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Questions received

§ Introductory, about Simulation Details 
§ About Technical Aspects, T  1-6
§ About General Physics Performance, G  1-7 
§ About Projections for full physics processes, P  1-2
§ About Collaboration, Management, and Organization, C  1-2
§About Overall Experiment Design, O  1-2
§About Electronics, DAQ, Offline, E  1-6

➢All questions are answered in the following slides
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Simulation Details
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Preamble question, about simulation details

Q: Note for the physics performance questions (T/G/P): some of the information 
requested here is already given in your proposal or in supplemental material, 
or in replies to our questions during the meeting. Nevertheless, we ask you 
to provide this information again in a concise and aggregate form, 
to help us in comparing the different detector concepts on an equal footing. 

(1) Please give sufficient detail about the simulation/analysis chain, so that the committee knows 
which effects are taken into account and which ones are not.

(2) Where appropriate, specify which backgrounds are considered.

(3) Specify which elements of detector support/services are included in the simulation.
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Preamble question, about simulation details

The results of studies presented in the ATHENA proposal are based on either full GEANT-4 simulations (FullSim)
or fast simulations based on calculations or parameterized smearing of detector resolutions (FastSim). For
FullSim we implemented the complete ATHENA baseline geometry and a realistic reconstruction framework in a
newly developed software environment. It leverages modern developments from the HEP community. For
FastSim the used detector response has been validated by full simulations or comparison with full simulation
samples.

The material for supports and services is always included, even in cases when a detector subsystem is not 
included in the reconstruction.

The beam-related background rates from synchrotron radiation, beam-gas interactions and primary collision 
backgrounds have been evaluated (ATHENA supplemental material: 
https://wiki.bnl.gov/athena/index.php/Beam_backgrounds).
These rates are low and not included in the simulations. 
Effects from FE electronics noise are not yet simulated.

In the following table, the details related to the performance results presented in the Proposal are provided.
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Preamble question, about SIMULATION Details
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Technical Aspects

7
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T-1: Detector calibration
Q: Provide some details on how detector calibration will be done.

§ We consider the following:
ØSubdetector calibration, dedicated hardware and procedures:
ü Tracking calibration 
ü Calorimeter calibration
ü PID Calibration 
ü Far forward calibration 
ü Luminosity detector calibration

ØCosmics and Calibration runs
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For the silicon vertex and tracking detectors we consider both alignment and sensor calibration.

Three levels of alignment are envisioned:
1. Metrology measurements of detector components (modules, staves, disks) with CMM 

(Coordinate Measurement Machine) measurements + Kinematic mount arrangements 
in the design to preserve the relationship between detector blocks.

2. Comics' and single track alignment, with magnet off and on.
3. Optical survey of the mechanical structure with position monitoring.

§ We anticipate that steps 2 and 3 will be repeated over the course of the experiment. 

§ The alignment task is coupled to climate control of the environment. We anticipate a need for periodical in-situ 
surveys. We are looking into optical based position monitoring systems.

§ We anticipate that the methods and techniques to be used at the EIC will be similar to those used by our 
collaborators at STAR, ALICE, ATLAS and elsewhere. We see this as a modular or hierarchical task with 
alignment of sensors on their mechanical supports and alignment of mechanical supports into the fully 
integrated detector.

§ For the thin curved sensors of the vertexing layers, no prior specific experience with alignment exists. We will be 
working on this together with the ITS3 collaboration that will need to define alignment procedures for the curved 
vertex detectors before the EIC. We will build on this experience.

T-1: Tracking, silicon devices
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§ The requirements for the tracking and vertexing sensors is to provide binary information on the passage of a charged 
particle. Calibration of the sensors is nevertheless needed to ensure a uniform detector response in time and over the 
acceptance. 

§ A set of operational parameters (e.g. bias voltage, threshold, etc.) will need to be optimised at the start of operation and 
then monitored and adjusted as needed over the course of the experiment to maintain the detector performance.

§ Given the EIC radiation environment (details in the answer to T-6), we anticipate that frequent adjustments such as 
those at the (HL-)LHC experiments will not be necessary.

T-1: Tracking, silicon devices, cont.
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For the MPGDs we consider:
1. Optical survey of the mechanical structure with position monitoring during construction and after installation;
2. Cosmics and single track alignment, with magnet off and on.

§ We anticipate that these steps will be repeated over the course of the experiment. 

§ We anticipate that the methods and techniques to be used at the EIC will be similar to those used by our collaborators 
at Jefferson lab and elsewhere. 

§ A set of operational parameters (e.g. bias voltage, threshold, etc.) will need to be optimised at the start of operation and 
then monitored and adjusted as needed over the course of the experiment to maintain the detector performance and 
gain uniformity.

§ Gas and environmental parameters (e.g. gas flow rate, temperature, pressure, etc.) will be monitored throughout the 
experiment and detector settings will be modified as needed to maintain detector performance.

T-1: Tracking, gaseous devices



T-1:  Calorimetry
§ Calibration tools at hardware level (included in calorimeter sub-system costing):

ØTesting the performance of the calorimeter sub-systems using independent hardware 
calibration tools is a critical component to monitor the stability for a given sub-system 
during regular calibration runs (LED runs).  

ØOverview:
✓ pECAL, pHCAL, bHCAL, bECal-ScFi and nHCAL, nECal: LED light monitoring systems
✓ bECAL_Img: Source calibration during test phase / MIPs+Cosmics for alignment!
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T-1: Calorimetry, ECal
§ Calorimetry: Several in-situ calibration methods have been explored in ep collisions at HERA and have led to

precise calibration of the electromagnetic and the hadronic calorimeters / overall hadronic final state. These
techniques are expected to be equally applicable at ATHENA, with the exact methods likely to evolve with time as
sample sizes increase and individual detector understanding improves.
Electromagnetic calibration:
Ø A well-known in-situ calibration method is the so-called kinematic peak method. Imposing an independent

requirement on the kinematic variable y at very small y-values (typically y<0.04), reconstructed entirely from
the hadronic final state (the Jacquet-Blondel method), restricts the energy of the scattered electron in DIS
events to be very close to the energy of the colliding electron beam, with small deviations that are well
predicted theoretically. Calibrating the electromagnetic energy scale based on this expectation works
particularly well at small and medium Q2 values, providing both a relative and absolute energy calibration
method. Calibration precision at the level of 0.5%-1% (ZEUS) has been achieved with this method.

Ø A refined method exploits the redundancy in the overall event reconstruction kinematics by applying the
‘Double angle’ method to kinematic peak events. Here the calibration is to the known electron beam energy 𝐸!
using the well-reconstructed electron (𝜃!) and hadronic (via 𝑦"#) scattering angles event-by-event according
to 𝐸!"# =

$!(&'("#)

*+,$ -%!
$

. In its final round of measurements, H1 reached a precision of 0.2% in the best measured

regions by this method.
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T-1: Calorimetry, ECal, cont.
Ø The kinematic peak and double angle methods give calibration points near to the beam energy. Checks of the

linearity of the ECal response and systematic uncertainty evaluations can be obtained at lower energies by
applying a similar idea to the double angle approach in exclusive events. Examples used at HERA include the
highly abundantly quasi-elastic 𝜌!-events (𝑒𝑝 → 𝑒𝜌𝑝, ZEUS) and QED-Compton scattering (𝑒𝑝 → 𝑒𝛾𝑝, H1) .
Taking the 𝜌! example, the vector meson decays almost exclusively into two charged pions, i.e. 𝜌! → 𝜋"
+ 𝜋# . Using basic four-momentum conservation allows calculation of the energy of the scattered electron in
terms of the polar angle of the scattered electron and the energy and momenta of the final state 𝜌! decaying

into two pions: 𝐸$% =
&'.#('#)/)01

(+#,-./.2)
. The calibration is then performed by comparing this prediction with the

measured electron energy.

Ø Further cross checks and tests of the ECal linearity at even smaller energies can be performed based on the
known resonance masses in 𝜋3 → 𝛾𝛾, 𝐽/𝜓 → 𝑒𝑒 and perhaps Υ → 𝑒𝑒 events.

Ø A final point to note in the case of ATHENA is that tracking momentum measurements will be better or
competitive with those of the calorimeter up to large scattered electron energies. Comparing ECal energy with
tracker momentum measurements is therefore a further tool for calibration studies.
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T-1: Calorimetry, ECal, cont.
Ø In addition to the calibration methods on the previous slides, it is also planned to use decay photons of the

neutral pion meson (𝜋3 → 𝛾 + 𝛾), in particular during high-statistics calibration runs, to obtain an early estimate
of the energy scale and monitor under beam conditions the ECal stability.

Ø The choice of an in-situ calibration method over short time intervals is a subject for further studies, but in-situ
probes such as the calibration from neutral pion mesons and the kinematic peak method are well-known
options.
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Hadronic energy scale calibration
Ø The starting point for ATHENA reconstruction and calibration of the hadronic final state (HFS) also follows

methods developed at HERA. The HFS will be reconstructed with an energy-flow algorithm combining tracks
with calorimetric energy deposits, like the H1 experiment [1,2,3]. The absolute energy calibration of the HFS will
rely on the over-constrained kinematics of neutral-current DIS to enable a cross-calibration to the ECal energy
scale by exploiting the 𝑝4 and 𝐸 − 𝑝5 balance between the scattered electron and the HFS. The calibration
procedure will include cell-by-cell weighting to seek calorimeter compensation at the software level (as used in
H1, and ATLAS) [4]. ATHENA is well suited for this approach thanks to the high granularity of its calorimeters.

[1] R. Kogler, Measurement of Jet Production in Deep-Inelastic Dissertation 2010/11, ep Scattering at HERA, 
DESY-THESIS-2011-003, University of Hamburg.

[2] M. Peez, Search for deviations from the standard model in high transverse energy processes at the electron proton collider 
HERA. (Thesis, Univ. Lyon), 2003. 

[3] S. Hellwig, Untersuchung der D∗ - πslow Double Tagging Methode in Charmanalysen. (Diploma, Univ. Hamburg), 2005.

[4] B. Portheault, First measurement of charged and neu-tral current cross sections with the polarized positron beam at HERA II    
and QCD-electroweak analyses. (Thesis, Univ. Paris XI), 2005
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T-1: PID - Cherenkov devices
HARDWARE tools
§ All Cherenkov devices require a pulsed light system with short pulses and pulse-time monitors, capable of 

illuminating all the sensors in order to:
Ø Verify the sensor integrity
Ø Check the read-out electronics chain (complementary to FEE ASIC intrinsic pulsing features)
Ø Make fine-resolution time calibration possible
Ø In hpDIRC, the light pulses must be injected in the quartz bar via a distribution system by optical fibers.

§ The internal alignment of the sensors in the sensor matrixes is performed in the lab before assembly.
§ The mechanical alignment of the sensor matrixes is performed using standard survey techniques.  
§ The alignment of the dRICH mirrors requires:
Ø Coherent light sources illuminating the mirrors, while the reflected light is detected by the light sensors
Ø Piezoelectric actuators making possible mirror angular adjustments applied from remote

§ The majority of the hardware calibration tools are included in the costing exercise.
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T-1: PID - Cherenkov devices, cont.
Alignment procedures using data
● The dRICH case is discussed as an example
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C2F6

Cutaway rendering of 
the dRICH detector

Ø Assumptions:
ü tracking and momentum measurement already 

calibrated
ü aerogel support and mirror support (anchorage of the 

mirror center) are known (with ~1mm resolution, fully 
adequate).

ü the relative position of the photosensors within each 
array is known with resolution O(0.1 mm) (fully 
adequate)

ü Aerogel refractive index known (measured)



T-1: PID - Cherenkov devices, cont.
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C2F6

Cutaway rendering of 
the dRICH detector

Ø Each of the six dRICH sectors is independently 
calibrated 

Ø Calibration parameters:
ü Mirror angular orientation (2 parameters);
ü position in space and angular orientation of the sensor 

array (5 parameters); 
ü radiator gas refractive index n (1 parameter); not 

known a priory (depends on P, T and impurities)
à 8 parameters in total: 7 for alignment +  n 

1 of the 6 sectors



T-1: PID - Cherenkov devices, cont.
Ø Mass plots are produced

ü The known particle masses used as 
constrains 

ü Best fit procedure using aerogel data and 
gas data together to extract the 8 
calibration parameters

Ø Cross-check: by comparing the n-values for 
the 6 dRICH sectors

Ø Monitoring n-value (that continuously evolves with P, T, and 
impurities): 
ü same procedure fixing the 7 alignment parameters (smaller 

statistics required making continuous monitoring practical)
Ø Cross-calibration of dRICH with pECal to determine efficiency and 

purity using electrons
20
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Calibration for timing measurement:
The design goal of the ATHENA barrel TOF is to provide a 30ps timing resolution per hit. Signals generated by
charged particles in AC-LGAD sensors will be transmitted to a frontend ASIC, amplified and digitized.

The measured Time-of-Arrival (TOA) depends on the signal transit time within the AC-LGAD sensor and the
amplitude and shape of AC-LGAD signals. It also depends on the pre-amplifier gain, discriminator threshold and
TDC conversion factor, as well as the offset of the clock signal distributed to the ASIC. Several methods described
below, will be used for timing calibration, following the approach for existing TOF detectors or those that are under
construction.

Frontend ASIC:
1) An ADC in each readout channel will be used to determine the AC-LGAD signal amplitude and correct for the

dependence of TOA on the amplitude; an alternative approach would be to use Time-over-Threshold (TOT)
but with worse precision. A decision will be made in the future to choose between these two.

2) A charge injection circuit with adjustable amount of charge and time delay in each channel will be used to
calibrate pre-amplifier gain, discriminator threshold and TDC conversion factor.

3) For a few selected channels per ASIC, we will continuously sample the full waveform to monitor AC-LGAD
signal amplitude and shape. (Discussion continued in the following slide)

T-1: PID – Barrel, ToF
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Calibration for timing measurement (continued):
Clock distribution system: will have circuits to determine and calibrate clock distribution offset to each part of the
detector (more in the answer to question E-3).
Dependence on hit position within the sensor: will be determined in test beams.

These effects will be studied prior and during the detector construction for initial calibration. They will also be
studied in-situ after detector installation using beam collision data and be calibrated online and offline.

Alignment for position measurement:
The relative position of individual AC-LGAD sensors with respect to the other tracking detectors follows the same
procedures described for the other tracking detectors ( see slide nos. 9-11).

T-1: PID – Barrel, ToF, cont.



T-1: Far-Forward Calibration/Alignment
§ All subdetectors: survey to obtain alignment during installation
§ All Silicon detectors: I-V curves with cosmics and beam à operational parameters
§ Roman Pots and Off-Momentum Detectors
Ø In-situ alignment through beam-based alignment à calibration of beam position 

measurement by Beam Position Monitors à position & acceptance of RPs and Off-
Momentum Detectors.

ØBethe-Heitler Process ep à e’p’g: cross calibration of Luminosity detector (g), Low-Q2 Tagger 
(e’) and Roman Pots (p’) utilizing the high pT tails of the distributions.

ØCan also use other exclusive channels, e.g. two-photon exclusive production of lepton pairs 
or exclusive 𝜙 production.

§ B0 Silicon Tracker
ØLaser system alignment system to align planes relative to each other and monitor alignment.

§ Zero-Degree Calorimeter
ØTest beams used to understand energy resolution and overall detector response.
ØLED system for in-situ calibration and monitoring radiation damage and linearity (costed).
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T-1: Far-Forward Calibration/Alignment, cont.
§ Needed calibration runs:
ØRuns with different optics (quadrupole) settings in the FF hadron accelerator lattice for the beam-

based alignment of the Roman Pots and OMD (Off-momentum Detectors)
Ø LED calibration runs (no beam) for the ZDC.

24

B0 Silicon Tracker and Preshower

Roman Pots

Zero-Degree Calorimeter

Focusing Quadrupoles Off-Momentum Detectors
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T-1: Luminosity detector calibration
§ Absolute energy scales of photon detectors (PCALc and PCALf) will be continuously calibrated in situ using bremsstrahlung

endpoint spectra. From HERA experiences one expects a precision of about 0.1%. The high data-statistics allows for a
precise absolute channel-by-channel calibrations, also enabling optimal corrections due to the possible non-uniform signal
decrease due to possible radiation damage (esp. in case of PCALf).

§ Calibration of all electron calorimeters will be continuously monitored using bremsstrahlung events and position-sensitive
detectors will independently determine the energies of electrons and positrons from their deflections in the magnetic field.

§ The absolute energy scales will be checked using two-photon exclusive production of lepton pairs, where the electron or
muon pairs are measured with the central tracker; this process has a cross-section O(1nb) at the EIC. Thanks to the
excellent tracker resolution and sample purity even a handful of such events is useful. This allows for frequent, data-driven
calibration checks and to calibrate the electron the scattering angles with Tagger 1 and Tagger 2, if the scattered proton is
measured in the FF detectors.

§ Bremsstrahlung events for which both photon and electron are detected will be used to verify overall calibration consistency
as Eg + Ee’ = Ee (= electron beam energy). It will test the understanding of nonlinearities in the photon measurements using
PCALf in combination with SR filters.

§ Each calorimetric channel will be equipped with LED light pulse and charge injectors for on-line monitoring of the gain
stability.

§ Due to the large bremsstrahlung event pileup, non-colliding electron bunches are essential for a precise luminosity calibration
at the nominal EIC luminosity, as well as regular, short calibration runs, with much reduced electron bunch intensities.



T-1: Calibration runs
Specific calibration runs needed:
ØNo beam runs with light pulse systems for calorimetry and Cherenkov 

detector alignment/calibration
ØData taking with cosmics
ØBeam runs with solenoid magnetic field off
ØBeam runs with reduced or reversed solenoid magnetic field 
ØLow luminosity runs
ØRuns with dedicated beam optics (Far Forward and Far Backward 

detector alignment/calibration) 
ØFrequent pulser and pedestal runs
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T-2:
Q:  Can the physics performance be optimized by adjusting the field strength of the
spectrometer magnet to the beam energies of different runs?     

§ The field can be reduced: no technical limitation exists to operate the magnet at a lower field at any 
beam energy, neither from the solenoid, detector nor the accelerator side. However, we consider the 
full 3T field the optimal choice for the body of NAS measurements.

§ The main performance impact of reducing the B-field is an increased acceptance at low p and pT, 
nevertheless at the expense of loosing p and pT resolution in combination with a worse signal to 
background ratio (e.g. D0 reconstruction).

§ The ultimate decision if low B-field runs are needed at all at different √s will be best based on 
operational experience.

§ As poster child example we show the impact in acceptance of varying the B-field on the L efficiency 
as function of p (pT) and h (next slide). Similar impact in acceptance at low p and pT can be expected 
for other particles with a slow hadron in the decay, i.e. D*.
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T-2: cont.

§ EXAMPLE: Impact varying the B-field on the L acceptance as function of p (pT) and h

28



T-3:
Q: What happens to the physics performance if AC-LGADs have to be replaced by 
something else (e.g. LGADs)? 

Note: In ATHENA AC-LGAD technology is foreseen for:
➢ bToF: barrel ToF for low-pT PID at midrapidity
➢ Roman Pots: far-forward position and timing of scattered proton
➢ B0: far-forward timing of charged particles
➢ Off-Momentum Detector: far-forward position and timing of charged particles

Short answer: We are confident that AC-LGAD is the right choice for bToF and would be 
willing to wait, if needed, for a delayed installation after start-of-operation. Well established 
alternative technologies can be used in the three far-forward detectors w/o compromising 
physics performance. Detailed answer in the next 6 slides.
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T-3: AC-LGAD versus LGAD
§Main Difference between AC-LGAD and LGAD

Ø While they can achieve the same level of timing 
resolution, AC-LGADs do provide a much better 
(~10x) spatial resolution through charge sharing 
among neighboring AC-coupling electrodes than 
LGADs with the same pixel/strip size. 

Ø LGADs need to have a region (~50 𝜇m) around 
the edge of each pixel/strip to moderate the 
electric field near the edge and prevent premature 
breakdown. This so-called Junction Termination 
Extension (JTE) region is non-active for particle 
detection. AC-LGAD sensors do not need to have 
JTE around the edge of each pixel/strip and thus 
can have a fill factor close to 100%. 
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LGAD

AC LGAD

There is a strong community effort in AC-
LGAD development for future experiments 
at a similar time scale as the EIC

Ø ATLAS RP for HL-LHC, LHCb
upgrade, ALICE3, NA62, CERN, 
PIENUX, TRIUMF, and space missions 
PAN

Ø EIC has triggered the formation of the 
international AC-LGAD Consortium



T-3: Is LGAD an Alternative for bToF?

§ No advantage of replacing AC-LGADs by LGADs
Ø degradation of momentum resolution due to lower spatial resolution (see Fig. above)
Ø additional material degrades bECal performance 

ü excludes LGAD used by ATLAS/CMS since 10-15% X/X0 not acceptable
Ø smaller acceptance
Ø R&D still needed for all options but ATLAS/CMS LGAD

ü to achieve optimal design, a similar level of R&D efforts on sensor, ASIC and other 
components of the detector system would still be needed for LGADs.
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T-3: bToF Strategy 
§Given the international efforts on AC-LGAD, we strongly believe that the bTOF based 

on AC-LGADs can be ready in-time for day-one EIC data taking. 
§Ongoing EIC project R&D efforts on AC-LGAD within eRD112.
§ In the case that it would get delayed, a later installation (past start-of-operation) of 

bTOF into ATHENA is possible.
ØLimited physics impact due to commissioning schedule of machine and initial lower 

luminosity running.
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T-3: Roman Pots 
§Required performance parameter well understood
ØEstablished in eRD24 of generic R&D program
ØEvaluated pT smearing from different sources
✓ various contributions add in quadrature (this was checked empirically, simulating

each effect independently).

33

∆𝑝!,!#!$% = (∆𝑝!,&')(+ (∆𝑝!,)))(+ (∆𝑝!,*+%)( • Finite pixel size on sensor: 500 𝜇m pixels allows this 
contribution to still be much smaller than the contribution 
from angular divergence.

• Vertex smearing from crab rotation: Correctable with precise 
timing (~35ps). With timing of ~70ps, effective bunch length 
is 2cm ➟ 0.25mm vertex smearing (~7 MeV/c).

• Beam angular divergence : Beam property, can’t correct for 
it – sets the lower bound of smearing.



T-3: Roman Pots and OMD AC-LGAD Strategy
Roman Pots and OMDs:
§ Preferred solution
ØAC-LGAD with 500 𝜇m pixel pitch

§ If AC-LGADs are unavailable
ØExisting MAPS with a suitable timing layer 

(e.g. DC-LGAD) would satisfy all the requirements
B0:
§ Baseline:
Ø3 MAPS disks serving as the 1st, 2nd, and 4th layers of the detector, complemented by a 

single AC-LGAD layer with 500 m pixel pitch and 20 − 30 ps timing resolution.
§ Alternative for AC-LGAD:
Øalternative timing layer using DC-LGADs (strips) using two layers for x & y orientation.

NOTE: The timing requirement for all FF detectors remains 35-70 ps to ensure both removal of 
crab cavity rotation vertex smearing, and to reject backgrounds
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T-4:

§ About (i)
Ø Fluorocarbons are selected as radiator gasses in gaseous RICHes

because of their :
ü High density at room conditions à high Cherenkov photon yield
ü Small chromaticity à good Cherenkov angle resolution

Ø These requirements must be preserved to ensure ATHENA PID 
performance. They can be obtained pressurizing Ar at ~ 3 bar.
ü Contrary to fluorocarbons, Ar does not have green-house issues. 

It is cheaper, easier to procure, does not require complex gas 
recycling systems.

§ About (ii)
Ø Yes: we are considering pressurized Ar for the initial design
ü The challenge is the mechanical design of the vessel, that should 

guarantee safety operation with limited amount of material
ü Preliminary studies of this design have started

Q: (i) What happens to the physics performance if C2F6 and C4F10 cannot be used? (ii) Have 
you considered using alternative gases for the initial design rather than as a later modification?
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T-5:
Q:  What happens to the physics performance if you need to use lead glass instead of SciGlass?     

36

SciGlass (GEANT)
PHENIX PbGl (Test Beam)

𝜀e ~95%§ The most critical performance goal of the EMCal in this region 
is pion suppression for electron identification (eID). 

§ The final 𝜋/e ratio for DIS kinematics reconstruction is required 
to be between 1% to 8%, depending on beam energy 
(see Table 8.1 of the YR).

§ Cutting on E/p for PbGl would result in a 𝜋/e ratio of <1% for 
p > 3GeV/c (as illustrated by the figures on the right).

§ The final 𝜋/e suppression will be achieved utilizing the Aerogel-
based RICH. It will provide additional pion suppression (>3𝜎 for 
𝜋/e separation at <2-3 GeV/c) capabilities to keep the final 𝜋/e 
ratio below 1% for p > 0.5 GeV/c.
For detail see answer to question G-2.

1%

With kinematical and 
E/p cuts

10 GeV x 100 GeV 
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T-6:
Q:  How will radiation damage of detector components affect physics performance, including 
forward and backward instrumentation? Please provide a map of the radiation field in the detector.   
§ The radiation level at EIC is at least a factor O(100) reduced compared to the LHC
§ All sources of beam backgrounds (synchrotron radiation, electron and hadron beam gas) and radiation (neutron and 

ionizing radiation) have been simulated and documented in detail at 
https://wiki.bnl.gov/athena/index.php/Beam_backgrounds (an example of a radiation map is in the following slides)

§ The respective rates caused by the backgrounds are accounted in the DAQ
§ Radiation Damage:

Electronics: single event upsets à loss of data taking efficiency, impact to be determined
SiPMs: certain degradation of performance due to the neutron fluence is expected

Calorimetry: small increase of 1/E term in the energy resolution formula, resulting in up to
~10 MeV / tower energy fluctuation and a few % loss in SiPM response at h > 3 (EIC Detector R&D studies)
RICH detectors: Increase of noise level 
à higher DAQ data rates, more sophisticated Cerenkov ring finding, and fitting algorithms required
à decreased resolution due to the decreased Cherenov signal/ background ratio

Scintillator in FF and FB Calorimeters: 
radiation damage reduces the light output à low energy threshold increases
Scintillator in Central detector Calorimeters: no degradation expected (<10 kRad / year in pECal)
MPGDs: no major radiation damage to be expected
dRICH, pfRICH: no radiation damage to be expected, if photon sensors (SiPMs) excluded
DIRC: no radiation damage to be expected for quartz bars (following previous studies*) and MCP-PMTs 

* J. Cohen-Tanugi et al., NIMA 515 (2003) 580; M. Hoek, NIMA 639 (2011) 227. 37
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T-6: cont.
Crystal Calorimeter - Lepton Endcap ECal: no radiation damage as crystals and SciGlass are very 
radiation hard  (and radiation damage can be cured in situ if needed)

Expected Radiation Level at ATHENA backward 
ECal is much smaller, see next slide  

MAPS: ITS-3 is being designed for ALICE and LHC radiation 
à radiation damage at EIC should be minimal

38

Final ALICE Radiation Specification 

Nominal physics 
program x 1.3

and a safety factor of 
10 included



T-6: cont.
§ Example: Radiation map in the detector caused by primary interactions
Ø Pythia 6 simulation tuned for HERA experiments, COMPASS and STAR
Ø Compared against CMS HL-LHC projections

§ Dose from secondary e+e- particles
§ <10 kRad / year in ATHENA …
§ … compared to dozens of MRad @ CMS

CMSATHENA

§ Min. bias DIS event rate is ~500 
kHz at 1034 cm-2s-1 luminosity

§ A year of EIC running is ~2*107 s

§ Neutron fluence
§ At most ~1011 cm-2 annually in ATHENA …
§ … compared to 1015 cm-2 and more @ CMS
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General Physics Performance
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G-1:

Q: What is the physics impact of not meeting the Yellow Report (YR) tracking 
requirements at negative eta?

This stringent requirement applies only to exclusive VM production in eA and not to other 
measurements, when based only on the detection of the scattered electron.

Short answer: The ATHENA overall design and its 3T solenoid enables a mitigation strategy, 
by changing the acceptance in which the measurement is conducted, i.e., by moving it into a h
range where the resolution is sufficient. This strategy makes the measurement accessible, at 
the expense of the low-x reach
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G-1: cont.
Detailed answer: The stringent tracking requirements in the backwards region come from the 
need to measure the 𝑡 distribution (𝑑𝜎/𝑑𝑡) of diffractive vector meson production 𝑒 + 𝐴 → 𝑒!
+ 𝐴! + 𝑉𝑀, where 𝑉𝑀 = 𝜌, 𝜙, 𝐽/𝜓. This is essentially the only process in 𝑒 + A where 𝑡
= |𝑝" − 𝑝"!| can be measured. A direct measurement is not possible since heavy nuclei  
A" escape detection because they remain in the beam envelope. To determine 𝑡 the vector 

meson and the scattered electron have to be measured. The vector meson is measured in the 
barrel with maximal resolution. The scattered electron e’ is measured in the backward 
hemisphere and its resolution for h smaller than -2.5 is the key issue, as shown in the next 
slide.
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G-1: cont.
In the YR this process was used to establish 
physics requirements in the backward region by 
selecting the optimal 𝜂 range for measuring 𝑒1, 
namely −3.5 < 𝜂 < −2.5. This is the most 
challenging region as the bending power of the field 
is weakest here. It can be shown that one would 
require a field of B~10 T to meet the requirements*.

To mitigate this, the region in which 𝑒1 is measured 
can be moved more towards mid-rapidity where the
ATHENA resolution is sufficient. This results in a 
manageable loss in statistics and an unwanted loss 
of the low Q2 acceptance. The low Q2-acceptance 
can be recovered by choosing a lower electron 
beam energy (e.g. 5x110 GeV) as illustrated in the 
figures on the right.
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Full simulations 
(tracking only, nECal not used)

t resolution
improvement

Here for 𝜙 production but same for other VMs
(see answers to P1)* Fig 16 at https://wiki.bnl.gov/athena/index.php/Vertex_and_Tracking_System

https://wiki.bnl.gov/athena/index.php/Vertex_and_Tracking_System


G-1: cont.
The balance between acceptance and energy can be further optimized. The use of the nECal has 
the potential to improve the resolution at large |h|. Provided the presence of resolved minima in the 
measured differential distribution, unfolding techniques can improve the 

23
24

spectra.
Our current studies, summarized in the table below, confirm the need of the ATHENA design and 
the 3 T field for these measurements.
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Electron energy 18 GeV 5 GeV
Peak position of scattered electron in η ~ -3.3 ~ -2.1
Average scattered electron PT ~ 1.17 GeV ~ 1.07 GeV
ATHENA detector 3.0 T field
(Full simulations)

~ 0.033 GeV
(2.8% pT res.)

~ 0.014 GeV
(1.3% pT res.)

ATHENA detector 1.4 T field
(see Table 11.8 in Yellow Report)

~ 0.071 GeV
(6.1% pT res.)

~ 0.030 GeV
(2.8% pT res.)

Results from studies for Q2 > 1 GeV2

Performance:



G-2:
Q:  p - vs. e- rejection:
Provide plots for the pion rejection factor and for the remaining pi contamination for the
combined effects of all sources of discrimination. The plots should be as a function of
the momentum p for the eta bins
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pfRICH 
- n=1.02
- pthreshold=0.69 GeV/c
- Cuts set at 90%, 95%, 98% electron 

efficiency
- Background hits not included.

TOF 
- 𝜎" = 30𝑝𝑠 ⊕ 20𝑝𝑠
- 𝜎" = 36 𝑝𝑠
- Analytical Response

DIRC
- n=1.473
- pthreshold=0.13 GeV/c
- Tabulated from FullSim

FastSim results; below 10-6 indicated by downward arrows

Baseline ATHENA ECal
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G-2: cont.
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pfRICH 
- n=1.02
- pthreshold=0.69 GeV/c
- Cuts set at 90%, 95%, 98% electron 

efficiency
- Background hits not included.

TOF 
- 𝜎" = 30𝑝𝑠 ⊕ 20𝑝𝑠
- 𝜎" = 36 𝑝𝑠
- Analytical Response

DIRC
- n=1.473
- pthreshold=0.13 GeV/c
- Tabulated from FullSim

FastSim results; below 10-6 indicated by downward arrows

Baseline ATHENA ECal
SciGlass replaced by PbGlass 
over -2.3<h<-1.5
(reference to question: T-5)
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Q:  Provide estimates for the jet energy scale and for the resolution in jet energy and angle.
This should be shown as a function of jet energy for different regions of pseudorapidity
(central, forward, backward).   

G-3:

47

Left: Jet energy scale (dotted lines) and resolution (solid lines) vs jet energy 
in 4 pseudorapidity regions
Right: Jet angular resolution (solid lines) and mean offset (dotted lines) vs 
jet energy in 4 pseudorapidity regions

Figure 3.6 – ATHENA Proposal
§ Jet performance evaluated using DELPHES fast 

simulation package with parametrizations of 
ATHENA detector subsystems obtained from full 
simulation

§ Realistic jet reconstruction will involve interplay 
between many subsystems and will require 
sophisticated calibration procedures and energy 
flow algorithms to reach ultimate performance –
these aspects are still being implemented and 
optimized in ATHENA full simulation (and likely 
will continue to be up to, and after, data taking 
begins)

§ We chose to use DELPHES as it has proven 
capable of accurately reproducing jet 
performance and provides an energy flow 
scheme (next slide). This allows us to study the 
impact of detector performance on jet resolutions 
independently of the maturity of specific 
calibration and reconstruction techniques.



G-3: cont.

48

DELPHES Validation:
§ The jet reconstruction is based on the energy-flow method that combines tracks with energy deposits in calorimeters. 

Previous experience (H1, CMS, etc. ) show that a proper implementation of energy-flow reconstruction, software-based 
calorimeter compensation, and other required methods takes several years to be implemented and refined, therefore 
we chose to use fast simulations. We selected the DELPHES package, which is widely used in HEP (for studies of ILC, 
CLIC, FCC, etc), using tracking and calorimeter performance parametrized from ATHENA GEANT4 simulations. 
Studies show that the DELPHES-based approach can yield a good approximation to the full-simulation of jets with 
energy flow reconstruction, even in the lower momentum range (pT ~< 40 GeV/c) that is relevant for the EIC (see figure 
below, which shows the CMS G4 results in curves and markers are DELPHES results based on parametrized CMS 
responses). 

JHEP 1402 (2014)



G-4:
Q:  charm tagging:
Provide estimates for charm acceptance, efficiency, and purity in different regions of pseudorapidity. 
Which are your expectations for measuring charm cross sections in addition to asymmetries?   
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ATHENA-specific charm studies have thus far focused on topological 
reconstruction of the D0 to Kπ and the Λc

+ to Kpπ channels.  Alternatives include 
tagging with displaced electrons, three body D*  decays and others.  For the EIC, 
displaced Kaons have been proposed as an  attractive possibility.  These channels 
have, however, not yet been studied specifically with the ATHENA apparatus.

The ATHENA charm studies are in early stages of development and most results in 
the proposal are based on Fast Simulations, using single track resolutions obtained 
from Full Simulations, and simplified PID threshold responses.

Good agreement exists in derived quantities between Fast and Full Simulations 
such as distance-of-closest approach and opening angles, but will require 
confirmation with full track and vertex finding that is under development within 
ATHENA.  The current understanding of single track efficiencies is that they grow 
with increasing p and reach near-full efficiency from p ~ 1 GeV/c within |η| < ~3.5 to 
remain above 85% for most of the momentum and pseudorapidity range.  This 
understanding of  efficiency has been propagated to Fast Simulations.

Representative signal to background and significance distributions for the Λc
+ are 

shown on the right for different intervals in η.
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Proposal figure 3.22 shows projections for the charm 
reduced cross section and unpolarized structure 
function via topological reconstruction of D0 mesons.  
This FastSim accounts for particle identification 
thresholds, the aforementioned tracking efficiency, 
and vertex fitting resolutions.

We anticipate that these measurements, like other 
cross section measurements, will eventually be 
systematically limited.

Several systematic uncertainty contributions will be in 
common with other cross section measurements; 
absolute luminosity, estimated to reach ~1% 
precision, will enter all ATHENA cross section 
measurements; uncertainties associated with particle 
identification will be common to the SIDIS 
measurements.

Assessment of uncertainties associated with displaced vertex techniques will require, for example, simulation of effects 
associated with distortions and misalignments.  We anticipate to perform such simulations in preparation for the TDR.

G-4: cont.



G-5:
Q: charged pion vs. muon rejection:
Provide estimates of the pi/mu rejection factor in different regions of pseudorapidity
(central, forward, backward).   
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Answer in the following slides:

• Muons in hadron endcap

• Muons in barrel

The response for the muon in the lepton endcap is expected to be similar 
to the one in the hadron endcap region.
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G-5: Muons in hadron endcap region

52

§ Muon/pion separation in forward region determined from pECal and pHCal responses
§ pEndCap calorimeter has five longitudinal segments: pECal + four sections in pHCal, a total of 

~ 7 interaction lengths
Percent of events identified as muons for generated 
pion sample (pion contamination, dots) and muon 
sample (muon efficiency, stars) at η=1.74 and η=3.13

For ~90% muon efficiency, only a few % of pions are 
misidentified as muons

Simulation: 
§ Single particle simulation at η=1.74 and η=3.13 with 

stand-alone pHCal and pECal

Selection Criteria:
§ MIP-like signal in pEndCap calorimeter sections 

(cut on energy deposit)
§ Number of hits along the tracks consistent with no 

shower (at higher energy/rapidities)



§ Pions passing the calorimeters 
without showering are misidentified 
as muons (filled histograms in pion 
plot)

§ The pECal and the first two sections 
in the pHCal shield low/medium 
energy pions. The energy deposit 
from muons is larger in sections 3 
and 4 of the pHcal compared to 
pions. This provides a clean muon 
ID.

G-5: Muons in hadron endcap region, cont.

Lines: cut on energy losses for muon ID
● dE > 12 MeV for section-3+4
● dE < 17 MeV for section-2 and 1
● dE < 20 MeV for ECAL

Filled histograms: pions 
misidentified as muons 

Example energy deposit of 5 GeV pions (left) and muons (right) in 
ECal, and section-1, section-2, and section-3+4 of HCal
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● Muon/pion separation in the central region is determined from information from the Barrel ECal and HCal
● Results for single particle simulation, see details in the following slides

G-5: Muons in barrel region

π contamination μ efficiency π suppression

● At η = 0: muons >~1.5 GeV/c reach HCal, and <~1.5 GeV/c curl inside the BCal (à different analysis approach)
Ø This discontinuity (in reaching HCal) is rapidity dependent

● Neural Network studies in ECal done for η = (-1,1), ECal+HCal studies and E/p studies in ECal (see also answer to 
the DAC question CA1) done for η = 0 

● Further improvements to muon/pion separation from PID detectors expected (DIRC)
54



G-5: Muons in barrel region, cont.
For energies above ~1.5 GeV/c muons punch through the Barrel ECal leaving MIPs signal and 
reach HCal

5 GeV/c muons and pions 
in Barrel ECal

Simulation:
● Muons and pions generated at η = 0 with 

different energies with full simulation 
and 3T field

Muon selection cut:
● Energy deposit in Barrel ECal within MIP 

region (~95% muon efficiency)
● Hits in one or two tiles required in each of 

the HCal layers
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G-5: Muons in barrel region, cont.
Energy deposit in the Barrel HCal for muons and pions - example at 5 GeV/c

Cut on MIPs from ECalNo cuts Cut on number of hit tiles in 
HCAL

muons and pions muons and pions muons and pions

56



For momenta  below ~1.5 GeV/c muons curl inside the Barrel ECal
à Reconstruction is more involved, 2 methods have been considered so far

Method 1: Using only information from ScFi in Barrel ECal (Energy losses in layers)
Cut on E/p from single ScFi/Pb Calo Layer or sum of all ScFi/Pb Calo Layers

Method 2 (showing impact of imaging layers): ML supported, using information from ScFi/Pb and 
Imaging layers

Input which encodes the energy and spatial distribution of the particle's shower
• Four parameters for each hit: η, φ, E, R = √(x2 + y2); (no η for ScFi/Pb)
• Three-layers convolutional neural network and three-layers perceptron network
• Network outputs: likelihoods of the input particle to be identified as a muon or a pion.
• Likelihood cut: 95% of muon efficiency

G-5: Muons in barrel region, cont.
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NN output likelihoodTotal Energy deposit in ScFi/Pb

Example of muons and pions at p = 0.5 GeV/c at η = (-1,1) 
Efficiency: 98.9% ⟶ Rejection Power: 6.6
Efficiency: 95%    ⟶ Rejection Power: 9.7

G-5: Muons in barrel region, cont.

μ eff = 98.9%
π rej = 84.9%

μ eff = 95%
π rej = 89.7%

Probability
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Comparing the two plots demonstrates the power of including the imaging layers: 
à they enhance µ/p separation at low momenta



G-6:

59

Q: Provide some detail on how you estimate the accuracy of the luminosity measurement

ØATHENA luminosity measurements                       
are based on extending techniques developed at HERA 

ØThree complementary methods will be used for luminosity determination: (a) bremsstrahlung photon counting
using (movable) PCALc; (b) counting of photon conversions in exit window using “luminosity spectrometer”; (c)
photon energy flow measurement using PCALf (and movable SR filters F1/2 and monitors M1/2). These 3
methods, affected by very different systematic uncertainties, will be cross-calibrated to each other.

ØThis will ensure 1% luminosity precision for all electron beam energies (from 5 to 18 GeV) as well as hadron
beam species (from protons to gold nuclei), and for low and high luminosity running at EIC



ØPhoton counting at HERA-I (method a) provided 1% precision which was limited by uncertainties of photon
geometric acceptance Ag of about 90% and photon energy scale [1]; at EIC, the acceptance uncertainty will be
significantly reduced, a Ag > 99% is expected. The energy scale corrections will be data driven (mostly using very
high statistics end-point spectra, as at HERA). As a result, this technique will provide a precision better than 1% at
low luminosity.

ØAt the EIC, the bremsstrahlung cross-section modifications due to beam-size effects (BSE) will be larger than at
HERA. A movable PCALc is required for measurement of the shape of the bremsstrahlung photon spectra [2], to
minimize the uncertainties due to BSE.

ØAt nominal EIC luminosity, counting of bremsstrahlung photon conversions will be used as principal luminosity
measurement in ATHENA. At HERA-II, 1.7% precision was obtained using this method [3] and we expect to
achieve at least 1% precision for ep luminosity, thanks to these special cross-calibration runs when both above
luminosity measurements will be performed concurrently.

ØProposed additional hodoscopes HSup/down will help to better control various systematic effects in method (b), in
particular due to bremsstrahlung event pileup.

G-6: cont.
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G-6: cont.
Ø For collisions of electrons with light nuclei we expect to achieve very similar precision to the ep case, but

collisions of electrons with heavy nuclei (as eAu) will pose additional challenges due to large event pileup.
Here, luminosity determination based on photon energy flow should be competitive and will be performed using
dedicated PCALf detectors (in place of the movable PCALc) [4]. In addition, these detectors will be used for
very fast and robust on-line luminosity monitoring.

Ø Dedicated calibration runs at low luminosity (i.e. at much reduced electron bunch currents) are essential for
achieving high precision on luminosity. In particular, such calibration data will allow for getting data-driven,
precise spectrometer acceptances by direct measurements of the scattered Bethe-Heitler electron in Tagger 1
and Tagger 2, as well as for cross-checking various energy scales. In addition, special runs with lateral beam-
scans are required for BSE studies. Non-colliding electron bunches will measure the irreducible background
due e-gas bremsstrahlung.

[1] J. Andruszków et al., Luminosity measurement in the ZEUS experiment, Acta Phys. Polon. B 32 (2001) 2025–2058.
[2] K. Piotrzkowski & M. Przybycień, When invariable cross-sections change: the Electron-Ion Collider case, 

Phys.Rev. D 103 (2021) 5, L051901             
[3] L. Adamczyk et al., Measurement of the Luminosity in the ZEUS Experiment at HERA II, NIM A 744 (2014) 80            
[4] K. Piotrzkowski, Challenging luminosity measurements at the Electron-Ion Collider, JINST 16 (2021) P09023. 
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Tagger 2

G7:
Q: Provide some details about the acceptance and resolution in Q2 and energy for electrons scattered at 
very low angles
Ø The acceptance of low-Q2 taggers in ATHENA is limited by the apertures of the upstream electron beamline elements and by

the presence of the dipole magnet B2eR, in front of the taggers. To maximize the electron acceptance and avoid unnecessary
complications we propose to install two electron detectors, Tagger 1 at 20 m from IP6 and Tagger 2 at 37 m, with
complementary acceptances, as shown for 18 GeV electrons:
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Tagger 1

High acceptance, close to 100%, 
is expected for the region:

0.9 > y > 0.5 and Q2 < 10-3 GeV2,
where inelasticity y = 1 - E’/E



G7: cont.

Ø Each tagger is composed of a W/ScFi calorimeter and hodoscope. The scattered electron energy E’ can be directly measured
using such calorimeters with an expected relative precision of about 12%/√E’[GeV]. For y close to 1, the resolution deteriorates.

Ø The scattering angles of the detected electrons are smaller than 10 mrad, and the corresponding photon Q2 ranges from about
0.01 GeV2 down to the kinematical limit below 10-7 GeV2

. The resolution of the electron scattering angle is limited by the
divergence of the electron beam (0.1 mrad). This limits the measurement with reasonable Q2 resolution to tagged events with
Q2 > 10-4 GeV2 [1].

Ø Tagging efficiencies, including event pileup rejection, as well as y and Q2 resolutions will be determined using exclusively
produced lepton pairs, where the electron or muon pairs are measured in central tracker.

[1] J. Adam, GETaLM: A generator for electron tagger and luminosity monitor for electron - proton and ion collisions, Comput.     
Phys. Commun. 272 (2022) 108251.

[2] https://wiki.bnl.gov/athena/index.php/Luminosity_Measurement_and_Low-Q2_Tagging
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Projections for full physics processes
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P-1:
Q: Diffractive electroproduction of ⁄𝑱 𝝍 on nuclei. 𝒆 + 𝑷𝒃 → 𝒆! + 𝑱/𝝍 + 𝑷𝒃 and 𝒆
+ 𝑷𝒃 → 𝒆! + 𝑱/𝝍 + 𝑿. Plot of the cross section vs 𝒕 for the coherent and the 
incoherent process with the following settings (cf Figures 7.83 in the YR and 3.23 
in the WP): 
Ø 𝟏 < 𝑸𝟐 < 𝟏𝟎𝑮𝒆𝑽𝟐

Ø 𝒙𝑽 < 𝟎. 𝟎𝟏 with 𝒙𝑽= (𝑸𝟐 +𝑴𝑱/𝒑𝒔𝒊
𝟐 )/𝑾𝟐

Ø integrated luminosity 10 fb-1 / A 
Øbeam energies 18 GeV on 110 GeV/A 
ØPlease indicate statistical and total errors separately. (e.g. by inner bars for 

statistical errors). If within the possibilities of your detector, provide separate 
plots for using the 𝒆#𝒆$ and the 𝝁)𝝁* decay channels.
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P-1: cont.

66

This is the requested plot (full simulations):
a) Coherent with Tracker Only:
1. e+Au à e’ + Au’+J/𝜓 (ee);
2. 1< Q2 < 10 GeV2 and xV < 0.01
3. 18 x 110 GeV eA energy
4. Luminosity: 10 fb-1 / A

b) Incoherent with IP6 FF simulations with ATHENA |t | efficiency and
smearing applied based on [Phys. Rev. D 104, 114030], where 
Incoherent vetoing capability is identical to all EIC detector 
proposals at IP-6.

✓ YR requirement: suppress to a level that is less than the coherent

c)  Uncertainty:
• Error bar = statistical; 
• Estimating systematics at the current stage is nearly impossible. 

Reference: H1 measurement in ep ranged from a few % to 10%

d)  Method L: 
• -t = -(A’ – A)2, where A’ is calculated by four-vectors of e, e’ and J/𝜓

with physical constraints that incoming and outgoing A have the 
same target nucleus mass, e.g., mass of Au. This method is 
minimally susceptible to beam effects (see YR for details). 



P-1: cont.
§ Reproducing the original shape (minima) of the  𝑑𝜎/𝑑𝑡 spectrum is key, since its Fourier 

transform provides 𝜌(𝑏,) the desired gluon distribution. 
§ t-resolution is mostly limited by the pT resolution of the scattered electron. From the figure on 

the previous page we conclude:
Ø For 18x110 GeV collisions the e’ is dominantly detected in the backward region, −3.5 < 𝜂
< −2.5; the t-resolution is not sufficient to resolve the minima clearly.
✓ This does not imply that this measurement cannot be done (see answer to G1). Prior 

studies, i.e., EIC WP, have been repeated to use improved understanding of the 
detector performance and alternative kinematic cuts and collision energies.

Ø In the ATHENA proposal we chose a collision energy combination where the 𝑝! resolution of 
the e’ is more favorable and demonstrated that ATHENA can resolve the diffractive minima in 
F-production, which is more challenging than in ⁄𝐽 𝜓-production.

§ Muon pairs are feasible in ATHENA but not yet simulated due to time constraints (see answer 
to G-5)
ØAdvantage: improve statistics but no improvement in t-resolution 

§ The above statements are true for all vector mesons under consideration (𝜌, 𝜙, 𝐽/𝜓). 
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P-1: cont.
§ Below we summarize the ATHENA mitigation strategy (see also answer G1):

Ø Measure the e’ in a rapidity range where the resolution is better
Ø Compensate for the loss of low-Q2 reach by using a lower electron beam energy, i.e., 5 GeV
à This restores the measurement of the minima.
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18 GeV electron
η (e’) ~ -3.1
Same as previous slide

5 GeV electron
η (e’) ~ -1.8Im

pro
ve

men
t



P-1: cont.
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§ Effects from the mitigation strategy:
Ø The tracking momentum resolution of the scat. electron improves by a factor of ~2

à Factor of ~2 improvement in t-resolution

FullSim

FullSim



P-1: cont.
Results in numbers:

70

Electron energy 18 GeV 5 GeV
Peak position of scattered electron in 𝜂 ~ -3.1 ~ -1.8

Average scattered electron pT ~ 1.12 GeV ~ 0.95 GeV
ATHENA@3T e’ pT resolution
(FullSim)

~ 0.025 GeV
(2.3% pT res.)

~ 0.012 GeV
(1.3% pT res.)

ATHENA@1.4T e’ pT resolution
(scaled from 3T FullSim)

~ 0.056 GeV
(5.0% pT res.)

~ 0.026 GeV
(2.8% pT res.)

The J/𝜓 results are very similar to the 𝜙-results (see G1) 

(1)(2)

(3)(4)

ATHENA proposal 

B = 3T  
5x110 e+A ≈B = 3T  

18x110 e+A
B = 1,4T  
5x110 e+A

B = 1,4T  
18x110 e+A> >

Exclusive VM diffractive minima NOT visible



P-2:
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EpIC truth 
ATHENA reco' scattered proton

|t |-acceptance is nearly 100% up to 1.7 GeV2 by 
measuring the outgoing proton in the Roman Pots 

§ Process: DVCS simulated with ePIC
𝑒 + 𝑝 → 𝑒" + 𝑝" + 𝛾

§ Parameters
• 10 < Q2 < 15 GeV2

• 0.004 < x < 0.006
• Beam energy: 18 GeV x 275 GeV e+p
• Luminosity: 10 fb-1

§ Uncertainties
• 1M simulated events
• Error bars (statistical) are rescaled to 10 fb-1 equivalent; 
• Blue band (systematics): assumed conservative 8% constant 

systematics. Note that estimating systematics at the current 
stage is nearly impossible. 

Note: For diffractive process, i.e., DVCS and DVMP, in ep the 
t-resolution is dominated by the far-forward detector performance.

FullSim

Q: DVCS on the proton, plot of the cross section for e p -> e p gamma vs. t with
10 GeV2 < Q2 < 15 GeV2 ; 0.004 < xB < 0.006; integrated luminosity 10 fb-1; beam energies 18 GeV on 275 GeV
Please indicate statistical and total errors separately (e.g. by inner bars for statistical errors).



Collaboration, Management, and Organization
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C-1:

● Initial step:
Ø a detailed analysis of what is needed in terms of engineering and technical labor; this analysis was 

already incorporated in the costing exercise for the proposal
● Moving towards the TDR:
Ø refine the above analysis;
Ø define within the TDR a global plan of commitments, where the engineering and technical labor is 

included;
Ø separate the needs according to the subsystems;
Ø establish a management board for each subsystem, including ATHENA management representatives and 

representatives of the institutions committed to the subsystem; these bodies will operate in coordination 
with the Project, in order to unite the Project and ATHENA collaboration efforts;
Ø This approach requires the integration of the collaboration technical leads as Work Package 

coordinators into the EIC project.

Q: What are your plans for incorporating engineering and other technical effort into the project
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C-1: cont.

● during Project execution:
Ø following the reporting requirements of the Project, all labor, including engineering and technical, are 

periodically reviewed in order to update the needs and to ensure that commitments are fulfilled.

● Intellectual Recognition:
Ø engineers and high-level technicians providing non-trivial contributions will be associated to the 

intellectual recognition of the detector or sub-detector systems.
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C-2:

§ This matter is related to the more general question of the commitments by the institutions forming the 
ATHENA Collaboration. The commitments will be defined by agreements. The agreements between the 
Project and the Institutions must be formulated in consultation with ATHENA.

§ ATHENA can contribute to the agreements with its own evaluation of the technical capability necessary to 
successfully execute the tasks. ATHENA will establish a technical body in the form of a Technical Board 
(TB) chaired by the Technical Coordinator. The TB will identify within ATHENA experts in the different 
subsystem matters and charge them to conduct specific evaluations.

§ The evaluations will be based on previous experience of the groups taking responsibility for detector 
systems, the commitments that they assume and visits of the laboratories/workshops where the 
subsystem components will be fabricated/assembled/quality-tested according to needs.

§ The evaluations will be conducted with careful consideration of potential conflicts of interests. 

Q: How are you evaluating that the groups taking responsibility for detector systems and their 
subsystems have the technical capability necessary to successfully execute the tasks?
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Overall Experiment Design
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O-1:

§ All subsystems included in the ATHENA Proposal are necessary to fulfill the mission, i.e., the physics scope 
presented in the White Paper and the NAS report, matching the performance requirements summarized in the 
Yellow Report.

§ Careful optimization of the ATHENA detector design, has resulted in the minimal level of required redundancy 
within detector subsystems, while avoiding unnecessary duplication of functionality.
Ø This optimization already represents an effort minimizing the devices at detector design level.
Ø Subsystem removal or delay as imposed by a staging process, will negatively impact the physics 

capabilities. 

Therefore, any staging scenario will postpone the ATHENA ability to perform the entire physics 
scope and would require very careful coordination with data taking scenarios.

Q:  What staging scenarios are available, if staging were to become necessary?
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O-2:  Central Detector
Q: Describe the accessibility of your detector systems and their electronics for urgent interventions 
and for annual maintenance. How long does urgent access to detector components and electronics 
require during beam operations? Are there any detectors or electronics that are not accessible even 
during annual maintenance periods?
§ The accessibility of the different detector systems and their electronics depends strongly on their location in the detector,

but all detector systems are accessible during an annual maintenance period.
§ An annual maintenance requires to roll the detector from its in-beam location into the assembly hall at IP-6. It needs one 

week to roll out and one week to roll back into beam position; this has been done regularly for STAR at IP-6.
§ Detector systems accessible in beam location à timeframe 2+ hours – one needs to open endcap calorimeters:

Lepton Endcap: hadron and electromagnetic calorimeter
Barrel: Hadron Calorimeter, DIRC, restricted access to Pb/SciFi ECal-electronics
Hadron Endcap: hadron and electromagnetic calorimeter, GEM-Tracker behind dRICH
Other systems: Read-Out electronics (fADCs, TDCs, …) , DAQ, timing system, HV, LV, gas-systems

§ Detector systems accessible only in assembly hall à timeframe ~1 week on top of the rolling out/in:
Lepton Endcap: pfRICH
Barrel: Si-tracker (barrel and disks), bToF, MicroMega-Tracker and GEM-rings, full access to Pb/SciFi ECal
Hadron Endcap: dRICH

§ For all the front-end electronics, LV, HV systems of the detectors will have remote soft and hard resets integrated, all 
cooling systems will have emergency interlocks to shutdown, only non-corrosive coolants (NOVEK) will be used, if air 
cooling is not possible.

§ For Installation and Integration details: https://wiki.bnl.gov/athena/index.php/Integration_and_Installation
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O-2: Far Forward and Far Backward Devices
§ The accessibility of the far-forward and backward detector systems and their electronics depends strongly on how the 

detectors are integrated with the beam-pipe. All far-forward and backward detector systems are accessible during an 
annual maintenance period.

§ Detector systems accessible during short access periods à timeframe 1+ hours – one needs to dump the beam and 
have a controlled access to the tunnel:

Far-Forward: ZDC, B0-trackers
Far-Backward: Luminosity-detector, low Q2-taggers

§ Detector systems accessible only in annual maintenance periods:
Far-Forward: Roman Pots, Off-momentum detectors
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Electronics, DAQ, Offline
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Characteristics of Athena Streaming Model
• Very large number of channels
• Very low occupancy
• Connection limited rather than 

throughput limited, so extra throughput 
capacity is present for most detectors

• No trigger, but FEEs perform aggressive 
zero suppression

• Collision + Background Hit data volumes 
low enough to be read out to tape as 
clusters

• Low detector noise expected (except for 
single photon sensitive SiPMs)

• Subsystem readout times near single 
bunch crossing time expected (except for 
MAPS with ~200 ns readout time)

Summary of the Athena Streaming Readout Concept:
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Introduction to the answers to questions E1- E5
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General Guidelines for the Development of the ATHENA Streaming DAQ

§ Streaming DAQ is an appropriate technology for ATHENA because
Ø ATHENA’s physics goals involve analyzing all collision data
Ø The requirement to record the maximum EIC min-bias collision rate of ~500kHz requires the DAQ to focus on 

taking high event rates without applying event selection.
• The rates caused by the backgrounds are compatible with the ATHENA streaming DAQ concept

Ø ATHENA will remain appraised of issues and solutions regarding streaming DAQ using the following strategies
• ATHENA will maintain contact with experiments using streaming DAQ systems and its community worldwide   
• ATHENA has numerous collaborators with experience in these communities
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Introduction to the answers to questions E1-E5, cont.
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E-1:

§ Challenge:  A single channel firing at the bunch crossing rate would represent approximately 1/20th of the full data budget of the entire ATHENA 
DAQ.   This fact, combined with the enormous number of channels represents the largest expected challenge to the streaming concept. 

Requirements:

Ø We will need to evaluate each design decision of the FEE/Readout chain for each detector in the context of streaming data volume

Ø We will need to control FEE level detector calibration, particularly as it relates to zero suppression with a preference towards automated 
methods for pedestal subtraction and common mode noise removal.

Ø We will need to monitor for bad or noisy channels or modules at every level within the system, and we will need the dynamic ability to 
identify, reset, and disable them.

§ Challenge:  A shift in the bunch crossing identifier in any detector component could make it impossible to fully reconstruct events. The initial 
construction of data packets will occur in the FEEs of the various detectors so there will be multiple possibilities for errors. It will be necessary to 
ensure that such errors don’t happen and to monitor for such occurrence.

Requirements:

Ø A unique bunch crossing identifier of sufficient size to prevent rollover during an ATHENA run will be used to tag event data

Ø Procedures for timing in detectors must be considered with every iteration of FEE/Readout chain design

Ø Capability to set and monitor timing must be incorporated with detector design and readout protocols. Pulsers or other hardware features 
that can explicitly determine timing of components must be evaluated.

Ø The streaming readout paradigm offers automatic “pre & post bunch crossing readout”. Effective monitoring of the pre-post information 
must be performed in the online QA to ensure that detectors and detector components are properly timed.
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Q: Identify the main uncertainties/risks/challenges in implementing full streaming
readout with the proposed sub-detector technologies and DAQ system concept.
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E-1: cont.
§ Challenge: Unexpected backgrounds could potentially overwhelm the links between the FEEs and the Readout computers

Requirements:
§ Overcapacity between FEE and Readout Computers.  The number of channels and scale of envisioned aggregation define 

the overcapacity, but it also serves as valuable insurance against unexpected background. If detectors can be successfully 
read into the commercial of the shelf (COTS) computing, then software triggers or other pattern recognition technologies can 
be adopted to reduce the bandwidth. The current, expected throughput overhead for various detectors is described in the 
following table:

§ Retain possible hardware trigger via the timing system   

Ø Could aid in commissioning and debugging
Ø Could prove necessary to solve issues with irreducible backgrounds

§ Maintain close contact with collider throughout design and operations
Ø Understand expected backgrounds

Ø Maintain vacuum to keep beam gas low

Ø Coat beamline with Au layer to reduce synchrotron radiation
Ø Control beam characteristics

Ø Control and monitor beam quality

Detector Available Bandwidth Overhead

B0, RP, OffM, ZDC x1000

Si Calorimeters x200

Imaging Calorimeter x20

MAPS Tracking x200

MPGD Tracking x400

dRICH/pfRICH x100 incl. conservative estimate 
of maximum radiation damage

DIRC x200

TOF x120
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E-2:

§ The FEEs and electronics up to the fiber are custom electronics specific to each detector technology.   Where 
possible, different detectors using similar technologies will share designs and components.

§ We use the same ASICs for different detectors whenever possible. The evaluation of ASICs for ATHENA started 
from the ASICs evaluated and developed as part of the EIC R&D programs.

§ The aggregation boards, FELIX boards and fibers are common components for all detectors.
§ The readout computers, processing computer farm, and buffering computer farm, as well as the networks 

connecting them are COTS.
§ The timing system electronics are common to all detectors.
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Q: At what point in the readout chain from detector to recorded data do electronic
components change from being detector-specific to using common solutions shared
by all detector systems?
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E-3:

§ The interface to the fiber will have three defined protocols that must be implemented in each detector’s custom electronics

Ø The data transfer protocol specifying common headers used to route and manage ASIC/FEE defined data packets 
Ø The clock protocol for transferring the clock up to the FEE

Ø The configuration protocol

§ The strategy for both firmware and software will be to use general frameworks for the operation of the DAQ system with specific 
modules to implement the detailed requirements of each detector

Ø For FEE this will mean 
ü Adherence to the fiber protocols

ü Reuse the same hardware, firmware for similar technologies where possible.
Ø For FELIX and readout computers the framework is conceptual. The code will implement the exterior protocols to the fiber 

and to the DAQ computing. The code will have a shared core for all detectors, and modular detector specific processing.
Ø Proven frameworks such as Gaudi will integrate seamlessly with the DAQ, e.g., for QA and analysis tasks.

§ Data formats will be chosen so that navigation within files to detector data is independent of the subdetector. The contents of 
detector data banks will be specific to the needs of each subdetector and its running mode.  Data readers will use the most 
general interface possible depending upon detailed data contained in each bank.
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Q: At what point in the data acquisition does software (and firmware) become common for all 
readout chains? Which hardware and software for control, configuration, and timing are common 
for all detectors?
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E-4:

§ The data volume from collisions and backgrounds is expected to be low enough to record all data after zero-
suppression and cluster finding. We do not plan to do online reconstruction for use offline in the baseline concept.

Ø Online calibration and reconstruction can be considered as a future addition
§ We do expect that there will be significant overlap and re-use of code between the offline and online processing.  

For example:
Ø Data file readers would be provided and maintained by DAQ
Ø Quality assurance plots should have a significant overlap with similar offline needs
Ø There will be calibration tasks that need to be handled by DAQ that will demand significant overlap with 

offline. These overlaps would include method and its documentation, specific code, and database 
management.

Ø We will use offline reconstruction code running online for DAQ tasks:   
• Quality assurance, 
• Support for calibrations,
• Support for monitoring calibrations,
• Providing feedback to the collider.
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Q: To what extent are offline algorithms foreseen to be used in the online system, and
in which part(s) of the readout/DAQ system?
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E-5:

We distinguish between online and offline calibrations
§ The main motivation of online calibration is to ensure the highest possible data quality

Ø Global timing and detector timing
Ø Gains, zero suppression thresholds, slewing corrections, time windows
Ø Disable bad/noisy channels, disable bad/noisy modules

§ Integrate online calibration tasks within the DAQ computing framework
Ø Capability to retain a fraction of data and selected periods of data online to run calibration jobs
Ø Capability to run the calibration code on the local processing farms
Ø Use dynamic methods where supported by the ASICs / FEEs
Ø Implement dynamic monitoring, control, and record keeping of bad/noisy channels and modules as part of the 

configuration interface
§ Full reconstruction for analysis is not expected to be done online.  The final calibration for the offline reconstruction will be 

done offline.
Ø We anticipate a single framework for executing reconstruction tasks for quality assurance.  For this we will need a 

framework to obtain calibration parameters using historical, estimated, or preliminary methods.
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Q: Within your proposed DAQ/computing model, at what point will online calibration be required? 
Describe a high-level strategy for online calibration, and significant technical considerations in 
achieving this.
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E-6:

§ 2 main ingredients:
Ø the internal ATHENA effort
Ø the project effort, with 2 main branches
• FEE ASIC development and coordination
• DAQ development and coordination

§ Within ATHENA:
Ø Appoint a DAQ-Electronics Coordinator (DEC)
Ø form a DAQ-Electronics Coordination Board (DECB) with representatives of the groups with major 

involvement in DAQ or FEE development and a representative of the ATHENA Technical Board 

Q: Describe how the development of the readout electronics for different subdetectors will be 
centrally coordinated.
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E-6: cont.
§ Mandate to ATHENA DEC and DECB
Ø Operate in full and constructive coordination with the project efforts for DAQ and Electronics
Ø Operate in full and constructive coordination with the ATHENA Technical Coordinator and the ATHENA 

Technical Board
Ø As a first step, define the requirements and the specifications for the custom electronics and define the 

timelines for development
Ø Establish a procedure to monitor the electronics/DAQ developments in order to ensure that:
ü Specifications are matched
ü The development is according to the timelines

Ø Similar procedures will be followed during the procurement/construction phase
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