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OU3UKA BJIEMEHTAPHBIX YACTUII 1 ATOMHOI'O SOPA. TEOPUA

DARK MATTER PRODUCTION AT THE LHC
FROM BLACK HOLE REMNANTS

G. C. Nayak'

Department of Physics, University of Arizona, Tucson, USA

We study dark matter production at CERN LHC from black hole remnants (BHR). We find that
the typical mass of these BHR at the LHC is ~ 5—10 TeV which is heavier than other dark matter
candidates, such as axion, axino, neutralino, etc. We propose the detection of this dark matter via single
jet production in the process pp — jet+ BHR (dark matter) at CERN LHC. We find that for zero impact
parameter partonic collisions, the monojet cross section is not negligible in comparison to the standard
model background and is much higher than the other dark matter scenarios studied so far. We also find
that do /dpr of jet production in this process increases as pr increases, whereas in all other dark matter
scenarios the do/dpr decreases at CERN LHC. This may provide a useful signature for dark matter
detection at the LHC. However, we find that when the impact parameter dependent effect of inelasticity
is included, the monojet cross section from the above process becomes much smaller than the standard
model background and may not be detectable at the LHC.

H3yu ercd poxneHHWe TEMHOW M TepUH M3 OCKOJKOB YEpHOH OBIPHl H OOJBIIOM IPOHHOM KOI-
n unepe (LHC) B HEPH. H iizeHo, 4Tto TMNUYH S M CC 3THX OCKOJKOB j1d yciouili LHC nopsiik
5-10 T»B, uro TaXenee OpyruxX K HAWA TOB JIS TEMHOI M TepUH, T KX K K KCHOH, KCHHO, HEWUTp -
suHo u Ap. Ipemn r ercs perektupoB Tb 3TH ocKokd H LHC B LIEPH uepe3 poxueHue oaMHOYHBIX
CTpyii B Ipoliecce pp — CTPYS + OCKOJIOK YEpHOii ObIpbl (TeMH 5 M Tepus). [1ok 3 HO, YTO g T PTOH-
HBIX COYJ PEHHUIl C HyJIEBBIM IIPULEIBHBIM II P METPOM CEUEHHE P CCeSHMS OJMHOYHON CTPYU HeIpeHe-
OpeXUMO M JIO IO CP BHEHUIO ¢ (POHOM CT HJ PTHOI MOJENHU M rop 3710 OOJbIIe, YeM B HHBIX CLEH PHIX
POXIEHHsS] TeMHOW M TEPHH, M3ydeHHBIX O cHX mop. T KXe IOK 3 HO, 4To B 3TOM Inpotecce do/dpr
POXIEHHUS CTPYyU p CTET C POCTOM P1, B TO BpeMs K K BCe JIpyrde CLeH PHU POXHAEHHS TEMHOW M TepUHU
npenck 3B 10T 0 gerne do /dpr wis LHC 8 HUEPH. T Koe NoBeleHHE MOXET CITyKHTh TIOJIE3HOM CHTr-
H Typoil s neteKTHpoB Hus TeMHOU M Tepurt H LHC. B TO Xe BpeMs MBI H IIUIH, YTO €CIIH y4eCTh
HeyIpyrue IpoLEecChl, 3 BUCALIME OT IPULIEIBHOIO I P METp , TO CEYEHUE P CCesHHMd OfUHOYHON CTPYH
IUIL P CCMOTPEHHOTO MPOIECC CT HOBUTCSA TOpP 310 MEHbIle, 4eM (POH CT HO PTHOM MOJENH, H MOXET
6bITh He nerektrpyemo H LHC.

PACS: 95.35.4d; 04.50.Gh; 04.70.Dy; 13.85.-t

By now it is confirmed that dark matter exists and it consists of a large fraction of the
energy density of the universe (~ 25%) [1], while dark energy consists of ~70%. The energy
density of the nonbaryonic dark matter in the universe is known to be [2]

Qpavh? = 0.112 £ 0.009, (1)
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where Qpy is the energy density in units of the critical density and h ~ 0.71 is the normalized
Hubble parameter. Since the visible matter consists of only ~ 5% of the matter of the universe,
the laws of physics or laws of gravity, as we know today, may not be sufficient to explain
the dark matter and dark energy content of the universe.

One of the challenges we face today is to identify the nonbaryonic weakly interacting
massive particle (WIMP) or WIMP-like particle which consists of dark matter [3]. Identifi-
cation of this WIMP or WIMP-like dark matter candidate is one of the outstanding questions
in basic science today. At present, the possible proposals include axion, axino, neutralino,
gravitino and black hole remnants, etc. [4]. Black hole remnants as a source of dark matter is
studied in various inflation models in [4—6]. These black hole remnants are from black holes
which were produced due to the density perturbations in the early universe during inflation.

An exciting possibility is that black hole remnants (BHR) that make up some or all of dark
matter may be produced at high-energy colliders such as the Large Hadron Collider (LHC) at
CERN. Such prospects are particularly promising because both ATLAS and CMS detectors
at the LHC will search for black holes. In this paper we study dark matter production from
black hole remnants at CERN LHC.

The Schwarzschild radius of d(= n 4 4)-dimensional black hole is given by

1 1
1 MBH) ntl < 167 ) n+1
Rpu = w,—— , Wy = , 2
BH Mp ( Mp 7+ 2) s @)

where Mgy is the black hole mass and Mp is the Planck mass of ~ TeV at the LHC [7].
The Hawking temperature of the black hole becomes

n+1
Ty = . 3
Y = I Ron (3)
Once black hole is produced at the LHC, it will emit particles due to Hawking radiation [8].
However, in the absence of a theory of quantum gravity it is not clear what happens to black
hole radiation when its mass approaches Planck mass. It is commonly believed that quantum
gravity implies the existence of a minimum length [9] which leads to a modification of the

quantum mechanical uncertainty principle
Ap\ 2
1+ (a,LP?p> ] : @

where Lp is the Planck length and o’ is a dimensionless constant ~ 1 which depends on the
details of the quantum gravity theory. The generalized uncertainty principle (GUP), Eq. (4),
can be derived in the context of noncommutative quantum mechanics [10], string theory [11]
or from minimum length considerations [12].

If we implement GUP and demand that the position uncertainty Az of the produced particle
from the black hole is of the order of Schwarzschild radius, then the modified temperature of
the black hole becomes [6, 13]

h
Ax > ——
T Ap

-1

1
Tsyr =218y |1+ |1 - —m———— . (5)
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The black hole temperature is undefined for Mpy < Myin, Where

2

Mo, — T2 e (6)
n+3
8r{ : }

Black holes with mass less than M,,;, do not exist, since their horizon radius would fall
below the minimum allowed length. Hence, Hawking evaporation must stop once the black
hole mass reaches M,,;,. This creates a black hole remnant of mass M,;, which is of ~ TeV
at the LHC. Since this black hole remnant is weakly interacting and heavy, it is a possible
candidate for dark matter at the LHC [5, 6].

Since the dark matter is weakly interacting, it cannot be directly detected at the LHC. For
this purpose we will study dark matter production from black hole remnants (BHR) at the
LHC in the process pp — jet + BHR (dark matter). We propose indirect detection of dark
matter via single jet measurement in the above process pp — jet + BHR (dark matter) at the
LHC. The emission rate dN /d¢ [14] for jet production with momentum/energy F = |p| from
a black hole, which becomes a black hole remnant of mass My, after time ¢y, is given by

ty
dN [ cs05 dt

By 3 E ’
d3p ) 327 [exp( ) N 1]
TBHR

where o, is the d-dimensional grey body factor [15]; Tgur is the GUP implemented black
hole temperature as given by Eq.(5); t; is the decay time [13], and ¢, is the multiplicity
factor. The sign =+ is for quark and gluon jets, respectively.

This result in Eq. (7) is for jet production from a single black hole of temperature Tsug
(with a black hole remnant of mass M,i,). To obtain total jet cross section from this process,
we need to multiply the number of jets produced from a single black hole with the total black
hole production cross section in pp collisions at the LHC.

The black hole production cross section in pp collisions at /s = 14 TeV at the LHC is
given by [8]

(N

1 1
o P =" / dx; / dz; fip(xi, Q) X fi/p(25, Q1ETBR(8)d (2,25 — MBy/s), (8)

ij T T/:F7
In this expression 69 ~BH(3) = 7 RZ . is the black hole production cross section in partonic
collisions at zero impact parameter; ;(x;) is the longitudinal momentum fraction of the parton
inside the proton at the LHC, and 7 = M3y /s. Energy-momentum conservation implies
5 = mix;s = M]_%H. We use Q) = 1/Rpp as the factorization scale at which the parton
distribution functions are measured. »_ represents the sum over all partonic contributions

ij
where 4,7 = q, ¢, g.

The above formula, Eq.(8), is valid for zero impact parameter partonic collisions. To
include the impact parameter dependent effect of inelasticity, we adopt the impact parameter
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b weighted average of the inelasticity used in [16]

1 1 1
pp—BH __ dU 2
ORH = E /ZZdz/ du Ffi/p(v,Q )%
U0 (apaMp)? u
y2(2)s

X fip(u/v, Q%67 PN (Mpy = Vus), (9)

where z = b/bmax. The partonic level cross section is given by [17]

69 =BY ( Mgy = Vus) = F(n)rR%, (10)
where
n— n+3 T
P
R 1 e [ 2 }\/us (11
57 Mp n+2 Mp '

The inelasticity parameter y(z) and the cross-section correction factor F'(n) are taken from [18].
We use the factorization scale () = 1/Rg at which the parton distribution functions are mea-
sured. Tpin = Mglgln /Mp, where M§’f{“ is the smallest black hole mass for which we trust
semiclassical calculation.
The total jet production cross section in the process pp — jet + BHR (dark matter) at the
LHC is then given by
=N x OBH, (12)

where opy is given by Eq. (8). To obtain py distribution we use d®p = 27 dpr p2.dy coshy
in Eq. (7); y is the rapidity.

In our calculation we use CTEQ6M parton distribution functions inside the proton [19].
The number of extra dimensions is chosen to be n = 6 so that we do not rule out the
possibility of Planck mass Mp = 1 TeV [20]. Since initial mass of the black hole must be
greater than the Planck mass, we choose MFH = 5Mp in our calculation. It can be seen
from Eq. (6) that the black hole remnant mass M,,;,, does not depend on the black hole mass
but depends on the Planck mass and number of extra dimensions. We find that the typical
black hole remnant mass M, = 4.7 TeV for Mp = 1 TeV and M,;, = 9.7 TeV for
Mp = 2 TeV at the LHC.

For a comparison we list here the lower limits on the Planck mass Mp by various collider
experiments. The current limits from LEP2, CDF (run II) and DO (run II) are as follows.
The LEP2 analysis has set a lower limit on the Planck mass M5 = 1.69 TeV by using
graviton production [21]. Search for large extra dimensions in the production of jets and
missing transverse energy at CDF gives M®® = 0.83 TeV for n = 6 to M%" = 1.18 TeV
for n = 2 [22], where n is the number of extra dimensions. The search for large extra
dimensions in final states containing one photon or jet and large missing transverse energy
at CDF gives M B = 0.94 TeV for n = 6 to M3 = 1.4 TeV for n = 2 [23]. Dielectron
and diphoton measurements at DO gives M 3" = 1.3 TeV for n = 7 to M®" = 2.1 TeV for
n = 2 [24]. Search for large extra dimensions via single photon plus missing energy at DO
sets the limit M = (.778 TeV for n = 8 to M B = 0.884 TeV for n = 2 [25].
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Fig. 1. Total cross section for monojet production in the process pp — jet + BHR (dark matter) at the
LHC at /s = 14 TeV

In Fig.1 we present the monojet cross section, in the process pp — jet + BHR (dark
matter), as a function of initial black hole mass at CERN LHC. This result is for zero impact
parameter partonic collisions. The solid line is for Planck mass 1 TeV and the dashed line is
for Planck mass 2 TeV. It can be seen that for Planck mass 1 TeV and initial black hole mass
5 TeV the monojet cross section, in the process pp — jet + BHR (dark matter), is 38.5 pb.
This value is much higher than the cross section 18.6 fb obtained in other dark matter scenario
with dark matter mass ~ 100 GeV [26]. In our case the dark matter mass (BHR mass) is
4.7 TeV, which is much heavier than 100 GeV dark matter mass used in [26].

This is very exciting because we have found a heavier dark matter candidate at the LHC
with larger cross section. This is due to the fact that the temperature of a typical black
hole formed at the LHC is ~ TeV. Hence, jets produced from black holes at such a high
temperature is large. On the other hand, in other dark matter scenarios the jet plus dark
matter production is via direct parton collisions and hence the cross section is small. Also,
unlike [26], our dark matter signal is not negligible in comparison to the standard model
background. A typical standard model background is ~ 130 pb for p" = 100 GeV and
1300 pb for pi" = 30 GeV. In our case the cross section is ~ 40 pb, whereas in case of [26]
the cross section is 18.6 fb.

In Fig. 2 we present the pr distribution of the jet production cross section, in the process
pp — jet + BHR (dark matter), at CERN LHC at /s = 14 TeV. This result is for zero
impact parameter partonic collisions. The solid line is for Planck mass equal to 1 TeV and
the dashed line is for Planck mass equal to 2 TeV. It can be seen that do/dpr of jet, from
the process pp — jet+BHR (dark matter), increases as pr increases. This is in contrast to all
other dark matter scenarios where do/dpy decreases as pr increases. This is also in contrast
to all standard model processes where do/dpr decreases as pr increases.

This is explained in detail in [27] and can be understood as follows. From the emission
rate dN /dt in Eq.(7) we find

dN CsO dt
— = 2mp} h e : 1
dpr 7UOT/dy €08 y/ 3273 [ (pT coshy) } (13)
5 exp (ZLEO52Y) g
TeuR
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Fig. 2. pr differential cross section for monojet production in the process pp — jet+BHR (dark matter)
at the LHC at /s = 14 TeV

Since the temperature of the black hole remnant Tggr ~ 1—2 TeV at the LHC, the thermal

distribution [ remains almost flat with respect to pr as long as pr is
ex (7> . 1]

BHR

not much larger than Tsugr. Hence, the increase of do/dpr as pr increases comes from the
increase in the transverse momentum phase space factor pZ, as can be seen from Eq.(13).
For very large value of ppr > 2 TeV, the do/dpr will of course start decreasing. Hence, the
increase of do/dpr as pr increases may provide a unique signal for dark matter detection
from black hole remnants at CERN LHC.

In Fig.3 we present the results which include the impact parameter dependent effect of
inelasticity in the cross section (see Eq.(9)). We present the monojet cross section, in the
process pp — jet + BHR (dark matter), as a function of x.,;, at CERN LHC. The solid line
is for Planck mass 1 TeV and the dashed line is for Planck mass 1.5 TeV. The monojet
cross section is very small for Mp = 2 TeV and hence we do not report it. It can be seen

— Mp=1TeV
- Mp=15TeV

Fig. 3. Total cross section for monojet production in the process pp — jet + BHR (dark matter) at the
LHC at /s = 14 TeV which includes the effect of inelasticity
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that for Planck mass equal to 1 TeV and z.,;, equal to 5, the monojet cross section, in
the process pp — jet + BHR (dark matter), is 10 fb which is much smaller than the zero
impact parameter case (see Fig.1). Hence, when the impact parameter weighted average of
the inelasticity is included, the monojet cross section becomes much smaller than the standard
model background and may not be detectable at the LHC.

In Fig.4 we present the pr distribution of the cross section which includes the impact
parameter dependent effect of inelasticity (see Eq.(9)). We use xmin = 5 in our calculation.
The solid line is for Planck mass equals to 1 TeV and the dashed line is for Planck mass equal
to 1.5 TeV. The monojet cross section is very small for Mp = 2 TeV and hence we do not
report it. It can be seen that do/dpr of jet, from the process pp — jet + BHR (dark matter),
increases as pr increases. However, this cross section is much smaller than the standard
model background and may not be detectable at the LHC. Only for zero impact parameter
partonic collisions, the cross section becomes comparable to the standard model predictions
(see Fig.2).

Finally, we make some comments on the energy loss from a black hole to become a black
hole remnant and the TeV scale jets. For Mp = 1 TeV and My = 5 TeV, the mass of the
black hole remnant is Mpygr = 4.7 TeV. Similarly for Mp = 2 TeV and Mgy = 10 TeV, the
mass of the black hole remnant is Mpyr = 9.7 TeV. Hence, in both the cases the energy loss
from a black hole to become a black hole remnant is 300 GeV. One might wonder how can
one compute high-pr (~ 2 TeV) jets from black hole remnants in Figs.2 and 4. This is due
to very high temperature of the black hole remnants. For Mp = 1 TeV, Mgy = 5 TeV and
Mpur = 4.7 TeV, the temperature of the black hole remnant is Tgpr = 0.98 TeV, which
can be easily checked from Egs. (2), (3) and (5). For Mp = 2 TeV, Mpy = 10 TeV and
Mpur = 9.7 TeV, the temperature of the black hole remnant is Tggr = 1.96 TeV. Hence,
the high-pr jets in Figs.2 and 4 are due to very high temperatures (Tgur ~ 1—2 TeV) of
the black hole remnants.

To conclude, we have studied dark matter production at CERN LHC from black hole rem-
nants (BHR). We have found that the typical mass of these BHR at the LHC is ~ 5—10 TeV,
which is heavier than other dark matter candidates, such as axion, axino, neutralino, etc.
We have proposed the detection of this dark matter via single jet production in the process
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Fig. 4. pr differential cross section for monojet production in the process pp — jet+BHR (dark matter)
at the LHC at /s = 14 TeV which includes the inelasticity
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pp — jet+ BHR (dark matter) at CERN LHC. We have found that for zero impact parameter
partonic collisions, the monojet cross section is not negligible in comparison to the standard
model background and is much higher than the other dark matter scenarios studied so far.
We have also found that do /dpr of jet production in this process increases as pr increases,
whereas in all other dark matter scenarios the do/dpr decreases at CERN LHC. This may
provide a useful signature for dark matter detection at the LHC. However, we have also shown
that, when the impact parameter dependent effect of inelasticity is included, the monojet cross
section from the above process becomes much smaller than the standard model background
and may not be detectable at the LHC.
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