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/ The 10 Lifetime:
Experimental Probe of the QCD Chiral Anomaly
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o TC Analysis Details

e Finall o, Result

\o Summary and Outlook
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Intro: History of 10 Lifetime Experiments

1947: Pions1t) discovered in cosmic rays

1950: T discovered in cosmic rays? — yy decay mode observed af

Berkley Cyclotron (lifetime to short to measure)

Mean lifetimet,o < 10~1° seconds established by 1957 from
K+ — m°r® emulsion experiment (@ < 0.5um)

1951: Primakoff effectyy* — 1) invented

1970-5: First experiments to use Primakoff effect to measiir

Particle Data Group (PDG) Book database established by 1988

N

/
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/ Intro: History of T Lifetime Theory \

e The amplitude (4y) for ™® — yy= 0 in the Chiral limit (ng — O)
according to theory of Partially Conserved Axial CurrenCAZ)

e 1968: Adler,Bell, and Jaciw discover the axial anomaly
(non-conservation of axial current)

— Anyy - aemT[/FT[ q
— [0y = (M3/64M)Any = 7.725eV+0.5%
—T,0~0.8x101°s

— CT;0 ~ 25 Nm

\_ /
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/ Intro: Anomalies in QCD \

e Anomaly: When a symmetry of the classical theory is not presethe
guantized version.

e In QCD, the anomaly is not anomalous, it is an essential fahectheory.

e For which processes does the anomaly occur?

— Define a multiplicative quantum number “natural parity” (N#1 for S, V,
.. particles. NP = -1 for PS, PV, ...

— An anomalous reaction changes the NP:
— YT(NP = -1}— yr(NP = -1) not anomalous

— TO(NP = -1)— ywW(NP = 1) anomalous
— YT(NP = -1}— 1oqNP = 1) anomalous

e All anomalous reactions are governed by the Wess-Zuminoadragan in
XPT which permits transitions that violate certain symnestri

\ ¢ In the Chiral limit, the absolute rate of these reactiongoaeelicted by QCD/
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/ Physics Motivation

o TC decay rate is a fundamental prediction of QCD.

Chiral Anomaly
Presence of closed loop triangle diagram
results in nonconserved axial vector current, | | e

even in the limit of vanishing quark masses. 5

—In the leading order (chiral limit), the anomaly leads to deeay width:

23
— a —
Moy = —64113' 'F"nfz — 7.725+0.044 eV

whereF; = 9242+ 0.25 MeV is the pion decay constant.

— Current Particle Data Book value7s84+ 0.56 eV

\_
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/ Physics Motivation \

e LO prediction exact in Chiral limif
e Formy— O, there are corrections: T
— Due to isospin sym-breaking |
(My # mg), T, N andn/ |
mixing induced.
— Further corrections induced éys A SR, 1 L

y width (eV)

terms in the Chiral Lagrangiah. = §§m fffffffffffffffff % .
e NLO prediction for the decay = & =
Wldth |S 810 EV:|: 1% ' 1 : Ex;erime:ﬂs )

— Calc. using Chiral Perturbation
Theory and 1/l expansion.

J.L.Goity et al, Phys. Rev. D66, 076014 (2002); B.MoussallRhys. Rev. D51, 4939 (1995)

— This is4.6% higher than LO prediction

o A precision measurement of tm8 decay width is needed.

\_ /
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— Performed in 1984
Used 450GeV protons

— Result:

Uncertainty in Po (£1.5%)

\_

L:VTT[oE/m

/ CERN (Direct Method) Decay Length Measurement\

— T,0 ~ 1x1071® s = too small to measure
— Solution—Measure decay length of highly energetis:

(2)

— for E =1000GeV, k- 100um (very challenging experiment)

450 GeV/e
Proton Beam

— Dominant syst. error;

Variable Separation
70 microm Tungsten Foils

150 GeV/c Positron Spectrometer
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f The Primakoff Effect \

e 1 photoproduction from
Coulomb field of nucleus.

e Equivalent productionyy* — 1°) ANAAAAS-
and decay1® — yy) mechanism
Implies Primakoff cross section
proportional tor® lifetime.

e Primakoffr® produced at very
forward angles.

daq ~ W T @ o

\_ /
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/ Full Cross Section Components \

dGﬁ)__dOp dGC d0| x/dﬁp dOC
i0 ~do "da "da "2\ aq do co%?

Primakoff Nucl.Coherent Incoherent

5 ) Primakoff:
21 Ey = 5.6 GeV 3 _
; 2455 Target ; Proportional to 2,
S ] _ 2 /o2
sl o ] peaked abp = m7, /2E;
€ — Nuaerconeret ] Nuclear Coherent:
§ T Inconerent ]
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g" —C _ . A2y (Q)|sinOr

: dQ
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/ Experiment Overview \
e Conducted at Jefferson Lab, Fall 2004

e Used 575 GeV continuousebeam
and Hall By-tagging facility

e Tagged photons incident on
5%X, targets:12C and?%8pb

e New PrimEx/Hall B calorimeter
(HyCal), upstream of CLAS,
designed to detect’ decayy's

e Measured 3 physcal poéésses (absolute cross sectiairapr - T°
production, Secondary - Compton aricee pair production
e Improvements over previous experiments: Precision tagdkect and

incidenty energy info, enhancex angular and mass resolution, and
identification and subtraction of background event contatn

\_ /
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/ Experiment Overview

PrimEx Setup
Hall B

Sweep
Dipole

Superharp
Exp. Target

N

Dustin McNulty, Oct 21, 2009, Hall D Physics Seminar, JsfierLab, Newport News Virginia



*  PrimEx Collaboration Jefferson Lab Hall B

/ Hall B Photon Tagger \

e Single dipole magnet combined with a hodoscope containuag t
planar arrays of plastic scintillators to detect energgrdded electrons
from a thin bremsstrahlung radiator.

e Tagger has 0% energy resolution and is capable of 50 MHz rates.

Magnet return yoke

Photon-beam

T N
ey . o ™ .
~_ N
N N £ Ny RN "~ Full-energy electrons
384 E-counters NS "‘\:\“\\\::\ N
N N = \j\,\\m%\\\ ~
< EERI N
61 T-counters N N U ORI T

~ ™~ e Sl ™
N . ~. \\"\ {\r"'\\:"%\“-\ ™~ ~
~ . N O it T~
N ~ NN OONTISSsS s
™ e
N N NN A N e ~
\\ \\ \\ \\x:: \‘;‘::}\\ ~
0 im 2m 3m N N

, 4 + | N \"'- . = -
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k ,TPrimEx energy Rang 0.60 0.40 O_EOJ
0.95 .85
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/ Photon Flux Control \

e PrimEx achievement: Total uncertainty in photon f#x0.98%.

e Number of tagged photons on target JNMalibrated periodically using
a Total Absorption Counter (TAC).

e Any drifts in the tagging ratio, occurring between calilwatpoints,
are monitored online with the"e~ pair spectrometer.

0.0052

0.0051

0.005

0.0049

Relative Tagging Ratio, '*C

0.0048

Drop off due to beam

0.0047

contamination from
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/ Isotopically pure 1°C and %°8pPb \

Pb Thickness Map

Lead
target

PRIMEX

600

X

-600  -600 Y

Pb Crosscut - X = Omil

12.15
12.10

ol 1

12.00
11.95 - }
11.90

The effective number of o % \
carbon atoms/cm? in the -

carbon target is known to o XHT=0.3% %

11.70

precision of £0.05% e 20 5 20 4w

\ =
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/ Pair Spectrometer \

J relative photon flux
monitor:

by detecting e*e- pairs from ™ .
beam during the experiment

J Combination of:

» 16 KGxM dipole magnet EX¢H®

> 2 telescopes of 2x8 7
scintillating detectors

\_ /
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PrimEx Hybrid Calorimeter — “HyCal”

| Hycal Geometry Looking DOWNSTREAM |

60

40

N
o

N
o

y-coordinate (cm)
Ih 1
o o
\\\‘\\\‘\\\‘\\\‘\\\‘\\\

)
o

ol

°4

\_

o
°4

1 -40 I \-20\ I 6 I 1 \2T0 I I \4T0 I \60 1 1

e Optimal performance/cost
design

e12mx12m, 1728 channels
e 576 Lead-glassouter layer¥

e 1152 Lead-Tungstenate
crystal (nner layer}

negative x-coordinate (cm)
Lead-glass| PbWQ,
Energy Res.AE/E) 3—-5% 1-2%
Position Res.4x,y) ~5mm ~ 1.5 mm
Angular Res. 8p) | ~675prad | ~ 300prad

N
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/ HyCal Assembly — Crystal Wrapping \
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/ HyCal Calibration —"Snake Scans” \

¢ Full X,y motion allowed each ch. to be scanned through tagdpeshm.
e Performed at both the beginning and end of the experiment.
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/ Calibration Reactions: e™ e~ Pair Production \

Top View
Lead-GlassI
E /
en ~
—5\/\va| S iﬁ 2 | Beam Line
L | 2
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(o]
6 I ——
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C 14
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/Calculation of Pair Production Cross Section at PrimEx\
Kinematics

e Bethe-Heitler mechanism of pair production on the nucleitls $creening
effects due to atomic electrons and Coulomb distortion

e Pair production off atomic electrons, considering exmtabf all atomic
states and correlation effects due to the presence of déerens and the
nucleus

e Radiative corrections (of order/m) (i) virtual photon loops and (ii) real
photon process likg+ A—e" +e + A+y

e Nuclear incoherent contributiog+ p— e" +e +p

e Nuclear coherent contribution (VCS)+ A— y* + A—e" + e + A

\_ /
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/ Pair Production Result \

IIII|IIII|IIII|IIII|IIII|IIII|IIII|III'I'|I5I |I

250 Run 5141 y
200 X min = 0.4 .
150 X max = 0.755 .
100 Coxp. = 115.612 mb .
50 O poory = 115.566 mb .
e I
02 0.4 0.6 0.8 1
x=E/E,

e Agreement with theory at 1.0% level

- /
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/ Calibration Reactions: Compton Scattering \

Lead-Glass HyCal

el(x,y,E)Measured
Measured Eo

ic electron
incident photon scattered atomic €
\/\/\/\ beamline

cattered hot , )Q/ PbWQ
e A well known process, useful in several ways: -

v:(x,y,E") Measured
— Detector/beam alignment
— HyCal gain monitoring
— Overall check of PrimEx setup to measure absolute crosmasct

o Dedicated "Double-Arm” Compton Runs:
— Performed on a weekly basispB= 0, lpegm~ 5— 10 nA
— Both e and scattered photon detected in HyCal
— Compton Cross Section MeasurédC and 05%X, “Be
o “Single-Arm” Compton Data:
— Dominant Source of Events i production data-runs
— Bpg~ 2 T, lpeam~ 100 nA, only scattered photon detected

\_ /
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cm

(Céompt - X) mean

cm

(Yeompt - Y) mean

\_

/Beam Alignment Monitoring using Single-Arm Compton\

" e Xcompt= calc. (x,y) from

e Technique tracks

e Only scattere¢y measured

e X = reported HyCal coord

Hycal E and Compton kin.

Run

e [f beam alignment
perfect: (XcomprX) =0

alignment at L. mm level

. ®Jump in X correlated with

beamline BPM
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/ Compton Cross Section Result \
Compton Forward Cross Secton

108 . | | | |

Ucetinis Nerlsin
W L — S o o o Prinex Compion Dt |

— Systematic

PRELIMINARY

b |
m o+ |
IS .
W - .
By ] g 5 3 5 7

Energy (GeV)

e Average statistical error:.6%

\oTotaI error: 13% (dominated by photon flux:.0%)
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We measure:

n° decay photons:

my, invariant mass

\_

incident photon: energy and time

energies, coordinates and time

Kinematical constraints:

Conservation of energy;

n” analysis

Three groups analyzed the
data independently

/ Analysis Details: T® Event Selection

N
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N
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/ The w — 1y Background Correction

e do/dB,p for w— Py taken from T. Rodrigues and implemented

resolutions using Monte Carlo

e EXxplicitely subtract contribution from experimental ydel

e Convertw cross section into absolute yield while imposing experitaken

\_

6 ' l ' I ' l ) ' ' ' ' 70 T T M T T T T T
Coherent
- ] Coherent
Incoherent
or Incoherent with isobar T 60 - Incoherent 4
Total . Incoherent with isobaq
= 4L 8 50} — Total i
-c 7] S
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=1 i k=5.2 GeV | = 40 o 0 ]
> 3 E Jk>0.92 3 v+ T Pb—>a(-—ny) + X |
3 | " S 30l k=52 GeV i
S 2 ° E_Jk>0.92
° B i
- 20 i
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I 10 i
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0
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N
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/ Analysis Details: Yield with backgrounds ¢%C and 208Pb)\
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Final Yields for 1°C and 2%%Pb
x10° T Photoproduction Yield ( *2C, crystal only) @ Photoproduction Yield ( 2°®Pb, crystal only)
&~ 1t 1 1 1 . . s~ F ‘ ‘ ‘ P
~ f ‘ ‘ ~ Elastic 1 yield N0 Hi Elastic T yield
2 0.9:... ,,,,,,,,,, ,,,,,,,,,, o ) . . . . e
©F | | | w corrected ° T % | | w corrected
[} = : : : : : [} : : : :
808 Y o e & ‘ : : :
T -1l =0/ To Vo] | AU NSNS S S R
L 0.7 T }&%ﬂ,}ﬁﬁﬁﬁ """""""""" .9400i
> f i S
- ;T-TL P Py -7
F OB i i S A o[
e Hﬂi Pl 300“%. """""""""""""""""""""""""""
0.5y U g o L
- !
| Fﬁl . -
0.4 f; """""" i I -0
S S ot 200 g
O.3F g pdgg B T - o
020 B I w00 Mg
SR B S Y
O: I I § L1 1 | § L1 1 | § I I § I I iAL\E,:'Tj{.?‘?‘ﬂ“o 07 | | | | § 1 1 1 1 E%Eﬁgﬁ%Eimﬁ%v‘wvm EIC R s, ol
0 0.5 1 1.5_ 2 2.5 3 0 0.5 1 _ 15 2 2.5
Tesep2azosiazzos 10 Production Angle, 6 (degrees) | < iiapssc0a00s 10 Production Angle, 6 (degrees)

N

Dustin McNulty, Oct 21, 2009, Hall D Physics Seminar,

JsftierLab, Newport News Virginia



®* ' PrimEx Collaboration Jefferson Lab Hall B
/ Analysis Detalls: ' o_.,, Determination \

e Convert Yield to Cross Section.

ield
dOexp B N?-/[cl)e (6;0)
deno N Ny>< N; X 8T[o(eno) X Aeno

— whereN, = # of y's on targefuncertainty~ 1.0%).
— whereN; = target atoms/ci(thickness mapped te 0.05%).

— Wheree, o = experimental acceptan¢ancertainty~ 0.6%).

e Fit experimental data with parametrization:

dOexp dop don doj \/ dop doc
— by—" = 2vp X0C
g6, PP T PreTge T Pbgg 2008y Pobne=gam i

— where the parametéy, = I'\y
\ o Vary the four parameter$yg, bnc, by, andg) and minimizex?.

(7)

(8)
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/ Photon Flux \

10° Total y-flux vs. Energy ( °C, radiator B) L10° Total y-flux vs. Energy ( ?%pp, radiator B)
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/ Hycal Geometric acceptance of botht decayy's \

HyCal m® Geometric Acceptance (All Fiducials)
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/ Experimental Efficiencies: *°C \

Losses (%)

Description 12¢ 208ppy

Photon Absorption in Target | 541+0.02 | 5.92+0.01
Best (tdiff) Candidate selection 2.5+0.3 1.1+0.3

Elasticity Cut:[0.906 1.086 17403 | 17403

Veto Cut: all flagq0,1,2,3) 1.97+0.12 | 1.97+0.12
Branching Ratia® - yy 1.2+0.03 | 1.2+0.03
Total 12.8+ 0.5 11.94+04

Table 1: Summary of non-geometric losses.

- /
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/ Yield Fit, 'y, Extraction: Procedure \

e Parametrize yield using sum of 4 theoretical shapes—simeare
according to experimental resolutions.

dOexp dop don doy

— b, —r 142

dop doc
do dob

9)

— Calculate theory input shapes (cross sections) energyhes
according to experimental flux.

— Creater® event generator based on above cross sections and rt
through Primsim Monte Carlo.

— Digitize simulated data and reconstruct events using same
algorithms as for real data. Produce simulated yield dhistions with
built-in experimental resolutions.

\ e Freely vary amplitudes of 4 shapes and minimjze /
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/I\/IC Shape Generation: Exmpl. Thrown & Det. Spectra\

Simulated 6, Distribution (gen9, Wonly) Simulated 6, Distribution (gen18, Wonly)
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/ MC Shape Generation: Example Fit Input Shapes \
(smeared)

Simulated 6 , Distribution (gen9, Wonly) 3 Simulated 8, Distribution (gen18, Wonly)
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Yield Fit and Cross Section for2%8pp \

@ Photoproduction yield ( 2®®Pb, crystal only)

X103 1 Photoproduction Cross Section ( 2OSC)

o L T T = i
S ® Measured 1 Yield § 3*_' * Exp. Data "R.nc, G.F¢, G.F°® | k2

55007 £ B Total Fit A-0.251
Q I Calculated Yield Fit S s §
i) =1

) Primakoff g
< D
> I T 29[ nterference T
?:400 e e Lo Nuclear Coherent -8

: : Interference
R : L e Incoherent | et
3OO R
200(— R

100] - AW S T S

! Eans .. in : et _L_.i L1
0 0.5 1 15 2 25 3
T° Production Angle, 6 (degrees)

OO

0.5 1 .
1° Production Angle, 8 (degrees)

Dustin McNulty, Oct 21, 2009, Hall D Physics Seminar, JsfierLab, Newport News Virginia



*  PrimEx Collaboration Jefferson Lab Hall B
/ [ (r° — ) Systematic Errors \
Contributions [y dev (%) | PrimEx I
Photon flux +1.0
Target Thickness +0.1
Yield Extraction +1.6 +0.5
HyCal Efficiency +0.5 +0.2
Beam Parameters +0.4
Trigger Efficiency +0.1
Veto Efficiency +0.4
Fiducial Acceptance +0.3
ModelErrors (Theory) +0.3
Physics Background +0.25
Branching Ratia® - yy +0.03
Total +2.1% +1.3%

- _/
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/ Summary and Outlook \

e High Quality precisior® photoproduction data offC and?°®pb targets
using 49 < Eﬁ,aggedg 5.5 GeV has been collected and analyzed by the
PrimEx Collaboration.

e Cross section results from studied calibration reactiores eproduction and
Compton scattering are both in excellent agreement withrih@t the 2%
level).

e All three ~independent® analysis groups have achieved very consistent
results for both targets.

e The finalt® partial width resuilt:
Moy = 7.82eV42.29%(stal) +- 2.1%(sys; Overall+3.0% error.

e The mean lifetime{8.3240.25) x 101’ s
e 0_,y result consistent with both LO and NLO predictions.
e Continued work on cross-checking independent group e&ulifinal

\ publication. /
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