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High energy scattering

CMS Experiment at the LHC, CERN
Data recorded:; 2018-Jul-06 15:15:15.817408 GMT
Run/ Event/LS: 319300/ 98649460/ 117

[CMS Collaboration,“In search of the strong interaction: the pomeron” Phys Rev D, in press, 23]

Kinematic regime: sezol e ()
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intentionally ergonomic characteristics”



Tullio Regge

[Regge, ‘59]

A

ab



Regge theory

[Regge,59]

lt
) a C ab
- O, Y@

=P Partial wave expansion

Tullio Regg

-  Analytic continuation in spin



Regge theory

[Regge,59]

lt
) a C ab
- O, Y@

=P Partial wave expansion

Tullio Regg

-  Analytic continuation in spin

-

e e e e




Regge theory

[Regge,59]

lt
) a C ab
- O, Y@

=P Partial wave expansion

Tullio Regg

-  Analytic continuation in spin

i’
B RC=aCaCaCe




Regge theory

[Regge,59]

lt
) a C ab
- O, Y@

=P Partial wave expansion

Tullio Regge

-  Analytic continuation in spin

-




Regge theory

[Regge,59]

lt
) a C ab
- O, Y@

=P Partial wave expansion

Tullio Regg

-  Analytic continuation in spin

-




Regge theory

[Regge,59]

lt
) a C ab
- O, Y@

=P Partial wave expansion

Tullio Regg

-  Analytic continuation in spin

-




Regge theory

[Regge,59]

lt
) a C ab
- O, Y@

=P Partial wave expansion

Tullio Regg

-  Analytic continuation in spin

L \i lo/4 ZZ g2




Regge theory

[Regge,59]

lt
) a C ab
- O, Y@

=P Partial wave expansion

Tullio Regge

-  Analytic continuation in spin

L \i nglg ~ 20

A ~ %D ]og(s)"""




Regge theory

[Regge,59]

lt
) a C ab
- O, Y@

=P Partial wave expansion

Tullio Regge

-  Analytic continuation in spin

L \i QfZZ A Sa(t)

A ~ 59D Jog(s) "
a(0)—1

GrOT




Regge theory




Chew-Frautschi plot

Geoffrey Chew  Steven Frautschi
[Chew, Frautschi,’61]

Fort >0, oa(t.) €7
= Resonances



Chew-Frautschi plot

| Geoffrey Chew  Steven Frautschi
[Chew, Frautschi,’61]

Fort >0, oa(t.) €7
= Resonances

6 [as. fe}“
[Ps] 7
4 =
s
Il
M
- —
scattering region | ’
t<0
N\ 0.45
,"/ 1 ! 1 | 1 ! 1 | 1 L 1 | 1 ! L |
/0 2 4 6 8
M2=t (GeV)?
R — ————————
[Amaldi,“60 years of CERN experiments ...”,’|5]

a(t) =0.45 4+ 0.9¢



Chew-Frautschi plot

6 .
5 Py
; GeoffreyE 4 ¢
g 3 x
For 2 B
-1 . .
2 -1 0 1 2 3 4 5 6
t (GeV?)

[Donnachie, Dosch, Landshoff, Nachtmann, “Pomeron Physics and QCD”,’02]

I [as' fe]‘

[ps]




Pomeron

[Pomeranchuk ’61]

S0
pp
TEOT 50 1
PR
OTOT

Isaak Pomeranchuk



Pomeron

[Pomeranchuk ’61]

S0
pp
OTOT 1
pp
OTOT

N

Isaak Pomeranchuk

[Donnacchie, Landshoff, '92]

B ——

Sandy Donnacchie Peter Landshoff

80'\\\

]
!

60

50

40

21.70s°08%8456.085 70452

pBARp: 21.70s°%8%84+98 395704555

1 - 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1

i (a)
80 7| 1 lll 1 1 1 L 111 I| 1 1 1 | ll 1
6 10 100 1000
Vs (GeV)
R — T
‘ T T T | T T T T T
241 K p  11.8200898,2g 3045 .
T LT k 11 8200805 g | 5g045%5 -
(mb) P
22 b -
20 -
18 -
16 + () —
‘ 1 1 1 | 1 1 1 1 1 1 1 1
6 10 100
Vs (GeV)
| —— —

30

(mb)

28

<6

24

R

20

40

35

T T T | T T T | T T T | T T T | T T T

mp

+

LU

13.635%°%%%+36.025 045

136350090427 565045%

T T T T | T T T T

pBARn

21.700%894.92.71570-45%

pn 21.70s008084 54 7y=045%5




Pomeron

[Pomeranchuk ’61]

S0
pp
OTOT 1
pp
OTOT

N

Isaak Pomeranchuk

[Donnacchie, Landshoff, '92]

B ——

Sandy Donnacchie Peter Landshoff

60

50

40
i (a)
80 7| 111 l 1 1 1 | | | 1 1 1 L1111 I 1
6 10 100 1000
Vs (GeV)
R — N
‘ T T T | T T T T
- enmm '- -
n
241 K p 11.%0'0505326.36‘“525 —
L snmw 4
o L + B 0808 —-0.4525 B
(mb) K" p 11.8:’2. . m :8.155
22 —
L T |
B & i
20 — —
18 —
16 + () —
‘ 1 1 1 | 1 1 1 1 1 1 1 1
6 10 100
Vs (GeV)
1 — ——

[ ]
PBARp: 21.70g° %% #98.395704%%5

]
!

21 7(;0‘0308‘:56 083—0,4525
CTamme

emnmw

1 - 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1

30

(mb)

28

<6

24

T T T | T T T | T T T | T T T | T T T

AN/
o 136350958836 025704
P TTammp .

n 4
atp 13.63;028_05‘!27.565‘0'4525

22
(b)
20 | I | 1 Il Il Il 1 L1
6 10 100
Vs (GeV)
— E——
| T T T | T T T T T T T T
I 4mnw .
L]
- PBARn  21.708° %02 715704 i
50 — C.l.l.'- |
¥ 0.0808 —0.4525
o [ pn 21,7080 854,77 |
(mb) | :
45
40
35
| 1 1 1 | 1 1 1 1 1 1 1 1
6 10 100
Vs (GeV) .



Pomeron

[PO eranchul< ’6|] 80 [T T T LI B T T T T T 17171 T 30 T T T
- = [ <nnmw
I I I g o [ a
r L = 0.0808 —0.4585
(mb) [ s g (mb) [ TP 13.63§._._:a36.023
~ n a 1 n 4
70 |- pBARp: 21.705° %898 3957045 — 281  mtp 13605009027 565704

S % OO . pp: 21'7(?:;0‘.2;2;;:56,083‘0’4525 : I
Gpp 60 |- B | - o
TOT 1 . 1 Y, ﬁ

_ } 50 : ‘ —E 24 :
PP 1 | / ;

TOT ,,"’

1
100

Vs (GeV)
S
T
- am m '- = E am m "
| - 50.0808 -0.4525 | L " 0.0808 —0.4525 i
24 I K p 11.8-’3...=.;!2i.36 " pBARn 2‘(:;......1-92.713
o T + B 0808 —0.4585 " 0805 g —0.4525
(mb) [ K" p 11.8"8...;!8.155 B T r pn 213?0[;...1'54,77 B
22 —

[ 7
_’/’/

(c) -

: Vs (Gev) Vs (GeV)
Sandy Donnacchie Peter Landshoff — — - — —




Odderon

' PP o D 520)
lim (GTOT GTOT) ;
S—> 00



Odderon
lim (of? —of? ) =

Odderon: hypothetical trajectory with C = — 1

[tukaszuk, Nicolescu, 73]



Odderon

: e e e
b { & — Oy ;

S— 00

Odderon: hypothetical trajectory with C = —

[tukaszuk, Nicolescu, 73]

PHYSICAL REVIEW LETTERS 127, 062003 (2021) 1071 E T . I T T u | . T . ]
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Odderon Exchange from Elastic Scattering Differences between pp and pp Data at N \\\ pp measurement by DO: i
1.96 TeV and from pp Forward Scattering Measurements o i \\\¢ o central values with error bars |
V.M. Abazov,‘“"T B. Abbon,89‘+ B.S. Acharya,}” M. Adams,m"\ T. Adams,"s'+ J.P. Agnew,“‘” G.D. Alexeev,“"’\ % \\ .
& - *\ pp extrapolation by TOTEM: 1
ey \\\ A band center at DO bins
£ i \\ — — band width (£1 o) ]
\
\
® (Received 7 December 2020; revised 19 February 2021; accepted 10 June 2021; published 4 August 2021) ".-8 \ + == 7
~ e . AN
‘We describe an analysis comparing the p p elastic cross section as measured by the DO Collaboration at a _8 1 0—2 — W + P _ o ** oS <
center-of-mass energy of 1.96 TeV to that in pp collisions as measured by the TOTEM Collaboration at r \ \ N _ { - N <&
2.76,7, 8, and 13 TeV using a model-independent approach. The TOTEM cross sections, extrapolated to a | \ -7 N a
center-of-mass energy of /s = 1.96 TeV, are compared with the DO measurement in the region of the | \ $ - . N
diffractive minimum and the second maximum of the pp cross section. The two data sets disagree at the B o i
3.4 level and thus provide evidence for the 7-channel exchange of a colorless, C-odd gluonic compound, | l l | |
also known as the odderon. We combine these results with a TOTEM analysis of the same C-odd exchange . . . . '
based on the total cross section and the ratio of the real to imaginary parts of the forward elastic strong 0.5 0.6 0.7 0.8 0.9 1
interaction scattering amplitude in pp scattering for which the significance is between 3.4¢ and 4.60. The ‘ t| (G6V2)

combined significance is larger than 5o and is interpreted as the first observation of the exchange of a
colorless, C-odd gluonic compound.

P
DOL: 10.1103/PhysRevLett.127.062003

R — [Abazov et al. (TOTEM, DO0) *21]
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Reggeons in high-energy QCD

In the Regge limit QCD is conformal

BFKL Pomeron
[Balitsky, Lipatov, Fadin, Kuraev '76,77]

Connection to integrability
[Faddeev, Korchemsky '95], [Korchemsky "95]

Eduard A. Kuraev  Lev N. Lipatov

Odderon: Janik-Wosiek solution
[Janik, Wosiek "99]

Bartels-Lipatov-Vacca Solution

[Bartels, Lipatov,Vacca '99]
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Conformal Regge theory

[Costa, Goncalves, Penedones ’| 2]

Massive QFT CFT

A

2

Bound states: m; Local operators: A;

Trajectory: a(?) S(A)

by

Minima of S(A)

Intercept: a(0) e
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Conformal Regge theory

[Costa, Goncalves, Penedones ’| 2]
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[Costa, Goncalves, Penedones ’| 2]

N
Massive QFT .I CFT
gt satd S (0,0,050,) =

(0,0,) (0305) :
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s O
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&° [Caron-Huot ’1 7]
[Kravchuk, Simmons-Duffin ’ | 8]

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

[Balitsky, Radyushkin "97]
[Balitsky, Kazakov, Sobko | 3]

Light-ray operators
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N = 4 supersymmetric Yang-Mills

4D super-conformal theory

} e nght-ray operators
Integrable in the planar limit

} QCD Reggeons

Maximal transcendentality
[Kotikoyv, Lipatov, '01]

PSUQ2,214) symmetry:  (J1,J5, 05| A, S, S,)

A=T+S+}/(S) S:OO q 2n
z 7(S) Zm )8

Twist
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N = 4 supersymmetric Yang-Mills

|. Fix tand (J},J5,J5]$5)
+ other quantum numbers

Strategy: 2. Analytical continuation (QSC)
A(S) & S(A)

3. Analyse around the intercept



Quantum Spectral Curve
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a( )’ Ql( ) ; : Alfimov, Gromoy, Sizov ’ | 8]

‘Marboe,Volin ’18], ...

QQ-relations
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Pomeron in 4/ = 4 SYM

[Gromoy, Levkovich-Maslyuk,
Sizov, Valatka ’14]
[Alfimov, Gromoy, Kazakov ’ | 5]
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Pomeron in 4/ = 4 SYM

Shadow operators Fixed twist

S local operators

‘/ 2=0.63

g =048

! g=0.28
*_ l g=0.10

J le: g=0.05
Horizontal trajectory j

Branch pomt
A —

[Gromoy, Levkovich-Maslyuk,
Sizov, Valatka ’14]
[Alfimov, Gromoyv, Kazakov ’| 5]

Tr(ZD>Z) + perm.

(2,0,0]2 + S +7,5,0)

a(A)=—1+4<21//(1)— <12 > (1;A>)g2+@(g4)

ap(0) = a(0) + 2



Twist-3 states ./ = 4 SYM

4]
30 — - -

25—

20—

Family 3 (3/2,7/2,...)

15 Family 1 even

Family 1 odd

10

Family 3 (1/2,5/2,...)

Family 5 odd

Family 5 even

5 10 15 20

Recently studied also in: [Homrich, Simmons-Duffin,Vieira "22]



Twist-3 states ./ = 4 SYM

O¢ = Tr(D>ZZZ) + perm . (3,0,0{3+S5+7,5,0)
parity singlet



Leading trajectory

[Klabbers, Preti, IMSZ ’24]

S
41 Tr(ZD*Z?)+...
2l Tr(ZD?*Z%)+... & 0
3
| l | l l Tr(Z ) | | A
-6 -4 g=0.5 4 6
g=0.1
=001
svl




Riemann surface, g = 1/2

[Klabbers, Preti, IMSZ ’24]
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Riemann surface, g = 1/2

[Klabbers, Preti, IMSZ ’24]

| | |
=1 | ' [
| | Im[A]
| A
e |
-2 | l‘ = |
Re[S] ‘&; T ‘ o | 1
| « | >
-3 “‘ @ ® ‘\“ RC[A]
| | ® |
"} el \ - J
4 t & s \"
i s
~ P
0 e Im[A]
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Trajectories at weak coupling, ¢ = 1/100

[Klabbers, Preti, IMSZ ’24]

Degenerate horizontal trajectories



Resolution of the degeneracy

[Klabbers, Preti, IMSZ ’24]

Perturbative solution to QSC [Alfimov, Gromoyv, Kazakov ’15]

N Z ]l(A)g® [Marboe,Volin ’| 8]
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Resolution of the degeneracy

[Klabbers, Preti, IMSZ ’24]

Perturbative solution to QSC [Alfimov, Gromoyv, Kazakov ’15]
L i R Z Ii(A)8® [Marboe,Volin ’I8]
i=1

v

technical derivation...

v

o) Linear g dependence
is present (!)



Intercept

[Klabbers, Preti, IMSZ ’24]

, 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]



General properties

A

States with fixed (J;, J,,J5|$,) e
+ discrete symmetries el ok b
form the surface S .

2nd order branch points, Sa e ond KR e T

but extra degeneracies donslee e

at weak coupling o g T

Linear g dependence — Perturbative inversion of

A(S) more complex

— g = — g connection
between trajectories



Summary

Analytic continuation for the twist-3 O trajectory

Extended the QSC numerics and explored
the Riemann surface and its connectivity

Found explicit degeneracy of horizontal trajectories

Resolved the degeneracy analytically

—) linear g dependence



Outlook

Analytic continuation of the other trajectories

Understand the degeneracies in an operatorial way
(light-ray operators)

Finding the ./' =4 Odderon intercept for all coupling



Thank you for your attention!
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[Klabbers, Preti, IMSZ ’24]
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[Klabbers, Preti, IMSZ ’24]

Perturbative solution to QSC [Alfimov, Gromoyv, Kazakov ’15]

N 2 ]l(A)g® [Marboe,Volin ’ 18]
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Resolution of the degeneracy

[Klabbers, Preti, IMSZ ’24]

Perturbative solution to QSC [Alfimov, Gromoyv, Kazakov ’15]
N Z Iz(A)g® [Marboe,Volin ’| 8]
i=1
factorisation
P,at O(g) ) —» { Diff. eq.for Q, —_\

2(u + i) + igl, 2u — i) — igl, 1 + 8u? — A% + 2gl,

Qu+i)+ Q;(u—1) - S50 Qu)=0

(u + )32 (u — )32




Resolution of the degeneracy

[Klabbers, Preti, IMSZ ’24]

; . [Faddeev, Korchemsky '95]
= Mellin transformation KOrchcmsc295]

Related to hypergeometric differential equation

B VAN ba iRl I
oy = , Oy = = 1 A
2 2 2
Solutions:

- Z (((111; E(fz; " [of + Blog(2) + € log(z)?]

With of, %,€ combinations of Yo.-¥1



Resolution of the degeneracy

[Klabbers, Preti, IMSZ ’24]
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[Klabbers, Preti, IMSZ ’24]
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.500Ty(\WZY ZDV)+0.500Tr(¥ ZY DY Z)—1.00Tr(¥ ZY DZV)+0. 500 Te(VZDVY Z)—0.500 Tr (W ZDWX Z)+0. 342 T (W ZDZYY)—0.342 Ty (VY ZDZ¥ X )—1.00Te(¥ZD2Z W Z)—1. 00 Ty(V ZDZZ¥ )+
00T (W ZDZX V) —1.00Tr(¥ZDZYV)+0.500Tr(¥ ZDX ¥ Z)—0.500Tr(\V ZDY W Z)—0.342Tr(V X VZDZ)—0.342 Te(V XV DZZ)—0.342Tr(W X Z¥DZ)—0.0528 TH{¥ X ZZDW)+
.842Tr(W X ZDZV)—0.0528 Tr{(V XDV ZZ)+0.842Te( VX DZVZ)+1.00Tr (W XDZZ¥)+0.342Te(WYWZDZ)+0.342Tr(VY ¥ DZ Z)4+0. 342 Tr(IY ZWDZ)+0. 0528 Tr(VY ZZDW ) —

.842Tr(FY ZDZ¥)+0.0528 Te(¥ Y DY ZZ)—0.842Tr(PY DZW Z)—1.00 Te(¥Y DZZ¥)40. 0528 T{( T DV ZZY |40. 500 Tr(¥ DY ZY Z)+0. 894 Tr(¥DYY ZZ)—0.0528 Te(WDVZZX)—
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ASTHDYVZZZ)—0.500Te{D¥ Z¥ZX)4+0.500T (DY ZVZY)—0.553Te(DVZVZZ)—0.0528 Te{D¥ ZZ WX )+0.0528 T{ DY ZZ VY )—0.553 Tt (DVZZVZ)—1 . A5 Te(DV ZZZW)+

L0528 Tr(DYZZY ¥)—0.0528 TH{DWZZXV)+0.500Tr{D¥ ZY Z¥)—0.500Tr (DY ZX Z¥)+0.0528 Tr(DYY WZ Z)4+0 . 500 Te{DVY ZWZ)+0 . 894 Te(DYY ZZW)—0.0528 Tr(DV X ¥ Z Z)—
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