Particle Identification

Lesson 1 - Detectors
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Particle-ID Detectors based on Tracking Passage through massive absorbers
Calorimetry Kinematics
Energy momentum balance
Shower shape

Particle-ID Detectors as Tracking by-product lonization Energy Loss
Transition Detection

Particle-ID Sensors Multi-Anode Photomultipliers
Micro-channel Plates
Silicon Photomultipliers
Low Gain Avalanche Photodiode

Specific Particle-ID Detectors Time-of-Flight
Cherenkov Radiation
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PID from Tracking & Calorimetry




Tracking / Calorimetry

Passage through massive absorbers Muons Tracking

Kinematics (exclusive topology in Hadrons Tracking

decays or final state)

Energy-momentum balance Electrons / Gammas Tracking / Calorimetry
Energy only Neutrals Calorimetry

Shower shape in calorimeters Electrons / Gammas Calorimetry
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Passage through massive absorbers Muons Tracking
Key; Muon
Electron
Charged Hadron (e.g. Pion)
CMS
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Kinematics (exclusive topology in
decays or final state)

|
v
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Tracking / Calorimetry

Energy-momentum balance Electrons / Gammas Tracking / Calorimetry
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Tracking / Calorimetry

Energy only Neutrals Calorimetry
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Tracking / Calorimetry

Shower shape in calorimeters Electrons / Gammas Calorimetry
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PID as Tracking By-product




PID by Tracking

Assume to know the momentum (by tracking the bending in a magnetic field) o=y m fc

Get the mass by measuring the velocity (pc)

Energy Loss (dE/dx) Hadrons Tracking
Transition Radiation (TDR) Electrons Tracking sensitive to X-ray
Time-of-Flight (TOF) Hadrons Timing

Cherenkov Radiation Hadrons Cherenkov
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Energy Loss

In tracking detectors we can measure the ionisation 16f
energy loss dE/dx by ionisation.

Bethe-Bloch equation:

2 2 2 n2 2
4By 2mai(nef 2z 11y (2B me?) g SB)|
dx m.c Ap I, 2

dE/dx

Energy loss spectrum depends on By:
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L%:f 2 : Sn--———==== | For different particle masses the spectra are
b .
i 1 | shifted along p.

| | Exception: Electrons have Bremsstrahlung.

Thus a simultaneous measurement of dE/dx
and p provides information on the mass!
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dE/dx vs momentum A by-product of a tracking detector

TERT T, T

Average over several signals:
: - many layers (straw tubes, silicon detctors)
| - many electrodes over a big volume (TPC)

BABAR § Different particles creates distinctive bands in
- the dE/dx vs p correlation plane

—
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1 Identification is possible where the bands do
not overlap (low energy)

80% truncated mean (arbitrary units)
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Truncated Mean

For thick layers or large sampling the dE distribution is approximated by a gaussian

For thin layers of small sampling rare hard-collisions matter (d-rays, knock on electrons,

bremmssthralung) and the dE distribution is described by a Landau distribution

A truncated mean is used to reject fluctuations or d-rays and increase resolution

threshold here

[ Entries

2337

To remove
background

To remove
fluctuations
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ALICE TPC

ALICE: Quark-gluon plasma in heavy ion collisions Time projection chamber
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CMS Tracker

CMS: Higg boson and BSM search Inner Tracker System
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Transition Radiation

A particle passing the boundary between two media with different dielectric constants,
will radiate photons. (predicted by Ginzburg & Frank 1946)

The energy radiated at one boundary: E = %a Y ha)p (hwp ~ 20 eV for a plastic foil)

E o y: potential for electron identification at high momenta! (for electrons: > 1000)

Number of TR photons

The photon emission angle peaks at: @ oc y}/ (very forward)

Typical photon energy: E ~ V4 hao, .

1.e. several keV for electrons. (detectable in proportional chamber with high Z gas!)

0 Dol 1 L 1 1

. 10 10 0’ 10 10°
DeteCtIOIl layeI’S Lorentz factor
1 ] 1 ~ Electron momentum, GeVic —> Wﬁdou_
Photon yield per boundary is low: < N > ~Oo o~ —— L L
g ]. 3 7 % 1 10 100
" it
Many transitions needed! L 'll‘:‘ﬂ:‘ iwm.

A typical design:

Stacks of hydrocarbon foils
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Transition Radiation

.§‘° T Energy deposited per layer
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NOMAD TRD
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ATLAS TRT

ATLAS: Higg boson and BSM search Tracking and transition radiation detector
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PID Sensors
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Multi-Anode Photomultiplier (MA-PMT)

"},",?T'“g Photomultiplier Tube e
oon\
Window \
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cathode ( ﬁ Dynodes " FOCUSING MESH N :
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Voltage Dropping \ _\'ﬁ &
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Figuee 1 T ¢ Meter MULTIANODE / | | | | | |
H8500 Flat PaneI PMT
Pros. Compact Layout Cons. Complex Layout /

Cc.)st-effec.tlve Magnetic Field Sensitive o
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Position sensitive
Fast, O(100 ps) TTS
Low dark count
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PMT Photocatode

Thin layer of alkali metal (mix) with very low work function in vacuum (to prevent contaminatino)

100 ; 50
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Phot Dynod va psllg Averﬁge tumineds F'ge s?c':‘éﬂfsi-v- v@ﬁf’tf
. oto- | . node | vor anode ndex e ;
the detail structure of PMTs TypeNo. | Range | Peak cothocs Window s bStvee Suiput e Radiant
curren ) .
e Istages | Aiode| intotal | Min. | Typ. Min. | Typ. | ‘Typ. | Typ.
(nm) (nm) V) (mA) (pA/Im) (pA/Im) (mA/W)
R7600 R7600U 30010 650 420 BA K_|MCA0| 900 | 01 | 60 | 80 75 | 95 | — | 80
Com act R7600U-01 | 300 to 850 400 MA K MC/10 | 900 0.1 150 | 200 — — 0.2 65
p R7600U-03 | 185 to 650 420 BA 9} MC/10 | 900 0.1 60 80 7.5 9.5 — 80
2 R7600U-20 | 300 to 920 530 ERMA K MC/10 | 900 0.1 350 @ 500 — — 0.4 78
2X2 el ezl R7600U-100| 300 to 650 400 SBA K MC/10 | 900 0.1 90 105 | 125 | 135 — 110
R7600U-200| 300 to 650 400 UBA K MC/10 | 900 0.1 110 | 135 | 140 | 155 — 130
R7600U-300| 300 to 700 420 EGBA K MC/10 | 900 0.1 120 | 160 | 12.0 | 14.0 — 125
NOTE: @ BA: Bialkali, MA: Multialkali, SBA: Super bialkali, UBA: Ultra bialkali, EGBA: Extended green bialkali, ERMA: Extended red multialkali
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Micro-Channel Plate Photomultiplier (MCP-PMT)

Similarly of ordinary PMT — dynode structure is substitute by MCP

MCP: thin glass plate with an array of holes (10-100 um diameter) continous dynode structure

Pros.
Gain 10°--> single photon

Cons. Expensive

N

(Ageing)

Collection efficiency 60%
Small thickness Small transit time spread (~ 30 ps)

High E field Works in magnetic field

Segmented anode window with photocathode

--> Position sensitive

dual MCP -
Chevron config.

Anodes — can be segmented
according to application needs
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Micro-Channel Plate (MCP-PMT)

Pulse height distribution Gain is limited by space charge effects

counts

500

» Dynamic equilibrium --> gaussian pulse height distribution

Related to channel diameter

300

200

Timing distribution

counts

100

1 1 1 1 s
100 200 300 400 500 600 700 806

ADC [channels|

10

I
1 i 1 i 1 i 1 i | - 1 i
=500 0 500 1000 1500 2000 2500 3000

Photoelectron backscattering TDC [ps]

Range equals twice the photocatode — MCP distance

long tail in time distribution and position resolution
Related to channel diameter
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Micro-Channel Plate (MCP-PMT)

107 - 120 -
. | i . |@ HPKé6: HV 3.6kV
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4
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Timing degraded < B HINE: JokV| —
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L A Burle25: 2._51(\ e . 20 !
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Y a
Residual gas ionization — 5
e € o Sample with Al protection
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Q & ALTILIETLTRERTRAE T BRI 0.5 :
bombardment «esseaap 1yratsuper B-factories
ION | e
Thin Al foil (few um) block
lon feedback and % electrons | | | | % 10 20 30

Integrated irradiation(x1013 photons/cmz)
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Silicon Photomultiplier (SiPM)

SPAD array on a common Si substrate SPAD sensor

ingle ph
R SPAD: single photon avalanche diode Singlephoton

working in Geiger mode

v Electron ® S

> ®  Avalanche

R: quench resitor to stop the avalanche At
9.0.0, n:ultlph(atlon

$12572 standard technology

513360 trench technology @0°C
Fast rise (discharge) and slow recharge sE ; 133608 —
F P efore Irradiation
Intrinsic high dark-count rate due to thermal electron Possibility of ﬂzz E 8 s
(indistinguishable from single-photon) 3 ,E . NIMA876(2017) 89
- single-photon detection ,21 E 5 : 5 :
UVE (50 pm) - ‘1 3
- photon counting 0sE i | |
60 F { —— 513360 After Irradiation
50 E ---- 5812572 (few CLAS years)
E 40 :
8 30
“b— 20
e . : .
10 15 20 25 30 35 10 15 20 25 30 35 O’J 1 2 3 S S— ;

5 6
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time (ns) time (ns)
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M. Contalbrigo

T

TR

e pros

® cons

Silicon Photomultiplier (SiPM)

SPAD array on a common Si substrate

Rauencn SPAD: single photon avalanche diode
working in Geiger mode

R: quench resitor to stop the avalanche

Compact & robust layout
Cost-effective production process
High photon efficiency (40-50%)
Good time resolution (~ 100 ps)

Insensitive to magneti field (used for NMR)

High dark count rates Cooling
|:> Timing
Radiation sensitive Annealing
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Silicon Photomultiplier (SiPM)

Dark counts can be mitigated by working at low temperature (about 0.5x every 10 degrees)
Radiation damage can be cured with high-temperature annealing cycles

@-40C | 513360-1350CS
5 Hamamatsu
10) L
: 1
51
A () AV] DAY |\ AN At A gy — 10 ; I
',' E | ‘
WW“I'O‘A‘1~1WW‘MWM—WMM' AN N ' .1‘ é 50°C ®— Reference A
FvReference’ ‘ 1 ’ o b . Irrad 10 i
| At -30 °C after annealing | on 3] - x| 100°C I X 200
, [ a - 125°C -
‘M. Calvi et al., NIMA 922 (2019) 243 R 10° } W h150°C | 175
e O v
) L —%9og0e 9% 0o Go0 ————9
10? | 5
L L A A | A 1
0 100 200 300 400 500 600

Annealing time (hours)
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Specific PID Detectors
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ePIC dRICH

Use momentum (tracking) to get the mass p=ymfc

Energy Loss (dE/dx) Hadrons Tracking

Transition Radiation (TDR) Electrons Tracking sensitive to X-ray
Time-of-Flight (TOF) Hadrons Timing

Cherenkov Radiation Hadrons Cherenkov
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Time of Flight

At =TOF
¢ + AL L = flight distance
~ L C
L c’
- ﬁc == ¢’ - 24 - 2 2

At E \/p c +mc \/p +mc
A1 [premiet 1 e Start time t and distance L should be known*
_—= — = — 1
L ¢ p’ c p’

- = 5 2 Arrival time difference goes with m?
., m¥c m-c m-c
if —<<I1 then 1+—— =1+ 3 5

p p 2p dropsas p

At — AL, = ZL;Z (ml2 - mzz)

* With negligible uncertainty
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Time-of-flight

Aty —At, L (mf—m35)
o ~ 2co p?

c~ 108 m/s=0.3m/ns = 0.03 m /100 ps

no =

Reference requirement is a at least 3¢ separation

To double the reach in momentum one needs to
guadruplicate distance or time precision

With typical values
leverage L of 1 m

time resolution ¢ < 100 ps

raw limits are

een S 1GeV/c
N k-t S 3GeV/c

T R SEae
] I I A I T Y 1 O P RO A B

0 05 1 15 2 25 3 35 4 45 5
P (GeV/c)

W
I\II|II\Illl\lll\llll\lllll\l
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CLAS12 FTOF

CLAS12: Nucleon structure
and spectroscopy

200 | | l I
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Scintillator bar + PMT

3rd scintillator
(PbWQOs, 6x6x20 cm?3)

PMT

1.00
@o9sf
0.90 ;
SEP /. TOF particle
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Scintillating TOF Resolution

0% + (0, L/[2)?
— 2 1
O'TOF = O'O + }

N e

O, intrinsic electronics resolution of the readout chain, independent of light level
o, time jitter in the combined single-photon response of the scintillation counter and PMT

o, path length variations in the light collection, that scales with distance from source

Ny = Ny, exp( 4 — & )F

2 2 For large bars, the variations in path length are

the dominant contribution to the resolution

A, reference attenuation length
L, length of the shorter bar

F PMT collection efficiency (active fractional area)
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Compact TOF

M. Bohm et al., JINST 11 (2016) CO5018 — PANDA TOF T. Rostomyan, Nucl. Instrum. Meth. A
986 (2021) 164801 — MUSE experiment

SiEM 3x3 mm’” 5 Table A.2: Time resolutions and efficiencies for 3 mm
SciRod | thick, 300 mm long and 12 mm wide BC-404 BM pad-
120x5x5 mm® : dles. All results are better than the experimental re-
X quirements.
SciTil or SciRod Scintillator SiPM arT €
e.g., 30x30x5 mm?® (ps) (%)
or  120x5x5 mm’ m BC-404 S13360-3075PE 59 | > 999
XSt D ] e 1 BC-404 S13360-3050PE 60 | > 99.7
Ry 3mo \ . ‘ BC-404 | ASD-NUV35-P-40 | 65 | = 99.0
e Trigger-Scintillator 4 : ¥ |
SiPM 3x3 mm?
(a) schematic (b) photograph
scintillator size MPPC BC408 BC420
170 x 5 x 5 mm? S10362-050P 97 + 19
120 x 5 x 5 mm? $12659-050C 81+ 12 68 + 10
50 X 5 X Smm’ 83+ 6 62+ 5
120 x 10 x 5 mm? S10362-100P 105 + 18 93 +£25
50 x 10 x S mm? S12572-050P 109 + 16

Option to cover the rod rims with SiPMs connected in series (full coverage with 1 readout channel)
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ALICE: Quark-gluon plasma in heavy ion collisions

TOF B

Entries

250

200

s=508ps

) L 1 o 1 1 1
-200 0 200 400 600

Time with respect to start scintillators [ps]

ALICE TOF

Multigap resistive plate chamber

Cathode pickup
lectrods
electrodes / A
Anode pickup Fem mm gas gaps with
electrode .
Differential signal to local streamer discharge
front-end electronics \ f (pOSition se nSitive)
Vi A

1.1 aa
1E
s 10°
0.9
0-8 ;_ 104
0.7F
0.6F 10°
05F i
- 10
0.4 F P
0.3 E_ 10
0.2F
0.1 :n 1 A | 11y . 1
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Cherenkov Radiation

Photo emission by a charged particle travelling in a
dielectric medium with a velocity greater than the
velocity of light in that medium:

G e (20m))

cosé, =

particle

Momentum threshold:

e=n—1
_ P _ 1 _ 1 m Scales with particle mass
VPP +m?  lte V2€e + € Decreases with n

Photon yield:
d’N _2m’a (1 1 o sin? (8,) = 1-(1/n)* = small when n ~ 1!
dAdx X *n*(A )

Fm () o 1/A2 = mostly blue light! hic =2-10"° eVem
dN 2 . 2 1 1
— =2nz°asin" 6. ——— d*Nyy, - aZ? , c 1240
dx C( A‘z) ﬁ [em™teVl] = s sin? § = 37022 sin® ¢ EppleV] = 2nh~ = Afnm]
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Exp. Mezzo n 0 | Np, =370 sin?@ | p, in soglia
(%) (eV~lem™1) (GeV)
Helio 1.000035 | 0.48 0.026 7 16.1
Air 1.000283 | 1.36 0.208 5.6
Argon 1.000282 | 2.66 0.796 3.003
E835 COq 1.000410 | 1.64 0.302 4.873
CHy 1.000436 Im
LHCb/EIC CFy 1.0005 1.81 0.370 & 4.396
E835 Freon 13 | 1.000720 | 2.17 0.530 3.677
EIC CoFg 1.00082 | 2.32 0.606 3.432
E835 Freon 12 | 1.001080 | 2.66 0.796 3.003
Isobutano | 1.00147 | 2.89 0.941 2.67
Hermes/LHCDb | C4F1g 1.0014 3.03 1.033 | 2.55
Hermes Aerogel | 1.03 13.9 21.23 } few 0.55
(1.015-1.08) cm
Freon 1.233 35.8 126.6 0.19
Aqua 1.33 41.2 160.8 0.15
Quarzo 1.46 46.7 196.4 0.126
BGO 2.15 62.3 290 0.070

Cherenkov Radiators

Real PID
> starts at
3x (kaon)
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Photon Detection

Proximity focusing

Photon detector
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. \ ) & -
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Photon Yield

Spectrum of Cherenkov photons Typical sensitivity (quantum efficiency) of a PMT
® n
- ID ) 2 g
i Entries 1000000 0.25
—— =

6000 HHHHHH
1ERL 0.2
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4000 WH
3000

2000 “Hkkuww

"'“Thq,,“
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Chromatic Dispersion

Gas Radiator Aerogel Radiator
1000 - ] P — S %2/ ndf 35565
° joseE : Prob 0.6149
Our 5§ F ; ' , | Py 0.09683 + 0.000472
1 Ei - i | P 84.13 +5.911
850 values £ 1,054 -
o« 3
’ 1.052:
800 + B
1A05_—
850 . Gault & 1,048/
Shepherd C
. — 1.046
. e = ) -
800 b ft—r—b & —— na : ' ; ‘
100 200 300 400 S00 600 700 800 25050 0 os S a0 %0 600 60 7m0
(nm)
Fig. 1. The refractivity of C,F, (hexafluoroethane) expressed as
(n—1)x10° is plotted versus the wavelength in nm. The solid Refractive index as a function of the Cherenkov light wavelength for the
line corresponds to the Sellmeier formula fitted with our measure- aerogel with n=1.05 and trad =20 mm obtained selecting pions with 8
ments. GeV/c momentum.
2
. L pid
Sellmeier parameterization () =1+ W
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Cherenkov Resolution

2 2 2
OcH = \/UCo AT

G, correlated uncertainty (tracking, misalignment, magnetic bending, multiple scattering, ....)
G., uncertainty on the photon emission point (radiator depth)

G, radiator chromatic dispersion

G, Sensor spatial resolution (pixel size)
2 2 Irad X
L QE(A)€pee” e
dxdA dxdA
Q(A) Sensor quantum efficiency g,. detection efficiency (sensor and mirror)

A(A) Radiator transmission length t,.q radiator thickness
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Electrons: direct vs planar reflection

CLAS12 RICH

spherical
mirror
&
plane 99p v T
mirror
photon
aerogel detector

0.26 0.28 0.3

M. Contalbrigo

0.32 0.34
Single photon 6 [rad]

Electrons: direct vs spherical reflection
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BELLE ARICH

1.045 Ny Nz 1.055

Limited space --> Proximity focusing & radiator focusing

High B field (1.5T) --> Custom Hybrid photon detector
Super bialkali photocatode
Gain 4.5 10°

PDE~ 28 %

D%--> K't* 0.5-3.5 GeV/c

V quartz window
]

N PV TY Y TV 1 T T T U S

-t

o
©

Belle Il Preliminary bi-alkali photocathode

§ E J‘Ldt ~71.2 fb'1 pixelated APD
3 0.8 (ARICH only)
&= B
w L
g -
< 0.7
L - Data

0.6:— nin. MG-i

0—.. PPN PRI IPEPITE EUPITET AT PRI B

Q) 005 01 015 02 025 03 035 04

n mis-ID Rate
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LHCb RICH

LHCb Precisin measurements of B-decays
and search fro BSM signals

RICH1: Aerogel (5 cm)n=1.03
2-10 GeV/c
C4F10 (85 cm) n=1.0014
up to 70 GeV/c
RICH2: CF,(196 cm) n=1.0005
up to 100 GeV/c
> = L D | ]
% 1.4:_ LHCh - o O ALLK-m>0 E
'5 12 '_ 15 = 13 TeV 2017 validation _-
E E e ®m ALLK-m>5 E
(88} 1= i%i——o——o——o—-o-_o_ -
0.8 —_0_ KK T, T
0.6F T E
04F I
- T—K o5
0.2 - —D——D—_D__D_ -._:
= _Dd—D-—D—_D_—D- u
0k = s SRR - . ]
0 20 40 60 80 100
Momentum (MeV/c)
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LHCb B physics
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\ > Track
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Hybrid photomultiplier
Photocatode @ - 20 kV
Silicon sensor

Si pixel array
(1024 elements)
Ceramic carrier
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DIRC

Belle-Il B factory

Detection by internal reflection: compact detection volume (thickness)

Critical aspects: quartz surface quality (parallelism, roughness)
proper imaging system

- R ~PMT + Base y

T At ~19,000 )’&
Air el Bl Linear-array type z -

photon detector

Air Water ’/
& Light -
17.25 mm Ar Catcher
(35.00 mm rAg) — Bar Box
Track i
Trajectory -
. Wedge P
» | PMT Plane—" | |
Mirror - I Water Vo
Bl SP B~ - i/ |
Quai ¥ R ~
iy r / el /-'Smnd off Box (SOB)-*/
' ; 91 mm— —10mm
L . 5m ! e 1.17m 1

K. Inami
Nagoya University

-10 10 20

0
X (em)
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Csl Photocatode
COMPASS: Nucleon structure and spectroscopy

ALICE: Quark-gluon plasma in heavy ion collisions
Large instrumented area
Multi-wired proportional chambers with a Csl photocatode

Quantum efficiencyis around 16-24% at 170 nm

RICH1

High-Momentum PID RICH
charged particle 1
= 2 : . SIDE
A 11 m i AllVossel UV mirror /i VIEW
_ Neoceram wall
E1 A C‘F.“ liquid
n . L4 radiator \ncoming |porticle
- ] fused silica -
TecocooofiMeccocosons = BEAM
f A Beam pipe GAS
CH, collection RADIATOR ga
100 pm Y | electrode (CFro)
Cu-Be2 20 um / J
wires W-Re3 ] / \ ek
wires 5 ‘ pad cathode \ V,h.ﬁ oh
. . ® coated with EEE
E_(C(.(CCC(C Csl film
E € © € © «+205KV
T . 42mm
radiator
gas: C4F1o A=5.3m?

.

8x8.4 mm pads

Front-end
electronics
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Detection of A cosmic gamma ray generates a particle shower in the atmosphere
high-energy

gamma rays

Showering charged particles generates Cherenkov radiation

using Cherenkov
telescopes

The number of detected photons is proportional to the initial energy
Air refractive index is n = 1.00028

Threshold energy is 4.4 GeV for muons and 21 MeV for electrons
Cherenkov angle is 23 mrad ~ 1.3°

The shower maximum is at 10 km and generates a cone of 230 m

Extended detection pattern in
space and time gives the direction
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Particle-ID Detectors based on Tracking Passage through massive absorbers
Calorimetry Kinematics
Energy momentum balance
Shower shape

Particle-ID Detectors as Tracking by-product lonization Energy Loss
Transition Detection

Particle-ID Sensors Multi-Anode Photomultipliers
Micro-channel Plates
Silicon Photomultipliers
Low Gain Avalanche Photodiode

Specific Particle-ID Detectors Time-of-Flight
Cherenkov Radiation
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