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Radiative Transitions e .
» Ratios depend on matrix elements and energy X(2S)

3 77

Tei(J=0)  Ehgippeo [(1P(J = 0)|r|25)|? w’\ // \\

Ipi(J=1) 3E3 (1P(J = 1)|r|25)]|?

Y28 —1P(J=1)

» E1 transitions dominate Y(3S)

» Model prediction:

4
g = gega’cif@Jf + 1) E2|(nsLy|r|n;L;)|?

e.g. Brambilla et al., EPJC 71, 1 (2010)

» E1 partial widths: J=2 > J=1 >> J=0
B Y(3S) - y,;(1P) is an exception
B y,,(nP) > yY(MS) suppressed
» BRs inform relativistic corrections to theory

» Mass splittings useful input to potential models
and lattice NRQCD

Y(1S)
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Experimental Measurement s e

> Analyze Y(mS)_ﬂ(softXbJ(nP)_)VhardY(pS)(wru_)
to measure BF and mass splittings

» BaBar dataset: 98+1M Y(2S), 121+1M Y(3S)

The BaBar Detector

1.5 T solenoid
(superconducting)

13 bH)
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e’-w, Il . v " 5 double-sided
= -T2 . L layers
\
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40 layers ] & &
; v

Instrumented Flux Return
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» Two analysis techniques:
B Two calorimeter photons Y(1S)
B One converted and one calorimeter photon

Bottomonium Radiative Transitions — Bryan FULSOM (PNNL)

OWG 2014 — 2014 11 12 November 11, 2014 3



Calorimeter (“EMC”)
Analysis Overview

>
>

fr = Nj/Ni

Fit each J-channel separately in E ¢, spectrum
Due to resolution, E ;.4 not resolvable in EMC
Extract relative yields/energies to reduce systematics

Relate to BFs and mass
z7/1

0 = pJ — 1

_ B(mS — P(J))B(P(J) = nS)

mS—P(/)=nS — B(mS — P(1))B(P(1) — nS)
= frt
€J
AMJ_l — ZIZ(SJ
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Y(3S)

m\ //\\

Y(1S)

25—>1P—>1S
35—>2P—>2S5
35—>2P—->1S

Challenges: large v, background, low exclusive branching fractions,
overlapping energy peaks
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EMC: Y(MS)—> 7x55(NP) 7Y (PS)—>p'p il
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Reconstruction e S

» Basic reconstruction
B Y(pS)—p'w, constrained to my,5(PDG)
B Add photons with E  55>30 MeV, lateral moment<0.8
B Constraints: yyp*p” = My,s(PDG), beamspot/energy
B Select best candidate with P(y?)

T T T | T T T | T T
1400 B4 g 41 ]g

unpublishe Components
1200 [ o (1P)

B 7, (1P)
1000 B (P)
I e(y)
Il Y (2S) Generic

» Main background sources
B e'e - ptu(y)
B efe—> Y(MS) - uru(y)
B Y(MS) - 7%7Y(pS)(utu)
B “Beam” background

do

0.1 0.12 0.14 0.16

E’Y2SHIP

0.18 0.2
(GeV)
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EMC: Background Rejection 7
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» Reject with two techniques
B Fit probability (“physics™) Si; =
B EMC cluster-timing-difference-significance (“beam”) Uti + UtQj

» Require: S<2.0 (3.0 for 3S—2P—1S) and P(y?) <10°

. . .
» NoJorE, selection bias - "BA ARm. 7

2 10, prehmmary =u._- .';.-. . '-_:'J_ AT L ¥ 00

B ‘”‘f '& i
» Remove ~95% of background 3 s: i i
» Retain >90% of signal events 3 okt tﬁ i .60

. . . Z*E *;_._. . |. x 7_'-1.:- B

» Losses mainly in low E, tall = M: .; 5;.4# H% er

& "" _{ .r:' 4;- "" "{ T

£ MR m?ﬁ " LR e

= B LB ..T,"""--'-' ; :ﬁﬂ

05 40 -3 30 .25 20 15 -10 -5

loglo(signal fit p1‘0bab111‘r})
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EMC: Signal Extraction Strategy 7
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» E on Signal Fit

B Signal: double-sided Crystal Ball function
® Float J=1 mean (p), yield (N,), and f; = N3/N;, 6;= p;-1y
® Float a,, a,, and ¢ for J=1, extrapolate for J=0,2
® Exponential tails (n,, n,) fixed to MC

B Background: exponential plus linear function

» Systematic uncertainties
B ¢ /g;: variance with P(x?) cut, uncertainty due to MC statistics (<0.5%)

B f;and 5, “jitter” MC technique o
@ Vary parameters within 3o of data fit results and refit ‘:‘;‘ gféjﬁg‘%gﬁ
@ Fit pull distribution from 50k “toys” J:
® Mean/width give systematic bias/uncertainty 405
@® Largest massl/yield effect for J=0 (0.5-3 MeV/few %) 2

@ For J=2 contribution to uncertainty typically (neg./<2%) - R N, pull
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Events / ( 0.002 GeV )

EMC: mS—»>nP—-p

25—>1P—>1S

S Fit Results

35—5>2P—>2S
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35—>2P—->1S
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Calorimeter + Converted Photons
(“Conv.”) Analysis Overview

» Reconstruct y,,,4 from conversions, v, with EMC
» Measure full exclusive branching fractions
> 38—>1P—>18 confllctlng theoretical/experimental results

301}

i (b) %.(1P)
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CLEO, PRD 83, 054003 (2011) BaBar, PRD 84, 072002 (2011)

» Fit each J-channel separately in vy, .4, €Xcept 3S—-1P—-1S
where y,.,4 and v, overlap and are fit together

» Challenges: low ¢, difficult line shapes
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35—>2P—>2S
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CO nv.. Y(m S)_) YXbJ (n P)_)YY(p S)_)u+u- Pacific Northwest

Reconstruction -

» Basic reconstruction
B Y(pS)—>u*w, constrained to myg(PDG), require P(yx*)>0.0001

B Add converted photon Y ‘.‘,..",,./,H‘[).C'lirl”irwaf', N
® yoe'e with dedicated fitter £, -4 BE LT
e my<30MeV 10:_ : ™ Support tube s

® 1.7<p,<27cm
B Add EMC photon (as prev.)

o i

» Background reduction il
B Similar background sources: p*u(y), n°nY(pS)
B Timing information unavailable
B Optimize “standard” cuts for 3S—>1P—1S S/B
B Ntracks = 4 and R,(all)<0.95
B £=0.1-0.9% (depending on mode)

BaBar, PRD 84, 072002 (2011)
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Conv.: Sighal Extraction Strategy 7
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» E ,aq Signal: MC kernel-estimated PDF
B Complicated line shape: Doppler-broadening, helicity, efficiency variance

B Ambiguous E 4 for 3S—1P—1S '““' —
Fs0E J= O J=2
B KEYs PDF accounts for both iﬂ Bgig% %@;BA@%@
~u;_unU|se E;unpu Ishe
» Eaq Bkgd: flat(3S—1P—1S)/broad(other) £ wc LY

2000
150F-
100E

» Systematic Uncertainties e A
B Luminosity: Y(3S): 0.58%, Y(2S): 0.68%  seorwwgen  meewsesen
B MC/data ¢ difference: ~5.0% ;:}_ g:BABAR
B PDF Shapes (MC versus actual) - il

@® Refit data with double-CB allowed to float MEABAR
® Mode dependent (2%-30%) m;”’,:;éb"smd
® Use average for 3S—1P—1S (5.9%) e s e e,

B Secondary BFs from PDG (2-8%) _ _
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Conv.: mS—>nP—pS Fit Results

25>1P—>15

o
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Primary Results Summary
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EMC ANALYSIS CONV. ANALYSIS

THIS ANALYSIS PDG-DERIVED B(cascade) J  Value

FUL pors = (328+£0.37)%  [(2.89 + 0.69)%

25 — 1P(J)
— 15(—= ptp7)

(0.29%5:1475705) x 10~
(6.8620735 0735) x 107
(3.6310:340.10) x 107
(0.66%5:30 003) x 1074

(4.95T0 7050591 x 1074

F s =(556+16)%  [(58.4£6.9)%

Fohapaas = (231£0.56)%  [2.38£0.47)%

FUL e = (469120)% (A0 LN% 35 — 2P(.J)
—25(—= ptp)

FAL opis =(171£080)% [(10.8=53)%
Fitlrop1s = (66.6 £ 3.0)% 35 — 2P(J)

AM}P, = 32.49 + 0.93 MeV — 15(—= pp™)
AM}P, =19.01 £ 0.24 MeV (19.43 £ 0.57MeV]

(0.1710:1556:03) x 107*
(3.52%0:55 0 18) x 107*

(1.951033 5010 x 107

35 — 1P(J)
— 18(—= pFp7)

(L16%0:637076) x 1072

AM?Y, = 23.8+1.7MeV [22.96 £ 0.84 MaV)
(4.6870:99 +0.37) x 1075

AMZP, =13.01 £ 0.23 MeV [13.19 £ 0.77MeV]

0
1
2
0
1
2 (3.225053%g 7)) x 107
0
1
2
1
2

Bottomonium Radiative Transitions — Bryan FULSOM (PNNL)

preliminary QWG 2014 — 2014 11 12 November 11,2014 | 13



Secondary Results — Potential Model and 7
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Lattice NRQCD Parameters

» Spin-dependent potential model terms: Vsp = aLi- S+ b5,

» P-wave masses defined by Spi
M p(2) = Mpp +a—2b/5 t-:—(A'\fl o+;AUQ 1)
MnP(l) = an —a -+ 2b 5

M,p) = Mnp — 2a — 4b b= 5 (2AM;—o — AM;_,) M
» Reduce uncertainty via AM instead of absolute masses

Parameter nP  This analysis Ref. [2] CLEO 2005 [13] CLEO 1999 [12]

n-or rbit  Tensor
LS S

—

=2}

+d

<l

a(MeV) 1P 13.34£0.18 14.2£0.8 [2]: Besson & Skwarnicki, AnnRevNucSci 43, 333 (1993) )
2P 0.40+0.31 9.4+0.2 [13]: CLEO, PRL 94, 032001 (2005) a

b(MeV) 1P 3.194+0.13 3.0+03 [12]: CLEO, PRD 59, 032003 (1999)
2P 2.391+0.25 23+0.1
Ry 1P 0.585+£0.018 0.651+0.03 0.574+0.012 0.54 £0.03

2P 0.549 £0.042 0.58+£0.01 0.584 +0.014

» Spin-dependent NRQCD lattice terms e.g.: Davies, LectNotePhys 512, 1 (1998)
:_2]\/[“ 3]\[77 +5A[n (160 0+ 2. 2) 1\16\//(’ 1P

" PO PO 1127+ 3.8) Mev/2 2P

(—46.0£1.9) MeV/e? 1P

(—34.5+£3.5) MeV/c?> 2P

Cy = 2Mypoy — 3Myup(1) + Myp(2)

Bottomonium Radiative Transitions — Bryan FULSOM (PNNL)
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Secondary Results —
Derived Branching Fractions

3S—2P—1S 35—>2P—>2S 25—->1P—>1S
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Measured Quantity BABAR Measurement (1072) Previous
EMC Converted Combined N(o)  Average (1072)
B(2S — 1P(0)) 4.42+1.04 6.8+4.1 46+1.0 4.5 383+04
B(25 — 1P(1)) 7.20 £0.65 8.16 £ 0.97 7.50+£0.54 14 6.9+04
B(25 — 1P(2)) 6.85 +0.58 T.7+1.0 7.06 £0.51 14 7.15+0.35
B(1P(0) — 15) 2.02+0.32 31+138 2.06+0.32 6.5 1.73+0.35
B(1P(1) — 15) 354428 40.1 +4.5 36.7T+2.4 15 33.0+24
B(1P(2) — 15) 18.2+1.3 205+2.5 18.7+1.1 16 19.0+1.3
B(3S — 2P(0)) 15+1.7 20£17 1617 2.7 50406
B(3S — 2P(1)) 14.7+2.6 14.1+£4.4 14.5+2.2 6.6 1264+1.2
B(35 — 2P(2)) 11.24+2.2 174+5.6 12.0+£2.0 6.0 13.14+1.6
B(2P(0) — 25) 1.20+0.30 5.8+47 1.31 +£0.30 4.4 1.71 +0.56
B(2P(1) — 28) 212428 20.3£5.8 21.1+25 8.5 18.2+28
B(2P(2) — 28) 8324+1.8 12.7+4.0 0.0+1.7 5.4 06+1.4
B(35 — 2P(0)) 20+1.7 6.5 +8.5 22+1.6 1.3 509+0.6
B(35 — 2P(1)) 13.7+1.7 14.8+2.1 141+1.4 10.5 126 +1.2
B(3S — 2P(2)) 120+ 1.7 11.74+2.2 11.94+1.4 3.7 131+1.6
B(2P(0) — 15) 0.35£0.17 1.1+1.3 0.37 017 2.2 1.04 £0.72
B(2P(1) - 15) 10.5+1.2 11.3+15 10.784+0.94 114 9.6+1.1
B(2P(2) — 15) 6.16 + 0.88 6.0+1.1 6.10+0.69 3.9 6.71 + 0.87

BABAR

preliminary

“Previous Average” re-derived from source with updated daughter BFs
» Good agreement and improvement for almost all transitions
» New information on J=0 transitions
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Pacific Northwest

Secondary Results —
Relativistic Corrections R

Measured Quantity This work CLEO BABAR 2011
> Y(3S)—)ybe(1P) (107
. . B(@3S —1P(1) 1164972 1334038
B Results consistent with J=2>0>1 = 18(= ptp7)) '
. . B@3S—1P@2) 468106 3564057
B Slightly favors previous BaBar result 15 ) ' -
] ] ( (107*
B Disagreement less with updated BFs  83s-1p() L343 160047 05%]
B(35 = 1P(2)) 10.1735 776 +1.35 105752

CLEO, PRD 83, 054003 (2011) BaBar, PRD 84, 072002 (2011)

niLi(Ji) = ngLs(J5) |(nsLs(Jg)|r|niLa(Jo))[? N(o)
] . niLi(J}) = n, L (J7) (!, L (Jp)|r|nf LI ()2 from unity
» E1 matrix elements are spin-independent
. - . . . W 0.39 +0.18 -34
In the non-relativistic limit =R
. w 0.85+0.13 —-1.2
B Departure of ratio i
‘<fj‘r‘ij>|2 _ 3 E_%B(i,] — f]) ;z:—m 1.01 +0.24 0
[(fulrlin)|? 2Jp + 1 E5 B(in — f1) 25 — 1P(2) ( ;
’ _3 ) 25 = 1P(1) 0.941 £ 0.089 —0.7
B 3 1 Aﬂ/[]_l B(Zjﬁf.])
20 +1 Ey B(iy — f1) 2P(0) = 1S /2P(1) = 18 o -
. . . 2P(0) — 25/ 2P(1) — 28 : ' e
from 1 indicates necessity for corrections e i
Y —2
2P(2) = 7S 5P(1) = 25 1.49 = 0.39 +1.3
BABAR Bottomonium Radiative Transitions — Bryan FULSOM (PNNL) November 11, 2014 16
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Summary 7
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» Study of Y(mS)—yy,;(NP)—>yY(pS)(uu) using two unique and
complementary techniques at BaBar

B Calorimeter (with timing information)
B Converted and calorimeter photons
» Best evidence for y,,—yY transitions
B >5c for 1P — 1S, >3c for 2P—2S, ~26 for 2P—1S
» New measurement of Y(3S)—>yy,;(1P)
Best single measurements of:
B Leading-order spin-dependent coefficients for theory
B More than a dozen radiative bottomonium branching fractions

\4

J.P. Lees et al. (BaBar Collaboration), arXiv:1410.3902 (2014)

Bottomonium Radiative Transitions — Bryan FULSOM (PNNL)

QWG 2014 — 2014 11 12 November 11, 2014 17



o

Pacific Northwest
NATIONAL LABORATORY

Proudly Operated by Battelle Since 1965

Thank you for your attention!
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