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The transverse momentum spectra of hadrons produced in high energy collisions can be decom-
posed into two components: the exponential (“thermal”) and the power (“hard”) ones. Recently,
the H1 Collaboration has discovered that the relative strength of these two components in Deep
Inelastic Scattering depends drastically upon the global structure of the event - namely, the expo-
nential component is absent in the diffractive events characterized by a rapidity gap. We discuss
the possible origin of this effect, and speculate that it is linked to confinement. Specifically, we
argue that the thermal component is due to the effective event horizon introduced by the confining
string, in analogy to the Hawking-Unruh effect. In diffractive events, the t-channel exchange is
color-singlet and there is no fragmenting string – so the thermal component is absent. The slope of
the soft component of the hadron spectrum in this picture is determined by the saturation momen-
tum that drives the deceleration in the color field, and thus the Hawking-Unruh temperature. We
analyze the data on non-diffractive pp collisions and find that the slope of the thermal component
of the hadron spectrum is indeed proportional to the saturation momentum.

PACS numbers: 03.65.Vf,11.30.Rd,11.15Yc

The transverse momentum spectra of hadrons pro-
duced in high energy collisions can be accurately de-
scribed by the sum of power (“hard”) and exponential
(“soft”) components. The hard component is well un-
derstood as resulting from the high momentum transfer
scattering of quarks and gluons, and their subsequent
fragmentation. The “soft” one is ubiquitous in high en-
ergy collisions and has the appearance of the thermal
spectrum – but its origin remains mysterious to this day.
Indeed, while in nuclear collisions one may expect ther-
malization to take place, it is hard to believe that ther-
malization can occur in such processes as Deep-Inelastic
Scattering (DIS) or e+e− annihilation. Moreover, not
only the transverse momentum spectra but also the abun-
dances of hadrons in these elementary processes appear
approximately thermal [1–3].

The universal thermal character of hadron transverse
momentum spectra and abundances in all high energy
processes can hardly be a coincidence and begs for a the-
oretical explanation. One attempt to understand it is
based on the hypothesis that confinement is associated
with an event horizon for colored particles. The quan-
tum effects then produce the thermal spectra of hadrons,
similarly to the Hawking evaporation of black holes or
Unruh radiation. Indeed, the color string stretching be-
tween the colored fragments in a high energy collision
contains the longitudinal chromoelectric field. This field
deccelerates the colored fragments producing a Rindler
event horizon. Quantum fluctuations in the vicinity of
the event horizon then result in the thermal production
[4–6].

A novel perspective on this phenomenon is offered by
the holographic gauge/gravity correspondence, in which
high energy collisions lead to the creation of trapped
surfaces (with corresponding event horizons) in the bulk
AdS space [7–10]. In string approach, the inelastic pro-
cesses are accompanied by deceleration, and thus the
thermal emission [11–13].

The effective temperature of the hadron spectrum in
this picture is proportional to deceleration that is driven
by the confining chromoelectric field. The strength of
the chromoelectric field at low collision energies is de-
termined by the string tension. At high energies, the
quantum evolution effects come into play, increasing the
number of gluons in the wave functions of the collid-
ing hadrons; therefore the chromoelectric field becomes
stronger.

An economic and theoretically consistent way to de-
scribe this phenomenon is offered by the parton satura-
tion [14], or color glass condensate [15], picture. In this
approach the density of partons in the transverse plane
inside hadrons, and thus the strength of the color field
after the hadron collision, is parameterized by the sat-
uration momentum Qs(s, η) that depends on the c.m.s.
collision energy squared s and (pseudo-)rapidity η. The
deceleration a then appears proportional to the value of
the saturation momentum, a ∼ Qs. The temperature of
the radiation from the resulting Rindler event horizon is
thus given by [4]

Tth = c
Qs
2π
, (1)
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where c is a constant of order one; in [5] an estimate
c ' 1.2 was given.

The dependence of the saturation momentum on c.m.s.
energy squared s and pseudo-rapidity η is given by

Q2
s(s;±η) = Q2

s(s0; η = 0)

(
s

s0

)λ/2
exp(±λη); (2)

where λ ' 0.2÷0.3 is the intercept (see e.g. [16]). In the
saturation scenario, Qs is the only dimensionful param-
eter, so the transverse momentum spectra F (pT ) have
to scale as a function of dimensionless variable pT /Qs
[17, 18]:

F (pT ) = F (pT /Qs); (3)

for massive hadrons of mass m, we have to replace pT →
mT =

√
p2T +m2.

In ref. [19] it has been found that the following param-
eterization describes well the hadron transverse momen-
tum distribution in hadronic collisions and deep-inelastic
scattering:

dσ

pT dpT
= Atherm exp (−mT /Tth) +

Ahard(
1 +

m2
T

T 2·n

)n , (4)

A typical fit to the charged particle spectrum with this
function (4) is shown in the Fig. 1.

FIG. 1: The charged hadron spectrum measured by the
UA1 Collaboration [20] as fitted by the function (4): the
red (dashed) curve shows the exponential term and the green
(solid) one – the power term.

Within the framework described above, the parameter
T is the saturation momentum, Qs = T , and the effective
temperature Tth is proportional to Qs as well, as given
by (1). Therefore, basing on the picture outlined above,
we expect the linear relation between Tth and T . The
linear relation T = (4.26 ± 0.15) · Tth has indeed been
observed in [19].

Moreover, since the presence of the thermal compo-
nent signals deceleration in longitudinal color fields, we

can now understand a striking experimental observation
[21]: in diffractive events characterized by a rapidity gap,
the thermal component in the hadron transverse momen-
tum spectrum is absent. In our present framework, this
is a straightforward consequence of the color-singlet t-
channel exchange that is responsible for diffraction – in
this case there is no fragmenting string – and thus no
deceleration.

Let us now check whether the relation between Tth
and T is indeed linear at different energies and rapidities.
Since the parameters T and Tth according to (2) should
depend on both c.m.s. energy and pseudo-rapidity, it is
desirable to separate these dependences. This is possible
if one compares the data at different c.m.s. energies at
approximately the same pseudorapidity intervals. Hence
we look first at ISR [22], PHENIX [23], ALICE [24] and
UA1 [20] data in the most central (|η| < 0.8) pseudo-
rapidity region.

The figure 2 shows the values of T and Tth resulting
from this analysis as a function of c.m.s. collision energy.
One can describe the energy dependence by the power-

FIG. 2: Variations of the T , Tth parameters (4) obtained
from the fits to the experimental data [20, 22–24] (full points)
as a function of c.m.s. collision energy

√
s. Solid lines show

power-law fits (2). In addition, open points show parameters
for the data measured in different pseudorapidity intervals [20,
25–27] with dashed and dotted lines showing the predictions
from (2).

law fits (2) shown in figure 2:

T = 409 · (
√
s)0.06 MeV, (5)

Tth = 98 · (
√
s)0.06 MeV. (6)

We find a rather good agreement between the values ex-
tracted from the fit (4) of experimental data and expected
on the basis of (2). Remarkably, from (5)-(6) one can
again notice the linear relation between T and Tth with
the proportionality coefficient 4.16± 0.2, similar to that
observed in [19].
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The extracted proportionality coefficient 4.16 is not far
from (2π)/1.2 ' 5.23 predicted in [5], so c is indeed of
order 1.

To study the variations of parameters T and Tth with
pseudorapidity one can use the data from the UA1 ex-
periment [20] which are available as the charged hadron
spectra in five pseudorapidity bins, covering the total ra-
pidity interval |η| < 3.0. Figure 3 shows how the pa-
rameters T and Tth vary with pseudorapidity together
with the lines describing the exponential dependence pre-
dicted from eq. (2) with λ = 0.12 as obtained from the
fits (5)-(6) to the experimental data. Though the data
measured by the UA1 experiment have been measured
only in five pseudorapidity intervals, one can clearly no-
tice the growth of T and Tth values, which is also in a
good qualitative agreement with the formula (2). Further
precise measurements of the double differential charged
particle spectra at LHC would allow to confirm the ob-
served behavior.

FIG. 3: Variations of the T and Tth parameters of (4) ob-
tained from the fits to the experimental data [20] as function
of pseudorapidity. Lines show the dependence predicted by
eq. (2) with λ = 0.12.

In addition, figure 2 shows UA1 [20, 25], BRAHMS [26]
and CMS [27] data measured under different experi-
mental conditions. In these measurements the pseudo-
rapidity interval was much wider than in [22–24]. There-
fore, one can compare the parameter values obtained
from the fits of these data (open points in figure 2) to
the values calculated according to (2) with λ = 0.12,
T 0 and T 0

th taken from (5)-(6) and η taken as the mean
value of the measured pseudorapidity interval (dashed
and pointed lines in figure 2. Rather good agreement
between these predictions and the experimental data can
be observed from figure 2 further supporting the behavior
predicted by eq. (2).

We hope that our analysis sheds some new light on
the origin of the thermal component in hadron produc-
tion. The established proportionality of the parameters

describing the “thermal” and “hard” components of the
transverse momentum spectra supports the theoretical
picture in which the soft hadron production is a conse-
quence of the quantum evaporation from the event hori-
zon formed by deceleration in longitudinal color fields.
The absence of the thermal component in diffractive in-
teractions lend further support to our interpretation. It
will be worthwhile to extend this analysis to other high
energy processes. Future precise measurements at LHC
are needed to further study the proposed picture for
hadron production.
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