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The origin of the apparent thermalization in high-energy collisions is investigated using the data of the
ATLAS and CMS Collaborations at the LHC. For this purpose, we analyze the transverse momentum
distributions in the following proton-proton collision processes, all at

ffiffiffi
s

p ¼ 13 TeV: (i) inclusive inelastic
pp collisions; (ii) single- and double-diffractive Drell-Yan production pp → μþμ−X; and (iii) Higgs boson
production. We confirm the relation between the effective temperature and the hard scattering scale
observed at lower energies, and find that it extends even to the Higgs boson production process. In addition
we find that the thermal component disappears in diffractive events (even though many charged hadrons are
still produced). We discuss the implications of our study for the mechanism of multiparticle production—in
particular, we test the hypothesis about the link between quantum entanglement and thermalization in
high-energy collisions.

DOI: 10.1103/PhysRevD.98.054007

I. INTRODUCTION

Understanding the dynamics of multiparticle produc-
tion in high energy collisions remains a big challenge
for theory. This is because the description of real-time
evolution of a strongly coupled non-Abelian gauge
theory is notoriously difficult. Nevertheless, the avail-
ability of the diverse high quality data on multiparticle
production from the experiments at the LHC and RHIC
should allow us to motivate and inform the theory.
In this work, we address the origin of the apparent
thermalization in high-energy collisions that is usually
inferred from the presence of the exponential component
in the transverse momentum distributions of produced
particles and the thermal abundances of the hadron
yields (see [1] for a review). The emergence of the
thermal features in a high energy proton-proton collision
is surprising, as the number of secondary interactions
in this process is relatively low and does not favor

thermalization through conventional final-state interac-
tion mechanisms.
In this paper we will investigate the possibility that

the apparent thermalization in high energy collisions is
achieved during the rapid “quench” induced by the collision
due to the high degree of entanglement inside the wave
functions of the colliding protons [2]. An example of such a
“quantum thermalization through entanglement” is a recent
experimental study of a quench in the Bose-Einstein con-
densate of Rb atoms where the entanglement was found to
induce a rapid eigenstate thermalization [3]. Theoretical
studies of quenches in entangled quantum systems described
by (1þ 1)-dimensional conformal field theories [4,5] indicate
that at late times the system can be described by a generalized
thermal Gibbs ensemble with an effective temperature set
by the energy cutoff for the ultraviolet modes.
Since a high-energy collision can be viewed as a rapid

quench of the entangled partonic state [2], it is thus possible
that the effective temperature inferred from the transverse
momentum distributions of the secondaries in a collision can
depend upon the momentum transfer, that is an ultraviolet
cutoff on the quantum modes resolved by the collision. In
analyzing the high-energy collisionswith different character-
istic momentum transfer Q we thus expect to find different
effective temperatures T ∼Q. We can also look at the
inelastic events characterized by a rapidity gap, where the
proton is probed as a whole, and no entanglement entropy
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arises [2]—in this case, if the quantum entanglement is
responsible for the thermalization, we expect no thermal
radiation.
In fact, it has been observed [6] in deep-inelastic

scattering at HERA that while the thermal component of
hadron spectra is a prominent feature of inclusive events,
this thermal radiation disappears in the events characterized
by the rapidity gap. Since diffractive processes with a
rapidity gap involve the entire wave function of the proton,
there is no associated entanglement entropy—so this
observation hints at a link between the entanglement and
thermalization. The relation between the effective temper-
ature and the saturation momentum (that is an UV cutoff on
the gluon modes in an inclusive interaction) that has been
deduced [7] from the inclusive data on inelastic collisions
at RHIC energies also agrees with this hypothesis. An
alternative view is that the thermal radiation possesses a
universal effective temperature T ∼ Λ, where Λ is the QCD
scale that determines the mass gap in this theory.
We would like to emphasize that the existence of a

universal effective temperature deduced from the hadron
abundances does not contradict the growth of the effective
temperature as deduced from the transverse momentum
spectra. This is because the effective temperature deduced
from the hadron abundances reflects the property of
confinement, and is determined through dimensional
transmutation of QCD, by the QCD scale Λ. In the old-
fashioned, but definitely correct, approach proposed by
Hagedorn [8], this limiting temperature is determined by
the density of hadron states, which in turn is related to the
QCD string tension, and thus to Λ.
The temperature deduced from the transverse momen-

tum spectra, on the other hand, reflects thermalization at the
quark-gluon level. This kind of an effective temperature is
not limited from above and can indefinitely increase with
the collision energy. Because of the energy-momentum
conservation during the hadronization, the growth of the
temperature of quarks and gluons leads to the hardening of
the hadron transverse momentum distributions. In fact it
has been known for some time that the phase space
distributions of produced hadrons closely reflect the phase
space distributions of partons computed in QCD—this
property is known as the local parton-hadron duality [9].
The large amount of data accumulated by the LHC

experiments should allow to disentangle these distinct
possibilities, and we will attempt to do it in this paper.
Specifically, we perform the comparison of the transverse
momentum distributions in the following proton-proton
collision processes at

ffiffiffi
s

p ¼ 13 TeV: (i) inclusive inelastic
pp collisions; (ii) single- and double-diffractive Drell-Yan
production pp → μþμ−X; and (iii) Higgs boson production.
The paper is organized as follows. In Sec. II we briefly

summarize the theoretical ideas on the role of entanglement
in high energy collisions, and discuss the possible link
between entanglement and thermalization. In Sec. III we

analyze the transverse momentum distributions of charged
hadrons produced in inelastic pp collisions at

ffiffiffi
s

p ¼
13 TeV. Here we find both the “thermal” (falling off
exponentially) and “hard” (falling off as a power) compo-
nents, with the effective temperature and semi-hard scatter-
ing scales related in a way similar to what has been found at
lower energies [7]. In Sec. IV we analyze the single- and
double-diffractive Drell-Yan production pp → μþμ−X atffiffiffi
s

p ¼ 13 TeV. The dominant mechanism of μþμ− produc-
tion is the photon-photon fusion γγ → μþμ−, so these
diffractive processes allow an analysis of the fragmentation
of a high energy proton in an intense electromagnetic field
produced by the other proton. We observe that the thermal
component of the hadron spectrum disappears in this class
of events even though the events are inelastic and do
produce many hadrons. In Sec. V we analyze the transverse
momentum distribution of the Higgs bosons produced in
pp collisions at

ffiffiffi
s

p ¼ 13 TeV. Surprisingly, we find that
this transverse momentum distribution is also accurately
described by the superposition of a power-like “hard”
component with the hardness scale set by the Higgs boson
mass MH and the thermal component with a very high
effective temperature T ∼MH, where the proportionality
coefficient is close to the one observed for other inelastic
processes. Finally, in Sec. VI we discuss our results and
their implications for understanding the mechanism of
apparent thermalization in high energy collisions.

II. ENTANGLEMENT AND THERMALIZATION
IN HIGH ENERGY COLLISIONS

Recently, it has been proposed that quantum entangle-
ment is at the origin of parton distributions measured in
hard processes [2]. Let us briefly summarize these argu-
ments here. A hard process probes only the part of the
proton wave function that is localized in a region of space
that we denote A. For a hard process with a momentum
transfer q2 ¼ −Q2 and Bjorken variable x, this region has a
transverse size ∼1=Q and, in the proton’s rest frame,
longitudinal size ∼ðmxÞ−1, where m is the proton mass.
Let us denote by B the region of space complementary to

A, so that the entire space is A ∪ B. The physical states
inside the region A probed by the hard process are states in
a Hilbert spaceHA of dimension nA, and unobserved states
in the region B belong to the Hilbert spaceHB of dimension
nB. The composite system in A ∪ B (the entire proton) is
then described by the vector jΨABi in the space HA ⊗ HB
that is a tensor product of the two spaces:

jΨABi ¼
X
i;j

cijjφA
i i ⊗ jφB

j i; ð1Þ

where cij are the elements of the matrix C that has a
dimension nA × nB. If one can find such states jφAi and
jφBi that jΨABi ¼ jφAi ⊗ jφBi, i.e., that the sum (1)
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contains only one term, then the state jΨABi is separable, or
a product state. Otherwise the state jΨABi is entangled.
The Schmidt decomposition theorem states that the pure

wave function jΨABi of our bi-partite system can be
expanded as a single sum

jΨABi ¼
X
n

αnjΨA
nijΨB

n i ð2Þ

for a suitably chosen orthonormal sets of states jΨA
ni and

jΨB
n i localized in the domains A and B, respectively, where

αn are positive and real numbers that are the square roots of
the eigenvalues of matrix CC†. In the parton model, we
assume that this full orthonormal set of states is given by
the Fock states with different numbers n of partons.
The density matrix of the mixed state probed in region A

can now be written down as

ρA ¼ trB ρAB ¼
X
n

α2njΨA
nihΨA

n j; ð3Þ

where α2n ≡ pn is the probability of a state with n partons.
The identification of the basis jΨA

ni in the Schmidt
decomposition (2) with the states with a fixed number n
of partons is natural—only in this case we do not have to
deal with quantum interference between states with differ-
ent numbers of partons, as such interference is absent in the
parton model. Because the parton model represents a
description of QCD that is a relativistic field theory, the
number of terms in the sum (2) (the Schmidt rank) is in
general infinite. Note that a pure product state with no
entanglement would have a Schmidt rank one.
The von Neumann entropy of this state is given by

S ¼ −
X
n

pn lnpn: ð4Þ

This entropy results from the entanglement between the
regions A and B, and can thus be interpreted as the
entanglement entropy. In terms of information theory,
Eq. (4) represents the Shannon entropy for the probability
distribution ðp1;…; pNÞ. The QCD evolution equations
can be used to evaluate the probabilities pn, and thus the
entanglement entropy (4).
After the hard scattering takes place, the mixed quantum

state characterized by the entanglement entropy (4) under-
goes the evolution toward the final asymptotic state of
hadrons measured in the detectors. This final state is
characterized by the Boltzmann entropy; how does this
entropy relate to the initial entanglement entropy of the
system? Does the produced Boltzmann entropy correspond
to an entropy of a thermal ensemble?
To address these questions, let us consider the proton-

proton collision in the reference frame where one of the
protons is at rest. As discussed above, in this frame the
partonic configuration of the high-momentum proton is
prepared long before the collision, at a distance ∼ðmxÞ−1.

The proton itself is an eigenstate jψ0i of the QCD
Hamiltonian H0. When the collision takes place, this
configuration undergoes a rapid “quench,” and evolves
according to a new Hamiltonian H ¼ H0 þ VðtÞ where
VðtÞ is the term induced by the inelastic interaction.
Since an inelastic interaction in QCD is induced by the
gluon exchange, the term VðtÞ represents an effect of the
pulse of the color field. The onset of this pulse in a hard
scattering with a hardness scale Q, by the uncertainty
principle, is τ ∼ 1=Q (we write it in the comoving frame,
so τ is the proper time). Since this time is short on the
QCD scale, τ ≪ 1=Λ, the quench creates a highly excited
multi-particle state.
For the case of a short pulse of (chromo) electric field,

the produced particles have thermal-like exponential spec-
tra with an effective temperature of T ≃ ð2πτÞ−1 ≃Q=ð2πÞ
[10]. The derivation in [10] involved a semiclassical
approximation, but the same result holds for specific time
profiles of the pulse when exact solutions can be found
[11]. The thermal spectrum in this case can be attributed to
the emergence of an event horizon formed due to the
acceleration induced by the electric field [10,12].
These arguments point to the proportionality between

the momentum scale Q in an inelastic interaction and the
effective temperature T inferred from the transverse
momentum distributions [7,10,13]:

T ¼ c
Q
2π

; ð5Þ
where c is a universal (energy-independent) coefficient of
order one. In an inclusive inelastic event, the scale Q has
to be identified [7,10,13] with the “saturation momentum”
Qs [14–16] that depends on the Bjorken x and thus on
the energy of the collision and the rapidity at which the
measurement of the spectra is performed. In a hard process,
the scale Q is set by the kinematics of the process.
The emergence of thermal behavior in an entangled

quantum system undergoing a quench has been recently
observed in Bose-Einstein condensate of Rb atoms [3]. The
effective temperature was found to depend on the properties
of the quench, similarly to the situation discussed above.
The studies of entanglement and thermalization using an
ensemble of trapped atomic ions were also performed in
[17]. Here the authors show experimental evidence for
quantum entanglement and information propagation,
results that can be compared to measurements of thermal-
ization in these systems [18,19].
Is it possible to predict the amount of produced

Boltzmann entropy if one knows the initial entanglement
entropy? In the case of a high energy collision, this would
allow us to predict the produced entropy if the parton
distributions (interpreted in terms of entanglement entropy
[2]) are known. The comparison to the LHC data on hadron
multiplicity distributions performed in [2] indicates that the
produced Boltzmann entropy is quite close to the initial
entanglement entropy.
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Unfortunately, very little is known at present on general
grounds about the transformation of the entanglement
entropy into the Boltzmann entropy following the quench.
This problem is important and emerges in many areas
of physics—for example, solving it would enable under-
standing of qubit decoherence in quantum computers. The
theoretical results available at present are mostly limited to
the case of conformal field theory (CFT). In particular, it is
known [4,5] that for a rapid quench (such as the one that
occurs in a high-energy collision) in a (1þ 1) dimensional
CFT the entanglement entropy of a segment of length L
first grows linearly in time, until t ≃ L=2, and then saturates
at the value

SðtÞ ≃ c
3
ln τ0 þ

πcL
12τ0

; ð6Þ

where c is the conformal charge of the CFT, and τ−10 is the
energy cutoff for the ultraviolet modes. Comparing this to
the entropy of a thermal (1þ 1) dimensional system at a
temperature T, Stherm ≃ c

3
LT, we infer that the effective

temperature is T ∼ τ−10 . Drawing an analogy to our case of a
(3þ 1) dimensional hard collision, we identify Q ¼ τ−10 ,
and expect to find an effective temperature T ∼Q, in
accord with our previous arguments.
The interpretation of the result (6) is the following

[4,5,20]. The quench leads to the production of entangled
(quasi)particle pairs, sincewhat used to be the ground state of
the undisturbed Hamiltonian H0 is a highly excited state of
the Hamiltonian after the quench, H ¼ H0 þ VðtÞ. The
entangled pairs produced by the quench propagate along
the light cone, and contribute to the entanglement entropy of
the segment of length L if only one particle of the pair is
detected within this segment. Shortly after the quench, only
particle pairs produced near the boundary of the segment thus
contribute to the entanglement, and the entanglement entropy
is not extensive in the length L. However, at times t > L=2,
even in the center of the segment one can detect a particle
whose entangled partner is outside of the segment—this
means that the entanglement entropy receives contributions
from the entire segment, and should scale extensively in L
in accord with the result (6). This scaling is a necessary
condition for an effective thermalization.
For a quench induced by a high-energy collision, we

sketch the resulting picture of thermalization from entan-
glement in Fig. 1. Note that the hardest quasiparticle modes
that propagate along the light cone thermalize first. For the
softer particles that propagate in the interior of the light
cone, it takes a longer time to thermalize, i.e., to exhibit an
extensive scaling of the entropy. The detection of particles
is assumed to be performed within the interval of length L
[see Eq. (6)], corresponding to a limited range in (pseudo)
rapidity. While Eq. (6) has been obtained in the framework
of CFT, the simple physical interpretation of this result
makes its broader validity quite likely.
It is instructive to point out the difference in the

mechanisms of thermalization expected at weak and strong

coupling. At weak coupling, the “bottom-up” thermal-
ization mechanism [21] also yields an effective temperature
T ∼Qs in inelastic high energy collisions. However the
thermalization in this picture begins from the soft, low-
momentum modes that eventually draw the energy from
the harder modes; the thermalization of the hard, high-
momentum modes is thus expected to take a parametrically
long time proportional to the inverse power of the (small)
coupling constant [21]. On the other hand, in strongly
coupled entangled systems the process of thermalization
is fast and determined by the size of the system and the
parameters of the quench; moreover, it starts from the
hardest modes resolved in the process. In the dual holo-
graphic description of conformal field theory, this process
is described by the formation of trapped surface near the
Minkowski boundary that then falls into the AdS bulk,
corresponding to the spreading of thermalization from hard
to soft modes [22,23]. A similar picture emerges from the
analysis of entanglement entropy in an expanding string
[24], where the entropy has been found to have a thermal
form with an effective temperature T ∼ 1=τ at early time τ.
The arguments presented above are qualitative at best, and

can definitely be questioned. Nevertheless, we feel that they
provide enough motivation to look into the structure of
inelastic collision events at high energies, and to explore the
possible relation between the effective temperature and the
hard scale of the collision. We will now proceed to perform-
ing such an analysis.

III. CHARGED HADRON TRANSVERSE
MOMENTUM DISTRIBUTION

Data from proton-proton collisions at 13 TeV center of
mass energy yielding multiple charged particles in the final
state have been recorded by the ATLAS collaboration at

x

t

’τ

τ

2-x2 = t2τ

L

FIG. 1. A sketch illustrating quantum thermalization through
entanglement in a high energy collision. The entangled particle
pairs produced at a proper time τ contribute to the entanglement
entropy in the interval of length L shown by the hashed segment
of the curve at a proper time τ0 > τ.
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CERN’s LHC in 2016 [25]. The data set corresponds to an
integrated luminosity of 151 μb−1 for charged particles
that have transverse momenta greater than 100 MeV=c
and absolute pseudorapidity of less than 2.5. Events that
contain two or more charged particles in the final state were
selected for analysis. In order to remove the presence of
strangeness or heavier flavor charged particles from the
sample, final state hadrons that originate in the primary pp
interaction and that have a lifetime of greater than 30 ps
were excluded from the final selected events. Additionally,
secondary charged particles that are the result of particle
decays from this data set that have a lifetime greater than
30 ps were also excluded. The data set effectively excluded
charged strange baryons from the results used in the present
analysis. Comparisons with event generators PYTHIA 8 and
EPOS (LHC tune) indicate that the majority of selected
events are nondiffractive and that the process is dominated
by t-channel gluon exchanges. Transverse momentum bin
widths from 0.1 GeV at low PT to as large as 20 GeV at
higher PT were used in the analysis [25].
The normalized charged hadron transverse momentum

distribution is shown in Fig. 2. The thermal component
is shown by the exponential, red dashed curve; we para-
metrize it as

1

Nev

1

2πPT

d2Nev

dηdPT
∼ Atherm expð−mT=TthÞ; ð7Þ

where the transverse massmT is given bymT ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ P2

T

p
(m is the hadron mass; we assume that the spectrum is
dominated by pions), and Tth is an effective temperature.
The hard scattering (power law, green solid curve) com-
ponent is parametrized as in [7],

1

Nev

1

2πPT

d2Nev

dηdPT
∼

Ahard

ð1þ m2
T

T2·nÞ
n ; ð8Þ

where T and n are parameters to be determined from the fit.
The sum of the two terms is shown by the blue solid curve.
The value Tth ¼ 0.17 GeV describes well the experi-

mental transverse momentum distribution; it agrees with
that expected from the extrapolation of the relation [7]
deduced at lower energies

Tth ¼ 0.098 ·
� ffiffiffiffiffiffiffiffiffi

s=s0
p �

0.06
GeV ð9Þ

to the LHC energy of
ffiffiffi
s

p ¼ 13 TeV; s0 ¼ 1 GeV2.
Similarly, the hard scale parameter T extracted in [7] is

T ¼ 0.409 ·
� ffiffiffiffiffiffiffiffiffi

s=s0
p �

0.06
GeV: ð10Þ

Note that the parametrizations (9) and (10) imply that the
effective temperature Tth is proportional to the hard scale T,
in accord with our discussion in Sec. II.
Our fit to the charged hadron transverse momentum

distribution yields the hard scale parameter T ¼ 0.72 GeV
and n ¼ 3.1. This value of T is in agreement with the
extrapolation of (10) to

ffiffiffi
s

p ¼ 13 TeV, but the value of n is
smaller, reflecting the slower fall-off of the transverse
momentum distribution at the LHC energy.
Let us define the ratio R of the integral under the power

law (hard scattering) curve and the integral under the total
(hard scattering plus thermal component) curve of the fit
in Fig. 2:

R ¼ power
power þ exponential

: ð11Þ

We find for it the value of R ≃ 0.16, in agreement with the
ratio calculated from the charged hadron spectra in inelastic
proton-proton collisions at ISR energies of

ffiffiffi
s

p ¼ 23, 31,
45, and 53 GeV [6].

IV. DIMUON PAIR TRANSVERSE MOMENTUM
DISTRIBUTION FROM γγ SCATTERING IN

PROTON-PROTON COLLISIONS

Proton-proton (pp) collisions at the LHC often proceed
through the photon-photon (γγ) interactions. In this case,
the final state of the collision contains the protons, or the
products X0, X00 of their diffractive dissociation. The
ATLAS collaboration made measurements of the reaction

ppðγγÞ → μþμ−X0X00 ð12Þ

at 13 TeV center of mass energy in pp collisions [26]. The
relevant Drell-Yan (DY) production processes are exclusive
production (with two intact protons in the final state), single
diffraction (in which one of the incident protons dissociates
into an inelastic state), and double diffraction (in which
both of the incident protons dissociate). Selection of the
exclusive γγ → μþμ− process was implemented by only
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FIG. 2. Transversemomentumdistribution of charged hadrons in
proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV. The curves shown are
exponential (red dashed) and power law (green solid) correspond-
ing to the thermal and hard scattering contributions respectively,
and the sum of these two contributions (blue, thin solid).
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including events that have both a μþ and μ− track while
excluding events that show additional charged particle
activity with transverse momenta greater than 400 MeV
and within the pseudorapidity range considered here. DY
and multijet contributions, which are backgrounds to the
exclusive reaction, are vetoed with these cuts. Additional
DY vetoing is achieved by excluding events that yield a
dimuon invariant mass greater than 70 GeV. The analysis
performed in [26] shows that at the transverse momenta of
the Drell-Yan pair below 1.5 GeV the DY production is
dominated by the exclusive process, whereas at larger
transverse momenta the single and double diffractive
processes with inelastic final states dominate.
In the most recent ATLAS analysis of the reaction (12)

care was taken to select diffractive events that proceed
through the γγ scattering. As argued in [2,7] such diffractive
events are expected to have a suppressed thermal (exponen-
tial) component. This is because in these diffractive processes
the photon interacts coherently with the entire proton, and
noentanglement entropy arises, as discussed inSec. II.As the
presence of the thermal component in this approach is the
consequence of the entanglement,we expect it to be absent in
diffractive events.
Figure 3 shows the transverse momentum distribution in

the case of γγ production of di-muon pairs in proton-proton
collisions at 13 TeV center of mass energy; the transverse
momentum bin widths of 1.3 GeV were used in [26]. As
can be seen from Fig. 3, the hard scattering term alone
describes well the distribution, and there is no thermal
(exponential) component visible in the distribution. The
ratio R defined in the previous section in this case is R ≃ 1,
in agreement with our theoretical expectations and the
previous data for γγ scattering at OPAL at

ffiffiffi
s

p ¼ 15 and
35 GeV that also show no thermal component, with R close
to one.

V. HIGGS BOSON TRANSVERSE
MOMENTUM DISTRIBUTION

With the newest (and final) member of the standard
model now discovered, we can investigate whether the
transverse momentum distribution of the Higgs boson is
affected by the thermalization processes. While there is
little doubt that the integrated cross sections of the Higgs
production in general are adequately described by pertur-
bation theory (see [27] for a review), it is possible that the
QCD radiation in this process, and thus the Higgs boson
transverse momentum distributions, are affected by the
entanglement.
The Higgs boson transverse momentum distributions

have been measured by both ATLAS and CMS collabo-
rations in the discovery mode channels: Higgs boson
decays to four leptons (electrons and muons) [28] and
Higgs boson decays to γγ [29,30]. The data considered here
are for proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV center of
mass energy collected during Run 2 in 2015 and 2016.

A. Higgs boson decay to γγ

The dominant particle level process in the reaction pp →
H → γγ is gluon-gluon fusion, followed by the relatively
less frequent vector boson fusion (VBF), associated pro-
duction with top quarks (ttH) and associated production
with a vector boson (VH). The fiducial cross sections for
the reactions considered here are defined as the two photon
final states where the photons are well isolated and are
restricted to the absolute pseudorapidity region jηj ≤ 2.37,
and where the leading and subleading photons satisfy
the requirement that the transverse momentum–diphoton
invariant mass ratio PT=mγγ is greater than 0.35 and 0.25,
respectively. Photons must have a transverse momentum
greater than the threshold of 25 GeV, and only photons that
are detected outside of the ATLAS detector crack region,
1.37 ≤ η ≤ 1.52 in pseudorapidity are retained. The dipho-
ton invariant mass for Higgs boson reconstruction is
restricted to an invariant mass range between 105 GeV
and 160 GeV, inclusive.
Since the fiducial volumes of both ATLAS and CMS

analyses are not too different given the uncertainties in
the measurements, the results from both experiments are
included in the current analysis. In Fig. 4 the transverse
momentum distribution of the Higgs bosons is shown in
the range from 8 GeV to 390 GeV for combined ATLAS
and CMS data. As can be seen from Fig. 4, there clearly
are both the hard scattering (power law) and thermal
(exponential) components in the transverse momentum
distribution, similarly to the case explored in Sec. III. In
fact, due to the much larger range of the available transverse
momenta, the separation between the hard and thermal
components is even more defined.
The power-law and exponential distributions yield an

effective temperature Tth ≃ 3.5 GeV and the hard scale
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FIG. 3. Transverse momentum distribution of normalized event
distribution 1

PT

dNμμ

dPT
in units of GeV−2 versus the transverse

momentum muon pair transverse momentum in units of GeV
for the ðppÞðγγÞ → μþμ−ðppÞ reaction. The curve shown (green,
solid) is the power law contribution corresponding to the hard-
scattering process.
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parameter T ≃ 14.4 GeV that are about 20 times larger than
the values derived from the charged hadron data in Sec. III.
Interestingly, the ratio R defined by (11) and extracted from
Fig. 4 is R ¼ 0.15� 0.05 that is very close to the one
determined from the charged hadron distribution in proton-
proton collisions studied in Sec. III, R ¼ 0.16� 0.05.

B. Higgs boson decay to four leptons

The Higgs boson decays to the additional high resolution
final state channel (four leptons) were used to extract the
transverse momentum (PT) distributions in both ATLAS
[29] and CMS [30]. Muon (electron) identification require-
ments are transverse momentum thresholds of 5 (7) GeV
and an absolute pseudorapidity window of jηj less than 2.7
(2.54) in ATLAS. Systematic uncertainties on the detector
correction and acceptance factors are at most 3.2% and are
mostly less than 1%.

Shown in Fig. 5 is the normalized differential cross
section, 1

pT
dσ
dpT in units of fb=GeV2 between 5 and 275 GeV

transverse momenta for the H → ZZ� → 4l reaction. Just
as for the case H → γγ in the previous subsection, there is
here also a clear hard scattering component as well as a
thermal component to the full distribution. (The curves are
defined as before). As in the H → γγ distribution described
in the previous subsection, the power-law and exponential
components yield an effective temperature and the hard
scale parameter that are about 20 times larger than those
determined from the charged hadron spectrum. The ratio R
calculated in the 4l case [see Eq. (11)] is R ¼ 0.23� 0.05,
which is consistent within the error bars with the value
R ¼ 0.15� 0.05 extracted from the H → γγ decay mode.
Table I presents a compilation of the effective temper-

atures, hard scale parameters and the ratio R [defined by
(11)] for the processes considered in this paper.
We have found that the shape of the Higgs transverse

momentum distribution in the entire pT range is consistent
with the “thermal + power” shape thatwe assume for all other
processes. The effective temperature of the thermal distri-
bution is determined by theHiggsmass and is thus very large,
about 3.5 GeV. In the framework of the standard approach,
there is no reason to expect that such a description would
apply—but the data indicate that it does. This is consistent
with the assumption that the effective temperature is propor-
tional to the hard scale of theprocess thatwe apply throughout
the paper.

VI. DISCUSSION

The theoretical arguments and the analysis of the LHC
data presented above point to an unconventional mecha-
nism of apparent thermalization in high-energy collisions.
The effective temperature Tth deduced from the data has
been found here to be nonuniversal and proportional to the
hard scale of the collision T, i.e., to the momentum transfer,
with T ≃ 4.2Tth. Our analysis at the LHC energy confirms a
similar conclusion made at lower energies [7]. Strikingly,
this conclusion seems to apply even to the Higgs boson
production, suggesting that even in this very hard process
the QCD radiation may be affected by thermalization. This
is demonstrated for the first time. Moreover, we have found
that the thermal component of the spectrum is entirely absent
in diffractive production at 13 TeV c.m.e. (even thoughmany
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FIG. 4. Transverse momentum distribution of the Higgs bosons
reconstructed from the H → γγ decay in proton-proton collisions
at

ffiffiffi
s

p ¼ 13 TeV. The curves shown are exponential (red dashed)
and power law (green, solid) components corresponding to
thermal and hard scattering contributions respectively; the sum
of the two contributions is shown by blue, thin solid curve.
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FIG. 5. The differential cross section of the Higgs boson
production reconstructed from the H → 4l (electrons, muons)
decay in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV. The curves
shown are defined as before.

TABLE I. The effective temperature Tth, the hard scale param-
eter T, and the fraction of the hard component in the spectrum
(11) for different processes.

Tth, GeV T, GeV R Process

0.17� 0.03 0.72� 0.1 0.16� 0.05 pp → charged hadrons
None 0.1� 0.02 1.0� 0.1 pp ðγγÞ → ðμμÞ pp
3.5� 0.7 14.4� 0.3 0.15� 0.05 pp → H → γγ
3.5� 0.7 14.4� 0.3 0.23� 0.05 pp → H → 4lðe; μÞ
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hadrons are still produced in this case)—this again points to
the nonuniversal, process-dependent, nature of thermaliza-
tion. The data sets used here are the ones with sufficiently
small statistical and systematic uncertainties to enable
stringent comparisons between experimental results and
theoretical predictions at the highest LHC energies.
All of these features of the data seem to be consistent

with the picture of thermalization induced by quantum
entanglement. Indeed, in this scenario the effective temper-
ature is proportional to the momentum transfer Q in the
collision that provides the UV cutoff for the quantum
modes. This expectation agrees with our analysis of the
inclusive charged hadron and Higgs boson transverse
momentum distributions, in which the typical momentum
transfers are vastly different. We have found that the
thermal component is present in both cases, but the values
of the effective temperature differ by over an order of
magnitude [31]. In diffractive production, one studies the
coherent response of the entire proton, and there is no
associated entanglement entropy [2]. In this case, in the
“thermalization through entanglement” picture advocated
here, we expect to find no thermal component at all. This
prediction is confirmed by the data on diffractive Drell-Yan
production analyzed in this paper, as well as by the
diffractive deep-inelastic scattering data [6].
These findings suggest a deep connection between

quantum entanglement and thermalization in high-energy
hadron collisions that has to be investigated further. On the

experimental side, our study can be extended in several
directions. In deep inelastic scattering at the future Electron
Ion Collider, it would be necessary to combine the
measurements of the structure functions with the study
of hadronic final states, especially in the target fragmenta-
tion region. In proton-proton, proton-nucleus and nucleus-
nucleus collisions at RHIC and LHC one can study the
thermal component and the corresponding effective tem-
perature in hard processes characterized by different
momentum transfer. It would also be very interesting to
investigate the dependence of the apparent thermalization
on rapidity—the picture presented in Fig. 1 suggests that
thermalization is achieved faster if we perform a measure-
ment in a smaller rapidity interval.
It is clear that we are still very far from understanding

thermalization in high-energy QCD, and much remains to
be done both in theory and in experiment. Nevertheless,
basing on the arguments and analysis presented above
we believe that “thermalization through entanglement”
emerges as a promising research direction that has to be
pursued further.
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