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Constraints on the intrinsic charm probability w = P/, in the proton are obtained for the

first time from LHC measurements.

ATLAS Collaboration data for the production of prompt

photons, accompanied by a charm-quark jet in pp collisions at /s = 8 TeV are used. Fits to
the ATLAS data result in a central estimate: w = 1.14%. Upper limits: w < 2.74% (4.32%) are
obtained at the 68%(95%) C.L. The results, however, do not rule out zero intrinsic charm at one
standard deviation. We suggest methods which can reduce the uncertainties for determining the
intrinsic charm probability, such as the elimination of theoretical scale ambiguities and tests of
rT = 2E:F’ / \/5 -scaling at fixed rapidity, as well as measurements of the xt distribution at different
LHC energies. Other implications of intrinsic heavy quarks in the proton for QCD studies at the

LHC are also discussed.
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One of the fundamental predictions of quantum chro-
modynamics is the existence of Fock states containing
heavy quarks at large light-front (LF) momentum frac-
tion x in the LF wavefunctions of hadrons [I}, 2]. A key
example is the |uudce) intrinsic charm Fock state of the
proton QCD eigenstate which is generated by cc-pairs
which are multiply connected to the valence quarks. The
resulting intrinsic charm distribution c(x, Q?) is maxi-
mal at minimal off-shellness; i.e., when all of the quarks
in the |uudec) LF Fock state have equal rapidity. This
implies that LF momentum fraction of each constituent
is proportional to its transverse mass: x; o \/m? + kﬁ_l
The charm quarks in the Fock state thus have a mean
LF momentum fraction (x.) ~ (zz) ~ 0.4. This is in
contrast to the momentum distribution of heavy quarks
generated at small x. from perturbative gluon splitting,
as predicted by DGLAP evolution. The intrinsic charm
probability wcz in the proton is typically estimated to be
in the 1 to 2% range.

The study of the intrinsic heavy quark structure of
hadrons provides insight into fundamental aspects of
QCD, especially its nonperturbative aspects. The op-
erator product expansion predicts that the probability
for intrinsic heavy @-quarks in a light hadron scales as
#? /Mg due to the twist-6 G, non-Abelian couplings of
QCD |2, B]. Here k is the characteristic mass scale of
QCD. In contrast, the probability of intrinsic heavy lep-
tons in the Fock state of an atom such as positronium
scales as 1/m¢, due to the twist-8 F ;fu light-by-light scat-
tering QED contributions to the atomic self-energy.

There is substantial empirical evidence for intrinsic
charm in the proton, starting with the EMC mea-

surements of the charm structure function c(z,Q?) at
large zp; in deep inelastic muon-proton scattering [4].
The charm distribution c(z,Q?) at z. = 0.42 and
Q? =75 GeV? is found to be roughly 30 times that ex-
pected from gluon splitting. A series of ISR experiments
measured the production of the heavy baryons A, and Ay,
at high oy in pp collisions. See, e.g. [5]. The ISR measure-
ments were subsequently verified by SELEX [6] in a series
of fixed-target experiments. Intrinsic charm also explains
the observation of single and double J/v hadroproduc-
tion at high zr by NA3 [7, [§]. In each case, the dis-
sociation of the heavy quark Fock states |uudQQ) of the
projectile proton in a high energy collision and the coales-
cence of the comoving quarks leads to the hadroproduc-
tion of hadrons containing heavy quarks at high zy. Dou-
ble intrinsic charm Fock states in the projectile hadron
also can lead to the hadroproduction of double-charm
baryons |ceq) at high g [9]. The experimental data for
forward A, production at large zg in pp collision at ISR
energies have sizable uncertainties [5l [[0]. Moreover, the
theoretical description of D-meson, charm and bottom
hyperon hadroproduction is sensitive to the fragmenta-
tion functions of both ¢ and wu, d-quarks, see [II] and
references therein. Therefore, it has been difficult to
obtain precise quantitative information on the intrinsic
charm contribution to the proton charm parton distribu-
tion function (PDF) from the ISR measurements.

In the case of high energy colliders, the intrinsic
charm distribution at large x leads to important contri-
butions to the semi-inclusive hard production of prompt
photons and gauge bosons accompanied by c-jets from
the hard subprocesses g +c —~v+cand g+c— Z +c.



The first indication of this process was observed in the
P+ p— c+ v+ X reaction at the Tevatron [I2HI6]. An
explanation for the large rate observed for events at high
E1 based on the intrinsic charm contribution is given
in refs. [I7, [18]. A recent review of the experimental
results is given in ref. [19]. Recent global analysis of par-
ton distribution fusions (PDFs) with intrinsic charm was
presented in [20].

The distribution of intrinsic heavy quarks of the proton
involves both perturbative and nonperturbative QCD,
since the comoving quarks in the hadron Fock state con-
tinually interact.

The intrinsic heavy quark content of the proton can
also be determined using lattice gauge theory [2I]. The
dynamics of interacting comovers will also lead to asym-
metries in the heavy quark/antiquark momentum and
spin distributions. For example, the matching of the
|uudss) Fock state of the proton to its |K T (su)A(uds))
hadronic dual leads to s(x) versus 5(z) momentum and
spin asymmetries [22]. The existence of intrinsic heavy
quark amplitudes in the B meson can also affect the weak
decays of the B meson in an unexpected way [23].

One of the most interesting consequences of intrinsic
heavy quark Fock states at the LHC is the novel pre-
diction that the Higgs particle will be produced at high
xp > 0.8 [24]. This novel process can be used to mea-
sure the fundamental couplings of the Higgs to QQ pairs.
Intrinsic charm also has important impact for neutrino
production from high energy cosmic rays as measured at
detectors such as IceCube [25].

In our previous publications [26H29], we showed that
the intrinsic charm (IC) contribution in the proton at
high x. leads to the production of prompt photons and
vector bosons Z/W in pp collisions at the LHC at high
transverse momentum accompanied by heavy-flavor ¢/b-
jets. The IC signal in the high transverse momentum
spectrum of v/Z/W or the c¢/b-jets can be significant,
especially in the forward rapidity region (|y| > 1.5), a
kinematic domain within the ATLAS and CMS accep-
tance. The differential cross section as a function of the
photon transverse momentum E7, provides a measure of
the intrinsic charm probability w [28], 29].

In this paper we utilize this feature with the goal to
estimate the intrinsic charm probability w in the proton.
To this end, using the x?-method, we minimize the dif-
ference between the above-mentioned w-dependent cross
section and the ATLAS measured E7.-spectra of prompt
photons produced in association with c-jets in pp collision
at /s =8 TeV [30].

As shown in ref. [26], the subprocess cg — ~c at lowest
order in pQCD gives the main contribution to the IC sig-
nal in pp — v¢X reaction at large E7. and |y| > 1.5, i.e.,
in the domain where z. > 0.1. We have evaluated the
production cross section from the IC contribution using
the Monte-Carlo (MC) generator SHERPA [31]. The anal-
ysis provides MC-generated set of histograms with small

steps in w. The goal is to obtain the best description of
data and to constrain the intrinsic charm contribution.

The systematic uncertainties due to hadronic structure
were evaluated using a QCD approach, based on the k-
factorization formalism [32] B3] in the small-z domain
and the assumption of conventional (collinear) QCD fac-
torization at large z.

We have employed the kp-factorization approach to
calculate the leading contributions from the O(aa?) off-
shell gluon-gluon fusion g* + g* — v + ¢+ ¢. In this
way one takes into account the perturbative charm con-
tribution to associated v + ¢ production. The IC con-
tribution is computed using the O(aay) QCD Compton
scattering ¢+ ¢g* — v+ c 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 contri-
bution starts to be visible at large x > 0.1 a domain
where its transverse momentum can be safely neglected.
The krp-factorization approach has technical advantages
since one can include higher-order radiative corrections
by adopting a form for the transverse momentum de-
pendent (TMD) parton distribution of the proton (see
reviews [34] for more information).

In our analysis we have used the conventional QCD
factorization method which provides reliable theoretical
predictions for the large-x region. For comparison, we
have also used a combination of the kr and QCD factor-
ization methods, employing each of them in the kinematic
regime where it is most suitable.

According to the BHPS model [1} B5], the total charm
distribution in a proton is the sum of the extrinsic and
intrinsic charm contributions.

wole, 1) = v (@, 1) + 2o (0 3). (1)

The extrinsic quarks and gluons are generated by per-
turbative QCD on a short-time scale associated within
the large-transverse-momentum processes. Their dis-
tribution functions 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. [I] the IC
weight is included in zepy(z, ud) and the total distribu-
tion zc(z, p3) satisfies the QCD sum rule, which deter-
mines its normalization.

As shown in [28] [29], the interference between the two
contributions to Eq.[I]can be neglected, since the IC term
2Cing (7, u?) is much smaller than the extrinsic contribu-
tion generated at < 0.1 by DGLAP evolution [36H3g]
from gluon splitting. Therefore, since the IC probability
w enters into Eq. [1] as a constant in front of the function
dependent on x and p2, one can adopt a simple relation
for any w < wpax:

Zcing (W, 2, ,“2) = xcint(wmammvﬂz) (2)

wmax
which provides a linear interpolation between two charm
densities at the scale ,u2, obtained at w = wpmax and



w = 0. Later we will adopt the charm distribution
function from the CTEQ66M set [39]. We will assume
Wmax = 3.5%, which corresponds to the CTEQ66¢cl
set [39]. Additionally, we have performed a three-point
interpolation of the charmed quark distributions (for
w = 0%, w = 1% and w = 3.5%, which correspond to
the CTEQ66M, CTEQ66c0 and CTEQG66¢] sets, respec-
tively). These results differ from the ones based on (2)) by
no more than 0.5%, thus giving confidence in our starting
point [28]. Note that w in Eq. is treated as a parameter
which does not depend on p?. Therefore, its value can
be determined from the fit to the data.

The general-purpose MC generator SHERPA [31] with
leading order (LO) matrix elements (version 2.2.1) is used
to generate samples for the extraction of the w from the
ATLAS data.

The process p+p — v+ Heavy-Flavor(HF)-jet 4+ up to
4 additional jets is simulated with the requirement E7. >
20 GeV. Additional cuts are applied to match the ATLAS
event selection [30]. For the PDF we used CT14nnloIC
included with the help of LHAPDF6 [40], which contains
three benchmark w values (0%, 1%, 2%).

In order to extract the w-value from the data we first
calculated the EJ-spectrum using the SHERPA MC gen-
erator in the central rapidity region (|n7| < 1.37).

Next, from the satisfactory description of the ATLAS
data in the central rapidity region we have found the
normalization coefficient K = 1.95. Then, using this
scale factor we have fit the experimental Ej-spectrum
in the forward rapidity region 1.56 < |n7| < 2.37 and
65 < EJ < 400 GeV extracting, finally, the IC fraction
w = 1.14%. This procedure is illustrated by Fig.

We have repeated the w-extraction procedure using the
above-mentioned combined kr+collinear QCD factoriza-
tion scheme instead of SHERPA, but without utilization
of any normalization coefficient.

To calculate the EJ-spectrum in the forward rapidity
region the CTEQ66¢ PDF was used, which includes the
IC fraction in the proton. Then, we fit the experimental
Ej-spectrum as a function of w using a three-point in-
terpolation of the charmed PDF. Finally, we determined
the value of w which corresponds to the best descrip-
tion of the ATLAS data [30]. The scale uncertainties are
shown by bands in Fig. They are close to the scale
uncertainties included by SHERPA (Fig. .

The w-dependence of x2-functions obtained with both
SHERPA and the combined QCD approach are presented
in Fig. 3| By definition, the minimum of the y2-function
is reached at a central value w. which corresponds to the
best description of the ATLAS data. As already pointed
above, the application of SHERPA results in w, = 1.14%,
and in the combined QCD gives us w, = 1.00%.

Figure [3| shows a rather weak y2-sensitivity to the w-
value. It is due to the large experimental and theoretical
QCD scale uncertainties especially at EJ > 100 GeV
(Figs. |1 and . Therefore it is not possible to extract
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FIG. 1. The EJ-spectrum calculated with MC generator

SHERPA and multiplied by the factor K = 1.95 compared with
the ATLAS data [30]. (a) top: the spectrum at the central
rapidity region |n”| < 1.37 and forward 1.56 < |n7| < 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 (w = 0%). (b): the
same spectra, as in (a), but with IC contribution w = 1.14%
corresponded to the best fit of the data.

the wc-value with a requested accuracy (3-5 o), instead,
we present relevant upper limits at different confidence
levels in Table [l

The first line in Table[[]corresponds to the central value
w, obtained within two calculations, SHERPA and com-
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FIG. 2. The spectrum of prompt photons as a function of
its transverse energy E7 calculated with the combined QCD
analysis, compared with ATLAS data [30]. (a) top: the spec-
trum 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 IC
contribution w = 1.00% corresponded to the best fit of the
data.

bined QCD. The second (3rd, 4th) line gives w, plus one
(two, three) standard deviation(s), wy.1, = w.+1(2,3) o,
which corresponds to 68% (90%, 95%) of the confidence
level (C.L.). Even at a level of one standard deviation
the we-value is comparable to w = 0%, therefore it is
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FIG. 3. Solid line: x? as a function of w in the forward ra-
pidity region in SHERPA. Dashed line: the similar x? obtained
by the combined QCD calculation.

SHERPA [%]  Comb. QCD [%)]
We 1.14 1.00
wa.1. (68% C.L.) 2.74 3.69
wy.1. (90% C.L.) 3.77 6.36
wy.1. (95% C.L.) 4.32 > 7.5

TABLE I. Central w. value and upper limits wy.1. obtained
within SHERPA and combined QCD calculations.

reasonable to indicate only the upper limit wy_ ;..

The combined QCD approach, in contrast to the
SHERPA, allowed one to describe the data without any
K-factor. Nevertheless, the SHERPA calculation is prefer-
able for extraction of w value since the combined QCD
approach predictions have larger theoretical uncertain-
ties, especially at large transverse momenta (see Fig. [2]).
Therefore, the SHERPA upper limit wy,. 1. = 2.74% (4.32%)
at the 68% (95%) C.L. we consider as a most reliable one.

Note that the experimental error bars and the scale
uncertainties calculated within the SHERPA program are
similar whereas the scale uncertainties obtained using the
combined QCD approach are much larger than the exper-
imental uncertainties, as can be seen from Figs.

As a first estimate of the scale uncertainty we have used
the conventional procedure, used in a literature, varying
the values of the QCD renormalization scale ur and the
factorization one pp in the interval from 0.5E7. to 2E7..
In fact, there are several methods to check the sensitiv-
ity of observables to the scale uncertainty, see, for ex-
ample, [41] and references there in. The renormalization
scale uncertainty of the E--spectra poses a serious theo-



retical problem for obtain a more precise estimate of the
IC probability from the LHC data.

Note that the precision of IC probability estimation is
limited by theoretical QCD scale uncertainties. For ex-
ample, in the absence of these the upper limit w, 1. could
decrease about two times. Another limitation of wy 1.
comes from the systematic uncertainty of the measure-
ment, which is mainly related to the light flavor jet tag-
ging. Without these uncertainties one can reduce wy_ 1. by
comparable amount. In contrast to these uncertainties,
statistical uncertainty doesn’t play a large role. There-
fore, to get more reliable information on the IC probabil-
ity in proton from the next LHC data at /s = 13 TeV
it is needed to do more realistic estimation of theoretical
scale uncertainties and reduce systematic uncertainties.

This problem can be, in fact, eliminated by employ-
ing the “principle of maximum conformality” (PMC) [42]
which sets renormalization scales by shifting the § terms
in the pQCD series into the running coupling. The PMC
predictions are independent of the choice of renormal-
ization scheme — a key requirement of the renormaliza-
tion group. Up to now there is no direct application
of the PMC to the hard processes discussed in this pa-
per. Therefore, its utilization will be the next step of our
study.

In Fig. [4 our prediction on the distribution of prompt
photons as a function of the transverse Feynman vari-
able xr = 2E]/\/s at /s = 13 TeV is presented at
different IC probabilities w = 0, 1 and 2%. The ratio
IC /no IC presented in bottom of Fig. [4] shows that the
inclusion of the IC contribution to PDF allows us to in-
crease the yield of prompt photons about 1.5 times at
w = 1% and about 3 times at w = 2% in the interval
0.12 < 7 < 0.14. At larger zr values the statistics
is very poor, therefore calculating dN/zT -spectrum we
are limited zp < 0.14. By the SHERPA calculation at
Vs = 13 TeV the following kinematical cuts were used:
0 < ap < 0.2 E% > 100 GeV, the integral luminos-
ity L = 100 fb~!, where xr = 2p)//s, pJ is the lon-
gitudinal momentum of photon. According to our MC
calculations, namely, these kinematical cuts available at
ATLAS are preferable for observation of the IC signal in
the zp-spectrum at /s = 13 TeV. Tests of zp-scaling and
measurements of its distribution at different CM energies
will provide new tests of intrinsic charm at the LHC.

In summary:

A first estimate of the intrinsic charm probability in the
proton has been carried out utilizing recent ATLAS data
on the prompt photon production accompanied by the
c-jet at /s = 8 TeV [30]. To obtain more accurate re-
sults on the intrinsic charm contribution one needs ad-
ditional data and at the same time reduced systematic
uncertainty comming primarily from light jet tagging. In
particular, very useful will be measurements of cross sec-
tions of v 4+ ¢ and v + b production in pp-collisions at
/s = 13 TeV at high transverse momentum with high
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FIG. 4. Top: the distribution of number of prompt photon
events as a function of xt calculated within the MC gener-
ator SHERPA at /s = 13 TeV and different values of the IC
probability w = 0% (circles), w = 1% (squares) and w = 2%
(triangles). Bottom: the ratio of the MC calculation including
the IC contribution and without it.

statistics [28]. The ratio of photon + charm to photon
+ bottom cross sections is very sensitive to the IC sig-
nal [28, [29]. The ratio, when EJ. grows, decreases in the
absence of the IC contribution and stays flat or increases
when the IC contribution is included. Furthermore, the
measurements of Z/W + ¢/b production in pp collision at
13 TeV could also give additional significant information
on the intrinsic charm contribution [27] [29].
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