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Abstract We investigate the possibility to constrain the
intrinsic charm probability wez = Peg/p using first ATLAS
data on the associated production of prompt photons and
charm-quark jets in pp collisions at /s = 8 TeV. The upper
limit wee < 1.93 % is obtained at the 68 % confidence level.
This constraint is primarily determined from the theoreti-
cal scale and systematical experimental uncertainties. Sug-
gestions for reducing these uncertainties are discussed. The
implications of intrinsic heavy quarks in the proton for future
studies at the LHC are also discussed.

1 Introduction

One of the fundamental predictions of quantum chromo-
dynamics is the existence of Fock states containing heavy
quarks at large light-front (LF) momentum fraction x in
the LF wavefunctions of hadrons [1,2]. A key example
is the |uudcc) intrinsic charm Fock state of the proton’s
QCD eigenstate generated by cc-pairs which are multi-
ply connected to the valence quarks. The resulting intrin-
sic charm (IC) distribution ¢(x, Q?) is maximal at minimal
off-shellness; i.e., when all of the quarks in the |uudcc) LF
Fock state have equal rapidity. Equal rapidity implies that
the constituents in the five-quark light-front Fock state have

. K+
momentum fractions x; = Pr X 1/ml-2 + k%i, so that the
heavy quarks carry the largest momenta.

The study of the intrinsic heavy quark structure of hadrons
provides insight into fundamental aspects of QCD, especially
its nonperturbative aspects. The operator product expansion
(OPE) predicts that the probability for intrinsic heavy Q-
quarks in a light hadron scales as 2/ Mé due to the twist-6

wa non-Abelian couplings of QCD [2,3]. Here « is the
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characteristic mass scale of QCD. In the case of the BHPS
model [1] within the MIT bag approach [4], the probability
to find a five-quark component |uudcc) bound in the nucleon
eigenstate is estimated to be in the range 1-2 %. Although
there are many phenomenological signals for heavy quarks at
high x, the precise value for the intrinsic charm probability
wee = Peg/p in the proton has not as yet been definitively
determined.

The first evidence for intrinsic charm (IC) in the proton
originated from the EMC measurements of the charm struc-
ture function ¢(x, Q2) in deep inelastic muon-proton scat-
tering [5]. The charm distribution measured by the EMC
experiment at xp; = 0.42 and 0% = 75 GeV was found
to be approximately 30 times that expected from the con-
ventional gluon splitting mechanism g — cc. However, as
discussed in ref. [6], this signal for (IC) is not conclusive
because of the large statistical and systematic uncertainties
of the measurement.

A series of experiments at the Intersection Storage Ring
(ISR) at CERN, as well as the fixed-target SELEX experi-
ment at Fermilab, measured the production of heavy baryons
A¢ and Ay, at high xp in pp, 7~ p, £~ p collisions [7-9].
For example, the A, will be produced at high xp from the
excitation of the |uudcc) Fock state of the proton and the
comoving u, d, and ¢ quarks coalesce. The xg of the pro-
duced forward heavy hadron in the pp — A, reaction is
equal to the sum xg = x,, +x4 + X, of the light-front momen-
tum fractions of the three quarks in the five-quark Fock state.
However, the normalization of the production cross section
has sizable uncertainties, and thus one cannot obtain precise
quantitative information on the intrinsic charm contribution
to the proton charm parton distribution function (PDF) from
the ISR and SELEX measurements [10, 11]. Another impor-
tant way to identify IC utilizes the single and double J /v
hadroproduction at high xg as measured by the NA3 fixed



target experiment [12—14]. Intrinsic heavy quarks also leads
to the production of the Higgs boson at high xp and the LHC
energies [15]. It also implies the production of high energy
neutrinos from the interactions of high energy cosmic rays
in the atmosphere, a reaction which can be measured by the
IceCube detector [16].

The first indication for intrinsic charm at a high energy
collider was observed in the pp — cy X reaction at the
Tevatron [17-21]. An explanation for the large rate observed
for events at high Et based on the intrinsic charm contribu-
tion is given in refs. [22,23]. A comprehensive review of the
experimental results and global analysis of PDFs with intrin-
sic charm was presented in [24,25]. Recently, the estimation
of wee = 0.34£0.14% was obtained in the NNPDF3.1 anal-
ysis [26] based on the global PDF fitting procedure over a
wide range of LHC measurements. In our previous publi-
cations [27-31], we showed that the IC signal can be visi-
ble in the production of prompt photons and vector bosons
Z/W in pp collisions, accompanied by heavy-flavor c/b-
jets at large transverse momenta and the forward rapidity
region (]y| > 1.5), kinematics within the acceptance of the
ATLAS and CMS experiments at the LHC. Based on our
previous results [27-31], in the present paper we investigate
the possibility to constrain the intrinsic charm probability
using first ATLAS data [32] on measurements of differential
cross sections of isolated prompt photons produced in asso-
ciation with a c-jet in pp collision at /s = 8 TeV. Note
that these ATLAS data were reported recently and were not
considered by the NNPDF3.1 group [26]. Thus, the present
study could be viewed as an addition to the NNPDF3.1
analysis.

2 Variable intrinsic charm

Our considerations below are based on two approaches: the
first is the analytical QCD calculation and the second is
the MC generator Sherpa [33]. We will first present the
scheme of our QCD analysis. The systematic uncertainties
due to hadronic structure are evaluated using a combined
QCD approach, based on the kr-factorization formalism
[34,35] in the small-x domain and the assumption of con-
ventional (collinear) QCD factorization at large x. Within
this approach, we have employed the kr-factorization for-
malism to calculate the leading contributions to the O(aa?)
off-shell gluon-gluon fusion g*g* — ycc. In this way one
takes into account the conventional perturbative charm con-
tribution to associated y ¢ production. In addition there are
backgrounds from jet fragmentation. Here « is the electro-
magnetic coupling constant and o is the QCD coupling
constant.

The IC contribution is computed using the O(aay) QCD
Compton scattering cg* — y ¢ amplitude, where the gluons

are kept off-shell and incoming quarks are treated as on-shell
partons. This is justified by the fact that the IC contribution
begins to be visible in the large x (x > 0.1) domain, where
its transverse momentum can be safely neglected. The k-
factorization approach has technical advantages, since one
caninclude higher-order radiative corrections using the trans-
verse momentum dependent (TMD) parton distributions of
the proton (see reviews [36] for more information). Tech-
nically, we employ the numerical solution of the CCFM
gluon evolution equation (see [35] and references therein),
which resums the leading logarithmic terms, proportional to
log 1/x, up to all orders of perturbation theory. In addition,
we take into account several standard pQCD subprocesses
involving quarks in the initial state. These are the flavor exci-
tation cq — ycq, quark-antiquark annihilation gg — ycc
and quark-gluon scattering subprocess gg — ygcc. These
processes become important at large transverse momenta E%
(or, respectively, at large parton longitudinal momentum frac-
tion x, which is the kinematics needed to produce high E%
events); it is the domain where the quarks are less suppressed
or can even dominate over the gluon density. We rely on the
conventional (DGLAP) factorization scheme, which should
be reliable in the large-x region. Thus, we apply a combi-
nation of two techniques (referred to as a “combined QCD
approach”) employing each of them in the kinematic regime
where it is most suitable. More details can be found in [37]
(see also references therein).

According to the BHPS model [1,38], the total charm dis-
tribution in a proton is the sum of the extrinsic and intrinsic
charm contributions.

xe(x, u3) = xceu(x, u3) + xcing(x, 13). (0

The extrinsic quarks and gluons are generated by perturba-
tive QCD on a short-time scale associated within the large-
transverse-momentum processes. Their distribution func-
tions satisfy the standard QCD evolution equations. In
contrast, the intrinsic quarks and gluons are associated
with a bound-state hadron dynamics and thus have a non-
perturbative origin. In Eq. 1 the IC weight w;, i.e., the prob-
ability to find the intrinsic cc pair in the proton, is set by the
normalization of the xcjn (x, ,u(z)) distribution:

1
/0 cint (s 12)dx = wes. ®)

The total distribution xc(x, u,(z)) satisfies the QCD sum rule,
which determines its normalization [39] (see also Eq. 6 in
[30]). We define the IC probability as the n = 0 moment of
the charm PDF at the scale g = m., where me = 1.29 GeV
is the c-quark pole mass.

To get the total distribution xc(x, 1£2) at any 1> we apply
the DGLAP evolution [40-42] separately for the extrinsic
cext and intrinsic cjp; part. As it is shown in [29,30], the



interference between the two contributions in Eq. 1 can be
neglected, since the IC term xcipc(x, uz) is much smaller
than the extrinsic contribution generated at x < 0.1. Note
that the evolution in ;2 equation assumes zero quark mass.
The kinematical region, where the IC contribution can be
visible in the E%’-spectrum corresponds to large values of
@ > 100 GeV[29,30] which are much larger than the c-
quark pole mass. Therefore, one can neglect the c-quark
mass and apply DGLAP evolution for the IC quark distri-
bution cjp¢. As it is known, there are only few PDFs, e.g.,
CT14nnloIC or CTEQ66¢, which include the IC contribu-
tion within the BHPS model [1,2] at fixed values w ™ =~ 1
and 3.5%. In order to get the estimation of the upper limit
one needs variable IC contribution to E% -spectra at any
value of w.z. Therefore, one can adopt a simple relation for
any wez < wg [29,30], which provides an interpolation
between two charm densities at the scale Mz’ obtained at
wee = 0 and wee = wi™. We have performed a three-point
interpolation of all parton (quark and gluon) distributions for
wee = 0, 1 and 3.5 %, which correspond to the CTEQ66 (cen-
tral value), CTEQ66¢c1 (BHPS1) and CTEQ66¢2 (BHPS2),
respectively [10]. For the interpolation function we used the
quadratic wcz interpolation, see Eqs. 3 and 4 in Appendix.
The difference between quadratic interpolation functions in
the interval 0 < wez < 3.5 % is no greater than 0.5% [29].
Given that, we used the quadratic interpolation for all parton
flavors at p19 and wee < w™ to satisfy the quark and gluon
sum rules, see [43,44]. Let us stress that at wee = wi™
the quark sum rule is satisfied automatically in the used PDF
because the intrinsic light g contributions are included [10].
Note that wg is treated in xcipe (x, u%) of Eq. 1 as a parame-
ter which does not depend on /ﬁ. Therefore, its value can be
determined from a fit to the data.

In our second approach, we have used the MC genera-
tor SHERPA[33] (version 2.2.4) with next-to-leading order
(NLO) matrix elements generated by OPENLOOPS [45] (ver-
sion 1.3.1) to generate samples for the extraction of the w¢z
from the ATLAS data. The recent versions of SHERPA gen-
erator can provide additional weights [46], which are used to
reweight our spectra to PDFs with different IC contribution.
In order to obtain weights corresponding to any w we fit three
PDF weights: Wy (0% IC), W corresponding to the BHPS1
(the mean value of the cc fraction is (x.z) ~ 0.6%, which
corresponds to the IC probability w.s = 1.14%) and W, cor-
responding to the BHPS2 ((x.c) =~ 2.1%, wee = 3.54%).
The fit is done using a quadratic function on event by event
basis and the difference between different fitting functions
is negligible (linear and cubic). We used CT14nnlolC [6]
PDFs included with the help of LHAPDF6 [47]. The process
p + p — y-+ any jet (up to 3 additional jets) is simulated
with the requirement EX > 20 GeV and n” < 2.7. Addi-
tional cuts are applied to match the ATLAS event selection
[32]. In order to extract the w-value from the data we first

>
% 10%::;::
K=, ——
>LI.I'_ % ¥
° 10¢ | —a—
~ E ——
© 1L ¥ =g
© E —E— -
101 f ——ATLASx10,Cent. ., —s—
3 E
E —=— Sherpa NLO x 10, Cent. =5 -
102 —— ATLAS, Fwd. 3 LS
10°3 F —— Sherpa NLO, Fwd. :E:II:F
E No IC '=!='
1074 —— R S : :
T
8
C Il
3F
2 tepg
i 1= ‘
2
10 E! [GeV]
@) we =0 %
>
@ C
% 10355::;::
2 | of =
S
F —n—
T 10¢ —— e
-~ E ==
© 1L ¥ ==
© E =z [ 2]
1010 —*— ATLAS x 10, Cent. FH =
E —=— Sherpa NLO x 10, Cent. :!:l:i:' ':F'-i-u
102F —— ATLAS, Fwd. —3— 2
] _,F —— Sherpa NLO, Fwd. '_I_'.:F.
0" w,=193%®68%CL) HH
104k ‘
R JE—— ;
§ e
C " " " " " " " Il " " "
5 3F .
UB_ 2F ) I o B 9
1E -
= " " Il "
102 y
E! [GeV]

(b) wy.1. = 1.93 %

Fig. 1 The E% -spectrum calculated with the SHERPA MC generator at
NLO compared to the ATLAS data [32]. a Top: the spectrum at central
rapidity |n”| < 1.37 and forward 1.56 < |np¥| < 2.37 region without
the IC contribution; a middle: the ratio of the MC calculation to the
data for the central rapidity region (w. = 0 %); a bottom: the ratio
of the MC calculation to the data for the for forward rapidity regions
(we = 0 %). b The same spectra, as in (a), but with the upper limit of
IC contribution wy 1. = 1.93 %

validate our E%—spectrum generated by the SHERPA event
generator in the central rapidity region (|n? | < 1.37) against
y + c-jet ATLAS spectra. One can see that the ATLAS
data are satisfactorily described in the central rapidity region
using the SHERPA (NLO) calculation without IC, see Fig. 1
(top).



3 Results and discussion

The results for the E% spectra in the central and forward
regions obtained by using CT14nnloIC PDFs without the
IC contribution are presented in Fig. 1 (top). One can see
from Fig. 1 (top) that the difference between the experimen-
tal data and MC calculation are within the total experimen-
tal uncertainties, i.e., the experimental ones and theoretical
uncertainty due to QCD scale dependence. Therefore, we are
unable to determine a precise value of the IC probability from
recent ATLAS data. However, one can extract an upper limit
for the IC contribution from the data. To obtain this limit we
employed a simple method of fitting MC prediction contain-
ing IC to the ATLAS data. First, we generate 1000 samples
of y +¢ E%’ spectra with variable IC approximated by the
quadratic formula shown in Eq. (4) in the Appendix. We cal-
culate 2 in the forward region for bins 2—11 (counted from
zero) with data and MC uncertainties summed in quadra-
ture. The resulting upper limit of the IC contribution for the
SHERPA calculation at NLO wy 1. = 1.93 % is presented in
Fig. 1 (bottom). This value of w, i corresponds to the X2
at minimum plus one, see the solid line in Fig. 3. The x? at
forward rapidity is constructed from the data points in bins
3-11.In the 2 calculation we include the sum in quadrature
of uncertainties from the data (statistical and systematical)
and theory (mainly scale uncertainties).

The w; extraction method was also repeated in the com-
bined QCD approach. The CTEQ66 and CTEQ66c PDFs,
which include the IC fraction in the proton, were used to
calculate the E%-spectrum in the forward rapidity region.
The E% spectra and X2 as a function of w, obtained within
these approaches, are presented in Figs. 2, 3 (dashed red line)
respectively. The upper limit of the IC contribution obtained
within the combined QCD approach is about wy 1. = 2.91 %.
As it was shown in [31], the combined QCD approach does
not include parton showers and hadronization, a contribu-
tion which is sizable at E%f > 100 GeV, where the IC signal
could be visible. Therefore, the results obtained from SHERPA
(NLO) approach, which include these effects, are more real-
istic.

The w-dependence of the x 2-functions obtained with both
the SHERPA and combined QCD approach in the forward
region are presented in Fig. 3. By definition, the minimum
of the x2-function is reached at a central value w, which
corresponds to the best description of the ATLAS data. The
application of SHERPA results in w, = 0.00 % while the
combined QCD gives us w, = 1.00 %.

Figure 3 shows a rather weak yx2-sensitivity to the w-
value. This is due to the large experimental and theoreti-
cal QCD scale uncertainties, especially at E% > 100 GeV
(Figs. 1, 2). Since it is not possible to extract the w.-value
with a required accuracy (3-5 o) we present the relevant
upper limit at the 68 % confidence level (CL).
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Fig. 2 The spectrum of prompt photons as a function of its transverse
energy E}T/ calculated with the combined QCD analysis, compared to
ATLAS data [32]. a Top: the spectrum in the central rapidity region
[n”| < 1.37 and forward 1.56 < |n¥| < 2.37 region without the IC
contribution; a middle: the ratio of the MC calculation to the data for
the central rapidity region (w, = 0%); a bottom: the ratio of the MC
calculation to the data for the forward rapidity regions (w. = 0%).
b The same spectra, as in (a), but with upper limit of IC contribution
wy. 1. = 2.91 % corresponding to the best fit of the data

For an estimation of the scale uncertainty we have used
the conventional procedure used in a literature, which is to
vary both the renormalization R and factorization up scales
within 0.5 E% and ZE%/ . In fact, there are several methods to
check the sensitivity of observables to the scale uncertainty,
see for example [48] and references therein. The renormal-
ization scale uncertainty of the E% -spectra poses a serious
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Fig. 3 Solidline: x? as a function of w in the forward rapidity region in
SHERPA NLO. Dashed line: Same but x 2 obtained within the combined
QCD calculation

theoretical problem for obtaining a more precise estimate of
the IC probability from the LHC data.

Contrary to the NNPDF3.1 estimation of wez = 0.34 £
0.14% [26] we are able to estimate only the upper limit of
wez extracted from the ATLAS data [32], as it was shown
above. The precision of our analysis is limited by the exper-
imental systematic uncertainties — mainly, by the c-tagging
uncertainty which is predominantly connected with the light
jet scaling factors [32]. It is also limited by theoretical QCD
scale uncertainties. The PDF uncertainties are included in
the predictions using the Sherpa (NLO). In contrast to these
uncertainties, the statistical uncertainty does not play a large
role. In Fig. 4 we have shown the fraction of the uncer-
tainty of the IC upper limit wy; at 68 % CL introduced
from the uncertainty of each contributing component. The
allowed upper limit is presented four times, every time the
component of uncertainty in question is reduced from its
actual value (100 %). This assumes that the central values
of the experiment does not change. For example, according
to Fig. 4, if the experimental systematic uncertainty (dashed
blue line) is decreased by a factor of 2, then wy |, is also
reduced twice and it becomes about 1 %. One can see also
that the IC upper limit is effectively insensitive to a change
of the experimental statistical uncertainty. In order to obtain
more reliable information on the IC probability in the pro-
ton from future LHC data at /s = 13 TeV, a more realistic
estimate of the theoretical scale uncertainties and reduction
of the systematic uncertainties is needed.

This problem can be, in fact, eliminated by employing the
“principle of maximum conformality” (PMC) [49,50] which
sets the renormalization scale by shifting the B terms in the
perturbative series of the QCD running coupling. The PMC
predictions are independent of the choice of renormalization
scheme — a key requirement of the renormalization group. Its
utilization will be the next step of our study.

Let us note that the sensitivity of our results to differ-
ent PDFs is less than the experimental and theoretical scale
uncertainties. As shown in Figs. 5, 6, the difference between
E% spectra using different PDFs is less than 10% in the cen-
tral region and less than 5% in the forward rapidity region. In
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contrast, the experimental uncertainty is about 50-60%, as
it is shown above. Therefore, one can neglect the sensitivity
of the E’T’ spectrum to PDF uncertainties, especially in the
forward rapidity region.

4 Summary

A first estimate of the intrinsic charm probability in the
proton has been carried out utilizing recent ATLAS data
of prompt photon production accompanied by a c-jet at
/s = 8 TeV [32]. We estimate the upper limit of the IC prob-
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ability in the proton at 1.93% with 68% CL. In order to obtain
more precise results on the intrinsic charm contribution one
needs additional data and at the same time reduced system-
atic uncertainties which come primarily from c-jet tagging.
In particular, measurements of cross sections of y + ¢ and
y + b production in pp-collisions at /s = 13 TeV at high
transverse momentum with high statistics [29] will be useful
since the ratio of cross sections y + c¢/y + b is expected to
be more sensitive to the IC signal [29,30]. The ratio falls to
unity slowly with increasing EY, in the presence of intrinsic
charm. Furthermore, measurements of Z/ W + ¢/b produc-
tion in pp collision at 13 TeV could also give additional
significant information on the intrinsic charm contribution
[28-31]. Our study shows that the most important source of
theoretical uncertainty on w¢g, from the theory point of view,
is the dependence on the renormalization and factorization
scales. This can be reduced by the application of the Principle
of Maximum Conformality (PMC), which produces scheme-
independent results, as well the calculation of the NNLO
pQCD contributions. Data at different energies at the LHC
which constrain scaling predictions and future improvements
in the accuracy of flavor tagging will be important. These
advances, together with a larger data sample (more than

100 fb~!) at the LHC energy 13 TeVshould provide definitive
information on the non-perturbative intrinsic heavy quark
contributions and their impact on the fundamental structure
of the proton.

Acknowledgements We thank A.A. Glasov, R. Keys, E.V. Khramov,
S. Prince and S.M. Turchikhin for helpful discussions. The authors
are also grateful to S.P. Baranov, P.-H. Beauchemin, I.R. Boyko,
Z. Hubacek, H. Jung, F. Hautmann, B. Nachman, PM. Nadolsky,
H. Tores and L. Rotali, N.A. Rusakovich for useful discussions and
comments. The SHERPA calculations by J.S. were done at SIVVP, ITMS
26230120002 supported by the Research & Development Operational
Programme funded by the ERDF. J.S. is thankful for the opportunity of
using this cluster. The work of A.V.L and M.A.M. was supported in part
by the grant of the President of Russian Federation NS—7989.2016.2.
A.VL. and M. AM.@ are also grateful to DESY Directorate for the
support in the framework of Moscow — DESY project on Monte-Carlo
implementation for HERA — LHC. M.A.M. was supported by a grant of
the Foundation for the Advancement of Theoretical physics “Basis” 17—
14—-455—1 and RFBR grant 16—32-00176-mol-a. SJB is supported by
the U.S. Department of Energy, contract DE—AC02-76SF00515, the
SLAC Pub number is SLAC-PUB-17198 with title: Constraints on
the Intrinsic Charm Content of the Proton from Recent ATLAS Data.

Data Availability Statement This manuscript has no associated data or
the data will not be deposited. [Authors’ comment: The data supporting
the findings of this study are available within the article.]

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP3.

Appendix

In the combined QCD approach case, the linear interpolation
form for the IC contribution density x cin¢ (x, ,uz) as a function
of x = w is the following:

2 Wee 2
XCint (X, U7) = — = XCint (X, ) : (3
cC weg SwE™

The quadratic interpolation form is given as

XCint(w, X, l‘«z) = XCint(wo, X, l/vz)
_ Bxcing(wo, X, 1?) — Axcing (W1, X, 1) + Xein (w2, x, 17)
2
_’_xcint(wOv x, 12) — 2xcin (wy, x, u2) + xcin (wo, x, //-2)x2
5 ,
“

here wy = 0 % (central value in CTEQ66), w; = 1.0 %
(BHPS1 in CTEQ66¢) and wy = 3.5 % (BHPS2 in
CTEQG66c), according to [10,31,38].

One can see from Figs. 5, 6 that the difference between the
various PDFs is less than 10% in the central rapidity region,



and less than 5% in the forward rapidity region. The size of
the difference is comparable to the size of uncertainty coming
directly from the CT14nnlo PDFs and is much smaller than
the systematic uncertainty of the data [32].
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