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After 48-year search, physicists discover
ultra-rare 'triple glueball' particle
y Rafi Letzter published April 13, 2021

-> the story was featured g

L] L]
I n I I l e d I a O u tl etS Hilustration by Sandbox Studio, Chicago with Steve Shanabruch Particle physics milestone achieved at CERN
The odd(eron) couple After 50 years of research, physicists have found evidence that the elusive

subatomic quasiparticle called odderon actually exists.

Scientists discovered a new particle by comparing data recorded at the LHC and the
Tevatron.



Odderon in DIS?

. for pp it is difficult to make perturbative QCD computation
. DIS offers more theoretical control

desirable to verify/confirm/discover the
- (hard) odderon in DIS

C=+1

) ) 7T09 az, f29 Ney, Xe -+
. exclusive reactions that tag onto the

negative C-parity in the target

Killian, Nachtmann (1998)
Berger (1999)

. in DIS C=+1 light meson/quarkonia in the final state



Odderon searches in DIS: light mesons HERA kinematics:
0.02<|t]< 0.3 GeV?

Q2 < 0.01 GeV?
<W>~200 GeV

. First searches conducted at HERA for light mesons:

‘H
—

ELSEVIER Physics Letters B 544 (2002) 35-43

wwiw.elsevier.com/locate/npe

PHYSICS LETTERS B H1 collaboration (2001,2002)
Search for odderon-induced contributions to exclusive 7 °

o(y*p->n°N*)<39 nb
photoproduction at HERA *
_— H1 Collaboration 0 (v p - > fz X) < 1 6 n b

A search for contributions to the reaction ep — ex? N* from photon-odderon fusion in the photoproduction regime at HERA a b O Ut O rd e r Of m a g n Itu d e
is reported, at an average photon-proton centre-of-mass energy (W) =215 GeV. The measurement proceeds via detection of *
the =0 decay photons, a leading neutron from the N* decay, and the scattered electron. No =" signal is observed and an upper G - > a X < 9 6 n | Owe r t h a n t h e t h e 0 ry
limit on the cross section for the photon-odderon fusion process of o (yp — wON*) < 49 nb at the 95% confidence level 2 . . .
predictions at the time..
Berger (1999)

- ¢ s x 1212.1701 (EIC white paper)

m) Odderon not discussed in the
‘o‘ Adobe Acrobat has finished searching the document. No matches were found. .
EIC white paper




Odderon searches in DIS: light mesons HERA kinematics:
0.02<|t]< 0.3 GeV?

Q2 < 0.01 GeV?
<W>~200 GeV

. First searches conducted at HERA for light mesons:

Vol. 33 (2002) ACTA PHYSICA POLONICA B No 11 H1 collaboration (2001 2002)

INVESTIGATION OF POMERON- AND ODDERON
INDUCED PHOTOPRODUCTION OF MESONS

DECAYING TO PURETMSEEIAEHQTON FINAL STATES O-(V k p'>T[O N b S )< 3 9 N b

THOMAS BERNDT

For the H1 Collaboration 0 ( v * p - > fz X) < 1 6 n b

o . . about order of magnitude
In this contribution the first search at HERA for Odderon induced re-

actions is presented and contrasted with cross section measurements for G (V * p - > a 2 X) < 9 6 n b |Ower tha n the theory

Pomeron induced processes. The searches are performed in the channels . . .
vp — TON* yp — f5(1270)X and vp — a»X. where N* denotes an ex predICtIOnS at the tlme..
cited nucleon state. The rates found are compatible with the background

alone, and the upper limits derived therefrom are confronted with the ex- Berger (1999)

- ¢ s x 1212.1701 (EIC white paper)

‘ Odderon not discussed in the
0 Adobe Acrobat has finished searching the document. No matches were found. .
EIC white paper




Odderon searches in DIS: quarkonia

. from late 90’s theorists explore exclusive N ol photon exchange
. no experimental detection so far W
O 402 .
Czyzewski, Kwiecinski, Motyka, Sadzikowski (1997) = !
Bartels, Braun, Colferai, Vacca (2001) — ig ook
Dumitru, Stebel (2019) = _ ® ol 1
SB, Horvati¢, Kaushik, Vivoda (2023) recent computation 5 2g+photon exchange ]
within a quark model for  10%f e
the proton WF e o5 10 15 20 25 30
lt-t,. | [GeV?]

. note: do/d|t|~10-100 fb/GeV? (at most)
-> much smaller than the HERA upper bound (which is also at low |t])
-> explains why Odderon is not seen at HERA

-> at low |t]| there is a background from photon exchange (Primakoff process)

. issues with n_detection (small branching ratios to hadronic channels)
Harland-Lang, Khoze, Martin, Ryskin (2018)



Odderon searches in DIS: quarkonia

-> we argue exclusive X, (J =0, 1, 2) productions is a golden
channel for Odderon discovery in DIS

. X, are C=+1 states. They are P-waves so they lie above J/{

-> main decay mode x_->J/ v (BR ~ 34% for x,!)

. about 56 x_,'sand ~12 x_,‘s (exclusive) detected (!) near threshold with GlueX
Pentchey, DIS2023, GHP 2023

. odderon cross sections expected to be small but keep in mind that EIC
luminosity is two orders of magnitude higher than at HERA

-> a second chance for the odderon at the EIC?



DIS in the dipole framework
. QCD at high energy W,VWC
. off-forward dipole S-matrix

g Yt
1 (P'ltr (V(zL)VT(y,))| P) 3 3

Plesyl) = 7§, (P|P)
— NictI“(V(:UL)VT(yL» P \E_/ P’
t=(P-P’)?
V(ZL‘J_) = Pexp [—ig/dy_A+’a(y_,w¢)ta] b, = %(CBJ_ + yL)

(impact parameter)
a
87 (.’BL)



Odderon in the d i p0|e fra mewo rk Kovchegov, Szymanowski, Wallon (2004)

Hatta, lancu, Itakura, McLerran (2005)
Jeon, Venugopalan (2005)
Lappi, Ramnath, Rummukainen, Weigert (2016)

. odderon as the imaginary part

OxL,y,)= 9 N tr <V($L)VT(19L) — V(Z‘JL)VT(@'L))
. expand the Wilson line
Oxi,y,)=— 25NC d*(a%(z1) — a*(y )@’ (z1) — a’(y,)) (@ (xL) — a(y )

-> three-gluons with color tied in symmetric way

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



Odderon in the dipole framework

-> odderon linearin | ->need anothervector: r| - b
-> odderon as an off-forward amplitude (generalized TMD - GTMD)

Kovchegov, Szymanowski, Wallon (2004)

D('rl, bJ_) =1 - N(T‘J_, bJ_) -+ iO(rJ_, bJ_) r/lassi(;a(nzcoué;;cakura, McLerran (2005)

. hon-linear (Balitsky-Kovchegov) evolution equation (written here in local approx)

linear piece:
equivalent to BJKP/BLV
evolution -> constant
odderon

Y =log(1/x) saturation corrections:
acts to suppress the 10
odderon at high energy



Amplitude

Y (@)p(P) — H(A)p(P')

¢" =(-Q°/2¢,q~,0,0) P*= (P, M?*/2P",0,0)

(Miyx) = 2q¢" Ne e ALPLiO(r b A (P, AL

r b,

. reduced amplitude

Ana(ri, AL /f D V) (U~ 2A Y 2)e!
LU

L+ hh
. perturbative photon wave function ¥ . (ki,z) ==z

2]

k
c=/m2+22Q2 2= q—_ > =1—z
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C-even charmonia wave functions scalar function: boosted

_ _ Gaussian ansatz
SB, Dumitru, Kaushik, Motyka, Stebel (2024)

1
\Ij)\ hh(kLa ) — —

ZZl

tp (k)L5 (k, kYo, (K )H(lﬂ, 2)

Y Forshaw, Sandapen, Shaw (2004)
Sp| N structure Kowalski, Motyka, Watt (2006)

. covariant ansatz

polarization vector for spin 1
,
1, _— H=5

TH(k, k') = ivs BN, Ao) _ 12— XCJ
L (yuky = kL) + 7 (B — kL)) B (M Ag), H=T

spin 2 polarization tensor: in terms of spin 1

spin 2 -> coupling to the via Clebsch-Gordans
energy momentum tensor Berger, Donnachie, Dosch, Nachtmann (2000)
Fiore, Zoller (2005)
. model parameters fit to the yy widths Motyka, Watt (2008)

Babiarz, Pasechnik, Schaefer, Szczurek (2022)
12



Odderon initial condition Ve = e[ [anfa e

1 T T 1
O(T‘J_,bJ_) = —— tl“<V (bJ_+—) VT (bJ_ — —) —V(bJ_ — —) VT (bJ_—|——)>

2iNe 2 2 2 2 operator for
quark density operators Weiszacker-Williams
sandwiched between off- gluon field

. . . forward proton WF

. expand Wilson lines to cubic order /
1 1 1 oL
TO(p ) b ,K dabc/// 2 \SC( 7 . ib1 (q1+G2+q3)
(7, b1 Ko TN poayy 93 PGP (02)P°(38)) i, e
= e 5 = Dumitru, Miller, Venugopalan (2018)
X {28111 (5 (L — @ — 673)) + g sin (5 (1 + @2 +(T3)ﬂ -

b . uses earlier fits to nucleon radii, magnetic moments
g, ; and coupling to weak currents (g,)
P n m g

Brodsky, Schlumpf (1994)

. this quark-based model of the proton WF
does a decent job to describe the pomeron

sector Dumitru, Mantysaari, Paatelainen (2023)

13



Odderon initial condition
an example of a 3-body

a contribution that becomes
relevant at high-t
J 2 :

S

-> the three gluons from odderon
exchange can give a high-t kick to
the proton without breaking it

ngm
P K

-> expect a weak t-dependence of
the Odderon exchange amplitude

. model computation fixes the overall sign of the odderon
. humerically we find odderon sign not changed by evolution

14



Odderon evolved

-> solved on a 3D grid in r, b; and relative angle

—— NLO x=0.01
NLO x=0.03
NLO x=0.1
.......... LO

odderon centered
within the proton

L
e,
.

vanishes at
the origin

=)

Fourier

transform

Dumitru, Mantysaari, Paatelainen (2022)
Dumitru, Mantysaari, Paatelainen (2023)

10% x i01(ry, A1) /(00/2)

many diagrams in practice
but intuitive picture of the
weak t-dependence (at high
t) seems to work

i TJ_ZO.?)fm —xp = 1072
: === xp =10 3
..... Tp = 104
1 2 3 4
A? (GeV?)

slope unaffected by small-x evolution

SB, Horvatic, Kaushik, Vivoda (2023)
SB, Dumitru, Kaushik, Motyka, Stebel (2024)
15




t-distributions

coherent sum of

. odderon important after |t|~ 1 GeV?, low t-region photon+odderon
dominated by Primakoff (photon exchange) /
10° — P S P R
i —— odderon _ — =107° ]
' 104§ Primakoff Q = 0.01 GeV 7
% 1031 _ElfrirrlnakOHW/OF2 ......
< E
= 102 A0S
= 10'F
= g
= 100}
b [~
o) 10—1

weak t-dependence

_9 : Y A R R
10 1 /2 3 4
] (GeVQ)

:

2 3 4 5 1 2 3 4 5
[t (GeV?) [t (GeV?)
photon and odderon interfere constructively
SB, Dumitru, Kaushik, Motyka, Stebel (2024) 16



Note the stark contrast with J/U production

| | | | I
—— odderon

Primakoff
s SUT

........
.......
------
" a,

Primakoff w/o F

—4/\ Odderon: weak t-dependence

¢
i
ngm g

e

i

[

v

Y +p—s Jytp

2 2 I I I I I %

O HI:W, =100 GeV,Q'=0.05GeV" | — . jp-2 ]
O HI:40<W <110 GeV,<Q>=0.1GeV" | == zp = 107" |
..... Tp = 10—4 1

-\\/".‘ I“"\j“

:42)

2
t] [GeV']
; Armesto, Rezaeian (2014)

”\ Pomeron: strong t-
. dependence exp(-B|t|)
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Total electroproduction cross section

103 ——

F 0.0l <y < 0.95
1105 < [t] < 1.5GeV?

b 2p < 0.01
| @ < (7GeV)?

- == odderon

Primakoff -
e ST i

~60 80 100 120 140
V'S (GeV)
Is this enough for the EIC?

V'S (GeV)

60 80 100 120 140

60 80 100 120 140

VS (GeV)

SB, Dumitru, Kaushik, Motyka, Stebel (2024)

. note: at the EIC proton detection seems to be up to p;~1.3 GeV
EIC Yellow report

18



Expected number of events at the EIC
. detection channel: x_,-> J/Qy, J/d->1*T

N,., =L X gep(ep — xesep) X BR(xes — J/¥y) X BR(J /9 — £747)

. detector efficiency
not taken into account!

SB, Dumitru, Kaushik, Motyka, Stebel (2024)

103 —— —
- 0.01 < [t| < 0.5GeV

102}

10"}

N,., (month)

100}

10.5 < |t] < 1.5CeV? —Y—

I 2p < 0.01

+ Q? < (7 GeV)?

{001 <y <095 m
[

F 1.0 < |t] < 3.0GeV? Primakoff
/S = 140 GeV

a5—025J/ -

OJS—OQ

—1 : | |
10 X c0 Xel

X2

X c0 Xl X2

Xc0 Xl X2

. we predict excess in odderon events over Primakoff background

. for X.; (34% BR to J/ + y): with EIC luminosity 10%* cm™? s
expect ~20 events/month (only Primakoff~5 events/month)

19



Concluding remarks

. can the ‘hard’ odderon (ggg exchange) be discovered
at the EIC?

. our suggestion: exclusive . production

. odderon signal enhancement thanks to a constructive photon-
odderon interference

-> event excess above the Primakoff background

. we predict about a few dozen events/month at the EIC (top energy,
top luminosity)

. was not possible at HERA.. (luminosity ~ 1032 cm s1) but just might work at the EIC!

. high|t]|and low Q? preferred (opposite from GPDs)

20



More odderon sensitive observables

. exclusive J/ production in pp
Bzdak, Motyka, Szymanovski, Cudell (2007)

. diffractive dijet/heavy quark asymmetries in DIS

Brodsky, Rathsmann, Merino (1999)
Hagler, Pire, Szymanovski, Teryaev (2002)

. single transverse spin asymmetry (pp, inclusive)

Kovchegoy, Sievert (2012)
SB, Horvatié, Kaushik, Vivoda (2023)
SB, Vivoda (in preparation)

-> pomeron-odderon interferences

22



The Primakoff process

. usually we do not care about QED contributions to QCD process
. but in case of odderon QCD cross section is small (~o.°)
-> Primakoff process is a serious background to the odderon searches

. replace odderon with photon exchange

C=+1

QED charge FF 7, a2, f2, NMes Xe - -

Y ()7 (£) = H(A) /
O(r,,A ) — 8mig.asin (Al ' Tl) L (AQJ_)
2 A7

. In numerical computations we also take into account Pauli (spin-flip) FF
(up to 50% correction at finite t)

. . ek (¢ elFo(l )l ¢ ;
(Mux('p — Hp)) = —n M (VY — H) [ ;2 L)5hh' + zg L) 275 he!" 08y, .
I 1L N



Special case: axial quarkonia
Frr(0,0) =0

. gauge invariant decomposition
LY theorem: massive vector
02 + 2 particle cannot decay into

M"M — (qp — 0, + _—6)2(% + gp)) €t M Frrr (g2, 0%) two real photons

(g + Landau (1948)
+ (% - qq—fqu) Eupqﬁ\/T(fFLT(qzagz) + (Qu — qg—-fﬁu) GMpqe@FTL(qzaEQ) Yang {1950
Babiarz, Pasechnik, Schaefer, Szczurek (2022)
. form-factor scalings -> reproduced by our model computations

Frr(q®,0%) < ¢ — % Frp(q®,0?) oc /—¢? Frr(q®, 0?) oc \/—2

-> amplitude scalings Aihara et al (TPC/Two Gamma collaboration) (1988)
A Fi(AL) 2 i
Mi=+1,3=0 X Az~ AT
1 o -
- Coulomb tail is screened
—~ Fi(AL)

M)\—:tl,)_\:ﬂzl X A2 X Ai’_ SB, Dumitru, Kaushik, Motyka, Stebel (2024)
L

- 24



W distributions: linear vs nonlinear evolution

102:""' T T ]
S - unitarized -

= i 1 PN, - = linear
S ' | AT
= f TSN T,
= S | 2 ol
= ry =0.3tm I & | @ =001 Gev?
S 0.1_AL=1.OGe\/ 0.5 < [t < 1.5 GeV?
m>< — unitarized Xc]_
= 0.05F --- linear |
R VI A S B 100 - —
0 2 4 6 8 10 10 10
e '\ W (GeV)
Dropping the unitarity/saturation corrections May not matter much
Odderon evolution with Y much slower -> BLV at the EIC..

asymptotics? (difficult to prove numerically..)
SB, Dumitru, Kaushik, Motyka, Stebel (2024)
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