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Black hole search

(ADD模型による)Extra dimensionが存在する場合、parton衝突でblack holeが生成される
→ Hawking輻射で多数のSM粒子に崩壊する
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Fig. 1. The leading (left) and sub-leading (right) muon pT distributions for same-sign dimuon events before the Ntrk cut. The background histograms are stacked. The signal
expectation for a non-rotating black hole model with parameters MD = 800 GeV, MTH = 4 TeV, and six extra dimensions is overlaid for illustrative purposes. The bottom
panels show the ratio of data to the expected background (points) and the total systematic uncertainty on the background (shaded area).

Fig. 2. The track multiplicity distribution for same-sign dimuon events. The region
with Ntrk ! 10 is selected as the signal region. The background histograms are
stacked. The signal expectation for a non-rotating black hole model with parameters
MD = 800 GeV, MTH = 4 TeV, and six extra dimensions is overlaid for illustrative
purposes. The bottom panel shows the ratio of data to the expected background
(points) and the total systematic uncertainty on the background (shaded area).

ple signal model for non-rotating black holes with MD = 800 GeV,
MTH = 4 TeV, and six extra dimensions is also shown. Good agree-
ment is observed between the measured distributions and the
background expectations. As shown in Fig. 2, the backgrounds peak
at low values of the track multiplicity while a possible signal has
a higher number of tracks. Table 3 shows the expected and ob-
served numbers of same-sign dimuon events in the signal region.
No excess over the Standard Model predictions is observed in the
data.

The background in the signal region is dominated by the tt
and by the uncorrelated decays from W + jet events. The rela-
tive contributions of the various backgrounds are different in the
background-rich (Table 2) and signal-rich (Table 3) regions. In par-
ticular the b/c contribution falls more rapidly with increasing Ntrk
than the other backgrounds and is very small in the signal-rich re-
gion. By removing the isolation requirement on the leading muon,
the distribution is dominated by b/c background and the Monte
Carlo simulation agrees with data giving confidence in the b/c pre-
diction.

Using the number of events observed in data and the back-
ground expectations, upper limits are set on σ × BR × A, where

Table 3
Number of expected and observed events in the signal region, like-sign dimuon
events with Ntrk ! 10. The other backgrounds are from diboson and single-top
processes. The signal expectation for a non-rotating black hole model with MD =
800 GeV, MTH = 4 TeV, and six extra dimensions is also shown.

Process Events

b/c 0.77 ± 0.77(syst)
tt̄ 29.2 ± 4.1(syst) ± 1.1(lumi)
µ + fake 25.6 ± 0.3(stat) ± 5.2(syst)
Other backgrounds 0.25 ± 0.11(syst)

Predicted 55.8 ± 0.3(stat) ± 6.7(syst) ± 1.1(lumi)
Observed 60

Signal MTH = 4 TeV 72.1 ± 4.5(syst)

σ is the cross section, BR the branching ratio to dimuons, and
A the acceptance of non-Standard Model contributions in this fi-
nal state in the signal region. The CLs method [40] is used to
derive these limits assuming Gaussian uncertainties on the pre-
dicted background and signal, and Poissonian fluctuations on the
observed number of events. The observed 95% confidence level
upper limit on σ × BR × A is 0.018 pb. This result is compatible
with the expected limit of 0.016 pb, which is determined from
pseudo-experiments using simulation. The 1σ and 2σ ranges on
the expected limit are from 0.012 to 0.022 pb and from 0.008 to
0.029 pb respectively. The BR × A for the signal model shown in
Table 3 is 3%, and typically varies between 1% and 6% for the sig-
nal models considered here.

Limits on the reduced Planck mass (MD) and the minimum
mass of the black hole (MTH) for several models are set using the
BlackMax generator and the CTEQ66 PDF. The signal yield is af-
fected by the PDF choice due to two distinct effects: the change
in the production cross section and the change in signal accep-
tance. The signal cross section obtained from MRST2007 is typi-
cally 40% to 50% higher than that from CTEQ66 for MD = 1 TeV,
MTH = 4 TeV. This difference is somewhat larger than the uncer-
tainty on the cross section from the CTEQ66 PDF error sets. At the
large values of MTH near the quoted limits, the invariant mass of
the incoming partons is large and the PDFs are therefore used in
a range of parton momentum fraction x where they are not well
constrained. The theoretical uncertainty on the production cross
section is potentially very large. For these reasons, no theoreti-
cal uncertainty on the signal cross section is assigned, that is, the
exclusion limits are set for the exact benchmark models as im-
plemented in the BlackMax generator: using CTEQ66 rather than
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Fig. 3. 95% confidence level exclusion contours for non-rotating (left) and rotating (right) black holes in models with two and six extra dimensions. The dashed lines show
the expected exclusion contour with the 1σ uncertainty shown as a band. The solid lines show the observed exclusion contour. The regions below the contour are excluded
by this analysis. The dotted lines show lines of constant slope equal to 3, 4, and 5. Only slopes much larger than 1 correspond to physical models.

MRST2007 gives a more conservative limit. The cross section for
the signal point shown in Table 3 is 2.1 pb. The uncertainty on the
signal acceptance from the choice of PDF is estimated to be 3% by
using the 44 error sets of the CTEQ66 PDF and is a small contribu-
tion to the overall uncertainty.

The observed results are used to obtain exclusion contours in
the plane of MD and MTH. For a large number of points in the
(MD, MTH) plane, the signal acceptance is measured using kine-
matic properties obtained from the event generator (truth). This
truth level acceptance is compared to the acceptance from full de-
tector simulation for a smaller set of points which are representa-
tive of the model parameters probed in this analysis. To account for
the difference in acceptances, the truth level acceptance is scaled
by a constant factor of 0.7 ± 0.1 which is determined by com-
paring truth to fully simulated points. Therefore the uncertainty
on the signal prediction consists of the following components: the
uncertainty due to rescaling of truth acceptance, the uncertainty
on the luminosity of the data sample, the uncertainty on accep-
tance due to the PDF, the experimental uncertainty on acceptance
due to muon trigger and identification efficiencies and a statistical
uncertainty due to the finite Monte Carlo samples (see Table 1).

Fig. 3 shows the expected and observed exclusion contours for
rotating and non-rotating black holes for 2 and 6 extra dimensions.
The non-smoothness of the exclusion contours reflects the discrete
nature of the Monte Carlo grid in the (MD, MTH) plane and the
finite Monte Carlo statistics at the generated points. Lines of con-
stant slope (MTH/MD) of 3, 4 and 5 are also shown in the figure.
The semi-classical approximations used for black hole production
and decay are expected to be valid only for large slopes. It can be
seen that if this ratio is greater than three, the limit on MTH is
larger than half the centre-of-mass energy.

In view of the rapidly falling PDF’s in this region, further sig-
nificant improvements on these limits are not expected until the
LHC energy is increased. For example, moving from MTH = 4.7 TeV
to MTH = 5 TeV changes the signal cross section from 0.24 pb
to 0.06 pb (for non-rotating black holes in models with MD =
500 GeV and six extra dimensions). It is also worth noting that the
exclusion contours are dependent on the model considered, and
this analysis is not expected to be sensitive to black hole models
with decays to low multiplicity final states such as quantum black
holes [41].

In summary, a search for extra dimensions in the same-sign
dimuon final state has been performed using 1.3 fb−1 of data

recorded with the ATLAS detector in 7 TeV proton–proton collisions
at the LHC. No excess of events over the Standard Model predic-
tion is observed and exclusion contours are obtained in the plane
of the reduced Planck scale MD and the threshold MTH for black
hole production. A model independent limit of 0.018 pb on any
new physics contribution in the signal region with the described
selection is set.
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• paper(7 TeV, 1.3 fb-1)
- track数(Ntrk)を用いたcut + same sign dimuon要求

leading muon pT>25 GeV (isolated)
2nd leading muon pT>15 GeV
Ntrk>10

signal region

signal regionでは
QCD BGが非常に少ない

3Friday, June 28, 13



W’ search

3 Signal phenomenology

The W0 boson is searched for in its decay to a top quark and a bottom quark. In the Standard Model top
quarks decay (almost 100% of the time) to a W boson and a b quark, where the W boson decays either
hadronically, into a quark anti-quark pair, or leptonically, into a charged lepton and a neutrino. The
search is performed in the leptonic decay channel of the W boson, as shown in Figure 1. The final state
signature consists of two b quarks, one lepton (electron or muon, including from leptonic tau decays)
and missing transverse momentum, resulting from an undetected neutrino.

Figure 1: Sketch of the W0-boson production and decay chain.

Leading order (LO) and next-to-leading order (NLO) cross-section estimates for the pp ! W0 !
tb̄ process are calculated using a model-independent, lowest-order e↵ective Lagrangian describing the
couplings of a W0 boson to fermions for various W0-boson masses and handednesses [5]:

L =
V 0i j

2
p

2
f̄i�µ
⇣
g0Ri, j

(1 + �5) + g0Li, j
(1 � �5)

⌘
W0µ f j + h.c. (1)

where g0R(L)i, j
are the right-handed (left-handed) W0-boson gauge couplings to fermions fi and f j, V 0i j is

either the CKM or a diagonal matrix, for quarks or leptons respectively, and (1 ± �5) is the operator for
left (�) or right (+) handed projections, with �5 the chirality operator.

The right- and left-handed W0-boson (denoted W0R and W0L, respectively) cross-sections times branch-
ing ratios to the tb̄ final state used in this analysis are obtained from NLO calculations [6] for proton-
proton collisions at

p
s = 8 TeV. The mass of the right-handed neutrino is assumed to be higher than the

mass of the W0 boson, thus allowing only hadronic decays of the W0R boson. In the case of a W0L boson
leptonic decays are allowed, but the interference with the Standard Model s-channel single top-quark
production (that yields the same tb̄ signature) is not taken into account in the W0L-boson cross-section
calculation. The interference term contribution to the total tb̄ rate is expected to be less than 20% [6, 13].
A W0-boson mass range of 0.5 to 3 TeV, in steps of 0.25 TeV, is considered. The model assumes that
the W0-boson coupling strength to quarks is the same as for the W boson: g0R = g and g0L = 0 (g0R = 0
and g0L = g) for right-handed (left-handed) W0 bosons, where g is the Standard Model SU(2)L coupling.
The theoretical uncertainty on the cross-sections ranges from about 5% for small W0-boson masses to
20% for large masses. These uncertainties are dominated by the CTEQ6.6 [14] NLO parton distribution
functions (PDFs) used for the cross-section calculations. Other constributions stem from the limited
knowledge of higher-order e↵ects, evaluated by varying the renormalisation and factorisation scales, and
from uncertainties on the coupling ↵s and on the top-quark mass.

The dominant background to the W0 ! tb̄! l⌫bb̄ signal comes from top-quark pair (tt̄) production.
Another important background is W bosons produced in association with jets (W+jets). If two of the
jets contain bottom hadrons, these events have the same signature as signal events. Due to the possible
misidentification of light-quark or c-quark jets as b-quark jets, W+light jets and W+c/cc̄ processes also
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signal : 

e : pT > 30 GeV
μ : pT > 30 GeV
jet : pT > 25GeV
ET

miss > 35 GeV
btag

 jet 数 2 or 3 (うち2つはb由来)
mW’ > 270 GeV

(a) (b)

Figure 6: Observed and expected 95% CL limits on the W0-boson cross-section times branching ratio
prediction, as a function of the mass of the W0 boson, for (a) left-handed and (b) right-handed W0 bosons.
The one and two standard deviation excursions from the expected limits are also shown. Theoretical
predictions with ±1 standard deviation uncertainties [6] are represented by a solid red line and a band,
where leptonic decays of W0R bosons are not allowed and, for W0L bosons, interference with the SM is not
considered.

of the form in Eq.(1). Limits can also be set for g0/g > 1, as models remain perturbative up to a ratio
of about 5 [6]. A given hypothesis g0 for a W0 boson of mass mW0 is excluded if the resulting expected
cross-section is higher than the cross-section limits derived previously. The W0-boson cross-section has
a non-trivial dependence on the coupling g0, coming from the variation of the resonance width, �W0 , that
is proportional to g02. This di↵erence in the intrinsic W0-boson width makes the signal cross-section
sensitive to the initial-state quark PDFs, in addition to the g02 dependence of the production vertex. The
scaling of the W0-boson cross-section as a function of g0/g and mW0 is estimated using MadGraph. The
impact of NLO corrections on this scaling is found to be of a few percent at maximum and is neglected.
Figure 7 shows the observed and expected 95% CL limits on the ratio g0/g, as a function of the mass of
the W0 boson, for left-handed and right-handed W0-boson couplings. Limits are shown up to a g0/g value
of 2, where the signal selection e�ciency is not a↵ected by the increase of �W0 .

10 Summary

This note describes a search for W0 ! tb̄! l⌫bb̄ in 14.3 fb�1 of proton-proton collisions at a centre-of-
mass energy of 8 TeV with the ATLAS detector. Events with a lepton, missing transverse momentum,
and two b-tagged jets are selected, and multivariate discriminants are constructed using boosted deci-
sion trees. By fitting this observable in data to the expectation, the consistency of the Standard Model
background hypothesis can be tested. Data are consistent with the Standard Model expectation and no
presence of W0-boson signal events is observed. Exclusion limits at the 95% confidence level are set on
the mass of the W0 boson and on its e↵ective couplings. Masses below 1.74 (1.84) TeV are excluded for
left-handed (right-handed) W0 bosons, while the expected limit is 1.56 (1.72) TeV.

15

(a) (b)

Figure 5: BDT output distributions for the signal region, in (a) 2-jet and (b) 3-jet samples, including
uncertainties on the multijet and W+jets prediction and uncertainties due to the limited statistics in the
simulated samples. The process labelled “top” includes tt̄ production and all three single top-quark
production modes. The multijet and W+jets components are normalised to data-driven estimates. All
other backgrounds are normalised to theoretical cross-sections. The signal contribution, corresponding
to a W0R boson of invariant mass of 1.5 TeV, is shown on top of the background distributions.
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event selection

signal region

W’<1.74 TeV (left handed)
W’<1.84 TeV (right handed) をexclude
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ttbar resonance

tt resonance : Z’ や重いKK粒子の崩壊が見える
lepton + jet による解析(8 TeV, 14 fb-1)

- 2種類のcut (boosted, resolved を使用)
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Figure 9: The tt̄ invariant mass spectrum, summing the spectra from the two channels and the two
selection methods. The shaded areas indicate the total systematic uncertainties. Two benchmark signals
are indicated on top of the background, a Z′ with m = 1.5 TeV and a gKK with m = 2.0 TeV. The assumed
cross sections of the signals in this figure are the theoretical predictions given in Tables 3 and 4.
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Figure 10: Observed and expected upper cross section limits times the tt̄ branching ratio on (a) Z′

bosons and (b) Kaluza–Klein gluons. The resolved and the boosted selections have been combined
in the estimation of the limits. Both systematic and statistical uncertainties are included.

of the nuisance parameters which decrease the estimated high-mass background in all channels and the
small excess in the boosted electron channel is amplified, leading to weaker observed limits than expected
limits.

Table 3: Upper 95% CL cross section limits times branching ratio on a leptophobic topcolor Z′ decaying
to tt̄, using the combination of all four samples. The observed and expected limits for each mass point
are given, as well as the ±1σ variation of the expected limit. The second column gives the theoretical
predictions with the 1.3 K-factor to account for NLO effects.

Mass (TeV) σ× BR ×1.3 [pb] Obs. (pb) Exp. (pb) −1σ (pb) +1σ (pb)
0.50 23. 5.30 4.99 1.50 10.7
0.75 5.6 2.17 1.00 0.249 1.87
1.00 1.6 0.406 0.335 0.091 0.674
1.25 0.57 0.187 0.160 0.064 0.323
1.50 2.1×10−1 0.148 0.096 0.041 0.198
1.75 0.087 0.066 0.030 0.137
2.00 3.9×10−2 0.078 0.055 0.023 0.117
2.25 0.078 0.045 0.021 0.103
2.50 6.9×10−3 0.081 0.035 0.017 0.081
3.00 1.5×10−3 0.083 0.019 0.010 0.053

11 Summary

A search for tt̄ resonances in the lepton plus jets decay channel has been carried out with the ATLAS
experiment at the LHC. The search uses a data sample corresponding to an integrated luminosity of
14.3 fb−1 of proton-proton collisions at a center-of-mass energy of 8 TeV. The tt̄ system is reconstructed
in two different ways. For the resolved selection, the hadronic top quark decay is reconstructed as two
or three R = 0.4 jets, and for the boosted selection, it is reconstructed as one R = 1.0 jet. No excess
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• pT>0.4 GeVのtrackが5つ以上
• ET

miss > 30 GeV(e channel) , 20 GeV(μ channnel)
• mT > 30 GeV(e channel), mT+ET

miss > 60 GeV(μ channel)

event selection

• lepton と leading jet 間がΔR<1.5
• leading jetについて mjet>100 GeV
• 少なくとも1つのjetがb-tagされている

• pT>25 GeV, JVF>0.5 のjetが4つ以上
• 少なくとも1つのjetがb-tagされている

0.5 TeV<mz’<1.8 TeV,  0.5 < mgKK <2.1 TeVを
exclude
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MU20 rate

前回のslideでのNSW cut : 独自のcutを使用
- dR<0.1, dθ< 0.1 
- efficiencyが落ちる領域ではcutをかけない

今回 : 友さんが使っていたcutを使用
- dRではなく、dη, dΦを独立に
- 各cut値は|η|に依存

|η| dθ dη dΦ

1.3 - 1.5 0.015 0.05 0.06

1.5 - 1.7 0.015 0.05 0.06

1.7 - 1.9 0.010 0.05 0.06

1.9 - 2.1 0.025 0.05 0.06

2.1 - 2.3 0.07 0.07 0.06

2.3 - 0.07 0.07 0.06

eta
-3 -2 -1 0 1 2 3

En
tr
ie
s

0

1000

2000
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4000

5000

6000

7000

前回のMU20分布 : |eta|=2 付近でrateが落ちない。
これは|eta|=2付近にMDTがなく、efficiencyが落ちる

-> cutがかからない、ことが原因

友さん cut値
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rate削減

eta
-3 -2 -1 0 1 2 3
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14000

MU20

MU20 after EI/FI cut

MU20 after NSW cut

cut 条件 
• EI/FI 4chamberのどれかでwire-strip coincidenceがとれる

* ( EI/FI coincidenceによるefficiency > 80% のSSCのみ )
• NSW上でtrack segmentが見つかる

(dθ, dη, dΦをcutに使用)
  

1<|η|<1.3 についてはEI/FI によるreductionのみ

|η| = 2 付近ではefficiencyが低く、trigger数も少なくなる

trigger数
MU20 : 566024

349965

128513  

↓EI/FI cut
38 % 削減

↓NSW cut
63 % 削減

77 % 削減

7Friday, June 28, 13



efficiency

High pT combined muon に対するefficiency
- offline pT>20 GeV, dR<0.1 のcombined muonがcutを通り割合

|η| = 2 付近ではefficiencyが低い。
これはNSWをMDTで代用しているためで、
NSWのefficiencyの評価としては妥当ではない。
1.8<|η|<2.1 を除いた部分で評価したものを()内に示した。

trigger数
MU20 : 7497 (6076)

7335 (5943)

6735  (5735)

↓EI/FI cut
2 % 低下

(2%)

↓NSW cut
8 % 低下

(4%)

11 % 低下
(6 %)
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Summary

• 友さんのcut値を基に、MU20 reductionを見積もった。
 Reduction : 38 % (EI/FI)

   77 % (EI/FI + NSW)

 efficiency loss : 2 % (EI/FI) 
 6 % (EI/FI + NSW)  

• とりあえず既存のcutをなぞっただけ。cut値の妥当性等は評価していない。

• Tile ,BISの効果は全く入れていない。
　|η|<1.3 ではNSWが全くの無力なので、Tile やBISを使えばもっと落とせるはず
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Back up
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Black hole search

現在までの解析 1
• conf note(7 TeV, 35 pb-1)

- jet multiplicity (NJ), jet のΣpT を用いたcutis larger for the number of jets NJ > 5. These features reflect the production of a heavy object decaying
into many jets over a QCD background dominated by dijet production.
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Figure 1: Scalar sum of jet transverse momenta (
∑

pT) distributions of simulated black hole signal and
Pythia QCD background events: (left) number of jets less than five and (right) number of jets greater
than or equal to five. The signal event samples are labelled by the number of extra dimensions n, the
Planck scale MD, and the minimum production mass Mth. The number of entries is normalised to the
expectation for 35 pb−1.

More details can be seen in Figs. 2 and 3, which show two-dimensional distributions of
∑

pT versus
NJ for simulated QCD background events and black hole signal events, respectively. The distributions
for signal events differ from QCD background events by having larger values of

∑
pT and NJ. There is a

high efficiency for signal events and a good signal to background ratio above
∑

pT > 2 TeV. Hence, the
signal region is defined to have NJ ≥ 5 and

∑
pT > 2 TeV.

For the QCD background events, the
∑

pT distribution is controlled by the scale Q2 of the hard
process, as the total amount of QCD radiation depends upon this variable. On the other hand, the number
of jets depends on the jet selection criteria and, in particular, the minimum pT threshold. The

∑
pT

distribution is not expected to have a significant dependence on NJ for high
∑

pT. Figure 4 shows that
the ratio of

∑
pT distributions for NJ ≥ 5 and NJ < 5 is approximately constant for

∑
pT > 1 TeV. The

fall-off in this ratio at smaller values of
∑

pT occurs in a region where the threshold effect due to the pT

requirements on the jets seen in Fig. 4(a) is manifest. In the region 1.1 <
∑

pT < 2.7 TeV, where a signal
might be seen, the ratio of events with NJ ≥ 5 to events with NJ < 5 varies between 0.26 and 0.31, and is
constant to within 11% over this range. The ratio falls sharply below 1.1 TeV, which is therefore used as
the start of the region used in the analysis.

Assuming this ratio is constant, the number of background events in the signal region can be esti-
mated by relating it to the number of events in the region NJ < 5. Figure 5(a) shows the

∑
pT distribution

of simulated QCD events for NJ ≥ 5 compared to the distribution for NJ < 5, after normalising to the
same number of events in 1.1 TeV <

∑
pT < 1.2 TeV. The two distributions show good agreement,

validating the assumption that the
∑

pT distribution of QCD events depends little on NJ in the region∑
pT > 1.1 TeV. A similar test involving the Alpgen sample is shown in Fig. 5(b). Within the statistics

of this sample, Fig. 5(b) shows that the
∑

pT distribution for NJ ≥ 5 (histogram) agrees in shape with the

4

NJ<5 NJ≧5
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Figure 7: Contour plots of the observed and expected limits on the Planck scale (MD) versus threshold
mass (Mth): (left) observed and (right) expected limits. The curves are labelled by the number of extra
dimensions n. CTEQ6.6 PDFs are used for the signal contribution. Lines of fixed ratio Mth/MD = 2, 3,
and 4 are also shown.
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Figure 8: Contour plots of the observed and expected limits on the Planck scale (MD) versus threshold
mass (Mth): (left) observed and (right) expected limits. The curves are labelled by the number of extra
dimensions n. MRST2007 PDFs are used for the signal contribution. Lines of fixed ratio Mth/MD = 2,
3, and 4 are also shown.

11

NJ<5  と NJ≧5でのΣpT
分布(MC)

得られたupper limit
(左) : observed
(右) : expected
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Black hole search

ADD模型による余剰次元がd次元だけ存在する場合、
質量M, Planck scale MG のBlack hole Schwarzschild 半径RHは
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the horizon radius:

RH = 1√
π MG

(
M

MG

) 1
d+1

(
8Γ ( d+3

2 )

d + 2

) 1
d+1

, (1)

where M is the BH mass, Γ the Gamma function, and the
temperature associated with the horizon is given by

TH = d + 1
4π RH

. (2)

At the LHC, a BH could form by colliding two protons.
The total BH cross section can be estimated from the geo-
metrical hoop conjecture [33] as

σ (M) ≈ π RH. (3)

In order to determine the total production cross section, this
expression must be rescaled according to the parton lumi-
nosity approach as

dσ

dM

∣∣∣∣
pp→BH+X

= dL

dM
σ̂
(
ab → BH ; ŝ = M2), (4)

where a and b represent the partons which form the BH,
√

ŝ

is their center-of-mass energy and

dL

dM
= 2M

s

∑

a,b

∫ 1

M2/s

dxa

xa
fa(xa)fb

(
M2

s xa

)
, (5)

where fi(xi) are parton distribution functions (PDF) and√
s the LHC center-of-mass collision energy (up to 7 TeV

presently, with a planned maximum of 14 TeV). Of course,
semiclassical BHs will only form above a minimum mass
(presumably) larger than MG [21, 34].

Once formed, the BH begins to evolve. In the standard
picture, the decay process can be divided into three charac-
teristic stages:

Balding phase: the BH radiates away the multipole mo-
ments inherited from the initial configuration and reaches
a hairless state. A fraction of the initial mass will also be
radiated as gravitational radiation.

Evaporation phase: the BH loses mass via the Hawking
effect. It first spins down by emitting the initial angular
momentum, after which it proceeds with the emission of
thermally distributed quanta. The radiation spectrum con-
tains all the Standard Model (SM) particles (emitted on our
brane), as well as gravitons (also emitted into the extra di-
mensions). For this tags, it is crucial to have a good esti-
mate of the gray-body factors [35–42].

Planck phase: the BH has reached a mass close to the effec-
tive Planck scale MG and falls into the regime of quantum
gravity. It is generally assumed that the BH will either com-
pletely decay into SM particles [10] or a (meta-)stable rem-
nant is left, which carries away the remaining energy [29].

We will here focus on the possibility that the third phase
ends by leaving a stable remnant.

3 Remnants and a Monte Carlo code

Several Monte Carlo codes which simulate the produc-
tion and decay of micro-BHs are now available (see,
e.g., Refs. [11–19]). The only code which presently imple-
ments the description of a remnant is CHARYBDIS2 [18,
19].2 Such a description is mostly based on kinematic and
quantum number constraints, so that the remnant will neces-
sarily have zero baryon number. The production and evap-
oration phases are better modeled, from a theoretical point
of view, although they could still be improved. For exam-
ple, the production phase is described using bounds from
trapped surface formation, which might lead to overesti-
mate the amount of missing energy in gravitational radia-
tion [43]. Further refinements have also been investigated
for the Hawking spectra [15, 16, 44–46].

A list of the relevant adjustable parameters in the code
and the values we used in the simulations is given in Table 1.
In the study we present here, we simulated the different sce-
narios in pp collisions with total center-of-mass energy of
both

√
s = 7 TeV3 and 14 TeV.

It is particularly important to describe in details the role
of one of the kinematic constraints, namely KINCUT. When
set to TRUE, the generator will not allow the emission of
Hawking quanta that reduce the BH mass M below MG,
whereas KINCUT = FALSE will allow the last decay par-
ticle to have an energy as large as the BH’s (but no more).
Let us then see what will likely happen for the last emission,
when the BH has already evaporated down to a mass MLE !
MG. The generator will try to simulate an Hawking particle
with energy ω determined by the Planckian distribution with

Table 1 Most relevant parameters of CHARYBDIS2 and their values
for the different simulated samples used in this study

Parameter Description Used values

MG Fundamental gravitational scale 2–4 TeV

D Total number of dimensions 6, 8

MINMSS minimum initial BH mass 2 × MG

MAXMSS maximum initial BH mass
√

s

RMSTAB main switch for stable BH remnant TRUE/FALSE

KINCUT kinematic condition for BH remnant TRUE/FALSE

2This code has been used to study the remnants of non-commutative
BHs in Ref. [31].
3This case was mostly included for a comparison with the CMS anal-
ysis in Ref. [20], although there are arguments which show that 7 TeV
might not be theoretically enough to produce semiclassical BHs [21].

impact parameter d<RH, √s = M のparton衝突でBlack holeが
生成される -> hawking輻射で多数のlepton, jetに崩壊
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Figure 2: PDG code of particles emitted from black hole decay for a minimum black hole mass of 5 TeV
and n = 2, 4 and 7 and for a minimum black hole mass of 8 TeV and n = 2 (|PdgId| = 1 – 6 are quarks,
11 – 16 leptons, and 21 – 25 gauge and Higgs bosons). The vertical axis shows multiplicity per black
hole decay.
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Figure 3: Generator pT distributions (top row): leptons (left) and Z bosons (right) emitted from the black
hole. The bottom row shows pT and h spectra for all particles emitted from the black hole.
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Black hole searchにより
ADD 模型を検証
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