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Abstract: In this paper we find information loss in mini black holes at LHC by extending the Horowitz and Maldacena
mechanism to gluons and calculate the information transformation from the collapsing matter to the state of outgoing
Hawking radiation for gluons, quarks, and mesons. Next, we calculate the total cross-section for mesons produced from
black holes at LHC. We conclude that the more the mass of the quark within the hadrons, the lower is the cross-section.
Then, we consider the effect of quarks inside the black hole on the density matrix of individual quarks within the meson
outside of a black hole. At the end, we show that information is not lost in black holes if we ignore interactions between
particles inside the event horizon in comparison with the effect of a black hole on particles. However, we observe that the
unstable condition of excited black holes causes information loss in them. After that, we anticipate quantum black hole
production by using electron–positron annihilation modeling at TeV centre of mass energies and compare the correspond-
ing cross-sections calculated, at this stage, for different black hole states. Finally, we calculate the dependence of gluon
tree level amplitudes to their thermal distributions near mini black holes at LHC.

PACS No: 04.70Dy

Résumé : Nous étudions ici la perte d’information dans les mini trous noirs au LHC en étendant le mécanisme de Horo-
witz et Maldacena aux gluons et calculons la transformation d’information de l’effondrement de la matière jusqu’à la ra-
diation sortante de Hawking, pour les gluons, les quarks et les gluons. Nous calculons ensuite la section efficace totale
pour les mésons produits par les trous noirs au LHC. Nous trouvons que plus la masse du quark dans le hadron est élevée,
plus la section efficace est faible. Nous considérons ensuite l’effet du de la présence du quark dans le trou noir sur la ma-
trice de densité des quarks individuels à l’intérieur du méson hors du trou noir. Enfin, nous montrons que l’information
n’est pas perdue dans les trous noirs si nous ignorons les interactions entre les particules à l’intérieur de l’horizon, en com-
parant avec l’effet du trou noir sur les particules. Cependant, nous constatons que l’instabilité des trous noirs excités cause
une perte d’information. Par la suite, nous prévoyons la production de trous noirs quantiques en utilisant un modèle d’an-
nihilation électron-posiron à l’échelle des TeV dans le centre de masse et comparons les sections efficaces calculées à ce
point-ci pour différents états finals du trou noir. Pour finir, nous calculons la dépendance des amplitudes de gluons au ni-
veau des arbres sur les distributions thermiques près des mini trous noirs au LHC.

[Traduit par la Rédaction]

1. Introduction

Recently Horowitz and Maldacena have suggested a
mechanism to reconcile the unitarity of black hole evapora-
tion [1]. But they did not make use of curved space-time. In
this proposal, there were three different Hilbert spaces that
belong to degrees of freedom of matter, incoming, and out-
going radiation. The total state of a black hole is a direct
product of matter state and the entangled states of the states
inside and outside of the event horizon. When a black hole
begins to evaporate, the matter state will be in a maximally
entangled state with incoming Hawking radiation. To de-
scribe the unknown effects of quantum gravity, an additional
unitary transformation S is introduced. The outside state of a
black hole is easily obtained by projecting this entangled

state on the total state of the black hole (HM mechanism)
[1]. So we want to use this mechanism for black hole states
at LHC.

Recently, a model for quantum black hole production and
decay in proton–proton collisions has been constructed [2,
3]. As the black hole masses at the LHC are relatively small
(3–7 TeV), and the temperatures of the black holes are very
high (1 TeV), the black holes can be a source for quark pro-
duction via Hawking radiation. In fact, there can be an enor-
mous amount of heavy (supersymmetry and Higgs) particle
production from black holes [4, 5], much more than ex-
pected from normal PQCD processes [6].

Generically speaking, quantum black holes (QBHs) form
representations of SU(3)C and carry a QED charge. The
process of two partons Pi, Pj forms a quantum black hole in
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the c representation of SU(3)C and charge q:
Pi þ Pj ! QBHq

c . The following different transitions are
possible at a proton collider [2, 3]:

(a) 3� �3 ¼ 8� 1
(b) 3� 3 ¼ 6� �3
(c) 3� 8 ¼ 3� �6 � 15
(d) 8� 8 ¼ 1S � 8S � 8A � 10S � 1�0A � 27S
(e) �3 � �3 ¼ �6 � 3
(f) �3 � 8 ¼ �3 � 6� 1�5

However, we will show that the process of electron–posi-
tron annihilation at TeV centre of mass energies forms a quan-
tum black hole without any color or charge eþe� ! QBH0

0 .
In Sects. 2 and 3, we extend the Horowitz and Maldacena

mechanism to gluons and quarks and calculate the informa-
tion transformation from the collapsing matter to the state of
the outgoing Hawking radiation for gluons and quarks. The
meson production cross-section is calculated in Sect. 4. In
this section we also study the effect of quarks inside the
black hole on the density matrix of individual quarks within
the meson outside of the black hole. Next, in Sect. 5, we ob-
serve that information loss is complete in the case of excited
black holes. We predict the quantum black hole production
by using electron–positron annihilation modeling at TeV
centre of mass energies in Sect. 6. Finally, we discuss the
tree level amplitudes of gluons near mini black holes at LHC.

2. Information loss for gluons produced of black holes at LHC
Now we want to extend the Horowitz and Maldacena mechanism to particles with spin 1, such as gluons. Previously it has

been shown that the Minskowski vacuum will evolve into a state, called the Unruh state, which can be formulated as [7]

j0iMu;p;s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 sinh ð4pMuÞ

eð4pMuÞ

r X
e�4npMujnðu; p; sÞiin � jnðu;�p; sÞiout ð1Þ

where jnðu; p; sÞiin and jnðu;�p; sÞiout denote the state with n particles inside and outside of the black hole, and u, p, s are
the particle’s energy, momentum, and spin inside and outside of black hole, respectively. By using of this expression we can
discuss the final state of the black hole.

Before black hole evaporation, there is an entanglement between the inside and outside of the horizon, but matter itself is
not entangled [7–10],

jgiin�out ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 sinh ð4pMuÞ

eð4pMuÞ

r X
e�4npMujnðu; p; s; colorÞiin � jnðu;�p; s; anticolorÞiout

jgiM�in�out ¼ jgiM � jgiin�out ð2Þ

The sum is over n and all color octets, which can be written as a basis of colored and anticolored states. After evaporation,
we can describe the state of the black hole as an entangled state of both matter and the inside of the black hole,

M�inhgj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2sinhð4pMuÞ

eð4pMuÞ

r X
e�4npMu

Mhnðu; p; s; colorÞj � inhnðu;�p; s; anticolorÞjðS� IÞ ð3Þ

The outside state of the black hole is easily obtained by projecting (3) on the total state of the black hole in (2),

jgiout ¼ M�inhgjgiM�in�out ¼
2 sinh ð4pMuÞ

eð4pMuÞ

X
e�8npMu

MhnjSjgiM jniout ð4Þ

The information loss in a black hole has been a serious challenge to modern physics, because it contradicts the basic prin-
ciples of quantum mechanics. This argument predicts that a process of black hole formation and evaporation is not unitary.
Gottesman and Preskill explained how interactions between the collapsing body and infalling Hawking radiation inside the
event horizon could cause a loss of information. They obtained the amount of this information loss [11].

Gottesman and Preskill introduce a unitary transformation U to describe interactions between matter and the inside of the horizon
[11, 12]. In their fanciful language, the transformation U can be interpreted as an interaction between the information’s past and
future. Various authors (Deutsch [12,13], for example) have pointed out that such interactions can cause a breakdown of unitarity,

M�inhgj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 sinh ð4pMuÞ

eð4pMuÞ

r X
e�4npMu

Mhnðu; p; s; colorÞj � inhnðu;�p; s; anticolorÞjðS� IÞU ð5Þ

Now we can calculate the information transformation [14, 15] from the collapsing matter to the state of the outgoing Hawk-
ing radiation for gluon fields as the following:

Tg ¼ M�inhgjgiin�out ¼
2 sinh ð4pMuÞ

e4pMu

X
e�8pnMu

Mhnj inhnjS� Ujniinjniout

¼ 2 sinh ð4pMuÞ
e4pMu

X
e�8pnMu

Mhnj inhnjS� Ujniinjniout
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f ¼ jTgj2 ¼
4 sinh 2 ð4pMuÞ

e8pMu

X
n;n0

e�8pMuðnþn0Þ
Mhnj inhnj inhn0j outhn0jSSt � UUtjn0iinjn0iMjniinjniout

¼ 4 sinh 2 ð4pMuÞ
e8pMu

X
n;n0

e�8pMuðnþn0Þ
Mhnjn0iM inhnjn0iin inhn0jniin outhn0jniout

¼ 4 sinh 2 ð4pMuÞ
e8pMu

X
n

e�16pMnu ¼ ð1� e�8pMuÞ2
ð1� e�16pMuÞ ¼

1� e�8pMu

1þ e8pMu
ð6Þ

If the information transformation from the collapsing matter to the state of the outgoing Hawking radiation is complete, the
value of f should be one [12]. Thus we observe that because of the deviation of f from unity, some information is lost in black
holes. Similar calculations for quark fields will be done in next section.

3. Information loss for quarks produced in black holes at LHC
For quarks we can repeat the calculations in refs. 8–10 for Dirac fields that include color. Before black hole evaporation,

there is entanglement between the inside and outside of the horizon, but matter itself is not entangled,

jqiin�out ¼ cos ðruÞ
X
l¼0;1

e�4pMlu jkðu; "; colorÞiin � jkðu; #; anticolorÞiout

jqiM�in�out ¼ jqiM � jqiin�out

jqiM ¼
X1

l¼0

Aljli ð7Þ

where

tan ðruÞ ¼ e�4pMu; cos ðruÞ ¼ ð1þ e�8pMuÞ�1=2;
X1

l¼0

jAlj2 ¼ 1

After evaporation, we can describe the state of the black hole as an entangled state of both matter and the inside of the black
hole,

M�inhqj ¼ cos ðruÞ
X
l;color

e�4pmul
Mhlðu; "; colorÞj � inhlðu; #; anticolorÞjðS� IÞ ð8Þ

where S is a unitary transformation that acts on Dirac matter.
The outside state of the black hole is easily obtained by projecting the (8) on the total state of the black hole in (7) [9, 10],

jq0iout ¼ cos 2ðruÞ
X3

color¼1

X1

l¼0

tan 2l ðruÞMhljSjqiMjlðu; "; colorÞiout ð9Þ

Now consider a pair of quarks that are created near the event horizon, and one of them falls in to the black hole. The ground
state of the pair of particles is,

jq0iin�out ¼
�

cos ðrÞ þ e�i4 sin ðrÞ cin
k;color d

out
�k;anticolor

�
j0i�inj0iþout ð10Þ

where cin
k;color; d

out
�k;anticolor are annihilation operators that act on both inside states and outside states. We speak only about one

special color. Using creation operators on (10), we have [9, 10],

jq1iin�out ¼ j1kiþoutj0�ki�in ð11Þ

where + (–) denote particles (antiparticles). The state of the black hole evolves as

jq0iM�in ¼ cos ðruÞj0kiþMtj0�ki�in þ sin ðruÞj1kiþMj1�ki�in ð12Þ

On the other hand, in general we can write

M�in hqj ¼ M�inhq0j S� I ð13Þ
The state of the system is

jqiiM�in�out ¼ jqiM � jqiiin�out i ¼ 0; 1 ð14Þ
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Suppose that the state of the matter before evaporation is jqiM . The state of the field outside the black hole after evaporation
becomes,

jq1iout ¼ M�inhqjq1iM�in�out ¼ cos ðruÞMh0jSjqiM j1iout ð15Þ
It is interesting to compare a new excited state with the initial ground state. It can be found by projecting the state (15) on the
initial ground state,

outhq1jq0iout ¼ cos3ðruÞ
X1

l¼0

tan 2lðruÞMhqjStj0iM MhljSjqiM outh1jliout ¼ Mhqj cos3ðruÞ tan2ðruÞStj0iM h1 jSjqiM

¼ Mhqjz2jqiM
¼
X
l

X
l

MhljAlA�l cos3ðruÞ tan2ðruÞStj0iM Mh1jSjliM

¼
X
l

Mhljcos3ðruÞ tan2ðruÞStj0iM Mh1j
X

SjAlj2 jliM

¼ Tr½cos3ðruÞ tan2ðruÞStj0iM M h1 jS� ¼ cos3ðruÞ tan2ðruÞ Tr½StSj0iM M h1 j�
¼ cos3ðruÞ tan2ðruÞ Tr½rM� ¼ cos3ðruÞ tan2ðruÞ Tr½Mh0j1iM� ¼ 0 ð16Þ

where z2 ¼ cos 3ðruÞtan 2ðruÞStrMS and rM ¼ j0iM Mh1j. Also we have used Tr[AB] = Tr[BA].
From elementary quantum theory, the term Mhqjz2jqiM in (16) is nothing but the expectation value of z2 averaged over the

initial matter state, which can also be obtained by the trace operation. A similar calculation has been done for the scalar field
[8]. We observe that the final excited state out of the black hole for Dirac fields is orthogonal to the initial state before the
process. This means that the final state of the fields outside the black hole is strongly affected by the evaporation process. In
a manner similar to that used in (6) for quark fields we derive,

Tq ¼ M�inhqjqiin�out ¼ cos2ðruÞ
X

e�8pnMu
Mhlj inhljS� Ujliinjliout

¼ cos2ðruÞ
X

e�8pnMu
Mhlj inhljS� Ujliinjliout

f ¼ jTqj2 ¼ cos4 ru
� �X

l;l0
e�8pMuðlþl0Þ

Mhlj inhlj inhl0j outhl0jSSt � UUtjl0iinjl0iMjliinjliout

¼ cos4 ru
� �X

l;l0
e�8pMuðlþl0Þ

Mhljl0iM inhljl0iin inhl0jliin outhl0jliout

¼ cos4 ru
� �X

l

e�16pMlu ¼ 1þ e�16pMu

ð1þ e�8pMuÞ2 ð17Þ

Thus we observe that due to the deviation of f from unity, some of information is lost in black holes for gluons and quarks.
In fact, the observer outside of black hole does not have any access to the inside of the black hole and some of information is
lost.

4. Information loss for mesons produced in black holes at LHC
In this section we consider the behavior of mesons near the event horizon of mini black holes at LHC. For the outside final

state of black holes for mesons as scalar fields we have [8–10],

jmesoniout ¼
1

cosh 2ðruÞ
X

e�8pMun
MhnjSjmesoniM jniout

tanhðruÞ ¼ e�4pMu; coshðruÞ ¼ ð1� e�8pMuÞ�ð1=2Þ ð18Þ
where jmesoniout is the initial quantum state of matter, S is a unitary transformation, and u is related to the energy of the
meson.

Here we only consider the color part of the wave functions jmesoni and hmesonj coming from the representation 3� 3� for
the color singlet wave functions of the mesons [16],

jmesoni ¼ 1ffiffiffi
3

p ðj1A1�AiM þ j1B1�Bi þ j1C1�CiÞ ð19Þ

Previously, it has been shown that the Minskowski state will evolve into a state, called the Unruh state, which can be for-
mulated as [9, 10],

j1iM ¼ j1kiþoutj0�ki�in ð20Þ
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where j0iin; j1iout denote the states, inside and outside of the black hole and j1iM denotes the Minskowski state. Using (20)
and (19) we can easily derive,

jmesoniM;S ¼
1ffiffiffi
3

p ðj1A1�Aiout j0A0�Aiin þ j1B1�Biout j0B0�Biin þ j1C1�Ciout j0C0�CiinÞ ð21Þ

and keeping the left to right order of the quark and antiquark for its conjugate wave function,

M;Shmesonj ¼ 1ffiffiffi
3

p ð outh1A1�Aj inh0A0�Aj þ outh1B1�Bj inh0B0�Bj þ outh1C1�Cj inh0C0�CjÞ ð22Þ

We can now write down the density matrices r for the hadrons using the direct product of jmesoni and hmesonj,
rM;S ¼ jmesoniM;S M;Shmesonj ð23Þ

For quarks, we look at the one quark reduced density matrices, which give the statistical state of the individual quark
within the hadron. To get the reduced density matrices for the mesons, we project out all the antiquark states ji�i and hj�j by
using the orthonormality and the completeness properties,

rq ¼
1

3
ðj1out0iniA Ah1out0inj þ j1out0iniB Bh1out0inj þ j1out0iniC Ch1out0injÞ ð24Þ

This is the reduced density matrix for the quarks in the color singlet state. To calculate density matrices for the outside state,
we project out all the inside states j0iin and outh0j by using the orthonormality properties,

rout
q ¼

1

3
ðj1outiA Ah1outj þ j1outiB Bh1outj þ j1outiC Ch1outjÞ ð25Þ

This density matrix is similar to that in ref. 16. Thus, we conclude that near black holes the color density inside the mesons
does not change, because there is no effect by the quarks inside the black hole on the density matrix of individual quarks
within the meson.

The entropy S of the quantum states calculated using this density matrix becomes S = ln 3. This value of S is equal to the
entropy of the quark density of mesons in flat space. In fact, near a black hole, there is no decrease in entanglement between
quarks inside meson. For this reason, the color structure of mesons does not change in curved space-time. The black holes at
LHC can emit these mesons; this leads to the fast decay of the black holes themselves.

Now we calculate the total cross-section for mesons as scalar fields produced from a black hole,

s1
meson ¼

1

3
ðNA

quark N
A
antiquark þ NB

quark N
B
antiquark þ NC

quark N
C
antiquarkÞsBH ð26Þ

in which

Nquark ¼
Ztf

0

dt

ZMBH

0

dp
CSsS

8p2

P2

exp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2þM2

quark

p
TBH

� �
þ 1

	 
 ð27Þ

Nantiquark ¼
Ztf

0

dt

ZMBH

0

dp
CSsS

8p2

P2

exp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2þM2

antiquark

p
TBH

� �
þ 1

	 
 ð28Þ

tf ¼
C

MP

MBH

MP

� �dþ3
dþ1

where d is the number of extra dimensions, ss is the grey-body factor [6, 17], and C depends on the extra dimensions and also
on the polarization degrees of freedom, etc. However, the complete determination of tf depends on the energy density present
outside the black hole, which is computed in [17] where the absorption of the quark–gluon plasma [17] by a TeV scale black
hole at the LHC is considered . The black hole production cross-section in a binary partonic collision is given by [18],

sab!BH ¼ 1

M2
P

MBH

MP

8G
�
ðd þ 3Þ=2

�
d þ 2

2
4

3
5

8<
:

9=
;

2=ðdþ1Þ

ð29Þ
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By using the quark masses we can compare different production cross-sections with each other,

su�u � sd �d > ss�s > sc�c > sb�b > st�t ð30Þ
Furthermore, some mesons, such as pions, may form in the matter of a black hole and then exit from the black hole. Their
cross-sections are calculated as follows:

swmeson ¼ NmesonsBH ð31Þ

in which

Nmeson ¼
Ztf

0

dt

ZMBH

0

dp
CSsS

8p2

P2

exp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2þM2

meson

p
TBH

� �
þ 1

	 
 ð32Þ

It is clear from (31) and (26) that s2
meson > s1

meson. This means that more mesons are produced in the matter of the black hole
and then come out of the black hole. However, we should regard information loss in our calculation.

We can calculate the resulting information transformation from the collapsing matter to the state of the outgoing Hawking
radiation for mesons,

jmesoniin�out ¼
1

cosh ðruÞ
X

e�4pMun jniin � jniout ð33Þ

M�inhmesonj ¼ 1

cosh ðruÞ
X

e�4pMun
Mhnj � inhnj ðS� IÞU ð34Þ

Tmeson ¼ M�inhmesonjmesoniin�out ¼
1

cosh 2ðruÞ
X

e�8pnMu
Mhnj inhnjS� Ujniin jniout

¼ 1

cosh 2ðruÞ
X

e�8pnMu
Mhnj inhnjS� Ujniin jniout ð35Þ

f ¼ jTmesonj2 ¼
1

cosh 4ðruÞ
X
n;n0

e�8pMuðnþn0Þ
Mhnj inhnj inhn0j outhn0jSSt � UUt jn0iin jn0iM jniin jniout

¼ 1

cosh 4ðruÞ
X
n;n0

e�8pMuðnþn0Þ
Mhnjn0iM inhnjn0iin inhn0jniin outhn0jniout

¼ 1

cosh 4ðruÞ
X
n

e�16pMun ¼ ð1� e�8pMuÞ2
ð1� e�16pMuÞ ¼

1� e�8pMu

1þ e8pMu
ð36Þ

We conclude that with increasing the mass of mesons the information loss increase. Thus most of mesons produced from
these black holes are pions.

It seems that information is not lost in black holes if we assume that the black hole mass is very large,

f ¼ fmeson � fquark � fgluon ¼ j
1� e�8pMu

1þ e�8pMu

� �2
1þ e�16pMu

ð1� e�8pMuÞ2 j; lim
M!1

f ¼ 1 ð37Þ

This result is very important for considering black holes at LHC. This means that all of information inside the black hole can
be transferred to outside of the black hole. It seems that interactions between particles inside the event horizon can be ignored
when comparing the effect of a black hole on particles.

5. Information loss in excited black holes
In this section we suppose that a pair of particles are created near the event horizon and that one of them falls into the

black hole. We want to calculate information loss for this black holes.
In excited black holes for gluons we have [7, 8],

jg0iin�out ¼ ð1� e�8pMuÞ
X

e�4npMu
ffiffiffiffiffiffiffiffiffiffiffi
nþ 1

p
jnþ 1ðu; p; s; colorÞiin � jnðu;�p; s; anticolorÞiout ð38Þ

Now we can calculate information loss for this state,
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Tg ¼ M�inhgjg0iin�out ¼ ð1� e�8pMuÞ3=2
X

e�8pnMu
ffiffiffiffiffiffiffiffiffiffiffi
nþ 1

p
M hnj inhnjS� Ujniout jnþ 1iin

f ¼ jTgj2

¼ ð1� e�8pMuÞ3
X

e�8pMuðnþn0Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðnþ 1Þðn0 þ 1Þ

p
Mhn0j inhn0j outhnj inhnþ 1jSSt � UUtjn0 þ 1iinjn0iout jniin jniM

¼ ð1� e�8pMuÞ3
X

e�8pMuðnþn0Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðnþ 1Þðn0 þ 1Þ

p
Mhn0jI � IjniM inhnþ 1jniin inhn0jn0 þ 1iin outhn0jniout

¼ 0 ð39Þ
The result above shows that information is lost completely in excited black holes.

A similar calculation for quark fields and mesons can be done. For quark fields we derive [9, 10],

jq0iin�out ¼ j1kiþoutj0�ki�in ð40Þ

The amount of information loss for quarks is

Tq0 ¼ M�inhqjq0iin�out ¼ cos ðruÞ
X

e�4plMu
Mhlj inhljS� Uj0iin j1iout

f ¼ jTqj2 ¼ cos2ðruÞ
X

e�4pMuðlþl0Þ
Mhlj in hlj in hl0 � 1j outhl0jSSt � UUtjl0iin jl0iM jl� 1iin jliout

¼ cos2ðruÞ
X

e�4pMuðlþl0Þ
MhljI � Ijl0iM in hl0 � 1jl0iin in hljl� 1iin outhl0jliout

¼ 0 ð41Þ

Finally for mesons we write [8],

jmeson0iin�out ¼
1

cosh 2ðruÞ
X

e�4npMu
ffiffiffiffiffiffiffiffiffiffiffi
nþ 1

p
jnþ 1ðu; p; s; colorÞiin � jnðu;�p; s; anticolorÞiout ð42Þ

Our calculations show,

Tmeson0 ¼ M�inhmesonjmeson0iin�out ¼
1

cosh3ðruÞ
X

e�4pnMu
ffiffiffiffiffiffiffiffiffiffiffi
nþ 1

p
Mhnj inhljS� Ujnþ 1iin jniout

f ¼ jTmesonj2

¼ 1

cosh6ðruÞ
X

e�8pMuðnþn0Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðnþ 1Þðn0 þ 1Þ

p
M hnj in hnj in hn0 þ 1j outhn0jSSt � UUtjn0iin jn0iM jnþ 1iin jniout

¼ 1

cosh6ðruÞ
X

e�8pMuðnþn0Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðnþ 1Þðn0 þ 1Þ

p
MhnjI � Ijn0iM in hnjnþ 1iin in hn0 þ 1jn0iin outhn0jniout

¼ 0 ð43Þ
We observe that information loss is complete in the case of excited black holes. The reason is the unstable condition of ex-
cited black holes. In these conditions we cannot use the Horowitz and Maldacena mechansim until black hole states become
stable.

6. Black hole production for electron–positron annihilation at TeV centre of mass energies
We assume the process of electron–positron annihilation at TeV centre of mass energy that forma a quantum black hole

without any color or charge. The possible quantum black hole states of matter of this interaction are ð0; q�qÞ. By applying the
Horowitz and Maldacena mechanism we can calculate the outside state of the black hole,

jq; �qiout ¼
�

cos 2ðruÞ
X1

l¼0

tan 2lðruÞMhljsjqiMjliout

�
�
�

cos 2ðru0 Þ
X1

j¼0

tan 2jðru0 ÞMhjjsj�qiMjjiout

�
ð44Þ

To obtain the total cross-section from all black holes produced in electron–positron collisions, we need to multiply the black
hole production cross-section with the number of quarks and gluons produced from a single black hole,
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sq;�q ¼ NqN �qsBH ð45Þ

in which

Nq ¼
Ztf

0

dt

ZMBH

0

dp
CSsS

8p2

P2

exp

ffiffiffiffiffiffiffiffiffiffiffi
p2þM2

q

p
TBH

	 

þ 1

� � ð46Þ

and sBH was calculated in (29). Using (45), we can compare three jet cross-sections for different quark production,

su;�u � sd;�d > ss;�s > sc;�c > sb;�b > st;�t ð47Þ

In electron–positron annihilation, there are fewer quantum black hole states compared with proton–proton annihilation, be-
cause this interaction is neutral.

7. Gauge theory color structure at LHC
In this section, we consider the three amplitudes for gluon self-interactions at LHC. In proton–proton and electron–positron

collisions, some gluons are produced produced because of transverse momentum between quarks and antiquarks. However in
curved space-time, the near event horizon of mini black holes at LHC many gluons are produced becaause of the Unruh
effect and interact with each other. In fact, the Minkowski vacuum for gluons will evolve into a state, called the Unruh state,
which can be formulated as [7],

j0iM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 sinh ð4pMuÞ

eð4pMuÞ

r X
e�4pnMu jn; coloriin � jn; anticoloriout ð48Þ

In this equation jniinjniout denote the states with n gluons inside and outside of the black hole, u is the gluon energy, and M
is the mass of the black hole. Equation (48) shows that many gluons are produced near the event horizon of mini black holes
at LHC. Of course the thermal distribution for gluon production is related to black hole mass and the energy of the gluons.
The thermal distribution for these groups of gluons is

N
gluon
u;color ¼ Mh0jatout;coloraout;colorj0iM ¼ outhnj inhnj

2 sinh ð4pMuÞ
e4pMu

atout;coloraout;color

X1
n¼0

e�8pMnu jniinjniout

¼ outhn� 1j inhnj
2 sinh ð4pMuÞ

e4pMu

X1
n¼0

e�8pMnunjniinjn� 1iout ¼ outhnj
2 sinh ð4pMuÞ

e4pMu

X1
n¼1

e�8pMnuðnþ 1Þjniout

¼ 2 sinh ð4pMuÞ
e4pMu

Xu
n¼1

e�8pMnuðnþ 1Þ ¼ 2 sinh ð4pMuÞ
e4pMu

1

ð1� e�16pMuÞ2 ¼
1� e�8pMu

ð1� e�16MpuÞ2 ð49Þ

where atout;color; aout;color are creation and annihilation operators that act on the black hole outside states of gluons. Ngluon
u;color is the

thermal distribution for gluons with energy u and special color .
We now calculate tree amplitude for these two groups of gluons. At tree level, with gluons produced because of the trans-

verse momentum between quarks and antiquarks, the full tree amplitude in the adjoint representation of SU(NC)(Nc = 3 for
QCD) can be decomposed as [19],

Htree
n ð1; 2; 3; ::::; nÞ ¼ an�1

s

X
pð2;3;:::;nÞ

Tr½Ta1Ta2Ta3 :::::Tan �Atree
n ð1; 2; 3; :::; nÞ ð50Þ

Atree
n ð1; 2; 3; ::::nÞ ¼

X
j

nj

ð
Q

mp
2
mÞj ½Ta; Tb� ¼ if abcTc ð51Þ

The sum in (50) is over all noncyclic permutations of legs, which is equivalent to all permutations keeping leg 1 fixed. The Ta

are color-group generators, encoding the color of each external leg 1, 2, 3 . . ., n. Atree
n is a tree-level color-ordered n-leg partial

amplitude, ni are numerators of kinematic poles, and the sum in (51) runs over all distinct order diagrams. pm are particle mo-
menta. The full tree amplitude for gluons produced because of the Unruh effect near a mini black holes can be decomposed as,

~H
tree

n ð1; 2; 3; . . . ; nÞ ¼ an�1
s G n

X
pð2;3;:::;nÞ

Tr½Ta1Ta2Ta3 :::::Tan � ~Atree

n ð1; 2; 3; :::; nÞ ð52Þ

~A
tree

n ð1; 2; 3; ::::nÞ ¼
X
j

~nj

ð
Q

mu
2
mÞj

G n ¼
Y

n
N

gluon
un;color ð53Þ
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We conclude that the number of interactions increase near mini black holes at LHC. In fact we detect extra particles com-
pared with our predictions based on the Unruh effect at LHC.

8. Summary and conclusion

We calculated the black hole final states for gluons and
quarks. We also calculated the effect of information loss for
gluons and quarks produced from mini black holes at LHC.
Next, we determined the total cross-section for mesons pro-
duced from black holes at LHC. We derived the resulting
information transformation from the collapsing matter to the
state of outgoing Hawking radiation for mesons. We ob-
served that due to the deviation of the f from unity, some of
information is lost in black holes. However, when we regard
scalar and Dirac fields together, all of information inside the
black hole can transform to outside the black hole. Then, we
observed that information loss is complete in the case of ex-
cited black holes because of their unstable condition. We
then considered the quantum black hole production in elec-
tron–positron annihilation modeling at TeV centre of mass
energies. Finally we studied the gluon tree level amplitudes
near mini black holes at LHC.
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