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Reference Papers

Presented today & recently accepted for publication in PRD!



Conduct a search for new phenomena using  
unique pointing capabilities and precision  
timing of the ATLAS EM calorimeter

Many models give rise to neutral  
long-lived particle pair production 
§  Interpret results in the context of  

Gauge-Mediated Super-symmetry  
Breaking (GMSB) models 

§  Neutralino NLSP decays to LSP gravitino + γ
§  Free parameters: neutralino lifetime (τ) and the  

effective scale of SUSY breaking (Λ) 

Search in the full 20.3 fb-1 dataset collected from the LHC at 
√s = 8 TeV in 2012. Published √s = 7 TeV analysis previously.
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Introduction & Motivation
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Final state:
γγ + ET

Miss



Signal photons can have flight paths that don’t point back to 
the primary (highest ΣpT

2) vertex
§  η segmentation of EM calorimeter provides good photon  

vertex reconstruction using first 2 layers of EM cells 
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Define the photon vertex pointing 
variable:

 Δzγ = zorigin – zPV


Difference between the primary vertex 
position (zPV) and the z position that the 
EM calo. reconstructs (zorigin) for the γ


Vertex resolution measured using 
Zàe+e- events and compared with 
signal Monte Carlo

γ
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|zorigin| resolution ~ 15 mm for 
prompt γ with 50 GeV < E < 100 GeV

Photon Pointing (Δzγ)
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 ATLASSignal photons would reach  
EM calorimeter with a slight  
delay compared with prompt  
photons from a hard scatter
§  Massive neutralino: β=v/c  

distributed to low values
§  Longer geometrical path for 

non-pointing photons

Arrival time of EM shower  
measured with 2nd EM calo. layer
§  Timing and energy reconstructed  

using optimal filtering algorithm
§  Validate calibration with Zàe+e- (see figure)
§  Time resolution of 299 ps (256 ps) for medium (high) gain γ 

(includes 220 ps contribution from time spread in pp collisions)
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Photon Timing (tγ)

Resolution as a function of  
the maximum cell energy in  
the 2nd calorimeter layer



Photon selection
§  “Loose” cut-based identification uses shower shape in 2nd EM 

calorimeter layer and leakage into hadronic calorimeter
§  Transverse energy cut:  ET > 50 GeV
§  Pseudo-rapidity cut:  |η| < 2.37, excluding 1.37 < |η| < 1.52
§  Isolation:  ET < 4.0 GeV in ΔR = 0.4 cone around γ
§  Timing:  |tγ| < 4 ns to avoid satellite collision events

Event selection
§  Trigger:  2 “loose” γ in |η| < 2.5  

with ET
1 > 35 GeV, ET

2 > 25 GeV
§  At least 2 photons in the event
§  At least 1 barrel photon |η| < 1.37 

Signal region:  ET

Miss > 75 GeV
Control reg. 1:  20 GeV < ET

Miss < 50 GeV
Control reg. 2:  50 GeV < ET

Miss < 75 GeV
Prompt backgrounds:  ET

Miss < 20 GeV
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Event Selection for γγ + ET
Miss

6

IV. OBJECT RECONSTRUCTION AND
IDENTIFICATION

The reconstruction and identification of electrons and
photons are described in Refs. [47, 48] and [49], respec-
tively. The photon identification criteria described in
Ref. [49] have been re-optimized for the expected pileup
conditions of the 8 TeV run period. Shape variables com-
puted from the lateral and longitudinal energy profiles of
the EM showers in the calorimeter are used to identify
photons and discriminate against backgrounds. A set
of photon selection criteria, designed for high efficiency
and modest background rejection, defines the so-called
“loose” photon identification used in this analysis. The
loose photon requirements use variables that describe the
shower shape in the second layer of the EM calorimeter
and leakage into the hadronic calorimeter. These selec-
tion criteria do not depend on the transverse energy of
the photon (ET), but do vary as a function of η in order
to take into account variations in the calorimeter geome-
try and upstream material. The efficiency of these loose
requirements, for the signal photons, is over 95% over
the range |zorigin| < 250 mm and steadily falls to approx-
imately 75% at |zorigin| = 700 mm.
The measurement of Emiss

T [50] is based on the energy
deposits in the calorimeter with |η| < 4.9 and the en-
ergy associated with reconstructed muons; the latter is
estimated using the momentum measurement of its re-
constructed track. The energy deposits associated with
reconstructed objects (jets defined using the anti-kt algo-
rithm [51] with radius parameter 0.4, photons, electrons)
are calibrated accordingly. Energy deposits not associ-
ated with a reconstructed object are calibrated accord-
ing to their energy sharing between the EM and hadronic
calorimeters.

V. EVENT SELECTION

The selected events were collected by an online trigger
requiring the presence of at least two loose photons with
|η| < 2.5, one with ET > 35 GeV and the other with
ET > 25 GeV. This trigger is insensitive to the time of
arrival of photons that are relevant for the signal consid-
ered, but there may be a slight dependence of the trigger
efficiency on the zorigin of the photon. This effect is dis-
cussed in Sec. VIII A. The trigger efficiency exceeds 99%
for signal events that pass the offline selection cuts. To
ensure the selected events resulted from a pp collision,
events are required to have at least one PV candidate
with five or more associated tracks, each with transverse
momentum satisfying pT > 400 MeV. In case of multiple
vertices, the PV is chosen as the vertex with the great-
est sum of the squares of the transverse momenta of all
associated tracks.
The offline photon selection requires two loose photons

with ET > 50 GeV and |η| < 2.37 (excluding the transi-
tion region between the barrel and endcap EM calorime-

ter at 1.37 < |η| < 1.52). At least one photon is required
to be in the barrel region |η| < 1.37. Both photons are
required to be isolated, by requiring that the transverse
energy deposited in the calorimeter in a cone of radius
∆R =

√
(∆η)2 + (∆φ)2 = 0.4 around each photon can-

didate be less than 4 GeV, after corrections to account
for pileup and the energy deposition from the photon
itself [49]. To avoid collisions due to satellite bunches,
both photons are required to have a time that satisfies
|tγ | < 4 ns.
The selected diphoton sample is divided into exclusive

subsamples according to the value of Emiss
T . The sub-

sample with Emiss
T < 20 GeV is used to model the prompt

backgrounds, as described in Sec. VIB. The events with
20 GeV < Emiss

T < 75 GeV are used as control samples to
validate the analysis procedure and background model.
Diphoton events with Emiss

T > 75 GeV define the signal
region.
Table I summarizes the total acceptance times ef-

ficiency of the selection requirements for examples of
GMSB SPS8 signal model points with various Λ and τ
values. Strong SUSY pair production is only significant
for Λ <100 TeV. For Λ = 80 TeV and τ = 6 ns, the
acceptance times efficiency is evaluated from MC sam-
ples to be 1.6± 0.1% and 2.1± 0.1% for weak and strong
production, respectively, corresponding to a total value
of 1.7 ± 0.1%. For fixed Λ, the acceptance falls approx-
imately exponentially with increasing τ , dominated by
the requirement that both NLSP decay before reaching
the EM calorimeter, so that the resulting photons are de-
tected. For fixed τ , the acceptance increases with increas-
ing Λ, since the SUSY particle masses increase, leading
the decay cascades to produce, on average, higher Emiss

T
and also higher ET values of the decay photons.

TABLE I. The total signal acceptance times efficiency, given
in percent, of the event selection requirements, for sample
GMSB SPS8 model points with various Λ and τ values. The
uncertainties shown are statistical only.

τ Signal acceptance times efficiency [%]

[ns] Λ = 80 TeV Λ = 160 TeV Λ = 320 TeV

0.5 8.4± 0.6 30± 1 46± 2

2 5.1± 0.3 21± 0.2 33.0± 0.3

6 1.7± 0.1 7.3± 0.1 12.5± 0.2

10 0.86 ± 0.03 3.71 ± 0.06 6.45 ± 0.09

40 0.089 ± 0.004 0.38 ± 0.01 0.70 ± 0.02

100 0.016 ± 0.001 0.070 ± 0.002 0.129 ± 0.004

VI. SIGNAL AND BACKGROUND MODELING

The analysis exploits both the pointing and time mea-
surements. However, the measured properties of only one
of the two photons are used, where the choice of which

Signal acceptance increases with  
larger Λ (more energetic events) 
and decreases with longer τ  
(more decays outside calorimeter)
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Signal and Background Modeling

Signal shape from Monte Carlo samples
§  Generated samples with Λ in [70 TeV, 400 TeV]
§  Reweight to different neutralino lifetimes (τ)
§  Cross-sections calculated at NLO

Time resolution not modeled well in MC:
§  Smear timing, match resolution of Zàe+e- data

Backgrounds from data control regions
§  Prompt γ and electron fakes: Zàe+e- events
§  Jets faking γ: ET

Miss < 20 GeV region in data
§  Data-driven methods account for influence of  

pileup and primary vertex misidentification

Background shapes very similar in tγ: 
à Use ET

Miss < 20 GeV region to model 
all backgrounds in fit
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Fit incorporates two discriminating variables: timing tγ and pointing  
|Δzγ| parameters of the barrel photon with largest tγ.
Divide data into 6 categories based on |Δzγ|
§  Varying S/B enhances the statistical significance
Simultaneously perform 1D fit to tγ in each category
§  Signal normalization correlated between categories
§  Background normalizations uncorrelated, obtained from data
§  Enables the use of a single template shape for all backgrounds
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Fit Method
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Dominant signal normalization  
uncertainties listed in the table
Signal tγ shape uncertainties:
§  Time reconstruction algorithm  

produces up to 10% bias for tγ  (measured in satellite collisions)
§  Pileup modeling affects |Δzγ|  and tγ with higher PV mis-ID
§  Combined shape impact < 10%

No need for background normalization systematics: fit to data gives 
normalization of background (controlled by unconstrained parameters)
Background tγ shape uncertainties:
§  Background composition is not measured, take the difference between 

Zàe+e- and jet-enriched low-ET
Miss data as systematic uncertainty

§  Barrel-barrel and barrel-endcap events have different |Δzγ| shapes 
Reweight to fraction in data (61±4% BB), vary by ±4% to get systematic
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Systematic Uncertainties

10

TABLE II. Values of the optimized ranges of the six |∆zγ | categories, for both low and high NLSP lifetime (τ ) values.

NLSP Range of |∆zγ | values for each category [mm]

Lifetime Cat. 1 Cat. 2 Cat. 3 Cat. 4 Cat. 5 Cat. 6

τ < 4 ns 0 – 40 40 – 80 80 – 120 120 – 160 160 – 200 200 – 2000

τ > 4 ns 0 – 50 50 – 100 100 – 150 150 – 200 200 – 250 250 – 2000

TABLE III. Values of the optimized ranges of the six tγ bins, for both low and high NLSP lifetime (τ ) values.

NLSP Range of tγ values for each bin [ns]

Lifetime Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6

τ < 4 ns −4.0 – +0.5 0.5 – 1.1 1.1 – 1.3 1.3 – 1.5 1.5 – 1.8 1.8 – 4.0

τ > 4 ns −4.0 – +0.4 0.4 – 1.2 1.2 – 1.4 1.4 – 1.6 1.6 – 1.9 1.9 – 4.0

into two categories: so-called “flat” uncertainties are not
a function of |∆zγ | and tγ and affect only the overall sig-
nal yield, while “shape” uncertainties are those that are
related to the shapes of the unit-normalized |∆zγ | and tγ
distributions for signal or to the shape of the background
tγ template.

A. Signal yield systematic uncertainties

The various flat systematic uncertainties affecting the
signal yield are summarized in Table IV. The uncertainty
on the integrated luminosity is ±2.8% and is determined
with the methodology detailed in Ref. [56]. The un-
certainty due to the trigger is dominated by uncertain-
ties on the dependence on |∆zγ | of the efficiency of the
hardware-based Level 1 (L1) trigger. The L1 calorime-
ter trigger [57] uses analog sums of the channels grouped
within projective trigger towers. This architecture leads
to a small decrease in L1 trigger efficiency for highly non-
pointing photons, due to energy leakage from the relevant
trigger towers. The uncertainty on the impact of this de-
pendence is conservatively set to the magnitude of the
observed change in efficiency in signal MC events versus
|∆zγ |, and dominates the ±2% uncertainty on the trigger
efficiency.
Following the method outlined in Ref. [58], uncertain-

ties on the signal efficiency, arising from the combined im-
pact of uncertainties in the photon energy scale and reso-
lution and in the combined photon identification and iso-
lation efficiencies, are determined to be ±1% and ±1.5%,
respectively. An additional 4% is included as a conser-
vative estimate of the uncertainty in the identification
efficiency due to the non-pointing nature of the photons.
This estimate is derived from studies of changes in the rel-
evant variables measuring the shapes of the EM showers
for non-pointing photons. An uncertainty on the signal
yield of±1.1% results from varying the Emiss

T energy scale
and resolution within their estimated uncertainties [50].
The uncertainty on the signal efficiency due to MC statis-
tics lies in the range ±(0.8–3.6)% and the contribution
due to the lifetime reweighting technique is in the range

±(0.5–5)%, depending on the sample lifetime.
Variations in the calculated NLO signal cross sections

times the signal acceptance and efficiency, at the level of
±(9− 14)% occur when varying the PDF set and factor-
ization and renormalization scales, as described in Sec.
III. In the results, these uncertainties on the theoreti-
cal cross section are shown separately, as hashed bands
around the theory prediction. Limits are quoted at the
points where the experimental results equal the value of
the central theory prediction minus one standard devia-
tion of the theoretical uncertainty.

TABLE IV. Summary of relative systematic uncertainties that
affect the normalization of the signal yield. The last row
summarizes the relative uncertainty on the theoretical cross
section, and is treated separately, as explained in the text.

Source of uncertainty Value [%]

Integrated luminosity ± 2.8

Trigger efficiency ± 2

Photon ET scale/resolution ± 1

Photon identification and isolation ± 1.5

Non-pointing photon identification ± 4

Emiss
T reconstruction ± 1.1

Signal MC statistics ± (0.8–3.6)

Signal reweighting ± (0.5–5)

Signal PDF and scale uncertainties ± (9–14)

B. Signal shape systematic uncertainties

The expected signal distributions are determined us-
ing the GMSB SPS8 MC signal events. Therefore, lim-
itations in the MC simulation could lead to differences
between data and MC events in the predicted signal be-
havior. Any such discrepancies in the shapes of the signal
distributions must be handled by corresponding system-
atic uncertainties on the signal shapes. Since signal tem-
plates for both |∆zγ | and tγ are used in the statistical
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Results & Conclusions

No sign of an excess in the data (p0 = 88%)
§  Signal and control regions well modeled by prompt backgrounds

Observed 95% CL exclusion in 
the (Λ,τ) signal plane extends to 
Λ = 300 TeV and τ = 100 ns

Ability to exclude signals with  
as few as 3 accepted events!

Significant improvement over  
√s = 7 TeV exclusion!


Possibilities in Run-II include 
Higgs: H à χ1

0χ1
0 à γγ+ET

Miss~ ~
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Distributions of |Δzγ| and tγ in the Signal Region
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Photon Timing (tγ) Distributions
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Photon Pointing (|Δzγ|) Distributions
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TABLE II. Values of the optimized ranges of the six |∆zγ | categories, for both low and high NLSP lifetime (τ ) values.

NLSP Range of |∆zγ | values for each category [mm]

Lifetime Cat. 1 Cat. 2 Cat. 3 Cat. 4 Cat. 5 Cat. 6

τ < 4 ns 0 – 40 40 – 80 80 – 120 120 – 160 160 – 200 200 – 2000

τ > 4 ns 0 – 50 50 – 100 100 – 150 150 – 200 200 – 250 250 – 2000

TABLE III. Values of the optimized ranges of the six tγ bins, for both low and high NLSP lifetime (τ ) values.

NLSP Range of tγ values for each bin [ns]

Lifetime Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6

τ < 4 ns −4.0 – +0.5 0.5 – 1.1 1.1 – 1.3 1.3 – 1.5 1.5 – 1.8 1.8 – 4.0

τ > 4 ns −4.0 – +0.4 0.4 – 1.2 1.2 – 1.4 1.4 – 1.6 1.6 – 1.9 1.9 – 4.0

into two categories: so-called “flat” uncertainties are not
a function of |∆zγ | and tγ and affect only the overall sig-
nal yield, while “shape” uncertainties are those that are
related to the shapes of the unit-normalized |∆zγ | and tγ
distributions for signal or to the shape of the background
tγ template.

A. Signal yield systematic uncertainties

The various flat systematic uncertainties affecting the
signal yield are summarized in Table IV. The uncertainty
on the integrated luminosity is ±2.8% and is determined
with the methodology detailed in Ref. [56]. The un-
certainty due to the trigger is dominated by uncertain-
ties on the dependence on |∆zγ | of the efficiency of the
hardware-based Level 1 (L1) trigger. The L1 calorime-
ter trigger [57] uses analog sums of the channels grouped
within projective trigger towers. This architecture leads
to a small decrease in L1 trigger efficiency for highly non-
pointing photons, due to energy leakage from the relevant
trigger towers. The uncertainty on the impact of this de-
pendence is conservatively set to the magnitude of the
observed change in efficiency in signal MC events versus
|∆zγ |, and dominates the ±2% uncertainty on the trigger
efficiency.
Following the method outlined in Ref. [58], uncertain-

ties on the signal efficiency, arising from the combined im-
pact of uncertainties in the photon energy scale and reso-
lution and in the combined photon identification and iso-
lation efficiencies, are determined to be ±1% and ±1.5%,
respectively. An additional 4% is included as a conser-
vative estimate of the uncertainty in the identification
efficiency due to the non-pointing nature of the photons.
This estimate is derived from studies of changes in the rel-
evant variables measuring the shapes of the EM showers
for non-pointing photons. An uncertainty on the signal
yield of±1.1% results from varying the Emiss

T energy scale
and resolution within their estimated uncertainties [50].
The uncertainty on the signal efficiency due to MC statis-
tics lies in the range ±(0.8–3.6)% and the contribution
due to the lifetime reweighting technique is in the range

±(0.5–5)%, depending on the sample lifetime.
Variations in the calculated NLO signal cross sections

times the signal acceptance and efficiency, at the level of
±(9− 14)% occur when varying the PDF set and factor-
ization and renormalization scales, as described in Sec.
III. In the results, these uncertainties on the theoreti-
cal cross section are shown separately, as hashed bands
around the theory prediction. Limits are quoted at the
points where the experimental results equal the value of
the central theory prediction minus one standard devia-
tion of the theoretical uncertainty.

TABLE IV. Summary of relative systematic uncertainties that
affect the normalization of the signal yield. The last row
summarizes the relative uncertainty on the theoretical cross
section, and is treated separately, as explained in the text.

Source of uncertainty Value [%]

Integrated luminosity ± 2.8

Trigger efficiency ± 2

Photon ET scale/resolution ± 1

Photon identification and isolation ± 1.5

Non-pointing photon identification ± 4

Emiss
T reconstruction ± 1.1

Signal MC statistics ± (0.8–3.6)

Signal reweighting ± (0.5–5)

Signal PDF and scale uncertainties ± (9–14)

B. Signal shape systematic uncertainties

The expected signal distributions are determined us-
ing the GMSB SPS8 MC signal events. Therefore, lim-
itations in the MC simulation could lead to differences
between data and MC events in the predicted signal be-
havior. Any such discrepancies in the shapes of the signal
distributions must be handled by corresponding system-
atic uncertainties on the signal shapes. Since signal tem-
plates for both |∆zγ | and tγ are used in the statistical
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|Δzγ| Categories and tγ Bins For Fitting
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Signal-Plus-Background Fits by Analysis Category
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95% CL Exclusion for Λ = 200 TeV
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