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Motivation

Partial width of vectorsuchasY — £~ € is:

2
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et Standard Model £r

R 1,(3S)sy = 0.9948 + (10°)

With radiative corrections
[Aloni , Efrati, Grossman& Nir, J. High Energ. Phys. 06, 019 (2017)]

Ratio has no hadronic uncertainties - -
= ideal probe for Physics Beyond the Standard Model
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Motivation

F 5

In [Phys. Lett. B653, 67, 2007] a light CP-odd ~ \ =% Ve

Higgs boson Al is proposed. In 2HDM(II) with
large tanf3 the A° boson exclusively decays into
T-pairs and thus New Physics effects might
modify R ;, in Y(nS) decays. e

Aloni et al in [J. High Energ. Phys. 06, 019 1
(2017)] propose a New Physics contribution to
b—ctv which explains the tension in R(D(*)) and
which must also modify the R ;, observable

— encourage this measurement to be made

e

The only other measurement is by the CLEO collaboration [Phys.Rev.Lett. 98
(2007) 052002]: R ., = 1.05+0.08+0.05.
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BABAR Datasets

BABAR and PEP-II operated in 1999 — 2008 at SLAC.

Superconducting ——

PID (DIRC) —

@0 ceV)

8

lectrons

, Vertex Tracker (SVT)

# Detector (IFR) Central '|I'racker (DCH) High Energy Ring
Data sample On resonance Off resonance
Total data bt fb—1
(Run 1-7) Run 7 T(35) | 27.96 = 25.556 + 2.41 2.62
Run 6 T (4S) 78.3 7.75
On resonances:
T(45):: 433 tht : : : i
T(3S): 78 fb—1 @ Blind analysis technique — only 2.41 fb—* of T(3S) on
T(25): 14 fb—1 resonance and T(3S) and T(4S) off resonance data
Off reson. /scan: are used to tune selections.
54 fb—1 @ T(3S) off-resonance statistic is low = Run 6 T(45)
Total: 520fb? on-resonance data with the same detector

configuration is used to get the final result.
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e*e” >T*T Sighal Selection

2.17x10° tt candidates
Purity = 98.9%

T,>evw,T, > uv || hntvn=0,1,2,..

 Two and only two opposite charged charged particles, each with polar angle
acceptance designed to be insensitive to CM energy: 41°<9“M<148°

* Tracks roughly backed-to-back in CM: angle > 110°
 PID one track as electron AND the other must fail the
same electron PID requirements: e and not-e

Require Presence of neutrinos from t decays

* Track azimuthal acollinearity > 3°

* Total calorimeter energy < 0.70 x [E,..m(€-)+E oam(€+)]
¢ |M?,s|>0.01 xE2_,

* |cos M, | <0.85

Suppress Bhabha backgrounds

* Both azimuthal and polar angle acollinearity of
not-e and [e+y | >2°

Suppress of Two-photon backgrounds

e Cuts on transverse momenta of the two tracks
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2.17x10° 1t candidates

e*e’ >T*T Signal Selection |pyity = 98.9%

T,>evw,T, > uv || hntvn=0,1,2,..

 Two and only two opposite charged charged particles, each with polar angle
acceptance designed to be insensitive to CM energy: 41°<9“M<148°

* Tracks roughly backed-to-back in CM: angle > 110°

* PID one track as electron AND the other must fail the
same electron PID requirements: e and not-e

Require Presence of neutrinos from t decays
* Track azimuthal acollinearity > 3°
* Total calorimeter energy < 0.70 x [E,..m(€-)+E oam(€+)]

¢ |M?,s|>0.01 xE2_, PID -> not e ;
* |cos M, .| <0.85 -
Suppress Bhabha backgrounds e* e

* Both azimuthal and polar angle acollinearity of

not-e and [e+y | >2°
Suppress of Two-photon backgrounds e PID-> e
e Cuts on transverse momenta of the two tracks
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2.17x10° 1t candidates

e*e’ >T*T Signal Selection |pyity = 98.9%

T,>evw,T, > uv || hntvn=0,1,2,..

 Two and only two opposite charged charged particles, each with polar angle
acceptance designed to be insensitive to CM energy: 41°<9“M<148°

* Tracks roughly backed-to-back in CM: angle > 110°

* PID one track as electron AND the other must fail the
same electron PID requirements: e and not-e

Require Presence of neutrinos from t decays

* Track azimuthal acollinearity > 3°

* Total calorimeter energy < 0.70 x [E,..m(€-)+E oam(€+)]
¢ |M2,|>0.01xE2 € e.
* |cos M, | <0.85

/
\

L FAVAVAV

—

Suppress Bhabha backgrounds

* Both azimuthal and polar angle acollinearity of f
not-e and [e+y | >2° S
Suppress of Two-photon backgrounds e.;——""' \e+

e Cuts on transverse momenta of the two tracks
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18.8x10° up candidates

ete st Signal Selection |pyity = 99.9%

Two High Momentum Back-to-Back Charged Particles
 Two and only two opposite charged charged particles
each within polar angle acceptance designed to be insensitive to CM energy:
0.65 rad < O*M(—) < 2.5 rad && 0.58 rad < O*M(+) < 2.56 rad
* CM opening angle between charged particles > 160°

e CM polar angle back-to-back in Filter: 2.8 rad < 6*M(—) + 6M(+) < 3.5 rad
e P™Mhigh >4 GeV || PMlow > 2 GeV

Invariant mass of two charged particles near CM energy
* 08<M,/E,<11

Tracks are muon-like: suppress Bhabha backgrounds . /
* Total EM calorimeter energy associated with 2 ).@ 2
both tracks < 2GeV :
* At least one particle has response in the
Instrumented Flux Return (IFR)
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Fitting for R,

* R;, obtained with binned maximum-likelihood template fit to
Mw/\ls and Em Vs distributions [Barlow&Beeston, Comp.Phys Comm. 77, 2019 (1993)]

* M, : W invariant mass in Pty sample

* E_, :total reconstructed energy in Tt~ sample using the measured
momenta of charged particles and~up to 10 most energetic photons

* N, (no.Y(3S) - p*u~events) and R = N,/ N, are free parameters
in the fit (N_. = no. Y(3S) & 1™t~ events)

x10° x10°
81.2 -_I T 1T I =0 =T I  bed: | I T T I L=T Lad [ | B L L 8 [ T T T I T l |. T I T T T I T T T I T ]
S I BA-B-AR | Sio0f N BABAR J
o g preliminary FI - e E R preliminary |
= B % g L e
S [[ { Dam :1 =
H0.8H RS e wurrr K 4 @ 80F &
[ | — r3s)— HULTT -
0 6' Cascade Y'(25) — py1, 1T ] 60-_ ]
23 Cascade Y'(IS) — T L i
" | /7] Other Y'(3S) decays i ]
0.4 - 40 .
0.2:— -] 20:— ]
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Fitting for R,

* Signal templates from KKMC-based MC without ISR

* Non-Y(3S) data gives templates of continuum background

* There is insufficient Y(3S) off-resonance data->we use high-statistics
Y(4S) sample having identical detector configuration (Run 6) as the
Y(3S) sample (Run 7) - 10x larger than Y(3S) off-resonance sample

* Run 6 gives 44M selected n*u~ events and 5M selected t*t~ events

Run 6 Y(45) data Signal ppt MC no ISR Signal Tt MC no ISR

s Off peak data : Y(3S)->up Y(3S)ore
Shapes of Mpp/Ecm g MMH/Ecm@ z‘ﬁi
Continuum ol / too00f.
Templates = B il
obtained frommf_ : = Evt/Eem
Y(4S) data o Ett/Bem | Zﬁ’u xz:

oE ...u&u OE..,.l. i s fp i g 2002;_....1....|....|....|

0 50 100 150 200 250 0 50 100 150 200 250

(Note: Here Mu/Ecm and Ext/Ecm are displayed in‘'same 1D histogram)
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Separatmg Y(3S)éu u from continuum

800
700

n
-
S

Entries(a.u.)/0.0015
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=) =)
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)

3 BABAR -
E — Y (3S) - utu- = .
3 il 3| Continuum has
=S ars efe —> uruT . .
=2 3| substantially larger
- - radiative tail than
= 3| Y(3S) = prp”
§_ Radiative tail _%
Sy | Gl L TENTIL
8 0.85 0.9 0.95 1.05 l 1
ﬂﬂ/\[

Exploit difference in invariant mass shapes arising from initial state
radiation effects to distinguish resonant decays from continuum in fit

e.g. 7% of the selected Y(3S) & pu*u events have invariant mass <0.98 E,
cf 23% of the selected continuum e*e” - u*u~ events have invariant mass <0.98 E,
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Y(3S)>u U in presence of ‘cascade decays’

e ‘Cascade decays’ here refer to Y(3S) = £¢ decays through
intermediate states, including the Y(2S) and Y(1S)

e Separate the cascade decays from signal in Y(3S) - pru~in fit to
M,,/Vs and use those fits to fix them for Y(3S) - 1~

e (Cascade templates and small contributions from Y(3S)-> hadrons
are from EvtGen-based MC

O/, L L ) . SO SNLI, ) . LI (7L
b BABAR

Cascade Y'(25) — uu-
/| Cascade Y'(I5) —» uu-

F——] Other r(3S) decays

BT U T R )
ras)—- v
Cascade I (25) = 74T BABAR

Cascade Y'(IS) = T+
F——] Other r(3S) decays

S
S

S,

Entries/0.0015
5

Entries/0.0200
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Correct for ISR-produced Y(nS) in Y(4S) Data
Templates intended to describe Continuum only

The Run 6 continuum template is corrected to take into account T(nS) produced by
the radiative return process. Total ISR cross section for a narrow resonance is

12%°T gl M? o s
o(s) = = EEW(s,xg), xo = 1——, Wp(s,x) = — (In —_— — 1) (2—2x+x3),
sMT s X m2
where W) is one photon radiator function, since all T(nS) resonances are close to
each other — photon emission is soft and corrections have to be evaluated.

PHOKHARA10

Correction to one-photon radiator W (x)

WM WWWWW PHOKHARA

MC Correction
:to above formula
- For soft photon
“emission

W(x)/Wo(x)

—
-i
TTTTT7

—h
L= 10

o
©
| 2 5 B

0.8F
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06
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X=1-mg,/s
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Accounting for BB Background
Continuum template uses RUN 6 data at Y(4S) and low multiplicity B

meson decays can contaminate the sample: in MC that is 3x data
sample 15 u*u~ events and 7644 t*1~ events are selected

T(4S) — B°B° T(4S) - BTB~

250[_ I I 1 I I I I l I I I I I I I I I 1 I I | IO : I I 1 I I I I I I I I I 1 I I | I 1 I | I :
; 300F BABAR -
G E 2501 3
150 . 200 ~
[ 150 ]
100 . : :
§ 100F =
50 . : ]
- 50F -
- 3233 events ] E 4411 events i
O— 1 1 1 1 1 1 l 1 1 1 l 1 1 1 | | l 1 ] O- 1 1 1 1 1 1 l 1 1 1 l 1 1 1 l 1 1 l 1 q

0 02 04 06 08 1 0 02 04 06 08 1
EcdVs Ecdys

Results in a 6,5 = 0.42% correctionto R,
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Data-driven corrections to MC efficiencies

Sample i Bl Err[Eup
MC T(35) 69.951 +0.018 | 7.723 £0.010 | 0.11041 £ 0.00015

MC T(3S) off peak | 49.250 4+ 0.017 | 7.018 £0.010 | 0.14249 + 0.00021
MC T(4S) off peak | 48.997 +0.016 | 6.979 4+ 0.007 | 0.14245 4+ 0.00015

DATA /MC efficiency correction f?nu = [\

Sample Ndata NMC Ndata NMC Rdata/RMC
i Py T T

T(3S) off peak 1,538,569 1,554,208 179,466 178,569 1.0152 4+ 0.0030

T(4S) off peak | 4,422,407 | 4,398,983 | 515,067 | 505,133 1.0143 + 0.0020

Efficiency correction Cyc 1.0146 £+ 0.0016
Off-peak DATA Off-peak MC
R4 (3S) = 0.11665 = 0.00029(0.25%) R.(3S) = 0.11489 % 0.00018(0.16%)
RT” (45) = 0.11647 + 0.00017(0.15%) R‘ry, (45) = 0.11483 + 0.00014(0.13%)

R-1.(4S)/R-.(35)—1 = —0.0015+0. 0029 R-1.(4S)/R-1.(35) — 1 = —0.0006 +0. 0020

Ratio of No. of Tt to uu candidates is independent of CM Energy in both Data and MC
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Final Fit

x10° x10°
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2 1L , & 2100 .
: I - R .
i ) : g | ]
c i { Data 3 ] o - -
m0.8— BN ete — ptu-, 1t g - — 80__ ]
i Y (3S) — pu, Tt \%‘ i - -
0 6'_ O\ Cascade Y'(25)— uu,tr ;::‘ N 60'-— &
2l Cascade Y(IS) = 1, T |:.: i - LoSetedetetetotesedl ]
" | EZZ7 Other Y(35) decays e ] I RGN ]
0.4 15 = 40~ 0503050503050 %8 20305001 —
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Mll/-‘/ \/‘ST E‘Hj \/E
Dominance of the continuum Y(3S) = £¢ is evident
Fit Result: R, = N_. / N, = 0.10778  0.00091 (stat)
~ 1 &
[a— —_ luu —
R, =R (14 8,5) = 0.9662 + 0.0084,,, + 0.014,,

T
K CMC gTT
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Final Fit with continuum subtracted

x10° 3
SI60——| | 3 ) I L L L I | L L L) I | B LA ’I LI I | I LS B ‘—_ 8 :XIIOI T I T T T I T T T I I I I I I I I I 1
%:140'_ BABA - S 142_
D i 6 ,f
e | 3 = 12
— 20__ + ke B ‘E i
I 3 ST

100F Y'(3S) - pu,tr - B
- Cascade Y(25)— pu,7v |} - ol

80__ Cascade Y'(IS) — uu, 7 ] B
60'_ Other I'(35) decays _: 6:_
40F 3 ar
20 ] 2
: R ' -. O: :

8.8 085 09 0.95 1 1.05 1.1 0

Myl s

e ‘Cascade’ backgrounds clearly seen
* Radiative tail is very well described
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Final Fit with continuum subtracted

Continuum template is NOT corrected Continuum template IS corrected
For ISR production of Y(nS) For ISR production of Y(nS)
x10° x10°
8 : I I I I I I 1 I I I 1 I I 1 I 1 F : 8 : 1 1 I I I I I 1 1 I I 1 1 1 | I 1
S 15 BABAR \E S 15 BABAR
S 1af \E S 1af
= 14 .\ & 14
- B \ = B
(A2 f M 12F

10k

o e kW PR TR W T A SR T e i Lot IR LM IIAS -*—"' TR B B i |
8.8 0.85 0.9 0.95 8.8 0.85 0.9 0.95

My dvs , , My dVs
Effects of ISR production of Y(nS) evident in

continuum-subtracted distribution ... Y (1S) particularly clear
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Systematic Uncertainties

Source Uncertainty (%)
Particle identification 0.9
Cascade decays 0.6
Two-photon production 0.5
T(3S) — hadrons 0.4
MC shape 0.4
BB contribution 0.2
ISR subtraction 0.2
Total 1.4

e Various particle identification criteria were applied to estimate the
PID uncertainty e.g. explicit muon ID. All used data-driven corrections.
Error captures spread

* |n cascade decays the ratios for lower Y resonances were varied
within experimental uncertainties around the SM value.

 Two-photon: Various Pl selections are applied giving up to twice the
loss in efficiency.
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Systematic Uncertainties

Source Uncertainty (%)
Particle identification 0.9
Cascade decays 0.6
Two-photon production 0.5
T(3S) — hadrons 0.4
MC shape 0.4
BB contribution 0.2
ISR subtraction 0.2
Total 1.4

BB and generic Y(3S) backgrounds conservatively varied by +50%
about nominal MC values

* Possible effects of MC shapes on the ratio: radiative effects are
modelled by PHOTOS and KKMC generators separately and the
invariant mass resolution is varied up to 10%

* |SR subtraction has uncertainties in Y(nS) total width and leptonic BR
and varying overall amount by +10% to conservatively account for
radiator function uncertainties.
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Summary

e ete" sptu sample cleanly selected, with ~0.1% backgrounds
e ete” > Ttt sample selected with ~1% backgrounds

* A binned likelihood template fit developed to avoid problems
with luminosity determination and to account for cascade
decays in the ratio

* Correction to continuum template due to background events
produced via Radiative Return Process is implemented

e Contribution of BB events is evaluated

e Systematic uncertainties are estimated and found to be
dominated by particle ID effects

J.M.Roney, Univ. of Victoria  tau-mu LFU in Y(3S) Decays at BaBar BEAUTY 2020




Conclusion

Using a 26.9 fb! data sample collected at the Y (3S) and
78.3 fb! data sample at the Y (4S) to describe the continuum,
BABAR measures:

B(Y(3S)>1'1)
= = 0.9662 + 0.0084
B (ES)>ptu -

+0.014

stat — syst

= 0.9662 + 0.016tot

This measurement is 6 x more precise than CLEO’s result
and is within 2o of the SM value of 0.9948

paper on this work (arXiv:2005.01230)
has been submitted to PRL
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Additional Supporting Material
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Fitting Templates

(Mp/Ecm and Ett/Ecm displayed in same 1D histo)

Run 6 Y(4S) data

Off peak data
)_(103
250:—
Mp/Ecm
200
150:—
100:—
gl Ett/Ecm
00_ 50 100 150 = J2(I)0 25|0

Bins
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Signal up MC no ISR

Y (3S)-up

%

EvtGen

Signal Tt MC no ISR

Y (3S)-1t

22000
20000
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8000
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Other Y (3S) decays
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e*e" su*U Cross section

@ MCGPJ, a high precision (< 0.2%) MC generator with radiative corrections
where T(nS) embedded via vacuum polarization, shows that the resonance
production is more than 30 times larger than continuum one at T(3S) energy.

06—

-t
®
T

2 2
s = [ [ oc1/s
T 16F 3. -
3 E 2058— Guu ﬁ ﬁ %
Bt ° L 8 a &
: - |— 0,,©4.40 MeV| 5 £ £
12 0.56— - Tt e S
g ] ) N7
He - - > >
8: 0.54_—
6 —
L 0.52—
af K T R B | B
2t 05— Ta=s
EEHE!!!!!. IIIIIIII 7 L O (O O _| 1 1 1 I 1 1 L 1 I 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 ~§I§
-0.25-02-0.15-0.1-0.05 0 005 0.1 0.15 0.2 0.25 200 —100 100

200
Vs - 103552 (MeV) ¥S - 10355.2 (MeV)

@ Due to strong interference between resonance and continuum dilepton production
there is an ambiguity in how to extract the leptonic branching fractions.

@ In the ratio R;, the ambiguity is significantly mitigated as well as other factors
e.g. instability of the collider interaction energy.

@ At the peak o(ee — T(3S) — up)/o(ee = v* — pp) = 1.136 with beam
spread.

@ Similar continuum cross section of ete~ — eT e~ is more than 500 times larger
than the resonance one = only dimuon decays of T(3S) are considered.
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T+t Selection: Bhabha background suppression

To further suppress radiative Bhabha events when a hard photon is emitted at large
angle the direction of the electron is corrected using the most energetic photon found
in the calorimeter Pey, = Pe + P~ to restore collinearity and then reject collinear

events: |A¢| < 2° and |Af| < 2° with A¢ = |¢(ﬁeq) — ¢(ﬁ¢)| — 180° and
A0 = 0(Pey) + 0(P;) — 180°

MC ee — 77 Data
Track open angle corrected Track open angle corrected
= =
s g 40
< —60C <
< <
- 600
50¢ 20 = . 500
10
40¢ 400
30¢ 300
-10
20( _op : i 200
10¢ S0 100
-40
-40 -30 20 -10 0 10 20 30 40 -40 -30 -20 -10 0 10 20 30 40
A8 (deg) A® (deg)
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Tt Selection: 2-photon background suppression

e e
\\.f
Since momenta of particles of two-photon production are correlated, a ' s—
two-dimensional selection is applied to maintain good efficiency for signal and reject —7
two-photon background.
@
Transversal momentum of two charged particles Transversal momentum of two charged particles e e+
Y . EmrisedeIBZ(
1, — - - Entriss 740308 5 1; ] w - L] w i Msan x 0.1179 ]
§ o o L ] oot 1= g o ; = f Meany 0.122
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o 8&4 1%4 E 0 0 :
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07 0.7 " 1
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Known MC backgrounds are subtracted.
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