/ (k)|¥, (k))

(¥, (p)|¥, (a))=(27)" 5" (p-a)0(p°)0(-p*)e " 2***11, ()5,
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Minkowski momentum space

> 2ImM(s =—I[Hd Xj Pt o) (1X3+p2X4< (0304)T(0102)>

> 1= zj % _O)OK) 1 eyt (k)

D —2k 22ATH (k)
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Minkowski momentum space

> 21m M _ _j[Hd X. j (PXg+ P2Xa )1 PrXg+PaX4) <'|T((93(94)T ((91(92 )>

> 1= zj % _O)OK) 1 eyt (k)

D —2k ZZATH (k)

/12
o o) = T ()
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Minkowski momentum space

> 2ImM(s =—I[Hd Xj Pt o) (1X3+p2X4< (0304)T(0102)>

> 1= zj % _O)OK) 1 eyt (k)

D —2k 22ATH (k)

2
%064:2Im/\/l(5)=€4z o )V\’T,I(pﬂpz)‘z
Y.l

I, (p,+ P,

¥, (p)|¥, (9))=(27)" 5% (p—0a)o(p°)0(~p*)e ™ 211, (p)d,
AoV (P P,) = &l (o + ) [dOx,dPx,e PP (W (0)T[O(x%,)O(x,)])
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Minkowski momentum space

> 2ImM(s =—I[Hd Xj Pt o) (1X3+p2X4< (0304)T(0102)>

> 1= zj % _O)OK) 1 eyt (k)

D —2k 22ATH (k)

2
%c€4=2|m/\4(8)=64z o )f\’w,l(pl’pz)‘z
Y.l

I, (P, + P,
¥, (p)| W, (a))=(27)" 6" (p-0)0(p°)0(-p*)e " 2** 11, (p)S,
AoV (P P,) = &l (o + ) [dOx,dPx,e PP (W (0)T[O(x%,)O(x,)])

2
= Z /IOO\P )N P pz‘ Z AoowCy

T lI’I pl + pz YW=primary
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Minkowski momentum space

> 2ImM(s =—I[Hd Xj Pt o) (1X3+p2X4< (0304)T(0102)>

> 1= zj % _O)OK) 1 eyt (k)

D —2k 22A\PH (k)

2
%c€4=2|m/\4(8)=64z o )f\’w,l(pﬂpz)‘z
Y.l

I, (p,+ P,

¥, (p)|¥, (9))=(27)" 5% (p—0a)o(p°)0(~p*)e ™ 211, (p)d,
AoV (P P,) = &l (o + ) [dOx,dPx,e PP (W (0)T[O(x%,)O(x,)])

2
= Z /IOO\P )N P pz‘ Z AoowCy

T lI’I pl + pz YW=primary

= _Z )N\PI (p1’ pz)‘2 >0

(P + P,
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Minkowski momentum space

For scalar ¥
( 1

(¥ (£)¥(0)) = 5
(&0 -ie) &

(¥(0)T[0(x)0(x,)])= — e S
L (i)™ =(x e e | T (e —ie) 4 72|

oD+-24y - D/2+1

r'(A,)r(A,-D/2+1)

Ay-D/2

H\I‘(p1+p2):

g2 e (A, =D /2) T(D/2- Ay +4, 1 2)
[T(Ay 12)] T(Ap—Ay 12)T(Ap+A, 12-D/2)[(Ay +A, 12-D+1)

SAO+A\F/2—D

V‘{’(pI’ p2)=

20 P(A, -D/2) [T(D/2-Ay+A, /2) T(A, )T (A, -D/2+1)
[T(A 12)]'[T(Ag A, 12)T(Ag +A, 12-D/2)T (A, +A, /2-D+1)]

Y

double trace operators

V , =0, A,=2A,+2k, k=0,12,--- ]
v (PuP2) ¥ © do not contribute
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Minkowski momentum space

Example: free scalar theoryat D =8

1 2
L= —E(ayA) +eAO + Lo
Logr = Lo (4) . O= %¢2 Free of UV or IR divergence
D=8 , A,=6
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Minkowski momentum space

Example: free scalar theoryat D =8

1 2
L= —E(ayA) +eAO + Lo
Logr = Lo (4) . O= %¢2 Free of UV or IR divergence
D=8 , A,=6
A~ ¢
2
; 2 ImM(S) - jdH¢¢(p3, p4)‘Mp1pz—>p3p4 (AA_) ¢¢)‘
_ ¢4gD/2-49-2D+7 —D/2+3/2 (D B 3)(D _5) 1
.7 (D-4)(D-6)T(D/2-1/2)
A7 ¢
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Minkowski momentum space

A 2
2Im M(s)=¢* oat , , W~ 0"
( ) € ;H\P(pl‘sz)Np’l(pl pz)‘ ¢

D-5 —1/2(D_4)(D—6) D-1
S TR

n 25 (-2)'T(D/2-2+Kk)
{ob(n’n_S)F(ZSH)kZ;F(k+1)F(23—k+1) [ (D=3+K)

oA b(nn_s)b(nn_t)%f (-2) r(2s+2t+1)T'(D/2-1+r)
i ’ S T(r+1)I(2s+2t-r+1)I'(D-2+r)

(-1)’T(D/2-1)T(2n+1)[ (D —3+4n-2s)
['(s+1)T(D-3+2n)I'(2n-2s+1)I(D/2-1+2n-s)

n=0

b(n,s)=
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Minkowski momentum space

(D-3)(D-5) 1

2| — 4 D/2—42—2D+7 -D/2+3/2
mM(s)=€s T (D-4)(D-6)T(D/2-1/2)

T et 1
S Ce mM(s) ol O C (4]

O
Il

Agrees with the result from our Euclidean position space formalism

c= QD_J: r["ldrjo”sin["2 0do(r?

)—3D/4

A(u,v)g(u,v)

5D AA, D/4
A(u,v) = [ dAdAAAS (A + Ay + Ay —1
)= or2)r(o/e)] J 287823 (4 o )(MZUMMMVJ

(0(x)+0(x,)). =————g(u,v)

2,2 2o
(x5x3%)
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Summary

Studied the scale anomaly of the scalar operator @, n=4, r=0

0

@xfax_ﬁ4AO]<0(X1)...0(X4)>W = ¢5° (%) 5° (%) 8° (%0

Showed that ¢ is computable from CFT data

--- using formalism in Euclidean position space

--- decomposition has no clear sign of positivity
Developed formalism for computing ¢ in Minkowski momentum space

--- formalism hopefully useful elsewhere

P - i : 2
--- positive definite sum: ¢ = Z AoowCe, Cy 20
Y=primary



Possible future directions

Scale anomalies of other type

O beyond scalar operator?  r=0?  ~cd”6°(x,) 5" (x,)

c anomaly sumrulein D=4: O=T*

77T
= /LrZTT K <TT >>‘ + Z /11'2T‘I’C‘P — = fozTT KTTT >‘2 + CZ Z’TZT‘PC‘P
YT <TT> o C W=T

a anomalyin D=4

Other uses for the momentum space formalism?



