‘ "
b é
% WM?" , .

w\w

arch!ior New P hvs'ns{n
lhﬂ E)“:I“S“’G YDelayed MET

Final State at CDF

g s.“;—’ex“ g " PRI
Ta g : i

W T —

Vaikunth Thukral

Preliminary Examination
Texas A&M University
June 21, 2013




Outline

* |Introduction

— The Standard Model & Supersymmetry
— Motivation for our Search

e Tools — Tevatron and the CDF Detector
e Overview of the Old Analysis & Results

 Improvements: In Progress and Future Plans
— Improving Timing Calibrations
— New Background Estimation
— Future Plans with the Full Data (~9fb™1)

e Conclusions

Preliminary Exam — Vaikunth Thukral

2/44



Higgs Boson

Fermions
(matter)



74% Dark Energy Example 1: Accelerating
rate of expansion of
universe = “Dark Energy”

Distance from galaxy center

Example 2: Rotational curves
of galaxies suggest presence of
more matter 2 “Dark Matter”

2
Am2, = |'\f| A2
my = — 8_7‘.2[ ov + o
Example 3: “Hierarchy” problem — All provide evidence that
corrections to Higgs mass diverge. .
Adding terms to offset this can negate there may be more partlcles
the divergence or new interactions



Introduction — Supersymmetry

e One solution to the hierarchy problem and the dark
matter problem is known as Supersymmetry (SUSY)

In general, SUSY proposes a symmetry
between bosons and fermions:

- SM bosons—=2>SUSY fermions (sfermions)
- SM fermions—=>SUSY bosons (gauginos)

The presence of these new particles adds
negative terms in the Higgs mass

corrections
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Supersymmetry — Cont.

e A particular SUSY model is Minimal Supersymmetric
Standard Model (MSSM)
— Roughly doubles the particle count

— If there is R-Parity conservation (P, = (-1)%*38*) then the
lightest SUSY particle (LSP) is stable

e Requires multiple '
Standard Model Higgs’ @ @
v -

* No sparticles have () ®
been observed, hence ®: @
= M(SUSY) >> M(SM), | %
or only interact weakly P Eew—
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Introduction — Motivation

e |f SUSY is correct and the sparticles have different
mass than their SM counterparts, the symmetry is
somehow broken!

— One way to do that is via Gauge Mediated SUSY Breaking (GMSB) .

Communicates symmetry breaking from higher energy scales into
visible sector.

e Different GMSB scenarios

— Often, the Gravitino is the Lightest SUSY particle(LSP), and
Neutralino the Next to Lightest (NLSP)

— GMSB allows Neutralino lifetimes of the order of few ns
— Sparticle masses determine production at colliders

Preliminary Exam — Vaikunth Thukral
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Model T & Ins 1 < 730 < 10 ns

SPS-8 GMSB Production ¥y + ¥ + Hyp VYaelayed + Fir+ jets
Higgs-Type Production Exclusive vy + Fr  Exclusive Yqelayea + Fr

e Lots of searches at LEP, Tevatron and LHC, no
evidence for sparticles

* In an allowed scenario, the Neutralino and Gravitino
are the only sparticles that are kinematically
accessible at collider experiments

e If true, can have large production of events through
neutral scalars (like those in MSSM) in a collider

experiment
e Possible to produce 2 photons and 2 gravitinos that  Could see 2 photons, or the
leave the detector to give missing energy (E7) heutralinos could have a long-

lifetime and we only have one
decay inside the detector—>
exclusive (y + E7)




system (PRD 70 (2004) 114032)

CDF Calorimeter (ff, t f)

Delayed y




FERMILAB'S ACCELERATOR CHAIN * Froton-Antiproton neam

e Center of Mass Energy of
collisions = 1.96 TeV since
ca. 2004

e Collected ~10fb! of data
(plan on using ~9fb1)

e 36x36 bunch collisions at
396ns intervals (ca. 2004)

e ~10 million collisions/sec




End-Plug Electromagnetic Central Muon Central Muon Upgrade (CMP)
Calorimeter Chambers (CMU)

End-Wall Hadronic
Calorimeter

End-Plug Hadronic

 Tracking Chamber
- Open cell drift chamber design

with 96 layers
- Records the path of charged

particles

Central Outer Tracker (COT)

Solenocid

Central Electromagnetic Interaction Region 2]

Calorimeter Layer 00

Central Hadronic Silicon Vertex Detector

Calorimeter Intermediate Silicon Layers

e (Calorimeter Timing System
- Uses readout of EM Calorimeter (EMTiming)
- Converts to particle arrival time with a resolution of ~0.6ns




Tools — CDF

w2er2011

LS e e
R HIGH VOLTAGE SUMMARY |r1

SVX ISL CMU CMP CMX MU CES CPR " "o CEMCHAWHA PEM PHA 1am

Turning on the CDF, one last time — Sept 30, 2011
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Standard Model Collision Sources

W — ev = Yuake + Fr
v et =y + ety = Y + Priae
Woy = vy = v+ hoss + Fr
W = pv = Ve + Fr
W — TV = Yake + Fr
Zy — vy — v+ B

These come from interactions
at the primary bunch collision

Non-Collision Sources

Cosmics
Beam Halo
Satellite Bunches

These come from external
interactions, away from the
primary bunch collision
(Dominantly cosmics)



Backgrounds

We define the corrected time:

tcorr — tmeasured - texpected
|xr — x|

Leorr = tf — U — c

CDF Calorimeter (ff, tf)

In a perfect detector, t., = 0 for

prompt photons (by definition)
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Separating new Physics
from SM backgrounds:

Each event can have multiple
collisions at the same time

For events where we picked the
correct vertex from which the
photon came, we call it a
“Right Vertex” event (RV).

For events where there we
incorrectly pick the vertex, we call it
a “Wrong Vertex” event (WV).

We also define a case where no
vertex was picked as a “No Vertex”
(NV) event. (This will be important)
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B l Right Vertex

=
=
=

distribution for prompt
photons is a well measured _
Gaussian of RMS ~0.65ns, and |
reflects the timing resolution E

Arbitrary Units
=

o 1
- -4

105:_..............................

e The “Wrong Vertex” timing
distribution is well described
by a Gaussian of resolution
~2.0ns

10

Arbritrary Units




Backgrounds — Cont.

There are also cosmic rays that strike the detector at a steady

rate, which is estimated by a flat distribution. With these, we
can now put together the final timing distribution we expect

from data

§ T T T | T T T | T T T | T T LI N N B I B N |
- Il Right Vertex
| [l Wrong Vertex

= Cosmics
- == GMSB MC Signal

Arbitrary Units

=
(=]

G

\

r
CLLLL

|.|.||| | IIIIIII|

The green distribution is what it

L— would look like if there was an excess
in the expected number of events
from total background

Look for an excess around this green
region. Typically, from 2ns to 7ns

—
. = o
—
=) LWL L

F
(=<}

tCOFI’ (ns)
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Overview of the History & Future
of this Analysis

e 2004 (This is what we just finished discussing)
— Phenomenology developed (PRD 70, 114032)
— Timing System installed (NIM A 565)

e 2008
— Simple first analysis of data (4.8fb™)

e 2012

— Sophisticated analysis with better understanding of
backgrounds (6.3fb™)

e Now and Future

— Improved calibrations, background estimation, and
full dataset (~9fb™1)
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Overview — 2008

e The very first iteration of this analysis assumed that
the mean of the WV distribution was zero

CDF Run II Prehmmary

4|
10 Wrong Vertex Mean aned @ 0. 0 ns

F|t from-10 nsto 2 ns

—
(=]

3
I

Events / 0.5 ns
2
|

10

0
1:t:-‘:srr (ns)
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|e+E|T

—e— W— ev (MC ~11 fb™) 1

I Right Vertex

o Wrong Vertex
Mean = 0.0+ 0.0

IIIII| | IIIIII| | | IIIII—

\

This assumption produced a
big “excess” in the (2, 7)ns
timing region (over 30), and
hence, strongly suggested
further investigation into the
methodology

This turned out to be an
incorrect assumption and a
better background estimation
needed to be formulated
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Overview — 2012

e SM Wrong Vertex backgrounds can have large mean
shifts (biased positively) due to multiple effects

— E+ threshold effect, Fake Photons & Lost Jets

 New analysis techniqgues and requirements reduce
most pathological cases of biasing the value of the
Wrong Vertex mean.

 Created new background estimation techniques to
estimate the mean of the WV timing distribution
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— Use No Vertex sample to estimate Wrong Vertex mean

1 CDF Run Il Preliminary

r - 1 1 A
[~ Exclusive y + E <]
[ —=— Woev MC, ~11 fb! 7]
0.8 = y+JetMc, ~25 b ~ |
- —=— Wy MC, ~500 fb™' e i
- —5— Wouv MC, ~7 fb™ e T
X e d ]
L = Ly 7 . .
7 | L ] This method shows agreement
[ s _
{;"“; L ] for many data and MC samples
0.2 :— AL _:
0 - /‘# e+l ]
i -~ —=— Data, 6.3 fb”! =
B // —=— Data, 6.3 fb" (E_> 30 GeV, ; > 30 GeV) |
_0.2 L L L ] L ] L L L | L L L | L L L ] L L L ]
0.2 0 0.2 0.4 0.6 0.8 1

<t’ > (ns)




region we expect 286124 events

Events/0.5 ns

10 |

10% |

CDF Run Il Preliminary

[ Exclusive y + ET

| —— Data, 6.3 fb”
| I Right Vertex
Il Wrong Vertex

Cosmics

Signal Regio

-

s
—

teor (nS)

10



CDF Run Il Preliminary

| Exclusive 7 + E | I
B Isi ion|

| —— Data, 6.3fb Signal Region
| 1o Fit Uncertainty | |
I 20 Fit Uncertainty

]
(=]

o

Data - Background (Events/0.5 ns)

)
. o
—

10

—
(=]
L I
nF
(=]
wn

 Observed events of 322 give a 1.20 excess™

e This resultis currently going through collaboration
review

e Will be submitted to PRD-RC

— *Note that the number of events seems to be above
backgrounds for at all times for the signal region. A clue?




1. Improve timing calibrations to reduce potential tails

2. Better background estimation

3. Add more data




1. New Timing Calibrations

 Tracks

— Calibrate on timing measurements for tracks left by
charged particles

— Usually 10’s-100’s of tracks per event

— Used to reconstruct vertices = Calibrating tracks leads to
better measured vertices

e Use events mimicking the signal. W — ev (e + E+)
data sample with removed electron track
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1. New Timing Calibrations — Cont.

e But why calibrate tracks?

— Needed for accurate t.,, calculation
Jr — xi

Leorr =0 — t; — c

— Initial time (t;) is determined by time of
reconstructed vertex

— Vertices are reconstructed using tracks
— Calibrated tracks lead to well measured vertices
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Entries 2004417

CDF Run Il Preliminary, L = 6.3 b ) CDF Run Il Preliminary, L = 6.3 fb™
T T

l

E Mean -0.002642 = 0.0008746
L RMS 1.238 = 0.0006184
z E:
w 10! w
S S 1w
. . - -~ %
Individual i~ 3
w il E
10° =
o E
TI I I I es 10 —— Positive Tracks 0=
—— Negative Tracks 1 F
1 E
T T = | | |
-5 EL [] 5 -10 [ 5
COT Track Time (ns) Vertex Time (ns)
Mean  2.593+05+ 16.78
0.5 CDF Run Il Preliminary, L = 6.3 i Mean y-0.002687 + 0.0008732
E RMS  2.663e+04+ 13.28
04 E RMSy 1238+ 0.0006174
- T 03 —
® E E E
£ s 02F 3
: B E
g 3 01 =
. E E
g Op XL} At =
= F E
Mean Time ! E
B 2 e 3
o E ¥ F E
§ = § 02F =
a = @ E =
= E = o3 —
= 04 3
— E = 3
E Ea_L 1 L L L 210
I B B T 220 240 260 780
240 260 280 RunNumber

RunNumber

Well centered about zero, Gaussian, and little run-by-run variations




prof Z0 Eta orof QPt DO

1.5

Q/Pt
Plots showing the mean track time against 2 calibration parameters
“Heat” (blueness and redness) indicate some variation in time for tracks with certain parameters




1. New Timing Calibrations — Cont.

e Conclusion =2 This procedure sets the average track
times to zero, but leaves room to calibrate out the
correlations between the calibration parameters

e Better sensitivity requires better calibrations

— Calibrate Track Times - Coarse Calibration of
Track Times

— Calibrate Vertices - Calibrate time between
tracks and associated

— Calibrate EMTiming Time vertices (Delta T)

- Corrections to set mean
Collision Time to 0 at Z=0
- Calibrate EMTiming Time
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1. New Timing Calibrations — Cont.

e Calibrate Track Times relative to the average of all
collision times (t=0)
— Exactly the same as before, use as Ot order correction

e Calibrate track times relative to their best-guess
collision time event by event

— Associate tracks with a vertex (collection of tracks) and use this
as the best estimate of what the track time should be.

— By calibrating w.r.t vertex time instead of “zeroing,” potentially
no need to calibrate vertices anymore

e Corrections from Z offset

— Take into account that mean collision time is not always zero but
varies depending on where the collision occurs in the detector.
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:
rof Z0_Eta pro rof QPt DO Entries 541511

Entries 541511
1.5 Meanx  1.541 1.5 Meanx  -0.05372
Meany -0.0092 Meany -0.0008259
RMS x 26.79 | 1.458 P
1 RMS 0.6736 1

of o0 0
s i g1
J..

0 0
-0.5 0.5

- : -1

Q/pt

More motivation that DeltaT corrections will help improve sensitivity




1. New Timing Calibrations — Z “offset”

* Proton and Anti-Proton bunches have different widths

— Leads to a correlation between the mean track time and the
collision Z position.

— (More information in CDFNote 9812)

— Take into account this correlation—=> Set T=0 at Z=0

This slope is seen in both track times S I | R
L RMSy 1.255
and vertex times (vertices follow o E—
tracks nearly identically) £ | iﬁi wan”
~ SNET=as +£F+*+¢+¢ RMS 2217
+ RMSy 1.254
g 0 pees % -ﬁﬁ%% -------------- Integrak - - - == - - -3.349
Measure offset run-by-run, all runs I: **Hﬁﬁﬁim&ii -
RTI
may not have same slope and offset 'é . ﬂjﬂ _
. 0.5 | N L Ly o o R =
—> Processing as we speak! e T N T S R
y

N.B: Plot is before this last correction
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2. New Background Estimation

e Cosmics rate in the (2,7)ns region estimation
previously done by assuming they have a flat rate,
measuring their rate far away from the collision time
and then extrapolating into the signal region

—r—
Il Right Vertex
I Wrong Vertex

-
I
I
e Assumed flat rate of | I coumies
. . %310 I
cosmics since they s | comann
arrive flat in time %zst ... e

Extrapolated into Timing Region

80 100
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Not all cosmics will pass the 10°
requirement, lose some due to "
detector measurement biases. <
% 10
Previous measurements assumed that 1
the losses only occured at the edges.
-

* With more statistics, we see a small slope in the region

around the mean collision time

CDF Run Il Preliminary

ST I T N W T . ) N [N B [ A L B ) I O .
- Cosmics Sample —
% ®  63fb'Data ?
E - “a 3
- ‘Pf % 7
g e R
E 4@ .é $§
o Jeg 0 -
i & 4
- k|
o .

0 -40 20 0 20 40 60 80 100 120

t... (ns)




2. New Background Estimation — Cont.

e With the full dataset, we can measure the
shape better from [20,80] ns instead of the
previous average rate estimate

CDF Run Il Preliminary
150 y

+ I : * Non-zero slope means
- more background events
2 100 +H‘H'+ ++++ 7 enter the (2, 7) ns region
Y ; + ﬁ#ﬂjﬁr : than previous estimates
‘g + Exclus 1
s ; fﬁ:ii’ﬁ;t.ﬁ;efm“ + | e Recalculate new estimate
it T T 4 : of cosmic events in the
N . (2, 7) ns region
-40 -20 0 20 40 60 80 100 120
toorr (NS)

N.B: Sample with 2P, = 0 and no vertex at all
was used. Reduces to mostly cosmics
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4

e Using this new cosmics estimate gives a new result:

> 18748

Quantity Prediction

(Events) (Events)

Number of Events from Cosmic Rays 158 + 4
expected in the Signal Region

Number of Events from Wrong Vertex 126 &+ 24
expected in the Signal Region

Total Number of Events Observed 322
in the Signal Region

e This now gets rid of the entire excess!
* New significance is 0.40

> 122424

New Expected Total = 310+24




3. Future Plans with Full Data

e Last result used 6.3fb1 of data

e Tevatron delivered about ~10fb-1

 For our analysis, use anywhere between
8.8fb! to 9.6fb! (some runs may be removed)

e Compile final answer with full dataset and
possibly set limits on new physics production
Cross section

(If time)
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Conclusion

* Plan is to update this important analysis using
full data:

— Performing better timing calibrations that can
improve the sensitivity

— Use new background estimation with slope fit

e Tools in place to cross the T’'s and dot the I's
on the last iteration of this analysis

e Nominally in position to finish December 2014
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Quantity

I Selection Cut

E}M cluster Er

1 cluster with E7 > 30 GeV

Fiducial

[Xces| < 21 em and 9 < [Zegs| < 230 cm

Hadronic fraction

Euap/Eem < 0.125
HadE > —0.3 + 0.008 - 5 [13]*

Energy isolation

Ee o4 < 2.0+ 0.02- (Er — 20.0)
CES E/E > 0.2 [13)*

1st CES cluster
energy (Ecgs cut)

Elve T Eunre > 10 GeV

2nd CES cluster
energy

The bigger quantity of the CES 2nd cluster strip
or wire energies required to be smaller than one
of the two corresponding sliding cuts:

(1) B3 < 0.14Er

(2) E&S <2.4+001. Er

PMT spike rejection*

— 1EpuTi—EpMmTal
APMT — Epyri+Epuyto <0.6

“Track Multiplicity

Number of N3D tracks either () or 1

Track Pr

IfN3D=1—= Pr <1.0+0.005- Er

TABLE 1V: The good photon selection cuts. Note that these are standard photon ID cuts for high Er photons [17], with the
following exceptions (marked with a * on the above table) described in CDF note 9625 [18]: the standard yZgg cut is removed,
and the PMT asymmetry cut to reject PMT spikes, and two new cuts on Hadronic E and CES E/E to reject cosmics.




Overview — 2012

WYV Mean Shift Effects

 [E; threshold effect — Events around the E; cut of 45 GeV get
simultaneously promoted into and demoted out of the event
sample due to t,,,- being calculated incorrectly by the choice
of a Wrong Vertex

— Mitigated by measuring E+ from the center of the detector instead of
where the picked vertex is along the beam.

 Fake Photons — Events like W — ev that fake photons after
detector material interaction (Brehmstrahlung) also cause
shifts in the mean as they traverse through

— This effect can be reduced by rejecting events that have a track within
a AR < 5 of the reconstructed photon
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2012 Overview — Cont.

e Lost Jets —For QCD yj events, vertices tend towards larger |Z|
positions even if they are the right vertex. This leads to jets
that are shallow and can leave the detector by pointing
outside of it, and hence, appear as missing energy

— By requiring that events at |Z| > 60cm not be allowed into the final
sample, this cut reduces the contribution of this effect considerably

 All the aforementioned effects reduce most pathological cases
of biasing the value of the Wrong Vertex mean. However, an
estimation of the actual mean still remains

Preliminary Exam — Vaikunth Thukral 41/44



COT_t0
Entries ;51275

. A M 0.02224
10° T ' ' T T T T Rms. 0.4383
L Integral 2.641e+06
. L oa
ntries
[7,) B Mean 0.00616
c L RMS 0.4187
n Lintegral __2.823e+06
o L ]
ey
(7]
_E L i
()]
> . . .
@ | | will provide better resolution
T T T I D T T R T
40 8 6 4 -2 0 2 4 6 8 10
DeltaT
COT _pos vs Z0 COT_neg_vs_T0Sigma
Enftries 7641478 Entries 7823225
Mean 1.014 Mean 0.3954
05F T " " T " T " T " " T " " Meany 0.02217 05 T T T T T | Meany 0.006077
RMS 2217 RMS 0.09305
RMSy 0.4411 RMSy 0.4224
Integral -1.526 Lintegral 0.05819
= -
= i
v o
(a] by Al (]
c 0 '"i%@;ﬁﬁiﬁfﬁﬁﬁﬁiﬁiﬂﬁdﬂﬁﬁﬁﬁiﬁﬁmﬁ;fjﬁ_ L b F g 3200
© g WLH—F_PHHPW
§ Irt:t‘.)‘l‘ neq vs_Z0 (]
Mean 1141 E
Meany 0.006077
RMS 2247
0.4224
e 0.5702
5k v 1 ] ¥\ Y-J S T T I I S P I
-60 -40 -20 0 20 40 60 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

z TO Sigma




0 (Sl ey et ze+ P

—PDF —exp *»  *5

Mt
2 2
cl = —z 9% "%
2 2/
O’F-l-O'P

Solving for time gives a slope

2
Tp

Mean Vertex Time (ns)

2
5

0.2

01

01

-0.2

) = 0.

-II|I|‘II|II|I!II|I|III|*II-

*/

[ 3 1
lelf’lI|IIlI.|IIll|IlJlIII

20 0 20
Vertex Z Position (cm)



CDF Run Il Preliminary

Cosmics Sample

10% =
= ®  B3fb'Data =
0 10% o Yo,
R Y
8 2 5l L

5 ¢
5> 10 Jjea 4=
L Late ps
Ly ‘- 4 -
& ‘ A
- L

1 »

-
Weo —=40 =20 0 20 40 60 80 100 120

t... (ns)

e As the cosmic arrival-time is further away from the expected
collision time, we don't do as well at collecting the full energy of
the cosmic. Only integrate the energy for 132 ns around the
collision time.

 This causes the sharp edges at both sides.

e Had assumed it was flat in the central region, especially near the
signal region.



