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The BaBar Experiment

B-factories: dedicated experiments at ete asymmetric-energy colliders for the production of
quantum coherent BB pairs — CPV studies and NP indirect searches.

‘ Muon/Hadron Detector

ete — T(4S) — BB

Magnet Coil

- Electron/Photon Detector

- Cherenkov Detector

* By = 0.56 A
BY - Tracking Chamber
In its 9-year operation B support Tube
(1999—2008) | Vertex Detector .
't’a ;

* 424 fb! on-peak at T(4S) mass, e”
{/5=10.58 GeV — 471 million BB pairs. | 9 GeV \
L
* 44 fb! off-peak, in the continuum

hadronization region, s = 10.54 GeV
* Lower resonance samples: T(2S), T(3S)

Clean environment allows outstanding tracking and vertex reconstruction; dE/dx, cosB. measurements

provide excellent PID performance — high efficiency with pion misID below 1% at any momentum.
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The Dalitz-plot analysis of 3-body
charmonium decays

Motivation

— QCD predicts multiquark states in the low mass region of the hadron spectrum

= Initial State Radiation (ISR) processes are used to obtain clean J/y samples, selecting

events with undetected fast forward Y,

— only JP€=1-- resonances can be produced.

— The data set corresponds to 519 fb-! collected with the Babar detector at Y(nS)

resonances, n=2, 3, 4. —
e"e” = Y1srJ/¥
(1 J/¥v— nta 70

e N C
> E o ay J/¥ - KK 7
4 c +__F
Previously: : (1) J/\IJ — KK

= Only preliminary results for Dalitz-plot analysis (I, SLAC-PUB-5674 (1991)) or even never done (IlI)

— Branching fractions poorly measured (Il, Markll with 25 events)

= Angular analysis results presented for (1) by BESIII, detected broad JP€=1-- state interpreted as a

mu|tiquark state. (Phys. Lett. B 710, 594, 2012)
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L.Zani for BaBar Collaboration — EPS, Venice, July 2017



The Event Reconstruction and Selection
eTe” — visrhihohs, h= K¥ /K, /7

Red line = Signal MC

—_—
——

teei : 2 » | 14001 BABAR E
* YISR das missing parthle'I M rec (pe+ + Pe- = Ph1 ~Pho _ph3 ) c% 1200 Y R .
peaks at zero for ISR events % 1000 : =
S goof- ' ]
. . = _ 1 ]
* The invariant mass of h,, h,, h, peaks at J/@ mass for 2 ool ' E
signal events — fit to the mass spectrum with the MC S 400 E E
resolution function: Crystal Ball + Gaussian functions. 200 ' W
L — B 10
* From the fitted event yields, the branching fraction ratios M2, (GeV/cY)
have been measured: o 1800~ | . e
% 1600 Yw-on'mwn® BABAR 1
W —s . — 0 E E
oy DAY 2 B W 0.120 = 0.003(stat) + 0.009(sys) = 1400} =
B(J/Yv — wtr—x0) 0 E 1
| % 1200 =
B(J/Y — K9K*nT) ‘ < q0000 E
Re = R = 0.265 4 0.005(stat) 4 0.021(sys o - ]
# B(J/y — nta—n0) (stat) (s78) ® 800+ =
600} 3
Using the PDG value for B(J/y — K K#tt) = (26 & 7) x 10-* 400- E
pammmm - 200 -

(Mark I, 126 events) — R,PP6= 0.123 £ 0.033 & 3.60 deviations . g e e

---------- .8 3.2

m(t*t ) (GeV/c?)
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The Dalitz-plot analysis

R 1
Fitted event yield = 20417, Purity = 91.3 & 0.2 % E (:
* Two models for implementing the likelihood function & 0.5
in the fit:
— Isobar model (— further references in backup slides) 0

— Veneziano model (resonance-Regge poles duality)

1 I I I I 1 1 ] I I.I 1 1 1 I 1 1

I]]]IIIIlIIIIlIIII]

-0.5

* m(Tt) mass projections for events with |cosO,| <0.2
* Dashed line is the fit without p’ -1

Isobar Veneziano m(x ) (GeV/c?)
0’:(;““' 103 _ I . ' d 1 i 4 d ¥ I —: d‘i(:)““* 103 _ I . 5 . & I y i i r I
> : bABAR 3 > : BABAR
O 2 a O B
8 102 A 3 8 10%F
o = . t 3 o E
= S = it . = E
E-CL’ - " t ] g B
2 10 ERE- e ]
O = . &) C

1 g \ _g 1
1 2 3 D E
m(x 1) (GeV/c?) m(r 1) (GeV/c?)
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The Dalitz-plot analysis

* Fitted fractions: the main contribution comes from p(770)m resonance.

Final state Amplitude Isobar fraction (%) Phase (radians) Veneziano fraction (%)
p(770) = i @i A @ 0. 133.1 + 3.3
p(1450) 7 0.513 + 0.039 10.9+ 1.7 +2.7 —2.63 + 0.04 + 0.06 0.80 + 0.27
p(1700) 0.067 & 0.007 0.8+ 0.2 0.5 —0.46 &+ 0.17 £+ 0.21 2.20 & 0.60
p(2150) 0.042 £ 0.008 0.04 &+ 0.01 £ 0.20 1.70 £ 0.21 &+ 0.12 6.00 & 2.50
w(783) =0 0.013 + 0.002 0.08 4+ 0.03 £ 0.02 2.78 + 0.20 £ 0.31

p3(1690) 0.40 + 0.08

Sum 127.8 + 2.0+ 4.3 142.5 + 2.8

x2 /v 687/519 = 1.32 596/508 = 1.17

* The two models provide a similar representation of data.

* Better data-fit agreement with Veneziano model may indicate the presence of further

resonances.
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The Dalitz-plot analysis

J/U -+ KK 7"

q-’_"""\ T T T T T T T T T | T %
@) T 1 o
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0 I | | | |

OI | I2I | I4I | |6|
mA(K'n0) (GeV?/c)
* K*(892)* resonances observed
* Broad structure in KK low
mass region found to be
compatible with p(1450)°

Fitted event yield = 2102, Purity = 88.8 + 0.7 %
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o I
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— 200 | :
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N A—
D 4 6 8 10 0 2 4 6
m(K'K) (GeV?/ch m2(K %) (GeV?/ch

Fitted fractions (only with Isobar model because of the low
statistics ):

Final state fraction (%) phase (radians)
K* (89T KkF 92.4+ 1.5 + 3.4 0.

0 9.3 +2.0+0.6 3.78 +£ 0.28 £+ 0.08
K*(1a10)TKkF 2.34+1.140.7 3.29 + 0.26 + 0.39
K% (1430)T Kk F 3.54+1.3+0.9 ~2.32 4+ 0.22 + 0.05
Total 107.4 + 2.8

x2 /v 132/137 = 0.96
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The Dalitz-plot analysis

I/

— K, K*n T

= 6L . BABAR |
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m2(K*r) (GeV?/c*)
* K*(892)K and K*, (1430)K

observed

Fitted event yield = 3907, Purity =93.1 + 0.4 %

* Broad structure in K K+ low

mass region consistent with

0(1450)*
BABAR

BABAR _

I I T s s =

> 4 6 8 10
mE(KgKt) (GeV¥c?)
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Fitted fractions (from Isobar model only):

Final state

fraction (%)

phase (radians)

K*iSQQ‘R
K] (1410)K

K3 (1430)K

905 L9238 0.
6.3 &'0.8 4 0.6
1:56 4=0:520.9
s e IS

—3.25 £ 0.13 % 0.21
1:424- ():31:4 0:35
—2.54 4+ 0.12 4+ 0.12

Total

105:3 =& 3.1

x2 /v

274 /217 = 1.26
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Summary (I)

BABAR, PRD 95, 072007 (2017), arXiv:1702.01551

* The Dalitz-plot analyses for J/y — e, J/y—
K+K-m°, J/Y — K K=T= have been performed

* Broad structures in the low KK mass region were
found to be consistent with p(1450)°, p(1450)+

resonances

. . B(p(1450)° — KTK™) N N
The ratio 3 70 ~* = 0.307+0.084+0.082

has been measured.

INFN

L.Zani for BaBar Collaboration — EPS, Venice, July 2017 10



Search for the B-meson decay to four
baryons

* Motivation
— B-mesons have large mass and they are able to decay to final states with baryons

— optimal tool for better understanding the mechanism of hadronization into

baryons (theoretical models poorly understood) [**]

- Baryon puzzle: inclusive BF (~7%) # X exclusive baryonic channels (~1%)

— Experimental features: threshold enhancement and branching fraction hierarchy

Previous measurement at BaBar:

« Upper limit on BF( B°— A+ p EE < 2.8x10° at 0.90 CL  (BABAR, Phys. Rev. D 89, 071102 (2014)
PP .

Estimate of the BF(B°= p p p p): Working hypothesis:
* Cabibbo suppression, b— u (B® = pppp) ~ BFUE(BO — At jpp) - ‘\‘éﬁb“j . 51’?@3 ~1077
cb AZ ppp

* Phase space contribution, using the

Q-values of the 2 reactions First decay mode into four-baryon final state, no PDG limit yet!

[**] V.L. Chernyak and I.R. Zhitnitsky, Nuclear Physics B, Vol. 345, 1 pp. 137-172 (1990); He Xiao-Gang, Li Tong,

Li Xue-Qian and Wang Yu-Ming, Phys. Rev. D, 75, id. 034011 (2007). C

L.Zani for BaBar Collaboration — EPS, Venice, July 2017
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The Event Reconstruction

Preliminary

* Performed as blind analysis — without looking at * Beam energy substituted
- - . mass m - (E cam ’p_’ i |2
the signal region in data (5.27 < m_ < 5.29 ) — o v ”
g 1200 ;_ B'/B generic E
GeV/c?) S | :
* Side band region data (mg < 5.27 GeV/c?) used 2w- BBar

to validate studies on background Monte Carlo

samples g 3
£ 2 5
(EvtGen for generic B decays from T(4S) , JetSet for continuum events) J . Tesstetetectietanetornettirenatert
5.2 5.22 5.24mES [GEVICE]EIES 5.28 53
* Four oppositely charged tracks, coming from the * Energy difference

AE = Eg - Egeam

Interaction Point, identified as two protons and > 3501 — ik
i S a0E  BABAR _—
two antiprotons B pof  Preliminary e comscoanroen
. . u:j 200 i_ Signal MC {normalized to data)
* Kinematic fit to the common vertex with a fit 150=-

probability larger than 0.1 %

- [ ] - g 3:
* | oose cuts on kinematic variables < 2p . ) . -
o 1 -‘-ﬁ-g..g - “"';.ﬁ_ s _‘t..__d-.b a.-b-.
0=

7""*" WTTWTwg TrTew W T T en T E 2t 3

L o1 0.05 0 0.05 0.1
AE [GeV]

OV oass
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The Event Selection

* Mainly combinatorial background due to real protons from continuum events ete- — qq
Rest Of Event

« BB event (ROE)
Y(4S)

= ol
_

e Continuum event

g= u,d,s,c

Spherical event ' 4 Jet-like event

* Further rejection achieved by cutting on the output of a multivariate analysis method, the

Boosted Decision Tree (BDT) classifier, trained on event shape variables (R,,

cosO1ryst]), on

angular and kinematic variables (AE, cos©%*;).

B 5B generic
R |Cose | ) E | —— B'B generic
2 - THRUST S 300F- | M e - uds BDT response
o D00E B o' generic g 700 B £°F generic E = e'e’ = ct
© 450 B'/B generic = B8 generic @ 250/ | —#— dataside band region
4501 = g =
% 400; BABAR - - us % 600: - - s BABAR Lﬁ = = Signal MC {normalized to data)
£ = Preliminary e'e ot ‘g 500:_ R Preliminary 200F-
g 3505— —a— data side band region Lﬁ E & daa side band region - E
w 3005_ — Signal MG {normalized to data) 400} = Signal MC (normalized to data) l 150__ BABAR
g 300E- iil = Preliminary
3 = b 100
3 2001 i =
T 100F - S50
! 0
2 3 g 3 g 3 o 06
= 2 E A £ 2F
::5 1 i+¢-' gt -Tmf"“"‘“***#“$++++++ E§ 1 i H+-3-Hr + +J.. R UUTUL P - sas Es_n 2
” > E¥ T e Y Thtagte TR Tt get it Saue E| 1
O~ "%1 "0z 03 04 05 06 07 08 09 03 —57 07 03 04 05 06 07 08 09 1 -
R, lcos8. | 0 L L
f NN BN NN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B Em -0.4 -0.2 06
| |
- - - . 0
1 Signal efficiency € = 21% @
W BN BN BN BN BN BN BN BN BN BN BN BEEE BN BN BN B BN BN BN B B O =
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The fitting procedure

Total Pdf : signal + background
fsig—> modeled on signal MC

* The signal yield is extracted from an unbinned
extended maximum likelihood fit to the on-peak *

data mg distribution, in the range 5.2 < m_<5.3 * f,,— modeled on both MC samples and data

GeV/c?, after the BDT cut.

All shape parameters (psig, pbkg) fixed in the total

~ pdf
* The probability density function is defined: "« N . N
‘ sig

1
z; Py Nsig, Nokg) = ————
F (@39, Niig, Nikg) Niig + Nikg

g floating parameters in the signal yield

: (J'?\'rsfg : fsfg(-’f:;ﬁqu) + A'?\'Tb.f.‘.g . fb.‘.‘.g(-'f:;ﬁb.‘.q)) extraction fit

Gaussian function fit to Signal MC Argus shape function fit to Background MC

160 — RMS = 0.002517 + 0.000038 RMS = 0.0249 +0.0011
s B Mean = 5.279521 £ 0.000054 "o 22 = Mean = 5.2385 + 0.0016
= 7 i = ; - i =
E 140__ Entries = 2179 : (3 L= Entries = 251 |
g C mean = 5.279521 + 0.000054 ® 18 - argus_shape =-11.94 +6.3
S 120 — nsig = 2179 +47 § = nbkg = 252 +15
= C sigma2 = 0.002516 + 0.000038 @ 16
— 100— g uh
— = (=]
2 ok S 1
g “F 5 %
N 1
w - 1
60— <
- ] 8 El
C w =
40_— 6—
C 4
siE R BDT CUT ¢
= 21—
_ ﬂ:_- 1 1 _ g_lullll 1111 111
= 3 L =
o 2 2 l ...... ;; ................................................... %¥ .............................. ; l ........... = 1E-
1Ewat o rWW T Lb Lo T gL 0 .
0 b ; %ﬁ * + H 199 9B
opTeb’ e i{. ...... {» ........ ‘H'"'ﬁ{"i .......... .{'_ ........... §. : .i![! ....... bbb 3
% .................................................................................................................................... :g 3 ; : 3 : : i
527 5272 5274 5276 5278 528 5282 5284 5286 5288 529 52 521 522 523 524 525 526 527 528 529 53

m,, (GeV/c?)
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The signal yield extraction and the BF

The fit to the mg distribution gives N_,

— The statistical uncertainty on N is the

main source of uncertainty on the BF.

— Systematic uncertainties contribute as a
further 20% relative uncertainty on the BF.

The main sources are listed in the table:

estimate

— BF=(1.14 0.5+ 0.2)x 107

nbkg = 107 + 11

14

12

10

Events / ( 0.00333333 GeV/c? )

nsig = 104 £4.3

= (10.4 + 4.3) , with a 3.20 significance

RMS = 0.0258 + 0.0017
Mean = 5.2409 + 0.0024
Entries = 117

P
¢

|||||||

BABAR

Preliminary

14% S

PRELIMINARY

528 529 53
m_ (GeV/c?)

Variable Source Relative systematic uncertainty 3
Npp B counting 1%
Niig Argus shape a estimate
Niig Argus cutoff b 3%,
€ PID efficiency 0.86%
€ Track finding efficiency 1%
€ BDT selection 2.2%
€ decay model 14%,
Total 0%

Bayesian upper limit
at 90% CL: 2 x 107

L.Zani for BaBar Collaboration — EPS, Venice, July 2017
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Summary (Il)

TO BE SUBMITTED
* The analysis for the search of the
BF( Bo— p p E E) has been performed on 471
million BB pairs at BaBar

— The first upper limit on this channel is set!

Preliminary results:
* Evidence at 3.20 of 10 decay events!

* BFY"=2x107"at 90% CL

INFN
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Thanks for your
attention.
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Backup: The Dalitz-plot analysis for 3-
body charmonium decays
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The Efficiency

* The efficiency is parameterized as a function of m(TUTr)

and cosB, : the mass spectrum is sliced in 13 bins of

cosB, and fitted with Legendre Polynomials up to L=13.

13

e(costl) = ) ., Y7 (cosh)
i F + | E‘” B ] Joom [ -
w008 | + _|_ B I_f-H'L'--l'- 5
+— B.07s H'|'~:|' .08 I _h"*
v AT ol G R
o IIIII:IIIE;"‘I L m; T — -
= T -l F i
ol . Vo
0.075 A1 o7 F e 4 T
oo Wﬁ*ﬁ DS iﬂlzﬁi}lﬁ*’rﬂ‘liﬁm _os - %
wﬁ: i | q | ) ;_["l e !
-1 5] —1 1] 1 o3 148
— — rnrin®
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The Dalitz-plot analysis

In the Dalitz-plot m,, Vs. m, is shown and m(Tm) projections are

also plotted.

8 | 5;:—:]: :' L L T T '{al.J': -5;: : T
Jyomrn®] 580F ] %1500
1 & | : & :
1 2 600 | &
1 2 1000
1 £ 400 | =
N ] L k]
4 @ 200 | & 500 |
: 0 o L

m2(n*n°) (GeV?/ct)

INFN
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Dalitz-plot analysis with the Isobar model

Standard Dalitz-plot analysis is done

L=
with unbinned maximum likelihood fit N s € Ai(Tn, Yn) A% (T, yn)
. . H -ﬂt., ”’i‘n 'EI:;-“.*'JHII 2
The amplitudes are usually described by ;= Zi.j cicjda; A
Breit-Wigner functions. Interferences L — iy > kiBi(Tn, yn) (15)
! -.:‘i:lt_':, T E
might be taken into account. 2. I‘*IB
For a resonance decaying as R — j +Kk, w3 LD
: : : : . B H v uy T — 1y,
t, is defined aside (p, is the particle-i ti =p; — P — (P +pp) 3
momentum) L
The spin-amplitude is described by
Zemach tensors.
C. Zemach, Phys Rev. 133, B1201 (1964), C. Dionisi et. al., Nucl. Phys. B169, 1 (1980)
Jf decay mode|Decay Amplitude
ata a® o BW,(mi3)(tz x p2) + BW,(ma3)(t1 x p1) + BW,(mi2)(ts x pa)
NR (t1 % p1) + (tz % p2) + (ta % pa)
KEKx K*K ) BW g« (m13) (tz % pa) + BWge (m23)(ty x p1)
K3(1430)K BW jc3 (m13) (k2) + BW ks (mos ) (ki)
o BW,(miz)(ta x pa)

INFN
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The Veneziano model for Dalitz-plot
analysis

i - i R. i . Lett. 283 (2014
* Assumptions: A. P. Szczepaniak, M.R. Pennington, Phys. Lett. B737, 283 (2014)

Re ou(s)
I ion is resonance-dominated BTN
- low-m region is resonance-domin
0 ass region is re b 2350) ‘
: 5 ~
— Resonance-Regge duality : _,"‘ :
4 1 :
* all the resonances are located on Regge , 1690, b {nij\
trajectories and Regge poles are the only 7 pa(1999)
. . 2
singularities %%%%%
& | {'”“} & PUIST0) L p (2150)
* Regge amplitudes are described in terms of [ p(lltIS'l.'l}l p_l{lﬂnn} .
functions : I'(n — a(s))'(n — alt)) S; s s s s s

n,m — I'n+m—als) — alt))

* The trajectories describe the linear correlation between resonance masses and spins, in the angular momentum complex

plane: a(mg2)= Ji

* The main difficulty is related to the considered number of trajectories, n: for this fit n fixed to 7, 19 free parameters.

A."{'—HLFH: — E EX. s uhf:(”: T”':Ifj-'-'n.".ru

TL G HTL

INFN

L.Zani for BaBar Collaboration — EPS, Venice, July 2017 22



Systematic uncertainties

* The contributions to the systematic uncertainties on the fitted fractions and

phases have been evaluated as follows:
— Purity scaled up and down of one statistical uncertainty

— Mass resonance parameters varied within one standard deviations of their

uncertainties as listed in the PDG

- Vary the radius of Blatt-Weisskopf factor (fixed in the model to 1.5 )

GeV/c), enter the relativistic Breit-Wigner function <\

— Raw efficiency is used instead of the fitted one

— Toy MC experiments, simulating a data distribution according to the fit
results and re-fitting them — evaluate possible biases on the Dalitz-plot

results, the whole difference is taken as uncertainty.

INFN
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Backup: Search for the B-meson decay to
four baryons

A D]O
@ & (.'r?}”x'g =)
FN «n ‘I" I >
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Event shape variables

Shape variables: ©

THRUST’ 2

. GTHRUST, angle between the thrust axis of the Bsig and that of ROE.
R provides information about particle direction correlations.
R =H/H « H , k-order
THRUST 2 2 0 k
N f = moment of the
. T i | |05 | Pr. (cos0;
T = Z“ii' - d Hy=>_ Pillp J',E’é i) FoxWolfram
i=1 171 inj v discriminant

- = ,0.06 |- BB

- _ i (g continuum

- weee Continuurme 99 0.05 1 o T
0.6 Y w'w

B 0.04

- ; =
0 4-_ 0.03 f
0.2 0.02

-i_-“-nu--n-.---nu---l-l---ll-l—-----l--lF-Il"""'- 0.01 E_ 'é.

UIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII ::E:s
0 01 02 03 04 05 06 07 08 09 1
|COSGTHRUST| 0 w“' 02 03 04 05 06 07 08 0.9
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Systematic uncertainties

BB pairs: calculated from the B counting method

Systematic uncertainty ~ 1%( mainly due to the hadronic event selection efficiency)

Nobs» * Signal pdf choice

Shape parameter estimates — Evaluated by letting them vary in their

uncertainty ranges.

The MC-data differences are the major source of systematic uncertainty on

signal selection efficiency, coming from:
1) Tracking (1%)

2) PID (0.86%)

oo L
. Weighting : [3) BDT (2.2%)
. technique >

4) Decay model implemented in the Signal MC generation (14%)

INFN
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BDT uncertainty study

Weighting technique

Linear correlation coefficients in %

for each input variable distribution, BEFORE
THE BDT, define bin by bin weights comparing

background MC-data samples:

ndata

= 1 i CosThetaB
W= BkgMC C

L

Apply the weights to the Signal MC distribution

FoxWolf

DeltaE

100
80
60
-100

Petag OThery Moy 0o
for the given variable AFTER THE BDT — " "
recalculate efficiency — take as uncertainty the

Linear correlation coefficients in %

100

difference between un-weighted and weighted

efficiency.

FoxWolf

Uncertainty contributions from all the 4 input
variables are summed in quadrature, taking into CosThetad

account the correlation coefficients.

DeltaE

BDT relative uncertainty on € = 2.2%
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Decay model uncertainty study

There are no specific four-body baryonic decay models currently known

DEFAULT implemented in simulated signal MC: Phase space model, meaning proton

momentum probability is flat in the phase space.

NO PROTON RELATED VARIABLES (momentum, energy, angular distributions) directly

exploited in the analysis might relax the selection efficinecy dependence on the decay model

However@ematic studies Show the expected contribution from the decay model to the

relative uncertainty on BF is 14%

Implemented with the re-weighting technique: based on the comparison between the

resulting proton momentum spectra from 2 different decay models:

* Default (phase space) :
* Assuming a different decay model (e.g., intermediate resonances: B — XX(— pp)) :

Weights: bin by bin, normalized ratio of the new spectrum to the default one.

INFN
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| | ] [ ] | |
| |
Signal MC: proton momentum distributions
U TEAHD —
~~ -
% e = :tﬁ:@: 4
> — —— * hpmementlab
1200 [— Enfries 20214
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