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In This Talk ...

> Why we built the system
some history, motivations for building EMTiming
system at CDF
» System Design
specifications, design, testing, and installation
» Performance
efficiency, noise levels
calibrations, resolution
° Things we did not expect to measure
beam width
beam remnants,
¢ Physics we expected to do
new exotic particles searches
high luminosity effects on photons
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Exotic with Photons

| ?

eenE'TCandidq’re Event - In addition to yy+ Energy
I Imbalance this (famous)
e, e Candidate event has two hlgh
=M GRSy energy electron
I . candidates

- Very unusual

- Good example of getting
an answer which is far
more interesting than
what you asked for

Fr=55GeV - How unusual? Total:
(1+£1)x10° Events

T
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| ? Exotic with Photons

- Another event in the data
with properties “similar”
to the eegg+Energy
Imbalance candidate

 Not part of the “official”
gg dataset

- No significant energy
imbalance

 Not quite as interesting.
Background only at the
104 1level

- 1 1n 10 quadrillion

- Again, no good Standard
Model explanation

Unpublished confidential result

(COF Internal 1996)
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Exotic with Photons
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Why Timing?

Hadronic Muon
Calorimeter Detector

* [f particle does not have track --> hard to say if it is
really from collision or from accidents like cosmic
rays or beam halo

* Accidents are not correlated in time with collision,
hence timing becomes crucial

Max Goncharov 3/11/07
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I Reasons to Build

Adding timing on EM Calorimeter would help

» Photon handle: provide a vitally important handle that
confirms or denies that all the photons in unusual
events are from the primary collision.

- Met handle: for events with large EM energy, full
calorimeter coverage reduces the cosmic ray and
beam halo background sources and improves the
sensitivity for high-P; physics such as SUSY, LED,

Anomalous Couplings etc.
« Search for long-live particles (More on this later)

JC
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CDF Detector

FERMILAB'S ACCELERATOR CHAIN

BOOSTER
=25 LINAC

( — —_ﬂh MAIN INJECTOR CDF D t t
e etector
TE'U'ATHUN
e —ﬁf’“" k \ﬁ: > ) Electromagnetic (EM) Calorimeter
:lr' DZERD ‘ux —= . TARGET HALL . .
\ \%ﬁ{ , dumenoron EMTiming system
g CDF ‘-t-..H Q—u )

COCKCROF

http://hepr8.physics.tamu.edu/hep/emtiming/
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EMTiming Project
~2000 Phototubes

- Large system to add to existing (very
large) detector

- Effectively put a TDC onto about 2000
phototubes at CDF

- International collaboration led by
Texas A&M

- INFN-Frascati*

- Michigan*®

- Chicago*,™

- Fermilab™*

- ~$1M Run llb project (parts and labor)

- Project jointly funded by DOE and
the INFN

* Engineering support
** Technician support
Max Goncharov 3/11/07 9




Schematics

CDF EM Timing Project 1he calorimeter at CDF has two parts:

A At VME Coate CEM (|n|<1) and PEM(1<|n|<2)
31‘:;;2?| — We instrumented both with Time readout
— e

Converter

(TDC)

ASD channel combines 2 PMT lines
E‘&‘i;i’i! In CEM one tower -> one TDC channel
istilor— 1n PEM 2 towers -> one TDC channel

OnPeEett (15° Phi segmentation)
CEM: 480 channels PEM: 384

(ASD)

" |Light o
g J ;hmm Combining channels is dictated by
et i g crate space restrictions, but on the
ooy bright side — if PMT line breaks:
* threshold x 2
* channel still fully efficient

€
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System Specs

Needed fully efficient system for all useful
photon energies (above 5 GeV)

* Threshold should be as low as needed, but not lower
In order to not trigger on noise
photons normally above 20 GeV
* We wanted it low to be able to control missing energy
for that we need the threshold as low as possible
* TDC bins information in 1 ns buckets
the resolution lower limit is 0.28 ns

€
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Test Stand

Crate

DAQ

e s

PMT
Dark Box

= e

R 1 ‘ Toy TDC Board
Tested by S. Chappa

JC
Max Goncharov 3/11/07 13 .-V



Signal Path

One Problem: CEM PMTs have only anods

= BT (TN ™S, —— l_‘
L EQDUT.- nJ:x"]\— ]— |
LR T 220 ft
. -
RS e - TDC
N — ¥ ﬁ Monostable
mJ\_—xl-QL X?l’ser

Discriminator with ~2mYV threshold

Bﬂ\

cuts noise,
but watch for reflections

from PMT to TDC sees E‘liS
ASD 70 ns
50 ns

once above ASD threshold
/ \QSD sends LVDS to TDC

€
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Fighting Reflections

4.071 Ehd

__E__i_le Litilities

Analyze

Help

Co ntrDI tdeasure

Measure  Anabwze  Lilites Help

RC in parallel with
transformer

Max Goncharov 3/11/07 15 .-V



I Splitting the Signal

SOLUTION Vo o
anOde prOVIdeS energy readout gt -\.‘ | ’ ¢ ‘ . ; |

has no dynode readout .-

modify PMT base? ...
cut into the anode line? ...

Energy Integration Window

A \PMT Signal

32 ns

CAN DO NOT CHANGE
ENERGY READOUT,
OTHERWISE...

@ Max Goncharov




Splitting the Signal

Do not touch charge - do not change energy readout.

Male LEMO to ASD EMTiming Splitter
transition board
20"-40" of
RG174 Connecis to ASD
. transition board
primary

Male LEMO

Secondary Oulpul
-0.1% x Input Signal

Connects (o i
Conuects :ln nrigiual

PMT anede primary t
‘ - : Wity ADMEM Iliru: LEMO
Male LEMO g / ; o i hmo
: errite  shield o
Input " : I
Male LEMO to Siemal 4"of | i pcp | [Primary
:ETEI:I LI-I'EI:I.:::: " PMT anode = wem U | Qv
(on back)

Idea, design, and production - University of Chicago (H. Frisch and H. Sanders)

JE€
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Signal transition coefficient ~0.15

150

2
]

Ln
[

Splitter Peak Voltage (mV)

Splitting the Signal

EMTiming Splitter Response

\"'IrS-acundur:-'
o i
Vv'—"r?fﬂnry - D‘ 1 t]

10 GeV 200 GeV

T I T T T T |' T T T T I T T T

PR N TN TN TN SN N SN TN SN S NS N SO S
0 0:25 0.5 0.75

Anode Peak Voltage (V)

@ Max Goncharov

80

70

60

50 F

40
30 b
20 |

10 |

T T T T T

[ Splitter (solid)~ Meon=12385+13, Sigma=380+£10 ]
W/0 term (dosh) —Mgor|4122934 12, Sigmo=367+ 14

e

) .
/ b

[
i
|
11

IIL : 1 ; i . 1 e PRI
91000 12000 13000 14000

ADC Counts (Buck1)

» Linear in all reasonable energy range
» No change in PMT signal shape

» No change in pedestals

» No Change in E/P for electrons
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I Installation

* ~100% Efficient above thresholds (CEM-5, PEM-2.5 GeV)
I » System resolution is ~0.6 ns

* Very uniform
I > No Noise

* Finished full installation this October (2 years ahead of

original Run ITIb schedule). Started taking data in January
2005 (1.4 fb-! and counting)

» <1% had problems right after installation (most are
channel 6 and 9 mixes)

P Lost only ~1 week of data to weed out all problems

» Since then we do not have a single high P, event without
timing information

M. Goncharov,D.Toback et al,
submitted to NIM in 2005

JE€
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Noise — What is It?

Noise - no energy, but there is a TDC hit.
Looked at >10 M events, have yet to see a TDC hit from noise.

‘ ObjectMon #15 TimeMonitor EMTD: Fake Firings

[ Fun 207488 Event: 1083423 ¥oi

Tima: Sun

EMTDC: Fake Firings OCCUPancy || o e ook
2 ASD Time Window is
potential problems are colored || sons- 1« ssoms
a o FHHH
2} -
|
-
18 hd
18
7
18
Qs L
: 14
L s
L 4*
Q
S 7
9,
=,
Fi
AT MM HOB E-TEHE543-2-1001 2345678 91011121314151617
West Tower (Eta) ID E*t
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System Performance

‘No Data can be left behind - monitor online in real time

Efficiency curves show most Sy e Efficienc

problems right away
EFFICIENCY

Wedge (Phi) ID

1- S pr———————————————— ;
.. i . PEM channel
0.6 +
| ¥ 2.5GeV
i; _, Not instrumentédThresksty

- E: 350

(] S 7S P S o oo

200 400 600 800 1000 1200 4 00

Energy (ADC counts) -

: ‘ ; B H--—I15(.‘lll

One line is broken, ="—=——"F &= im
fixed right away -

West East
Tower (Eta) ID

Max Goncharov 3/11/0/ L1 #



System Performance

‘No Data can be left behind - monitor online in real time
1.2 Ge“tI.HIEE.:tmmF“Elic.cahril.rmm. 12 _'_'ﬁi'_'-muﬂ Y iﬁency
I S 1 100 % above threshold

o PEM

0 1 2 3 4 5 6 0o 1 2 3 4 5 6

Tower Energy (GeV) Tower Energy (GeV)
-~ Threshold Energy
@zl il I 0 ns oos .
£ g Uniform
- # [
s f : Broken channel would be here
1o 6 8 10 0 1 2 3 1 5
Threshold Energy (GeV) Threshold Energy (GeV) .
R Threshold Width
0l s i wl0F e on
; i |, ... and here
Em— ‘E /
.......................... I .
i o'grhre;holéll'a#idtﬁ{ﬁezﬁ}a * i Thrgs'?lnld Width1{Ge1!) 2

JC
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Messaging the System

Can not use in the analysis data as it is CEM
=> have to calibrate

Calibrations take out various effects
¢ channel to channel variations :
¢ energy dependence (slewing) L
¢ time variations :

EqTimeé.:- ~ 583 ns

105 ............................................................................

10° -
10? 3 !Hiﬂm
Hy | |
. i | |
10 :”HIIH ..........................................................
: ] | 1 i 1 1 | 1 | 1 | 1 | I | 1 | | | ] | i
520 540 560 580 600 620 640
Time, ns

JE€
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Calibrations

Time
Database:for each channel oo
E ﬁ"ﬁv
f(Energy) ‘ i
- 5 - ——Qlawi
Raw Time : CEM Tower |me f(Ener'gY)G r "—D"'“"Wlng curve
Mean 581.5 A60H .
g : t /
10° = Te RMS  3.762 15 Gee'
2 Energy (ADC counts1)04 nergy
ap :_ Average Time for All Channels : CEM
10 101~ Mean 586
iy - All channels il
\ |
10 \ ; <time>
\\ 5
\\ al l“
1 \ I
565 570575530‘\535590595 7600 a[
Time, ns .
Non-Gaussian

m
Max Goncharov

%E_‘id ~570 " 560590 600 (Time
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I Energy Choice

Threshold

I What to use for Calibrations ~ PMTZ.,

E = sqrt(PMT1*PMT2) ? L

We use .

° (PMT1 -PMTZ)/(PMT1 +P|V|T2) 2005

* PMT1+PMT I

makes CEM and PEM alike 525"56"1'06"1'56":.306":.350 300 350 400 450 500

B ASD PMT1
J s lj All good ideas ,come late
}ﬁ&m, BRI T Should have used

: s "-,‘_". ™ ;‘? |
ouT: [N — ' \_ﬁvl Monostable ! LN
N 0
E ouT> || IN __xlo Offset

Discriminator with ~2mV threshold

hardware sums PMT signals

JE€
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Resolution

After slewing calibrations various effects remain:

* when collision happens
* where it happens
*run by run dependence ...

Z->ee sample is perfect to find the resolution
Plot time(el)-time(e2):

most of the external contributions cancel out

W->ev sample is good to check for tails

@ Max Goncharov 3/11/07
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Resolution

PEM O 61 ns_

CEM O 60 ns
1|:)3 —Electrm;s from Z—) 6'e —
- GCEMCEM - ) B4 ns '“-...
0%~ 0,60 ns o “ :
102 = * X 3
_EI, - * 1 . 7]
S | { \ 5
@ 10+ ¥ '}t =T e
- J ]
_ | :
1F ]l ’ = 1F
| [ ' | L W i +

Elactrons from Z—:- 9*9
csCE"""E'-" 0.85 ns

— oPEM = 0 61 ns
10?

& e,
tr:nrreched tcnrrected (ns)

* Centered at zero, symmetric

* No non-Gaussian tails
* CEM and PEM are the same

@ Max Goncharov

6 -4 2 0 2 4 6 -6

& &
tcnrreched = tcurrected (ns)
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Resolution vs Energy

CEM TO RMS as a function of Em Energy

Z -> e'e : electron T1-T2

[RE
Q12

1
0.8~
0.6/
0.4"
0.2

TO RM

Entries 3857
Underflow i}

Overflow D

F

\

; \

2

240¢

J/Psi -> e'e : TDe1-T0e2

4 6
Time (ns)

Z->ee

2201

:IIIIIIIIIilllllrllliIIIIIIIIIiIIIIIIIIIiII
00 10 20 30 40 50 60 70 80

Em Energy (GeV)

flat where it matters

@ Max Goncharov

160"
140"
120"
100"

80"

S~ 200 |

Entrles
Undertlow
| overflow

2344
1
1

J/IPsi->ee

60/
40
20"

0_: -
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Eventis

Resolution, Talils

This is how one normally measures

-> ,
W electrons VV-> €V true system resolution:

104:—'|"'|"'|"'|"'I | o
: RMS =~ 1.6 ns -
Z-> ee
1I',:,'|3 Electrons from Za 9*9 o
FGCEMCEM - 0.84ns
- — M = 0,60 ns ;g."' ;‘1‘!'
102} 4 \ .
a B + ¥
Q £ ] \
I.I}J 10 ;f %1' _
Time (ns) B ] i
e Gaussian with no tails 1e | \; :
* Symmetric around O e i

Corrected Time_, - Corrected Time_, (ns)

WHEN interaction happens - must have RMS=1.3 ns
It has to be subtracted from the photon time

@ Max Goncharov 3/11/07 29 -iE




Next Step ...

Ok, we have built the system and calibrated it

Gaussian Resolution - 0.6 ns
* No noise

* 100% efficient
* No non-Gaussian tails

Next | will show you how we

* measure beam width

* J]ook at beam halo in CDF detector

* understand effects of hight Luminosity on photons
* new type of physics

€
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Beam Width

p and p-bar bunches have different width =>
collision time is correlated with the collision location

D-d__l T T T T T B T T T

- . p0 -0.05161
DB*‘ W->ev
i p1 -0.005145
. b2
0 : —h= : —»
E ofp - \
@ | [
E -0
i: = / \
04
= -
L B Z \ - -
-0.2-
: >
-0.3F
T VI T TR ) R Y [ LAy (T VR I S (S R [/ | UL [ P | L R Z
-60 -40 -20 1] 20 40 60
Track Z (cm)

Average z position of the interaction is given by
Z = exp(-(z-ct)?/s2(p))*exp(-(z-ct)*/s?(pbar))

S(p) = 955 cm
S(pbar) = 65 cm

€
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High Luminosity

Assigning the right vertex is a tricky business as L is high
We can measure how often mistake is made

EEIectrunsfranaev | 'lﬁ -
10'} oy =205:001ns 7 % CEM
Event T, 1.28 ns ; e Vi A
Vertex RMS 0.2 ns 2 VAR A
TOF 0.4 ns = TE P A 1
Run-by-Run 0.4 ns ol A Y _
EMTiming 0.6 ns t Wt . ]
SO L T i
A5 10 -5 15

W electrons 1.6 ns:
* Right Vertex: Event T, and TOF - correct

e Wrong Vertex: Event T and TOF - incorrect

Right Vertex - RMS=0.64 ns
Wrong Vertex - RMS=2.05 ns

corrected ( n S)

€
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We study non-collision pho-
tons and learn how to get rid

of them

Photon Backgrounds

To study non-collision backgrounds:
* select Photon+MET events

e apply cut tracks XP. <1 GeV
* plot their timing distribution

~ Non-Collision Photon Candidates

ol _:.'J 1 —=— Cosmics

r

Beam Halo

Events

60 40 20 0 20 40 60 80 100 120
Time (ns)

T
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Beam Remnants

Beam-hakyPrimary IIision
:*'m"'. Hh' #}

N|

1 H‘\ “ |
| __M\ i

’0
.0
*

''''''''''''''''''''''''''''
.......
.....
.....
.....
...

.
%o
[ N

Beam-Halo path

Measure speed of beam-halo to be 2*10% m/s

JE€
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Beam Remnants

oAb 15.15.24

ATA | Unprese: 45461518, 19.23.24 Pres

pe 2D

Run : 194320 EventTy

=
o

3

Event : 130

SN
S
AR
bt
._..._._.....p.. iy

!

&

él_.'él

=
o

first
phi

il
i

pt

FPartcicl

K]

3.8
an

&llecti

szing EE
50,1 phi
iC

E
JetCluHadules

Mizs

EE
1,
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r(collis.ion):Tc-l-\/(Tﬁﬁ T)
t(halo)=T.+T,

5t=T,—\(T2+T2)

Tower —9:6t~-2T,

Center :5t~—T ,+T;

2
R

Tower9:0t~—

@ Max Goncharov

Remnants

Beam Halo Photons

1035'|"|||--|||-|||||---||--|||.

T each color - 1 tower
il

Events

” il .

M
0 BD 100 120
Tlme (ns}
Beam Halo Photons

Time (ns)

e T o 1o
0 0 2 NoOo 00 BN
1 |||||||||||| Fyprrrprreygnrira
®
|

Tower — h
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New Type of Physics

. Y+ Bq +jets
(E:,tf) / CDF Calorimeter 21b” luminosity, B, >25GeV
C O AR LD LT AT R AL EEANRAL REL
'Y \ é 103 = - Background events =
prompt T "2 z I:I Predicted Signal + Background ;
0 """--q.h__. . o Position of optimized As cut
~— 1 =
——— K ~ 102 .
p &Kty p G : Monte Carlo

/ |

Look for non-prompt y's that take longer t
reach calorimeter.
[f the C has a significant lifetime, we can

separate the signal from the backgrounds. ol

4 2 0 2 4 6 8 10 12 14

First count e
Shape later

€
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Delayed Photons

CDF Run Il Preliminary. 570 pb’

1 b0 LI I LR L I | B | | LI AL I LR L I LA | F I I | R L | | L=
o S
1 UE h _ Siem, _ ~— 7+ _+Jetdata 3
2 1ol B — All - ] CDF Run Il Preliminary, 570 pb
g 1; é + e - g’gﬂ_lrf'll?_'rglﬂ _"E]“- 35:!— | | I | | I i I: | 1 | | LI | I 1 | I I | | LI I_-[
7 i ] 4“ Cosmics 1= = Predicted exclusion region witha -
0 | E wees GMSB Signal MC  _| i . s i 7
._E 10 i T T g 3 g 30-_ - T+ET+1JET analysis with EMTiming
E - Photon Corrected Time of Arrival (ns) E'ﬁ : Observed exclision region With a
[ g= o
) e li T+ET+1J'BT analysis with EMTiming
-]
L 1 % - ALEPH exclusion limt

20

1-1|I1l |--'IIII'I1lrlIr-|-'l'4"||¥-'|l|1‘lr;-|

10 8 6 |4 2 0 2 4 6 8 /1 10
Photon Corrected Time of Arrival (ps)

...
=] IIIIIII|

15

Use shapes, normalize to events 0

_Illt|I1I'I|1II'I|II1I
~ [
o

—

80 20 100 110 120
¥ mass (GeV)
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What is Next

We are still coming up with new uses of timing info
* MET model

* Highly Displaced Vertices

New era is coming — LHC ... ILC

New technologies are developed ...

U. of Chicago is developing picosecond resolution sys-
tem

* next workshop is here, at Fermilab

€
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I Resolution Effects

* Energy slewing, applied at production level
* One calibration spans many runs --> need clock shifts
I * Correct for Time of Flight (TOF)

I Calibrations and corrections:

e Event TO EMTiming TO Resolution Effects
10000} |

TOF and Event TO need vertex

b auouéz

B i A suuné

/] 4000

\\ k- & 20003
“Where” - Vertex I NS
Time (ns)

Each curve — fit to data
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Resolution vs Energy

1'2 :_' I | | 5 I I
X CEM
C |y
ot +
CDB - ey
f_f 0.6 - "ﬂﬂ,“mau.gmﬂu,i'“a.'
208 [

004 E
¥ 0.2 F
O :..|.|....I.u..|.|..I.|.||...|I|...I|...
0 10 20 30 40 50 60 /0 80
Tower Energy (GeV)

12- I'I"''|"''|""|""I""I""I""_
w PEM
ETFE ;
c08 o .
395‘0.6 E_'ﬂﬁ.’“‘i.i ."e‘."":'u"' "n.' m
904 F ]
v 0.2 F 1

O '....I....I....|....|....I....I....I....q
0O 10 20 30 40 50 60 /0 80

Tower Energy (GeV)
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CEM Clock

clock

220f
200}
180}

140
120

60
40

Entries
. |Mean -0.1524

589

. |RMS

0.5414

(=]
.Il'h =S uEREEERS RS RS

Mean TO (ns)

PEM Clock

clock

200}
180}
160L
140
1200
1005

80

. | Entries

589

' | Mean -0.09338

'L -_-.J..\.i T T T T

| Rms

0.4623

Mean TO (ns)

@ Max Goncharov

Clock Shifts

Calibrations average over multiple runs
CDF clock shifts (temperature, ...)
each run has to be corrected by a constant

Clock CEM-PEM
500 e T e

42 .| Clock Difference
] 589
-0.05475

0.1393

. | Entries
| Mean

400} :
B RMS

3001

2001

100/

Mean TO (ns)
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Use electron track to select configuration

— < —
IZe track ZPr Vertexl 1cm IZe track ZPr Vertexl >2cm
4 O O L Y I LTI A T
F Electrons from W— ev f’:ﬂ’\ i 10* = Electrons from W — ev CEM 5
 5=0.64+001ns 4 P"l CEM i - Wrong Vertex J,a*"*""*e% ]
10° L 2 o - ©=205:001ns 4 .
: = 10° o " =
@ ool @ ¢ %
-E 102 g_ = "E 2' d ‘“ -
QO - 3 Q 107 . ? =
- B = - - [ ] =
Ll B - L V ‘tt
10¢ . = ¢ 4
§ - 1D§— f —
b M!‘ M i N
NN | | P L RIRE ] PRI | ¥ SR SSPN EPRER S & o S
6 -4 i ] 0 4 6 -15 -10 -5 0 5 10 15
t::nrre::ted (I‘IS) tcnrrected (I'IS}

T
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Non-Collisions Backgrounds

Beam Halo Photons Cosmic Photons
L L B e e sy e B A 22 WS L S A e B e
10 ; A : L )
4 / ° i - S
102 I ) =
= . =
o 1o
I la 10 -
iA ‘ . -
105} ** 1? 5| z
“Tlﬂzw w WW 102}
: C A R L Y e _
| 20 40 50 80 -20 0 20 40 60 80 100 120
Time (ns) Time (ns)
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