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HyperCP Physics Goals

Primary Goal:

e A search for exotic sources of CP violation in =~ /=% and A/A decays.

Secondary Goals:
e Search for CP violation in K* — 37 and QF — AK* decays.
e Search for rare and forbidden hyperon and charged kaon decays:

— Lepton number nonconservation in == — pu~ .
— Flavor changing neutral currents in hyperon and charged kaon decays:
O = Zptp B = puteT, Q0 = EptuT, KT — it
— AS >1decays: == - prnan, Q0 - An", 0 - pK 7, Q0" —pr .
-

— Q) s =",

e Measure various hyperon production and decay properties:
= (=%) and Q7 (Q") polarization.
— 3 decay parameter in =~ decays, and hence the Am strong phase shift.

— o decay parameter in QF — AKT decays.

— Hyperon production cross sections.
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The HyperCP Spectrometer
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L eft-side muon
hodoscopes

ik

Muon
proportional

Calorimeter tubes

Right-side muon
hodoscopes

Analyzing Right-side

=
5 ‘ magnet hodoscope
° Z
Muon system

AA
Vacuum Hm \l
decay
region

5m

e 300 GeV/c incident proton beam.
e 10-15MHz, 167 GeV/c charged beam. and calorimeter.

e 8 high-rate, narrow-pitch wire chambers. SS(>1 hit)-0S(>1 hit)-Cal(>40 G eV)
e Muon system for rare and forbidden hyperon N B N

and kaon decays.

e Simple, low-bias trigger using hodoscopes
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e Target length changed to equalize channeled beam rates
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HyperCP Data Acquisition System

e All custom front ends: no CAMAC, Fastbus,
or VME. pre /)

q Discriminators
Twist and Flat

e Sustained data logging rate of 27 MB/s onto e
27 Exabyte 705 tapes.
RN RN

Buffered 7|
Encoders

HEOOOEA0
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A 4
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HyperCP Yields

e In 12 months of data taking we recorded one the largest data sample ever by
a particle physics experiment: 231 billion events, 29,401 tapes, and 119.5 TB

data.

Events

Year
Trigger 1997 1999 Total

Cascade 39 x 10? 81 x 10 120 x 10°
All 58 x 107 173 x 10° 231 x 107

Reconstructed Events

Channeled beam polarity
Type + — Total
= — Am 458 x 105 2032 x 10° 2490 x 10°
K — mnm 391 x 10° 164 x 10 555 x 10°
QO — AK 49 x10° 141 x 10  19.0 x 10°
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HyperCP Data Set Enormous!

e Data volume compared to other, much larger experiments (E. Augé, EPS HEP 2001).

Parameters  Aleph Babar HyperCP CDF CMS

Event Size (KB) 250 50 0.5 250 1000
Events/yr (10%) 0.004 2 240 2 2

Data/yr (TB) 1 100 120 450 2000

Manpower 300 500 42 600 2000

e Note:
— One copy of the Encyclopaedia Britannica: 1 GB.
— The World Wide Web as of September 11, 2001: 5TB.
— A video store (5,000 videos): 8 TB.
— The Library of Congress (not counting pictures): 20 TB.
— The Internet Archive (from 1996 to October 2001): 100 TB.
— It would take 576 years to download all this data at 56 kbaud.
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Data Reconstructed on Fermilab Computer Farm

e Done by three people(!) using a
web-based interface.

e Took 11 months at about a
364 GB/day rate.

e Called “Tour de Force — by a
small experiment,” in summary
talk at the International Con-
ference on Computing in High
Energy and Nuclear Physics

e PostgreSQL database used to
keep track of data.

o A total of 35,847,274 histograms
with information on reconstruc-
tion and detector performances
were generated automatically in
the farm processing.
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Masses from the Farm Analysis

X104
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Why Search for CP Violation in Hyperon Decays?

o After 40 years of intense experimental effort — and many beautiful experiments — we still
know little about CP violation: the origin of CP violation remains unknown and there is
little hard evidence that it is explained by the Standard Model.

e The asymmetry can be relatively large: up to several x1073.
e The price is modest:

— No new accelerators needed.

— Apparatus is modest in scope and cost.
e Hyperons are sensitive to sources of C'P violation that, for example, kaons are not.

e (P violation is too important, and experimental evidence is too meagre, not to examine
every possible manifestation of the effect.

“We are willing to stake our reputation on the
prediction that dedicated and comprehensive
studies of C'P violation will reveal the presence
of New Physics.”

Bigi and Sanda, CP Violation
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Short Primer on Nonleptonic Hyperon Decays

= — Am™ AN — pr™

e Decay violates parity. Hence angular
distribution of daughter not isotropic (if
parent is polarized)

% = %(1 + a, P, cos )

e The magnitude of the parity viola-
tion is given by «,,.

e The slope of the daughter baryon cos@
distribution given by:

a, P,

e The daughter is polarized:

5. _ (0 + By pa)pa+ BBy xPa) + 1p(Bax (B X))
(1‘|‘Oéppp o ﬁd)

ﬁd:&pﬁd if ﬁp:O
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Hyperon a Parameters

QL=
Q =7
Q - AK
= S NA\TT
=L AT
2 - N1t
> prt
>t LNt
A - N .
N\ - p1t o

L) O
- —

e All are non-zero except for the three in €2~ decays.
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How to Search for CP Violation in A Decays

Due to parity violation the proton likes to go in the direction of the A spin:

dN(P) _ No
dcosf 2

Under CP the antiproton likes to go in the direction opposite to the A spin:

(14 ap Py cosf)

N —pr—

If CP is violated the slope of the proton A O prr
cos 6 distribution is not the exact oppo- slope = apPp
site of the slope of the antiproton cos @
distribution.

QA 74 —OA
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Problem: Producing A’s of Known Polarization

A/A’s of known polarization can be produced through the decay of unpolarized =~ /§+’S:

=" — Am~ =" 5 At
If the = is produced unpolarized — which can simply be done by targeting at 0 degrees — then
the A is found in a helicity state:

A — Q=pyx

dN(p) _ No
dcos b 2

dN(p) _ Ny
1 = = 1+ apa=
(1 + apazcosh) T (1 + apa=cosb)

If CPis good, the slopes of the — _
proton and antiproton cos 6 dis-

o o o . gope:a:a
tributions are identical, and: N N

dcosB

LY § /\—)DT[-

A=\ — A=A
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We are sensitive to both = and A CP violation

What we experimentally measure is the
slope of the proton (antiproton) cos(6) dis-
tribution in the special A rest frame where
the A momentum direction in the = rest
frame defines the polar axis: the Lambda Z

Helicity Frame. = Rest Frame

P
=
D
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If CP is not violated == and =" decays appear identical

e
N Helicity Frame
' =T - AnT - pn

Po

dP 1
T 5(1 + azay cos 0)

[

=t — Ant - prtwt

dP
= (1 =0
- %( + azag cos )
=+ Rest Frame — 5(1+(—a5)(—041\) cos 6)

= 2(1 + azay cos )

If we exactly flip the spectrometer magnetic fields and we keep the chamber, hodoscope, and
calorimeter efficiencies the same we have a C'P invariant apparatus.
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Spectrometer Magnetic Field Difference Small

e Hall probes measured field to 1x10~* T precision.
e When flipping polarity, field magnitude kept within ~2x10~%.

e This corresponds to a ~0.3 mm deflection difference at 10 m for the lowest momentum

(~10 GeV/c pions).
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Chamber Efficiencies from Positive and Negative Running

e — data: solid line
e | data: dashed line
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J

Hodoscope Efficiencies from Positive and Negative Running

Absolute Relative

T Y

e — data: solid line.
e | data: dashed line.

E |

e Differences where it mat-
ters <0.1%.

Efficiency

e Redundant counters make
real inefficiencies vanish-
ingly small.

-IIIIIII LILILE BLELL IIIIIIIIIIIIIIIIIIIIIII

) 5 10 15 20 5 10 15 20
e T'wo rows on OS side. SS Hodoscope Counter Number SS Hodoscope Counter Number

e Two particles on SS side.

Efficiency

I_IIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIII

5 10 15 20 ' 5 10 15 20
OS Hodoscope Counter Number OS Hodoscope Counter Number
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Calorimeter Efficiencies from Positive and Negative Running

Trigger:

: ; 1 CAS = SS(>1 hit)-OS(>1 hit)-Cal(>40 GeV)

0.020
30.015}
50010
o005}

0.0 s

| IS S W AN TN TN RN SN AN TN TN ST SN N TN ST SN T N T ST ST N
-70 -60 -50 -40 -30 -20
Proton x position at the calorimeter (cm)

-100 -80 60 -40 20 0 20 40 60
X (cm)

II§III-

e Proton momentum has z and y de-

Inefficiency

pendence = Calorimeter efficiency AT R S . 1
70 60 B0 40 30 20

has x and Yy dependence, Anti-proton x position at the calorimeter (cm)

e No slope dependence in difference in
calorimeter efficiency.

e Difference in positive and negative A I RV R R
=70 60 50 20 30

efficiencies due to different rates in x position at the calorimeter (cm)

Difference neg. - pos.

calorimeter.
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Phenomenology of CP Violation in = and A Decay

e CP violation in = and A decays is manifestly direct with AS = 1.
e Three ingredients are needed to get a non-zero asymmetry:

1. At least two channels in the final state: the S-and P-wave amplitudes.
2. The CP violating weak phases must be different in the two channels.
3. Their must be unequal final-state scattering phase shifts in the two channels.
AA = (OAA + CKK)/(OzA — OAK) = —tan (5]3 — 55) sin (¢p — (bg),
AE = (OZE + &g)/(&g — Ozg) = —tan (5p — 55) sin (gbp — qbg) .
| —_———
strong phases weak phases

e Asymmetry greatly reduced by the small strong phase shifts.

— The pm phase shifts have been measured to a precison of about one degree:

A 0p = —L1£10°
§g = 6.0%+1.0°

— The Arm phase shifts can’t be measured, and theoretical predictions disagree.

—2.7° = —°
—18.7° 0°

} 1965

} recenty PT’
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What do we Expect: Theoretical Predictions

e Beware of theorist’s predictions. Calculations are notoriously difficult, and results are not
reliable to better than an order of magnitude.

“Gwen our crude estimate of the hadronic matriz elements involved, all our

numerical results should be viewed with caution.”
He and Valencia, PRD52 (1995) 5257.

e Standard Model predictions range from about 10~* — 107.

e Hyperon CP violation not the same as kaon CP violation!

e For example, some supersymmetric models excluded by ¢ for LR=RL case
that do not generate € /e can lead to Ay of 10|
O(107?). ;

IAA)sysyl
(BN
o
Too large €'/e

X\““““‘
. AR NNY
KA NN NN N AN N N\
AN NN NN

A AN

AN NN A
AN —
AN NN NN _ A
NSNS AN AN

A >
A o
A NS L

: S e ———————

104 103
(7€) susyl

[EnN
=
ol

\World Average

He et al., PRD 61 (2000) 071701(R).
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Comparison of ¢ /e and A=, Ay

¢'/e Azp

e Thought to be due to the Penguin diagram e Thought to be due to the Penguin diagram
in the Standard Model. in the Standard Model.
W-

S u
95 u
u >
d gg} T
N\ - prt

K -

e Expressed through a different CP-violating e Expressed through a different C'P-violating
phase in the I = 0 and I = 2 amplitudes. phase in the S- and P-wave amplitudes.

e Probes only parity violating amplitudes. e Probes parity violating and conserving am-
plitudes.

“Our results suggest that this measurement is complementary to the
measurement of € /€, in that it probes potential sources of CP wviolation
at a level that has not been probed by the kaon experiments.”

He and Valencia, PRD52 (1995) 5257.




Craig Dukes HyperCP BNL Seminar

University of Virg

Difference between HyperCP and ¢ /¢ Experiments

e Kaon experiments measure simultaneously
4 different decays with 2 different appara-
tus:

Ky — 27°

Ks — 27 }calorimeter

Ky — 7nfn™

+

} wire chambers

Ky — nn™
(Ks — 27°)/(Ky, — 27°) €
Ko rorfie e =10 (¢)

e K;, — 27°, m—«" have small branching ra-

t10s.

e HyperCP measures alternately 2 identical
decays with identical apparatus:
= — AnT
— pT
=" > Axt

— pﬂ'"'

e — — Am and A — prm have large branching
ratios.
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What is the experimental situation?

e There are no limits on A=.

e A, has been measured to 2x1072.

Mode Method Limit Exp
Ayn pp — AX, pp — AX —0.02£0.14 R608
Ay efe = J/— AN 001£0.10 DM2
Ay pp — AA 0.010 £ 0.022 PS185

e There is a new measurement of A=y, based on the HyperCP technique.

Mode Method Limit Exp Date
Azp pN — =Zm — Am — prr 0.012£0.014 E756 2000

e This measurement of A=, can be used with measurements of A, to infer a limit on A=.
e None of these measurements is in the regime of testing theory:.

e HyperCP is pushing two orders of magnitude beyond the best limit.
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Two Different Analyses Being Done in Parallel

West Coast (LBL):
Hybrid Monte Carlo Method

e Compare corrected cos 6 distributions.

e Take areal = — Am, A — pr event, discard
proton and pion, generate 10 new unpolarized
A decays.

e Advantage: Absolute measurement of ayaz=.

e Disadvantage: Monte Carlo must be very, very
good, and fast: ~20 billion events needed.

East Coast (UVa):
Weighting Method

e Compare uncorrected cos(f) distributions.
e Force the = and = events to have similar

momentum and spatial distributions by
appropriate weighting.
e Advantage: No Monte Carlo needed to measure
apparatus acceptance, smaller statistical error.
e Disadvantage: inflexible, event-size dependent
analysis.
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Weighting Technique

e Problem: Geometical acceptance identical for =~ and = decay products only if parent =~
and =1 have same momentum and inhabit the same phase space exiting the collimator.

e Solution: Weight the =~ and =" events to force the two distributions to be identical.

-
-

2 Fill + histograms 175
Pass using + weights 15

Bin data in .
—( =p,y, dyidz Calcuate /

+ weights % 125
d

-
-~ ¥
— -
wArAnAvAr A AR AvAn A A A A A AL A0 L
i A

100° bins

IIII*IIIIIIIIIIIIIII

1
Bin data in 0.75 ..."'*

[ =
Calcuate -TIIIIIIIIIIIIIIIIIIII

— % ( =p,y dyldz Calouete
100" bins sl IR 75 100 125 150 175
M Fill - histogr:;ms} Proton z momentum (GeV/c)
using — weights

Ratio of proton to antiprotron momenta

before and after weighting.
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Momentum, y slope, y Position at Collimator Exit Weighted

e Momentum magnitude, y slope and y posi-

tion different.

Variable # cells  Cell size
= momentum 100 2.25 GeV/c

y position at collimator 100 0.013 cm
y slope at collimator 100 0.08 mrad

Events/1.15 GeV/c

- Solid lines T T —
. = Y,
T Dashed lines momenturm (GeV//c)

Events.015 cm
Events/0.0001

PR T S T T NN TR T AN SR H AN AR S A SR . [ \_ TN AN NTT N NNUHRNTNAN SR S ‘\- b
-0.6 -0.4 -0.2 0 0.2 04 ! -0.005-0.004-0.003-0.002-0.001 0O 0.001 0.002 0.003 0.004 0.C
=y position at collimator exit (cm) = y slope at collimator exit
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and =" x Slopes and Positions not Weighted

e Distributions almost identical = cut out regions where they are not.
e — : Solid lines
e =" Dashed lines

~1 075 05 025 0 025 05 075 1 . ) 01 005 0 005 01 015 02,
= X position at collimator exit (cm) = x slope @t collimator exit x 10

v by e by by by by by by by e ey by by by s b by
075 -05 -025 0_ 025 05 075 1 01 005 0 005 01 015 02,
= X position at collimator exit (cm) = x slope at collimator exit x 10




Craig Dukes HyperCP BNL Seminar University of Virginia

Extracting the CP Asymmetry

e Determine weighted proton and weighted antiproton cos 8 distributions.

dN_ N_ N,
=A_ —(1+as 0_ e
(14 azay cosb) Jeos b,

N
m 2 - A+;(1 + Q=0 COS@+)

e Take the ratio of cos @ distributions and
fit to:

_ 1 + a=ap cos O
E(d,0) = &5 + (azapy — 0) cos 6

=
o
=
o

to extract asymmetry o:

J = A=A — A=00A

e 5 9

Q= A + Q=0 200=00)

©
©
©
a1

)
=
g7
o
o
D
2
&
)
E
k=
&

e Note: acceptances cancel out!

R
o
©
©
o
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Monte Carlo Tests

Important! Monte Carlo only used to:

e Verify code and algorithm.
e Study a few systematics.

Final result has no Monte Carlo dependence!

Problem: How do you generate ~1 billion MC events? Solution:

e Take =, p, x and y from real data at exit of collimator =

CHMC (Cascade Hybrid Monte Carlo).

e Run on Fermilab farms.

Take . CHMC
£ momentum, Store in Simulate 5 + data

and XY position intermediate - CHMC events
at Collimator files. for each real

exit. event.
CHMC
—data

University of Virginia
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J

Monte Carlo Results
With an input ¢ = 0:
§ = (—1.35%1.41)x10~*
Az (2.31£2.41)x10~*
x*/ndf = 0.79

8

[
o
=
o
IIIIIIIIIIIIIII

i

@ d
2
2
o
)
2
&
g
o
o
3
o

o
Q
©
o

_IIIIIIIII.II_

0.985 | | .

A | A | A |
0.980:"'"""""""""""""""""" -100 -50 O _450 100
T-"08 06 04 -0.2002 s 02 04 06 08 1 6i nput (X]_O )

Proton cos 6 distributions, weighted and un- Difference between input and measured
weighted. asymmetry ¢ as a function of input 0.




Craig Dukes HyperCP BNL Seminar University of Virginia

The raw proton and anti-proton cos(f) distributions

x 103

i Entries 67739441
3400 F Mean -.5279E-01
RMS 5735

3200 |
3000
2800

2600 |

2400

2200 |

2000-...I...I...I...I...I...I...I...I...
- -08 -06 -04 -02 0 02 04 06

cos(0)

e [rom the farm analysis.
e No acceptance corrections have been made.

e The two momenta distributions have not been normalized to each other.
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Proton, A-pion, =-pion Momenta Before/After Weighting

x 103
1500 : 1.75
15
(@]
= 1.25
1
0.75
L1 11 | 1 L1 1l | Ll Ll B L1 1l | Ll Ll | L1 11 | Ll Ll |

75 100 125 150 175 75 100 125 150 175
Proton z momentum (GeV/c) Proton z momentum (GeV/c)

—— I
——
——
——
——
—— -
——— e

AAA_‘_FR*AAAAAA“A“-

-.-

1000

a1l
o
o

———
_._

Events/(5.5GeV/c)

_’IIIII*IIII'IIII'IIIII

o

X

=

o
N

10 20 30 40 €10 20
A\ pion z momentum (GeV/c) A\ pion z momentum (GeV/c)

Events/(1.95GeV/c)

xR
L, @
o .5
gr—i
= =
9 o
o &
n o
|+

o: before weighting
A\ after weighting

b

1.75
1.5

o
7125
1
0.75

L
60 60
= pion z momentum (GeV/c) = pion z momentum (GeV/c)

Events/(2.75GeV/c)
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A and = Decay Vertices Before/After Weighting

x 102
7000 11
5000 1.075
000 1.05
1.025
4000 )
3000 0.975
2000 0.95
1000 0.925
O ]

] ] ] L ]
500 1000 0.9 500 1000
= z vertex (cm) = z vertex (cm)

Events/(32.25cm)

3

xR
(D@
o &
C:r—i
=g
E% x 102
o &
n o
|+

o: before weighting
A\ after weighting

5
.’..

Events/(32.25cm)

'I'I'I'ITH:Fl:F:H-r-r-l_-c.l_ll!.lllllllll||||||||
——

| 1 1 1
500 1000 ' 500 1000
N\ z vertex (cm) N z vertex (cm)
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The CP Asymmetry A=z, from Weighting Method

e Data broken up into 18 sets.

e No acceptance corrections.

e No efficiency corrections.

1.020

1.015F

1010

1.005 [ -]

1.000

0.995 :

Ratio (negative/positive)

Analysis subset number

0.990 :

Weighted average of all 18 data sets:

0.985F

0980 [ e o
-1 -08 -06 -04 -02 0 02 04 06 08 1
cos 6

(—0.943.0)x10*
(1.5£5.1)x10~*

Proton cos # ratio from Analysis Set 1
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The CP Asymmetry A=), from HMC Method

e Use real A decay vertex for Monte

Carlo (HMC) events.

e Generate isotropic A decay HMC
events and then weight by

1 + apaz cos O\
1 + apa=cosf

W(apaz) =

real

e Vary ajaz until best fit between data
and MC is obtained.

Monte Carlo verification of HMC

x 103

University of Virg

1400 k
1200 |
1000 f--.
800 f
600 [
400 f

0 b

RS !
c?s(thet?) DAT;A 1100

1.075
1.050 F
1.025 F
1 C

0.975
0.950
0.925

e iy 0.900

-1 -0.5 0

. I L g g g
0.5 1 -1 -05 0 0.5
cos(theta) weighted HMC cos(theta) RATIO

Input: apa=z = —0.2927
Output: apoz = —0.2953, x? = 15/19 dof.

nia
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MC Weighted and Unweighted A-pion p,

x 102
6000

5000

4000
3000
2000

0-0.2 -0.1 0 0.1 . . -0.1 0.1

1.3

px_Ipi MC INPUT (GeV) px_Ipi HMC (GeV)

||I,M§M.Ww.¢;wn'.m§m'l.ﬂ.

0.8

O'7-0.2 -0.1 0 01 02 -0 -0.1 0 01 02

px_lpi RATIO (GeV) px_|pi WEIGHTED RATIO (GeV)

e Momentum p — x of mp weighted with previously established value of apas=.
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HMC Measurement of aya= vs Run

e Prescaled selection of entire 1997 and 199 data set:

o 15x10% =~
e 30x100 =

11 | 1 1 | 1 1 | 1 1 | 1 1 | 1 1 | 1 1 | 11 1 | 1 1 | 1 1 | 1 1
3000 3200 3400 3600 3800 4000 4200 4400 4600 4800
Run

Average apnaz = —0.2830£0.0004 (stat.)  x? = 26/19 dof
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Systematics

Any effect which adds or subtracts events unequally from the == and =" proton and antiproton
cos # distributions will cause a false asymmetry if not corrected for.

There are several classes of biases.

1. Acceptance differences:

e Differences in the == and = momentum and position at the exit of the collimator.

e Efficiency differences: hodoscope, trigger, and calorimeter.

e Different reconstruction efficiencies due to different interaction cross sections with the
material in the spectrometer between the 7= and 7+ and between the p and p.

2. Momentum differences.

e Differences in the spectrometer magnetic fields.
e Effect of Earth’s magnetic field.

3. Different =~ and =" polarization.

e This means that the A is no longer found in a simple helicity state with the polarization
magnitude given by az=, but rather by:
B _ (o + P= - pa)pa + B(P=xpa) + y(pax (P=xp))
(1 + aP=- ]5/\)

4. Different backgrounds in the two data samples.




Craig Dukes

HyperCP BNL Seminar

University of Virginia

Helicity Frame Analysis Naturally Minimizes Biases

e The helicity frame axes
changes from event to event
since we always define the
polar axis to be the direc-
tion of the A momentum in
the = rest frame.

Acceptance differences lo-
calized in a particular part
of the apparatus do not
map into a particular part
of the proton (antiproton)
cos 0 distribution.

N\ Helicity Frame

z

= Rest Frame

z

= Rest Frame

N\ Helicity Frame

-1

|
0
cost Ap

Important! Overall acceptance differences do not cause any biases.
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Example: Power of Helicity Frame Analysis

=~ (—2.5 mrad) vs =7 (+2.5 mrad)

", -2.5mrad
Sample 1 i +2.5mrad

proton beam

55000 |-

10 08 06 -04 02 0 02 04 06 08 10
cos(Opp)

e No statistically significant effect at the several times 1073 level, with no attempt of correc-
tion!
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Effect of Targetting Angle on Fixed Axis Analysis

76000

74000

72000

70000

68000

=,-25mrad

=, +25mrad

¢¢¢¢

-08 -06 -04 -02 0 02 04 06 08

cos(Q,)

1

e Dffect on the fixed-axis cos 6, distribution is huge!

", -2.5mrad
S, +25mrad

S, -25mrad
S, +25mrad
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Weighted Analysis Bias Error Summary

Systematic Method §A=x(107%)
x position at collimator exit cut  Data 0.8

x slope at collimator exit cut Data 1.4
Analysis magnet field Data 1.2
PWC inefficiency CHMC  negligible
Hodoscope inefficiency Data 0.3
Calorimeter inefficiency CHMC 2.5
Background Data 2.2
Bin size Data 0.4
CHMC error CHMC 2.0
Particle interaction differences MC 0.9
Error on aappg Data  negligible
Polarization MC negligible
Earth’s magnetic field CHMC  negligible
Total systematic error 4.5
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Background Bias

e Background fraction:
=7: 0.43% (lines)
= 0.41% (circles)

e Regions:

e Signal:
1.3164 GeV/c*~ 1.3276 GeV /c?.

e [Low mass:

1.29 GeV/c* 1.31 GeV/c?.

e High mass:

1.334 GeV/c* 1.354 GeV/c?.

Events/0.35MeV/c?

]
Low mass: 0 = (—2.240.5)x 107
High mass: § = (—3.84:0.7)x 1072
e Weighted background asymmetry: _ 1.32 1.33

Azp(back) = (2.240.5)x 10~ prutinvariant mass (GeV/c?)
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Asymmetry 0 vs Momentum and Beam Intensity

40

+

low  medium  high 01 0 01 0.2
= Momentum Average intensity diff (x10°)
Low: 120 GeV/c — 158 GeV/c
Middle: 158 GeV/c — 174 GeV/c
High: 174 GeV/e — 225 GeV/e
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Preliminary Results from CP Violation Search

Weighting Technique:
o ~10% total data sample
e selected from end of 1999 run PS185 E756

e 118.6 million =~ .
N | A, A

e 41.9 million = \=p

e no acceptance or efficiency corrections

Az = [1.545.1(sta)4=4.5(sys)| x 10~

HMC Technique:

o ~ 5% of the total data sample

e prescaled selection of 1997 and 1999
e 15 million =~

_|_

e 30 million =

Az = [T£12(sta)46.2(sys)] x 10~

e 20X improvement on previous result. I
-0.03 ' ' '

1994 1996 1998 2000 2002 2004
Y ear
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Measuring the A-m Strong Phase Shift

e This can be done by looking at the A decay distribution for polarized =~ decays.

e For polarized =~ decays the A is no longer found in a helicity state with magnitude az,
but has polarization:

= azpa unpolarized

_ (=4 Pepa)pa+B=(Pexpra)+y=(pax(Paxpa))
(+azPepa)

polarized

~ 2Re(S*P)  2Im(S*P) ISP - PP
ISP+ P2 TSErPE T T ISR+ |PP

e Neglecting insignificant CP violation effects:

g

a

g—g = tan(dp — dg) = dp — Jg
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Polarized Data Taking

p+Cu— =" +X
e HyperCP’s polarized data sample is data rich, but polarization poor.

— 142 million polarized =~ events
— Mean polarizaton 3.6% @ (pr) = 0.46 GeV/c, (zp) = 0.2.

— Max. targetting angle (2.5 mrad), and hence polarization, limited by beamline ele-
ments.
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J

The = Polarization

e Polarization extracted from the

0.00

asymmetry in the A decay using
a Hybrid Monte Carlo method.

e Bias cancelled by subtracting 005
+2.5 mrad from —2.5 mrad '
asymmetry.

}
o

@® HyperCP (0.17 < x; < 0.24)
OE756 (0.32 < x, < 0.70)
AE620 (0.29 < x; < 0.61)

78

e Mean polarization: ~ 3.6%
Q (py) = 0.46 GeV/c
<.CUF> = 0.2.

c
S
&
N
&
o

e Small polarization makes ex-
tracting 8 particularly difficult.

O 02 04 06 08 1 12
Transverse Momentum (GeV/c)
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=~ Precession Angle Consistent with Previous Measurements

o /1= = (—0.6555510.0056)un Consistent with PDG value.

e Small field integral precludes competetive measurement of p=.

s

* Hyper
® E756

mE/15
A E620

W
o

N
o

=
o

8
ok
=2
b
<))
-
<
-
2
S
al

20 20
[Bdl (T m)

o
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Preliminary Measurement of the A-m Phase Shift

Bz = —0.061+0.010150% vz = 0.89040.01013357

E756

U

PDG
0.95

Tandean et al.
0.9

Meissner/Oller

Kamal

_ Datta/Pakvasa
140 160 180 200 140 160 180 200
p- (GeVic) p- (GeVic) Luetal.

Nath/K umar °

HyperCP Result

e Using the known value of az (—0.456£0.008), L

the strong phase shift is: -20-15-10 -5 0 5 10 15 20
6p - O (degrees)

§p — &5 = tan~! (g%) — (4.641.3134)°

e This is about the same magnitude as the p-m phase shift
= CP equally likely to be seen in = — A7 decays.
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Search for Parity Violation in ()~ — AK~ Decays

O~ — AK™ AN — pr™
e Although spin-3/2, = — AK~ decay goes
much like the other hyperon two-body decays:

% = %(1 + ag P cosf)

2Re(P*D)

OZ fr—
YT P2+ |DP

i . — Q 4.6 million
L. : : : % o Q" 1.9 million
e A non-zero ayg indicates parity violation. .

0 =15 MeVic?
B/S (+50) <1.0 %

e All other hyperons have non-zero o parameters;

only the 2~ has resisted efforts to find an asym-
metrical decay distribution.

Events/0.28 (M
5 D
8 8

e Hyper(CP is searching for an asymmetry using

a Hybrid Monte Carlo analysis in the Lambda
Helicity Frame.

. = l.l67 -::;: 1.IGB 1.6l85 2
. Invariant Mass of AK (GeV/c
e Large data sample, little background. ( )
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J

Extracting Proton cosf Slope

e HMC analysis using A helicity frame r /o #oe 7 18

AO -0.3440E-03 £+ 0.3162E-03

] 1999 data, . Al 0.5042E-02 +  0.5450E-03
e Raw proton cos @ fit: :

Sy = (1.324£0.11)x 1072

a0
R=
+~
=
20
=
)]
o
2
«b)
M

Ennnflnnnflanaflannflanaflnanflnanflnanllannflann
-1 -08-06-04-02 0 02 04 06 08 1
cosO

x'/ndf 4113 | 18
AO 0.2103E-04 +  0.3164E-03
Al 0.3427E-06 £  0.5451E-03

Event Numbers

HMC—Data,

*ﬂwm [ WS
; MJ T HJ HIP+J quf Bl

TS AT SRR BTN TR
2 0 02 04 06 08 1
coso

PRRFETE ITSRPRRTAN I URTR N R
-0.8 -0.6 -0.4 -0

After Weighting

Proton cos 6 slope before weighting. L BEIEDABZ T 02 04 OF el
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Preliminary Results

ANCQ

1999: aq = [2.0140.17(stat.)] x 1072
1997: aq = [1.8440.46(stat. )] x 1072

H‘HHH “H ‘Hm {U “ ‘H | HyperCP (1999)

5,000,000
HyperCP (1997)
Q RUN-II 1,000,000
e FNAL-756 (1998)
25 50 75 100 125 150 ]I.:\Zian 2N08 1823

FNAL-756 (1998)
6953

FNAL-620 (1988)

& X
1743 S
o% o%

‘0 \‘0 RS
CERN (1984) -
12,000

m)

o
[
a

=]
[

o
o
a

. Measured Slope (S
o

-01 -005 0 005 01
a

0 %0 10 0 20 20 w0 0 40 <= Can search for CP violation in 2~ /Q% decays.
un NO.

Q" RUN-II
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Search for Lepton Number Violation

| pu~w" invariant moss before cuts

s/E MeV
8
8

Event
w
2
o
o

L Misidentified At~

u\

| Misidentified
|l n"n '’

u N
d _'

~ 95

Before cuts

Z" mass

o L b b b NG e )
122 124 126 128 13 132 134 136 1.38 1.4

Mass (Gev/c")

a0k pu u” invariant mass after all cuts

e Lepton number violating decay could imply ex-

35

istence of Majorana type neutrino.

Events / 2 MeV

30

e Not constrained by limits on neutrinoless dou-

ble (3 decay. 2

20

< 1.06x107" @ 90% CL 5

10

B(E" —pu~p7)
B(z= — An7)

e PDG limit :< 4x10~* @ 90% CL . .
(Littenberg and Shrock) L, ]

01 L Il il ""I‘I 0 1 0 1 0
2 122 126 126 128 13 /F32/|\1.34 T3 138 14
Mass (GeV/c?

After cuts

mass

e Preliminary result.
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Search for FCNC in Hyperon Decays

+ +,,—
2T — P >" L pp" U (+: 1997 run)

Vool

|

LD 70 1180 1190 1200 12

Events/1 MeV/c?

> L p T (+:1999 run)

Vo

e No observation to date of FCNC in Baryon
sector.

Events/1 MeV/c?

e B(X" — pete™) < 7x107° (PDG)
O T T T T I T T T T I T T T T I T T T T
.Y+ +,,— S 1170 1180 1190 1200 1210
e Theory: ¥ — putp~/pete” < 1/100. M (Mevic)
B(X* — putu”)
B(X"T — all)

~ 3x1078

e Very Preliminary!
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J

Measurement of the Branching Ratio
K:I: _ ﬂ.:I:Iu-l—lu—

o FCNC decay.

e Test of Chiral Perturbation theory.

o KT — xITl" also gives an estimate of
the indirect CP-violating amplitude in

K, — mete.

e In the Standard Model this FCNC decay

is dominated by long-distance one-photon

exchange:

e Recent Chiral Perturbation theory calcula-
tions unambiguously relate K+ — wrputu~
to KT — whete:
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Experimental Problems

e BR(K" — mete™) well measured:

(2.6 +0.5) x10~7 (CERN)

(2.75 4 0.23 £ 0.13) x10~7 (BNL-777)
(2.94 £+ 0.05 £ 0.13 £ 0.05) x10~" (BNL-865)
(

2.88 & 0.13) %1077 (PDG)

e BR(K" — 7"u™ 1) not so well measured!

(5.04:0.440.740.6) x10™®  BNL-787
(9.224:0.6040.49) x107®  BNL-865

= 3.30 discrepancy!
e The BNL-E787 result on R is too low:

R=0.17x£0.03  BNL-787
R =0.32£0.03  BNL-865
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Measuring the Number of K* — 75u "~ Events

K™ —antutu~ K- —nautp

(a) Positive 0] 065382 -(b) Negative

L

151

-
o
_a 1

101

54

=
o
AP 1\ P |

=
o
ANy

0 r r r
470 480 490 500 510

7

470 480 490 500 510

7

Events/2 MeV/c?

=
o
T |

Events/2 MeV/c?

[
o
P |

|\ I M, 1;1111 i ,nnnﬂnﬂm

400 450 500 550 400 450 500 550
My (MeVic?) My (MeVic?)

e Signal is clean with minimum of cuts.

e Large peak to the left of the signal is from K+ — 77 7~ decays reconstructed with the
K* — 7* "1~ hypothesis.

e First observation of K~ — 7wt ™!
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Counting the Number of K* — 7 77~ Events

e Try linear and quadratic fits to the back-
ground in the side-bands:

= 1+ Coam
= Cc1t+com+ 63m2

e Fistimated number of events in the 1997
run:

N(K* — atatr™) = (4.446 £0.010)x10°
NK~- — n rtr) = (2.318 £ 0.008)x 10°

N
O
~
>
[<5)
=
55
o
-~
(2]
+—
c
[<B)
>
Ll

[EEY
o
@

480 500 520
Invariant Mass (MeV/c?)
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HyperCP K= — 7"~ Results

e Separate branching ratios:
B(KT — nrutp™) = [9.7 4 1.2(stat) 2 0.4(syst)] x 1078
B(K~ — 7 pTp™) = [10.0 4 1.9(stat) £ 0.7(syst)]x 1073
e Combined result:

B(K* — m&utp™) = (9.8 £1.0 £ 0.5)x1078

BNL-E787
e CP asymmetry:

- I(K,) —T(KL,) BNL-E865
D(K*, )+ (K=,

T T
—0.02 £ 0.11(stat) £ 0.04(syst)  HyperCP (Pos)

(Lo,0, ¢ M)¥EXSZ0

e Our result is consistent with the Chiral Per-  HyperCP(Neg)
turbation theory calculation of
R=(K"—-atptu ) /(K" — ntete). HyperCP (Comb)

UCIbo Y UopBIa oA Ko oneiosy ] %

e 3 X more events with 1999 data.

NN Y R
4 6 8 10 12 14

Branching Ratio (10'8)
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Search for AS =2 Hyperon Decays

e SM branching ratios < 10712
= window for new physics

e Limits from K decays do not preclude an observable effect.

“ ..t is possible for new AS = 2 interactions to
induce hyperon decays at an observable level while
evading the bounds from K°-K° mixing.”

He and Valencia, PL. B409 (1997) 469.

e Preliminary results:

Mode HyperCP (90% CL) PDG limits
Q- — A~ < 2.7x107° < 1.9x10~*
=° — pr~ < 7.8x107 < 3.6x107°
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Conclusions and Outlook

e HyperCP has amassed by far the largest data sample ever recorded, with which a rich
program of charged hyperon and kaon physics is in progress.

e We find no evidence of CP violation in =* and A decays, with two independent analyses
of the data:

6Azp = (1.5 £5.1£45)x1074
0Azp = (T£12£6.2)x107*

e We will be able to push our limit to
§Azp ~2x1074
two orders of magnitude better than the present limit — assaulting CP violation from a
different direction than the kaon and B experiments.

e We have the first evidence of parity violation in 2= — AK ™ decays.

e We are breaking new ground with our unique program of searches for rare and forbidden
hyperon decays.

o Our K* — 7% u ™ branching ratio result is consistent with Chiral Perturbation theory
and favors the BNL-865 result.




