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Theoretical Introduction
e CPV and T-odd correlations

Search at LHCb

e CPVsearch using T-odd correlations in D°—K*K'm*m decays

More observables
* The study of further triple-product correlations has been recently suggested

Search at Babar
* Extraction of TP correlation asymmetries with BaBar data
D'— KK, Dis)t*—K KOst

Conclusions
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Small CKM contribution

* CPVis expected to be small in the charm sector due to small CKM amplitude

" C S
New Physics > >
* May enhance this amplitude through the introduction of U
new processes and particles
Recently (a) Tree diagram. S
e Mixing in charm is established within SM expectation
* Experiments have recorded enough statistics to probe CPV with ‘ !
sensitivities approaching 103
* |f any NP effect is out there we should start to be able to see it $

Va]]

(b) Penguin diagram.
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CPVin deca LM~ — f7) —T(M™ = J7)
A =
'(M— — f7)+T(M*t — fT)
e CPVis measured as the asymmetry between the decay rate of a meson and charge-conjugate state
2’&10,2‘ SlIl((SQ — 51) SlIl(¢2 — ¢1)

AT T P+ 2lma]cos(3: — o) cos(9s — 1)
L q dp/dt(Mphm(tHﬁX) dU'/dt (M, () — I X)
CPVInmixing 1, Asult) = o o o) s al it ) > 170

e CPV measured from the mixing parameters

I
Ay = — 12

M sin(¢p — ¢r)

CPVin interference between decay and mixing
A dl'/d dl'/d
[m(Af)#O; )\ng%’ Afcp(t) / t( phys( )_>fCP) / t( phys()%fcp
pAas dr/dt( phys( ) - fCP + dr/dt( phys( ) — fCP
e CPVasymmetry is modified by mixing effects

Asop(t) = npsin(¢ar + 20 ) sin(Amt
fer (1) = 1y Sin(@ar + 205) sin(Amt) ¢: weak phases, from CKM

O: unitarity (strong) phases
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G. Valencia, Phys. Rev. D39 (1989) 3339
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A different point of view

Describe invariant matrix element in the most general way (quasi two-body) B(p) — Vi(k, €1)V2(q, €2)

b . C aBuv
M :(aél : Ez}{mlmz <p'61)(p'62a+(2m1m26 on €1a€2BkquJ S+D+P

a= Z |aj|ei(5sj+¢5j); I Z |bj|ei(6dj+¢dj); c= Z |Cj|ei(6pj+¢pj)
J j ;

J
a— Z |aj|ei(5sj_¢sj); b = Z |bj|€i(5dj_¢dj); = Z |Cj|ei(5pj—d>pj)
J J

J

 Atriple-product correlation arises in |M|? from terms involving the ¢ amplitude (Im[ac*], Im[bc*])
wrt R-(EP‘Ez)
[(k-€e1 Xea >0)—T'(k-e1 X ea <0)
Np
~ S(ac®) = |acletP %) i@ =%p) — |gc|sin(AS + Ag)

Ap =

* The same observable on the charge-conjugate decay gives
Ap ~ |ac|e!® %)@ =90) — |q¢|sin(A5 — Ag)
* That allows the definition of the CPV observable
ag;‘)dd = Ap + A ~ cos Adsin A¢
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cnmnarisnn io nirect cpv A. Datta and D. London, Int.J.Mod.Phys. A19 (2004) 2505
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They are complementary

The only difference is in the unitarity phases that enter differently in the game

acp o sin Ad sin A¢

*
agISOdd x cos Ad sin A (%)
* acpis more sensitive to CPV when the difference in the strong phases is large

 acp™% is more sensitive to CPV when the difference in the strong phases
between the interfering amplitudes is small

» Datta and London demonstrated that a TP asymmetry can be also built with
interference between decay and mixing, but it is proportional to sinAd as well.

= - — M— S ——— e — —— ——

1, (*) Caveat: in acp the two phases are from different diagrams, in acp™9 from
n different spin contributions

L _ _ . - —— e ———————
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Experimental Technique

N

Defining a T-odd observable

* One needs at least 3 independent momentum or spin variables

4-body decay

mother rest frame

>

P,
Cr = (p1 X p2) - P3 Sin ¢ = (Ngp X fed) * 2
* Momenta can be also used to define angles
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T-odd Correlation Asymmetry

N

Asymmetries

* Two asymmetries are measured separately on the particle and charge-
conjugate decays

F(CT > O) — F(CT < O)

Ap =

- F(—CT > O) — f(—ﬁT < O)
A = -

* The CP-violating asymmetry is
_ 1 -
acp®t = §(AT — Ar)

- Experiment Maurizio Martinelli - CPV in Charm using Triple Products Asymmetries | 11.09.2014
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Four-body decays
o So far: D’>K*Kmm, D*—K*Kosmmr, Ds*—K* KOst

T-odd observable
* Cr=p(K*) - p(m*) xp(m)

Analysis

* Spilt data sample in 4 depending on D? flavour and Cr sign
* Extract the number of signal events for each sample

* (Calculate the asymmetry
o 1 ¥
agp = §<AT — Ar)
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Used prompt D? and Ds)* decays

- FOCUS (2005 Nor- 1

atp (DY) = (1.0 4 5.7(stat) + 3.7(syst))%
alp Y (DT) = (2.3 4 6.2(stat) £ 2.2(syst)) %
ap Y (DF) = (—3.6 + 6.7(stat) £ 2.3(syst))%

e BaBar (2010_2011) Nev~50k del Amo Sanchez et al., Phys. Rev. D81 (2010) 111103(R)

Lees et al., Phys. Rev. D84 (2011) 031103(R)

abp°?(D%) = (1.0 + 5.1(stat) 4 4.4(syst)) x 1073
alp?(DT) = (—12.0 4+ 10.0(stat) + 4.6(syst)) x 1072
alp Y (DF) = (—13.6 4 7.7(stat) £ 3.4(syst)) x 1073

» BaBar provided significant statistical improvement (x10)
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Resl —SKKmnm hep-ex/1408.1299, submitted to JHEP

N

Semileptonic B decay B—DuX, D°—K*Km'mr

* D'—K*K'm*m from semileptonic B decays, S B e ] B OB e
tagged from muon charge ; ;:jzgggb) D p Ly 3
B—)DOH-X, DO—)K+K“|T+T|“ % 3500§ T -—- % 3500? ------ —

e Clean sample g ok 3 gt

S 2000F 4 5 2000F =

g 1500F 3 'g 1500 3

Data Sample e R -
ok ' ' ok ' :

e 2011+2012: 3fb"! KK ) (Gevier KK ) (Gevier

E = = 3

" = "'3 E‘.—.‘-,‘..’.‘.;'--"‘.."‘."‘-".-. R R) é = +3 g_ -"-"-..'.- “g
Flt MOdeI i SE . T —3 j -5E . 'I“ =
_ _ s SN S I LS

* Samples simultaneously fit to a model of two = jggggﬂ 2w
Gaussian distributions over an exponential g 2ok 3 30
Shape é 1500§— — é 1500§— —

@] 1000; - A‘——; @] IOOO?L_ " v—;

e Asymmetry parameters extracted from the fit o R R S s

1'8;(K+K‘n+n-) [Eiwcq 1'8;(K+K‘n+n-) [Ezch]

3fb1 : Nev~170Kk
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Results From LHCh

N

fem 077171
Three Measurements 2 $FLHCb ©)
1. Integrated ki |

ST L

2. Bins of phase-space : :
6k w*/mdof =26.4/32 ]

No significant deviation from 0 observed AR
CP conservation tested with P(x%)=74% 0 02 30

Phase space region

al5°9(D%) = (1.8 + 2.9(stat) & 0.4(syst)) x 1073 éjw“]l“ﬂ}“]HHH{H

(\I’TIO_"'I T T T
= 8 (c) LHCb
= 6
%y
2
OJ L%‘+.+_1 ......................... J L
2
L] L] 4
3. Bins of proper time 6} yndf = 1.3/4
No significant deviation from 0 observed A b/ U
CP conservation tested with P(x?)=83% D’ decay time [ps]
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Results From LHCh - Ay and Ar

N

| B—DYrX, DP—>K' KT

Local asymmetrles up to 30%

— 40— T 7 40— .
FSI Effects? 'S f LHCh @] s S 0} LHCb ®)]
. . <00 NPl Pt
 |t’s possible that FSI are producing Oh, o, w;ﬁ vt
. OF E oF E
effects in all the three measurements - rdypddd les *-+-{-.;..*.;;;.f.i.*...*..
. . g . . . 20 M f b 20p th t 4
» Significant differences in bins of Wb b i3 IR SR '
phase space
Phase space region Phase space region
I 0 1 ST T ) ST T T T T T T
* Average consistent wrt D’ decay time x e C -
e Wide spectrum of resonances and < s < s
. . -6 -6
rescattering among the final state -;ﬂ-%ﬁ.iﬁ. ................ I
particles 9 -
-10
o g e
-1 0 02 04 06 4 -1 0 02 04 06 4
D’ decay time [ps] D’ decay time [ps]

Ar(DY) = (—=71.8 +4.1(stat) & 1.3(syst)) x 1073

Ar(DY) = (=75.5 & 4.1(stat) & 1.2(syst)) x 1073
E ﬁﬁﬁ .(Pﬂ- Maurizio Martinelli - CPV in Charm using Triple Products Asymmetries | 11.09.2014



http://arxiv.org/abs/1408.1299
http://arxiv.org/abs/1408.1299
http://arxiv.org/abs/1408.1299
http://arxiv.org/abs/1408.1299
http://arxiv.org/abs/1408.1299
http://arxiv.org/abs/1408.1299
http://arxiv.org/abs/1408.1299

ARich Resonant Structure

N

Kscut P Kscut P

H & V0Tt T T T

Resonant structure in : f | @y iy ®)
+ - 2 T DYC >0) 1t *D'(C>0) ]

D 0_)K K "+n- E 2000 F ' ) 1F —0 _T oooo ]

— F o DO(C_<0) oy 4 1 °D(Ci<0) 2

. = 1500F T ot 3 Jt R ]

e Clear evidence for ¢ and p z o ] el ]
= 1000f 0ne” o 9 dF S "a . ]

= F o X »”’ . ] °°°0°¢¢’°. . 1

resonances -c% 5 00;_6..&9;“32@3 Arye 3 _ L m.g.ﬂ%?ﬁ? R ee -

* Significant difference in the N A S | VRN B

. . . 04 0.6 0.8 04 0.6 0.8

dIStrIbUtIOnS VS CT m(en) [GeVie] m(n) [GeV/e?]

* Visible effects in angular e L e e | L A R
iabl I S 9000 (C)'é .. LHCbH ( )
e D'—K%K*K- removed by m*m “ 6000 cDC<0) 4 "D(Tp<0)
invariant mass cut 2 ok E
5 3000F o, 1E =
S 2000F IE T,
S 1000 —% 8, 1P 4 "32925i
Byl 1"S9%ecpocescedena I /1 I QQQWQM-‘.M_I_

0 1| 1.2 1.4 16 1 1.2 14 1.6
m(K*K") [GeV/c?] m(K'K") [GeV/c2]
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- hep-ex/1408.1299,
An Rimost Systematic Free Measurement

N

Reconstruction Efficiency © Systematic uncertainty estimates
* Does not a_lffect at all the result: Arand A7 coniribution AAT(%) AAX(%) AaL(%)
asymmetries are calculated separately on
the same final state Prompt background +0.09 +0.08 +0.00
Detector bias +0.04 +0.04 +0.04
Particle Identification © C resolution +0.02 +0.03 +0.01
* The same considerations apply to particle Fit Model +0.01 +0.01 +0.01
| e Same ppiytop Flavor misidentification ~ +0.08  +0.07 +0.00
identification
Total +0.13 +0.12 +0.04

Ct Resolution &
* Estimated accurately from Monte Carlo, almost cancels in acp™%

Peaking Backgrounds under D°/D° signal
« Any contamination affects the asymmetry as A—A(1 - f) very small effect

f - contamination fraction; A% - asymmetry of the contamination sample

Flavour Mistag &

 Considering the events with flavour mistag as a contamination acpT'°d°’—>acpT'°°’°’€Aw12(A1+ATTD
Aw = w*-w — difference among the mistag probabilities, measured from control samples

B—D*uX, (D*—Dm*, D'—K*K1r*1r); B—Duw X (D°— K1)
Detector bias &
» Conservative estimate from control sample of CF D°—K-m*m*m
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LHCh Summar

N

Three approaches

e CPVis searched for in D°—K*K-m*m using:
1. A measurement integrated over the phase space
2. Measurements in different regions of the phase space
3. Measurements as a function of the D? decay time

Results

* No CPVfound

* Nevertheless, a lot of interesting information in the phase space of the decay, with
local Arasymmetries up to 30%
These results are interpreted as possible effects of FSI produced by the rich resonant
structure of the decay

* acp™9 measured for the first time in bins of D? decay time

Remarks

» Systematic uncertainties are found to be very small (as expected) in these
observables
High statistics control samples, toy studies
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More Asymmetries

N

Theoretical reinterpretation

* Arecent paper by A. Bevan reinterprets the asymmetries outlined before and suggests describing
them as C, P, and CP asymmetries

e Arinterpreted as a P-odd (Ar) rather than T-odd observable since time-reversal test is not

possible
P(CT) — P(ﬁK"’ 'ﬁﬂ+ X ﬁﬂ'_> — _ﬁK"‘ 'ﬁﬂ'"’ X ﬁﬂ‘_ — _CT
e Assuming
I, =T(Cr >0) I, =T(Cr >0)
I'. = F(CT < O) [_ = f(UT < 0)
* One gets _ _
'y —I_ - ry —1r_
p= ; Ap ===
'y +1'_ 'y +1_
» Considering that C(Ar) = Ar and CP(Ap) = -Ap the following asymmetries testing C and CP can be
extracted

1 _ 1 _
ag — 5 (Ap — Ap) CLgP — 5 (Ap -+ Ap) — ag};odd
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More Asymmetries (cont.)

Same exercise for C operator

» One observes that C(Cy) = Cr
C(OT) — C(ﬁK"‘ 'ﬁw+ X ﬁﬂ'_) — ﬁK‘ 'ﬁw_ X ﬁﬂ'"’ — CT
| I r,-T
a + — 14+

A = — N _— =
“TTr_+r YT TL 4T
_ 1 1
P(Ac)=Ac ag = 5 (AC — Ac) Acp — = (AC —+ Ac) CP(Ac)=-Ac
...and for CP
CP<OT) — CP(ﬁK"‘ 'ﬁw+ X ﬁﬂ'_) — _ﬁK_ 'ﬁﬂ_ X ﬁ7r+ — _CT

r, —T_ _ T

Acp = =% ;. Acp = =
T, 4T I_+1,

1

2

CP __

_ 1 _ _ ~
P(Ace)=Acr  ap = 9 (ACP — ACP) ac = (ACP + ACP) C(Acp)=-Acp
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Reanalysis of BaBar data BaBar Preliminary

Extraction of the asymmetries

 BaBar data from D°—K*K'm*m, Ds)*—K%sK*m*m used to extract all the

asymmetries
del Amo Sanchez et al., Phys. Rev. D81 (2010) 111103(R)

Lees et al., Phys. Rev. D84 (2011) 031103(R)

* Arand Artranslated to yields
F+:NDO(1—|—AP) f+:N50(1—AP)
I'_ = Npo (1—AP) . = O (1—|—1Z1p)

* Systematic uncertainties propagated by assuming them to be
Gaussian-distributed
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Original Analysis of BaBar D°—K'K'm'nm

N

The 2010 analysis del Amo Sanchez et al., Phys. Rev. D81 (2010) 111103(R)

e Prompt D*— D" decays g lzf_éi‘;ﬂ T
e 2D fit to m(K*K'mr*mr) and PR R A ]
Am= m(K*K'm*mms*)-m(K*K'mm) %400:
* Nev =47k § mf
e Most important systematic I
uncertainties from particle identification & ¢

and selection criteria in general i34 186 188 19 184 186 188 19
m(K'’K'n*w) (GeV/c)  m(K'K ') (GeV/c?)

* Asymmetries: <"
Ap(DY) = (—68.5 % 7.35tat £ 5.8yst) X 1077 3 00}
Ap(D°) = (=70.5 4 7.34pat & 3.95yst) X 1073 § 600

agp (D) = (1.0 £ 5. 1o & 4dgyee) x 1075 3%
A 3 200

+
w

Pull
w o

T84 186 188 19 184 186 188 19
m(K'K'n*r) (GeV/c®) m(K'Kn*r) (GeV/c?)

—
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Analysis of BaBar Dis*— KOsK T

o= . AT D+ — ) 4. stat -7syst -3
Original analysis (D) = (+11.2:4 14 Ly & 5.Teyst) x 10

Ap(D7) = (+35.1 £ 14.344at £ 7.2555t) X 1073
+ —
e About 20(30)k Ds)* decays reconstructed Ar(DY) = (=99.2 £ 10.Ttar & 8.35yst) x 107°
* One-dimensional fit Ar(D7) = (=721 £ 10.9tar + 10.75y5t) x 1077
] ] [ T_ —
* Main systematics from PID and selection aipt (DY) = (—12.0 £ 10.05at £ 4.65ys) X 1077
criteria alsd(DF) = (—13.6 + 7. 7gpa & 3.4gyst) X 1073
= BE . - = #F - . 3 = +3E_' 1 = +E L 3
g 2 e & r;g, Era e A F _25”"’“ . EONEAN T & _g;’-"—.—v e S T “’f
G 900; S 9005 3 Q0T 1 gr200f &
E %_ -E 700} 4 E'OOOT Tem-- S 'E“"""’;
~ 600f - 600f v~ 800F ~ 800f
< 500¢ < 500; < S o
B 400} 8 400} 8 & 600f
3 3000, 300} o 400}
& 2008 @ 2008 @ @ ook
100 ] 100 L [
+ 05+ ' SR oLt ; 0 o +
D e ;%S(Ggw,” e e Ds
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Event Rates

* Event rates exacted from the fit results on the asymmetries

Event rate DO D+ DF
r'y 10974 £117 5406 £ 136 6792 + 135
r- 12587 =125 5287 =131 8287 =153
T, 12380 =124 5073 £104 7886 + 121
T 10749 £116 5443 £ 111 6826 + 107

Extraction of the systematic uncertainties

» Systematic uncertainties assumed to be Gaussian

* The uncertainty on the event rates are then extracted from the ones on the
asymmetries

* In addition three other sources of uncertainty have been considered:

' » Slow-pion tag asymmetry (for Ac and Acp - negligible) [D]

 Neutral Kaon regeneration and interference (5-6x10# from D*—K%h*) [Ds)*]

* K'/K: interaction with detector material (affects Ac and Acp, 5x10-3) [Ds)*]
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Results of the Reanalysis BaBar Preliminary

All the asymmetries

* Possible effects of FSI
e QObservation of P and C violation

e No CPV
Asymmetry DY 5 KtKntn~ Dt - KOK*ntn—
PES| Ap —0.069 £ 0.007 % 0.006 (7.5) 0.011 £ 0.014 + 0.006 (0.7) (—0.099 & 0.011 = 0.008 (7.3) |
’ Ap ©0.071 £0.007 & 0.004 (8.8) | —0.035 & 0.014 + 0.007 (2.2) | 0.072 % 0.011 + 0.011 (4.6) |
Z,FS| a& ' —0.070 £ 0.005 + 0.001 (13.5) /  0.023 £ 0.011 £ 0.002 (2.1) * —0.086 = 0.009 = 0.002 (9.3

abp 0.001 = 0.005 = 0.004 (0.2)  —0.012 % 0.010 = 0.005 (1.1)  —0.014 % 0.008 = 0.003 (1.6)
¢ Ac ("0.060 = 0.007 = 0.001 (8.3) ) —0.026 % 0.016 = 0.005 (1.6) { 0.080 = 0.013 =+ 0.005 (5.7) )
€ Ac  |'—0.079+0.007 +0.001(10.8) J 0.020 = 0.016 + 0.005 (1.2) ' —0.092 +0.012 = 0.005 (7.1) J
P a8 " 0.070 = 0.005 = 0.001 (13.5) ) —0.023 £ 0.011 = 0.002 (2.1)  0.086 = 0.009 £ 0.002 (9.3) )

aSp —0.009 £ 0.005 £ 0.000 (1.8)  —0.004 & 0.011 & 0.010 (0.3)  —0.006 = 0.009 = 0.010 (0.4)

Acp —0.008 £ 0.007 & 0.004 (1.0)  —0.016 % 0.016 = 0.008 (0.9)  —0.020 % 0.012 = 0.008 (1.4)

Acp —0.010 £ 0.008 + 0.004 (1.1)  0.008 = 0.016 & 0.008 (0.5)  0.008 % 0.013 = 0.009 (0.5)

a$F 0.001 £ 0.005 & 0.004 (0.2)  —0.012 £ 0.011 % 0.006 (1.0)  —0.014 % 0.009 = 0.006 (1.3)

alP —0.009 £ 0.005 & 0.000 (1.8)  —0.004 £ 0.011 £ 0.010 (0.3)  —0.006 % 0.009 = 0.010 (0.4)
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BaBar Summary BaBar Preliminary

N

Tests of C, P and CP violation

e Exploited all the information from T-odd correlations in 4-body D) decays
o D'—K*Kmm (CS), D*—K*K%m*m (CS), Ds*—K*K%mr*m (CF) decays
are studied
* No evidence of CP violation from the tests performed
* No evidence of C or P violation from the tests performed on D*
» Significant deviation from 0 is found for some tests in D? and Ds*

e These results are interpreted as observation of C and P violation in
, D"—K*K'mm and Ds*—K*K’sm*m decays
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Alternative and Complementary Tests

* Searches for CPV through asymmetries in T-odd moments are alternative and
complementary to “standard” CPV measurements
* T-odd moments can be used for studying P and C symmetries as well

* Applicable to many possible particle decays

Low Systematics

* Previous analysis have demonstrated that the systematic uncertainties are
very small

Outlook

* Given the very low systematic uncertainties, such measurements could
become extremely competitive at LHCb (10fb™) or future experiments (Belle-Il,
LHCb Upgrade,...)
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