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Regge limit

Regge limit: s > | 1]
[Regge, ‘59]
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Regge trajectories
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QCD and the Pomeron

Pp

: OTOT
Pomeranchuk theorem: - >1 fors — o
[Pomeranchuk '61] UITQ%T
Pomeron trajectory: ap(t) = 1.09 + 0.25¢

- > 0
Odderon trajectory: ol =Rl g

e e sy Experimental observation
[Abazov et al. (TOTEM, DO) *21]



Integrability in high-energy QCD

On high-energy, the Pomeron can be described by the
Balitsky—Fadin— Kuraev—Lipatov (BFKL) equation
[Kuraey, Lipatoy, Fadin ’77], [Balitsky, Lipatov '78]

The solution is connected to the integrable XXX Heisenberg
spin chain noncompact SL(2,C) and spin 0

[Faddeev, Korchemsky '95], [Korchemsky "95]



Conformal Regge theory

No amplitudes, rather 4 point functions: <@1@2@3@4>

A instead of m?

Regge limit

[Costa, Goncalves, Penedones ’|2]

d
Intercept: A(Sy) — = =1



Conformal Regge theory
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Analytically continued OPE

Light-ray operators

[Kravchuk, Simmons-Duffin ’ | 8]

Asymptotic detector operators

[Caron-Huot, Kologlu, Kravchuk,
Meltzer Simmons-Duffin 22]



N =4 SYM

4D superconformal theory
PSUQ2,2|4) symmetry: (Ji,J,,J3]A,S,S,)

Integrable in the planar limit
A=17+S+y(S) rS) = ) 1(85)g*
=

Maximal transcendentality  [Kotikoy, Lipatov, ’01]



Pomeron in 4/ = 4 SYM

[Gromoy, Levkovich-Maslyuk,
Sizov, Valatka ’14]
[Alfimov, Gromoy, Kazakov ’ | 5]
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Twist-3 states ./ = 4 SYM

O¢ = Tr(D°ZZZ) + perm . (3.0,0[3+ 5 +7.5,0)
parity singlet



Quantum Spectral Curve

P (u (u a.i1=1....4 'Gromoyv, Kazakov, Leurent,Volin ’13]
a( )’ Ql( ) ; : Alfimov, Gromoy, Sizov ’ | 8]

‘Marboe,Volin ’18], ...

QQ-relations
Asymptotic for large u: P (u) ~ A u™™Ma, Q,(u) ~ BuM™!

Analytic properties: (:li(u) = MY(u)Q;(—u), |
Q) =— (M _1)J.l.(u)Q] (=1u).
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Leading trajectory
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Riemann surface

Re[A]




Trajectories at weak coupling




Resolution of the degeneracy

Perturbative solution to QSC [Alfimov, Gromoyv, Kazakov ’15]
L i R Z Ii(A)é’@ [Marboe,Volin ’I8]
i=1
48 B factorisation
Diff. eq. for Q, 4
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Resolution of the degeneracy

1, is still free
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New regularity condition: Qi\/; + Qi\/;

Gluingg Q,(u) = — Qx(=w)/?,, Qi) = Q,(-u)?,

Linear g dependence
is present (!)




Intercept

, 27 4
a(0)=—-2+2g+ 16log2 g 3 g

—204.77377158292661¢*+136.293336388132°
4+4733.39078974g°— 6116.79585g "+ . . .,

|
0.01

[Brower, Costa, Djuric, Raben, Tan ’1 5] [Gromoy, Levkovich-Maslyuk, Sizov, Valatka ’ 4]



ldentifying the extra trajectories

(3,0,0[5+ S5 +7,5,0)




O _=1.45Tx(DYZZZ¥)+0.553Te(DVZZVZ)40.553 Te{DYZVZZ)+1 .45 Te (DY W ZZZ)—0.106 Ty(DZWZZV)—0. 106 TH{DZV ¥ Z Z)4+0. 106 Te(DZWZZV)+0. 106 TH{DZV W ZZ)—

[

L00Tr(DZZVZ¥)—1.00Ty(DZZV¥Z)+1.00Te(DZZY Z¥)+1.00T{DZZVVZ)—1 . 79T DZZZ¥¥)+1. T9Te(DZZZ¥ V) —0.894Te(DZZZXDX)+0.894Tr(DZZZY DY }4+0.894Tx(DZZZY DY )—

o

.894TY(DZZZXDX)—3.58Ty(DZZZDZZ)—0.0528 Tr(DZZZDXX)40.0528 T+(DZZZDYY)+0.0528 Tr{DZZZDYY)—0.0528 Ty{DZZZDX X)—0.106 Ty(DZZZ¥¥)+0.106 Tr(DZZ Z¥¥)—

o

.500Tr(DZZXZDX)41.84Tr(DZZXDZX)—0.500Tx(DZZXDX Z)40.500Tx(DZZY ZDY )—1 .84 Tr(DZZY DZY )+0.500T(DZZY DY Z)+0.500T(DZZY ZDY ) —1.84Te(DZZYDZY |+

(=]

.500Tx(DZZY DY Z)—0.500Tx(DZZX ZDX)+1.84Ty(DZZXDZX)—0.500T(DZZXDXZ)—2.00Tr(DZZDZZZ)+0.658 Tr(DZZDZX X)—0.658 Tr(DZZDZYY)—0.658 Te(DZZDZYY )+

(=]

.658Tr(DZZDZXX)—2.00Tx(DZZDZZZ)—0.500Ty(DZZDX X Z)40.500Te(DZZDY Y Z)+0.500Ty(DZZDYY Z)—0.500Tr(DZZDX X Z)—1.00Tx(DZZ¥¥ Z)+1 .00 TH{DZZ¥ V Z)—

o

L0528Tr(DZXZZDX)+1.84Ty(DZX ZDZX)+1.84 TH{DZXDZX Z)—0.0528 Te(DZXDX ZZ)+0.0528 Te(DZY ZZDY)—1.84Te(DZY ZDZY )—1 .84Tr(DZY DZY Z)4+0.0528T(DZY DY ZZ)+

o

L0528Tr(DZY ZZDY )40.0528Tr(DZY DY ZZ)—0.0528 T{DZX ZZDX)—0.0528 Te(DZXDX ZZ)—0.211 T{DZDZZZ Z)+0.500Te(DZDZZX X)—0.500T{DZDZZYY)—

o

.500Tx(DZDZZY Y )+0.500Te{DZDZZX X)+0.658 T{DZDZX ZX)40.500Te{DZDZX X Z)—0.658 Tr(DZDZY ZY)—0.500Tx(DZDZYY Z)—0.658 Tr(DZDZY ZY )—0.500Tr(DZDZY Y Z)+

o

.658Tr(DZDZXZX)+0.500Ty(DZDZXX Z)—0.211T(DZDZZZZ)—0.0528 Te(DZDX ZZX)—0.500Ty(DZDX ZX Z)—0.894Tr(DZDX X ZZ)+0.0528 Te(DZDY ZZY }4+0.500Tx(DZDY ZY Z)+

o

.894Tr(DZDY Y ZZ)+0.0528 Tr(DZDY ZZY )+0.500Te(DZDY ZY Z)+0.894Tr(DZDYY ZZ)—0.0528 Te{DZDX ZZX)—0.500Tx(DZDX ZX Z)—0.894Tr(DZDX X ZZ)—1 . 79 T(DZIWZ Z)—

[

L00THDZYZVZ)—0.106 T(DZVYZZV)+1. 79T (DZVV ZZ)+1.00 T DZYZ¥ Z)+0. 106 THDZVZZW ) 1. 45Tr(DX ZZZDX)H0. 553 Te(DX ZZDX Z)40.553 Te(DX ZDX ZZ)+

[

45THDXDXZZZ)—1.45Tx(DY ZZZDY)—0.553Te(DY ZZDY Z)—0.553Tr(DY ZDY ZZ)—1.45Te(DY DY ZZZ)—0. 106 Tr(VF ZZ¥)—1 .00 Te(VF ZU Z)—1 . 79 TV PV ZZ)—0. 500 Te(IIv Z ) —

(=]

658 Tr(\I I Z) —0. 658 Tr( I T ZUNL)+0. 0528 Tr(I ¥ ZZDX)+1.00 Te(I ¥ ZX DZ)+1 .00 T (I ZDZ X )+1. B4 Te(I W ZI)+0. 842 Te(I ¥ X ZDZ)+1.00 Te(I ¥ X DZ Z)40.842 Tr (LI DZZ X )+

[

L00Tr{(IWDZX Z)+0.0528 Te(¥ DX ZZ)+1 . 84 Te{( I T¥ Z)+1 . 84 Te( I ZW)+0 . 500 Tr (T Z2) 40 .6 58 Tr( I F Z)40 . 658 Tr( P W ZT¥) —0. 0528 TH{ ¥ W ZZDY ) —1. 00 Te{( ¥ ¥ ZY DZ)—

-

L00Tr{(IWZDZY)—1.84Tr(¥ WZ¥W)—0.842Tr(¥¥Y ZDZ)—1.00 Tr{(¥ WY DZZ)—0.842 Tr{( V¥ DZZY)—1.00 Tr{( ¥ ¥ DZY Z)—0.0528 Tr(IWDY ZZ)—1 .84 Tr(I I Z)—1 . 84 Tr (T ¥ Z¥)+

o

106 Tx(PWZZDZ)+1.00TH{({ IV ZDZZ)+1. 79 Tx(PWDZZZ)—1.00 Tr(¥ ZFV Z)—0. 500 Tr(¥ 29 ¥)+0. 500 T{¥ Z¥ ZDX)+0. 842 Tr(V Z¥ X DZ)+0. 842 Tr(¥ ZVDZX)+0. 500 Tr(V Z¥DX Z)+

-

84Tr(¥ZIWT)+0 . 500 TH{ T Z9¥T) —0. 500 Tr(¥ZWZDY ) —0.842Tr( ¥ Z¥Y DZ)—0.842Te{(¥ZWDZY)—0.500 Tr(VZUDY Z)—1 .84 Tr(¥ZI ¥V )+1.00 Te(PZ¥DZZ) 0. 106 Tr(V ZZF V) +

o

894 Tr(WZZYDX)—0.894Te(WZZ¥DY)40. 106 Tr(WZZVDZ)H0.894 Te(¥ ZZY DW)—0.894 Tx(¥ZZX DY) —0.0528 TH{WZZDV X )+0. 0528 Tr(W ZZDVY )+1. T9Te(\WZZDZ¥) —

o

L0528 Tr(WZZDYW)H0.0528 Te(WZZDX W) —1. 79Tr(VZZ¥F)+0.342Tr(¥ ZY VD Z)+0. 500 TH{ ZY ZDW)+0. 500 Te(¥ZY DY Z) —1.00 Te(WZY DZW¥) —0.342Tr(W ZXVDZ)—0. 500 Tx(¥ ZX ZD¥) —

o

_500Tr(FZXDYZ)+1.00T(VZXDZ¥)—0.500Tr (W ZDYX Z)40. 500 Tr(¥ ZDYY Z)—0.342Te(WZDZ¥X)+0.342Te(¥ZDZVY 41.00 TH{(¥ ZDZV Z)+1.00 Tr(¥ZDZZ¥)—1.00Te (W ZDZY ¥ )+

[

L00Tr{(¥ZDZX¥)—0.500Tr(¥ZDY WZ)40.500Tr(¥ZDX W Z)—1.00Tr(W 2P FZ)—0.658 Tr(¥ ZIV¥)4+0 . 658 Tr( W29 W¥)—1.00Tr(¥Z¥ ZF)+0.342Tr(PY WZDZ)+0.342Tr (VY WDZ Z)+

o

.342Tr(PY ZUDZ)+0.0528 Tr(VY ZZD¥)—0.842Te(VY ZDZ¥)40.0528 Tr(PY DY Z Z)—0.842Tr(PY DZ¥Z)—1.00 Te{¥Y'DZZ¥)—0.342Tr(¥ X ¥ ZDZ)—0.342Tr(V X ¥DZZ)—

o

.342Tr(PX Z¥DZ)—0.0528 TH{(Y X ZZDW)+0. 842 Tr{(V X ZDZW)—0.0528 Tr(P XDV Z Z)40 . 842 Tr(¥ X DZWZ)+1 .00 TH{ T X DZZ¥)—0.0528 Tr(PDYZZX)—0.500 TH{I DV ZX Z)—

o

894 Tr(FDYX ZZ)+0.0528 Te(¥DYZZY )40.500 Tr(¥ DY ZY Z)+0 . 894 TH{(¥DYY ZZ)—0.342 Tr(¥DZWZX)—0.342Te(¥ DZY X Z)+0.342Tr(VDZV ZY |40. 342 Te (W DZVY Z)+

o

106 Tr(VDZWZZ)—0.342Tr(VDZZWX)4+0.342Ty(WDZZVY )40. 106 Te(¥Y DZZZW)—0.842Tr(\VDZZY ¥ )+0.842Tr(VDZZX W) —0.842Tx(\W DZY WZ)—1.00Tx(\VDZY 2% )+

o

842 Te(VDZXWZ)+1.00Te(V DZX Z¥)—0.894 Te(¥DY ¥ ZZ)—0. 500 T( VDY Z¥Z)—0. 0528 Te (¥ DY ZZT)+0. 894 TH{I DX WZZ)40. 500 Tr(V DX Z¥ Z)+0.0528 TH{ I DX ZZ¥)—

o

106 (W FZZ)—0.500 Tr(INNA Z)—0. 658 Tr (W Z3) 40 500 Tr(IIINF Z)4-0 . 6 58 Tr (W I Z%) —0. 500 Tr(I 1V Z9F)+0 . 500 Tr (Il Z9%) —0. 106 Tr{( IV ZZF) —0.0528 Tr{( W ZZDY ) —

[

L00Tr(IWZYDZ)—1.00Te(IWZDZY)—0.842Tr(\ VWY ZDZ)—1.00Tx(\¥ WY DZ Z)—0.842Tr(\ W DZZY)—1.00 Te(IWDZY Z)—0.0528 Tr (DY ZZ)+0. 0528 Tr(I W ZZDX)+1.00 Tr(I¥ ZXDZ)+

[

00T U ZDZX)40. 842 Te(Ink X ZDZ)+1.00 Te{Il X DZZ)+0. 842 Te{ I DZZX)+1. 00 T (L FDZX Z)+0. 0528 Tr (I DX ZZ)—0. 106 Te{( V¥ ZZDZ)—1.00 Te(\L W ZDZZ)—1. 79 Te (W DZZZ) —

(=]

500Tx(\VZ¥ZDY)—0.842Tr(\l Z¥Y DZ)—0.842 Te(LZUDZY)—0.500 Te{( L ZUDY Z)40. 500 TH{ ¥ Z¥ ZDX)+0. 842 Tr(L Z U X DZ)H). 842 Tr(L Z¥DZ X)+0. 500 Tr(LZ¥DX Z)—

[

-00Tr(\ W Z¥DZZ)—0.894Tr(VZZ¥DY )+0.894Tr(VZZ¥DX)—0.106 Tx(\WZZ¥DZ)—0.894Tr(WZZXDW)40. 894 Tr(\VZZY DV)40.0528 Tr(WZZDWY)—0.0528 Te(V ZZD¥ X)—

[

79Tr(VZZDZV)+0.0528 Te(¥ZZDX W) —0.0528Te(\V ZZDY W) —0.342 Tr(VZXWDZ)—0.500Tr(VZX ZD¥)—0 . 500 Tr(VZX DV Z)+1.00 T (W ZXDZV)40.342 Tr(V ZY WD Z)+

(=]

-500Tr(\VZY ZDW)+0. 500 Tr(V ZY DY Z)—1.00 Tr(¥ ZY DZW)+0. 500 Te{¥ ZDVY Z)—0.500 Tr(\W ZDVX Z)+0. 342 Tr(V ZDZVY)—0.342Ty(VZDZ¥X)—1.00Ty(\WZDZV¥ Z)—1.00 Tx(\VZDZZV)+

-

L00Tt(¥ ZDZX¥)—1.00T(VZDZYT)40. 500 Tr(¥ ZDX ¥ Z)—0.500Te(\L ZDYWZ)—0.342 Te(V X WZDZ) —0.342 TH{I X ¥DZZ)—0.342Te (U X Z¥DZ)—0.0528 Te{(V X ZZDV)+

o

.842Tx(WXZDZV)—0.0528 TH{T X DWZZ)+0.842Tr(V X DZWZ)+1.00Tr(V X DZZ¥)+0.342Tx(WY WZDZ)+0.342Tr (VY ¥DZZ)+0.342 Tr(VY ZWDZ)+0. 0528 Tr(VY ZZDW)—

o

.842Tr(WY ZDZV)+0.0528 Te(W Y DY ZZ)—0.842Tr (VY DZY Z)—1. 00 Te{( VY DZZ¥)40. 0528 Tr( WDV ZZY |40. 500 Te(W DY ZY Z)+0. 894 Tr(¥DYY ZZ)—0.0528 Tr(VDVZZX)—

(=]

.500Tx(WDYZX Z)—0.894Te(¥VDVX ZZ)+0. 342 Tr(VDZWZY }4+0. 342 Tr(WDZVY Z)—0.342Te(WDZ¥ZX)—0.342 TH{(IDZW¥ X Z)—0. 106 Te(¥DZVZ Z)+0 . 342 Te(VDZZVY ) —

(=]

.342Tr(¥DZZ¥X)—0.106 Te(¥ DZZZ¥)40.842Tr(¥DZZXV)—0.842Tr(¥DZZY W)4+0.842Tr(¥ DZX WV Z)+1.00 Te(¥DZX ZV)—0.842Tr(¥DZYWZ)—1.00 (¥ DZY Z¥)+

o

894 Tr(¥DXVZZ)H0.500 Tr( ¥ DX ZWZ)+0.0528 Te(W DX ZZ¥)—0. 894 Te(WDY ¥ZZ)—0.500 TH{(¥DY Z¥Z)—0.0528 Tr(¥ DY ZZV)+41.45TH( WV ZZZDW¥)4+0.553 Tr(WZZDV Z)+

(=]

-553Te(VZDWZZ)+1 A5 TH(¥DWZZZ)+1.45Tx(D222222)-0.0528 Te(D2 222X X)40.0528Te(D2222YY )+0.0528 Tx(D2222VY ) -0.0528 Tx(D2222X X 40.553Tx(D322222)

(=]

.500’1\-(’0222sz)+0.500Tr(DzzZYz7)+o .500'1\'(‘D222?2Y)—0. 5oon(v2szzx)+o. 553Tx(D 2zzZzz)—o .894’I‘r(‘DzZXZZ)?)—0. 500ﬁ(D2zszz)—o.oszsn(vzzxf(zz)+

o

A894’I‘r(‘D2ZYZZ}_’)+0.500’1‘:(‘D2ZYZ}_’Z)+0.05281¥(D2ZY1_’ZZ)+0.Sgdﬂ(DzﬂzzY)m.500'1‘ D2Z1_’ZYZ)+0.0528T1'(D2Z}_’YZZ)—0.894Tr ‘Dzz)’(zzx)—m500h(v2zszz)—

o

.oszs'n(‘Dzz)'(xzz) +1 Ad5Tr(D2ZZZZZ)—O.Sth(D\il\PZZ)?)—O. 500THDYWZX Z)—0.0528 Te(DIWX ZZ)40.894Te(DIWZZY )40.500 Te(DV W ZY Z)+0.0528 Tr(DY VY ZZ)—

[

ASTH{DYVZZZ)—0.500Tr(D¥ Z¥ZX)40.500Te(DYZVZY )—0.553Te(DVZVZZ)—0.0528 Te(DW ZZV X )+0. 0528 TH{DV ZZVY ) —0. 553 Tr(DVZZVZ)—1 . A5Te(DV ZZZW)+

o

L0528 Tr(D¥ZZYW)—0.0528 TH{DWZZXW)+0.500Tr{D¥ ZY ZW)—0.500Tr(DY ZX Z¥)+0. 0528 Tr(DVY WZ Z)+0. 500 Te{DVY ZVZ)+0. . 894 TH{DVY ZZW)—0.0528 Tr(DY XV Z Z)—

o

.500Tx(D¥ X ZWZ)—0.894Te(DY X ZZW¥ )+0. 894 Te(DIWZZY |40. 500 Te(DYW ZY Z)4+0.0528 Tr(DIWY ZZ)—0.894Tr(DIWZZX)—0. 500 TH{ DYV ZX Z)—0.0528 Tr(DIWX ZZ)+

[

A5THDIVZZZ)40.500 T DY Z¥ZY)—0.500 Te(DYZWZX)+0.553 T DU ZV ZZ)40.0528 TH{DY ZZ VY ) —0.0528 Te( DV ZZUX)4+0. 553 Te( DV ZZV Z)4+1.45Te(DY ZZZW) —

o

L0528 TH(DYZZXT)+0.0528 Te(DYZZY ) —0. 500 Te{ DY ZX ZU)+0.500 Te(DYZY Z¥) —0.0528 Te( DXV ZZ)—0. 500 Te(DY X ZWZ)—0. 894 T DU X ZZ W) +0. 0528 Te(DYY W Z Z)+

o

500Tx(DVY ZWZ)+0.894Te(DVY ZZW)+1.45Te(FFZZZ)40. 106 Te(FUL Z Z)+1 .00 T FUZU Z) 41 . 79 Te(FUZZ¥)—0. 106 Te(FUW ZZ)—1. 00 Te(FY ZW Z)—1 . TOTe(FYZZ¥)+

(=]

-553TY(FZFZZ)41.00Te(FZW2¥)—1.00T(FZ¥Z¥)+0.553 Tr(FZZFZ)+0.106 Te(FZZWW)—0. 106 T{F ZZV¥)+1 .45 Te(FZZZF)




General properties

States with fixed (J;,J5,J5|$,)
+ discrete symmetries
form the surface

2nd order branch points,
but extra degeneracies
at weak coupling

—>

Linear g dependence

—>

Perturbative inversion of
A(Sy) = 0 breaks down

g = — g connection
between trajectories



Summary

Analytic continuation for the twist-3 O trajectory
Extended the QSC numerics

Explored the Riemann surface and its connectivity
Explicitly observed degeneracy of horizontal trajectories

Resolved the degeneracy analytically
— linear g dependence



Outlook

Analytic continuation for the other twist-3 families
[Homrich, Simmons-Duffin,Vieira "22]

Understand the origin of the degeneracies for the horizontal
trajectories

Operatorial formulation for the degeneracy

Find the ./ = 4 Odderon intercept for all coupling



Thank you for your attention!
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