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Part |
Cherenkov TOF at 10 GeV:Why and how?

Already introduced by |erry Va'vra. Key points:

* Measure Oc to correct for dispersion
* Adapted to LHCDb’s forward geometry



RICH K/1T separation by momentum range

Performance follows a simple pattern.
Here’s an example stolen from Jurgen’s talk:
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RICH K/1T separation by momentum range

. SO momentum range dictates choice of radiator.
At Iow P have many solid/liquid radiators, e.g. BABAR DIRC:

Expected t-K Separation (0)

NIM A479 | (2002) Fused silica:

- B'sa'n

mean n = |.473
TT threshold ~ 130 MeV/c
K threshold ~ 460 MeV/c

Momentum (GeV/c)

At medium & high p, have many inert gases to choose from, e.g.

Separation not so good beyond about 4 GeV/c

Gas n=l T threshold | K threshold
N> 300 x 107°® 5.7 GeV/c 20 GeV/c
CF4 500 x 1076 4 4 GeV/c |5.6 GeV/c
C4Fi0 1400 x 1076 2.6 GeV/c 9.3 GeV/c
CsFi2 1700 x 1076 2.4 GeV/c 8.5 GeV/c

But what about the gap inbetween: 4 - 9 GeV/c?




RICH K/TT separation by momentum range

8, max
. 250 '
One option: aerogel R ——— 242 e
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options are there!

Poster by Young-Min Kim




K/TT separation with time of flight

t=0 t
> track

X
=1+ (B = 1+ 53] =t tax 2 5lmk - ml]

So if you want 30 separation, you need:

I x
0, <737 22 [mK mn] linear in x... but quadratic in p

For p=10 GeV/c and x=10m, this means 0 < |2.5 ps
Need a fast response time -- Cherenkov photons fit the bill.

Caveat: This neglects an important performance-improving effect.



K/TT separation with time of flight

t=0 t
> track

How deep should we make our Cherenkov radiator?
* per-photon emission point uncertainty = d / (cv/12)
* photon yield = d No <sin?0c>
* rest of per-photon uncertainty is, let’s say, Oy = 70 ps
e optimum from simple calculus:d = (Oy ¢ v/12) = 7 cm

Taking No = 100 cm™!, n=1.5, B=:
* overall uncertainty = 4.9 ps for d=7 cm
* overall uncertainty = 9.4 ps for d=| cm

... so if driven just by performance, would want quartz plate several
cm deep. In practice, cost & material is an issue = |-2 cm.

Caveat: This neglects an important performance-improving effect.



Layout of Cherenkov ToF detector

. Radiator
Simplest approach: /
- Photodetectors tile back of radiator
- » track
~

Cherenkov cone

See work done by Henry Frisch et al.
(Chicago/ANL/FNAL/SLAC)

Elegant in its simplicity:
* Optics simple; photons easy to collect
* No pattern recognition required

... but some major drawbacks:

* Potentially large active area to instrument.

e ...remembering that we want to put this far downstream for lever arm
e e.g. LHCb acceptance: (2 x 300 mrad) x (2 x 250 mrad) at I12m = 42m?

* Very demanding on photodetectors (and electronics)
* Will get pounded by particles -- must be radiation hard (for LHC)
e Minimal dead area, since blob will be tightly focused

This is a neat design... but not what I’'m going to talk about.



Layout of Cherenkov ToF detector
Instead, use TIR to pipe photons outside detector acceptance:

Ny Not real optics! Just for illustration.

O(3 metres)

Track  © S




Layout of Cherenkov ToF detector
Instead, use TIR to pipe photons outside detector acceptance:

$ Not real optics! Just for illustration.
A

O(3 metres)

Track .

This should
LiE] look familiar!

peam o But different
s, focusing.
photodetector

photodetectors  , 1 , K.Fohl et al, NIM A 595, 88-91 (2008) »
m
9

photodetector



http://dx.doi.org/10.1016/j.nima.2008.07.094
http://dx.doi.org/10.1016/j.nima.2008.07.094

Layout of Cherenkov ToF detector
Instead, use TIR to pipe photons outside detector acceptance:

XPMT, tPMT
(Time when photon detected)

Track

" Not real optics! Just for illustration.

O(3 metres)

& a )
N

(S

\

XPV, tpv
(Time when track leaves PV)

"\ XTORCH, tTORCH
(Time when track enters TORCH)

what we want

/

Time of flight of track = (ttorcH — tpv) = |XTORCH—XPV| / [PC

Time of propagation of photon in quartz = (temt — tTtorcH) = (path length) (ng/c)

have to reconstruct this /

danger: chromatic dispersion



Chromatic dispersion

How big is chromatic dispersion?
* Photon has to travel through several metres of quartz: O(20 ns)
* Over useful range of A, n, easily varies 10%
e => Dispersion causes uncertainty of O(ns).VWay too much!

Strategy: measure direction and path length of photon in quartz

* Path length obviously necessary to get time of propagation
e Direction so that we can get cosOc = dirack - dirphoton

°..and
e .. and
°...and
°..and

hence | / Bn
nence n (given mass hypothesis and track momentum)
nence ng

nence time of propagation of photon (given path length)

Therefore: Measure 2 angles and time for each photon.



Chromatic dispersion

How big is chromatic dispersion?
* Photon has to travel through sever
* Over useful range of A, n; easil
e => Dispersion causes uncer

(20 ns)

Strategy: measure direction and

* Path length obviously necessary to g
e Direction so that we can get cos0

*..and hence | /[ fsr
*...and hence n [given mass hypothesisjand track momentum)

e...and hence ng
e ...and hence time of propagation of photon (given path length)

Therefore: Measure 2 angles and time for each photon.

|0



Nature is very kind to us

Look at it like hypothesis-testing:
* You assume a mass
* You do the reconstruction, including using the mass to get ng
* You see if measured track ToF using photons, , IS
consistent with expectation of

If you assume wrong mass, the calculation of ng comes out wrong,
biasing ttorcH -- and the sign is helpful.

ToP is a big effect! Can help as much as ToF of track itself:

* n is wrong by same factor as track ToF (Bwrong/Ptrue)
* ng is wrong by an even bigger factor (dispersion relation)
* Proportional to [path length of photon in quartz x ng/c]

Quartz acts like extra track path length, only better by factor > ng!
TIR bounces help too.

Time of flight of track = (ttorcH — tpv) = |xTORCH—XPV| / [>C
Time of propagation of photon in quartz = (tpmt — ttorcH) = (path length) (ng/c)



Easy to measure angle in transverse

Measure 2 angles for each photon

plane (xy) with photodetectors
around edges of quartz block.

12050

z [mm]

12000~

11950

11900

11850

Quartz block —

/Sketch of focusing block in yz

Photons at Oz = 0.45, 0.55, 0.65,

0.85

’/,/’
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Sketch of photon path in xy

Photon path

Track emits photon here

O

/

Quartz stand-off (focusing block)

Use focusing block to measure
angle in xz/yz plane (0,).



Part I
Application to the LHCb upgrade

Caution: using standalone (toy) MC for ray-tracing and
photodetector response.

13



Current design

15ecm

SPD/PS

RICH2 M1

ma M5

Fine segmentation (0.41 mm)

>

<

5m 10m 15m 20m z

| cm-thick quartz plate at z=12m X

Photodetectors tiled along each side°

Coarse segmentation (6. 6mm) 'm,ln

L H C b + TO RC H ;__-_%jtft_oii.etec—tors Focusing block

ﬂ;‘ [ 26 cm
/

(Not to scale)

Quartz plate

59mm

Y.

Sides are instrumented too (not shown)

Allowing |mm gap between each unit »



Photodetectors and optics

Simulated photodetector:

* L oosely based on Photonis XP85022 MCP-PMT
e ...but instead of 32x32 segmentation, simulate 8x128

e Coarse segmentation to measure angle in xy plane
e Fine segmentation to measure 0,

* 20ps resolution (not critical -- other effects dominate)

z [mm]

Stand-off optics Residuals of |Oz| vs distance Residuals of |0z
"'-cg“ Entries 36292
C £ Mean 0.013
12050 = RMS  0.9573
- S
%
o

11950
- 3.1 mrad

16,| residual (measur

11900

11850

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
3000 3050 3100 3150 3200
y [mm]

3
16,1 residual (measured-true) (mrad)

“Top hat” expected from pixellation:
0.4 rad / 128 channels = 3.1 mrad

* Per-photon resolution on time of propagation in quartz: 70 ps

(dominated by reconstruction, esp. 0; measurement) .



Pattern recognition

* Broadly, three problems:
1) Given a track, which photons come from it?
2) Given a PV with many tracks, when was the PV time (tpv)?
3) Given a track and tpy, which mass hypothesis is it most consistent with!?

|6



Fine segmentation index

Pattern recognition

* Broadly, three problems:
|) Given a track, which photons come from it?
2) Given a PV with many tracks, when was the PV time (tpv)?
3) Given a track and tpy, which mass hypothesis is it most consistent with!?

*First item is geometrical:

* Photodetector is sensitive to a limited range of Ey only...

*...hence to a limited range of n only (from properties of quartz)...

e ..hence to a limited range of B¢ only (from cos B¢ = |/Bn).

* So photons can only land in particular regions of the photodetector planes:

TORCH simulation

120

x % . B N
Top edge " Bottom ed T Right edge 3 Left edge
op edge : ottom edge il ~Right edge : eft edge
‘ .dc: ;E, N e N T TR
C . : - 2 C 2 o L B o g r . BRI ‘ :
sor- . - ’ : ' g so— S : 2 8ol . R - 2 g0
- 2 - B B . N B ” - . L _— . o » -
60|~ S : Boeop oo T e Boeol o s T ' £ oeof-
B . ~ L Lo ro . Tl BT S R T m o ) . ! s St . o ) :
0_’...'|.' ..... il il TR PRI T G olieilyvintinyl Y T i e e N T T Ll I A T oL 1y a1 R T P I
0 100 200 300 00 500 600 00 800 900 0 00 200 300 400 500 600 00 800 900 0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
segmentation index Coarse segmentation index Coarse segmentation index Coarse segmentation index

Example event: Photons from one track are picked out and form arcs in the 2D channel index plane.

|7



Pattern recognition

* Broadly, three problems:
1) Given a track, which photons come from it?
2) Given a PV with many tracks, when was the PV time (tpv)?

3) Given a track and tpy, which mass hypothesis is it most consistent with!?

*Use TORCH itself to get PV timing:

* Each PV produces many tracks, most of which are pions. For each track:
from PV to TORCH (from tracking info)

e Compute

* Do per-photon measure of
* Subtract off to get per-photon estimates of when track left PV

* Real pions (and high-momentum e/

c 600 | .
2 TORCH simulation
m M . .
2500 PhOtO‘?S fr?om”\)[ Nominal luminosity
Q tracks “in time (2X|032cm‘25")
o

o

» 400

@

= Background

W 400 (combinatorics +

non-pion tracks)

(from PMT timing & photon reco)

U/K/p) will form a peak -- find & fit it.

E TORCH simulation
60 Nominal luminosity

505_ (2x1032cm2s71)

ries per 10 ps bin

. 1]
Zoom in on peak

—
ol T
1
&
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e
A

)
o
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Estimated primary vertex time (ns)

N
o
N

30

!
Qo
=

N
o
III|IIIII

-
o

o

Example fit result from first event’s
PV with 20 tracks (of which |3 1T):
| Gaussian yield = 760 + 40
Gaussian mean = 9.4 + 3.9 ps
Gaussian sigma = 78 + 4 ps

Fitted mean feeds directly into PID
hypothesis testing (next slide).

0.4
Estimated primary vertex time (ns) |18



Pattern recognition

* Broadly, three problems:
1) Given a track, which photons come from it?
2) Given a PV with many tracks, when was the PV time (tpv)?
3) Given a track and tpy, which mass hypothesis is it most consistent with!?

* At high p, fit ToF peak and compare mean to expectation (sensitive)

TORCH simulation “TORCH simulation .
sEpion hypothesis ) N 7 kaon hypothesis . .
—P YP Nominal luminosity -Nominal luminosity yP Pion track with p= |4 GeV/c
71 (correct) (2%10%2cm2s7) 6E(2% 1032cm™2s7) (wrong)
ot ! 5~ Red line: expectation
E A= given mass hypothesis
4 -
- 3
= - Problem at low p: wrong-
2 - 2: 1 1 . o
: H 1 I hypothesis peak is far away,
— o _ _ _ _ _ R __ __ 1: nnn nr Mnm ri 1N M nr M
'E ; smeared, and hard to find.
0-1_I I l0|.8I l0|6I l0|4I I-02I I I0I I0.I2I I I0.4I I0.|6I I I0.I8I - 1 0-1I I I-08I I lOI.GI I l0|.4I I-0|.2I I I0I I0.I2I I0.4I I0.6I I0.I8I = 1
Estimate of time when track entered TORCH minus expected time (ns) Estimate of time when track entered TORCH minus expected time (ns)

* At low P just look for an excess above background (robust)

s—plon hypothesw TORCH simulation £ kaon hypothesis
Nominal luminosity -
7 (correct) (2% 10%cm™2s") 6 (wrong)
61 - TORCH simulation Pion track with p=7 GeV/c
5F Nominal luminosity
Bewal"e 4;— ( X |032C|~n_25_|)
different x- JE l Blue: signal box
axis scale! A ) Red: sidebands
E | | IR Compute sideband-
Gl L HEL HLL L i ], E,% 0’,_3‘ subtracted signal yield.

| |l % i I><»<< N | 1 I
03 -02 -0.1 0 0.1 0.2 0.3 o 3 02 -01 0 0.1 0.2
Estimate of time when track entered TORCH minus expected time (ns) Estimate of time when track entered TORCH minus expected time (ns)



Figure of merit for n-K separation (arbitrary units)

Figure of merit for n-K separation (arbitrary units)
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6 — TORCH simulation

""" Nominal luminosity

8 (2%1032cm™2s7")
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Simulated PID performance

TORCH simulation

Nominal luminosity

(2%1032cm™2s7")
[ .

| | | | | |.-| |_-|; | -l | ™ |- I I I | I I | I I I | I I | I

12 14 16 18 20
Track momentum (GeV/c)

Track momentum (GeV/c)

Fitting method used when
possible for p > 8 GeV/c

Sideband subtraction method
used for p < 8 GeV/c (and also
if fit fails for p>8 GeV/c)
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PID efficiency

Simulated PID performance

Using only tracks that are matched to a primary vertex:

1

g —|——|—_|__|__I_
0.9¢ i+
0.8 —+
0.7 |4+n—=n
06 |TK—=x
0.5 TORCH simulation
0.4 Nominal luminosity
TE (2%10%2em™%s7) +~\—
0.3 ﬁ_

025 T
s

0:I | '_i_l | [ 4 H_I_!_l ) I_'_'_'_\ | | 1 1 1 | - | 1 1 1 | 1 1 1

0 2 4 6 8 10 12 14 16 18 20

Track momentum (GeV/c)

PID efficiency

1

= |+ - 4
0.9 —+— €
0.8 + +:+
Hy
06 |Tn—K
0.5 TORCH simulation
0.4 Nominal luminosity
= (2%10%2cm™%s7!)
0.3—
0.2 i
0.1 _
0:...1...!I.;!,.,:,.I:I..—'—l—:—._ﬁ_f_..|...|...
0 2 4 6 8 10 12 14 16 18 20

Track momentum (GeV/c)

* This looks pretty healthy, especially below 10 GeV/c.

e Caveat: Does not include all backgrounds yet!

* In real life, would use something smarter for pattern recognition
(e.g. global likelihood as used for current RICHes)
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What comes next

Focusing block —___ e

Photodetectors — |

Preliminary hardware tests

* Working on getting hold of some .,
test photodetectors.

* Bench tests of photodetectors, "~ i

timing, basic optics.

z plate —————

250cm

Making design more realistic
* Investigating smaller “modular e -

TORCH” Modular TORCH
* Work beginning on readout electronics.

Physics studies
* Main driver for low-momentum PID is B-tagging.
e Quantify how much physics performance TORCH buys.
* Now have signal MC in hand to study this...

22



More stuff



The LHCb upgrade

* Nominal LHC luminosity at LHCb is 2x 1032 cm™2s™!
¢(...lower than ATLAS & CMS: 103* cm™2s7')

* Hope to collect O(10 fb™') in next O(5 years)

*Plan for staged upgrade from O(2016) for higher rates

* Upgrade detector, electronics, trigger & DAQ
* Current RICH electronics limited to |MHz (need 40MHz)
e..so current HPD photodetectors will have to be scrapped.

*Baseline is to maintain current RICH | +RICH2 layout...

*...but some things might push us to change it:
*|f RICHI aerogel performance degrades for high-luminosity
running (occupancy & photon yield issues); |See poster by Young Min Kim
* |[f LHCb needs to reduce the upstream material for high-
luminosity running.

* Caveat:All this depends on funding & on LHC schedule. |

4



Photodetectors
Based on Burle-Photonis XP85022 micro-channel plate PMT with 32x32 channels

That model might not be suitable for a real detector, but we've assumed it for performance studies...
Inactive border: 3mm on each side
Active area: 53mm x 53mm

Fine segmentation: |28 columns in 53mm (0.41mm cell width) / <

Our assumptions about what’s feasible (not from spec)

Coarse segmentation: 8 rows in 53mm (6.6mm cell height) XP85022 MCPMT
Photoelectron detection efficiency taken to be 65% 030 LHCb HPDs
Intrinsic time resolution assumed Gaussian with 0 =20 ps 025
About 450 units required to instrument all four sides. 3 50
so.
()
Not our photo!
i el P £0.15
Ve 2
5 0.10
¢
0.05
OOO o o o ® e o o 0
— 0 2 4 6
E Photon energy (eV)
S s | S—— | T AU A
S A
- :
0
) .
‘2 : 53mm 59mm
o :
£ :
& :
% Y ] \ 2
) > P . .
k= . % Allowing Imm n each uni
i Coarse segmentation (6.6mm) owihg gap between each u tos

7mm



Interlude: TORCH simulation

* Our philosophy for designing & benchmarking the TORCH:
|) Start with unrealistic assumptions & simulation
2) Does it work under these conditions?
3) If so, make things more realistic & go back to step 2.

* How we simulate events right now:
o Start with full GEANT4 LHCb Monte Carlo, without TORCH
* Record all charged particles that reach the TORCH plane (z=12m)

* Feed those charged particles into stand-alone ray-tracing simulation that
knows about the TORCH layout and photodetectors but nothing else.

* Record the hits and try to reconstruct what happened.
* Assign PID for reconstructed tracks.

e Ultimately, want to move to GEANT4 throughout.
* Extract more timing information
e ...in particular propagation of tracks through magnetic field and on to TORCH

* Some background sources not picked up now (e.g. EM showers from photons
inside TORCH; backscatter from calorimeters)

e ...but this depends on having a reasonably stable design. 2%



Practical considerstions

* This is all very nice -- but could it be built?

e Starting to look into practical feasibility:
* Layout of electronics
* Occupancy/rate in photodetectors
e ...to understand demands on readout system
e ...to understand limits on charge supply from PMT
* Photon arrival times
* How much doesn’t fit within a 25ns window!

* Just started rethinking the quartz layout

*Big rectangle: Issues of manufacturing, mechanical engineering,
optical coupling between plates, etc.

* Instead: modular, interchangeable blocks of about 0.7/m x 2.5m

* Instrument only top & bottom surfaces (not sides)

* Thicker quartz to bump photon yield back up
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Time distribution of hits

Spike due to tracks just outside acceptance that clip the quartz standoff.

Photons have only few cm to travel and reach PMTs within 0.5 ns.

3 | Minimum-bias events
10° = Reconstructed tracks only Upgraded luminosity
— (20% 1032cm™2s7")
— TORCH simulation
- 99% within 35.2 ns (80% within 25ns)
10% < Tail at > to+25 ns tricky for reconstruction.
- Comes mainly from photon propagation.
| All tracks (for comparison)
99% within 38.08 ns
10 E
- Background for
B subsequent events
1 ] ——q00 120 740 160 180 200
- Time photon reaches PMT [ns]
H L 1 L 1

40 60 80 100 120 140 160 180 200
Currently running jobs to increase statistics. Time phOton reaches PMT [nS] 28



Occupancy

10°¢ Mean: 19.9 hits PMT~! event™ - Mean: 28.9 hits PMT! event™!
- 99% of distribution has < 69 hits | .| 99% of distribution has < 82 hits
10% & T
; TORCH simulation T,ORCH simulation
10 = Minimum-bias events | 10°E Bs— ¢ signal Monte Carlo
= L = Upgraded luminosity
= Upgraded luminosity - (20%10%cm 2"
u 3202 | B
- (20x10°*cm™s™") 102
10 ;— 10 =
- - A
e | | | | e | | | |
0 50 100 150 200 250 300 0 50 100 150 | 200 250 300
Hits per PMT per event Hits per PMT per event

Tail from pathological events when track enters standoff block, lights up PMT.

e Assuming 19 bits per hit (10 for channel, 9 for time"), get per-PMT
sustained rate of | | Gbs™' for lumi20.

e Similar calculation can give expected rate of photoelectrons
detected (very roughly 3x10® cm™2s™! at this luminosity).
* For gain of 10°, implies about 0.5 C cm™ year™! integrated charge.

e Caution: Background model incomplete.
29



Mechanical & Electronic design

A (LVPSU, Clocks, JTAG, Connectors)

| FirstEDeveIO[I)ment ofsPackagling | | Initiall Conce[;t | | u ® Sti I I at th e CO n Ce Ptu aI

——MCP Motherboard

/~MCP Motherboard
£ (HV, Slow CTRL, Bias Inputs, Connectors)

*...but we are hoping to

4+ start bench tests with
srmms i MCP-PMTs soon.

TIMLE:
Photodetector assembly

IDENTIFICATION MUMEER:

E: |DATE OF [BEUE:
09/04/2010

DOCUMENT TYPE: | HUMEIER OFF. +

LV Board

i 2 X 8-channel NINO
2 x 8-channel HPTDC
Small FPGA

USB
Controll

@
v,
®
o
=
=
a
@)
H
o
i
)
[\
o
[
=

TORCH Front End Board
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The LHCb RICH systems

EcaL HCAL
SPD/PS

RICH2 M1

Have to cover wide range of
momentum...

LHCDb simulation (RICH TDR)

300 - ‘_;\—_ (a) B— mw decay

\®)

-

-
I

0 50 100 150 200

Number of tracks

80 .
' _'__|_ (b) tagging kaons
60
40 B _I_‘—|_
20 — —|_|_|_|—|_|—|_,_
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
’ 0 5 10 15 20

Momentum (GeV/c)

.. especially for tagging, where most
of the action is below 10 GeV/c.

31



Optics 101

Phase velocity: How fast a wavefront moves in a medium

e v=c/n -- this defines the refractive index n.

Group velocity: How fast a wavepacket -- in this case a photon -- moves
*v; = c/ng -- defines group velocity refractive index ng similarly (sloppy notation...)

In a dispersive medium, n and ng differ and are functions of wavelength.

dn
n, =1 — A\

g d /\ ,

For charged particle above threshold with

speed Bc, Cherenkov light emitted at:
cos(8) =1/ Bn

Since n depends on Ey, photons with
different energy will be emitted at
different O..

TORCH idea: if you measure O, you can
figure out the photon energy without
measuring it -- and hence get vs.

Refractive indices of quartz
2.0

1.8

RN
@)}

L]
<@
......
........
° <@

—
D

Refractive index

1.2

1.0
0 2 4 6 8

Photon energy (eV)
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TORCH idea: if you measure 9., you can figure out the
photon energy without measuring it -- and hence get vs,.

Refractive indices of quartz

2.0
1.8
3) Read off ng <= 3
©1.6 Lo
| e
) Measurg N To TRk B mn
(for a particular T
mass hypothesis) 91 4 .ng
2
1.2
2) Deduce Ey
1.0 Y
0 2 4 6 3

Photon energy (eV)




Entries per 0.3 ns bin

30

20

1

Entries per 40 ps bin
S

2
=

50

40

Example timing plots

0

"TORCH simulation

. a0l nnnoannn

oo

1 1 | 1 1 1 1 | 1 1 1 1
20 30 40 50 60
Estimate of time when track entered TORCH (ns)

7]

- ORCH simulation

I

39 395 40 405 @ 41 41.5 42
Estimate of time when track entered TORCH (ns)

Big-scale plot illustrating that
photons from the same track form

an obvious peak above background.

Zoomed plot of same track.

You could fit this to get the time
when the track entered the
TORCH (but in practice we wait
to gather more information first).
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