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AND
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B Factories

eeeee

AC-Based B Factory:
PEP-1l and BABAR

g H;sh Enerpy Ring
(upgrade of existing ring)

Both Rings Housed in Current PEF Tunnel

Js=10.58 GeVv

- B : :
e+ Y(48) ) e /:4 ........... ;E AZ ~ C B'Y TB
e —— Y48 = B}~ 200um
BaBar p(e’)=9 GeV p(e*)=3.1 GeV By=0.56

Belle p(e’)=8 GeV p(e*)=3.5 GeV By =0.42



BaBar detector

1.5T solenoid

EMC
6580 Csl(TI) crystals

e* (3.1 GeV)

—
-

| Drift Chamber
AL i - 40 stereo layers

Silicon Vertex Tracker
5 layers, double sided strips

Asymmetric B-factory: E,, = 10.58 GeV e'e— Y'(4S) — BB
Performed a wide range of flavor physics results in B, Charm and t sectors

General purpose detector in e*e- environment: precision tracking, photon/electron detection, particle

ID, muon/K| identification. Very stable over the 9 years of operation
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Integrated Luminosity [fb™]

BaBar data

» 530 fb! recorded in the 9 years of operation

pi

T (nS) resonances
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BaBar

- PEP Il Delivered Luminosity: 553.48/fb

BaBar Recorded Luminosity: 531.43/fb
BaBar Recorded Y(4s): 432.89/fb
BaBar Recorded Y(3s): 30.23/tb
BaBar Recorded Y(2s): 14.45/ib
Off Peak Luminosity: 53.85/fb

Delivered Luminosity
Recorded Luminosity
Recorded Luminosity Y(4s)
Recorded Luminosity Y(3s)
Recorded Luminosity Y{(2s)
Off Peak
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470x106 BB (0.5xBelle)
690x10° cc

500x106 t+t-

1.2x108 Y(3S) (7xBelle+Cleo)
1.0x108 Y(2S) (0.5xBelle+Cleo)




Outline

* Time Reversal Violation
— Theoretical motivation
— Analysis Procedure
— Results and interpretation

« B—D0Urv
— Motivation
— Analysis Procedure
— Results
— 2HDM discussion
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TIME REVERSAL
VIOLATION

J. P. Lees et al. Phys. Rev. Lett. 109, 211801 (2012)



Motivation

* Time Reversal In stable systems A
» A non-zero value of a T-odd observable in a stationary state, -
e.g, electric dipole moment of an elementary particleoran ., P ¥
atom. ﬁ d¢
> Inan oscillation a difference in the probability of a—b from " 5 d?
b—aatagiventime,eg., v, 2> v,Vs. v, >V, -
experiment proposed for the neutrino factories with muon T v\;/
storage ring. %

* Time Reversal in unstable systems

' - discard
1. Reversal of motion (t—-t). 0dd ot
2. |in><«>|out> exchange. E

s Experimentally tricky!

CP violation T violation
mechanisms — — mechanisms

e Decay : CPT| * Decay

« Mixing * Mixing

* MixingxDecay | « MixingxDecay

—



TRV in unstable systems

» Decay TRV searches

B > K*n™, R, CPT K nt - BO, R,
CP 7 - €—> -
B > K n*, R,

Unable to perform the T test:

* Preparation of the initial state.

« The strong processes will swamp the feeble weak processes.

K*n~ - B, R,

e

—

* Mixing TRV searches * Interference TRV searches
~ cPT - e
K° - K° KY - K° 5
B% — RO — BO _ BO ml)(ln/g {j‘y
fep

CP¢ \ CPLEAR o

_ . decay Ay,

K’ > K KO = K e '

B% > B B® > B CPV time dependent (TD) studies:
We cannot distinguish CP and T. * There are no exchanges t <> —t and
Not a DIRECT observation of TRV lin >& |out >.

 Assumes CPT invariance and AT" = 0.



Foundations of the analysis

o |ngredients' M. C. Bafiuls and J. Bernabeu, Phys. Lett. B 464, 117
' (1999); Nucl. Phys. B 590, 19 (2000).
» EPR entanglement produced by the decay of the Y(45).

i >= 1/V2[B°(t)B°(t,) — B%(t1)BO(t,)] BJ} projected by [ J/yK;
= 1/V2[B, (t;)B_(t;) — B_(t;)B,(t;)] B_ J/PKs
e Quantum Mechanics.

Reference: Physical Process
Ar=t,—t, >0 (X,Y): Reconstructed Final States

Reference (X, Y) T-Transformed (X, Y)

B°— B, (I,JwK) B.— BY (Jly K, I')

BO— B (I,JlwKs) |B.—B° (JlyK, I

BO'% B, (*,JwK) |B,— B° (JlwKs, I

BB (*,JwKy) |B.—»B° (K,




Foundations of the analysis

Entangled

Entangled

D rOJeC’[S Inclusive B
meson flavor
By ~ 0.56 Identification
Y(4S) Y(4S)

projects

KS
ér
Itis NOT AN
1 -+
J/p || the exchange ta2 s, !
L=t :
K, Time ﬂ
reconstruction roiects
projects Exclusive B-meson b
B reconstruction B°
N
I | | |
| |
0 Ar ATy RO
B ——F i At =xAt B+ B

At >0 <Az >~250um (BABAR), 200um (Belle) CAt<0D



T-transformed processes

Reference (X,Y)

JHEPOS8 (2012) 064

T-Transformed

B" = B, (£, J/YKY)
B =B (£, J/9pKO)

_}Eﬂ_}B-I- (E+:J/¢KE)
: BY — B_ (£+,J/4K?2)

B, — BY
B_— B°
B, — BY
B_ - B°

(J/¥Ks, £+)
(J/YK7, L)
(J/$Kg, L")
(J/$K7,£7)

In total we can build:
* 4 independent T comparisons

* 4 independent CP comparisons
¢ 4 independent CPT comparisons

(,Y) is the reconstructed final states (tag, reco.)

...and

similar for
CP, CPT

T implies comparison of:

|) Opposite At sign

2) Different reco states (@Ks v. wKr)
3) Opposite flavor states (B? v. BY)

_ N
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\ \4 Y f P
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Signal parameters
8 Signal PDFs: g, (A7) oce™ " {1+S, ,sin(Am;A7) +C, , cos(Am,A7)}

At =1tep —hay :{

+At for "flavor tag"

0 PO, 0 0
—At for "CP tag" ae{B’, B}, Bed{K;, K}

it . reference processes/parameters
~— Prediction from CP‘U’_ —
Parameter Value
S ke 0.7 AST
P CPT
AST = Sﬁ’.i‘ii_ bﬂ“.hﬁ -1.4
&SEP = Sgulﬁg' SB"-U,Kg _11"1 ‘€+
ASter = Souxg” Sy | 09 > |
.S_u ol _u T
ASL = Sﬂ*,l{ﬁ'_' Sgﬂlﬁg 14
SCP = oo’ P BOKY ‘\H\ o
F A5cer = Sqo 0~ Spogp | 00
Cpo K2 0.0 N
ALY = Co ™ Cooxs | 00 n
_ +
ACHy = Chy g Clany | 00 ASy
&GEFT = Gl;:',KE- G;D!KE {LU B E‘]
Coxe 0.0 - I
ACT = CE".KE - Ct;gﬂ 0.0
-&GEP —_— gE__F",KE- GB_,:}IKE ﬂaﬂ
ACgpr = Cppo g~ Cpoga | 0.0
1]

For T Violation 0 0 0
in the interference AS+#0, AS-[ #0 J / wK L J / PK s J / K L.
in the decay AC*#0, AC-; #0
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ccK; sample

Events / 2 MeV/c?

signal sample

(high statistics)

Category Decay(s)
eI O B 5 J/J KO
BO — 1 (2S5)K?°
B% 5 xo K9
eI O B — J/) KO
Baav BY — D*n(p,ay)

B s J/ap KO

Control sample
CCIK ™, J/ap K*+

BY — Jhp K+
Bt s Y (28)K+
BT — Jfp IK*T

)

20001~

[a—
)
S
=)

o
3 T

2

B — J/yK{
B— w(zs)Kg
B —x_ K

522 524 5726

5.28

—
S
S
=
oy

N’

500

?(} Events / 2 MeV

0 20 40 60
mg (GeV/c?) AE (MeV)

7796 events, purity 87-96%

5813 events, purity = 56%

J/YKs sample



AST = S ko~ S;’Kg ~1.37+£0.14 £0.06 | _2sin2p
ASp =8 o =55 4o 1.17+£0.18 £0.11 | +2sin2f
ACT = Crm ko = C;,Kg 0.10 & 0.14 £ 0.08 0
ACr =CF o —CL 0.04 +0.14 £ 0.08 0
I -

-———
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Res
a, 1

+H O
CP-violating parameters <
ASep = ST -8, . —130+0.11+007] %
- K9 + K9
ASgp =S 4o =S5 ko 1.33£0.124£006
ACH, =CF . —Cf o 007+0.09+0.03] Y
ACo, =C o —Cr o 0.08£0.10 £0.04 |
L % 0.5
N 1
1L &% CP VIO|6}1
0.5/ g P
) a
o ""‘:\ \ ‘\‘\‘ +\\ \\\II J’: f,"
\\\‘ H”]- ; ”’,’
B \\‘«:,_‘:_';/Z"’/
-0.5~
~ No sign of CPT violation
| | | | | | | | |

ults

|
- . \2& | | B
T AL 7T
B e T N N \ “ \ ‘ / T
N NN N \ \ \
\ o NN AN \ AN A\
— 1 \ . | \ Al

W T "'//;’J'(ASCPJF’ACCP+)

/
/

-

:_ionl sign ifilééncle largest than for T violation
1 0 1

ASE,
CPT-violating parameters

-1

0

ASS,, = KD T S;Kg 0.16 4 0.21 £ 0.09
AScpr = 5/ k0 = Sx o —0.03+0.134+0.06
+ o + : :
ACCJPT — CE+,IX’% - C£+,Iﬂ’g 0.14 :t 0.15 :t 0.07
ACT,p = C;,K% — O o 00340124008
+
ASCPT

Observed T violation as due to compensate CP violation



Significance of T violation

T' invariance

. We obtain the likelihood value of the fitto S, C S —
for the 8 independent samples (Standard Fit). AST =
. We repeat the fit, reassembling the parameters for ASE_;P — ASJgrPT
T-conjugated processes, to forbid T violation. AScp — AScpr
ANCE =D
. Significance of T violation evaluated from the ACT_ — 0
difference of the likelihood values g o
' ACGp = ACGpr
Raw asymmetries and fit projections can be now ACp = ACE pr
plotted in the standard way.
2
AZ = _Z(In I—No_T _Violation In L)
Av =8

. CP, and CPT significance is evaluated similarly.

Using Gaussian approximation, we evaluate the change of likelihood in 1o systematic
variation. ) )
m; =-2[InL(q;,0;)-InL(p,)]/s

stat,
. We take the max{m;?} and we devide our significace (s2) by (1+ max{m;})



Asymmetries

* We build an asymmetry for these four reference

transitions:
B° —» B_ B° — B, B, — B° B_ — B°
* For the first reference:
H- (At)-H  _(At) + +
A (At) = —= 0 JAST s AmAt + 25T sin Amat
Ho (A)+H  (At) | 2 2

|

Assuming no experimental effects

H_ 4 (At) is the intensity for each sample with At>0 and

all experimental effects.




T raw asymmetries + Significance test

—_

Slgn|f|ca nce s2 - =226 140 Stat. and
s2 ., =307 »16.60- Syt
Av=8
s2 =5 0.330
NoCPT B




Conclusions

We have measured T-violating parameters in the time
evolution of neutral-B mesons.

These parameters have been measured:
— Directly: without exp. connection to CP and CPT.

— Genuinely: exchanging in-states and out-states.

We observe a large deviation of T invariance at 140
level.

Our result Is consistent with CP-violating
measurements assuming CPT Invariance.

This constitutes the first direct observation of Time
Reversal Violation in the evolution of the B mesons.




B—DU)tv

J. P. Lees et al. Phys. Rev. Lett. 109, 101802 (2012)



Motivation

e Observables: R(D) and R(D*) ratios — - v
npwy — B(B—= D®rv,) W /H <1;
(D7) =5 (B = D™ v, B b ' _}p™)

- can be enhanced by the charged-Higgs (tanp/m) q
- several syst. and theo. uncertainties cancel out

e [nvolve form factors which can be measured in
B—D®™e/uv decays

e Sensitive to charged-Higgs effects. T hadronic decays can give

Interesting information on charged Higgs couplings
(Phys. Rev. D78:015006, 2008)
N

B — X, B~ — 77U, B —»> D™+,
& Small osym ~ 7% O Large osm ~ 25% & Small osm ~ 2-5%
O H enters in a loop & H- enters at tree level & H enters at tree level
O BF ~0.03% O BF ~0.01% & BF ~1-2%
O Inclusive measurement difficult O Helicity suppressed & D) provides constraint
W~ /H™ Y = _ T"
e i w-/H- W5
4 \ <’ c
bt - - B - e - (*)
B{, 3 } X t u e — % "

s w9




Previous situation

SM Aver. SM Aver.
Belle 2007 TTE .
0.4d = 0.12 e ® : 535M BB
BaBar 2008 4 BaBar 2008 —
042+ 0.13 T " 030+ 0.06 & T T 232M BB
Belle 2009 Riik o Belle 2009 : .

059+ 0.16 i . ‘ 0.47 = 0.10 : ® ’ 657TM BB
Belle 2010 L . Belle 2010 il - =
035+ 0.11 T T 0.43+ 0.08 r———— 657M BB

02 04 06 08 T 03 04 05 06

R(D) R(D*)

« Consistent slightly excess over the SM prediction.
« Large uncertainties.
« Update the BaBar 2008 measurement to the full dataset

SM predictions:

— S. Fajfer, J. F. Kamenik, and I|. Nisandzic
— + [ ) ’ ’
R(D)sy = 0.297 + 0.017 arXiv:1203.2654;

R(D*)SM =0.252 £ 0.003 J. F. Kamenik and F. Mescia, Phys. Rev. D 78, 014003,
(2008)]



Experimental method

e BaBar: Btag fully reconstructed into hadrons A, TRV, V
& pot
g T—evV,V, v, B

(Improved efficiencies (lepton and Btag))

Effciency: 0.21%—0.40% 2xhigher
e Bsig: D*) and lepton (u, e) -
- 4 signal samples: (D°, D*, D*°, D**)¢/v ~ _ TR .
(to extract B—>D(*)tv) 4>§ Bee
- 4 control samples: (D°, D*, D*9, D**)/v MC sample
(to derive D**/v bkg) i 1 ( T p——
£ | St ” Tl
e 2D unbinned ML fit m_. . 2-p*, g X émé Y
Yields for: 3 i -
B —(D°, D*, D*O, D**)tv = "
B —(DY D*, D*0, D**)/v 0:_ 2

B (DO, D*, D*0, D**)0¢v

rnmiss2 = (pe+e- _thag_pD(*)_pE)z

Events/(96 McV)

Events/(80 MeV)

—
T 2

-]

8-!'




Fit results

% 3 i Dsm?, <12, o ) P
3 3l g OSeERRONL DY Statistical only
3 g
1 g
) . Ce T e R 639462 245427 888163
3 T o« Ibemia<20Gevion|  BSIES 1130 1160 16.4 0
q 8 sof
$ F : R(D*) 0.322+0.032 0.355+0.039 0.332+0.024
‘E - ]05—
% i 1s P':;'(Gw] %
5 TP I First observation
E
]
g D°tv
¢ Ngig 314+60 177431 489+63
e = — . Sig. 5.50 6.10 8.40
3 3 10sm;. < 120GeV", D
% - R(D) 0.429+0.082 0.469+0.084 0.440+0.058
5 E

m2,_ (Gev?)



Fit results

Decay Nig

d-l-l‘\h norimn

R(D™) B(B — D™71v) (%) Lios

B~ — D% 7, 314 £ 60
B~— D%t 7. 639 + 62
B - DYr—m, 177 £ 31
B = D*tr 1w, 245 L+ 27

1995 = 55

0.429 + 0.082 = 0.052 0.99 £ 0.19 £ 0.13 4.7

8766 = 104 0.322 £ 0.032 £ 0.021 1.71 £ 0.17 £ 0.13 9.6

986 = 35
3186 £+ 61

0.469 + 0.084 = 0.052 1.01 £ 0.18 £ 0.12 5.3
0.355 £ 0.039 = 0.020 1.74 £ 0.19 £ 0.12 10.5

[B — Dr 7. ] 489+ 63

|B — D*r 7| 888 +63

2081 £ 65

| 0.440 + 0.058 + 0.042 | 1.02 £ 0.13 4+ 0.10 6.8

119)3:&122|0332:|:002‘4:|:D[]17| 1.76 £ 0.13 £ 0.11 134

e Comparison with the SM:

R(D) = 0.440 + 0.071
SM = 0.297(17)

R(D*) = 0.332 + 0. 029
SM = 0.252(3)

The combination of the two measurements
(-0.27 correlation) yields x?/NDF=14.6/2

2.0c

2.7c

f

%

R(D#*)

(i.e. Prob. = 6.9 x10*)— | The SM prediction is excluded at 3.4 o



2HDM Scan

e Interpretation Beyond the Standard Model.

A charged Higgs (2HDM type 1) could enhance or decrease the R(D)

and R(D*) ratios depending on tanf3/mH

Effect of 2DHM (accounting for
difference in efficiency):

tanB/m,= 0.44 + 0.02 for R(D)
tanB/m, = 0.75 = 0.04 for R(D*)

|

2 08=
&=

tanf/my+ (GeV™1)

The combination of R(D) and R(D*) excludes the Type Il 2HDM in the

full tanB-m, parameter space with a probability of >99.8%

(M,;>10GeV)



Conclusions

This is the first measurement of D™ — v with the full BaBar data set

> Larger improvement than /L

e Comparison with previous measurements:

BaBar 2008
042+013

Belle 2009
059+ 0.16

Belle 2010
034011

BaBar 2012
0.440 + 0071

SM Average SM Average
(w/o BaBar 2012) (w/o BaBar 2012)

Belle 2007 [ =g
044+ 012 G —
BaBar 2008
030+ 0.06 T
Belle 2009
047+ 010 ®
Belle 2010 .
043+ 0.09
BaBar 2012
0332+ 0.029 —a=

1 1 1 G ey ToRa Tkens b | TR |

0.8 03 04 05 0.6
R(D) R(D*)

Scorecard:

First observation of D - tv with 6.8 o

« 3.4 0 excess over the SM prediction

Not compatible with Type Il 2ZHDM model

535M BB
232M BB
657M BB
657M BB

@71M BF)




General conclusions

Despite BaBar stopped taking data at 2008, it is producing
publications.

Not only because of repeating the old analysis with the
whole data sample.

Great improvement in the analysis tools and the machine
performance.

New ideas are coming to analize the data.
Collaboration with theorist

M. C. Bainuls and J. Bernabeu, Phys. Lett. B 464, 117
(1999); Nucl. Phys. B 590, 19 (2000).



