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Physics motivations

FoCal LoI 15

would reveal itself through two characteristic properties, which manifest themselves through
particular signatures:

1. a suppression of the momentum distribution of gluons, which would lead to a suppression
of inclusive hadron yields in a momentum range where parton scattering is dominant and

2. a change from a collection of incoherent gluons to a coherent state, which should be
observable as a decrease and/or broadening of the azimuthal correlation between recoiling
jets from parton-parton scattering.

These effects are not essentially different than effects that might be caused by the propagation
of partons through the produced matter, and therefore they must be quantified before nucleus-
nucleus results can be properly interpreted.
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Fig. 9: Nuclear modification factor for direct photons for pPb collisions at 8.8 TeV at the LHC. Predic-
tions for the gluon saturation model from [19] are compared to different calculations for isolated photons
in NLO pQCD using JETPHOX with the EPS09 PDF sets. The blue shaded area indicates the uncer-
tainty associated with the different error sets of those PDFs, while the orange band is an estimate of the
systematic uncertainty of the CGC calculation.

Conclusive evidence for gluon saturation will be seen through observation of a deviation of
particle yields from the predictions of perturbative QCD using linear evolution, with a deviation
that increases in significance as the measurement goes further into the expected saturation region
of low x and Q2. Predictions of the nuclear modification factor RpA for the photon yields in pp
and pA at the LHC that include the effects of gluon saturation [19] are compared with NLO
pQCD calculations using nuclear PDFs [21] in Fig. 9. A significant difference is observed, with
the predictions of the saturation model being below ⇠ 0.3 in particular at low pT , while the
pQCD calculations, including nuclear PDFs with shadowing, all predict RpA greater than 0.6.
The crucial test of the theoretical interpretation will be the ability to reproduce the details of the
transverse momentum (i.e. Q2) and rapidity (i.e. x) dependence of the nuclear suppression. The

✓At small-x, the gluon density should lead to non-linear and 
saturation in CGC(Color Glass Condensate) theoretical model. 
 → understanding initial state of heavy ion collision. 

✓Direct photon measurement is needed at forward region. 
→ discrimination between direct photons and decay photons.

expected suppression of 
forward direct photons in p-Pb 
collisions compared with p-p 
collisions in CGC model.
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Pion Decays
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Pion Decays

Fig. 27: Separation distance in cm between the two photons from p0 decay, as a function of the total
pion momentum, for varying decay asymmetries, a = |Eg1 � Eg2 |/|Eg1 + Eg2 |, at 3.5 m (Left), or 8 m
(Right), from the decay vertex. As a reminder, the p0 decays are uniform in a with e.g. 90% of the p0

decaying with a < 0.9. The transverse momentum corresponding to the total momentum is shown for
various rapidities. For h decays the momentum scales would be scaled by the h/p0 mass ratio.

requirements and jet measurements.

Fulfilling the above requirements for the direct photon measurement will also allow measure-
ments of

– neutral mesons (p0, h , w etc.) and

– fully reconstruct jets (with FoCal-H).

While these measurements will certainly be possible in p+p and p+A collisions, the most im-
portant systems for the study of gluon saturation, the high granularity should also make mea-
surements in Pb+Pb collisions possible. However, because of the high particle density in A+A
collisions, the FoCal performance will be degraded by overlapping shower effects with the result
that some measurements will be limited to a higher region of transverse momentum than in p+p
or p+A.

2.2 The FoCal Design

Since the intrinsic energy resolution requirements of the FoCal are very moderate, a sampling
calorimeter design is well-suited for both the electromagnetic and hadronic detector components
of the FoCal.

2.2.1 The FoCal-E Design

For the electromagnetic calorimeter a small shower size is essential to minimize occupancy ef-
fects and to optimize the photon shower separation. Therefore, tungsten is the absorber material
of choice due to its small Molière radius RM and radiation length X0, with values of

RM = 9mm

3

Forward Calorimeter (FoCal)

Hadronic Calorimeter  
 → jet measurements

EM Calorimeter  
 →direct γ / π0 measurements 

planed FoCal acceptance  
 - 8 m away from collision point 
 - 3.3 < η < 5.3
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✓separation of decay photons 
reaches few mm at high pT. 

✓ cluster measurement with high 
accuracy is needed.
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FoCal-E prototype structure
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Fig. 21: Schematic view of the internal structure of the FoCal-E detector.

the larger signal height, however, the position of the shower maximum is energy dependent,
and furthermore it fluctuates from event to event. In addition, electromagnetic showers develop
a broader distribution at large depths, such that the position resolution, and in particular the
two-shower separation capability may be better at a depth smaller than at the shower maximum.
Therefore, there may not be a single optimal location for the HGL and having 2 HGL layers
allows to alleviate these effects.

The favored option for the silicon sensors in the HGL is that of monolithic active pixel sensors
(MAPS). As these are based on CMOS technology, they will be relatively cheap. The most
advanced technological route can provide binary signals from pixels of sizes down to 20 ⇥
20 µm2. In our present design we envisage an on-chip processing of the binary signals to count
the number of pixel hits within logically constructed macro-pixels, or mini-pads, of 1⇥1mm2.
These mini-pad counts are then used as effective signals for the HGLs. 2

The MAPS readout is intrinsically slow and cannot provide a trigger signal, which will likely
be desirable in p+p collisions, where the interaction rate will be high. Secondly, while their
envisaged integration time, in the range of 5 µs, should be short enough to properly separate
different events in Pb+Pb collisions with maximum interaction rate of ⇠ 50 kHz, pile-up will
occur in p+p collisions where interaction rates of 200kHz or higher are envisaged. These effects
will be disentangled by matching clusters in the HGL and LGL layers in position and time.

2Other effective pad sizes and other data reduction algorithms will also be investigated.
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Fig. 21: Schematic view of the internal structure of the FoCal-E detector.
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The favored option for the silicon sensors in the HGL is that of monolithic active pixel sensors
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envisaged integration time, in the range of 5 µs, should be short enough to properly separate
different events in Pb+Pb collisions with maximum interaction rate of ⇠ 50 kHz, pile-up will
occur in p+p collisions where interaction rates of 200kHz or higher are envisaged. These effects
will be disentangled by matching clusters in the HGL and LGL layers in position and time.

2Other effective pad sizes and other data reduction algorithms will also be investigated.
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The MAPS readout is intrinsically slow and cannot provide a trigger signal, which will likely
be desirable in p+p collisions, where the interaction rate will be high. Secondly, while their
envisaged integration time, in the range of 5 µs, should be short enough to properly separate
different events in Pb+Pb collisions with maximum interaction rate of ⇠ 50 kHz, pile-up will
occur in p+p collisions where interaction rates of 200kHz or higher are envisaged. These effects
will be disentangled by matching clusters in the HGL and LGL layers in position and time.

2Other effective pad sizes and other data reduction algorithms will also be investigated.

 LGL (Low-Granularity Layers)  HGL (High-Granularity Layers)

FoCal-E straw-man design

• 1 × 1 cm2 Si PAD detector 
• Si + W sampling calorimeter 
•  a LGL module is composed by four  

layers (summed readout) 
• for energy measurement

• particle counting calorimeter 
• Monoclinic Active Pixel Sensors(MAPS) 
• prototype : 30 × 30 µm2 

• for  discriminating between decay 
photons and direct photons

LGL prototype 
(Oak-Ridge national 
laboratory / Tsukuba group)

 HGL prototype 
(Utrecht Univ.)
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MAPS structure
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Abstract 
A novel Monolithic Active Pixel Sensor (MAPS) for 

charged particle tracking is presented. The partially 
depleted thin epitaxial layer of a low-resistivity silicon 
wafer is used as a sensitive detector volume from which 
the charge liberated by ionising particles is collected by 
diffusion. The sensor is a photodiode within a special 
structure allowing the high detection efficiency required 
for tracking applications. Two prototypes have been 
designed and fabricated using standard 0.6 and 0.35-
micron CMOS processes. Results of the first prototype 
are presented, which is made of four arrays, each 
containing 64×64 pixels with a readout pitch of 20 
microns in both directions. Extensive tests made with a 
soft X-ray source (55Fe) and beams of minimum ionising 
particles (pions of 15 and 120 GeV/c) at CERN have 
demonstrated the predicted performance. The individual 
pixel noise of around 12 ENC leads to an extremely 
favourable signal to noise ratio for minimum ionising 
particles for which over 1000 electrons can be collected at 
the peak of the Landau distribution. The new circuit in the 
0.35-micron process on a thinner epitaxial layer seems to 
have similar good performance. These new devices are 
extremely promising for future high precision vertex 
detectors as they provide solutions with a very low 
material budget and with high resolution at relatively low 
cost due to their fabrication in a standard submicron 
CMOS technology. 

I. INTRODUCTION 
Monolithic pixel sensors made in a CMOS techno-

logy, are used today as an alternative to CCDs for many 
applications in visible light imaging[1].  The advantages 
are in particular low cost since they are produced in a 
standard process and the possibility of random access to 
each pixel. The use of this technology for the detection of 
charged particles is challenging since only the very thin 
epitaxial layer of the silicon is available as sensitive 
volume. On the other hand, this allows to thin down the 
substrate to its mechanical limits and to build vertex 
detectors with an extremely favourable material budget. If 

desired for an application, the pixel size could be 
extremely small. The actual pixel size will be constrained 
by the additional electronics integrated on the pixel, 
necessary for certain applications. Further, the use of 
deep-submicron technologies offers intrinsically radiation 
hard devices. 

 This paper reports on the first successful 
application[2] of a monolithic pixel sensor in a standard 
CMOS technology for the detection of charged particles 
with 100% efficiency and a few micron spatial resolution. 
First the principle of operation is briefly described and 
then the implementation in a 64×64 cell prototype is 
explained in the following section. Sections IV and V 
treat the problem of charge collection and absolute 
calibration of the measured charge. In the last two 
sections we report on measurements in a high-energy 
particle beam and in the end we outline possible deve-
lopments for future colliders.  

 

 
Figure 1: Sketch of the structure of a MAPS for charged particle 
tracking. The charge-collecting element is an n-well diode (n+) 
on the p-epitaxial layer. Because of the difference in doping 
levels (about three orders of magnitude), the p-well and the p++ 
substrate act as reflective barriers. The generated electrons are 
collected by the diode.  

II. OPERATION PRINCIPAL OF A MAPS 
Fig. 1 sketches the structure of a MAPS: one 

coordinate along the substrate defining the pixel 
dimensions and the second coordinate representing the 
depth of the structure into the epitaxial layer and the 
substrate of the wafer. The third coordinate indicates 
qualitatively the electrical potential generated by the 

MAPS 
Monolithic Active Pixel Sensors

CMOS Sillicon Sensor 
PHASE2 MIMOSA 23

✓energy measurements by 
particle counting 
✓chip level threshold setting 
→ remove firing pixels  
    (more methods are needed) 
✓sequential row readout

Single Chip structure 

✓19.2 x 19.2 mm2 
✓640 x 640 pixels  
✓30 micro pitch 
✓4 channels (160 column)

19.2 mm

19.2 m
m

640 x 640 
pixels
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Set up at CERN-SPS in Sep, 2016

a module of HG Layer  

✓a HG layer contains four single chips 
- 38.4 x 38.4 mm2  
- 1280 x 1280 pixels 
→ one module = four pickle sensors 

✓ located at 4X0 and 8X0  in this experiment
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Shower measurements
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第 5章

FoCal-E統合型試作機における Si Pixel部の性
能評価

本章では、テストビーム実験で取得したデータを用いて、統合型試作機における Si Pixel部 (HGL)のエネルギー
に対する性能やシャワーの位置の精度について評価する。
　なお本章以降では、1.3.4節の議論より運動量とエネルギーが等価であることから、運動量 GeV/c をエネルギー
GeVとして表記し、エネルギーに対するカロリメータの応答を評価する。

5.1 ヒットマップ
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図 5.1 HGLにおけるヒットマップ。ビーム上流方向から見た図であり、左が HGL1、右が HGL2である。こ
れは 130GeVの電子を入射したイベントであり、シャワーを起こしている様子が観測できる。赤く塗られている
部分は Dead Channelを表す。

HGLのヒット情報を読み出し、pixelの精度と同じビン幅のヒストグラムを作成することによって、図 5.1のよう
にヒットした粒子の分布を再構成することができ、これをヒットマップと呼ぶ。HGLはこのようにかなり高い粒度
で粒子の痕跡を観測することができる。

5.2 陽電子ビームのイベントセレクション
4.4節で述べたように、ビームには陽電子だけでなく、ハドロンのビームも含まれていると考えられる。ハドロン
は基本的に検出器をパンチスルーし、一方陽電子がカロリメータに入射すると電磁シャワーを起こし、図 5.1のヒッ
トマップのように多くの粒子が生成される。また、イベントの中には宇宙線等によるミストリガーなどによるノイズ
イベントも含まれている。本研究では、電磁シャワーのイベントを精度よく選択するために以下のようなイベントセ
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Energy dependence 
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✓Number of hit pixels is depending on beam energy. 
✓large offset and worse resolution can be seen. 
→ lack of longitudinal depth in case of two layers set up.

Energy can be measured 
by counting particle calorimeter.



March 19th,2017 @ Osaka Univ.

Beam Energy (GeV.)
0 20 40 60 80 100 120 140

 (m
m

.)
σ

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Gxσposition resolution : 
2
0σ + 2)x / 1σ(y = 

 0.027980± = 0.000000 0σ

 0.050340± = 3.638499 1σ

Gyσposition resolution : 
2
0σ + 2)x / 1σ(y = 

 0.020888± = 0.000000 0σ

 0.044411± = 3.545651 1σ

9

Position Resolution of center of hits
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fluctuation of ΔGx,y is caused by 
each layers’ resolution. 

under the assume that there is no 
individual differences between layers,

so the position resolution of Gx,y of EM 
shower is   
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Back up
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 Center of hits in MAPS
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✓Project 2D hit map to x and y axis. 
→ the value of center of maximum bin is  
    defined the center position of hit.
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EM shower identification cut
1. Straight Beam Select
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✓gap of two layer’s center of gravity   　 
→ ΔGx,y = Gx,yHGL2 - Gx,yHGL1 

✓Straight beam → |ΔGx,y - µ| < 3σ
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EM shower identification cut
2. RMS cut

✓RMS(Root Mean Square) of hits map 
 → RMS = √(RMSx2 + RMSy2)  

✓ RMS Cut → |RMS- µ| < 3σ
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EM shower identification cut
3. Nhit cut
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✓Nhit : number of hits 

✓Nhit  Cut → | Nhit - µ| < 3σ
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2.RMS Cut

3. Nhit Cut
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Nhit distribution

HGL1 : Number of hits
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Shower profile
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✓Lateral profile in HGL1 is 
sharper than HGL2 
 →shower core 
✓Lateral and longitudinal 

shower profiles are consistent.
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Hadron response
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パンチスルーするハドロンの特徴 
✓飛跡がストレートである 
✓分布は数点に集中する→RMSは小さい 
✓シャワーを起こさないので、数pixel程度
のヒット数

パンチスルーするハドロンの 
ヒット数分布 
(上:HGL1、下:HGL2)

number of pixel(mm.)

HGLにおけるMIP
レスポンスか…??
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第 5章

FoCal-E統合型試作機における Si Pixel部の性
能評価

本章では、テストビーム実験で取得したデータを用いて、統合型試作機における Si Pixel部 (HGL)のエネルギー
に対する性能やシャワーの位置の精度について評価する。
　なお本章以降では、1.3.4節の議論より運動量とエネルギーが等価であることから、運動量 GeV/c をエネルギー
GeVとして表記し、エネルギーに対するカロリメータの応答を評価する。

5.1 ヒットマップ
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図 5.1 HGLにおけるヒットマップ。ビーム上流方向から見た図であり、左が HGL1、右が HGL2である。こ
れは 130GeVの電子を入射したイベントであり、シャワーを起こしている様子が観測できる。赤く塗られている
部分は Dead Channelを表す。

HGLのヒット情報を読み出し、pixelの精度と同じビン幅のヒストグラムを作成することによって、図 5.1のよう
にヒットした粒子の分布を再構成することができ、これをヒットマップと呼ぶ。HGLはこのようにかなり高い粒度
で粒子の痕跡を観測することができる。

5.2 陽電子ビームのイベントセレクション
4.4節で述べたように、ビームには陽電子だけでなく、ハドロンのビームも含まれていると考えられる。ハドロン
は基本的に検出器をパンチスルーし、一方陽電子がカロリメータに入射すると電磁シャワーを起こし、図 5.1のヒッ
トマップのように多くの粒子が生成される。また、イベントの中には宇宙線等によるミストリガーなどによるノイズ
イベントも含まれている。本研究では、電磁シャワーのイベントを精度よく選択するために以下のようなイベントセ
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Hadronic Shower display
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Roughing the pitch of pixels
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✓30µmのSi pixelでは読み出し処理に膨大な時間がかかり、そのため1mm程度にまと
めてデータを読み出すことが考えられている。 
★30µm pitchのデータをpixelを粗くしたデータに再構成し、重心の分解能を評価。
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ヒット数の重みなしヒット数の重みあり
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pitch dependence of position resolution
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✓ヒット数情報を読み出せば十分高い分解能を維持できる!! 
✓1mmピッチでも光子識別が可能といえる
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Reference data (Utrecht Univ.)
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The fully digital prototype

erocco@nikhef.nl	 - 05/07/14 ICHEP	2014	-VALENCIA 6

MIMOSA 23

MIMOSA 23

W absorber

W absorber

tungsten

PCB	for	chip	operation

20 mm W

24 layers -> 28 X0
4 chips per layers -> 96 chips
39 M pixels
Compact design 4x4x11,6 
cm3

Molière radius: RM= 11 mm
Raw data rate 61 Gb/s 
managed by several FPGA (D. 

Fehlker et al., 2013 JINST 8 P03015 )

24 layers 
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Assemblyw/o cooling

Chip positioning within the plane
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CMOS Sensor

• Monolithic Active Pixel Sensors: Mimosa (IPHC Strasbourg) 
• here: MIMOSA23 (PHASE 2)

• rolling shutter: 640 µs total RO time
• digital readout

• likely algorithm for real detector: 
on-chip hit count in macro pixel of 1 mm2, 
for 30 µm pixels equivalent to 10bit analog value
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chip size 19.5 x 21 mm2

active area 19.2 x 19.2 mm2

pixels 640 x 640

pitch 30 x 30 µm
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Event Display
• single event (244 GeV) with pile up (!)

2
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Energy Linearity and Resolution
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Shower Position Resolution
• resolution defined as 

width of residuals 
between
– layer 0 cluster position 

and
– shower center of 

gravity from layers > 0
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Shower Profiles
• Hit densities as a function of radial distance for different 

layers (i.e. shower depth)
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