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[I’ltl"OClUCtiOl’l 3 I"CITIiI"IClCl" O{: a SUCCESS

First direct observation of T symmetry violation in the

evolution and clccay of the B° meson

Search for mixing~induced CP violation with a new

aPProach
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: lnstory of’ a success

As of 2007/10/23 00:00

w
o
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22/10/1999 -> O7/04 /2008 :

L PEP Il Delivered Luminosity: 496.65/fb
— BaBar Recorded Luminosity: 477.45/fb

Off Peak Luminosity: 45.32/fb E a 550 Fb-l CO"Cthd

r —— Delivered Luminosity
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a >500 million BB, cc, 1T Pairs

e 516 Publishecl papers
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7ools for a success : the faclory
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7ools for a success : the faclory
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Tools for a success: the Delector

The BABAR Detector

BABAR, MIM A473, 1 (2002 )

[ .1.-5T. sol.en'oid - ‘ EMC
NN 6580 CsI(T!) crystals

DIRC (PID)
144 quartz bars
11000 PMTs

e*(3.1GeV)

Drift Chamber
40 stereo layers

Silicon Vertex Tracker
5 layers, double-sided strips
Instrumented Flux Return —_—————
iron /RPCs (muon/ neutral hadrons)

Silicon Vertex Tracker :
0(AZ)rerex=180um
Tracking (SVT+DCH) :
O'(PT)/IDT: <O‘13PT+O'45)%

PID (dE/dX + DIRC) :
nIK@4o (0.1-4GeV)

EMC:
o(E)E= 2.3F "©1.85%
Instrumented Flux Return :
€,~70%
€ ~2%

m,K—u

0, ¢ for hadron showers

Franco Simonetto Universita' & INFN Padova



>¢:9/1/{9/1z‘5: confirmation of CKM Patdern

o Fitto unitary trianglc confirms
Cabibbo~Kobagashi~Mas|<awa
mechanism as sole source of CP-
violation in hadron system

evolution and clecay
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BABAR Aighlight's on CP Violddion

o First Observation of Direct CPV :
r(B-f)=r(B-F)

= —0.133+0.030=0.009

PRL 93.131801

o CPVininterference of mixing and dccay:

B - Jo vs B fop
sin(2B) = 0.666+0.031+0.013

PRD 79 (2009) 072009
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BABAR /1{9/1/{9/7z‘5 on Mixi;g

o First Observation of D°oscillation

=[~0.22+0.30(stat.)+0.21(syst.)| x 10
g '=[9.7+4.4(stat.)£3.1(syst.)| x 10>

PRL 98, 211802

o Precise measurement of B° oscillation Freclucncy:

+0.018

T=(1.504+0.013(stat)_; 5 5yst)) ps

+0.007 -1

Am;=(0.511+0.007(stat)_ 0006(5551‘))10

PRD 73, 012004 (2006)
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BABAR ¢ ZAe states

o Alive and well:

s Still 25 Publishccl papers in 2012

2 Plus 11 contributions (2012+2013) in reviewers hands

L. J

®

®

CPT in B mesons evolution and clccay
CP in D mesons evolution and clccay
rare B,D dccags 3

T IePton Propcrl:ies

search for |ig1t NEw Particles ;

: lig'lt hadron Procluc:tion in e’e collisions ;
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BABAR ¢ ZAe states

o Alive and well:

s Still 25 Publishccl papers in 2012

3 Plus 11 contributions (201242013) in reviewers hands

CPT in B mesons evolution and clecag

B

CP in D mesons evolution and dccay

rare B,D dccays ;

® T lcPton Propcrties

search for Iig'lt new Particlcs ;

|ig1t hadron Procluction in e*e collisions ;
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Sone open ?aesz‘ions about CPT=V

o CP-Viswell established
o CPT+CP-V & T Violation

(1.a) Canwe assert T Violation inclePenclcntlg of CPT assumPtion ?
(1.b) Canwe test CPT inthe B system 7

a CPin mixing has not yet been observed

(2) Canwe imProvc wrt existing measurements 7
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PART I

(and testing CPT)
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TSyMMeZ‘Iy vio/ation

o CP-Violation and CPT Theorem implg T-Violation in elcmcn’cary systems
o Testsof T-V ignoring CPT<Th:

o Electric DiPolc Moment
—28
D <2.9.-10 em
~29
D

=7x7-10 em
@ V. —>V vsV —>V
e K M e

Neutron

c/cctron

Needs Iong baseline, high v flux
@ In Parl:ic:lc clccays :
li>—=|f> vs [f>—=i>

@ in thc cvolution ancl clccag of ncutral unstablc mesons
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7 \/;o/ acron 17 Parz‘ic/ e .DeCL@/

a Idca"g compare two time~corjugatc processes

AMBY - K m )
vs

A (K

" - BY

s Unfeasible :

s collide K,rrbeams!
a tiny effects

a swamped bg strong, interactions
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TV in nectral meson oscillations

a ComParc mixing rate for M'— W VS W—% M

s Make (wise) use of time information to assess the

role of T-violation

a Sole result (before BABAR ): 5 g effect @ CPLEAR
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e e - Y(4S) 5> BB @ BARBAR

& Boosted beams (By=0.56) allow measurement of proper time difference:

<AZ >[ByTCc~ 250 um

® MH#S) —2M(B) =10.5794 - 2*5.279<m_

o DB Pair constitues an entangled quantum state, with same

quantum numbers as Y(45)
o Small B momentum in the transverse direction (<340 MeV),

mesons are boostecl along the beam |ine
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Direct Measuremert of T Violation

@ In Practice, cxploit EPR entanglcmcnt in BB Production atY(4S)

e e — Y(48) - bb
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Direct Measuremert of T Violation

@ In Practice, cxploit EPR cntanglcmcnt in BB Production atY(4S)
e e — Y(48) - bb

(1IB°(t,)B°(t,)> — IB(t,)B°(t,)> )

1
R

s Flavor taggecl with hlgl'n e{:ﬁciency by same means as CP analgses g

~ - - N
— ¢ X ¢
- K X

_|_
— TrsothJ
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Direct Measuremert of T Violation

@ In Practice, cxploit EPR cntanglcmcnt in BB Production atY(4S)

e e — Y(48) - bb

- L (IB°(t,)BC(t,)> — IBO(t,)BO(t,)> )

V2

o B, dccay to CP +/- eigenstates (Full reconstruction):
-

B,— JiyK,

B - (cc)K,

k» JIy,p(2S),X,
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Direct Measuremert of T Violation

@ In Practice, cxploit EPR cntanglcmcnt in BB Production atY(4S)

e e — Y(48) - bb

- L (IB°(t,)BC(t,)> — IBO(t,)BO(t,)> )

V2

B'— B,
vs B’— B
vs B’ B
vs B’ B,

o .. Plus INDEPENDENT tests of CPT and CP
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7 »4na/y6/6 n a nedshell

boosted Y(4S) (By=0.56)
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7 »4na/y6/6 n a nedshell

flavor tag : thisis a B’

t=t,
BREES

cntanglcd state

thenthisisa B’
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7 »4na/y6/6 n a nedshell

flavor tag : thisis a B’
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7 »4/7&/}/6/6 n a nedshell

flavor tag : thisisa B’

cntang,lcd state

thenthisisa B,

flavor tag: B’
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7V analysis steps

Define At = t(lavor) ~t(CP) x=B"/R°

Consider eigl'\t combinations (flavor x CP x sign of A1)
Fit each with EPR-motivated function [ B=Ki/Ks l

(£AT) [1+45, ,sin(Am AT)+C, ,cos(Am AT)]

— Heavgsi&e step function

S C*' fit parameters

ap ?
-

2 T~Vio|ation : A 5i

0

|
U\U\U\

U’-I-IC?j +H & A

S
a CP-Violation : AS .= S
S

0

B
x
BO
+
B

a CPT-Violation: A SCPT

Ks

+

St apg = Esin(2p)

@ Assuming CPT & CP fit results, expect : i ,
AS, = 2sin(2p)
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7V analysis steps

o Define At = t(favor) -t(CP)

o Consider cight combinations (lavor (@) x CP(B) x sign of AT)

o Fit each with EPR-motivated function
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7V analysis steps ¢ rea/ data

a Need to account for finite At resolution (Paramctcrs fitted in the data)

Fop(AT) o g (AT)XR(AT,AT))
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7V analysis steps ¢ rea/ data

a Need to account for finite At resolution

o Need to account for bac:l(ground (mostly for J/y K)

~ 8000 signal evts ~ 6000 signal evts
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7V analysis steps ¢ rea/ data

a Need to account for finite At resolution

o Need to account for bac:l(ground (mostly for J/y K)

@ Needto account For dilution From wrong ﬂavor tags

° Tag~catcgory dcpcnclcnt

« Use samPlcs o{: Fu"g rcconstructccl ﬂavor
cigcnstatcs (DOTLDOK,J/PKO* ..)

166 K evts, 89% purity

La rge ta gging power
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TV : RESULTS

T conserved
_Bestfit

i —
+
AS:

BaBar PRL 109, 211801 (2012)
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TV : RESULTS

.
Bl e

T conserved
—  Bestht

First unambiguous

observation of

T-violation in B~Phgsics

with 14 o signiﬁ'cance
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CPT=V : RESULTS

Raw Asymmctrg

CPT conserved
Best fit

AT (Ps)

- -

AScpr, ACcp,

\ S

CPT iS COI‘TSCT’VCC! AS CPT) A CCPT
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Mixing Induced CP-V

a DB°mass eigenstates differ from flavor eigenstate:

1

| 5L//”i > = \/ 2
P *q
° q=p= 272 <=>B, 4 are CP eigenstates, CP is conserved

-[p|B’>xg|5°>]

a CP asymmetry :

q'p
9P

£, =

I'(B°(0)-B°(t)~T(5°

r(B°(0)-»B°(¢)+I(B°

o Standard Model - very tiny effect
£,B°% = (—4.1+0.6)-10

(Lenz, Nierste, arXiv:1102.4274 (2011)):

£,B.) = (1.9+0.3)-10
a Positive observation : DISCOVERY OF NEW PHYSICS
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MIXING-INDUCED CAV

Colliders : B Proclucec] in oPPosite flavor Pairs

Mixing : find two equal-flavor mesons at decay time
S 9 Y

CP asymmetry is usua“g measured througl': B scmileptonic dccays :

Ncgligib!c CP asymmctry in
direct semi lcptonic clccag

(model inclcpcndcnt)
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MIXING-INDUCED CAV

@ Anew aPProach, Pioncrccd 133 BABAR is here Prcscnted:

*_
@ “Reco”1®t B : Partial reconstruction of B’ —£7 v ,D

2 “Tag” 24 B use chargecl Kaons
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B -2 D¥U Pardial Keconstruction

Use onlg ¢ and low momentum T, from the dccay DD_ — Tr;a)

Assume B° at rest in Y(4S) frame ]55~ 0

Get D' from Tt : P;DZ f ( P_:T )

ComPutc missing mass from four momenta difference:
N
0.4 éevz/ c*

Mi — <?5_7)D*_73£)2 -

800
=

ARGUS (1986) : first evidence of B°
mixing at the Y(4S) ...

400

0
..then CLEO, DELPHI, OPAL,and |
BABAR (4 Publishecl papers so Far?*‘”“_w —
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Partial Reco @BABAR

BABAR : A
o B clccay Point intersecting beamspot, ¢, T

traclcs

o Selection : likelihood ratio combining
PP Prob (Vix) £(2,,2,,Prob(Vix))
a Cut £>0.4
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Partial Reco @BABAR

Sample comPosition:
a continuum From rcscalccl omCF~Pea|< events

o fitfor BB combinatorial, Pcaking B*, and
Peaking B°fractions assuming shaPcs from

, , ;
simulation M =

o combinatorial x-check in ¢ ' samPlc -

| — Fit Result

CP-eigenstates
_ BN Other Peaking
| B D#**

(5370+6)-10° Peaking Events S Fp—

continuum
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7T he Kaon 7&3

o Kidentified using dE/dX & Cherenkov with high Puritg

o Tag-b clecag Poin’c from intersection of Kaon track and beamsPot

» D Cﬁne AZ = Z’RE:CO - ZTAG
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7T he Kaon 7&3

a Equal chargc Kaons also from the reco
side, mimick a mixed event .
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7T he Kaon 7&3

a Equal chargc Kaons also from the reco
side, mimick a mixed event .

2 SeParatecl on statistical basis by:
o At=(Z, - Z )/ (cBy)(in the Lab)
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7T he Kaon 7&3

a Equal chargc Kaons also from the reco
side, mimick a mixed event .

2 SeParatecl on statistical basis by:
o At=(Z, - Z )/ (cBy)(in the Lab)

@ cos(6, ) (in Y(4S) rest frame)
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o Observed asgmmctrlcs for mixed reflect RECO-side chargc asymmetry,

K-id chargc asymmetry and P|135|ca| asymmetry: )

Jgo.&d,,fﬁ-jaq ~ AT AT Ay
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o Observed asgmmctrlcs for mixed reflect RECO-side chargc asymmetry,

K-id chargc asymmetry and P|135|ca| asymmetry: )

/‘gam,fc-jag ~ Apt Ayt Ay

o Kaons from reco side have tiny contribution from mixing; :

']ga@d,,]ﬁ-ﬁec ~ Apt A +X Ay
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o Observed asgmmctrlcs for mixed reflect RECO-side chargc asymmetry,

K-id chargc asymmetry and P|135|ca| asymmetry: )

Jfam,x-jaq ~ Apt AT Ay

o Kaons from reco side have tiny contribution from mixing; :

/gam,fc-nw ~ Apt A +X, Ay

o Measure also single lcPton asymmetry (before tagging) \

+ - -+
B, = =TT g X,
abs,Rec £—|— Tl'; —I—Z_ Tl': Ree d 74
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o Observed asgmmctrlcs for mixed reflect RECO-side chargc asymmetry,

K-id chargc asymmetry and P|135|ca| asymmetry: )

/‘gam,fc-jag ~ Apt Ayt Ay

o Kaons from reco side have tiny contribution from mixing; :

']ga@d,,]ﬁ-ﬁec ~ Apt A +X Ay

@ Measure also single lcPton asymmetry (bc{:orc tagging) \
ﬂa&,ﬁea ~ AptTXy Ay

a Constrained sgstem:

determine and main sources of systcmatic uncertaintg from the data
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MEASUREMENT

o 5D binned fit to (At, o(At), cosf,, , M 2, PK)

BABAR Preliminarg
SPaCC

s Usealso oPPosite sign €K™ /K to
imProvc Prccision on resolution parameters,

mis~tagging etc.
a More than 100 free Paramctcrs:

o £, A, A, K-Rec fraction, fraction

of wrong tags (: chafgc dcpcndcnt),
fraction of DCSC Kaons, AZ resolution

Paramctcns,
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Pea,é/ng Bo PDF

]:(cos(?m, Mi’/DK)A t,o(At) bin

o Four terms, one per each X charge combination: | 9s5=799 for tag side X

5. =993 for reco side X

Kr

(g

o)) =
{ (1—1(++)[(1—w

w = WFOﬂg C/)ng@ tag )[rac.

(1+A4_)(1+A4,) X

_|_

rec

]—Irwﬁ

G )H(1+X, A2
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]:(cosem, Mi’/DK)A t,o(At) bin

o Four terms, one per each X charge combination, | 9:=799 for tag side K
inc:lucling DETECTION asymmeties: §,.=P9% for reco side X

- w = wong C/)ngé tag frac.
9z+fc+(j) =(1+A4 __)(1+A4,) )X
++

_|_

)G

ol )@ gl )+
-

fro(l—w )G, ()+(1+X,4,) )
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-
,

j:(cosem, Mi’/DK)A t,o(At) bin

o Four terms, one per each X charge combination, | 9s5=799 for tag side X
... TAG-SIDE contributions: §,,=P93 for reco side X

G, (]) = (1+£,_)(1+4,) x

w = wong Cha/gc tag z[rac.

( K
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]:(cosé)m, Mi’/DK)A t,o(At) bin

o Four terms, one per each eJCchargc combination | 95=702 for tag side X
and RECO-SIDE contributions: 5, =993 for reco side X

- w = wong Cha/gc tag frac.
9z+fc+(j) = (1+A4 _)(1+.A4,) X
++

_|_

)G

ol )@ gl )+
=

Fron(l—w )G, ()+(1+X,4,) )
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Pea,é/ng Bo Pdf - 7&3 Side

@ cosf,,M? Px * from simulation

a At: convolve resolution with Physics—-motivatcd functions :

CP violation in the tag side :
-

b=2r sin(2B+y) cos &,

c =-2r' sin(2B+y) sind’
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Pea,é/ng B Pdf — Keco Side

@ cosf,,M? Px * from simulation

o At: use enriched Reco-side sample

Babar Pre]iminarg Babar Pre]iminarg
0.2<P, <0.5GeV 0.2<P, <0.5GeV
1.2<0o(At) <1.8 ps 2.4 <0o(At) <3.0 ps

Data/MC Data/MC
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Background PDF

s Combinatorial B° : similar to Peaking BO, many common

parameters, inclucling lcl/ Pl and detector asymmetries

@ Pcaking and combinatorial B* : same aPProach, use pure lifetime
At PDF, thPs constraining detector asymmetries, resolution

Paramctcrs, etc.

a Continuum : Parametcrizecl PDF from OFF-Pcal( events
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Results

A, = (0.06+0.16"23%)%

BABAR Preliminarg

a No Positivc observation @

Franco Simonetto Universita' & INFN Padova 5y



BABAR Pre iminarg

A, = (0.06+0.16"22°)%

o Consistent and more Precise than Previous B-Factories average:
A, = (—0.05+0.56)%
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BABAR Pre iminarg

A, = (0.06+0.16"22°)%

o Consistent and more Precise than Previous B-Factories average:
A, = (—0.05+0.56)%

Y ComPctitivc and complcmcntary to similar

measurements at hadron CO"idCI‘S:

d s
A,=C A, +C_A, (Do)
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BABAR Pre iminarg

A, = (0.06+0.16"22°)%

o Consistent and more Precise than Previous B-Factories average:
A, = (—0.05+0.56)%

Y ComPctitivc and complcmcntary to similar

measurements at hadron CO"idCI‘S:
d s
A,=C A, +C_A, (Do)

(B.~D_ ¢ X)—(B.—D. ¢ X)

S
Ay=

S
S

(B.~D_¢ X)—(B.—D. ¢ X)
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BABAR Pre iminarg

A, = (0.06+0.16"22°)%

o Consistent and more Precise than Previous B-Factories average:
A, = (—0.05+0.56)%

Y ComPctitivc and complcmcntary to similar

measurements at hadron CO"idCI‘S:
d s
A,=C A, +C_A, (Do)

(B.~D_ ¢ X)—(B.—D. ¢ X)

S
Ay=

S
S

(B.~D_¢ X)—(B.—D. ¢ X)

A

L (B =D ¢ x)-(B' - ¢ Xx)
“ B )+ (B =P ¢ X)
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BABAR Pre iminarg

A, = (0.06+0.16"22°)%

Consistent and more Prccise than

Prcvious B-Factories average:
A, = (—0.05+0.56)%

ComPctitivc and complcmcntarg
to similar measurements at hadron

colliders

Contributingto world class
Precision in the determination of

B~mixing CP asgmmetries

WA (grcy) consistent with SM @
lessthan2 o
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Conclusions

Five years after end running, BADAR has still  ntt://www.economist.com/node/21561111
glamour results on CP/T-Violation:

o First uncontroversial evidence of T-Violation

in the B-meson sgstcm

a Most stringcnt limit of mixing~incluccc| CP-

Violation in the evolution of B° mesons
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T=V in the PDG
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Dilegton A Symmelry @ colliders

DO claims Iarge unexPcctcd asymmctrg
in cclual charge dilcpton B dccags at
ICHEP 2010

Lifetime analgsis . effect connected to
B mixing

DO and LHCb then measure asymmctrg
in the rates of B.—>D® pv clecays

Thcsc measurements are consistent
both with the SM and with DO clilePton
results
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B° Mixing parameters

Two-levels systcm evolution:

Mass eigcnstates are related to flavor cigcnstates bg the relation:

0 0
1B, > = = (B >=—IB >)

Where
I 12

#£, = sin ¢

4
12

We havc:
+1.8 -3

Cl/P 1-(0.3 ,, )-10 This Nleasurement

glp| = 1+(0.2+2.8)10 °  Prewious W.A
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