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Outline

v DIS in the dipole picture
v DIS cross section (inclusive) at NLO: massless quarks

v Including massive quarks at NLO

v NLO heavy quark cross section in action
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Dipole picture of DIS
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Picture DIS as ~* scattering on target
v At high energy (in TRF) scattering conveniently studied in Dipole Picture
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Picture DIS as ~* scattering on target
v At high energy (in TRF) scattering conveniently studied in Dipole Picture

v ~* fluctuates into hadrons before the collision
X Simplest hadronic state in the interacting v* is quark-antiquark dipole

v/ Hadronic component of the v* state then scatters off the target
X At high energy, target described by a classical gluon field ("heart” of the CGC)
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We want to understand the partonic content of the ~*

v Unlike the target, v* is a clean perturbative object; calculable
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We want to understand the partonic content of the ~*

v Unlike the target, v* is a clean perturbative object; calculable

The theoretical tool of choice: Hamiltonian perturbation theory in LC gauge (LCPT)

v LC quantize v* with x* as time coordinate

v LC gauge AT = 0; only physical polarizations

Idea: Know free particle Fock states: [v*)o, |9@)o, |q@g)o,---

Interacting states are superpositions of these

V) = (L4 ) 7)o + VT qg)o + W% ggg)o + - -

v Coefficients WY 99 W7 938 are LC wave functions, computed using LCPT
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At high energy interaction of bare partonic states with target color field is eikonal

Selgi(x))o = Z[V(X)]fi|qf(x)>0’ V(x) = Wilson line
J

v/ The state vector of the scattered quark in the | x-space is color rotated by the
Wilson line
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At high energy interaction of bare partonic states with target color field is eikonal

Selgi(x))o = Z[V(X)]fi|qf(x)>0’ V(x) = Wilson line
J

v/ The state vector of the scattered quark in the | x-space is color rotated by the
Wilson line
Dipole-target amplitude:

1
Ngg(x0,x1) =1 — ﬁTrVT(xo)V(xl)

v/ Naturally includes gluon saturation

v Satisfies non-linear BK evolution equation in leading In 1/xg;
X Perturbative energy evolution with non-perturbative initial condition
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DIS (inclusive) cross section at NLO

CGC at the Electron-lon Collider



To be specific: we wish to calculate the elastic scattering amplitude
(7(d@, QOIS — 14(F, Q7)) = 2¢7 (2m)3(q"* — g )iMEyT, .
for high energy v* scattering off an external gluon field (= target)

Total ~*-target (proton) cross section is then obtained by using the optical theorem

A

ol P =2Re [(—i)/\/tfmr }
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Procedure
At NLO we need the perturbative Fock state expansion of |y*) (and (v*|) up to g?

k1))
(

93(d. @) = (1 + ) 73(d, @%))o + VA9 ® [q(ko)G(k1))o
ki)g(ka))o + - -

(
L YNnT9dE |q(Eo)§

Note: = (q™,q) etc...
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Procedure

At NLO we need the perturbative Fock state expansion of |y*) (and (v*|) up to g?

73(d, Q%) = (1+ . )173(d, @))o + V7 797 @ |q(ko)d

(k1))o
L YNnT9dE |CI(E0)<7(

ﬁ1)g(/?2)>0 +ee
Note: = (q™,q) etc...
1. Compute LCPT diagrams in momentum space

v/ W97 10 one loop ~ O(egz); gluon loops are regularized [ C}(": [ d> %k

v WIAT998 at tree level ~

RS
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Then
2. Square to get (vi(q, Q?)|Se — 1|7}(4, Q%))

3. Fourier-transform to transverse coordinate space (k;", k;) — (k:', x;)
v Why? In mixed space factorization between the |W|? and target N/
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Then
2. Square to get (v;(q, Q?)|Se — 1|75(G. Q3))

3. Fourier-transform to transverse coordinate space (k;", k;) — (k:', x;)
v Why? In mixed space factorization between the |W|? and target N/

Virtual (gluon loop) corrections:
v UV divergences from [ d?~%k integrals
Real (gluon emission) corrections:
v UV divergences from [ d?=%6x, integrals
dkt

ok — loga divergences cancel at full cross section level
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Total DIS cross section at NLO: massless quarks

G
O’?cf‘tp ~ / dzl/ 217 {X,})|2 []. + (as F) KNLo]qu(Xo,Xl)
X0,X1 m

cace [ [Nﬂi%qag(zhzz,{xj})\z 75097 21,0. {x)) | Wagg 0., x)
Z1,Z2 v XQ,X1,X2
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Total DIS cross section at NLO: massless quarks

1
* ~ K 5 8 C
= [ [ |wZeﬁ‘”(z1,{x,-})|2[1+( : F)KNLO]Nqa(xo,xl)
0 X0,X1 T
+C“SCF/ / {!‘Tﬂiﬁq“'g(zl,zz,{xj})\z—\\V’iﬁqf’g(a,o?{xj})F]Nqag(xo,xl,xz)
Z1,22 X0,X1,X2

No UV renormalization with massless quarks:

v UV 1/e cancel between virtual and real parts because for Wilson lines
Nogg(xo, X1, X2 — X0) = Ng(x0, X1, X2 — x1) = Ngg(xo, X1)
BK subtraction in zo — 0:

v LL: subtract leading In1/x, already in BK-evolved Ngg in LO
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Including quark masses
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Heavy quarks, motivation, issues
There is data F5; charm contribution is sizable at HERA
v Leading order F§ problematic in existing fits (do not actually work!)

Charm will be measured at EIC, both inclusive and exclusive

v Critical input for gluon saturation/small x phenomenology
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Heavy quarks, motivation, issues
There is data F5; charm contribution is sizable at HERA
v Leading order F§ problematic in existing fits (do not actually work!)

Charm will be measured at EIC, both inclusive and exclusive

v Critical input for gluon saturation/small x phenomenology

Full NLO accuracy with massive quarks is necessary for the desired precision!

The rest of the talk: Major technical /phenomenological progress

v 7} — qq to 1-loop with quark masses

v/ First numerical calculation of F5, F; with full NLO accuracy
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LCPT diagrams with massive quark case

Look at LO diagrams for 7§ — qg
z k07 g

* P eah/(ko)ié/\vh(kl)
EDro
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LCPT diagrams with massive quark case

Look at LO diagrams for 7§ — qg
z ko,
‘ p o I (ko)#vh(k1)
EDro
1-z ki, h

New features and technical complications appearing in the massive case:
v New 3rd light-cone-helicity-flip structure oc quark mass my

uh/¢/\vho<uh/ Vh (P €>\)—|—uh/ +[’y vf]vh PEJ —l—mq Uprry 5¢)\Vh

v LC energy denominator (ED) o m
1 1
EDro P2y z(1-2)Q% 4 m3
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Quark mass renormalization in LCPT

In LCPT mass has two conceptually different roles

- 1 parameter in Lagrangian, but 2 parameters in LCPT Hamiltonian

v Kinetic mass: relates energy and momentum in ED’s

v" Vertex mass: coefficient of LC helicity-flip amplitude

Lorentz invariance requires they stay the same
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Quark mass renormalization in LCPT

In LCPT mass has two conceptually different roles

- 1 parameter in Lagrangian, but 2 parameters in LCPT Hamiltonian

v Kinetic mass: relates energy and momentum in ED’s
v/ Vertex mass: coefficient of LC helicity-flip amplitude

Lorentz invariance requires they stay the same

In practical LCPT calculations so far used regularization scheme violates rotational
invariance - kinetic mass # vertex mass

In practice, there are two options to deal with this:
1. Regularize as before, but use additional renormalization condition to set
separately kinetic and vertex mass > this talk

2. Use some other Lorentz invariant regularization framework
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Then look at 1-loop diagrams for 7§ — qg

1
ED

{V i¢v, N (P-e\)ivtv, S (PPE)‘)

Pimgiy v,

4 scalar coefficients V, N, S, M of 4 independent Dirac structures

New UV divergent (and finite) mass contributions in:

Risto Paatelainen CGC at the Electron-lon Collider

M mqa”/Jr?{,\V}

16/22



Then look at 1-loop diagrams for 7§ — qg

1
ED

{V i¢v, N (P-e\)ivtv, S (P-e)

52 Pimgiy v, M mqﬁﬁ,/ﬂf/\v}

4 scalar coefficients V, N, S, M of 4 independent Dirac structures
New UV divergent (and finite) mass contributions in:

calculation is complicated, but physics simple
yees v 1 flip: generates UV-divergence x mg/¢

v absorb into vertex mass counterterm in M
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Then look at 1-loop diagrams for 7§ — qg

1
ED

{V i¢v, N (P-e\)ivtv, S (P-e)

52 Pimgiy v, M mqﬁﬁ,/+¢/\v}

4 scalar coefficients V, N, S, M of 4 independent Dirac structures

New UV divergent (and finite) mass contributions in:

calculation is complicated, but physics simple
yees v 1 flip: generates UV-divergence x mg/¢

v absorb into vertex mass counterterm in M

calculation is simple, but the interpretation not
yeee v 2 flip: generates UV-divergence o m2 /e

v/ absorb into kinetic mass counterterm in V
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On-shell renormalization scheme

Look at the ¥ — q@ in a specific kinematical configuration that we refer to as the
on-shell renormalization point

v/ Timelike virtual "}//*\ — qg with g~ > 0 (same diagrams as for spacelike (g~ < 0) DIS ~)

v On-shell final state P2 = —Z(]. — Z)Q2 - mg (i.e. LO energy denominator EDy,0 — 0)
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On-shell renormalization scheme

Look at the ¥ — q@ in a specific kinematical configuration that we refer to as the
on-shell renormalization point

v/ Timelike virtual "}//*\ — qg with g~ > 0 (same diagrams as for spacelike (g~ < 0) DIS ~)

v On-shell final state P2 = —Z(]. — Z)Q2 — mg (i.e. LO energy denominator EDy,0 — 0)

First condition:

yee v Self energy diagrams: no pole at the on-shell
point = Kinetic mass renormalization

Second condition (+ cross checks):

v At on-shell point V, N, S, M must reproduce
2 Lorentz-invariant form factors (Dirac & Pauli)

SxFp, NxFp, Vox—-1+Fp+Fp, M—=0

- Vertex mass renormalization
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NLO heavy quark cross section in action

Full NLO accuracy requires:

v/ NLO Impact factor ~ v* with massive quarks

v/ Evolution equation
X NLO BK
X Resummation of transverse logs
X Numerical solution

Quantitative question:
| If mg and x, Q? dependence is compatible with HERA at full NLO?
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HERA data
LightQ data

Fit to HERA data
Fit to LightQ data

i

Risto Paatelainen

Goal: Fit simultaneously total and ¢ & b data

v Experimental data (reduced cross section)

y2

“Tra e tle @)

or = Fa(xgj, @%)

Here y = Q?/(xg;s) is inelasticity.

Setup: Use massless fits from

v Fitted light quark pseudodata: interpolated ¢
& b subtracted from total o,

v In total 12 different fits (different running

coupling prescription, resummation scheme,...)

> Compute predictions for ¢ & b production

CGC at the Electron-lon Collider 19/22



0.45F HERA
1.4- 0.40F — Fit1
Fit 2
Lol 0.35F — Fit3
: 0.30F
& Lo bi-~o.25f
oslh 0.20F
0.15F
0.6 0.10F ; .
04k o in 005f o, o e
107 101 107 102
TBj

v 3/12 fits (ResumBK, KCKB, TBK): successful predictions if x2/N < 2.5 using
optimal 1.1GeV < m. < 1.6 GeV (in pole mass scheme)

v/ Also b data well described with these 3 fits
v Obtain x2/N = 1...2: excellent description of all small-x DIS data
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0.45F
0.401
0.35F —
0.30F
§‘0.25*
0.20F
0.15F
0.10p |
0.05p

TBj

v 3/12 fits (ResumBK, KCKB, TBK): successful predictions if x2/N < 2.5 using
optimal 1.1GeV < m. < 1.6 GeV (in pole mass scheme)

v/ Also b data well described with these 3 fits

v Obtain x2/N = 1...2: excellent description of all small-x DIS data
Why: NLO impact factor enhances heavy quark production compared to LO;
Opposite effect than from the evolution
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Fy

e v No F; data included in fits
1.0 10.0 100.0 . ) i .
Q@ (Gev?) v All 3 determined fits compatible with the F;
| W Fit 1 inclusive / data
s om0 v/ More precise data from the EIC can provide

ap; = 0.002

further constraints

1.0 10.0 100.0
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Conclusions

DIS total cross section calculation with massive quarks:

v' Many features similar to massless case
v/ Sizeable calculation, nontrivial amount of algebra

v’ Full practicable solution for mass renormalization, including finite parts
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First CGC description of all (total4-charm+bottom) HERA small-x structure function
data

v Successfully predict heavy quark production data at full NLO accuracy

v/ Charm provides strong additional constraints for the initial condition of the BK
evolution

v/ Having both NLO evolution and massive NLO impact factor is crucial

Risto Paatelainen CGC at the Electron-lon Collider 22/22



Conclusions

DIS total cross section calculation with massive quarks:

v' Many features similar to massless case
v/ Sizeable calculation, nontrivial amount of algebra

v’ Full practicable solution for mass renormalization, including finite parts

First CGC description of all (total4-charm+bottom) HERA small-x structure function
data

v Successfully predict heavy quark production data at full NLO accuracy

v/ Charm provides strong additional constraints for the initial condition of the BK
evolution

v/ Having both NLO evolution and massive NLO impact factor is crucial

Outlook/in progress: Bayesian inference including total and heavy quark data
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