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Hadron as a many-body parton system

• In DIS a dense QCD medium strongly 
interacts with the probe 

• Interacting with external probe the 
hadron reveals different types of parton 
dynamics. Separation of different scales 
• There is a strong correlation between 

different phases, e.g. perturbative and 
non-perturbative components 

• If we study perturbative phase at a large 
energy scale, we can extract information 
about the non-perturbative structure of 
hadrons
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Hadron as a many-body parton system

• We have tools to study this 
system of connected phases, 
which is very non-trivial 
• The phases interact with each 

other in a dynamical way 
• Using methods of perturbative 

QCD we can obtain very precise 
information on the hadron 
structure as a multi-phase many-
body parton system
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Kinematical phases in the TMD factorization

• There are different 
kinematical phases in the 
many-body parton system 
• EIC will make possible to 

reveal these phases and 
understand interaction 
between them
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EIC and the precision test of QCD 

• EIC will have a broad 
kinematic coverage 
• Different kinematical 

phases will be involved 
• Complex dynamics of 

interacting phases. 
Precision test of QCD 

1.2.2 The Nucleus, a QCD Laboratory

The nucleus is a QCD “molecule”, with a complex structure corresponding to bound states
of nucleons. Understanding the formation of nuclei in QCD is an ultimate long-term goal of
nuclear physics. With its wide kinematic reach, as shown in Fig. 1.5 (Left), the capability
to probe a variety of nuclei in both inclusive and semi-inclusive DIS measurements, the
EIC will be the first experimental facility capable of exploring the internal 3-dimensional
sea quark and gluon structure of a fast-moving nucleus. Furthermore, the nucleus itself is
an unprecedented QCD laboratory for discovering the collective behavior of gluonic matter
at an unprecedented occupation number of gluons, and for studying the propagation of
fast-moving color charges in a nuclear medium.
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Figure 1.5: Left: The range in the square of the transferred momentum by the electron to the
nucleus, Q2, versus the parton momentum fraction x accessible to the EIC in e-A collisions at
two different center-of-mass energies, compared with the existing data. Right: The schematic
probe resolution vs. energy landscape, indicating regions of non-perturbative and perturbative
QCD, including in the latter, low to high saturated parton density, and the transition region
between them.

QCD at Extreme Parton Densities
In QCD, the large soft-gluon density enables
the non-linear process of gluon-gluon recom-
bination to limit the density growth. Such a
QCD self-regulation mechanism necessarily
generates a dynamic scale from the interac-
tion of high density massless gluons, known
as the saturation scale, Qs, at which gluon
splitting and recombination reach a balance.
At this scale, the density of gluons is ex-
pected to saturate, producing new and uni-
versal properties of hadronic matter. The
saturation scale Qs separates the condensed
and saturated soft gluonic matter from the
dilute, but confined, quarks and gluons in a
hadron, as shown in Fig. 1.5 (Right).

The existence of such a state of satu-
rated, soft gluon matter, often referred to as
the Color Glass Condensate (CGC), is a di-
rect consequence of gluon self-interactions in
QCD. It has been conjectured that the CGC
of QCD has universal properties common to
nucleons and all nuclei, which could be sys-
tematically computed if the dynamic satu-
ration scale Qs is sufficiently large. How-
ever, such a semi-hard Qs is difficult to
reach unambiguously in electron-proton scat-
tering without a multi-TeV proton beam.
Heavy ion beams at the EIC could provide
precocious access to the saturation regime
and the properties of the CGC because the
virtual photon in forward lepton scattering
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Background field method

• We can separate different phases of 
the many-body parton system at the 
level of the QCD Lagrangian 
• The method provides a consistent 

way to take into account interaction 
between phases using an expansion 
in the background field 
• We can consider different types of 

interaction

SbQCD(A,B) = SQCD(A+B)� SQCD(B)
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TMD vs. collinear factorization

• There is a correlation between transverse 
momenta of partons and factorization 
properties of the system 
• The many-body parton system can 

generate different factorization 
properties  

• The TMD factorization is valid in the limit 
of very small transverse momenta 
• Collinear factorization is valid at large 

transverse momenta 

• The transition region is not well 
understood. EIC will be able to measure it
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Factorization breaking

• We have obtained a quantitative estimation of the factorization breaking effect 
• With certain approximations the structure of corrections gets a very simple form 
• We estimate that effects become important at  
• This result is in agreement with phenomenological studies
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TMD vs. collinear distributions

• Collinear distributions can be used as an initial condition for 
the TMD evolution 

• In the region of small transverse separation TMDs and PDFs 
should coincide 

• Using calculations in the background field we can construct 
projection of TMDs onto collinear distributions
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TMD vs. collinear distributions

• We derive matching coefficient for the Sivers function at the next-to-leading order 
• We use background field method to calculate emission in the many-body parton background 
• The structure of the result is dictated by strong interaction between phases 
• It is easy to generalize calculation to other operators and matrix elements (Collins function) 
• The results will be implemented in extraction of the Sivers function

I. Scimemi, A.T., A. Vladimirov, JHEP 05 (2019) 125
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Glauber gluons in TMDs
• We want to understand 

properties of the Glauber phase 
and quantitatively estimate its 
contribution to the TMD 
evolution 
• It is possible to take into 

account Glauber background in 
the background field method 
• Contribution of all phases can 

be calculated with the same 
technique 
• There is a smooth transition 

between large and small-x limits

I. Balitsky, A.T., JHEP 10, 017 (2015)
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Glauber gluons in TMD
• Many surprises from small x region for spin 

physics 
• We do not know where the hadron spin comes 

from (spin crises, dark spin) 

• One of the main problem we are going to solve 
with EIC 
• Significant contribution comes from the region of 

small x 

• Current project at OSU: single log evolution at 
small-x (connection with large x) 
• Collaboration with BNL: spin in the worldline 

approach

ment of the gluon helicity distribution,
∫ 0.01
0.0001 dx∆g(x,Q2), at Q2 = 10 GeV2, again
compared to the present “DSSV+” estimate,
which is based on the analysis of Ref. [53, 54]
complemented with recent data [27, 43] from
CERN. Again, the impact of EIC data is ev-
ident. One also observes the importance of

high energies. For instance, running at the
highest energy clearly constrains the small-x
region much better. Overall, the EIC data
greatly improves the χ2 profile, even more
so when all data (stage-I and stage-II) in
Fig. 2.6 are included.
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Figure 2.8: Left: Uncertainty bands on helicity parton distributions, presently (light bands) and
with EIC data (darker bands), using projected inclusive and semi-inclusive EIC data sets (see
text). Note that for this analysis only data with x ≥ 10−3 were used, for which Q2 ≥ 2.5 GeV2.
Right: χ2 profiles for the truncated x integral of ∆g over the region 10−4 ≤ x ≤ 10−2 with
and without including the generated EIC pseudo-data in the fit. Results are shown for three
different EIC center-of-mass energies.

The light shaded area in Fig. 2.9 dis-
plays the present accuracies of the integrals
of ∆Σ and ∆g over 0.001 ≤ x ≤ 1, along
with their correlations. The inner area rep-
resents the improvement to be obtained from
the EIC, based on the global analysis studies
with pseudo-data described above. The re-
sult clearly highlights the power of an EIC in
mapping out nucleon helicity structure. The
anticipated kinematic range and precision of
EIC data will give unprecedented insight into
the spin contributions Sq and Sg. Their mea-
surements, by subtracting from the total pro-
ton spin 1/2, will provide stringent and inde-
pendent constraints on the total contribution
of quark and gluon orbital momenta, Lq+Lg.

Besides polarized proton beams, the
EIC design envisions beams of polarized
deuterons or helium-3. The neutron’s
g1(x,Q2) can thus be determined, potentially
with a precision that is comparable to the
data on g1(x,Q2) of the proton. The differ-
ence of the moments of proton and neutron
g1(x,Q2) allows a test of the fundamental
sum rule by Bjorken [68]. The data from
polarized fixed target experiments have veri-
fied the sum rule to a precision of about 10%
of its value. The extended kinematic range
and improved precision of EIC data allow for
more stringent tests of this sum rule, as well
as its corrections, to an accuracy that is cur-
rently anticipated to be driven mostly by ad-

30
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DIS on a hybrid quantum computer 

12

• Structure of proton via real-
time correlation functions

Wµ⌫(q, P, S) =
1

2⇡

Z
d4xeiq·xhP, S|ĵµ(x)ĵ⌫(0)|P, Si
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Eq. (A10) becomes a Schwinger-Keldysh path integral
in physical time x0 for the time evolution of bosonic
and Grassmann worldline variables as well as Yang-Mills
fields. In this coordinate-fixed formulation, we set the
einbein parameter ✏ = 1/p0 and employ the temporal-
axial gauge A0 = 0.

The hadron tensor in Eq. (8) is defined by an “in-in”
matrix element of time-ordered electromagnetic currents.
Introducing (auxiliary) electromagnetic fields aµ(x), we
can relate this matrix element to the proton partition
function Eq. (A10),
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we can write the hadron tensor as
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Here, �[A; a] is given in Eq. (A6). The time ordering in
this expression is such that one current operator inser-
tion is on the upper (representing the amplitude), the
other on the lower (representing the conjugate ampli-
tude) Keldsyh contour [106].

The derivative in Eq. (A16) yields two terms,

Wµ⌫(q, P ) =
1

⇡e2
Im trc i

3

Z
d4zeiq·z

Z
dA1dA2hA1|⇢̂A|A2i

⇥

Z "
3Y

k=1

d4xk

1d
4xk

2d
2✓k1d

2✓k2

#
hx1,�✓1|⇢̂V |x2, ✓2i

Z
DA

⇥

n
hx2, ✓2|Û
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FIG. 3. Top: photon interaction with valence quarks. Bot-
tom: Interaction with quark-antiquark pairs created from the
color field of the proton.. The red-dashed line denotes the
imaginary part taken via Cutkosky rules or equivalently the
separation of the amplitude and the conjugate amplitude in
this process.

The first term is the valence quark contribution where
the derivative acts on any of the valence quarks,

�

i�aµ(z)
U(⌥1,±1) ⌘ U(⌥1,z)Ĵ

µ

(3)(z)U(z,±1) , (A18)

as depicted at the top of Fig. (3). Here, Ĵµ

(3)(z) ⌘
P

n

k=1 ĵ
µ

k
(z) can be explicitly computed by varying the

worldline Hamiltonian Eq. (21),

ĵµ
k
(z) ⌘

e

p0
k

h
P̂µ

k
+ i ̂⌫

k
 ̂µ

k
q⌫
i
�(3)(z� x̂k(z

0)) . (A19)

The second term in Eq. (A17), where the derivative
acts on the exponential exp (i�[A; a]), yields the photon
polarization tensor,

i�µ⌫ [A](z, 0) ⌘ trc i

Z
d4x d2✓hx,�✓|Û(�1,z)ĵ

µ(z)Û(z,1)

⇥ Û(1,0)ĵ
⌫(0)Û(0,�1)|x, ✓i . (A20)

In the dipole picture, this term may be understood as the
virtual photon fluctuating into a quark-antiquark pair
which subsequently interacts with the color field of the
target (see bottom figure of Fig. (3)). This term provides
by far the dominant contribution to F2 in the high energy
limit of the CGC EFT with the first term suppressed by
xBj as xBj ! 0.
To bring Eq. (A17) into a form useful for quantum sim-

ulation, we insert a complete set of states into Eq. (A20)
and write

i�µ⌫ [A](z, 0) = trc i

Z
d4x1d

4x2

Z
d2✓1d

2✓2

⇥ hx1,�✓1|I|x2, ✓2ihx2, ✓2|Û(�1,z)ĵ
µ(z)Û(z,1)

⇥ Û(1,0)ĵ
⌫(0)Û(0,�1)|x1, ✓1i . (A21)

• Proton state

⇢̂P,S = |P, SihP, S|
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• Partition function

Z = Tr
⇥
Û(0,�1)⇢̂initÛ(�1,0)

⇤
<latexit sha1_base64="J1vbgqUahooVDw4RM5F4KXYzJ1c="></latexit>

• Construct evolution of a proton 
state on a quantum computer

N. Mueller, A.T., R. Venugopalan, arXiv:1908.07051
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