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Abstract In this paper, we find the information loss for QCD matter in AdS black holes at LHC by extending the
Gottesman and Preskill methode to AdS black holes. We calculate the information transformation from the collapsing

matter to the state of outgoing Hawking radiation for both

quarks and gluons. It is noticed that for finite values of

quark and gluon energies, information from all emission processes experiences some degrees of loss. Possible explanation

for this feature will be presented in this paper.
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1 Introduction

The production of mini black holes at Large Hadron
Collider (LHC) is among the most exciting subjects in
physics.[l It may significantly enhance the signal for the
Higgs search at the LHC. In fact, there can be an enor-
mous amount of Higgs particle production from black
holes,/?) much more than what is expected from normal
pQCD processes.l¥ Another important subject, consid-
ering Schwarzschild AdS black holes at LHC, has been
ignored so far. The present study is the first attempt
to investigate this subject. The main question is the
possibility of using Schwarzschild AdS metric! at LHC.
Heavy quark jet quenching in nuclear collisions at LHC
was predicted!®) using both AdS/CFT correspondence!®!
and Standard Model. Furthermore, the heavy quark drag
of a string dangling in a shock metric of AdS space has
been derived. (5! Consequently, AdS metric can be applied
at LHC. On the other hand, a small AdS black hole, radi-
ates away its mass in a runaway process like an ordinary
Schwarzschild black hole in an asymptotically flat space-
time. (78]

If AdS black holes are produced at LHC, inside of the
black holes will not be accessible and the information will
be lost, [l leading to several problems in analyzing data at
LHC. If mini black holes are preduced at LHC, the infor-
mation loss will result in a difference between the observed
hadronic cross sections and the predicted cross sections.
Since some of QCD matter is not able to come out of
the black holes, it’s effect on hadronization processes will
be decreased. Fortunately, Horowitz and Maldacena have
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suggested a mechanism to reconcile the unitarily of black
hole evaporation.®! However,Gottesman and Preskill ex-
plained how interactions between the collapsing body and
infalling Hawking radiation inside the event horizon could
cause loss of information. They obtained the amount of
this information loss.['%)

The aim of this paper is to study the information loss
for QCD matter in AdS black holes at LHC. We also an-
alyze the signature of Higgs boson radiation due to quark
and gluon interactions near AdS black holes at LHC. The
outline of the paper is as the following. In Sec. 2 we con-
sider the Unruh states for QCD matter near AdS black
holes at LHC. Next we study the entangled two-mode
squeezed states inside black hole. Hilbert spaces of the
evaporating AdS black holes for gluons and quarks are
presented in Sec. 3. We calculate the information trans-
formation from collapsing matter to outside of AdS black
holes for QCD matter at LHC in Sec. 4. The last section
is devoted to summary and conclusion.

2 The Unruh States for QCD Matter near

AdS Black Holes at LHC

In this section we extend the results of the derivation
of Hawking radiation for Scalar and Dirac fields!!* =12 and
also the results obtained in Refs. [1-2] for the quarks and
gluons in AdS black holes. We show that the ground
states for these partons are maximally entangled two-
mode squeezed states on outside and inside Hilbert spaces
of AdS black holes. We show that more QCD matters are
produced near event horizon of AdS black holes compared
to Schwarzschild black holes.
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Let us consider the gluon quantization, by using the 7 = —2rAdse=v/ 2rg , U=—2rhdse—v/ gt 5
transverse free field o] emtor'[131
# u=t—r*, v=t+r*, r* —r+r‘“”lu‘ Ads—ll,(Q)

Az= a3k Z Atk
(2n)*y/2w(k) &=

e") are the polarization vectors satisfying the transversality
condition

)™= +afl (k) e™*], (1)

BN =1 )
which follows directly from the Lorentz condition. The
gluon field satisﬁes the wave equation:[2:11]

(o[-0 2] as, =0, (@)
The upper index (a = 1,...,8) is related to eight color of
gluons, the lower index “s” (s = 1,s, = +1,—1) denotes
the spin of gluon, p (p = 1,...,d) is the vector index, d is
the number of dimensions and g#” is the metric tensor.(?!
To obtain the Unruh state for gluons, we solve Eq. (3) in
AdS space-time. The AdS-Schwarzschild metric for the
black hole in four dimensions is described by:14]

ds? = —f(r)dt® + i +r2dQ3_,,
f(r)

fo) =147 - 5, @)
where

_ 167Gai1Mpn )

(d—1)A4—1 ’
Ga41 is Newton’s constant in (d + 1) dimensions and
ond/2
Td72) &
is the volume of a unit (d — 1)-sphere.
The black hole horizon is located at:4!

f)=0-rhe = L(TTET-1). (@)
The AdS Schwarzschild temperature can be obtained as
the following:['4]
’
el LT ®)
T 27y
Comparing the horizon of AdS black hole with the
horizon of Schwarzschild black hole “richwarzschild
2Mgy”, we observe that AdS black holes are smaller than
Schwarzschild black holes of similar mass. In addition, the
temperature of AdS black hole is higher than the temper-
ature of Schwarzschild black hole. This will result in many
differences in particle distributions near event horizon of
these black holes.
In Kruskal coordinates the metric of the AdS Schwarz-
schild black hole becomes:1]

Ads
—rAs® " 4udo+r?dQ? + gi;datdad

Agy =

—r/rH

at at
|Ads BH, 1, @, 8)ingout = """ 0w *Xotin |0) g =

7495 is the black hole horizon. Using this fact that & = 0
on past horizon'! we may estimate the original positive
frequency normal mode on past horizon:
(,,al/erds)—MMgnw

Ads

L {Ea (_ﬁ/erds) i2ry oy

AL oceg (e my el

region I,

(u/27.Ads)— i2r?,d'w
w is the gluon energy. In Eq. (10), we are using the fact
that (—1)~12r&#™w = 274w We observe that the states
in the horizon satisfy the following condition:

(A e'&‘wr;";"""Az,,m)lAds BH, ,a, 8)ingout = 0, (11)
or equivalently
(AS — tanhr, A%
Ads

Hy8in
tanhr, = e 2"H ¥

10
region II, g

18in

)lAdS BHy M, a, 8)in®out =0,
(12)

which actually constitutes a boundary state. Using the
expansion in modes for gluons (Eq. (1)) we write:

— tanh r,,,a';:',in)]Ads BH, y, a, 8)ingout =0,
(13)

HySout

(R seue
forn #0,
Now, we assume that the Kruskal vacuum
|Ads BH, 1, a, )ingout
for AdS black hole depends on the Schwarzschild vacuum
[0)s by
|Ads BH, 1, @, 8)ingout = F (05 5,,,+ 03 ¢,,)I0)s »

F is some function to be determined later.
From

o .Ads
tanhr, = e 2™H ¢

(14)

a at - &
[a)wsouz’ a)«,Sou:] =1

we obtain

m

[ag,sma (a,\ ,m)m] = (ay .,m)

/\ »Sout
and [af, . F] = BF/Bait‘m.lzl Using Egs. (13) and
(14), we get the following differential equation for F.

OF
—tanhr,, 22l F) =0 (15)
T Wn, A, 8in I
(aa‘;v‘out 2 )
and the solution is given by
e etanhruaf\"omaa:t‘m (16)

By substituting Eq. (16) into Eq. (14) and also by
properly normalizing the state vector, we get

a7

coshr Zta.nh Tw|n, A, @, 8)in ® |0, A, @, S)out -
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Summing over transversal (physical) degrees of freedom we obtain:
3
1
|Ads BH, 1, @, s)ingout = Y _ €5IBH, A, a, 5)ingout = T > tanh"ryjn, 4,0, 8)in ® |0, 4y @, Shoue s (18)
A=1 9N

where |n, y, a, s)in and |n, g, a, $)oue are orthonormal bases (normal mode solutions) for Hi, and Hoy, of AdS black hole
respectively. We observe that the ground state for gluons near AdS horizon is a maximally entangled with two-mode
squeezed states on outside and inside Hilbert spaces of AdS black holes. Equation (18) shows that different number
of gluons (n) produced with different probabilities inside and outside of AdS black holes at LHC. These probabilities
depend both on black hole mass and on the energy of gluon

e—47rrf,"'u

Pow & lout(n, 4, @, 8| ®in (n, i, a, s|AdsBH, 1, a, 8)ingout|* = e
cosh®r,

It seems that more gluons are produced near AdS horizons compared to Schwarzschild horizons due to variety in their
horizon and temperature. We obtain the thermal distribution for these groups of gluons as the following:

Ngluon in®out (Ad‘s BHy M a, 3'““ aa IAdS BHv H,a, a)inﬁout

w,color,spin vSout  MySout

oo
> tanh™ (ru)‘n, 1y @, 8)in|n, 2, @, S)out

: s allos
out{, 1, @, 8| in(n, 4, a, 5 ol (T TR
w n=0

n—1,4,a,8)out

i tanh? (r,,)(n)|n, 4, a, 8)in

n=0

out(n — 1, 4, a, slin(n, p, a, 3|m

Ads

Ade e—4nrEw

e—4fr” w

1 O _gnrAds 1
— e E ¥ n) n =
cosh® r, ; ( ) 608h2 Tw (1 P e—dur},"’w)2 15 e—hrr?,d'w

) (19)

where a“;f,maf‘,,m are creation and annihilation oper- I d represents the quark flavors. The affine connection is
ators that act on black hole outside states of gluons. given by:

jf;‘;’,’:),‘.p,n is the thermal distribution for gluons with
energy w and with a one special color and spin. Com-
paring this distribution with the gluon distribution near

Schwarzschild black hole in Ref. [1], we observe that more

1
T, = —z'y.,(a,.'y" +T47%). (21)

The gamma matrices are defined by v, = €7, where ef;
are tetrAdS, 4, are the gamma matrices for the inertial

gluons are produced near AdS black holes compared to
Schwarzschild black holes at LHC.

At this stage we study quark production via Unruh
effect near AdS black holes at LHC.

The quark equation in black hole space-time may be
calculated as:'?

[i7“(aﬂ o FI‘) i mll] :.a =0, (20)

a = 1,2,3 is related to the color of quark, s denotes the
quark spin, m, is the quark mass and ¢ = u, t, b, s, c,

framel!®l and the Levi-Civita connection coefficients T',
can be calculated by the Lagrange method.'? Using the
Kruskal coordinate we obtain the following solution for

Eq. (20):

Fee S
Q,8: {v,.—qﬁ(ﬁ/27':ds)_|2r” w,
uf?, and v;® denote the quark and antiquark spin

wave functions respectively. Following the calculations in
| Ref. [12] we obtain

wte(~/2rhd®) =17 | region I, e
region II,

|Ads BH, ¢,a, s)ingout = cost, »_ tan"r,|n,q,a, s)in @ 17,3, S)out »
n=0,1

tan(r,,,) - e—2xr,‘,"u - COG(T,J) — (1 A e—47rrf,"‘u)—l/2 .

(23)

where |n, ¢, a, 8)in, |0, 4, @, 8)ou: are quark and antiquark states inside and outside of black hole. The thermal distribution

for this quark production is:
Nauark | @out(Ads BH, g,a, s|c3!

,color,s ,s,0utq,

= out(0,7,a,5|in(1,9,a, 3|5in2("w)|lv 4,0, 8)in 0,3, @, 8)our = Sinz("U) -

c:f,lou,, Cq,s,0ut are creation and annihilation operators that act on AdS black hole outside states of quarks.

cg A,outlAds BH, q,a, 3)in®out

e -41rr2,"w

Trewie @

Nquuk

w,color,s

is the thermal distribution for quarks with energy w and a special color and spin. In a similar manner to the gluons,
more quarks are produced near AdS black holes compared to Schwarzschild black holes at LHC.!!

—




430 Communications in Theoretical Physics Vol. 60

3 Gravitational Collapse of AdS Black Hole

Now we discuss Gravitational collapse and black hole state for quarks and gluons. It had been previously investigated
that the field inside the event horizon can be decomposed into the collapsing matter field, in addition, the advanced
wave incoming from infinity has a similar form as the Hawking radiation.['!) We extend these calculations to the excited
quarks and gluons and derive the stationary state inside the black hole for quarks and gluons. The advanced collapsing
shell metric!'? in d dimensions is given by:

{ —d7"2 + dr? + r2dQ? + gijdzida? r < R('),
il FAds s S (25)
S fey I el E 2102 it ’
(1 : )dt + g 740 +giydaide?, > R(r).
We assume the metric g;; is flat for both collapsing matter and the inside of the black hole. The shell radius R(7’) is
defined by:(1? *
Ro, <0,
R(7) = 26
(') {Ro—v'r’, 7510 L
where 7/ is the proper time. The advanced coordinates has been defined as:(15]
V=r+r—Ry, U=7—7r+Ryp. (27)
Now we consider the gluon modes inside the black hole, which are given by:
i pAds —2irkdeM, = _ pAds
(‘1)_2"““"'d i (1 = ———L—) b gt Vo Q—v)(RO—T"—) (matter wave function),
" = )(Ro — &) z s
» Oc i nAds
vV —2irg™* M, (1—v)(Ro—Th%) . . )
(l B m) s V< ——v-# (inside wave function)

Ads

w is the gluon energy. In Eq. (28), we use the fact that (Elj=teraw = e2m i@ Using Eq. (28) we observe that the

states in the horizon satisfy the following condition:
Ads

(A:,sm."" = e21rrH wA:.,sm)lAds BH1 My a, s)in@matter =0, (29)
or equivalently
(42, —tanhr A%, )|AdsBH, 1,0, S)ingmaster =0, tamhr, = e~27H", (30)
which actually constitutes a boundary state. Using the expansion in modes for gluons (Eq. (1)) we may write:
(af,s;, — tanh Twaa)j,mmﬂ)[Ads BH, 11, @, 8)in@matter =0 for n#0, tanhr, = e~ 2mTHW (31)
Now, we assume that the Kruskal vacuum |Ads BH, y, a, 8)ingout is related to the Schwarzschild vacuum |0)s by
|Ads BH, y, a, s); = F(of , ,a‘i,s‘n)IO)s : (32)

F is some function to be determined later.
Using Eqgs. (31) and (32), we get the following differential equation for F.

oF t
(aa;f% = tanhrw"‘,\a';,Smm"F) =0, (33)
and the solution is given by
F= etanh r.,a:?.m.""a';t.h 3 (34)

By substituting Eq. (34) into Eq. (33) and by properly normalizing the state vector, we get
1
coshry,

at at
|AdS BH, Hy @y 3)in®matter = eta.nh TwEX smatter “Ai0in IO)S = Z tanh™ Tuln, A, a, s)in ® |'IL, /\v a, s)matter . (35)
n

Following the calculations in Ref. [12] we obtain

|Ads BH, ¢, a, 8)mattersin = COSTy Y, tan" 1,[n,q,a, 8)in ® |7, G, @ $)matter »
n=0,1

ta.n(r“,) = e—2-;rr;\,d-uJ . COS(TW) = (1 i e"""‘ﬁd'w)—l/z . (36)

4 The Information Loss for Quarks and Gluons in Mini Black Holes at LHC
At this stage we calculate the resulting information transformation from the collapsing matter to the state of the
outgoing Hawking radiation for both quarks and gluons. First we consider the information transformation for one
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mode of quarks and gluons and then extend our calculations to all modes of quarks and gluons. Before black hole
evaporation, there is an entanglement between the inside and outside of the horizon, but matter itself is not entangled,

|Ads BH, 11, @, 8) matter@in@out = |Ads BH, 11, @, 8)matter ® |Ads BH, u, a, 8)in@out »

|Ads BH, g, @, $) matter@in@out = |Ads BH, ¢, @, $)matter ® |Ads BH, g, a, 8)ingout -

(37

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

black hole,

matter@'m(Ads BHIy M, a, 3' = matter®in (Ads BH, H,a, sl(S ® I) )

mntter@in(AdBBH’n q,a, 3| = muter@in(Ads BH,q,a, 3'(5 ®I).

(38)

To describe the unknown effects of quantum gravity, an additional unitary transformation S is introduced.®l Also
Gottesman and Preskill introduced a unitary transformation U¥ to describe interactions between matter and the

inside of the horizon.

matter@in (Ads BH’, I, @, 8| = mattergin(Ads BH, p, a, s|(Se U,

mntter@in(Ads BHI; q,a, sl = matter®in (AdS BH, q,a, SI(S ® I)U .

(39)

By extending Gottesman and Preskill method to one mode of quarks and gluons, we calculate the information loss for

this mode at LHC.
T, = matter@in (Ads BH, u, a, 3|Ads BH, 11, a, 8)in@out

1 —4xyAds
= 3 e T aster (M, ] in(m, IS @ Ulm, n)ialm, n)out ,
1 Ads ’
=|T 2 e-dwr,, 'w(m+m')
fo =Tl = s Z.
m,m
X matter (M, 7 in{m, 0| in (M, 0| oue (', n|SS* ® UU* |m’, n)in|m', n) matter |1, 7)in M, n)out
1 —drAds ’
e VRS Z Chphyebd i >mn.n.er(my nlm'yn)mau.er in(mv n|m’, N)in in(m’y nlm, n)in out(mly nlm, ")out
cosh®(ry) =,
= Y erthtem) = _ gritum) ggt—1, put=1, (40)
cosh®(ry) 4
Tq = matter®in (Ads BHI, q.a, SIAdS BH’: q,a, 3)in®out
—dpAds
= |cos?(ry)| D e~ patier(m, 1| in(m, n|S ® Ulm, n)ialm, n)our ,
4y Ads '
fq = ITq'z = 0084(1‘,_,,) Z e dnr*w(m+m )matur
m,m’
% (m, nlin(m, n i (m’, 1] oue (M’, 1| SS* @ UU*Im’, n)in|m’, n)matter|m, n)in |, 1)out
Ads ’
= cos’(r,) Y e 4mHE M) L iter (M, nM, M) matter in(MR|M, N)in out (M'n|m, N)out
m,m’
(41)

L COS"(T,,) Z e—&nﬁ"‘w(m) =1 e—srrﬁ\,"w(m) y
m

If information transformation from the collapsing mat-
ter to the state of outgoing Hawking radiation is complete,
the value of f should be one. Thus we conclude that infor-
mation transformation for high energy quarks and gluons
is approximately complete. However low energy quarks
and gluons are not able to come out from event horizon
and information for these particles is lost. Evidently for
all finite values of particle energy, the value of f is less
than unity and so information from all emission processes
experiences some degree of loss. Comparing the informa-

I7tion loss in AdS black hole with the information loss in
Schwarzschild black hole in Ref. [1], we conclude that less
information is lost in AdS black holes. This is due to the
fact that AdS temperature is higher than the temperature
for Schwarzschild black hole with the same mass. Conse-
quently more particles are emitted from AdS black holes.

These results can be extended to the black holes that
their horizon and temperature depend on the mass. In
these black holes, before the evaporation, there are three
different Hilbert spaces that belong to degrees of freedom
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of matter, incoming, and outgoing 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 evap-
orate, the matter state will be in a maximally entangled
state with incoming Hawking radiation. The information
loss in black hole is easily obtained by projecting this en-
tangled state on the entangled states inside and outside
of the black hole horizon.

5 Summary and Conclusion

In this paper, the amount of information loss in AdS
black holes at LHC is calculated. We observe that infor-
mation transformation for high energy quarks and gluons
is approximately complete. However low energy quarks
and gluons are not able to come out from event horizon

and information for these particles is lost. Comparing the
results of this paper with Ref. [1], we conclude that less
information is lost in AdS black holes. This is due to the
fact that AdS temperature is higher than the tempera-
ture for Schwarzschild black hole with the same mass. In
addition, the AdS horizon is smaller than Schwarzschild
horizon. This causes the thermal distributions of quarks
and gluons near AdS black holes to be higher than the dis-
tributions near Schwarzschild black holes. Consequently
more particles are emitted from AdS black holes.
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