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Odderon in QCD

.odderon is state with vacuum quantum
numbers which is C-odd

Lukaszuk, Nicolescu (1973)

->|n QCD at least three gluons contracted with d_, .
color factor

. is pp and pp scattering same at high energy?

. Bartels-Jaroszewicz-Kwiecinski-Praszalowicz (BJKP) equation
was constructed
-> pairwise BFKL l[adders between three (reggeized) gluons

Bartels (1979)

Jaroszewicz (1980)
Kwiecinski, Praszalowicz (1980)



Odderon searches TOTEM, DO (2021)

w7

. recent exciting news by the 5 sigma < ’\:\ ”1”1 b
odderon discovery in pp vs pp s Y Ly staption by TOTEN

£ i — — band wi m (£1 o) 4

. interpretation in terms of \f;\J, i/ii%:it\\\}—'

a hard (p)QCD odderon? 5 N oE

mm) turn to DIS for better control e

. odderon exchange guaranteed

by C=+1 meson/quarkonia in the final state C=+1:7"n,..

. HERA: null result from H1 collaboration
H1 (2002)
o(y*p->n°N*)<49 nb
. similar for a, and f, tensor mesons  ewerz (2003)




Odderon: a modern perspective ia, i, rakurs, Mcterran 2005)

. dipole S-matrix w\N\/\/\C g Xt
1 T y

D(@i,y,) = tr(V(z)Vi(yL)) T

V(z1)=Pexp {—ig / dy_A+’a(y‘,m¢)t“]
. odderon as the imaginary part

YYY

1
O@1,y,) = —5—tr (V@ )V (y,) = V(y, )V (@1))
. expand the e
Wilson line Ox,.,y,)= —24ch“bc(a“(m) —a(y )@ (xr) —a’(y))(a’(zL) — a(y,))

. charge conjugation x| <> Yy | mmp odderon flips sign (C-odd)



Kovchegov, Szymanowski, Wallon (2004)

Odderon : a mOdern pe rSPECtive Hatta, lancu, Itakura, McLerran (2005)

Motyka (2006)
1

r. =z, —y, (dipole size) b =T +y.) (impact parameter)

-> odderon linear in | -> need another vector: 7| - b|

-> odderon as a GTMD (generalized transverse momentum distribution)
-> vanishes at b;=0

D(’I"J_,bJ_)Z1—N(TJ_,bJ_)—I—iO(TJ_,bJ_)

. non-linear (Balitsky-Kovchegov) evolution equation linear piece:
equivalent to BJKP

saturation corrections:
acts to suppress the
odderon at high energy
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Czyzewski, Kwiecinski, Motyka, Sadzikowski (1997)
- Bartels, Braun, Colferai, Vacca (2001)
Theory status (with n) ot Stsbe (2015
. no experimental detection so far -> EIC, LHC (UPC)?

. from late 90’s theorists start to explore exclusive production of
C-even quarkonia -> focus is on n_

-> prominent feature: almost flat cross ~ Dumitru, Stebel (2019)
section (Donnachie-Landshoff mechanism)

1 photon exchange
—10°
. . . >
1. issues with n_detection S 10
. . = i [
(small branching ratios, J/{->n_y feed-down) < 10'F /g excange
® 10°
o

2. odderon cross sections in general small
~ 102 fb/GeV? for moderate x (x = 0. -

. N ’),*-+_ P - n C E3 p
-3 i 1 § 1 4 1 § 1 5 1 i
3. no quantum evolution o0 05 10 15 20 25 30
-t . | [GeV?]

min

-

2g+photon exchange
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Motivations

1. issues with n_detection | | | |
SB, Dumitru, Kaushik, Motyka, Stebel (in preparation)

=>» consider other C=+1 quarkonia: X, (J =0, 1, 2) family
. decay mode X ->J/U v (X is a P-wave, BR ~ 30% for X;!) .. ichev p1s2023. 6Hp 2023

. about 56 X ‘s and ~12 x,‘s detected (!) near threshold with GlueX

2. odderon cross sections in general small
=>» utilize high luminosity at the EIC

3. no quantum evolution effects -> solve the BK evolution for the odderon



<M)\5\> — 2q_Nc

b,

. reduced amplitude A,sx(r..AL) // vy hh(lJ—’ )xp}f;ﬁ(zl —2A |, z)elt itz AL Ty

/
L hh

un(k)eqe¢ (N, q)vy,(q — k) e=+/m2 + 222
ki + e

. perturbative photon wave function v} ,;(k.,2) =v>=z



Charmonia wave functions scalar function: boosted

Gaussian ansatz

1
Wk, 2) = —i ()T, K Yo (K
’ 2 2\ Y J Forshaw, Sandapen, Shaw (2004)
. covariant ansatz spin structure Kowalski, Motyka, Watt (2006)
(175 ’ polarization vector for spin 1 H=P — ?7(3
F;{(k, k’) — 1 ; - H=3S Dumitru, Stebel (2019)
s E(X, Ao) H=AFr Xc
L1 (Vulky — &) + (b — k) Y (N Do), H=T

N _

spin 2 polarization tensor: in terms of E* (A, Ag)
via Clebsch-Gordan coeffs

. tra nsversa“ty condition Berger, Donnachie, Dosch, Nachtmann (2000)
SB, Dumitru, Kaushik, Motyka, Stebel (in preparation)

AoE(j\,Ao):O A{] :k—l_k; 9

spin 2 -> coupling to the
energy momentum tensor



Final amplitudes: scalar charmonia

SB, Dumitru, Kaushik, Motyka, Stebel (in preparation)

1 _
reducec amplItUde/ off-forward phase 6, = 5(2 —Z)A

AO(TJ_: AJ_) = €({¢ / e_iaLTL-AL(TJ_) Ar(rp) £ —gch(z — Z)Ko(er1)os(ry, z)

z g

: R W2m _ dog
AD, —id | - T = c ;_;_;:-2_;: T (e 7 7 =) — Kaler :
Ar—t1(ri, AL) = eq.Ne™ ]e OLTL Ap(r)) Ar(ri) & - L;\K JeKa(er )os(re, 2) = Koler ) 5 =
<

spin 1 to spin O transition -> quark spin flip: only
from mass in the eikonal approximation

. full amplitudes (after removing overall phase)

/ odderon harmonics
oo

My = 87Neeq. S (~1)" / / P Ldr O (s A AL () ken(z — 2) o (r161)
k=0 = /0

oo

My = 4riNeeq: 3 (<1* [ [ r1dri Ousa (r AL (o[ onr260) = Jonatrisn)
z J0

k=0 10



Final amplitudes: axial vector charmonia

no contribution when photon and axial

App(rl) =0 charmonia are longitudinally polarized
V2 9,
ALT(TJ_) = —QKO(E:T'J_) CbA’T
T 8TJ_
V21 1 0P AL
ATL(T'J_) = w22 Ma [—mgKo(srL) 87’]1 + e K4 (€TJ_)V2LQ?5A’L]
L 2— 2 [0 . :
App(r)= —222 [ W’TsKl(eu) — m2Ko(er )dar only polarization preserving
T ZZ or | .
transition
M; = 47iN,eq, Z(—l)’“ // rdry Ogppr(ry A )Ai(ry) [Jar(r101) — Jopgalridy)] . t=TL,LT
k—0 z J0
-XZTT — 8?1'4"?\"}6@@ Z(—l)k f / 'I‘J_d'!'J_OQk_H('!'J_._, QL)ATT(T'J_) b'gn(z — 5)J2k+1('I‘J_5J_)
k=0 z /0

SB, Dumitru, Kaushik, Motyka, Stebel (in preparation)
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Final amplitudes: tensor charmonia

o]

M@ = —47'T]\7,3€qfC Z(—l)k // TLdTlOQk_,_l(?“L, Al)Ai(TL)Sign(Z — Z) [J2k+3(TL5L) + Jgk_l(TL(Sl)] 3 3 = LTQ,TTf
k=0 zJ0
M, =4mNceqCZ(—1)k‘// ridri Oopst (11, AL)A(r1) [Joe(ri60) — Joggo(ridr)], i=TT2p, LT, TL,
k=0 =70
./’\;l/i = 87TNC€qC Z(—l)k// TJ_dTJ_OQ;H_l(?“J_,AJ_)A@(T‘J_)Sgn(Z —2)J2k+1(T‘J_5J_), 7= TTp, LL
k=0 zJ0

o0

]\/IVTT2f = 4miN, eq. Z(—l)k [ [ r1dry Oopp1 (11, A L) Arrap(rL) [Jorga(ridr) — Jop—a(ridi)],

o1 _ (06T 1 OdT 10
Arra(ri) = —(z = 2)QKo(erL) ( v o )

Arraglrs) = b L (v er e (Tomr - L0002 g, 007 all overlaps calculated, all
iv2 *orre 1 OdT10 :
(= - %) amplitudes found

Arra f(ry) = TEK1(ET'J_)

or? r; Ory

Arrp(re) == \/i]:fT Zz—;’ [mEKU(ETL)CbT,T(TLa z) — (2 - z)2sK1(am)a§$T} ;
Agrrp(ri) =— \/%:JT(Z — 2)eK; (su)ang :
App(ry) = V20 (z — 2)Ko(ery) (3V7 —2m2) ¢7.0(rL, 2), . - ' |
v S SB, Dumitru, Kaushik, Motyka, Stebel (in preparation)
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Odderon initial condition

. @ microscopic quark model of the proton

Dumitru, Miller, Venugopalan (2018) . a key element in incorporating
Brodsky, Schiumpt (1594) the Donnachie-Landshoff

§ b mechanism
g even a high-t three gluon
exchange may not break
up the proton

Donnachie, Landshoff (1979)

. model computation fixes overall sign of the odderon

. evolution linear in O -> odderon sign not changed by evolution

13



Odderon evolved

. initial condition from NLO computation by
Dumitru, Mantysaari and Paatelainen

-> proton made up of three valence quarks + gluon
-> 100+ diagrams!

—— NLO x=0.01
----- NLO x=0.03
——- NLO x=0.1

d
odderon centered

within the proton

L
.
.

=)

Fourier

100 x 101(7]_, A_I_)

transform

vanishes at the Dumitru, Mantysaari, Paatelainen (2022)
Dumitru, Mantysaari, Paatelainen (2023)

origin

we take a.(2m )~0.25

Donnachie-Landshoff

1071}

mechanism

slope unaffected by

small-x evolution e

_ Ip = 10 2]

: Tp = 1073 |
- T = O?)fm ..... Tp = 104
1 2 3 4 5

A? (GeV?)
SB, Horvatic, Kaushik, Vivoda (2023)
SB, Dumitru, Kaushik, Motyka, Stebel
(in preparation) 14



The Pri ma kOff prOcess SB, Dumitru, Kaushik, Motyka, Stebel (in preparation)

. replace odderon with photon exchange

C=+1:7"1n.,...

Y ()7 (€) — H(A)

A
O(r.,A ) — 8mig.asin ( lQ TL)

charge

form factor

. usually we do not care about QED contributions to QCD process

. but in case of odderon QCD cross section is small (~o.°)

-> Primakoff process becomes a serious background to the odderon

searches 15



Numerical results: t-distributions

. odderon important after |t|~ 1 GeV?, low t-region
dominated by Primakoff photon+odderon

coherent sum of

104

T ] T 1 T 1 1 1 1 T 1 | 1
—— odderon

Primakoft

71 T

Q? = 0.01 GeV

103}

102 e
10! f

100

dor/d|t| (fb/GeV?)

—_
3
—_

—_
N
B

] (GeVQ) ] (Gevz) ] (GeV2)
Donnachie-Landshoff
mechanism

photon and odderon interfere constructively

SB, Dumitru, Kaushik, Motyka, Stebel (in preparation) 16



Numerical results: W distributions

W (GeV)

I Q? =0.01 GeV? | -
10° f— [ 0.5 < [t] < 1.5 GeV?
€ 102} e —
e~ : JRREN —
© i - ) Sl I R
10" F - odderon } H\‘“u,_ Ed /- N E
XCO Primakoff 1 X61 H“-*‘_ XCQ - -
0 - — SulIrn ] T
10 L1 L g Ll | [ R | | | 1 N | | [ N | |
102 103 102 103 102 103
W (GeV)

Odderon drops with evolution
(saturation corrections)

W (GeV)

coherent sum deviates from the (constant)
Primakoff contribution: few times higher in
magnitude and with a negative slope

SB, Dumitru, Kaushik, Motyka, Stebel (in preparation)
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doep/d[t] (fb/GeV?)

Numerical results: t-distributions in
electroproduction for EIC kinematics

103 § ! | ! ! I | ! ! ! | ! | ! ! ! | ! ! ! E ! ! ! ! ! ! | ! ! ' | ! ! ! | ! ! E
\/§ = zp < 0.01 i --- Odderonﬂ
102} Q* < (7Gev)> | _ Primakoff |
_______ 0.01 <y <0.95
10| b : S —
109k
10 Xe0 % Xel
10_2 \ | | L L | | |

. excess above the Primakoff contribution after about [t|~0.5 GeV?

SB, Dumitru, Kaushik, Motyka, Stebel (in preparation)
18



Expected number of events at the EIC

SB, Dumitru, Kaushik, Motvyka, Stebel (in preparation)

103 g ‘ ! ‘ T \ T T ES T \ T E
= F0.01 < [t] < 0.5GeV? 0.5 < |t| < 1.5GeV? mmmsum 10 < |t < 3.0 GeV? = Primakoff -
2 2l 1P epXes 1 VS = 140 GeV
: 1 Xes = [y
) . J/@b—)l*l‘ T ag = 0.2 ]
S 10% e m
. Z | . [ §
< 0| 1 1
= 107 | E:
= - 1 T
Z B

e e P D 7 o~ R o S o S o —
. detection channel: x_,-> J/{ +y

. we predict excess in odderon events over Primakoff background

. X, most promising (30% BR to J/Y + y): with EIC luminosity 103 cm™ s
expect ~30 events/month (only Primakoff~3 events/month)

. note: at the EIC proton detection is up to p;<1.3 GeV EicYeliow report

19



Concluding remarks

. we suggest exclusive . to detect the odderon at the EIC: a
constructive interference with the Primakoff channel leads to an event
excess — we find about a few dozen events per month at the EIC

. was not possible at HERA.. (luminosity ~ 103> cm? s )
. theoretical uncertainties:

1. x.wave functions -> constrain by first detecting the Primakoff channel at
low t

-> can use to calibrate the yy form-factors
2. value of o, QCD corrections..

3. potential contribution from the gluon Sivers function (spin-dependent
odderon) Boussarie, Hatta, Szymanowski, Wallon (2020)

-> finite at t = 0 -> a computation of the initial condition is required

20



Numerical results: linear vs nonlinear evolution

. with linear evolution the cross section flattens to a constant for

asymptotically large W - agrees with the Bartels-Lipatov-Vacca odderon
Bartels, Lipatov, Vacca (2000)

I I2I_ | ‘2 o 1 | -I--‘B‘FII(L oélderon t
3 Q = 0.01 GeV 9 ——  BFKL sum
—~ L....' ____ i 1 |
S 102) T —
b& .............. EF ==:;:::: ___________ "'la,;-..:: ________ 7
101 g T ...................... 3
XCO Primakoff | X61 ..""'-;: XCQ ....
0 : — SUIN 1
10 [ | | | L | 1 I | | | L 1 I | | | | | | |
102 103 102 103 102 103
W (GeV) W (GeV) W (GeV)

SB, Dumitru, Kaushik, Motyka, Stebel (in preparation)
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Numerical results: total electroproduction cross
section

103 S B T L B L S— S
| | 0.01<y<095 Fn < 0.01 E
102} | 0.5 < [t] < 1.5GeV? | @< (7GeV)? _;
= 10y .
S P S S T
S R i R P
109}
E - odderon -
_ Primakoff 1
1071 __ Prlmakolt
60 80 100 120 140 60 80 100 120 140 60 80 100 120 140

V'S (GeV) V'S (GeV) V'S (GeV)

SB, Dumitru, Kaushik, Motyka, Stebel (in preparation)
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Numerical results: neutron target

-> use neutron targets to suppress Primakoff background

L —— S 0
DMP B DMP
107}
T ]
@, :
= odderon|dominates
o= 10! even at low t
Q% =1GeV? |
0.0 05 1.0 15 20 25 3.0 00 05 10 15 20 25 30
] (GeV?) t] (GeV?)
. measurement prospect: d or 3He targets with spectator proton
tagging in the forward region SB, Horvatic, Kaushik, Vivoda (2023)

CLAS (2012)
Friscic et al (2021) 23
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