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Introduction 

●  Brane-world scenarios offer paradigms to reinterpret the 4-D 
Planck scale as an effective gravity scale arising from a more 
fundamental lower gravity scale in higher dimensions. 

●  This allows new phenomenological models to be developed and helps 
guide searches for low-scale gravity in experiments, like at the LHC. 

●  An exciting outcome of these models is the possibility to produce 
non-perturbative gravitational states at the LHC. 

●  LHC experiments have recently published a round of searches for 
non-perturbative gravitational states which seriously confront the 
models for the first time. 

●  How can the models now be viewed in light of the experimental 
constraints? 
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History 

●  1998-99: Low-scale gravity thought to be possible in brane-
world scenarios.  

●  1999: First low-scale gravity models of perturbative KK states. 

●  2001: First low-scale gravity models of thermal black holes. 

●  2008: Other low-scale non-perturbative gravity models: 
■  string-balls. 

■  non-thermal black holes (QBH). 

●  2010: Even non-commutative black holes. 

●  2010-11: First LHC search results. 

●  2015: Complete LHC results at 8 TeV. 

●  2015: First ATLAS results at 13 TeV. 
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Non-perturbative gravitational states 
●  The way of thinking is slightly different from main-stream particle physics.  
●  Particle physicists are use to searching for new particles. 

■  We need quantum mechanics and special relativity to describe them. 
■  For calculations, we usually have a Lagrangian in field theory, and use perturbative 

techniques to expand in a series of Feynman diagrams.  

●  States with energy above the gravity scale (transplanckian scale physics) 
should behave non-perturbatively. 
■  Classical (semi-classical) mechanics should hold. 

■  Being non-perturbative, expansions in a coupling constant and Feynman diagrams 
do not make much sense. 

●  Like particle searches, we usually think of one force (in this case gravity) 
dominating the interaction and ignore the others (in this case QCD). 

●  So a lot of the QCD issues (LO, NLO, NNLO, etc.) make little sense for non-
perturbative gravitational states. 
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Paradigms for low-scale gravity 

●  Extra dimensions: 
■  Large flat extra dimensions (LED): Arkani-Hammed, Dimopoulos, Dvali (ADD). 

■  A warped extra dimension in AdS space: Randall-Sundrum (RS1). 

■  Universal extra dimensions (not discussed here). 

●  Large number of particle species (messenger particles). 

●  In general, need something to reduce the Planck scale Mp to a lower 
gravity scale M*: Mp >> M* 

 Mp
2 = Vδ MD

2+δ   in ADD 

 Mp
2 = (k2x1

3/m1
3) M5

3  in RS1 

 Mp
2 = N M*

2   in Dvali (particle species) 
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●  Fields of the standard model confined to a 4-D membrane. 
●  Gravity propagates in several additional spatial dimensions 

which are large compared to the Planck scale. 
●  The power-law of gravity changes at small distances. 

Large flat extra dimensions: ADD 
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Mp
2 = Vδ MD

2+δ  



Warped extra dimension: RS 

●  A warped extra dimension in AdS space: RS1. 
●  Standard model particles localized on 4-D brane. 
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Mp
2 = (k2x1

3/m1
3) M5

3  

M = m1/(x1 c2/3);   c = k/MP  

Can tread RS black hole like 
ADD black hole in 5-D with 
modified Planck scale. 



Models usable at the LHC 
●  Classical (semi-classical) black holes.  

■  Let’s call them GR black holes. 

■  ADD and RS1 constrain some of the parameters. 

●  String balls. 

●  Non-thermal black holes: 
■  Often called quantum black holes or QBH. 

■  Lets use QBH for short-form. 

●  Non-commutative gravity embedded into ADD. 

●  Trapped surface calculations. 

●  Split-fermion models: not used yet. 
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Monte Carlo event generators 
●  Charybdis2 

■  GR black holes (string balls added). 
■  Thermal QBH possible but never tried. 
■  Code extended to non-commutative black holes. 

●  BlackMax 
■  GR black holes (string balls added). 
■  Thermal QBH used in ATLAS di-jet searches. 
■  Split-fermion models possible. 

●  QBH  
■  Non-thermal black holes. 

●  QBH@HEPMDB (CalcHEP) 
■  Non-local Lagrangian to reproduce geometrical cross section. 
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●  What should we take as the limits on the fundamental 
Planck scale MD? 

●  Virtual graviton emission depends on ultra-violet cutoff 
MS, which is not MD. 

●  Real graviton emission depends on MD: mono-jet and 
mono-photon searches. 
■  But is this the scale for GR and non-thermal black holes? 

●  Limits from classical black hole searches: MD function 
of  Mth (mass threshold). 

●  Limits from non-thermal black hole searches: MD = Mth. 
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Which Planck scale? 
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Figure 17: Expected (dotted line) and observed (solid line) 95%CL upper limits on the invisible
branching fraction of the 125 GeV SM-like Higgs boson. Limits are shown for the monojet and
mono-V categories separately, and also for their combination.
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Figure 18: The 95%CL expected (dotted) and observed (solid) upper limits on the signal
strength µ = s/sth for ADD graviton production (left), as a function of fundamental Planck
scale (MD) for n = 2, where n is the number of extra spatial dimensions. The 95%CL expected
(dotted) and observed (solid) lower limits (right) on MD as a function of n in the ADD model.
The results are also compared to earlier ones obtained by the CMS Collaboration with data
corresponding to an integrated luminosity of 19.7 fb�1 at a centre-of-mass energy of 8 TeV [10]
(blue points).

Table 7: The 95% CL observed and expected lower limits on the fundamental Planck scale in 4 + n dimensions,
MD, as a function of the number of extra dimensions n, considering nominal LO signal cross sections. The impact
of the ±1� theoretical uncertainty on the observed limits and the expected ±1� range of limits in the absence of a
signal are also given. Finally, the 95% CL observed limits after damping of the signal cross section for ŝ > M2

D (see
text) are quoted.

ADD Model Limits on MD (95% CL)

Expected [TeV] Observed [TeV] Observed (damped) [TeV]

n = 2 9.2+0.8
�1.0 7.7+0.4

�0.5 7.7
n = 3 7.1+0.5

�0.6 6.2+0.4
�0.5 6.2

n = 4 6.1+0.3
�0.4 5.5+0.3

�0.5 5.5
n = 5 5.5+0.3

�0.3 5.1+0.3
�0.5 5.1

n = 6 5.2+0.2
�0.3 4.8+0.3

�0.5 4.8

Number of extra dimensions
2 3 4 5 6

 [T
eV

]
D

Lo
we

r l
im

it 
on

 M
3

4

5

6

7

8

9

10

11

Observed limit
σ 1 ±Observed limit 

Expected limit
σ 1 ±Expected limit 
σ 2 ±Expected limit 

-1 = 13 TeV, 3.2 fbsATLAS 

ATLAS

 > 400 GeVmiss
T

95% CL Limits, E

-1 = 13 TeV, 36.1 fbs

Figure 11: Observed and expected 95% CL lower limits on the fundamental Planck scale in 4 + n dimensions, MD,
as a function of the number of extra dimensions. The bands indicate the ±1� theory uncertainties in the observed
limit and the ±1� and ±2� ranges of the expected limit in the absence of a signal. The 95% CL limits are computed
with no suppression of the events with ŝ > M2

D. The results from this analysis are compared to previous results
from the ATLAS Collaboration using 3.2fb�1 of

p
s = 13TeV data [1].
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What about δ > 6? 
Most calculations that assume MD = 1 TeV should be revised. 
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Best limits on Planck scale 
ATLAS mono-jet (MD > 4.8-7.7 TeV, n = 6-2) 

arXiv:1711.03301 arXiv:1712.02345 



Searches for non-perturbative states 
●  ATLAS and CMS have performed searches for non-purtabative states.  

●  I will divide searches into thermal (GR) and non-thermal (QBH) “black 
holes”. 

●  Thermal black holes (GR) and string balls searches: 
■  multi-jet (ATLAS and CMS) 
■  lepton+jets (ATLAS: electron and muon) 

■  same-sign dimuon and large number of tracks (ATLAS) 

●  Non-thermal black hole (QBH) searches: 
■  di-jets (ATLAS and CMS) 

■  photon+jet (ATLAS) 

■  di-lepton (ATLAS: di-electron and di-muon) 
■  lepton+jets (ATLAS: electron and muon) 

■  eµ, eτ, µτ (ATLAS: lepton-flavour violation) 

■  di-boson, di-top, and mono-X searches missing 
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 Thermal (GR) black holes 

●  Classical (semi-classical) black holes: 
■  ADD and RS1 constrain some of the parameters. 

■  The key feature is Hawking evaporation (so they are thermal states). 

■  Model valid for E > Mth >> MD 

■  No predictive power of what we would see first at the LHC. 
◆  Best to look for ADD perturbative states (KK gravitons, etc.). 

●  Hawking evaporation to high multiplicity of high-pT particles (mostly 
jets). 

●  High-pT lepton should be emitted in a significant fraction of the events. 

■  Requiring a high-pT lepton significantly reduces QCD background. 

●  Artificial mass threshold Mth introduced to keep black hole classical. 
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Model-independent limits 

arXiv:1503.08988 

σ < 0.16 fb 
HT > 4.3 TeV 
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GR black holes not allowed at LHC 

●  Current limits on MD: 
■  n = 2, MD > 7.7 TeV. 

■  n = 4, MD > 5.5 TeV. 

■  n = 6, MD > 4.8 TeV. 

●  k = Mth/MD 

●  For GR black holes Mth 
> 5 × 4.8 ~ 24 TeV.  

●  Current limits on MD 
exclude GR black hole 
searches. 
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Figure 10: "The observed and expected limits on rotating black holes with n = 6 in the MD � Mth grid, from the
analysis with an integrated luminosity of 3.0 fb�1. The 95% CL expected limit is shown as the black dashed line,
and limits corresponding to the ± 1 � and + 2 � variations of the background expectation are shown as the green
and yellow bands, respectively. The 95% CL observed limit is shown as the black solid line. The �2 � band is
not shown as it almost completely overlaps with the �1 � band. The blue dashed lines corresponds to the observed
limits from the first, second and third step analyses. The red dotted line corresponds to the limit from Run-1 ATLAS
multijet search [5].

The limits can be re-expressed in terms of a limit on the cross section to produce new physics with a
minimum HT requirement (Hmin

T ) as a function of njet with the kinematic restriction that each jet must
satisfy pT > 50 GeV and |⌘| < 2.8 and that at least one jet must have pT > 200 GeV. In order to do this
the e�ciency for detecting events satisfying this kinematic requirement must be known. This e�ciency
is model-dependent. A conservative estimate was obtained by taking the minimal e�ciency from signal
models whose predicted rates lie within ± 10% of the observed limits. The minimum e�ciency is found
to be 0.98. The resulting limit on the cross section is shown in Table 6 which shows the expected limits
together with their uncertainties, and the observed limits.
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arXiv:1512.02586 

k = 5 
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13 TeV GR black hole search 

arXiv:1512.02586 

k = 1.9 

k = 1.6 



String balls 

●  Embed weakly-coupled string theory into ADD. 

●  Changes cross-section, but leaves decays similar to 
thermal black holes (different temperature). 

●  Introduces another scale (string scale) that allows 
E  > Mth >> Ms and  MD > Ms  

●  Really just pushes the problems of classical black 
holes to higher energies at the expense of more 
speculation (low-scale string theory). 
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here being about 0.1 TeV higher in mass. The results presented here are also compared with
those of ref. [14]. In the low-MD region the results are comparable, while in the high-MD

region the results presented here are a significant improvement over those in ref. [14]. The
latter analysis is a✓ected by a significant loss in sensitivity for the cases of rotating black
holes and string balls, while the results presented here, and those in ref. [17], are rather
independent of rotation.

– 17 –
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String balls not allowed at LHC 

●  LHC exclusion limits on a 
variety of exotics 
physics means string 
scale ~3 TeV. 

●  For string balls in weakly 
couple string theory Mth 
> 3 × 3 ~ 9 TeV. 

●  Current limits on MS 
exclude string ball 
searches at 8 TeV run-1 
LHC. 

arXiv:1503.08988 
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13 TeV string ball search 

arXiv:1512.02586 Model approaching validity 



 Non-thermal black holes (QBH) 

●  Non-thermal black holes: 
■  Extrapolates classical cross section down to Planck scale. 

■  Replace Hawking evaporation (thermal decay) by particle decays. 

■  Branching ratios determined by conservation principles. 

■  Or, extrapolation of Hawking evaporation  
◆  But this is not really non-thermal in this case. 

●  LHC parton energy needs to be high relative to MD for 
black hole to Hawking evaporate thermally. 

●  Black holes with threshold mass Mth near MD probably do 
not decay thermally. 
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Non-thermal black holes searches 
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tophobic excited vector bosons W � as a function of particle
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tector resolution are shown in Figs. 9 and 10. For the
initial Breit-Wigner signal the following nonrelativistic
function was chosen:

f(x, µ,�) =
1

2⇤

�

(x� µ)2 + (�2/4)

, where µ and � are the mass and the width of the res-
onance. The use of a relativistic Breit-Wigner signal for
the resonance line shape may lead to di⇥erent limits than
the ones derived using the nonrelativistic approximation
above. Parton showers and nonperturbative e⇥ects have
been simulated using HERWIG++2.6.3, which gives a
more conservative limit with respect to what is obtained
from Pythia.

The di⇥erence in shapes between the two Breit-Wigner
limits is a result of the much larger low-mass tails result-
ing from the gg parton luminosity, which becomes espe-
cially pronounced at high masses. The convolution with
parton shower and nonperturbative e⇥ects enhances this
e⇥ect further.

For su⇤ciently narrow resonances, these results may
be used to set limits on NP models beyond those con-
sidered in the current studies, as described in detail in
Appendix A.

It should be noted that these limits will be conservative
at high masses with respect to the limits obtained with

 [TeV]thm

2 4 6

 [
p

b
]

A 
× 

σ

-410

-310

-210

-110

1

10

210

ATLAS

QBH, BlackMax gen.

QBH, QBH gen.

Observed 95% CL upper limit

Expected 95% CL upper limit

68% and 95% bands

-1L dt = 20.3 fb∫
=8 TeVs

Figure 7. Observed (filled circles) and expected 95% C.L. up-
per limits (dotted line) on � � A for black holes simulated
using the Qbh and BlackMax generators as a function of
particle mass. The green and yellow bands represent the 68%
and 95% contours of the expected limit. The dashed curve is
the theoretical prediction of � � A. The uncertainty on the
nominal signal cross section due to the beam energy uncer-
tainty is also displayed as a band around the theory predic-
tion. The observed (expected) mass limit occurs at the cross-
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full benchmark templates. This is due to the simplifying
assumptions made in their derivation, in particular from
the use of a nonrelativistic and mass-independent Breit-
Wigner shape.
Gaussian limits should be used when tails from PDF

and nonperturbative e⇥ects can be safely truncated or
neglected. Otherwise, convolved Breit-Wigner signals
would be more reliable.
In the case of the Gaussian limits, the signal distri-

bution after applying the kinematic selection criteria on
y�, mjj and � of the leading jets (Sec. III) should ap-
proach a Gaussian distribution. The acceptance should
include the jet reconstruction e⇤ciency (100% for the
current analysis and detector conditions, since ine⇤cien-
cies due to calorimeter problems are corrected for in data)
and the e⇤ciency with respect to the kinematic selection
above. NP models with a width smaller than 5% should
be compared to the results with width equal to the ex-
perimental resolution only (see Appendix B). For models
with a larger width after detector e⇥ects, the limit that
best matches their width should be used.

4

TABLE I. Breakdown of relative systematic uncertainties
on the SM background for the threshold mass Mth = 5TeV.
The uncertainties are added in quadrature to obtain the total
uncertainty.

Source Electron+jet Muon+jet
% %

Lepton reconstruction, +2 �1 +30 �7
scale and resolution
Jet reconstruction, +31 �15 +5 �5
scale and resolution
Multijet modeling +27 �27 -
PDF +52 �33 +100 �69
Fit +77 �77 +130 �71

Total +100 �89 +170 �100

TABLE II. Numbers of expected background (Exp.) and
observed (Obs.) events, along with the cumulative signal ef-
ficiencies (E⇥.), with uncertainties including both the statis-
tical and systematic components for various values of Mth.
Numbers of events are integrated above minv requirement for
the given Mth.

Mth Electron+jet Muon+jet
Obs. Exp. E⇥. Obs. Exp. E⇥.

TeV % %

1.0 1200 1210+�
230
220 57± 4 620 550±280 38± 4

1.5 100 110±40 57± 4 49 65+�
45
40 36± 4

2.0 12 19+�
13
12 56± 4 8 14+�

16
14 36± 4

2.5 0 5.3+�
4.5
3.9 55± 4 3 5+�

6
5 34± 4

3.0 0 1.8+�
1.8
1.6 54± 4 1 2.1+�

2.9
2.1 34± 4

3.5 0 0.76+�
0.79
0.67 54± 4 0 1.0+�

1.6
1.0 33± 4

4.0 0 0.35+�
0.38
0.34 53± 4 0 0.57+�

0.94
0.57 33± 5

5.0 0 0.09+�
0.10
0.09 52± 4 0 0.24+�

0.39
0.24 32± 5

6.0 0 0.03+�
0.04
0.03 52± 4 0 0.13+�

0.22
0.13 32± 6

3.9% at 6TeV for the electron channel and from 3.6% at
1TeV to 5.6% at 6TeV for the muon channel. The cu-
mulative e⇧ciency, shown in Table II, is taken from the
signal MC simulation for charge +4/3 QBHs. The di⇥er-
ences in the e⇧ciency between the charge +4/3 state and
the other charged states are much smaller than the uncer-
tainties mentioned above and are neglected. The e⇥ect
of the 0.65% uncertainty in the LHC beam energy [44]
is to change the QBH production cross section. Since
the QBH cross section is nearly constant in Mth/

⇤
s this

is e⇥ectively an uncertainty in Mth and has a negligible
e⇥ect on the limits.

The observed numbers of events and the expected
backgrounds, shown in Table II, are in agreement within
the total uncertainty. There is no evidence for any ex-
cess. Upper limits on ��qq ⇥ BFqq for the produc-
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tion of QBHs above Mth are determined in the interval
1�6TeV assuming lepton universality and using the CLs
method [45, 46], which is designed to give conservative
limits in cases where the observed background fluctuates
below the expected values. The statistical combination of
the channels employs a likelihood function constructed as
the product of Poisson probability terms describing the
total number of events observed in each channel. Sys-
tematic uncertainties are incorporated as nuisance pa-
rameters into the likelihood through their e⇥ect on the
mean of the Poisson functions and through convolution
with their assumed Gaussian distributions. Correlations
between channels are taken into account.
Figure 2 shows the 95% confidence level (C.L.) com-

bined lepton+jet upper limit on the cross section times
branching fraction for the production of QBHs as a func-
tion of Mth. Above 3.5TeV, the limit is 0.18 fb. For the
n = 6 QBH model assumed in this Letter, the 95% C.L.
lower limit on Mth is 5.3TeV. For n = 2, and all other
model assumptions the same, the 95% C.L. lower limit on
Mth is 4.7TeV. Treating the channels separately, the 95%
C.L. upper limit on the electron (muon)+jet ��qq⇥BFqq

above 3.5TeV is 0.27 (0.49) fb, and the n = 6 lower limit
on Mth is 5.2 (5.1)TeV.

In conclusion, a first search for two body lepton+jet
final states with large invariant mass has been performed
using 20.3 fb�1 of pp collisions recorded at

⇤
s = 8TeV

with the ATLAS detector at the LHC. In the invariant-
mass region above 1TeV the observed events are consis-
tent with data-driven extrapolated backgrounds from the
low-invariant-mass control region. Above 3.5TeV the ex-
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is excluded at 95% CL.

D. Limits on quantum black hole models

Upper limits at 95% CL on σB are set as a function
of Mth, assuming a signal according to both the RS and
ADD models. While the two models predict different
mass distributions, using the same σB limit curve for
each (as in Fig. 9) affects the mass limits obtained by
only 1%. The observed lower limits on Mth for the com-
bination of the two dilepton channels are 3.65 TeV for
the ADD model and 2.24 TeV for the RS model.
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E. Limits on Minimal Walking Technicolor

The MWT model, introduced in Sec. II F, is tested
by searching for technimeson resonances. Limits on σB
are set at 95% CL as a function of MR1

for g̃ = 2.
Electroweak precision data, a requirement to stay in the
walking technicolor regime and constraints from requir-
ing real-valued physical decay constants exclude a por-
tion of the g̃ versus MA plane, as shown in Fig. 10. By
combining these factors and the 95% CL limits that are
set, all possible MA masses are excluded for g̃ less than
≈ 1.4. Limits on MR1

for various values of g̃ are given in
Table IX.

TABLE IX. Combined 95% CL observed and expected lower
mass limits on MR1

and MA (Minimal Walking Technicolor
model) for various values of g̃.

g̃ 1.5 2 3 4 5 6 7 8
Observed limit MR1

[TeV] 2.27 1.99 1.57 0.89 0.57 0.33 0.24 0.22
Expected limit MR1

[TeV] 2.24 1.96 1.54 0.90 0.56 0.33 0.24 0.22
Observed limit MA [TeV] 2.21 1.96 1.55 0.88 0.57 0.33 0.24 0.22
Expected limit MA [TeV] 2.18 1.93 1.53 0.90 0.56 0.33 0.24 0.22
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To complement the collection of plots, a series of tables
were generated that divulge the total cross section and
branching ratio for each of the ten threshold mass inputs
for the summed data of each decay state.The complete
set of tables is included in Appendix B.

In order to link these theoretical predictions to current
experimental research at the LHC, we have used a recent

TABLE I: Mass bounds for 1 fb intersection

State ADD Mass Bound [TeV] RS1 Mass Bound [TeV]
WZ 4.98 2.96
�W 4.98 2.96

W
+
W

� 4.85 2.85
�Z 4.85 2.86
�� 4.84 2.85
ZZ 4.84 2.85

mono-jet 7.86 5.41
mono-q 7.86 5.41
mono-e 5.87 3.76
mono-⌧ 5.87 3.75
mono-µ 5.86 3.76
mono-g 5.54 3.22
mono-W 4.95 2.92
mono-Z 4.73 2.72
mono-� 4.72 2.71
mono-H 3.89 1.71

luminosity from the collider of 3.6 fb (as of 1 Dec 2015)
to estimate current bounds on the potential for quantum
black hole production for each of our two-particle final
states. This is motivated by current similar research by
the ATLAS Collaboration to find signatures for strong
gravity from lepton, jet, and dijet states [17–19]. We
emphasize This was completed by determining the inter-
section point of 1 fb and the total �⇥B plot. A table of
these values is included in Table I.

III. DISCUSSION

Table I includes the diboson and mono-X states sepa-
rated in descending order of their mass bounds. Notable
aspects of this summary of the most significant portion
of our results include that mono-q (and with it mono-
jet) have the largest bounds, as they include the highest
number of possible quantum black hole states. We can
also see that the diboson states are quite similar in their
bounds, with WZ and �W having slightly higher val-
ues, most likely due to the fact they encompass both the
positive and negative charge states.

Possibilities for expansions on this data collection
could entail a sensitivity study by varying one of the
unknown parameters, such as number of dimensions or
collision energy. This data could also be compared to
studies looking at other initial and final particle states to
look for trends or similarities in the projected results.

Another potentially interesting analysis is a quantita-
tive comparison of the ADD and RS1 plots and data sets
to find the similarities and di↵erences between the two
models in the case of diboson and mono-X quantum black
hole decay states.
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Diboson and mono-X predictions 
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momentum loss.

10 Summary
We have conducted a search for new physics in multiparticle final states in a data sample of
proton-proton collisions at

p
s = 13 TeV collected with the CMS detector, corresponding to an

integrated luminosity of 2.3 fb�1. The discriminating variable between signal and the domi-
nant QCD multijet background is the scalar sum of the transverse energies of all reconstructed
objects in the event, ST. The shape of the ST distribution in low-multiplicity data is used to pre-
dict the QCD multijet background in high-multiplicity signal regions. No significant excess of
events over the standard model expectation is observed in any of the analyzed final-state mul-
tiplicities. Comparing the ST distribution in data with that from the background prediction, we
set model-independent upper limits at 95% confidence level on the product of the cross section
and the acceptance for hypothetical signals. In addition, we set limits on various theoretical
black hole and string ball models, including models of rotating and nonrotating black holes
and quantum black holes. In all cases the exclusions represent significant improvements over
the limits achieved in Run 1 of the LHC.
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Figure 3: The 95% CL upper limits obtained from the dijet invariant mass (mj j) distribution on cross-section times
acceptance times branching ratio to two jets, � ⇥ A ⇥ BR, for the models described in the text. Clockwise from
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nominal selection and the last uses the widened |y⇤| < 1.2 selection. The numerical values of the observed and
expected limits are summarized in Table 2.
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A✏ of the ADD and RS QBH models were found to agree within 1% and therefore the same curve is used
for the limit extraction.
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Figure 2: The observed and expected 95% credibility level upper limits on the (a) Z0, (b) ⌧ sneutrino (⌫̃⌧)
and (c) QBH ADD and RS production cross-section times branching ratio in decays to an eµ
final state. The signal theoretical cross-section times branching ratio lines for the Z0 model, the
QBH ADD model assuming six extra dimensions and the RS model with one extra dimension
are obtained from the Monte Carlo generators simulating each process, while the RPV SUSY
⌫̃⌧ includes the NLO K-factor calculated using LoopTools [37]. The expected limits are plotted
with the ±1 and ±2 standard deviation uncertainty bands.
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Figure 3: The observed and expected 95% credibility level upper limits on the (a) Z0, (b) ⌧ sneutrino (⌫̃⌧)
and (c) QBH ADD and RS production cross-section times branching ratio in decays to an e⌧
final state. The signal theoretical cross-section times branching ratio lines for the Z0 model, the
QBH ADD model assuming six extra dimensions and the RS model with one extra dimension
are obtained from the Monte Carlo generators simulating each process, while the RPV SUSY
⌫̃⌧ includes the NLO K-factor calculated using LoopTools [37]. The expected limits are plotted
with the ±1 and ±2 standard deviation uncertainty bands.
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Figure 4: The observed and expected 95% credibility level upper limits on the (a) Z0, (b) ⌧ sneutrino (⌫̃⌧)
and (c) QBH ADD and RS production cross-section times branching ratio in decays to an µ⌧
final state. The signal theoretical cross-section times branching ratio lines for the Z0 model, the
QBH ADD model assuming six extra dimensions and the RS model with one extra dimension
are obtained from the Monte Carlo generators simulating each process, while the RPV SUSY
⌫̃⌧ includes the NLO K-factor calculated using LoopTools [37]. The expected limits are plotted
with the ±1 and ±2 standard deviation uncertainty bands.
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Model Expected Limit [TeV] Observed Limit [TeV]
eµ e⌧ µ⌧ eµ e⌧ µ⌧

Z0 3.2 2.7 2.6 3.0 2.7 2.6
RPV SUSY ⌫̃⌧ 2.5 2.1 2.0 2.3 2.2 1.9
QBH ADD n = 6 4.6 4.1 3.9 4.5 4.1 3.9
QBH RS n = 1 2.5 2.2 2.1 2.4 2.2 2.1

Table 3: Expected and observed 95% credibility level lower limits on the mass of a Z0 with lepton-
flavour-violating couplings, a supersymmetric ⌧ sneutrino (⌫̃⌧) with R-parity-violating coup-
lings, and the threshold mass for quantum black hole production for the ADD n = 6 and RS
n = 1 models. Limits for all channels are reported.
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A search for a heavy particle decaying into an eµ, e⌧ or µ⌧ (``0) final state is conducted, using 3.2 fb=1 ofp
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full dataset at
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s = 8 TeV.
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Figure 6: Observed 95% CL upper limits (solid line with dots) on the production cross-section times branching ratio
� ·B to a photon and a quark or gluon in 36.7 fb�1 of data at

p
s = 13 TeV for the (a) excited-quarks, (b) QBH (RS1)

with n = 1 and (c) QBH (ADD) with n = 6 models. The limits are placed as a function of mq⇤ for the excited quarks
and Mth for the QBH signals. The calculation is performed using ensemble tests at mass points separated by 200
(500) GeV for the RS1 (ADD) model over the search range. For the q⇤ model the step size is 250 GeV up to 5 TeV
and then 200 GeV up to 6 TeV. The limits expected if a signal is absent (dashed lines) are shown together with the
±1� and ±2� intervals represented by the green and yellow bands, respectively. The theoretical predictions of � ·B
for the respective benchmark signals are shown by the red solid lines.

16

 [TeV]q*m
1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

 [f
b]

B × 
σ

1−10

1

10

210 ATLAS
-1=13 TeV, 36.7 fbs

q* LO prediction (f=1.0)
observed limit
expected limit

σ1±expected limit 
σ2±expected limit 

 = 5.3 TeVq*observed limit m
 = 5.5 TeV

q*
expected limit m

All limits at 95% CL

(a)

 [TeV]thM
2 2.5 3 3.5 4 4.5 5 5.5 6

 [f
b]

B × 
σ

1−10

1

10
ATLAS

-1=13 TeV, 36.7 fbs
QBH (RS1) prediction
observed limit
expected limit

σ1±expected limit 
σ2±expected limit 

 = 4.4 TeVthobserved limit M
 = 4.7 TeV

th
expected limit M

All limits at 95% CL

(b)

 [TeV]thM
3 4 5 6 7 8

 [f
b]

B × 
σ

1−10

1

10

210
ATLAS

-1=13 TeV, 36.7 fbs
QBH (ADD) prediction
observed limit
expected limit

σ1±expected limit 
σ2±expected limit 

 = 7.1 TeVthobserved limit M
 = 7.1 TeV

th
expected limit M All limits at 95% CL

(c)

Figure 6: Observed 95% CL upper limits (solid line with dots) on the production cross-section times branching ratio
� ·B to a photon and a quark or gluon in 36.7 fb�1 of data at

p
s = 13 TeV for the (a) excited-quarks, (b) QBH (RS1)

with n = 1 and (c) QBH (ADD) with n = 6 models. The limits are placed as a function of mq⇤ for the excited quarks
and Mth for the QBH signals. The calculation is performed using ensemble tests at mass points separated by 200
(500) GeV for the RS1 (ADD) model over the search range. For the q⇤ model the step size is 250 GeV up to 5 TeV
and then 200 GeV up to 6 TeV. The limits expected if a signal is absent (dashed lines) are shown together with the
±1� and ±2� intervals represented by the green and yellow bands, respectively. The theoretical predictions of � ·B
for the respective benchmark signals are shown by the red solid lines.

16

ADD >7.1 TeV                         RS1 >4.4 TeV 



 What we think we know 

●  A search for non-perturbative gravity is enabled 
by the highest energies, not high luminosity. 

●  Instant discovery physics at new energy turn-on: 
■  If the LHC energy is near the new gravity scale. 

■  Of course this could be wrong and black holes could be produced 
at some low rate at our current energies, or in some other 
signature. 

◆  Trap surface models may reduce the cross section. 

◆  Split-fermion models may reduce the cross section. 

◆  One of the only models that could predict new signatures, that 
I know of, is non-commutative geometry black hole models. 
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Black hole parton cross section 

●  Typically a total inelastic σ = πrg
2 form is used for the 

parton-parton cross section. 
●  All energy of partons goes into producing the black hole. 
●  Various GR calculations estimate the amount of energy in a 

parton-parton collision trapped behind the horizon formed. 
■  Analytical lower-bounds for 4-D black holes. 
■  Numerical lower-bounds for higher-dimension black holes. 

●  The excess energy “appears” as radiation. 
■  Initial-state radiation, if before black hole formation. 
■  Balding radiation, if after black hole formation. 

●  In the former case, less energy is available for black hole 
formation and the cross section is reduced. 
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Trapped energy calculation 
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Note that the initial vertex involves 2 incoming
fermions, which is not possible under any Standard
Model interaction. It also includes the graviton
radiation produced in the first interaction, which
is the main focus of this research and is required
from the calculations of Yoshinio-Rychkov. Also,
this interaction violates the conservation of lepton
number and baryon number; these violations are op-
tional in the QBH code and are used in this analysis.

The trapped surface calculations tell us the prob-
ability distributions for the ratio of the black hole
mass to the initial center of mass energy of the in-
teracting partons. In a system without graviton
emission, this ratio will always be 1. To start our
kinematics calculation, we sample from this distri-
bution to obtain the mass of the black hole. The
left over center of mass energy from the interaction
ECM � MBH is released in the form of gravitons
and kinetic energy of the black hole. Many gravi-
tons are likely generated at this time, but it is not
useful to record the energy and momentum of each
graviton since they cannot be detected; therefore,
we generate a single 4-momentum for the sum of the
4-momenta of all the produced gravitons. Thus, we
can treat the many body decay problem as a simple
two-body decay.

In adding together 4-momenta, the mass of the
resultant 4-momentum is not (in general) equal to
the sum of the masses of the individual particles.
In fact, one can easily show that the invariant mass
resulting from summing N gravitons with energies
E1, E2, . . . , EN is

MG = 2
j=NX

j=2,i<j

EiEj(1� cos(✓ij)), (1)

where ✓ij is the angle between the momenta of the
i
th and j

th graviton. Therefore, the only way our
resultant graviton can have zero mass is if all the
gravitons are emitted in exactly the same direction.

Since this is not likely, we have to choose a mass for
our graviton system. This mass must be between
0 and ECM �MBH , so the QBH algorithm chooses
a fraction, 0  ⇠  1 and sets the graviton mass
to MG = ⇠(ECM � MBH). QBH chooses ⇠ from a
polynomial distribution, P (⇠) = (p+1)⇠p,1 to match
CHARYBDIS2 [6], a classical black hole event gen-
erator.

Having the two masses chosen, we can easily
work out the energy, EG, and momentum, pG, of
the graviton system in the center of mass frame us-
ing the following equations:

EG =
E

2
CM

+M
2
G
�M

2
BH

2ECM

, (2)

pG =
q

E
2
G
�M

2
G
. (3)

A random direction for the momentum vector is
chosen from a uniform distribution and conserva-
tion of energy and momentum is used to find the
4-momentum of the black hole. Then it is a simple
matter of Lorentz boosting these 4-momenta from
the center of mass frame into the lab frame.

At this stage, the kinematics of the gravitons and
black hole are solved. The graviton 4-momentum
is saved and deposited in the event record. The
black hole 4-momentum is used to calculate the
4-momenta of the two outgoing particles by a very
similar calculation to that described above. These
two particles are also stored in the event records, to
be processed by Pythia.[5]

After these changes were implemented into QBH,
it was validated by typical ATLAS procedures.

3. Cross Sections and Limits

The natural question when considering new types
of interactions is “can we see such events in our
detectors?” To test this question, signal samples
of 20000 events were generated using QBH assum-
ing 6 extra dimensions and allowing violation of
baryon and lepton numbers. Such samples were
generated for values of MD values of 3.0, 3.5, 4.0,
4.5, 5.0, and 5.5 TeV. The samples were then run

1
The default value of p is chosen to give a mean of 0.99. This mean is a parameter in QBH and is given by (p+1)/(p+2).

The 0.99 default was chosen to match the default in CHARYBDIS2.

2

Figure 2: Comparison of the cross sections between the trapped surface model and a model without
graviton emission for di↵erent Planck scales and beam energies (

p
s) in 10 dimensions.

Figure 3: Limits on the maximum accessible black hole mass in the LHC at 13 TeV given the trapped
surface calculations of Yoshino-Rychkov.
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Figure 3: Limits on the maximum accessible black hole mass in the LHC at 13 TeV given the trapped
surface calculations of Yoshino-Rychkov.
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Could it be that the black hole 
production cross section at 
the LHC is just too low to 
allow observation? 

F.D. Wandler 
F.D. Wandler 

High-mass cut off 



Trapped energy estimates 
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Figure 4: Comparison in the missing transverse momentum distributions between QBH events with graviton
radiation and QCD background events.

Pt Et

MD = 3 TeV MD = 3.5 TeV MD = 4 TeV
Ns Nb Ns/

p
Nb Ns Nb Ns/

p
Nb Ns Nb Ns/

p
Nb

0.050 0.000 6838.667 13137.017 59.665 913.597 4062.573 14.334 111.312 1330.726 3.051
0.050 0.050 6423.135 270.723 390.378 862.154 84.050 94.041 107.191 26.437 20.847
0.050 0.150 4440.556 63.840 555.765 640.062 20.306 142.040 84.244 6.414 33.264
0.050 0.350 1183.209 7.854 422.206 209.232 2.691 127.551 31.124 0.897 32.858
0.250 0.000 6838.667 13137.017 59.665 913.597 4062.573 14.334 111.312 1330.726 3.051
0.250 0.050 6423.135 270.723 390.378 862.154 84.050 94.041 107.191 26.437 20.847
0.250 0.150 4440.556 63.840 555.765 640.062 20.306 142.040 84.244 6.414 33.264
0.250 0.350 1183.209 7.854 422.206 209.232 2.691 127.551 31.124 0.897 32.858
0.450 0.000 6838.667 13137.017 59.665 913.597 4062.573 14.334 111.312 1330.726 3.051
0.450 0.050 6423.135 270.723 390.378 862.154 84.050 94.041 107.191 26.437 20.847
0.450 0.150 4440.556 63.840 555.765 640.062 20.306 142.040 84.244 6.414 33.264
0.450 0.350 1183.209 7.854 422.206 209.232 2.691 127.551 31.124 0.897 32.858
0.650 0.000 6838.667 13137.017 59.665 913.597 4062.573 14.334 111.312 1330.726 3.051
0.650 0.050 6423.135 270.723 390.378 862.154 84.050 94.041 107.191 26.437 20.847
0.650 0.150 4440.556 63.840 555.765 640.062 20.306 142.040 84.244 6.414 33.264
0.650 0.350 1183.209 7.854 422.206 209.232 2.691 127.551 31.124 0.897 32.858

Table 1: Significance calculation for various cuts on QBH version 4 events. Pt and Et refer to the cuts
placed on transverse momentum of the leading jet and missing transverse momentum, respectively. Nb and
Ns refer to number of background and signal events, respectively. All calculations are done assuming an
integrated luminosity of 37 fb�1. Also, cuts require at least 50 GeV for second leading jet momenta and
|y⇤| < 1.2.
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Figure 8: Comparison between the dijet background mjj distribution and those with the signal included
for four possible values of MD. The histograms are normalized to a luminosity of 37 fb�1
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Mth = MD < 4.5 TeV could be seen at 5σ level, but MD > 4.8 TeV 

F.D. Wandler 

F.D. Wandler 

Graviton radiation give 
missing transverse momentum 

Search at lower dijet 
invariant masses 



23 February 2018 Doug Gingrich (IHEP Seminar) 33/39 

Split-fermion models 

●  Mechanism for generating Yukawa hierarchies by displacing 
the standard model fermion fields in a higher-dimensional 
space. 
■  Overlap of wave functions gives couplings. 

●  A set of spacings giving masses consistent with data has 
been determined in a 2-D split-fermion model. 

●  We can embed black holes and string balls in split-fermion 
models. 

●  This causes reduction in cross section relative to usual 
ADD case.  

●  Split-fermion models not yet used to interpret LHC results. 
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Split fermion pp cross section 

Domain wall 
thickness 

c = L/µ-1 

µ-1 = Gaussian width 
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Non-communative Geometry 

●  Smear matter distributions 
with resolution of non-
communativity scale (extra 
parameter √θ). 

●  Temperature well behaved. 
■  Canonical ensemble 

treatment of entropy valid 
for entire decay. 

●  Gravitational radius has non-
zero minimum. 
■  Stable remnant with mass 

different from Planck scale. 

Non-communative geometry inspired black holes 

arXiv:1003.1798 

√θ MD = 0.6 

14 TeV 
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Non-communative Geometry 

●  Non-commutative gravity embedded into ADD: 
■  Has hopefully some aspects of a theory of quantum gravity. 

■  Model exits and gives rather different signatures then 
usual models. 

  

Figure 6.12: Comparison of distribution of jet �
pT of all data samples after

the Njet � 2 selection cut.

After the Njet � 2 we observe more background to signal events in the distri-

bution of the most energetic jet and sum pT , Figures 6.11 and 6.12. Therefore, to

reduce the background, we check the correlation of our kinematic variables: leading

jet transverse momentum, p1st
T , scalar sum of jet transverse momentum, �

pT , and

missing transverse energy, Emiss
T . Figures 6.13 through 6.30 show correlation plots

of scalar sum of jet transverse momentum and leading jet transverse momentum,

leading jet transverse momentum and missing transverse energy, and scalar sum of

jet transverse momentum and missing transverse energy of the data, QCD, tt̄, W+

jets, Z+ jets and black hole, respectively.

The distribution of �
pT versus p1st

T , Figures 6.13 through 6.18, show a linear

correlation. Hence, those combinations or candidates can not be a suitable param-

eter for reducing our background sample.
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Main experimental 
differences from GR 
black holes: 

■  Larger missing energy. 

■  Soft Σ pT sepctra. 

Possible trigger issues. 

8 TeV 

black hole 

K. Emelideme 



How we do things for GR black holes 
●  In most cases, searches are performed in the Σ pT variable. 

■  Σ pT is not directly related back to theory. 
■  Determine fiducial cross-section lower limit above some Σ pT value. 
■  Original hope was to set model-independent limits. 
■  No good method for removing model-dependence and making results 

generic. 

●  We set model-dependent limits. 
■  Set limits in 2-D parameter space (MD,Mth). 
■  Fixed the other parameters and called this a model (not unique). 
■  Lower mass limits for a given (arbitrary) MD and model. 
■  Allows some general conclusions and comparisons, but still involves a 

wide range of mass limits to be set. 
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 Some “cheap” comments for GR case 

●  Use mass as limit setting (search) variable.   
■  This is related directly to theory. 

■  MET should also be used to account for neutrinos and  
gravitons. 

●  Need better strategy for model-independent limits. 

●  Improvements to model-dependent limits: 
■  By and large, I think the models chosen are the useful 

ones. 

■  Extend MD range. 
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Summary 
●  About 14 LHC publications (about five 13 TeV publications). 
●  Thermal black holes 

■  Black holes probably excluded at the LHC. 
■  But maybe string balls not excluded yet at 14 TeV. 

●  Non-thermal black holes 
■  Di-jet most powerful channel; > 9 TeV. 

●  Low-scale gravity studies benefit more from increased LHC 
energy than luminosity. 
■  True for nominal models. 
■  Quantum gravity effects, or others, may cause cross sections to be lower. 

●  Phenomenology should be rewritten with MD > 5 TeV       
(c.f. 1 TeV), makes big difference. 
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