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Outline

• LHC performance in run 1 at 7 TeV and 8 TeV 

•Current shutdown schedule

• Experimental considerations

•Quantum gravity searches from ATLAS and CMS

• ADD large extra dimensions 

• quantum BH signatures 

• semi-classical signatures 

• graviton mediated processes 

•Questions

• Expectation of 13 TeV run 

The signatures chosen for each model are not unique - lots of overlap!

- monophoton / monojet + missing ET

- photon+jet, lepton+jet , dijets

- dileptons + high mult / dijets + high mult

- dileptons / diphotons
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LHC Performance

available for analysis 20 fb-1

5 fb-1

0.04 fb-1

LHC has performed very well and detector operational efficiency was been very high

Pile-up: simultaneous pp collision in same bunch-crossing
Gives rise to additional particles / energy overlaying main collision
Spoils ‘isolation’ of high pT particles
Adds energy to quark/gluon jets
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Pile-up

Pile-up in 2011 data....
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8 

Living with High Pileup 

Raw ΣET ~ 2 TeV 
14 jets with ET > 40 
Estimated  PU ~ 50 

Pile-up

upto 50 overlapping events distinguished by number of interaction vertices
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connection between magnets quenched - few nanoOhms resistance caused explosive heating expansion of helium
1 year to repair magnets in that sector → limit cms to 7 TeV, then 8 TeV
Now expect to run at 13 TeV in 2015

September 2008

Long Shutdown 1
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Long Shutdown 1
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LHC Schedule for Next Decade

*)%This%fall%machine%workshop%to%discuss%near%and%further%schedule%and%plans%

∫L = 300 fb-1

√s=7 TeV

√s=8 TeV

√s=13 or 13.5 TeV

√s=14 TeV ?

Run 1 Run 2 Run 3
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arXiv:1310.7291

Look for changes in the rapidity spectrum

The Standard Model in Run 1

∫L ~ 5 fb-1 per lepton channel and √s=7 TeVpp → Z → μμ or ee

200 < M < 1500 TeV

http://arxiv.org/abs/1310.7291
http://arxiv.org/abs/1310.7291
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The Standard Model in Run 1

Probing electroweak sector of the Standard Model over 4 orders of magnitude
Experimental verification of electroweak symmetry breaking mechanism
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 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)

ATLAS and CMS probe the mutli-TeV regime
Most stringent limits ~ 5 TeV
Based on ∫L ~ 20 fb-1 and √s = 7 or 8 TeVCMS

Low Scale Gravity Searches in Run 1

ATLAS



Asymptotic Safety Meets Particle Physics - Sussex - 2014Eram Rizvi 12

Experimental searches - try to be model independent
Place limits on (cross section) × (branching ratio)
→ some cases move to limits on fiducial cross sections
→ no extrapolations to full phase space, 
→ requires MC signal simulations to determine acceptance

Signatures:
monojet / monophoton + MET → graviton production / emission
deviations of dilepton , dijet or diphoton spectrum → gravity mediated scattering / quantum BH
focus on SM disfavoured final states to suppress background 

photon+jet → quantum BH
lepton+jet → lepton / baryon number violation quantum BH

high multiplicity high pT states → thermal BH production
same-sign dileptons → thermal BH production

Low scale gravity effects have a rich phenomenology
Effects at the LHC include:
• resonant production of new states e.g. RS graviton
• virtual graviton mediated processes influencing continuum of the SM
• high pT and high multiplicity decays from high entropy states (semi-classical BHs)
• ‘peculiar’ final states from decays of quantum BHs (possibly violating B and L numbers)

Low Scale Gravity Searches in Run 1
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The LHC Experiments ATLAS & CMS

I attempted to be more democratic in showing results from CMS & ATLAS
Didn’t quite succeed...
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Experimental Considerations

Jets
collimated spray of particles
defined by an algorithm
no unique correspondance to quark or gluon
choose algorithm insensitive to additional small energy
must be defined at parton level as well as particle level
must be infra-red safe

excellent experimental coverage in |η| < 5 !
at high pT experimental resolution is very good: 
σ ~ 50% /√E ⊕ 3% 
    = 3% for 1 TeV jet
Suffer from additional pile-up energy
Large calibration uncertainties at high pT

Muons
Very clean - little misidentification
Coverage limited to ~ |η|<2.5

at high pT experimental resolution degrades: 
σ ~ 10-20% for 1 TeV muon
Small effects from additional pile-up energy
Calibration (alignments) uncertainties small 

Electrons / Photons
Good calorimetric coverage to large |η|
But limited tracking coverage to |η|<2.5
Need to distinguish from hadronic jet

high pT experimental resolution very good: 
σ ~ 10% /√E ⊕1-2% 
    = 1% for 500 GeV electron
Suffer from additional pile-up energy
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Limits on Large Extra Dimensions

In ADD models additional dimensions have size R
Gives rise to the Kaluza-Klein towers of graviton excitations
Separation between states ΔE ∝1/R
⇒ excitations form a continuum
At colliders missing transverse energy ⇒ radiation into the bulk off SM brane
For n extra dimensions and a higher dimensional gravity scale MD 

Signatures:
monophotons
monojets

M2
PL ⇠ M2+n

D Rn

direct limits on MD
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monophoton candidate
missing ET = 446.9 GeV
photon pT = 449.7 GeV

monojet candidate
missing ET = 523 GeV 
jet pT = 602 GeV

ATLAS-CONF-2012-147 arXiv:1209.4625 ∫L ~ 5 fb-1 and √s=7 TeV∫L ~ 10 fb-1 and √s=8 TeV

Method:
veto leptons to reduce EW b/g
veto events where MET is close to jet 
→ reduce MET from mis-measurement

veto additional jets reduces top & QCD multijet b/g

Monophoton / Monojet & Missing ET

MET ≣ missing ET

Backgrounds:
Z → nunu + jets
W → lnu or Z → ll + jet & one lepton not measured
top & diboson (WW / WZ / ZZ production) 
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3

pT spectrum to pT < 30 GeV leads to an estimate of
1.0 ± 0.5 background events in the signal region, where
the uncertainty is due to the ambiguity in the functional
form used in the extrapolation. Background contribu-
tions from top-quark, !!, and diboson production pro-
cesses, determined using MC samples, are small. Finally,
non-collision backgrounds are negligible.
A detailed study of systematic uncertainties on the

background predictions has been performed. An uncer-
tainty of 0.3% to 1.5% on the absolute photon energy
scale [16], depending on the photon pT and ", translates
into a 0.9% uncertainty on the total background predic-
tion. Uncertainties on the simulated photon energy res-
olution, photon isolation, and photon identification ef-
ficiency introduce a combined 1.1% uncertainty on the
background yield. Uncertainties on the simulated lepton
identification e!ciencies introduce a 0.3% uncertainty on
the background predictions. The uncertainty on the ab-
solute jet energy scale [18] and jet energy resolution intro-
duce 0.9% and 1.2% uncertainties on the background esti-
mation, respectively. A 10% uncertainty on the absolute
energy scale for low pT jets and unclustered energy in the
calorimeter, and a 6.6% uncertainty on the subtraction
of pileup contributions, are taken into account. They af-
fect the Emiss

T determination and translate into 0.8% and
0.3% uncertainties on the background yield, respectively.
The dependence of the predicted W/Z + ! backgrounds
on the parton shower and hadronization model used in
the MC simulations is studied by comparing the predic-
tions from Sherpa and alpgen. This results in a con-
servative 6.9% uncertainty on the total background yield.
Uncertainties due to the choice of PDFs and the varia-
tion of the renormalization and factorization scales in the
W/Z + ! MC samples introduce an additional 1.0% un-
certainty on the total background yields. Other sources
of systematic uncertainty related to the trigger selection,
the lepton pT scale and resolution, the pileup description,
background normalization of the top quark, !! and di-
boson contributions, and a 1.8% uncertainty on the total
luminosity [37] introduce a combined uncertainty of less
than 0.5% on the total predicted yields. The di"erent
sources of uncertainty are added in quadrature, resulting
in a total 15% uncertainty on the background prediction.
In Table I, the observed number of events and the SM

predictions are presented. The data are in agreement
with the SM background-only hypothesis with a p-value
of 0.2. Figure 1 shows the measured Emiss

T distribution
compared to the background predictions. The results are
expressed in terms of model-independent 90% and 95%
confidence level (CL) upper limits on the visible cross sec-
tion, defined as the production cross section times accep-
tance times e!ciency (#!A!$), using the CLs modified
frequentist approach [38] and considering the systematic
uncertainties on the SM backgrounds and on the inte-
grated luminosity. Values of # ! A! $ above 5.6 fb and
6.8 fb are excluded at 90% CL and 95% CL, respectively.

Typical event selection e!ciencies of $ " 75% are found
in simulated ADD and WIMP signal samples.

Background source Prediction ± (stat.) ± (syst.)
Z(! !!̄) + " 93 ± 16 ± 8
Z/"!(! #+#") + " 0.4 ± 0.2 ± 0.1
W (! #!) + " 24 ± 5 ± 2
W/Z + jets 18 " ± 6
Top 0.07 ± 0.07 ± 0.01
WW,WZ,ZZ,"" 0.3 ± 0.1 ± 0.1
"+jets and multi-jet 1.0 " ± 0.5
Total background 137 ± 18 ± 9
Events in data (4.6 fb"1) 116

TABLE I: The number of events in data compared to the SM
predictions, including statistical and systematic uncertainties.
In the case of W/Z + jets, !+jets and multi-jet processes a
global uncertainty is quoted.
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FIG. 1: The measured Emiss
T distribution (black dots) com-

pared to the SM (solid lines), SM+ADD (dashed lines),
and SM+WIMP (dotted lines) predictions, for two particular
ADD and WIMP scenarios.

The results are translated into 95% CL limits on the
parameters of the ADD model. The typical A! $ of the
selection criteria is 20.0 ± 0.4(stat.) ± 1.6(syst.)%, ap-
proximately independent of n and MD. Experimental
uncertainties related to the photon, jet and Emiss

T scales
and resolutions, the photon reconstruction, the trigger
e!ciency, the pileup description, and the luminosity in-
troduce a 6.8% uncertainty on the signal yield. Uncer-
tainties related to the modeling of the initial- and final-
state gluon radiation translate into a 3.5% uncertainty
on the ADD signal yield. Systematic uncertainties due
to PDFs result in a 0.8% to 1.4% uncertainty on the
signal A ! $ and a 4% to 11% uncertainty on the sig-
nal cross section, increasing as n increases. Variations
of the renormalization and factorization scales by factors
of two and one-half introduce a 0.6% uncertainty on the
signal A ! $ and an uncertainty on the signal cross sec-
tion that decreases from 9% to 5% as n increases. Fig-
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ADD and WIMP scenarios.
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on the ADD signal yield. Systematic uncertainties due
to PDFs result in a 0.8% to 1.4% uncertainty on the
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nal cross section, increasing as n increases. Variations
of the renormalization and factorization scales by factors
of two and one-half introduce a 0.6% uncertainty on the
signal A ! $ and an uncertainty on the signal cross sec-
tion that decreases from 9% to 5% as n increases. Fig-
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ure 2 shows the expected and observed 95% CL lower
limits on MD as a function of n, as determined using
the CLs method and considering uncertainties on both
signal and SM background predictions. Values of MD

below 1.93 TeV (n = 2), 1.83 TeV (n = 3 or 4), 1.86 TeV
(n = 5), and 1.89 TeV (n = 6) are excluded at 95% CL.
The observed limits decrease by 3% to 2% after consid-
ering the !1! uncertainty from PDFs, scale variations,
and parton shower modeling in the ADD theoretical pre-
dictions (dashed lines in Figure 2). These results improve
upon previous limits on MD from LEP and Tevatron ex-
periments [1–3]. In this analysis, no weights are applied
for signal events in the phase space region with ŝ > M2

D,
which is sensitive to the unknown ultraviolet behavior of
the theory. For MD values close to the observed limits,
the visible signal cross sections decrease by 15% to 75%
as n increases when truncated samples with ŝ < M2

D are
considered. This analysis probes a kinematic range for
which the model predictions are defined but ambiguous.
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FIG. 2: Observed (solid lines) and expected (dashed-dotted
lines) 95% CL limits on MD as a function of the number of
extra spatial dimensions n in the ADD model. The results
are compared with previous results [1–3, 6] (other lines).

Similarly, 90% CL upper limits on the pair produc-
tion cross section of dark matter WIMP candidates are
determined. The A " " of the selection criteria are typi-
cally 11.0± 0.2(stat.)± 1.6(syst.)% for the D1 operator,
18.0± 0.3(stat.)± 1.4(syst.)% for the D5 and D8 opera-
tors, and 23.0± 0.3(stat.)± 2.1(syst.)% for the D9 oper-
ator, with a moderate dependence on m!. Experimental
uncertainties, as discussed above, translate into a 6.6%
uncertainty on the signal yields. Theoretical uncertain-
ties on initial- and final-state gluon radiation introduce a
3.5% to 10% uncertainty on the signal yields. The uncer-
tainties related to PDFs result in 1.0% to 8.0% and 5.0%
to 30% uncertainties on the signal A " " and cross sec-
tion, respectively. Variations of the renormalization and
factorization scales lead to a change of 1.0% to 2.0% and
8.0% in the signal A"" and cross section, respectively. In
the case of the D1 (D5) spin-independent operator, values

of M! below 31 GeV and 5 GeV (585 GeV and 156 GeV)
are excluded at 90% CL for m! equal to 1 GeV and
1.3 TeV, respectively. Values of M! below 585 GeV and
100 GeV (794 GeV and 188 GeV) are excluded for the
D8 (D9) spin-dependent operator for m! equal to 1 GeV
and 1.3 TeV, respectively. These results can be trans-
lated into upper limits on the nucleon-WIMP interaction
cross section using the prescription in Refs. [12, 39]. Fig-
ure 3 shows 90% CL upper limits on the nucleon-WIMP
cross section as a function of m!. In the case of the D1
(D5) spin-independent interaction, nucleon-WIMP cross
sections above 2.7 " 10"39 cm2 and 5.8 " 10"34 cm2

(2.2 " 10"39 cm2 and 1.7 " 10"36 cm2) are excluded at
90% CL for m! = 1 GeV and m! = 1.3 TeV, respec-
tively. Spin-dependent interactions cross sections in the
range 7.6"10"41 cm2 to 3.4"10"37 cm2 (2.2"10"41 cm2

to 2.7 " 10"38 cm2) are excluded at 90% CL for the
D8 (D9) operator and m! varying between 1 GeV and
1.3 TeV. The quoted observed limits on M! typically de-
crease by 2% to 10% if the !1! theoretical uncertainty
is considered. This translates into a 10% to 50% increase
of the quoted nucleon-WIMP cross section limits. The
exclusion in the region 1 GeV < m! < 3.5 GeV (1 GeV
< m! < 1 TeV) for spin-independent (spin-dependent)
nucleon-WIMP interactions is driven by the results from
collider experiments with the assumption of the validity
of the e!ective theory. The cross section upper limits
improve upon CDF results [4] and are similar to those
obtained by the CMS experiment [6] which uses axial-
vector operators to describe spin-dependent interactions.
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FIG. 3: 90% CL upper limits on the nucleon-WIMP cross sec-
tion as a function of m! for spin-dependent (left) and spin-
independent (right) interactions [12, 39]. The results are com-
pared with previous results [4, 6, 11].

In summary, we report results on the search for new
phenomena in events with an energetic photon and large
missing transverse momentum in proton-proton collisions
at

#
s = 7 TeV at the LHC, based on ATLAS data

corresponding to an integrated luminosity of 4.6 fb"1.
The measurements are in agreement with the SM predic-

Monophoton + MET

MD<1.93 MD<1.89

95% CL
Large Extra Dimensions excluded for  MD < 1.9 TeV
for 2 < n < 6

Probability of data agreement with background only 
hypothesis = 20%

Acceptance ~ 25%
efficiency for signal ~ 75%

isolated photon pT>150 GeV
MET > 150
no jets with pT>30
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Figure 7: Measured leading jet pT and EmissT distributions (black dots) in the SR3 (top) and SR4 (bottom)
signal regions compared to the predictions for SM backgrounds (histograms). Only statistical uncertain-
ties are shown. For illustration purposes, the impact of di!erent ADD, WIMP, and GMSB scenarios are
included.
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Figure 8: The predicted ADD ! ! A ! " for the SR3 selection as a function of MD for n = 2 and n = 6,
where bands represent the uncertainty on the theory. For comparison, the model-independent observed
(solid line) and expected (dashed line) 95% CL limits on ! ! A ! " are shown. The shaded areas around
the expected limit indicate the expected ±1! and ±2! ranges of limits in the absence of a signal.

tainties on the WIMP event yield depending on the WIMP mass and the e!ective operator considered.
Other experimental uncertainties a!ecting the event yield are associated with the trigger e"ciency (1%)
and the luminosity measurement (3.6%). The ISR/FSR uncertainties are estimated by varying the jet
matching scale between !"#$%"&'5 and &()'*" by a factor of one half and two. Moreover, the #s scale
is varied in &()'*" within a range that is consistent with experimental data [55]. The resulting uncertain-
ties on ! ! A, added in quadrature, are 3% for the matching scale and at most 8% for #s. A negligible
dependence of the ISR/FSR uncertainties on the choice of e!ective operator is found. PDF uncertainties
mostly impact the signal cross section and hardly impact the acceptance. They are found to depend on
the e!ective operator chosen. For D5, uncertainties ranging from 7% for the 80 GeV mass point to 30%
for 1000 GeV WIMP mass are found. The uncertainties for D11 range from 25% for 80 GeV to 88%
for 1000 GeV. Finally, the systematic uncertainties from the factorisation and renormalisation scales are
determined by varying these scales simultaneously between twice and half their default value. Uncer-
tainties of 10% are found for D5 and 30% for D11. The axial operator D8 exhibits the same kinematic
behavior as D5 and only di!ers in cross section, all systematic uncertainties of D5 are hence used for
D8, too.

Figure 9 shows the 90% CL lower limits on the suppression scale M", for all operators probed as a
function of WIMP massm$. These limits on M" are derived from the cross-section limits at a given mass
m$. The values displayed are for the signal region with the best expected limits, SR3. The lower limits
are based on simulation samples produced for m$ of 80, 400, and 1000 GeV. Extrapolations are shown
down to m$ = 10 GeV. These are valid since there is negligible change in cross section or kinematic
distributions at the LHC for low-mass WIMPs. For D8, the M" limits are calculated using the D5 accep-
tances (as they are identical) together with D8 production cross sections. As before, the central values of
observed and expected limits on M" are displayed taking into account experimental but not theoretical
uncertainties. The e!ect of ±1 and 2! variations on the expected limit due to statistical fluctuations and
experimental uncertainties are shown as grey and blue bands. The impact of the theoretical uncertainties
is represented by dotted red ±1! lines on either side of the observed limit. The nominal observed limit
line excluding theoretical uncertainties is the final result. All values of the observed lower limits on the
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SR1 and betweeen 6% and 14% in SR4. Systematic uncertainties due to PDFs are evaluated using the
Hessian method [54]. They result in uncertainties on the signal yields that vary between 6% to 11% for
SR1 and as n increases, and between 8% and 12% for SR4. Finally, variations of the renormalization
and factorization scales by factors of two and one-half introduce a 25% to 47% uncertainty on the signal
yields with increasing n and jet pT and EmissT requirements. All together, this results in total uncertainties
between 27% and 50% on the predicted signal yields.

95% CL limits on ADD model using LO signal cross sections
n extra- 95% CL observed limit on MD [TeV] 95% CL expected limit on MD [TeV]

dimensions +1!(theory) Nominal !1!(theory) +1! Nominal !1!
2 +0.32 3.88 !0.42 !0.36 4.24 +0.39
3 +0.21 3.16 !0.29 !0.24 3.39 +0.46
4 +0.16 2.84 !0.27 !0.16 3.00 +0.20
5 +0.16 2.65 !0.27 !0.13 2.78 +0.15
6 +0.13 2.58 !0.23 !0.11 2.69 +0.11

Table 3: The 95% CL observed and expected limits on MD as a function of the number of extra-
dimensions n for the SR3 selection and considering 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.

Figure 8 shows, for the SR3 selection, the ADD ! " A " " as a function of MD for n = 2 and n = 6
and corresponding to LO theoretical predictions. For comparison, the model-independent 95% CL limits
are shown. Expected and observed 95% CL lower limits are set on the value of MD as a function of
the number of extra dimensions considered in the ADD model. The CLs approach is used, including
statistical and systematic uncertainties. For the latter, the uncertainties on the signal acceptance times
e!ciency, the background predictions, and the luminosity are considered, and correlations between sys-
tematic uncertainties on signal and background predictions are taken into account. In addition, observed
limits are computed taking into account the ±1! LO theoretical uncertainty. The signal region SR3 pro-
vides the best expected limits and is used to obtained the final results. Values of MD below 3.88 TeV
(n = 2), 3.16 TeV (n = 3), 2.84 TeV (n = 4), 2.65 TeV (n = 5), and 2.58 TeV (n = 6) are excluded at
95% CL. The observed limits decrease by 10% after considering the !1! uncertainty from PDFs, scale
variations, and parton shower modeling in the ADD theoretical predictions (see Table 3). These results
do not supersede the 95% CL limits obtained in the previous analysis based on 7 TeV data [12]. The
limits on MD are not improved (except in the case of n = 6) due to the increase of the SM background
levels and the lack of su!cient statistics in the MC samples employed for the background predictions.
As discussed in [12], the analysis probes the phase space region with ŝ > M2

D, where
#
ŝ is the center-of-

mass energy of the hard interaction. This region is sensitive to the unknown ultraviolet behavior of the
e"ective theory.

6.2 WIMP production

Systematic uncertainties on WIMP pair production are treated similarly to those of the ADD limits,
except for the PDF and ISR/FSR uncertainties. The former are determined using CTEQ6M error sets
for the relative uncertainty around the CTEQ6L1 central value. The ISR/FSR uncertainties are estimated
di"erently in a way that is appropriate for the high-pT ISR/FSR regime probed here: a WIMP pair
recoils against a high-pT ISR/FSR jet, whereas for ADD, additional low-pT ISR/FSR jets dominate the
uncertainty due to the impact of the jet veto.

The experimental uncertainties due to jet and EmissT energy scale and resolution lead to 1–10% uncer-
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jet pT>350 GeV
MET > 350 GeV

no jets with pT>30
no leptons with pT>20

Background Predictions ± (stat.data)± (stat.MC) ± (syst.)
SR1 SR2 SR3 SR4

Z (! !  !)+jets 173600 ± 500 ± 1300 ± 5500 15600 ± 200 ± 300 ± 500 1520 ± 50 ± 90 ± 60 270 ± 30 ± 40 ± 20
W ! "!+jets 87400 ± 300 ± 800 ± 3700 5580 ± 60 ± 190 ± 300 370 ± 10 ± 40 ± 30 39 ± 4 ± 11 ± 2
W ! e!+jets 36700 ± 200 ± 500 ± 1500 1880 ± 30 ± 100 ± 100 112 ± 5 ± 18 ± 9 16 ± 2 ± 6 ± 2
W ! µ!+jets 34200 ± 100 ± 400 ± 1600 2050 ± 20 ± 100 ± 130 158 ± 5 ± 21 ± 14 42 ± 4 ± 13 ± 8
Z ! ""+jets 1263 ± 7 ± 44 ± 92 54 ± 1 ± 9 ± 5 1.3 ± 0.1 ± 1.3 ± 0.2 1.4 ± 0.2 ± 1.5 ± 0.2

Z/#"(! µ+µ#)+jets 783 ± 2 ± 35 ± 53 26 ± 0 ± 6 ± 1 2.7 ± 0.1 ± 1.9 ± 0.3 #
Z/#"(! e+e#)+jets # # # #

Multijet 6400 ± 90 ± 5500 200 ± 20 ± 200 # #
t  t + single t 2660 ± 60 ± 530 120 ± 10 ± 20 7 ± 3 ± 1 1.2 ± 1.2 ± 0.2
Dibosons 815 ± 9 ± 163 83 ± 3 ± 17 14 ± 1 ± 3 3 ± 1 ± 1

Non-collision background 640 ± 40 ± 60 22 ± 7 ± 2 # #
Total background 344400 ± 900 ± 2200 ± 12600 25600 ± 240 ± 500 ± 900 2180 ± 70 ± 120 ± 100 380 ± 30 ± 60 ± 30

Data 350932 25515 2353 268

Table 2: Number of observed events and predicted background events, including statistical and systematic uncertainties. The statistical uncertainties for
data and MC simulation are shown separately. In the total background prediction the first quoted uncertainty reflects the contribution from the statistical
uncertainty in the data in the control regions a!ecting the electroweak background estimation, the second represents the MC statistical uncertainty, and
the third includes the rest of systematic uncertainties. In SR3 and SR4 selections the MC statistical uncertainty dominates. The background uncertainties
in SR1 and SR2 selections are dominated by the rest of systematic uncertainties.

11

Background Predictions ± (stat.data)± (stat.MC) ± (syst.)
SR1 SR2 SR3 SR4

Z (! !  !)+jets 173600 ± 500 ± 1300 ± 5500 15600 ± 200 ± 300 ± 500 1520 ± 50 ± 90 ± 60 270 ± 30 ± 40 ± 20
W ! "!+jets 87400 ± 300 ± 800 ± 3700 5580 ± 60 ± 190 ± 300 370 ± 10 ± 40 ± 30 39 ± 4 ± 11 ± 2
W ! e!+jets 36700 ± 200 ± 500 ± 1500 1880 ± 30 ± 100 ± 100 112 ± 5 ± 18 ± 9 16 ± 2 ± 6 ± 2
W ! µ!+jets 34200 ± 100 ± 400 ± 1600 2050 ± 20 ± 100 ± 130 158 ± 5 ± 21 ± 14 42 ± 4 ± 13 ± 8
Z ! ""+jets 1263 ± 7 ± 44 ± 92 54 ± 1 ± 9 ± 5 1.3 ± 0.1 ± 1.3 ± 0.2 1.4 ± 0.2 ± 1.5 ± 0.2

Z/#"(! µ+µ#)+jets 783 ± 2 ± 35 ± 53 26 ± 0 ± 6 ± 1 2.7 ± 0.1 ± 1.9 ± 0.3 #
Z/#"(! e+e#)+jets # # # #

Multijet 6400 ± 90 ± 5500 200 ± 20 ± 200 # #
t  t + single t 2660 ± 60 ± 530 120 ± 10 ± 20 7 ± 3 ± 1 1.2 ± 1.2 ± 0.2
Dibosons 815 ± 9 ± 163 83 ± 3 ± 17 14 ± 1 ± 3 3 ± 1 ± 1

Non-collision background 640 ± 40 ± 60 22 ± 7 ± 2 # #
Total background 344400 ± 900 ± 2200 ± 12600 25600 ± 240 ± 500 ± 900 2180 ± 70 ± 120 ± 100 380 ± 30 ± 60 ± 30

Data 350932 25515 2353 268

Table 2: Number of observed events and predicted background events, including statistical and systematic uncertainties. The statistical uncertainties for
data and MC simulation are shown separately. In the total background prediction the first quoted uncertainty reflects the contribution from the statistical
uncertainty in the data in the control regions a!ecting the electroweak background estimation, the second represents the MC statistical uncertainty, and
the third includes the rest of systematic uncertainties. In SR3 and SR4 selections the MC statistical uncertainty dominates. The background uncertainties
in SR1 and SR2 selections are dominated by the rest of systematic uncertainties.

11

background estimation        ±stat  ±MCstat   ±sys

95% CL
Large Extra Dimensions excluded for  MD < 3.9 − 2.6 TeV
for 2 < n < 6
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Limits on Quantum Blackholes

Non-thermal objects
No Hawking radiation
Low multiplicity final states
Produced close to higher dimensional gravity scale MD

Mth is the threshold mass at which these objects are produced

Signatures:
photon + jet
lepton + jet
dileptons
dijets

limits on Mth
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Photon + jet

arXiv:1309.3230 ∫L ~ 20 fb-1 and √s=8 TeV
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Figure 3: The 95% CL upper limits on !!BR!A!" for
QBHs decaying to a photon and a jet, as a function of
the threshold mass Mth, assuming MD = Mth and n = 6.
The limits take into account statistical and systematic
uncertainties. Points along the solid black line indi-
cate the mass of the signal where the limit is computed.
The black short dashed line is the central value of the
expected limit. Also shown are the ±1! and ±2! un-
certainty bands indicating the underlying distribution of
possible limit outcomes under the background-only hy-
pothesis. The predicted visible cross-section for QBHs
is shown as the long dashed line.
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jet pT > 125 GeV
isolated photon pT > 125 GeV
Δηɣj < 1.6 

Acceptance ~ 60%
efficiency for signal ~ 70-80%

arising from non-collision backgrounds. Only jets with
|! j| < 2.8 are considered further.
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on hadronic leakage and shower shapes in the first two
sampling layers of the electromagnetic calorimeter. En-
ergy calibrations are applied to photon candidates to ac-
count for energy loss upstream of the electromagnetic
calorimeter and for both lateral and longitudinal shower
leakage. The simulation is corrected for di!erences be-
tween data andMC events for each photon shower shape
variable. Events are discarded if the leading photon is
reconstructed using calorimeter cells a!ected by noise
bursts or transient hardware problems.
These photon identification criteria reduce instru-

mental backgrounds to a negligible level, but some
background from fragmentation photons and hadronic
jets remains. This background is further reduced by re-
quirements on nearby calorimeter activity. Energy de-
posited in the calorimeter near the photon candidate,
EisolT , must be no larger than 0.011 p"T + 3.65 GeV,
a criterion that provides constant e"ciency for all
pileup conditions and over the entire pT range explored.
This transverse isolation energy is calculated by sum-
ming the energy as measured in electromagnetic and
hadronic calorimeter cells inside a cone of radius #R =
!

(#!)2 + (##)2 = 0.4 centred on the photon cluster, but
excluding the energy of the photon cluster itself, and
is corrected on an event-by-event basis for the ambient
energy density due to pileup and the underlying event,
as well as energy leakage from the photon cluster into
the cone. Additionally, the photon is required to have
angular separation of #R(", jet) > 1.0 between the lead-
ing photon and all other jets with pT > 30 GeV, with
the exception of a required photon-matched jet. Such
photon-matched jets arise from the fact that photon en-
ergy deposits in the calorimeter are also reconstructed
as jets. To further suppress background from fragmen-
tation photons, where the angular separation between
the photon and the corresponding photon-matched jet
can be large, the leading photon candidate is required to
have exactly one reconstructed jet with #R(", jet) < 0.1.
This photon-matched jet is not considered in any other
selection criteria, including those related to photon iso-
lation.
Events containing at least one photon candidate and

at least one jet candidate, each with pT > 125 GeV, are
selected for final analysis. The photon trigger is fully
e"cient for these events. In the events where more than
one photon or jet is found, the highest-pT candidates are
selected to constitute the photon and jet pair to compute
m" j.
The sensitivity of the search is improved by require-

ments on photon and jet pseudorapidities. Dijet pro-
duction rates increase with jet absolute pseudorapidity
whereas rates for an s-channel signal would diminish.
Photons are required to be in the barrel calorimeter,
|!"| < 1.37, and the distance between the photon and
jet, #! = |!" ! ! j|, must be less than 1.6. The latter re-
quirement was chosen by optimizing the expected sig-
nificance of signals, using the #! distribution found in
QBH and excited-quark signal simulations, with respect
to the SM background as predicted by the pythia prompt
photon simulation.
The acceptance of the event selection is about 60%.

It is calculated using parton-level quantities by impos-
ing the kinematic selection criteria (photon/jet |!|, pho-
ton/jet pT, #!, #R). All other selections, which in gen-
eral correspond to event and object quality criteria, were
used to calculate the e"ciency based on the events in-
cluded in the acceptance. The e"ciency falls from 83%
to 72% for masses from 1 TeV to 6 TeV for QBH signals
and from 85% to 80% for excited-quark signals over the
same mass range. There are 285356 events in the data
sample after all event selections. The highest m" j value
observed is 2.57 TeV.

5. Background estimation

The combined SM and instrumental background to
the search is determined by fitting the m" j distribution
to the four-parameter ansatz function [50],

f (x " m" j/
#
s) = p1(1 ! x)p2 x!(p3+p4 ln x) . (1)

The functional form has been tested with pythia and
sherpa prompt photon simulations and next-to-leading-
order jetphox predictions with comparable sample size.
Two additional control samples in the data are also de-
fined to further validate the functional form. The first
control sample is defined by reversing two of the pho-
ton identification criteria, #E and Eratio [49], that com-
pare the lateral shower shapes of single photons in the
first layer of the calorimeter to those of jets with high
electromagnetic energy fraction and low particle mul-
tiplicity, typical for meson decays. This sample has
a similar m" j shape to the dominant background, SM
" + jet events. The second control sample is defined

3

95% CL
QBHs excluded for Mth < 4.6 TeV

backgrounds extrapolated to high M using:
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Lepton + jet

arXiv:1311.2006 ∫L ~ 20 fb-1 and √s=8 TeV

jet pT > 130 GeV
isolated lepton pT > 130 GeV
Δηlj < 1.5 
⟨ηlj⟩ < 1.25

violates lepton number and baryon number (if jet is a quark-jet)
Largest signal cross sections for uu / ud and dd initial states

Mth = MD 
n = 6

Acceptance ~ 65%
signal efficiency ~85% for electrons / 55% for muons
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Lepton + jet

Systematics for Mth = 5 TeV

95% CL:
QBHs excluded for Mth < 5.3 TeV
Cross section < 0.18 fb
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Dijets (exclusive)

4 4 Analysis method

multijet background estimation method is based on the empirical observation that the shape of
the ST spectrum is approximately independent of N, so the shapes of the ST spectrum for any
number of objects can be estimated using a fit to the dijet data (N = 2). The dijet sample has
been previously studied in a dedicated analysis [36] and is known not to exhibit any signal-like
features in the range of 1.8 < ST < 2.8 TeV, which is used to obtain the background shape. The
central value of the background shape and its uncertainty are determined from the fit to several
semi-empirical template functions [13], by taking the best fit function as the central value and
the envelope of the alternative fits as the measure of systematic uncertainty in the background
shape. The background shape is parameterized with the function P0(1 + x)P1 /xP2+P3 log(x), and
the uncertainty envelope is defined with two additional functions, P0/(P1 + P2x + x2)P3 and
P0/(P1 + x)P2 . Here, Pi are the fit parameters and x = ST. Results of the fit can be seen in
figure 1.

The scaling of the background to higher multiplicities is performed by normalising the back-
ground shape to data in each inclusive multiplicity bin in the control range (1.9 < ST < 2.3 TeV),
where any significant signal contribution has been already ruled out by earlier analyses [12, 13].
The lower boundary of the control region is chosen to be substantially above the trigger and
multiparticle (N ⇥ 50 GeV) turn-on regions.

The ST distributions for data, for predicted background, and for three semiclassical and one
quantum black hole signal benchmarks are shown in figures 1–3 for a number of exclusive
and inclusive multiplicities. We do not plot the quantum black hole signal ST distributions for
inclusive multiplicities of four or more, as the search for quantum black holes is not sensitive in
higher inclusive multiplicity bins. No statistically significant excess of events over the expected
background is observed in any of these spectra.
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Figure 1: Distribution of the total transverse energy, ST, for events with multiplicity: (Left)
N = 2 and (right) N � 2 objects (photons, electrons, muons, or jets) in the final state. Ob-
served data are depicted as points with error bars; the solid line with a shaded band is the
multijet background prediction and its systematic uncertainty. Coloured histograms represent
the g + jets (orange), W + jets (red), and tt (green) backgrounds. Also shown are the expected
semiclassical black hole signals for three parameter sets of the BLACKMAX non-rotating semi-
classical black hole model, as well as a quantum black hole model. Here, Mmin

BH is the minimum
black hole mass, Mmin

QBH is the minimum quantum black hole mass, MD is the multidimensional
Planck scale, and n is the number of extra dimensions.
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Figure 5: (Left) The cross section upper limits at 95% CL from the counting experiments opti-
mized for various string ball parameter sets (solid lines) compared with predicted signal pro-
duction cross section (dashed lines) as a function of minimum string ball mass. Here, MD is
the multidimensional Planck scale, MS is the string scale, and gS = 0.4 is the string coupling.
(Right) Lower quantum black hole mass limits at 95% CL as functions of the fundamental
Planck scale MD for various QBH black hole models with a number n of extra dimensions from
one to six.

wide variety of models. With this search, semiclassical and quantum black holes with masses
below 4.3–6.2 TeV are excluded in the context of a number of benchmark models. Stringent
limits on black hole precursors – string balls – are also set. These limits extend significantly the
previously probed regime of black hole production at hadron colliders and represent the most
restrictive exclusions on these objects to date.

Acknowledgements

We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-
mance of the LHC and thank the technical and administrative staffs at CERN and at other CMS
institutes for their contributions to the success of the CMS effort. In addition, we gratefully ac-
knowledge the computing centres and personnel of the Worldwide LHC Computing Grid for
delivering so effectively the computing infrastructure essential to our analyses. Finally, we ac-
knowledge the enduring support for the construction and operation of the LHC and the CMS
detector provided by the following funding agencies: BMWF and FWF (Austria); FNRS and
FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MEYS (Bulgaria); CERN; CAS,
MoST, and NSFC (China); COLCIENCIAS (Colombia); MSES (Croatia); RPF (Cyprus); MoER,
SF0690030s09 and ERDF (Estonia); Academy of Finland, MEC, and HIP (Finland); CEA and
CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany); GSRT (Greece); OTKA and NKTH
(Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland); INFN (Italy); NRF and WCU (Re-
public of Korea); LAS (Lithuania); CINVESTAV, CONACYT, SEP, and UASLP-FAI (Mexico);
MSI (New Zealand); PAEC (Pakistan); MSHE and NSC (Poland); FCT (Portugal); JINR (Arme-
nia, Belarus, Georgia, Ukraine, Uzbekistan); MON, RosAtom, RAS and RFBR (Russia); MSTD
(Serbia); SEIDI and CPAN (Spain); Swiss Funding Agencies (Switzerland); NSC (Taipei); ThEP-
Center, IPST and NSTDA (Thailand); TUBITAK and TAEK (Turkey); NASU (Ukraine); STFC
(United Kingdom); DOE and NSF (USA).

arXiv:1303.5338
JHEP 07 (2013) 178 ∫L ~ 12 fb-1 and √s=8 TeV 2 jets with pT > 50 GeV

No other objects with pT>50 GeV (e,μ,ɣ, jets, MET)

Search for high pT dijets with no other high pT particles
Same analysis used for semi-classical search but with additional particles (e,μ,ɣ) ... see later
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Limits on thermal / semi-classical blackholes

Thermal objects
Hawking decay
High multiplicity final states
Democratic decays
Form a continuum of mass states MBH

Produced well above MD ⇒ MBH / MD > ~ 3

Mth is the threshold mass at which these objects are produced

Signatures:
high multiplicity
high Σ |pT|
dileptons
dijets

limits on MBH
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arXiv:1308.4075
PRD 88, 072001 (2013) ∫L ~ 20 fb-1 and √s=8 TeV

Like-sign Dimuons + High Multiplicity

No events are observed in the signal region, which is
consistent with the Standard Model prediction. This result
is used to set upper limits on the number of events from
non-Standard Model sources. The CLs method [47] is used

to calculate 95% C.L. upper limits on !vis ! !" BR"
A" ", where !vis is the visible cross section, ! is the total
cross section, BR is the inclusive branching ratio to like-
sign dimuons, A is the acceptance, and " is the reconstruc-
tion efficiency for non-Standard Model contributions in
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FIG. 1 (color online). The leading-muon pT distribution for
the predicted background and observed data for all like-sign
dimuon events passing the preselection criteria. The background
histograms are stacked. The signal histogram is overlaid. The
last bin along the x axis shows the overflows. The bottom panel
shows the ratio of data to the expected background (points) and
the total uncertainty on the background (shaded area).
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FIG. 2 (color online). The dimuon invariant mass (M##) dis-
tribution for the predicted background and observed data for
like-sign dimuon events where the leading muon satisfies pT >
100 GeV. The background histograms are stacked. The signal
histogram is overlaid. The last bin along the x axis shows
the overflows. The bottom panel shows the ratio of data to the
expected background (points) and the total uncertainty on the
background (shaded area).
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FIG. 3 (color online). The dimuon azimuthal separation
(!$##) distribution for the predicted background and observed

data for like-sign dimuon events where the leading muon satisfies
pT > 100 GeV, and with Ntrk # 10. The background histograms
are stacked. The signal histogram is overlaid. The bottom panel
shows the ratio of data to the expected background (points) and the
total uncertainty on the background (shaded area).
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FIG. 4 (color online). The track multiplicity (N-trk) distribu-
tion (ptrk

T > 10 GeV) for the predicted background and observed
data for events where the leading muon has pT > 100 GeV. The
background histograms are stacked. The signal histogram is
overlaid. The bottom panel shows the ratio of data to the
expected background (points) and the total uncertainty on the
background (shaded area).
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The uncorrelated background estimates arise predomi-
nantly from the W ! jets process, where the W boson
decay gives rise to the leading isolated muon and the other
muon arises from an in-flight !=K decay, or the semi-
leptonic decay of a B or D hadron. Processes such as Z!
jets, and single top in the s and t channels also give rise to
uncorrelated backgrounds when the leading isolated muon
arises from the vector boson decay, and one of the jets gives
rise to the second muon. The second muon is referred to as
a ‘‘fake’’ muon in the subsequent discussion of the uncor-
related background estimate.

A. Correlated background estimates

The following sources of correlated backgrounds are
considered: t!t production, diboson production, and
single-top production in the Wt channel. Each of the three
correlated backgrounds is estimated from dedicated MC
samples. The background from theWt process is small and
it has been merged with the t!t background in the subse-
quent discussion and presentation. Other possible sources
such as t!tW or tZ production and backgrounds from charge
misidentification of muons were found to be negligible.

The sources of uncertainty on the t!t background are the
choice of MC event generator and parton-showering
model, the amount of initial- and final-state radiation
(ISR/FSR), and the theoretical uncertainty on the produc-
tion cross section. The t!t cross section used is "t!t "
238!22

#24 pb for a top-quark mass of 172.5 GeV. It has
been calculated at approximate next-to-next-to-leading or-
der (NNLO) in QCD with HATHOR v1.2 [38] using the
MSTW 2008 90% NNLO PDF sets. It incorporates PDF!
#S uncertainties, according to the MSTW prescription
[39], added in quadrature with the scale uncertainty and
has been cross-checked with the calculation of Cacciari
et al. [40] as implemented in TOP++ v1.0 [41]. The uncer-
tainty on the parton-showering model is assessed by com-
paring the nominal t!t prediction with a prediction made
using a powheg! herwig sample. The generator uncertainty is
assessed by comparing the POWHEG prediction with predic-
tions made using the ALPGEN and MC@NLO samples. The
ISR/FSR uncertainty is determined by using the ACERMC

[42] generator interfaced to PYTHIA, and by varying the ISR
and FSR scale "QCD, as well as the ISR and FSR cutoff
scale. The effect of the top-quark mass is studied by gen-
erating dedicated samples with top-quark masses of
170 GeVand 175 GeVand is found to be negligible.

The diboson backgrounds have an uncertainty of 6% on
the production cross section [43] and a combined generator
and parton showering uncertainty of 24% based on com-
parisons between SHERPA and POWHEG, and from renor-
malization and factorization scale variations [44].

In addition to the uncertainties described above, uncer-
tainties from the measurement of trigger efficiency, the
muon reconstruction and identification (including uncer-
tainties due to muon pT resolution), and the tracking

efficiency are considered for each background along with
the uncertainty on the integrated luminosity (2.8%). The
total systematic uncertainties on the final background es-
timates from the different sources are summarized in
Table I.

B. Uncorrelated background estimates

The uncorrelated background is estimated from data by
first measuring the probability for a track to be recon-
structed as a muon in a control sample. This probability
is then applied to data events with one muon and at least
one track to predict the number of dimuon events. This
probability is referred to as a fake rate in the subsequent
discussion, and the background estimate is referred to as
the $! fake background.
The fake rate is measured in a control sample consisting

of photon! jet events. These events are collected by a
single-photon trigger with a threshold at 40 GeV on the
photon transverse momentum. The trigger is prescaled, and
the collected data set corresponds to an integrated lumi-
nosity of 56 fb#1. The photon is required to have pT >
45 GeV, and to satisfy the requirements of Ref. [45]. The
photon is also required to satisfy E#R$0:4

T < 5 GeV, where
E#R$0:4
T is the sum of transverse energies of cells in the

electromagnetic and hadronic calorimeters in a cone of 0.4
around the photon axis (excluding the cells associated with
the photon). The denominator for the fake rate measure-
ment is the number of events with one photon and at least
one track. The track must satisfy all the requirements
imposed on an ID track associated with a muon as de-
scribed in Sec. IV. The track is required to be separated
from the photon by #R> 0:4. The numerator is the subset
of these events that have at least one muon passing all the
criteria associated with the subleading muon as described

TABLE I. The systematic uncertainties on the event yields in
the signal region for the different backgrounds and sources, in
percent. The uncertainties on signal acceptance are also sum-
marized in the table.

Source $! fake t!t Diboson Signal

Fake rate measurement 34
Photon trigger 13
Prompt correction 18
ISR/FSR 0.7
Parton showering 9
Generator 11 24
Cross section 10 6
Muon trigger 1.2 1.3 1.3
Muon reconstruction 2.0 1.2 2.3
Luminosity 2.8 2.8 2.8
Tracking efficiency 10 10 10
Fiducial efficiency 15
PDF (acceptance) 5
Total 41 21 27 19
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this final state in the signal region. The observed 95% C.L.
limit on !vis is 0.16 fb. The observed limit agrees well with
the expected limit of 0.16 fb. The standard deviation (!)
bands on the expected limit at 1! and 2! are 0.15–0.22 fb
and 0.15–0.29 fb, respectively.

Exclusion contours in the plane defined byMTH andMD

for rotating and nonrotating black holes for n ! 2, 4, and 6
are obtained. No theoretical uncertainty on the signal
prediction is assessed, i.e. the exclusion limits are set for
the exact benchmark models as described in Sec. III.

The signal acceptance is measured from the event gen-
erator (truth) by imposing the following selections at the
particle level. Each event must have at least two true muons
with pT > 15 GeV and j"j< 2:4, and the leading two
muons in pT must have the same charge. The leading
muon must satisfy pT > 100 GeV. The leading-muon truth
isolation (Igen) is defined as the sum of pT of all charged

particles with pT > 1 GeV within a cone of !R ! 0:2
around the muon (excluding the muon). The leading
muon is required to satisfy Igen < 0:25" pT. Each event

must also have at least 30 charged particles satisfying pT >
10 GeV and j"j< 2:5. The ratio of events passing these
selections at particle level to the total number of generated
events gives the acceptance. The acceptance varies from
11% to 0.2% across the range of model parameters con-
sidered here.

The acceptance is then corrected to take into account
detector effects. The correction factor, #fid, is defined as the
ratio of number of events passing the selection criteria after
full detector reconstruction to the number of events passing
the acceptance criteria at the particle level. The factor is
found to be independent of the number of extra dimen-
sions, and is linearly dependent on k ! MTH=MD. The
linear dependence is assessed separately for rotating and
nonrotating black holes by a fit to the efficiency as a
function of k. For rotating (nonrotating) signals #fid rises
from 0.35 (0.3) for k ! 1 to 0.55 (0.65) for k ! 3.

The uncertainty on the signal prediction has the following
components: the uncertainty on the #fid fit parameters, the
uncertainty on luminosity, the uncertainty on acceptance

due to the PDFs, the experimental uncertainty on acceptance
due to muon trigger and identification efficiencies, and the
uncertainty due to tracking efficiency. The uncertainty on
acceptance due to PDF was estimated by using the 40 error
sets associated to theMSTW 2008 LO PDF set. In the signal
region, at high Ntrk, it is possible for small differences
between the track reconstruction efficiencies in data and
simulation to be magnified. The effect of any possible
disagreement between data and simulation is studied by
artificially increasing the disagreement and probing the
subsequent effect on the signal acceptance. A disagreement
of 2% in the per-track reconstruction efficiency translates to
a 5% uncertainty in the signal acceptance for Ntrk # 30. As
a conservative choice, a 10% uncertainty on signal accep-
tance is assigned to account for possible disagreements
in data and simulation track reconstruction efficiency.
The uncertainties are summarized in Table I.
Figure 5 shows the expected and observed exclusion

contours for nonrotating black holes for n ! 2, 4, and 6.
Figure 6 shows the same for rotating black holes. In both
figures, the 1! uncertainty band on the expected limit is
shown for n ! 2. For each value of n, the observed limit
lies within the 1! band. Lines of constant slope (k !
MTH=MD) of 2, 3, 4, and 5 are also shown. The semiclas-
sical approximations used for black hole production and
decay are expected to be valid only for large slopes. The
effect of choosing a different set of PDFs for signal gen-
eration has been studied by considering the CT10 PDF set.
The predicted cross sections with the CT10 PDF set are
approximately 20% higher, but this has a negligible impact
on the exclusion contours due to the rapidly falling cross
section with mass for black hole production.

TABLE III. The predicted background in the signal region
compared to the number of observed events in data. The MC
predictions are shown together with statistical and systematic
uncertainties. The expected signal contribution from rotating
black holes in a model with n ! 4, MTH ! 5 TeV, and MD !
1:5 TeV is also shown.

Source Signal region

$$ fake 0:21% 0:09% 0:09
t"t 0:22% 0:08% 0:04
Diboson 0:12% 0:08% 0:03
Total 0:55% 0:15% 0:10
Data 0
Signal 14:2% 1:3% 2:7
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2 isolated same-sign muons 
Leading pT > 100 GeV
NTRK ≥ 30 (tracks with pT>10 GeV)

Estimated backgrounds & signal for n=4 / MD =1.5 / Mth =5 TeV 

Multiplicity is a better discriminant than M, or pT
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Like-sign Dimuons + High Multiplicity

The theory of large extra dimensions can be embedded
into weakly coupled string theory [48,49], giving rise to
string balls whose decay would be experimentally similar
to the decay of black holes. Models of string balls have two
additional parameters MS and gs, the string scale and the
string coupling constant, respectively, in addition to MTH,
MD, and n. BLACKMAX is used to simulate the production

and decay of string balls, and to obtain exclusion contours
in the plane defined by MTH and MS. Following Ref. [49],
the values of gs andMD are set by g2s ! 1=5

n"2
n"1, andMD !

5
1

n"1MS. The exclusion contour in the MTH-MS plane for
string balls is shown in Fig. 7 for models with n ! 6
(where gs ! 0:40 and MD ! 1:26MS). Table IV shows
the summary of lower limits placed on the mass of micro-
scopic black holes and string balls for MD ! 1:5 TeV for
different values of n.

VII. CONCLUSIONS

A search for microscopic black holes has been carried
out using 20:3 fb#1 of data collected by the ATLAS de-
tector in 8 TeV proton–proton collisions at the LHC. No
excess of events over the Standard Model background
expectations is observed in the final state with a like-sign
dimuon pair and high trackmultiplicity. Exclusion contours
in the plane of the fundamental Planck scale MD and the
threshold massMTH of black holes are shown and a limit of
0.16 fb at 95%C.L. is set on the visible cross section for any
new physics in the signal region defined by a like-sign
dimuon pair and high track multiplicity selection.
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TABLE IV. The lower limits on MTH at 95% C.L. are summa-
rized for different models. MD is fixed at 1.5 TeV. For the string
ball model, gs ! 0:40 and MS ! MD=1:26 ! 1:2 TeV.

Model n MTH%TeV& '
Nonrotating black hole 2 5.3
Nonrotating black hole 4 5.6
Nonrotating black hole 6 5.7
Rotating black hole 2 5.1
Rotating black hole 4 5.4
Rotating black hole 6 5.5
String ball 6 5.3

n=4

n=6
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this final state in the signal region. The observed 95% C.L.
limit on !vis is 0.16 fb. The observed limit agrees well with
the expected limit of 0.16 fb. The standard deviation (!)
bands on the expected limit at 1! and 2! are 0.15–0.22 fb
and 0.15–0.29 fb, respectively.

Exclusion contours in the plane defined byMTH andMD

for rotating and nonrotating black holes for n ! 2, 4, and 6
are obtained. No theoretical uncertainty on the signal
prediction is assessed, i.e. the exclusion limits are set for
the exact benchmark models as described in Sec. III.

The signal acceptance is measured from the event gen-
erator (truth) by imposing the following selections at the
particle level. Each event must have at least two true muons
with pT > 15 GeV and j"j< 2:4, and the leading two
muons in pT must have the same charge. The leading
muon must satisfy pT > 100 GeV. The leading-muon truth
isolation (Igen) is defined as the sum of pT of all charged

particles with pT > 1 GeV within a cone of !R ! 0:2
around the muon (excluding the muon). The leading
muon is required to satisfy Igen < 0:25" pT. Each event

must also have at least 30 charged particles satisfying pT >
10 GeV and j"j< 2:5. The ratio of events passing these
selections at particle level to the total number of generated
events gives the acceptance. The acceptance varies from
11% to 0.2% across the range of model parameters con-
sidered here.

The acceptance is then corrected to take into account
detector effects. The correction factor, #fid, is defined as the
ratio of number of events passing the selection criteria after
full detector reconstruction to the number of events passing
the acceptance criteria at the particle level. The factor is
found to be independent of the number of extra dimen-
sions, and is linearly dependent on k ! MTH=MD. The
linear dependence is assessed separately for rotating and
nonrotating black holes by a fit to the efficiency as a
function of k. For rotating (nonrotating) signals #fid rises
from 0.35 (0.3) for k ! 1 to 0.55 (0.65) for k ! 3.

The uncertainty on the signal prediction has the following
components: the uncertainty on the #fid fit parameters, the
uncertainty on luminosity, the uncertainty on acceptance

due to the PDFs, the experimental uncertainty on acceptance
due to muon trigger and identification efficiencies, and the
uncertainty due to tracking efficiency. The uncertainty on
acceptance due to PDF was estimated by using the 40 error
sets associated to theMSTW 2008 LO PDF set. In the signal
region, at high Ntrk, it is possible for small differences
between the track reconstruction efficiencies in data and
simulation to be magnified. The effect of any possible
disagreement between data and simulation is studied by
artificially increasing the disagreement and probing the
subsequent effect on the signal acceptance. A disagreement
of 2% in the per-track reconstruction efficiency translates to
a 5% uncertainty in the signal acceptance for Ntrk # 30. As
a conservative choice, a 10% uncertainty on signal accep-
tance is assigned to account for possible disagreements
in data and simulation track reconstruction efficiency.
The uncertainties are summarized in Table I.
Figure 5 shows the expected and observed exclusion

contours for nonrotating black holes for n ! 2, 4, and 6.
Figure 6 shows the same for rotating black holes. In both
figures, the 1! uncertainty band on the expected limit is
shown for n ! 2. For each value of n, the observed limit
lies within the 1! band. Lines of constant slope (k !
MTH=MD) of 2, 3, 4, and 5 are also shown. The semiclas-
sical approximations used for black hole production and
decay are expected to be valid only for large slopes. The
effect of choosing a different set of PDFs for signal gen-
eration has been studied by considering the CT10 PDF set.
The predicted cross sections with the CT10 PDF set are
approximately 20% higher, but this has a negligible impact
on the exclusion contours due to the rapidly falling cross
section with mass for black hole production.

TABLE III. The predicted background in the signal region
compared to the number of observed events in data. The MC
predictions are shown together with statistical and systematic
uncertainties. The expected signal contribution from rotating
black holes in a model with n ! 4, MTH ! 5 TeV, and MD !
1:5 TeV is also shown.

Source Signal region

$$ fake 0:21% 0:09% 0:09
t"t 0:22% 0:08% 0:04
Diboson 0:12% 0:08% 0:03
Total 0:55% 0:15% 0:10
Data 0
Signal 14:2% 1:3% 2:7
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Acceptance at particle level (including isolation) ~ 11% − 0.2% depending on model
Efficiency of detector level selections varies 30% − 60% depending linearly on k

k = Mth / MD

95% CL:
non-rotating BHs excluded for Mth < 5.3 to 5.7 TeV (n=2 to n=6 & MD = 1.5 TeV)

Rotating BHs excluded for Mth < 5.1 to 5.5 TeV (n=2 to n=6 & MD = 1.5 TeV)
Cross section < 0.16 fb
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Dijets + High Multiplicity

arXiv:1303.5338
JHEP 07 (2013) 178 ∫L ~ 12 fb-1 and √s=8 TeV 2 jets with pT > 50 GeV

ST =  Σ |pT|  for e,μ,ɣ, jets, MET (pT>50 GeV)

4 4 Analysis method

multijet background estimation method is based on the empirical observation that the shape of
the ST spectrum is approximately independent of N, so the shapes of the ST spectrum for any
number of objects can be estimated using a fit to the dijet data (N = 2). The dijet sample has
been previously studied in a dedicated analysis [36] and is known not to exhibit any signal-like
features in the range of 1.8 < ST < 2.8 TeV, which is used to obtain the background shape. The
central value of the background shape and its uncertainty are determined from the fit to several
semi-empirical template functions [13], by taking the best fit function as the central value and
the envelope of the alternative fits as the measure of systematic uncertainty in the background
shape. The background shape is parameterized with the function P0(1 + x)P1 /xP2+P3 log(x), and
the uncertainty envelope is defined with two additional functions, P0/(P1 + P2x + x2)P3 and
P0/(P1 + x)P2 . Here, Pi are the fit parameters and x = ST. Results of the fit can be seen in
figure 1.

The scaling of the background to higher multiplicities is performed by normalising the back-
ground shape to data in each inclusive multiplicity bin in the control range (1.9 < ST < 2.3 TeV),
where any significant signal contribution has been already ruled out by earlier analyses [12, 13].
The lower boundary of the control region is chosen to be substantially above the trigger and
multiparticle (N ⇥ 50 GeV) turn-on regions.

The ST distributions for data, for predicted background, and for three semiclassical and one
quantum black hole signal benchmarks are shown in figures 1–3 for a number of exclusive
and inclusive multiplicities. We do not plot the quantum black hole signal ST distributions for
inclusive multiplicities of four or more, as the search for quantum black holes is not sensitive in
higher inclusive multiplicity bins. No statistically significant excess of events over the expected
background is observed in any of these spectra.
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Figure 1: Distribution of the total transverse energy, ST, for events with multiplicity: (Left)
N = 2 and (right) N � 2 objects (photons, electrons, muons, or jets) in the final state. Ob-
served data are depicted as points with error bars; the solid line with a shaded band is the
multijet background prediction and its systematic uncertainty. Coloured histograms represent
the g + jets (orange), W + jets (red), and tt (green) backgrounds. Also shown are the expected
semiclassical black hole signals for three parameter sets of the BLACKMAX non-rotating semi-
classical black hole model, as well as a quantum black hole model. Here, Mmin

BH is the minimum
black hole mass, Mmin

QBH is the minimum quantum black hole mass, MD is the multidimensional
Planck scale, and n is the number of extra dimensions.

semi-classical

Very large predicted cross sections for MD = 1.5 − 3 TeV
Backgrounds from QCD multijets → negligibly small for N>2
Signal uncertainty: 

~ 6% from PDFs
~ 4% from luminosity

semi-classical
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Limits are set optimising the minimum ST and multiplicity N for each model tested

Dijets + High Multiplicity

8 6 Summary
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Figure 4: The 95% CL lower limits on the semiclassical black hole mass derived from the upper
95% CL limits on cross section times branching fraction as a function of the fundamental Planck
scale MD, for various models. The areas below each curve are excluded by this search. Top
left: BLACKMAX black hole models without the stable remnant. Top right and bottom row:
CHARYBDIS black hole models with or without the stable remnant. The number n of extra
dimensions is labelled accordingly.
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Figure 4: The 95% CL lower limits on the semiclassical black hole mass derived from the upper
95% CL limits on cross section times branching fraction as a function of the fundamental Planck
scale MD, for various models. The areas below each curve are excluded by this search. Top
left: BLACKMAX black hole models without the stable remnant. Top right and bottom row:
CHARYBDIS black hole models with or without the stable remnant. The number n of extra
dimensions is labelled accordingly.

95% CL:
semi-classical BHs excluded for MBH = 4.4 − 6.2 TeV (with 1.5 ≤ MD ≤ 5 TeV)
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Limits on virtual graviton exchange

Signatures:
narrow resonances (e.g. in Drell-Yan dileptons)
broad deviation of spectra 
dileptons
dijets
diphotons

limits on MG

Models of scattering processes mediated by virtual gravitons
RS gravitons decay with narrow width
ADD gravitons yield broad non-resonant deviations from Standard Model 
Sensitive to lowest mass graviton state MG

Produced close to MD



Asymptotic Safety Meets Particle Physics - Sussex - 2014Eram Rizvi 30

ATLAS-CONF-2013-017 ∫L ~ 20 fb-1 and √s=8 TeV
2 isolated opposite-sign leptons 
leading pT > 40 GeV
subleading pT > 30 GeV
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Figure 1: Dielectron invariant mass (mee) distribution with statistical uncertainties after final selection,
compared to the stacked sum of all expected backgrounds, with two selected Z!SSM signals overlaid. The
bin width is constant in log mee. Bottom inset: The black points show the ratio of observed to expected
events with statistical uncertainty, while the shaded band indicates the mass-dependent systematic uncer-
tainty on the sum of the backgrounds.

Table 2: The expected and observed number of events in the dimuon channel. The errors on the expected
numbers of events include statistical and systematic uncertainties.

mµµ[GeV] 110 - 200 200 - 400 400 - 800 800 - 1200 1200 - 3000 3000 - 4500
Z/!" 111000 ± 8000 11000 ± 1000 1000 ± 100 49 ± 5 7.3 ± 1.3 0.033 ± 0.029
tt 5900 ± 900 1900 ± 400 140 ± 60 2.7 ± 0.7 0.16 ± 0.08 < 0.001
Diboson 1520 ± 190 520 ± 140 62 ± 26 2.8 ± 1.0 0.38 ± 0.28 0.002 ± 0.003
Total 118000 ± 8000 13300 ± 1100 1160 ± 120 55 ± 5 7.8 ± 1.3 0.035 ± 0.029
Data 118701 13349 1109 48 8 0

number of data events in the 80 - 110 GeV normalization region. The advantage of this approach is
that the mass-independent uncertainties cancel in the statistical analysis between the high-mass event
yields where the search is performed and the event yields in the normalization region. The predicted and
observed event yields are found to agree within 1% in the normalization region.

Figure 1 and Table 1 present the dielectron invariant mass distribution after final selection and the
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identification criteria, which is more strict than the ones the diphoton trigger imposes on a single object.
In order to avoid bias from real electron contribution from W decays or the Drell-Yan process, events are
vetoed if the missing transverse momentum is larger than 25 GeV, or if they contain either two identified
electrons satisfying strict criteria or two electrons satisfying less strict criteria but with an invariant mass
between 71 and 111 GeV. A weighted average of the fake rates obtained from the eleven jet samples is
then calculated. In addition, the probability r1 (r2) that a real electron in the sample of loose electrons
satisfies the electron identification and leading (subleading) isolation requirements is computed from the
MC simulation. Potential di!erences between data and MC simulation in identification and isolation
e"ciencies are accounted for by applying scale factors to the MC simulation.

A system of equations is used to solve for the unknown true contribution from events with one or
more fake electrons. The relation between the number of true paired objects Nab, with a, b ! {R, F}, and
the number of measured ones in the diphoton-triggered sample Nxy, with x, y ! {T, L}, can be written as:

!
"""""""""""""#

NTT
NT L
NLT
NLL

$
%%%%%%%%%%%%%&
=

!
"""""""""""""#

r1r2 r1 f2 f1r2 f1 f2
r1(1 " r2) r1(1 " f2) f1(1 " r2) f1(1 " f2)
(1 " r1)r2 (1 " r1) f2 (1 " f1)r2 (1 " f1) f2

(1 " r1)(1 " r2) (1 " r1)(1 " f2) (1 " f1)(1 " r2) (1 " f1)(1 " f2)

$
%%%%%%%%%%%%%&

!
"""""""""""""#

NRR
NRF
NFR
NFF

$
%%%%%%%%%%%%%&

(1)

The subscripts R and F refer to real electrons and fakes, e.g., jets, respectively. The subscript T refers to
electrons that are identified and isolated (“tight”) . The subscript L corresponds to electrons that pass the
“loose” requirements described above but fail “tight”.

The background is given as the part of NTT , the number of pairs where both objects are reconstructed
as signal-like, which originates from a pair of objects with at least one fake:

NDi jet&W+jet
TT = r1 f2NRF + f1r2NFR + f1 f2NFF (2)

The truth variables on the right hand side can be expressed with measurable quantities (NTT , NT L, NLT ,
NLL) by inverting the matrix in Equation 1.

The dijet background in the dimuon sample is evaluated from data using the reversed isolation
method described in Ref. [32], based on the track isolation variable #pT($R < 0.3)/pT. The contri-
bution of the dijet background in the dimuon channel has been found to be negligible. Backgrounds
from cosmic rays are also negligible.

The observed invariant mass distributions, mee and mµµ, are compared to the expectation from the
Standard Model backgrounds. To make this comparison, the sum of the Drell-Yan, tt̄ and diboson back-
grounds (with the relative contributions fixed according to the respective cross sections) is scaled such
that, when added to the data-driven dijet and W + jet background, the result agrees with the observed
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Data 133131 18570 1827 98 10 0
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The subscripts R and F refer to real electrons and fakes, e.g., jets, respectively. The subscript T refers to
electrons that are identified and isolated (“tight”) . The subscript L corresponds to electrons that pass the
“loose” requirements described above but fail “tight”.
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Search for RS1 
Kaluza-Klein graviton

Compactification gives rise
to Graviton excitations

Appear as narrow resonances

Dileptons

Limits set using shape of the signal spectrum - allows distinction between models, e.g. Z′
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Leading pT = 588 GeV
Subleading pT = 584 GeV
Mee = 1541 GeV

Dileptons
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Figure 5: Median expected (dashed line) and observed (solid red line) 95% C.L. limits on !B and
expected !B for graviton (G! ) production in the dielectron (left) and dimuon channel (right). Several
!B are shown for couplings (k/MPl) in the range of 0.01-0.1. The inner and outer bands show the range
in which the limit is expected to lie in 68% and 95% of pseudo-experiments, respectively. The thickness
of the k/MPl= 0.1 theory curve represents all theoretical uncertainties and holds for the other theory
curves.
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Figure 6: Median expected (dashed line) and observed (solid red line) 95% C.L. limits on !B and
expected !B for graviton (G! ) production for the combination of the dielectron and dimuon channels.
Several !B are shown for couplings (k/MPl) in the range of 0.01-0.1. The inner and outer bands show
the range in which the limit is expected to lie in 68% and 95% of pseudo-experiments, respectively. The
thickness of the k/MPl= 0.1 theory curve represents all theoretical uncertainties and holds for the other
theory curves.
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Figure 4: Median expected (dashed line) and observed (solid red line) 95% C.L. limits on !B and
expected !B for Z!SSM production and the two E6-motivated Z! models with lowest and highest !B for
the combination of the dielectron and dimuon channels. The limits are conservative for the E6-motivated
Z! models due to their narrower intrinsic width. The inner and outer bands show the range in which the
limit is expected to lie in 68% and 95% of pseudo-experiments, respectively. The thickness of the Z!SSM
theory curve represents all theoretical uncertainties and holds for the other theory curves.

Table 5: Combined mass limits at 95% C.L. on the E6-motivated Z! models.

Model Z!" Z!N Z!# Z!I Z!S Z!$
Observed mass limit [TeV] 2.38 2.39 2.44 2.42 2.47 2.54
Expected mass limit [TeV] 2.37 2.38 2.43 2.40 2.46 2.53

essentially the same, with a proportionality factor of (k/MPl)2. Figure 6 shows the 95% C.L. exclusion
limit on !B for the combination of the electron and muon channels. The lower limits on the graviton
mass derived for the G" with a coupling of k/MPl= 0.1 are displayed in Table 6.

Table 6: e+e#, µ+µ# and combined 95% C.L. mass limits on graviton (G").

G" $ e+e# G" $ µ+µ# G" $ %+%#

Observed mass limit [TeV] 2.40 2.10 2.47
Expected mass limit [TeV] 2.40 2.17 2.47
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95% CLs for RS graviton mass MG (TeV)
k/Mpl = 0.1
where k is the RS warp factor

Table 3: Summary of systematic uncertainties on the expected numbers of events at m!! = 2 TeV. NA
indicates that the uncertainty is not applicable, and “-” denotes a negligible entry (i.e. < 3%). Numbers
in parentheses on the resolution and total uncertainty lines correspond to the loose dimuon selection.

Source Dielectrons Dimuons
Signal Background Signal Background

Normalization 5% NA 5% NA
PDF variation NA 15% NA 15%
PDF choice NA 17% NA 17%
Scale NA - NA -
"s NA 4% NA 4%
Electroweak corrections NA 3% NA 3%
Photon-induced corrections NA 4% NA 4%
E!ciency - - 6% 6%
Resolution - - - 3% (7%)
W + jet and multi-jet background NA 9% NA -
Diboson and ttbar extrapolation NA 5% NA 4%
Total 5% 26% 8% 25% (26%)

A summary of mass dependent systematic uncertainties relevant to this analysis is shown in Table 3.

6 Signal significance

The significance of a signal is summarized by a p-value, the probability of observing an excess in the
search region at least as signal-like as the one observed in data, in the absence of signal. The outcome of
the search is ranked against pseudo-experiments using a likelihood ratio, which is scanned as a function
of Z! cross section and MZ! over the considered mass range up to 3.5 TeV. The data are consistent with
the Standard Model background hypothesis, with global p-values of 18% and 98% for the dielectron and
dimuon channels, respectively.

7 Limits

Given the absence of any significant signal, an upper limit on the number of signal events is determined
at the 95% C.L. using a Bayesian approach [36] with a flat, positive prior on the signal cross section. A
likelihood function is defined as the product of the Poisson probabilities over all mass bins in the search
region. The Poisson probability in each bin is evaluated for the observed number of data events given the
background and signal template expectation. The acceptance times e!ciency for the signal as a function
of mass is propagated into the expectation, and systematic uncertainties are incorporated in the likelihood
via nuisance parameters [36].

The upper limit on the number of produced Z! events is converted into an upper limit on cross
section times branching fraction, #B. The expected exclusion limits are determined using simulated
pseudo-experiments containing only background processes by evaluating the 95% C.L. upper limits for
each pseudo-experiment for each fixed value of MZ! . The median of the distribution of limits is chosen
to represent the expected limit. The ensemble of limits is also used to find the 68% and 95% envelope of
the expected limits as a function of MZ! .

9

uncertainty on expected events for mll = 2 TeV

RS Graviton: Dileptons

Limits are extracted using optimised lower M cut
Cut value set by searching for best expected limit
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Search for Extra Dimensions in diphoton events with the ATLAS detector 13

on mG are summarised in Table 2. Using a constant K-factor of 1.75, the 95% CL

lower limit from the diphoton channel is 1.00 (2.06) TeV for k/MP l= 0.01 (0.1), and

the combined 95% CL lower limit is 1.03 (2.23) TeV for k/MP l=0.01 (0.1).
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Figure 3. Expected and observed 95% CL limits from the combination of G !
!!/ee/µµ channels on ""B, the product of the RS graviton production cross section
and the branching ratio for graviton decay via G ! !!/ee/µµ, as a function of the
graviton mass. The –1" and –2" variations of the expected limit exhibit a tendency
to be particularly close to the expected limit at large mG. This behaviour is expected
as signals with large mG would manifest themselves in regions of m!! where the
SM background is small and the poissonian fluctuations around the mean expected
background are highly asymmetric. The theory curves are obtained using the Pythia

generator, which implements the calculations from Ref. [48]. A K-factor of 1.75 is
applied on top of these predictions to account for NLO corrections. The thickness of
the theory curve for k/MPl = 0.1 illustrates the theoretical uncertainties due to the
PDFs expressed at 90% CL.

A counting experiment is performed to set limits on the ADD model. Specifically,

the number of diphoton events is counted in a search region above a given threshold in
m!! . The mass threshold is chosen to optimise the expected limit on the di!erence in

the diphoton cross section form!! > 500 GeV between the ADD model and the SM-only

hypothesis. For the purpose of this optimisation, a specific implementation of the ADD

model and specific values of the parameters have to be chosen. For MS = 2500 GeV

RS Graviton: Diphotons

The ɣɣ provide limits on RS graviton models too: 
MG > 1.00 TeV for k/Mpl = 0.01
MG > 2.06 TeV for k/Mpl = 0.1

Can also combine ɣɣ channel with ee and μμ channels to improve the RS graviton search:
MG > 1.03 TeV for k/Mpl = 0.01
MG > 2.23 TeV for k/Mpl = 0.1

arXiv:1210.8389
NJP 15 (2013) 043007 ∫L ~ 5 fb-1 and √s=7 TeV

2 isolated isolated photons 
pT > 25 GeV

Search for Extra Dimensions in diphoton events with the ATLAS detector 9
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Figure 1. Observed invariant mass distribution of diphoton events. Superimposed
are the SM background expectation and the expected signals for an example each for
RS and ADD models. In addition to the total background, the contribution from
the reducible component is shown. The black arrow indicates the control region. To
compensate the rapid decrease of the spectrum, the bins have been chosen to have
constant logarithmic width. Specifically, the ratio of the upper to lower bin boundary
is equal to 1.038 for all bins, and the first bin starts at 142 GeV. The bin-by-bin
significance of the di!erence between data and predicted background is shown below
the main plot. Following the convention of Ref. [43], the significance is set to zero for
bins with insignificant deviations with respect to a small expected background. This
concerns mainly the bins at large m!! where a fraction of an event is expected (on
average) and where zero events are observed.

and MRST2007LOMOD PDF sets for comparisons. The spread of the variations

includes the di!erence between the central values obtained with the di!erent PDF

sets. Smaller contributions arise from residual imperfections in the simulation of the

isolation variable Eiso
T and from higher-order contributions that are not included in the

Diphox model. The latter contribution is evaluated by varying in a coherent and an
incoherent way the renormalisation, the initial factorisation and the final factorisation

scales by a factor two around their nominal value, which is the invariant mass of

the diphoton system. The shape predictions from Diphox are found to be in good
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ADD Graviton: Diphotons

Search for effects of virtual ADD graviton exchange
In ADD models graviton appear as a continuum of excitations → broad non-resonant deviation from the SM

Virtual ADD graviton exchange depends on the lowest graviton mass MG and the ultraviolet cutoff scale MS  
Strength of gravity in this model is given by ηG = F / (MS)4  (F is a convention dependent parameter ~ unity) 

Search for Extra Dimensions in diphoton events with the ATLAS detector 15

Table 3. Expected and observed limits at 95% CL on the number of signal events in
the search region at m!! > 1217 GeV.

Expected limit Observed limit

!2! !1! mean +1! +2!

3.08 3.08 5.18 5.96 8.53 7.21

These limits on the event yield can be translated into limits on the parameter
"G of the ADD model using a prediction of the expected excess of events over the

SM-only background as a function of "G. This translation is shown, for one specific

implementation of the ADD model, in Fig. 5.
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Figure 5. Number of signal events as a function of !G. The solid horizontal line
corresponds to the observed limit, the dashed line corresponds to the expected limit
and the bands to the ±1" and ±2" uncertainty on the expected limit. The black
curve corresponds to MC predictions from various samples without applying the K-
factor of 1.70. The band around it illustrates the theoretical uncertainties due to the
PDFs expressed at 90% CL. The samples at positive (negative) !G have been simulated
using the GRW (Hewett) formalism. When the prediction is greater than the observed
limit, the corresponding value for !G is excluded.

Translates to excluded MS values in range 2.5 − 3.9 TeV depending on ADD model
Can also combine with ee and μμ final states to increase limits to 2.6 − 4.2 TeV (arXiv:1211.1150)
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CMS PAS EXO-12-051 ∫L ~ 10 fb-1 and √s=8 TeV
jet |η|< 1.5 
inclusive jets pT > 592 GeV
NTRK ≥ 30 (tracks with pT>10 GeV)

Jet Extinction

5
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Figure 2: The ratio of the inclusive jet-pT spectrum to the NLO QCD prediction with non-
perturbative corrections and convolved with the detector resolution. The colored band shows
the magnitude of all sources of systematic uncertainty added in quadrature at 1s, including
JES, JER, PDFs, and luminosity. Dashed lines indicate the effects of extinction at three different
values of the extinction scale, M = 2, 3, and 4 TeV.

l(µ) =
L(µ| ˆ̂~q)

L(µ̂|~̂q)
(3)

where the numerator is the maximum of the likelihood function given a signal strength µ,

where nuisance parameters take the value
ˆ̂~q, and the denominator is the maximum of the like-

lihood function over the entire parameter space, which occurs for µ = µ̂ and nuisances ~̂q. The
test statistic Q is then computed by:

Q = �2 ln(l(µ)). (4)

The null hypothesis is defined as SM NLO jet production. The extinction hypothesis is defined
as the product of the null hypothesis and F(pT, M) for a given value of b. The variable b is
chosen for convenience so that as b ! 0 the extinction model approaches the SM prediction.
In the formal fitting procedure, the value of b is allowed to be negative, and the extinction
hypothesis can cross b = 0 without resulting in a numerical divergence. Negative values of
b are modeled by reflecting the extinction function about F(pT, M) = 1. Including systematic
uncertainties, the best-fit value of b is (0.008 ± 0.034) TeV �2, which is consistent with the SM
expectation.

We set limits using the modified frequentist criterion CLs [34, 35] with the test statistic de-
scribed above. All sources of systematic uncertainty are treated as nuisance parameters with
log-normal prior constraints and are constructed in the likelihood to have the same value across
all jet pT bins. This construction implicitly assumes that the systematic uncertainties are com-
pletely correlated in jet pT.

Quantum gravity effects lead to large cross sections at high scales
But low multiplicity final states are suppressed
Could lead to strong suppression of SM high pT phenomena
Since high pT jet production is large, then this would first be seen as jet extinction

95% CL limit on extinction scale = 3.3 TeV
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Experiments are now finalising their run-1 measurements
Few more channels still to publish
ATLAS management wants all run-1 exotics papers completed by spring
We then focus on preparing for run-2

The next tranche of measurements will go beyond “cut and count”
Try to use differential spectra to gain sensitivity

- template fits using shape of signal M spectra
- angular information
- forward / backward asymmetries
- rapidity spectra

Experimental uncertainties typically dominated by
background extrapolations to high pT

jet calibrations
muon resolutions

Signal uncertainties largely dominated by
PDF uncertainties (high x)
scale variations
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Questions

In light of no smoking guns:
are we missing subtleties in the phenomenology?
first signs will be modifications of the SM below MD

Should improve decay modelling of quantum BHs - why 2-particle decays?

Predicted cross sections of semi-classical models are very large
is there a unitarity limit?

Are we treating spin correctly? e.g. rotating semi-classical BHs
naive expectation that at LHC these are rotating objects
expect graviton emission to be large

Look at ‘peculiar’ final states - violating Baryon / Lepton number

Is there a relationship between higgs / mass / dark energy ?

Is there any relevance of apparent horizons / firewalls to the quantum gravity regime?
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The Future
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Conclusions"

>  Fantastic Run I for ATLAS and CMS ! !
>  Wide range of cosmology and astro-particle 

physics results from the LHC!
>  LHC searches for DM are complementary to 

direct and indirect search experiments!
>  Everything we knew about was found…  

…nothing we didn’t know about (yet), 
no BH, no ED, no DM  
(plus the HIGGS… of course !)!

>  Highest energy proton collisions provide 
input to proton-nucleus simulations for 
UHECR!

!
>  Restart in 2015 at sqrt(s)=13-14 TeV. 

Much more to come, especially for searches  
limited in center-of-mass energy ! !

M. Weber, WIN2013! 23!

Close up tunnel & experimental caverns Dec 2014
Takes ~ 1 month to cool down magnets in each sector
The LHC will be like a new machine
every magnet has been disturbed
beam commissioning ~ 3 months

Lots of experimental upgrades happening too:
improved triggering
improved tracking
...

Pile-up will be a bigger problem than before
Requires understanding of minimum bias / soft QCD

The Future
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The Future

pile-up in run-2 
expect up to 180 pp collisions in same bunch crossing!!!
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Conclusions

• Low scale gravity could address some SM shortcomings

•No fundamental theory but there is a very rich phenomenology!

• Large parameter space still to be explored

• Some models appear contrived....

• ... but nature is weird (who could have predicted quantum mechanics?)

•Nevertheless, we should continue to look because we can!

•The ‘holy grail’ of quantum gravity may be experimentally within reach


