SCATTERING IN CFT AND REGGE BEHAVIOR

FOR SYK-LIKE MODELS

Chung-| Tan, Brown University

une 13,2018

)
\

2
; |

=
\EIEl



Outline:
Scattering in CFT using OPE

Kinematics vs Dynamics

anomalous dimensions: Aa() =£¢+v.(¢) + 19

Applications: N=4SYM  SYK-like Models
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OIT (T (1) T (22) Ta(24) T3(23))]0) = FOD (u,v)

(275)21 (25,)A3

Minkowski setting: «w — 0, v —1 _

Why and how?

Lorentz Boost leading to Singular behavior
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mematlcs OF Double-Light- Cone Limit

Y (1) +77(3) = 7" (2) + 77 (4)

1

(215) 21 (23,)28

OIT (T (1) T2(w2) Ta(4) T3(23))0) = FUD (u, v)

2 .2 28 32

L12L34 Lo3L14 o .
U= 55, V= —5 5 u—0, v—1 “Regge Limit”, or, “Double-Light-Cone”
L73L oy L13Lay

For both Euclidean and Minkowski settings the limit corresponds to ”
left- an

right-movers fixe




Minkowski: Lorentz Boost, Dilatation and Kinematics of Double Light-Cone Limit:

T12734 T5377,
2 R 500, 500y < 500
L713424 L73424
We shall keep all x; spacelike, 2? = —zT2x~ + wi = (—z§ +27) + xi > 0

Rindler-like parametrization

Dilatation: NSRS S0

Boost:
_ Cgeodesics in AdS_
_— _ (e —2R(1,3) + e~?V)’ r? 2 4 b2
TR T e U (2 1 2R(1,3) + ¢ %) B9 = =

_1_\/— (7“1+7“2 7“3+7“4
~ 219 = \/T1T2, and z34 = \/T3Ty4.

l—v+u b3 + 2% + 23, .

20 = 2\/6 = 2212234 \/_ =W (Z12Z348)/M0




SO(1,1) x SO(1,1) € SO(4,2)

v (1) +97(3) = v (2) +77(4)

1

(275)21 (25,)A3

HE scattering

OIT (T (1) T (22) Ta(24) T3(23))]0) = FOD (u,v)







Near-Forward Scattering and Boundary Conditions for MCB
T(s,t; 212, 234) ~ —iw/dQI;eig"T[eiX(S’bL’Z12’234) — 1]

T'(s,t; 212, 234) =~ W /d25€ib°§X(3>bL72127234) + O(x°).

X(87 bJ_7 <12, 234) A F(M) (U, U)

connmn

Spin factor, s°, large coupling terms, 0 -0 +,t=1,2and 5= 3,4

Scalar propagator, (¢(z)$(0)) = 1/(z?)4

K5, ~ o [t da (6(@)0(0) ot () S g1

2219234

geodesics in AdSy_q

“H ; Cl—v+4u b +25+ 23,
Vu ~w e (2122345)/ 11 A 2/U T 22152

- O(e™ %)




CFT, OPE, and Regge
Limit



Mmkowskl OPE and

Z Z a(lz) (34) G(w,o;0,Ap o)

D GA,g(U, U) — CA,E GA,E(ua U)

D=(1—u—1v)0,(v0y) +udy(2udy, —d) — (1 4+u—v)(udy, + v0y)(ud, + v0,),
with A12 — O, A34 — O, and Az’j — Az O Aj

Opnp=AA—d)/2+ 00 +d—2)/2

Cae= (A2 +0%)/2 — (€ +e+1/2) = (d—2)/2

~

A

A—(e4+1),0=F(+e

CA,g :)\+()\+ —1)—|—()\_()\_ —1)—|—2€)\_) S — (A i 6)/2

! oy | B AT B \ 1.V o ' - .
- coyol ars )-'_J‘._A Rt ?) s Ty ST Ve 2 > D
- ) ;. e = Pt AL T e '
"y . B o & | Y A R L .
»’ . N A NAF ™ ¥ " 4




Unitary Representation of O(5, 1)
wo' Z/OO @CLKV)Q(Z,V;U},O')

B TQ(Z) o Toz(g) 1 | 1
)= zo; 2+ Ao (0?2 2o (V +ila(l) v —ila(0) )

84

~~

A=iw=A—-d/2

Z Z aélaz) (34) G(w,o;0,Ap )

Gl v;w,0) =Gl v;w,0)+G ) (¢ v;w,0), where G (6 v;w,0) = G (€, —vsw, 0),
with G(t) leading to convergence in the lower v-plane and G(=) in the upper
v-plane
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Fuclidean CFT  |SO(5,1) = SO(1,1) x SO(4)
d/241i00 dA

A(u, v) <

Z a; (A) Ga,j (u, v)

Minkowski CE'T: | §O(4,2) = SO(1,1) x SO(3,1)

Unitary Representation of O(4, 2)

d/2+100 A —€+100
A, v) = / : AE (A0 Glu,v, A, 0)
d

/2—ico 2T J _c_joo 2T

Conformal Regge theory < meromorphic representation in the v — ¢ plane

o e (£) . Ta(f) 1 | !
D 2+ Aa(0)? 2" <V +ila(l) v —ida(f) >

84 84




- Mmkowskl OPE and Scattermg
ZZ &élj) Sl (w, 0350, Ap o)

Sommerfeld—Watson Transform.

Yooy -

¢{=2n  {=2n<Lg Lo—1200

Lo+ioco dé 1 — 627‘(‘(1 ¢)

sin ¢

100 PY —aml 200
di1+e / dB 0.0) Gl viw,0)

271

F(w,0) = Fregge(w, o) _/- 2t sinwl J_,

Lo+100 CM
tm F(w,0) =+ 3 / 202G (0, A, (0)G(w, 736, A (£)

Lg—100




FRregge(w, o) has two types of contributions:

ImF (w, o) corresponds to “Double Commutator”: (0|[R(2), R(1)|[L(4)L(3)])|

a(¢,v) = inverse transform : [, du(o) [, du(w) ImF(w,o) G(l,v,w,0)




Dynamics &)~ xox

Single Trace Gauge Invariant Operators of N =4 SYM.,

Tr(F?, TrlF,,Fy], Tr[F,,DiF,), TrlZ"), TrD5Z],--

Super-gravity in the A — oo:

Tr(F?] « ¢, Tr(F.,,F,] < G,

Symmetry of Spectral Curve:

A(g) = 4= A(0)
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Minkowski Conformal Blocks
Quitiatic Cassinir: | D GEA o 0) = OX e G o, )

D=(1—u—v)0,(v0y) + u0,(2udy, —d) — (1 + u — v)(u0y, + v9y,)(ud, + v0,),
with Alg — O, A34 = O, and Aij — Az — Aj




uw— 0, v—1

Dilatation : o — 00, og = =

NG NG

Boost : w — Q.

GE), () ~ i (1 -0y = vt () SO(1,1) c SO(5,1)




- ) ) (A +1/2
kax(q) = q A o F1(A/2+1/2,A/2; A+ 3/2;q 2):2>\ 751/2F(§\))

QA—1(Q)

~ ~ I'3/2 — A )I'(A_ +1/2
d= 2: Gé\ij) (U,, U) — k2(1—)\_|_)(Q<) k2)\_ (Q>) — (Qg/zlr(l—l__) )\(_|_)F(_I;\_; ) Q—)\_|_ (Q<) Q)\_—l(Q>)
. ,3/2 =X )I'(A. —1/2) _ 1
d=4: Gy (u,0) =27 N A:)F(A_ ) senld—a) (q> — q<) Q-x.(g<) @x_—2(g>)
d=2: GE?@) (u,v) = E2,\+ (C])%z/\_ (q) + %2/\+ (@%L ()
d=4: GE?@ (u,v) = J i g (%2/\+ (Q)EZ()\_—l)(CD — %2A+((?)%2(A_—1)(C]))-
Crossing (w,v) = (u/v,1/v), sameas (q,9) — (—¢,—q),

G (u,v) = (=1 G4 4 (u/v,1/0)




D Gap(u,v) = Cap Gae(u,v)

Adopt (w, o) as two independent variables with the physical region specified by
l<w<owand 1 <o <

Boundary Conditions at: w = \/qq > Vi = oo oc=(\q/q+\q/q)/2 — ©

a )
D = (,C(),w —+ ,C(),g —+ w_zﬁg)/Z
\_ _J

where Lo (w0 ), Lo.5(0s,0) and Lo(w0y, ds,0) are homogeneous in w

(" N )

Gian () = w(g0(0) + w2g1(0) + wga(0) 4+ ) = D w' g (o).
L n=0 Y
[Indicial equqtion leads to s=¥¢—1 ]
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G(M)

A, E)(w o) = w1

Loo = (0% = 1)07 + (d = 1)a0, (Lor —(A=D(A~d+1)) go(0) =0

Again, differential equation for associated Legendre functions,
with solution Q* (o), vanishing at ¢ — oo

6_(A_2)§
d=4 go(o;A,4) = —; d=3: go(o;4,3) =Qar—2(0)
sinh &
d=2: go(o;A,2)=e (37U d=1: go(o;A,1) =sinho QL' (0) = dQAd_gl(g)

o = cosh &, and € is the geodesics in AdSg_1

go(o; A, d) corresponds precisely to a scalar, Euclidean bulk-to-bulk propagator
in AdS4_1, or more precisely H;_1, with conformal dimension A — 1

M M
_ gl (e abie Giam(~w,0) = (-) 7Gxy (w, 0)
E scattering since AdS/CFT




The Case ot d =1

There exists a kinematical relation /v = 1 4+ \/u for d = 1.
In terms of ¢ and ¢, it leads to ¢ = g and {0’ — cosh & = 1.}

G(Aj\i)oje(w, oc=1) = w1 Z gn (o = 1)w_2”
n=0

(w? — 1) deQ : Qw%] Gy (w) = 0L — )G (w)

e T3/2-0) :

GEM) (w) (10 Q_rv(w)=c, Q_p(w) = Q_y(w)

GEM) (w) ~ w1, with unit coefficient as w — oo




Kinematics of Scattering for CFT at d = 1;

w=(2—-1)/T, 1 <w< o0
B Lo+100 Al 1 1 6—i7‘(‘€ B
rw) = Y a0Qw) - [ G al)Qiw
0<¥¢<Lg,even Lo—100

A(f) = /1 " dwIm T(w) Oy s (w)

0 —1

pole of A(¢), e.g., A({) ~ == < power growth i.e., ImI'(w) ~ w
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-d Scattering: Hilbert Space Treatment

(fg) = / dw f (10)* g (w)

d d
DuoP(w) = |~ o (w? = )5 | P(w) = AP(w) A=K+ 1/4
/OO dw P—1/2—ik(w)P—1/2—|—z’k’ (w) — ktaih T 5(]-6 — k/), /O dk ktanh mk P_l/z_ik(w)P_l/QHk(w’) = 5(11} — w’).

Fw) = /OO % kf(k) P_12yir(w) f(k) = Wtaﬂhkfloo dw F(w) P_y /24 (w)

d

| d
dw

(w? — 1)dw - m?G(w,w') = 6w —w'),

1

= P i P ; /
G(waw/) — 5/ dk k tanh 7tk 1/2+ k(UJ) 1/24 k(w )

k? +1/4 4+ m?

WP@(Z)

tan /7




[(w) ~ w* !

I'=11+Kog &I

Fn — KO & Fn—la I

Iml =Iml +IA(/'O Q" ImT

(ImD),, = Ko @ (ImTI),_1.
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J. Polchinski and V. Rosenhaus, JHEP, 04:001, 2016

J. Madecena and D. Stanford, P.R. D94(10):106002, 2016

A. Jevicki, K. Suzuki, J. Yoon, JHEP, 07:007, 2016

J. Murugan, D. Stanford, and E. Witten, JHEP, 08:146,2017.
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cattering for SYK-Like Models

['(t2,t1;t4,t3)n = /dtSdtGKO(t%tl;tGat?)) ['(t6,t5:t4,t3) (n—1)

Ko = (1/&0)(t21t65/t15t62)25 — (1/040)( o )25

toste1 Toslel I — 7%

2—1 t%g +t§4—(512 —??34)2

W = —

; 2 e o oo |
__ 2—7k __ lioTlse—(l12—156 - / /
wy = 257 = Hatlnn ) I(w), — / / dwed ' Ko(we) T ()
o 2—7!  tig+ti,—(tse—t34) —00 J —00
- A 2t56134

where t_ij — (ti -+ tj)

D(z,y,2) =z +y~ +2° — 1 — 2zyz

0T (D) ~
ImI™(w / / d wi.dw' 70 Ko(wg) ImI'(w"),,—1

21F0(1 — §)(1 — 20)
T(1+ 25)r(1 — 26)

k@(wk) —

(w, — 1) 2°0(wy, — 1)

o A R Py
. S & s » 1( o e A
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Diagonalization:

w w ,9
ImI'w) =ImI' (w) + / / d wydw
1 J1

—l_(D) T mT ('
NG5 Ko(wg) ImI'(w")

A(f) =/100 dw Qe—1(w) ImT'(w) A1 () =/100 dw Q-1 (w) ImT'y(w)  k(¢) =/1 dw Q¢—1(w) Ko(w)

0 (D)Qe(w) = Qe(wy)Qe(w)

/OO dw
1 \/D(w,wk,w’)




Identifying the Leading Intercept £* for SYK-like Models:

220+t1(1 — §)(1 — 26
(14261 — 26)

k(4,8) =

) /100 dw (w — 1)_25 Qr_1(w)

B ['3—20)T'(4+20—1)
k(6,0) = [(1+20)T'(4—20+1)
k(") =1 " =2
§=1/q=1/4 A(K)ZS(EK—_léz)z

ImT(w) = 7w+ O(w!™2°)

[(w) ~ =7~y wllog(1 — w) +log(w — 1)] +v"w + O(w' ~*°),




<XR(t)XE (0)xr (t)XR(O»B ~ et Lyapunov exponent — k

£ — Qb(tl) _ 6(27T/B)ie7 ts — Qb(tg) _ 6(27‘(’/5)27;66271'15/57
ty — ¢(t2) _ 6(27‘(‘/5)37:67 ty — ¢(t4) _ 6(27‘(‘/ﬁ)42’€627‘rt/5’




Application of Minkowski d > 1 CFT for Scattering:

Lorentz boost and dilatation consist of O(1,1) x O(1,1) subgroup of the full

conformal transformations, O(4, 2).

It has long been known that approximate O(2,2) symmetry is an important
feature of QCD near-forward scattering at high energies

Treat the case of deep inelastic scattering (DIS) as a realization of O(2,2) in-
variance for near forward scattering.

7(1) 4 proton(2) — (3) + proton(4) T (p,q;p'q') = (p'|T{J"(2)J"(0)}|p)

. 2 ) qy/q]/ ) | qy/ | qV
Att—oa T _Wl(ajaQ )(g,ul/ q2 )+W2(:E7Q )(p,u | QI)(pV | 233)

qv

DIS : (pl[*(2). 7* (O)lp) = Fa(. Q) (g — 57) + Folw. Q%) (b + 5 ) (o |

21

)

Folx,q) =2rIm W, (x,q)




Deep—Inelastlc Scattermg as Mmkowskl CFT

Reduction to d = 2:
Discontinuity:
Mellon Representation:

Waw,02) = 20 2t cven @a(O)Kalw, 02; )

2mi  sin wl o

Lg+100 dl 1 — g7l
W(w, 0q) = Wo(w, 0a) Z / e 020.69 (0 K (w, 0: 0)

Lg—100

Lo+12100 dﬁ
W (w, o9) Z / 0196 (K (w, 02 0)

Lo—100

Dilatation: — d]\jl(ggzin) ~ —(A(2n) — 2)A(o2,2n) - DGLAP

Lorentz Boost — Fy(w,0) ~ w

eff=1 — Effective Spin, -




Spectral Curve:

Lo+100
Im F(w,0) = Z/ dz a2V AL (0)G(w, 034, Ao ()

Lg—100

A(O)(A(E) — d) = miaqs(0) d=4, mjygs(! Z fn(f —2)"

B.Basso, 1109.3154v2

Ap(g) ~ ) —|— B(f)\/f — feff

In w|3/2

Im F(w, o) ~




POMERON AND ODDERON IN STRONG COUPLING:

~

A(S)* =7+ ai(1,\)S + az(1,\)S* + - - B.Basso, 1109.3154v?2
2 11 6¢(3)+2  18C(3)+3E  39¢(3) + %
POMERON ®=2-3pm ytpent a2 +t—wr +t— @
b \
Brower, Polchinski, Strassler, Tan Gromov et al.

ODDERON Kotikov, Lipatov, et al. Costa, Goncalves, Penedones (1209.4355)
Kotikov, Lipatov (1301.0882)

S 4 13 96¢(3) +41  288((3) b - 720¢(5) + 1344¢(3) 35485_

Solution-a: ao =1

2\1/2 \ \3/2 | )\ 2 | \5/2 | 2\3

0 0 0 0 0 0

Solution-b: a0 =1— 375 — v+ 55+ 5+ 55 + 131

Brower, Djuric, Tan / \
Avsar, Hatta, Matsuo Brower, Costa, Djuric, Raben, Tan



N = 4 Strong vs Weak ¢g*N.

Graviton =0 BPST

-035"-

~1.0



Summary and Outlook
for Scattering in AdS-CF T

aProvide meaning for Pomeron non-perturbatively from first principles.
oRealization of conformal invariance beyond perturbative QCD
aNew starting point for unitarization, saturation, etc.

aFirst principle description of elastic/total cross sections, DIS at small-x,
Central Diffractive Glueball production at LHC, etc.

aHIgher point functions.

a|nclusive Production and Dimensional Scalings.

@"non-perturbative” (e.g., blackhole physics, locality in the bulk).



