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Outline ‘ Production of heavy quarks in diffraction
Based on Caucal, G-E, lancu, Lappi, Salazar (2026) &
and Caucal, G-E, Lappi, Salazar (in preparation)

1) Gluon diffractive TMD

a. Introduction
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Introduction | Motivation

Yp

Yp rapidity gap pomeron

O O

Diffractive jets: | do ~ PI4 Exclusive jets: do ~ PIG — more suppressed

e New experimental data on diffractive J/¢, D, T production
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Introduction | General picture

e Correlation limit (back-to-back) Q2

2
% 1

hard jets: m, k1L ~ kot ~ Q> Qs
semi-hard jet: k31 ~ Qs ~ GeV 3

e Goal — TMD factorization from dipole picture

“Hard"” factor Gluon diffractive TMD
do dzGp(z, zp, K1)
= H P P St
dz1dz 2 KA2PdYs (21,22, P1,m) 2K

Yp

relative momentum P ~ k; ~ —ko C

imbalance K = k; + ko = —kg3
soft: 23 < 1
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Outline | Production of heavy quarks in diffraction

1) Gluon diffractive TMD

b. Color Glass Condensate theory
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Color Glass Condensate | Eikonal interaction

e At small z many gluons in the target — described as a classical gluon field A

e Eikonal interaction of the probe with the color field in mixed space (x, k™):

X’k+7)\77; x7k+)A7j

A: helicity, 4, j: color

Wilson line

Path ordered exponential — resums multiple scatterings (not perturbative)

Vra(x) = ’Pexp(fig / dzt A7 (27, %) ta)
t® : SU(3) color matrix

6,/29



Color Glass Condensate | Eikonal interaction

e scattering operator S on states = color rotation (¢ — 7) in mixed space = Wilson line

g IQ(k+,x7i)> = Z VF(X)ji |Q(k+7xvj)>

Wilson line
X2 X2
[N [N
X1 X1
X3
Sqa(x1,%2) = 7= ( Tr [V (x1) Vi (x2)]) Saag(X1,%2,%3) = 5 (VA* (x3) Tr [tV (x1)t* Vi (x2)])
q q g q q
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Color Glass Condensate

e Change of variables

ko

ky

k3

Correlation limit

X2
X1

X3

e | Correlation limit: P,m~Q > K| = k31 ~ Qs

o Exponent of the Fourier transform has P - r

o W7 7999 from LCPT has Bessel function K., (r\/Q%z122 + m?)

center relative
of mass momentum
b -P
[ Ir
P
R
-K
imbalance

r<R
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Color Glass Condensate | Correlation limit

e Hard quarks and semi-hard gluon — | r < R

Syq(X1,X2,%X3) =~ Sgge(b,b,R +b) ~ S,(R) Effective gluon-gluon dipole

b -P
[ r color transparency of small dipoles
P

R

Saqg(b, b, R+ b) — Sgz(b,b) ~ Sg(R) — 1 = =Ny (R) Independent of r
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Outline | Production of heavy quarks in diffraction

1) Gluon diffractive TMD

c. Light-cone perturbation theory (LCPT)
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Light-Cone Perturbation Theory | Invariant amplitude

e Fock-state expansion of the projectile (dipole frame)

")/*>in ~

<
[N
>
>

light-cone
wavefunction

lgag)>" ~ |qag), + ®IT7qq), + ..

color singlet
(P exchange)

e Invariant amplitude from scattering matrix element:

M'y*—»q(jg ~ o:t<qqg‘1 _ S. |’y*>in

scattering
operator

Ve + ¥ ), + T adg), +
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Light-Cone Perturbation Theory | Light-cone wavefunction

Regular diagrams Instantaneous diagrams

U U O

e : 1 [&"™ R'R™] ,
L\ qug(zl,z2723,P,R) :Hzn(zl,227P7m,Q)%|:T— R2 :|Q KQ(QR)
Interaction in Hard factor same as
mixed space inclusive DIS 2 =z 2 ~q
02 = 21(P2 +Q?)

Q% = 2122Q% + m?
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Light-Cone Perturbation Theory | Invariant amplitude

MY I (2 20, Pom, Q)G (K, Q, V)

where
"EK,QYp) = ——— —
G ( 3 S by ]P’) ( Ki 2

)Q(KJ_,Q,YH»)

and

G(K1,Q,Y) = 2(2m)Q° / - dRRJ>(K 1 R)K2(QR)Nyy(R, Ye)
0

e A TMD should be a target distribution. But here (!) G depends on projectile variables through the gluon
energy denominator:

2 Z3 2 ~2 Q2 effective virtuality of the gluon
Q" ~ (PL+Q%)

2122 z3: longitudinal plus momentum fraction of the gluon
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Outline | Production of heavy quarks in diffraction

1) Gluon diffractive TMD

d. TMD factorization
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TMD factorization | From plus to minus momenta

LCPT: projectile plus momenta
gt photon longitudinal momentum

z fraction of ¢ carried by final partons

lchange of variables

TMD: target minus momenta

P, target longitudinal momentum

xp fraction of Py carried by the P
xqg fraction of Py transferred to qq

x = xqq/xp fraction of xpPy; carried by the gluon

dl‘G]p(iL‘, rp, KL)

= gluon DTMD K

is a target distribution

=

Top

Yp
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TMD factorization | Change of variables

Effective virtuality of the gluon:

P 2P +Q) - =K

21292 1—=xz

Phase space:

dzg _ dzp _dop 1

Z3 TP — Tqg zp 1—2x

— Target picture: gluon is seen as emitted from the P.

s

TTp

Yp
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TMD factorization Cross section

Hard factor (same as inclusive DIS) & Gluon DTMD
dopr et (2% + (1— 2)?) PLeQ' . P daGe(x, K1, Ye)
dzd2Kd2PdYp em-SsCf [PJZ_ + Qz]“ [PE + er d2K

Q? = 2(1 — 2)Q? + m?2

Gluon DTMD

deG(z, K1, Ye) _ SL(NZ=1)[ 2 [ i
e __&%ﬂfx)§2A dR R Jo(K 1 R) K2(QR) Ny (R, Ys)
# density of gluons with K| and z in the P wavefunction. 0?2 =K2z/(1-2)

e Generalizes result of lancu, Mueller, Triantafyllopoulos, Wei (2022)& to heavy quarks
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Outline Production of heavy quarks in diffraction
y

1) Gluon diffractive TMD

a. Introduction

b. Color Glass Condensate theory
c. Light-cone perturbation theory
d. TMD factorization

2) Quark diffractive TMD

18/29



Introduction | General picture

e Correlation limit (back-to-back) Q2 9

CO00000000000000

3

<

hard jets: koi ~ksi ~ Q> Qs

semi-hard jet: m, ki1 ~ Qs

e Goal — TMD factorization from dipole picture

“Hard” factor Quark diffractive TMD
do dzge(z, zp, K1, m)
o H P b b b YP
dz2dzsd?Kd?PdYs (22,23, P1, Q) PK

relative momentum P ~ ko ~ —k3

imbalance K = ks + k3 = —k;
soft: z1 <K 1 == >—
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Light-Cone Perturbation Theory

Semi-hard and soft quark

(@ — q9)

(g — q9)
P,ZQ p
, ) 22
Pz —-P, z '
R g R
K,z -K, =

Gluon emission after shockwave
is zero by color transparency

e Calculation in LCPT 4 change of variables:

longitudinal momentum fraction z; of the projectile — target longitudinal momentum x.
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TMD factorization Cross section

do™" —9d9 dgp (2o, K1 )
= P , TP, ,
I KaZPay; (22,23, P1) =

e Quark diffractive TMD depends on target variables and the quark mass:

dagp(z, 2p, K1 ,m) SLNCL T Kf_ +m?
d2K T 4m 271 —x (@K3 +m?2)

(Q%(x,m,mH u

# density of quarks with K|,  and m in the P wavefunction.

—x)m
zK2 +m

2
- Q%(x,xn»,Kl))

Q1 (z,ap, K1) =w? [{°dRR J1(KR) K1(wR) Ngg(R)

Qo(z,ap, K1) = w? [{°dR R Jo(KR) Ko(wR) Ngg(R)

w? = (m2 + IKJQ_)/(I — )

21/29



Outline Production of heavy quarks in diffraction

1) Gluon diffractive TMD

a. Introduction
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c. Light-cone perturbation theory
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2) Quark diffractive TMD
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Charm photoproduction (Q?

e Coherent diffraction: two contributions

o exclusive cé

— dominates at p; ~ GeV

o ccg with gluon DTMD (diffractivermp)

— dominates at large p.

~
~

0)

do /dy d*p [mb/GeV?]

Exclusive vs

. diffractivermp

—— Exclusive
—— Diﬁ'ractivem])

Cy=

Y+p—c+patz=05

Y=
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Diffractive D in UPCs | Cross section

¢c— DO
Fragmentation
function
do_diffvactive 1 dzp TP max dzp
witen = | 2 Dl 0
yda“po 0 Zh Temin TP

1 diffractive exclusive
do TMD do
x (/ W P s s T dy @pdl )
zmin yaspdnzp ya‘pdnxp
Photon
flux

UPC in the AnOn class

24/29



Diffractive D° in UPCs | ,,, bins

See also Guzey, Innocenti, Stasto, Strikman (2026) &

Pb-Pb, \/syn = 5.36 TeV, AnOn p—Pb, \/syn = 8.16 TeV
oWl BCFY  pp, € (0 1) Go\’ poL € (1,2) GeV ) — BCFY pp, € (0 1) Go\/ 0.04 1 o1 € (1,2) GeV ]
- KK AnOn 3t Diffractive Pb-Pb { 1 - KK Diffractive p-Pb
+ HymnD ] HymnD 0.03 b
0075} ]
g € [0.5,2) my Jro i € (05,2 mp
o Pp1 € (2,3) GeV pp1 € (3,4) GeV o Poi € (3,4) GeV
z 1 = 2f 1
<) o
g2 g2
£ £
o o
I 2
< <
S S
< <
5} 5}
~= ~
1 po1 € (6,7) GeV | po1 € (10,11) GeV s poi € (6,7) GeV | ppL € (10,11) GeV |
0.5} ] ’ 150 ]
0.75
— 1 ]
05 0.5 i 1
025 03 | 0-5E 1
o T o [
-3 -2 -1 0 1 2 -3 -2 -1 0 1 2 3 -3 =2 -1 0 1 2 3
y y y y


https://inspirehep.net/literature/3165426

Diffractive vs. inclusive DY | Pb-Pb, ./svv — 5.36 TeV, An0On, BCEY

O.diffractivc / O.inclusive
§ T 0.42

0.36
0.30

0.24
e Low pp, and forward y: ~ 40%

0.18
e High pp. and backward y: below 5%

0.12

0.06

Inclusive D°: G-E, Lappi, Mantysaari (2025) ¢
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Inclusive DO in Pb—Pb UPCs ‘ Diffractive correction to the inclusive Xn0n selection

e CMS data inclusive D° in Xn0On class

e Coherent diffraction leaves the target intact

— removed by the Xn condition

incl incl diff
dUXnOn = dUAnOn - dUOnOn

Inclusive D°: G-E, Lappi, Mantysaari (2025) ¢

do/dydpp, [mb/GeV]

ol — AnOn Po1 € (2,5) GeV 1 o0 ppL € (2,5) GeV |
-+ Xn0n BCFY “
wry g € (05,2 my 15T ________ 1
i eews 1 EEEE
1F e 1
o —— 0.5 e
0 . . . 0 . . .
%1072
03¢ pp1 € (5,8) GeV ppL € (8,12) GeV
4F _
02} . 1 ’
. .
§ 2k |
0 ‘ ‘ s 0 ‘ ‘ =
-2 —1 0 1 2 =2 —1 0 1 2
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Inclusive DY in p—Pb UPCs | ;.. bins

p—Pb: no EMD factor

—popy  PpL€(0.1) GeV po1 € (1,2) GeV
e KK 0.15 Inclusive p-Pb |
0.4F - HymnD ]

pr € 0.5, 2] my

PouL € (2,3) GeV 2 Ppi € (3,4) GeV ]

do/dy dpp. [mb/GeV]
o

x107% x10~*
pore@nCev | 1 o1 € (10,11) GeV
N 1
- ' |
S |
= el
——
. i
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Yy Yy
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Summary

e TMD factorization for diffractive heavy-quark pairs in the CGC

— Hard qg, semi-hard g: gluon DTMD, independent of the mass &
— Hard gg, semi-hard g: new quark DTMD, depends on the mass &

e Diffractive D° in UPCs at the LHC
— Predictions for Pb—Pb and p—Pb

— Diffraction relevant in inclusive D° Xn0n events at low p

e Outlook
— Quarkonium in UPCs, diffraction at the EIC
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Backup Hard quarks: variables and effective gg dipole

e Change of variables
relative momentum: P = z20k; — z1ko

total momentum: K = k; + ko

center of mass: b = z1X1 + z2X2
qq size: T = X1 — X2

separation g —q7: R =x3—Db

e Hard quarks — 7 < R: the ¢@g interaction reduces to an effective gluon-gluon dipole

Saag(X1,X2,X3) = Sggg(b, b, R+ b) ~ (VA*(R + b) Tr [t*Vr (b)t" Vi (b)])
~{Tr [VaR +b)Vi(b)]) ~ Sy(R).
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Backup Light-cone wavefunction

kS kY + 6702 /2

.o .o .o . .
Y4999 __ \yY —49499 Y —q4g _ i _km prin

Y =V + ¥, =ese, "H" (21,22,P,m, Q) 2 o7
3.+

regular instantaneous

. . nipm _ snmyp2 2 Hin P
_ Ef\E;’m <Hm(z1,22,P7m7Q) k3 k3 6 kBL/ + (Z17Z27 7m>Q)

k2, +Q2 2

traceless 2D tensor (IP) diagonal term

o H™: hard factor

Hin(2’1,Z2,P,myQ) = @ij(z1,h1)5j?5h1_h2 _ wij(zl’hl)QPan6hl—h2~_ Qﬂmgz*lP”(;hth
P (71 + Gy

Q% = Q%2122 +m?
Q2= 2 (P? +Q?

Z1%22
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Backup | Gluon DTMD

e Mixed space wavefunction and scattering

o Fourier transform Pomeron term (traceless 2D tensor):

small dipole r (color transparency)— neglect the change due to the scattering of P.
d’ks
(2m)?

im iksg R yim
Up (21,2’2723,P7R)=/ e NWE™ (21, 22, 23, P, k3)

mnigm nm kz
d*ks oiks R k3kg — o™ =L
(2m)? K, o

67L m R7L Rm
2 ( R? >]5?2KE(Q}D'

= Hin(211,2527P,m)/

; 1
- Hm(zl,zQ,P,m)%{

o The Fourier transform of Wy (P) gives a 62(R).
8*(R)Nyg(R) — 0 due to color transparency
— We keep only the Up term.
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Backup

e Invariant mass

k2, k3 2
M2y = (k1 + k2)® = <u+u+ m_ g2

21 Z2 Z122
k2 k2 k2 2 12
M%g—%y+h+k@?—<ll+m-+3l+7” =M%+ KD 42
Z1 z2 23 2129 23
e (3 variable
@
Q%+ Mgy
e Target longitudinal momentum fraction
pg = S Mig H K Q7+ Ma
“ 2PN - q FT T2¢ Py

o= Taa _ Q>+ M + K3
T oar QP+ ML K2k, [z
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Backup | Gluon DTMD

e Change of variables: z3 — x or xp using

07~ (P4 Q) e e A
#1122 P2 + Q2 + z122 Ii;‘
we get
0?=-2 g2
1—x
Using also xp:
xP:Q2+M3@ x7:Q2+Mq2§+Ki o= Ta Q*+ Mg + K3
2q - Py u 2PN - q Tp Q2+M§E+Ki+k§L/z3
we have the change of variables:
Tp — Tqg  Tp _ Q°+ M+ K7 + k3, /2 k3, /zs

Tqq ZTqq QQJFM%JFK?_ Q2+M35+Ki

Taking the logarithmic differential:

deg _  dzp _ dae 1

23 Tp — Tqg zp 1—2
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Backup | Quark DTMD: hard factor

e Hard factor for hard gg, semi-hard ¢

a:Cr 1 Q*[(PE + Q%) + Plz3 + Q"43]

H(ZQ,Z3,PL7Q):(5(1—22_23) o2 z PQ(PQ +Q2)3
€ 1

QQ — 222,3@2
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Backup | Photon flux

T ———
Pb-Pb 5.36 TeV
ONN = 92 mb

— oo FPL point-like
3 10()
----- F  at|b|
- Fo— el g r|
IS 10—1,
—— AnAn

1072? —— AnOn

—— Xnln

10737 Ll |

%’—AnAn — AnOn — XnOn - FPF

ratio to F'
[
o

1 -
10~* 1072 1072
2y

Pb—Pb, \/syn = 5.36 TeV. Effective flux at the interaction point P (solid), flux at the target centre (dashed) B7/10



Backup | ¢— D° fragmentation functions

T T T T T T T T T T T
o =m = 1.5 GeV 1 1=mp = 3.35 GeV 1 n=mp=9.12 GeV
—— BCFY pp1 =3 GeV ppL =9 GeV
= === Kniehl & Kramer T T
z'§ —-:= HymnD (68% CL)
:Q 4 4
3 S o
Q I // NN / R PN
4 Y 7S\ L TR
L ,1.1 \ ’,/./ '\"\ 1 ,’,’/. .\\\
r \ 7. T e \
; Y N[ N\ oz R
0 ] ———” 1 \'w I I \\‘1’/‘_;“—""‘ | I R |- w\\w\\”'.w PRI | IR N 1| ﬁ.
0 02 04 06 08 02 04 06 08 02 04 06 08 1
Zh Zh Zh

LO DGLAP evolution with EKO ¢
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Backup | Exclusive: fixed 2

2
Mzs

e No gluon: the c€ pair takes all the momentum of the P = zp is fixed, ap = e (Q*=0)
e Back-to-back pair (neglecting the momentum transfer), m3 = p? 4+ m?:
2 + Yy
Mc26_ mT* W2:2q'PN:Z’ySNN7 Z:piz mre
at  zy\/SnN

T 2(1-2)
pT =mreY/V2, ¢t =V2z,Ex, \/snN =2Ea

e Fixed xp of the exclusive process:

m2T mre Y

Tp = =
i z(1—2)zysnn (1 —2)/SnnN

At z=1/2: xp =2mre Y/ /snn, the lower limit pmin of the diffractivermp zp integral at fixed z
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Backup Exclusive cross section in UPCs

e Exclusive v+ A — cc+ A at fixed photon energy

d exclusive ae.m.62 NS TTL2
g = S L Z|:(22+(1—Z)2)Q¥(plﬂcﬂ”)+Q%(pl75m?’):|

dyd?p 272
Quo(pr,zp) = [drrJio(pLr) Kio(mr)N(r,zp)
. do_exclusive 4 do,exclusive
e Single value of zp: m = xp a(mp —ap(q 7y)) dyTp
. . dzy 1—2
e In UPCs: integrate over the photon flux F(z,), with ‘ ’ = 2z,
dlnzp z
exclusive exclusive
1 A% *
dogse — z F(z2) do
dyd?pdinzp i dy d?p
2% solution of zp(qT,y) = xp, ¢ =V223EA, z«=p'/q"
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