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Why search for CP violation in charm?

CP-violating asymmetries in the charm sector provide
a unique probe for physics beyond the Standard
Model (SM)

Interest increased in the past few years since
evidence for D° mixing was first seen

BaBar: [PRL 98, 211802 (2007)] CDF : [PRL 100, 121802 (2008)]
Belle : [PRL 98, 211803 (2007)] LHCb : [PRL acepted (2013)]
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Why search for CP violation in charm?

o In the Standard MOdel (SM) We D Do The D° system is the only
mixing system made of
have 4 systems of meson- / \ up-type quarks
antimeson that can mix: Q=+2/3 U € t <— up-type quarks

Y1 : = - «——down-t k
e Mixing has been experimentally =" S 5 B s vmipeaar

established in all of them.

K® - K B - BC B, - B,

/ 2011, evidence of CPV reported by LHCb and CDF \
Collaborations:

in the difference of integrated asymmetries:
Ap(D 2 KK) = A.p(D> )

Interpretation is not straightforward, maybe accommodated in
\ the Standard Model but may also be a hint of New Physics! /
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Why search for CP violation in charm?

SM charm physics is CP conserving to first
approximation (dominance of 2 generation)

New Physics (NP) can enhance CP-violating
observables

interaction mass
eigenstates u C t eigenstates

' 1 —A2/2 A AN3(p d
- ([ ) 1—)\2/2j A/\ )[s]
b

——

AN3(1 — p —(in) —AN2 1

Wolfeinstein parametrization up to A

' Unitary triangle for charm '\ (* With b-quark contribution A

V;,dVCZ +V V. + Vuchz =( neglected: only 2 generations

us cs

~ A -1 =2 contribute > real 2x2 Cabibbo
\_ J matrix )
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Mixing of neutral meson: formalism

* Time-evolution described by Schrédinger’s equation
zi <|Pg(t)>) _ KMH Mw) ot (Fu Fw)] <|Pg(t)>)
ot \[P"(1))) [\Miz Mz 2\I'iy In/|\[P (1)

e Eigenstates can have different masses and decay width

My, — £T%
Pru) =p|P%) £qP’) where L=,[—12 212
p Mys — 5112

x_A_m_ myg — mp, Al' T'g -1

I  (Tup+l)/2 7732 " Tp+ly

o If CPis conserved, gand p arereal,i.e.|g/p|=1and ¢ =
arg(q/p) =0

Angelo Carbone




Mixing of neutral mesons: phenomenology

IS N S S—
> | @ K% x=-0.045
Blue line: Zost- y=0887
givenaP% att=0, E
the probability of .
finding a P? at t
1 1
Red Line: [arXiv:1209.5806]
given a P9, at t=0, - M T
the probability of i =0. x =25, 7
finding a P? at t £ © B ¥z 8.%2 ﬂ (@ Bs: ;= 350«11:4 ]
505 ‘ —0.5
%.._.v—-r""”jll’— é H_TTW—.—‘ l_|| lX‘A"lX‘l’l"‘““ﬁ.ﬂl.t‘L“.A’i.n AN A
0 0 2 —I't , re r't
[(PY(0)|P"(t))|* < e * [cosh(yI't) 4 cos(zT't)]
[(PO(0)[P"(¢))|? x e Tt [cosh(yT't) — cos(aT't)] ‘
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CP violation in charm

3 modes of observing CP violation:
e in decay: amplitudes for a process and its conjugate differ
e in mixing: rates of D°->D° and D°->D° differ
e ininterference between mixing and decay diagrams
e the SMindirect CP violation expected to be very small and universal for CP
eigenstates = 0(103)
e Direct CP violation expected small as well
e Negligible in Cabibbo-favoured modes (SM tree dominates everything)
 In singly-Cabibbo-suppressed modes: up to O(1074 - 1073) plausible

* Both can be enhanced by NP, in principle up to O(%)
CPV in the interference, ¢f # 0

Defnitions: = (D°|H|f) éf = <1_)0|H|z> q Ay q Af
A= (D) A7 = (DHIF) e T on R
direct CPV, AfDz0 CPV in mixing, AM#0 50 o
Ap [As? — [Az/ A2 e o
r _ [Ar/ Ay 7 R2, - R
M M DO/\f

q
D) 2 2 Ar = St Rar = =
|Ar/As|? + [A7/ A+l e Mo —
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Where to look for CP violation?

e Singly Cabibbo Suppressed (SCS) decays are an interesting sector
for direct CPV searches

e Interference between Tree and Penguin can generate direct CP
asymmetries
o Several classes of NP can contribute
e ... butalsonon-negligible SM contribution

Tree Penguin

Angelo Carbone



EEPETY TR 5th Franco-ltalian meeting on B physics, Annecy 18Feb 9

Angelo Carbone



Charm mixing with D°—K*7T

e Exploit interference between mixing and doubly-Cabibbo-
suppressed decay amplitudes

0
D* — DO 11+ m: D C?‘ wrong-sign events

~— DO KHr

e Compare to RS events which are dominated by Cabibbo-favored

amplitude D
P D*+ — DO 1t %: D° @: _right—sign events
— ., DO Kt

~_ CF 7

e Assuming |x|,|y|<<1and no CPV

N t x'? - 2 ' = xcosd + ysind
R(t) = WS( ) = Rp + v/ RDy,t + J t2 y'=ycos§—::::lsin6
Nrs(t) 4

 Would be consistent with R for all t in the zero mixing case.
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Recent mixing measurements from LHCD

&'\:12—"” T _glo-_l L L
Z 15 LHCb b « RS data > Jf LHCD « WS data
= 't , — Fit 1 = °r — Fit B
— RS 1= [ WS
: 08 s [ Background 1 —~ | B Background
5, [~8.4M 15 °F~36k
= 1
S 04 1 B
g | =
O 02F 4 O
03503 201 2015 02 22005 201 2015 2.02
M (D) [GeV/c] M (D) [GeV/c]
o ' ' ] o S - - ]
<3 - 1 4 : .
_53 , . . ] -5: ‘ ‘ . .
Measured by LHCb on 1fb-1 to be (accepted PRL LHCb-PAPER-2012-038):
RD — (3.52 + 0.1 5) X 10_3, Correlatu?n coefﬁc1§nt.
Rp Yy T
y’= (7.2 £2.4) x 1073, 1 —0954 +0.882
1 —0.973
X,z = (-0009 i 0013) X 10-30 1
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Recent mixing measurements from LHCD

R x'lo'-3' T =y I T T I
7E T R B B S :
-+ Data ; > 2F h
6.5F — Mixing fit : rl: LHCb
6F - No-mixing fit l/ 3 1.5:— :
2 é 1F :
: osp 50 E
i 30
LHCb op —lo + :
E + No-mixing
o -0'5‘_. o -
20 0.1  -005 0 0.05
t/t x|2[%]
Measured by LHCb on 1fb-1 to be (accepted PRL LHCb-PAPER-2012-038):
—_ - C lati ficient
Rp = (3.52 £ 0.15) x 103, o o
y=(72£24) X% 1073, 1 —0054 +0.882
1 —0.973
X,z - (-0009 i 0013) x 10-30 1
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Experimental status

'? B | | ot | | —_
E 2:_ . . 215 _m CPV allowed
" - > :
=~ F | | x=(063+0.19%
1.5F - i | y=(0.73+0.11)%
' " ] e
1 . }
L — 1GLHCb D\ : | : _
0.5:_ ------ 10 BaBar “ . _: 0'5_ e e e S e
oF = loBelle SR :
- 16 CDF RS of .
-0.5F + No-mixing i [ | no-mixing point e
S R B B B - ljo
-0.1 -0.05 0 0.05 T O I|!5Z
X [%] -0.5 0 0.5 1 15
X (%)
Experiment Rp (107%) ¢ (107%) 22 (1074)
LHCb 3.02+0.15 72+24 —-094+1.3
BaBar 3.03+£0.19 97x54 —-2243.7
+4.0 +2.1 BaBar: Phys. Rev. Lett. 98 (2007) 211802
Beue 364 :I: O' 17 06 3.9 1'8—2 3 Belle: Phys. Rev. Lett. 96 (2006) 151801

CDF 304+055 85 :|;76 —19 :|:.3.5 CDF: Phys. Rev. Lett. 100 (2008) 121802
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Experimental status

S T T I T courtesy of A. Schwartz
IS - . .0 Alow
— ‘ 1 S Very prelimingry L
>‘1 s ] i x = (0.63 + 0.19)%
~F . E - y=(0.73+0.11)%
E — 10 LHCb )\, :
05F 16 BaBar N E x = (0.48 + 0.14)%
0:_ - 15 Belle _: y=(0.76 + 0.10)%
- -~ 10 CDF ]
-0.5F + No-mixing . i No-mixing point :;"
P R B R R - |32
-0.1 -0.05 0 0.05 i 40
2 —0.4- [ | | T B | L1 ||l5°
X7 [%] 05 0 0.5 1 15
X (%)
E ' t Rp (1073 (1073 2(1074
Xperimen D Y x
LHCb 3.52+0.15 72x+24 —-09+1.3
BaBar 3.03+£0.19 97x54 —-2243.7
BaBar: Phys. Rev. Lett. 98 (2007) 211802
Belle 3.64 +0.17 067_L§8 181%% Belle: Phys. Rev. Lett. 96 (2006) 151801
CDF 2044055 854 7 6 1.9 :I:.3 5 CDF: Phys. Rev. Lett. 100 (2008) 121802
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Effective lifetime

o The effective lifetime of the D° or D° is the
average proper decay time of an initial state of
DO or D°.

e In decay to a CP undefined final state, eg K'mt*,
effective lifetime is average of heavy and light
mass eigenstate lifetimes, t,,.

e For CP eigenstate, eg K*K', effective lifetime is
modified by mixing and interference between
mixing and decay = sensitive to CPV.
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Ycp

e Compares effective lifetime of CP undefined final
state to that of CP eigenstate final state:

Teff(DO—> K_7T+) -+ Teff(I_)O—) K+7T_) 1

et (D" KK ) + e (D > @K D)

1, 1 . also it
~ncp || 1+ gAm Y COS ¢ — §Ama: sin ¢

Yycrp =

where +2
=1+A4,,

;
e Don’t need D° flavour tag.
e Equal to mixing parameter y in no CPV case.
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e CP asymmetry of effective lifetime in decay to CP
eigenstate final state:

Tt (D = KHK ™) — 7o (D0 —

_ K™)
Ter (DO — KK =) + 7eg(D —)@
[ (A, + Ag)ycos ¢ — xsin qf)] \

also 1t

Ar

where _
Af +2

=14+ A
Ag d

e D° flavour tag required — use D** - D°mr*
e Consistent with zero in no CPV case.
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Recently measurements: Belle using 976 fb-1

St D” = Kt S D’ S KK
3-layer SVD | §oom} S om0
153 th1 R 3 3 © ol 3 .
30000 F = = = RS
20000 ¢ § § 2000 i §
ook
foo 180 185 18 m (éiw Y82 18+ 186 188 N (é}iV)
4 4-layer SVD
Wl 823 ! = T
" § 2500 F D" —>n'n
g 2000
1500 F g ?::,
channel KK K T 1000 £ :; :;
yield 242k 2.61M 114k WEL )
purity | 98.0% 99.7% 92.9% o is is 1a 19

* Vop =(+1.11£0.2210.11)% : 4.50 away from no mixing
« A =(-0.031£0.20%0.08)% : No indirect CPV
» T7(D° 2K 71)=(408.56+0.54) fs : consistent with PDG
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Recently measurements: BaBar using 976 fb-1

BaBar PRELIMINARY

[stat error only]
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Pull

4 N
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= T g £ T T D iz quFw s Do @ I(fi;*' v -
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________ il [stat error only]

run

D? lifetime

Pull

[stat error only]

BaBar PRELIMINARY

\.

yop = [0.720 £ 0.180(stat) £ 0.124(syst)|%

\

Ar = [0.088 + 0.255(stat) £ 0.058(syst)]%.
2> exclude no-mixing hypothesis @ 3.30
2 no CP Violation observed
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HFAG y.,and A;

E791 1999

FOCUS 2000

CLEO 2002

Belle 2009

LHCb 2012

Belle 2012

BaBar 2012

World average
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HFAG-Charm IIIIIlII|IIII|IIIIIIIIIIIIIII

CHARM 2012

&

0.732 + 2.890 £ 1.030 %

3.420 £ 1.390 £ 0.740 %

-1.200 + 2.500 £ 1.400 %

0.110 £ 0.610 + 0.520 %

0.550 £ 0.630 + 0.410 %

1.110 £ 0.220 £ 0.110 %

0.720 £ 0.180 + 0.124 %

0.866 = 0.155 %

4321012345 y=076+0.10%

Yep (%)

LHCb 2012

Belle 2012

World average

CHARM 2012

IJllIlllllllllllllllllllllllllll_l_.

-12 -1 -08-06-04-02 0 02
Ar (%)

-0.590 = 0.590 = 0.210 %

-0.030 = 0.200 = 0.080 %

0.088 = 0.255 = 0.058 %

-0.022 = 0.161 %




time-integrated CP asymmetry 2 AA_;
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Observable in time-integrated CP asymmetry

e We are looking for CP asymmetry defined as
D’ > f)-T(D’ > f)
(D’ — f)+T(D — f)

with f=KK and f=7mtmt and

e The flavor of the initial state (D° or D°) is tagged by
requiring a D**—> D°mt*, decay, with the flavour determined
by the charge of the slow pion (7t*,)

e ‘“slow” because of its lower average momentum (~5 GeV/c)
with respect to the D° daughters (~30 GeV/c)

Acp(f)
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Observable in time-integrated CP asymmetry

e The raw asymmetry for tagged D° decays to a final state f is

given by

A (f)= NP 2DNE) =ND” D (Hm)
raw o " . —0 —. _

N(D™ =D (f)m))+N(D~ =D (f)x)
Tt
e where N(X) refers to
the number of reconstructed =
events of decay X after "
background subtraction Do
slow p

——
- -~
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Observable in time-integrated CP asymmetry

e What we measure is the physical asymmetry plus asymmetries
due both to production and detector effects

Araw(f) — AC’P(f) + AD(f) + AD(WS) + AP(D*+)

Angelo Carbone




Observable in time-integrated CP asymmetry

e What we measure is the physical asymmetry plus asymmetries
due both to production and detector effects

Araw(f) — AC’P(f) + AD(f) + AD(WS) + AP(D*+)

e ...whichis true: O(%)
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Observable in time-integrated CP asymmetry

e What we measure is the physical asymmetry plus asymmetries
due both to production and detector effects

Araw (f) =|Acp(f)| + Ap(f) + Ap(m) + Ap(D*F)
A

| Physics CP asymmetry |
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Observable in time-integrated CP asymmetry

e What we measure is the physical asymmetry plus asymmetries
due both to production and detector effects

Araw () =[Acp ()| H Ap(f)]+ Ap(m) + Ap(D*Y)

A
| Physics CP asymmetry |

Detection asymmetry
of D°
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Time-integrated CP asymmetry

e What we measure is the physical asymmetry plus asymmetries
due both to production and detector effects

Avaw () =[Acp ()| H Ap(£)]+[Ap (7o) + Ap(D*)

A
| Physics CP asymmetry |

Detection asymmetry Detection asymmetry of “slow”
of D° pions
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Observable in time-integrated CP asymmetry

e What we measure is the physical asymmetry plus
asymmetries due both to production and detector effects

Araw (£) =[Acp ()] H{ Ap ()] +Ap(7.)| + [Ap (D)

A AN Vi
| Physics CP asymmetry | | Production asymmetry |
<
Detection asymmetry Detection asymmetry of “slow”
of D° pions

e D/D (as well as B/B) production asymmetries need to be
taken into account in proton-proton interactions at LHC
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Observable in time-integrated CP asymmetry

e What we measure is the physical asymmetry plus
asymmetries due both to production and detector effects

Avaw () Z[Acp(f)] +[%]4'[1413 (WS)] . [AP(D*+)]
A I f N/

| Physics CP asymmetry | Production asymmetry |
<

Detection asymmetry Detection asymmetry of “slow”
of D° pions

e No detection asymmetry for D° decays to K'K*or trt*
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Observable in time-integrated CP asymmetry

e What we measure is the physical asymmetry plus
asymmetries due both to production and detector effects

Avaw (f) Z[Acp(f)] +| % |+[AD(7Ts)] +

| Physics CP asymmetry | Production asymmetry |
<

Detection asymmetry Detection asymmetry of “slow”
of D° pions

e No production asymmetry in e*e” and pp interaction
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Observable in time-integrated CP asymmetry

e ... if we take the raw asymmetry difference

[AACP =A_(KK)—A, (¢&;¢)=A.(KK)—A:» (7m)]

e the production and the “slow” pion detection
asymmetries will cancel

raw raw
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Recently measurements: LHCb with 0.6/fb

Invariant mass of K'K* and n* LN”'%[?]
This is NOT a Monte Carlo
DO—mt
DY decays come from < e S~ :
D*+_)DOTC+ decays E E LHCb [~y b)
in region: < & roooof- .
0 <6m < 15 MeV § g ]
dm=m(DO*)-m(D°)-m(x* L’ N ]
( ) ( ) ( ) 10820 1840 1860 1880 : 1900 13820 18I40 . 18I60 - 18I80 - 1900
. m(K K*) (MeV/c?) m(xn*) (MeV/c?)
For window mass: 1844<m(D°—K-K*)<1884MeV  1844<m(D°—y*)<1884MeV
1844<m(D°%)<1884 MeV S , : 5§ :
K'K*: 1.4million events = ™ 1 Zoom R
nrt: 381Kk events g, E
L = 0.62/fb (2011) : " m 1 m ;5
sm (MeV/c?) om (MeV/c?)

From simultaneous fits for both distributions (D° and anti-D°) to dm we measure:
AAcp = ACP(K+K_) — ACP(W+7T_)
AAcp = [—0.82 4+ 0.215%" + 0.115Y5"]%] Phys.Rev.Lett 108(2012)111602

sianificance: 3.5 ¢
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Recently measurements: CDF with 9.7/fb

AAcp = (—0.62 £0.21 £0.10)% _#- -

LI L LB R ""-""""""_
20F D' — D’ (= n'n) mt * — ) T, .

Phys. Rev. Lett. 109, 111801 (2012) - Data (07 1 ]

- —Fit ]
[l 0°- muiltibody
[l Random pions ]

Individual Mode Asymmetries

Acp(rtn™) = [0.22 + 0.24(stat) + 0.11(sys)| % |

- I+ D= D" (5 K'K)m; + D50 KK, .
Acp(KTK™) = [-0.24 + 0.22(stat) & 0.09(sys)] % | ~ ~° =" IR _
o -
.:g L
PRD 85, 012009 (2012) 2 %;
© 2
" x10° 10'
» Total samples in 2 K-+
100 (after D'tag): o — .
- 1.21M KK © 0 4
- 0.88M & 2000 . 0 2
8 K+K- Invariant D"n-mass [GeV/c?]
© o
(.B.: in this plot Kn width o /M l
artificially inflated by /N
nominal T mass © 1000 Wi N
assignment) / \ / S
1 million ev/bin N L‘I./

— "Ol%%!
15 2.0
Invariant n*n’-mass [GeV/
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Combined measurement

Acp(DV->mtrr) = (+0.31 £0.22)%
Acp(DO->K+K-) = (-0.32 £ 0.21)%

® Can combine the AAcp
result with the Acp(7tt) and

Acp(KK) result

® remove events from the AAcp Q """‘:‘:‘t’?é
. . O _-.,003;5’000
analysis that were used in the < 0 %

7

P

»
'?/
é

{2
{2
P

o

\.&
"o%0%%
BOXRS
250585
16262
25055
AN
olele!
2525
6%
&

5
4 Q’
92024

2

(D% — ') [%]

\\\\.\
SRR
0’0’0’0’0’
0000
HOA A
SEREK
KR
RS
S

SR
::0:0
&S

>
.
9%,
&S
o0
%
5
0%
V20!
3
55
&
55

o

KR

%%
2525
9%,
1
3
0%,
3
3
&S
&8

other analysis, to create a ] ]
statistically independent sample [ \ ]
-0_5_— \ — 2-dim 68% CL

® roughly 15% improvement on i \ ——1-dim 68% CL
uncertainty from the earlier A l\x T
-1 -0.5 0 0.5 1
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Recently measurements: Belle with 976/fb

- . 0o+ 0 + =  ,f T 0+ 0 - + g Belle A
< [ D =Dm, D=KK < | D =Dn,D-nn limi
3 3 preliminary
H B :
-1
¥ : _ using 976 fb
E E - : D
X X y1€1d
A S B et Do>K*K-~282k
LB 1 & 1475 14 L& il 1573 18
n (Ge¥) ncery \_ DO=Dgtm ~123k )
D’-K'K Do’
» ']']45 T 4058 7 3 =~ ']'['45 .|— 6337 7 3 _ ADO_>K+ ('0.32i0.21i0.09)%
{ 0.03 ;_ Pl -0 3240E-07 + 0 2083E-02 {“" 0.03 ;_ 0 5470E-02 + 0.3573E02
0.02 | aj 0.02 | bJ 4’— ADO—m z~| (+0.55+0.36+0.09)%
0.01 F 0.01 F
0 _'_ | | 0F 1 AA (-0.8710.41+0.06)%
0.01 F | 1 aomt cp
-u.uz; -u.uzé— 0 + L
sk N - A7 "% : best sensitivity
0.04 SR 05 0.04 Y EEY 05 J AACP . 2.10 away from zero
Icos 6 | cos O |
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Summary of AA,

acp™d = (0.027 £0.163 )%

dir

Aa

AacpdT = (-0.678 +0.147 )%

Results

2012 | Belle Prelim. | Ar =(=0.03 £0.20 (stat.) £0.08 (syst.))%
2012 |BaBar Prelim.| A =(0.09 £0.26 (stat.) +0.06 (syst.))%
2011 LHCb Ar = (-0.59 £0.59 (stat.) £0.21 (syst.))%
2008 Baar [ % 02 2052 () 022 (s )%
2012 | Belle Prelim. | AAcp = (-0.87 £0.41 (stat.) £0.06 (syst.))%
2011 LHCb AAcp=(-0.82 £0.21 (stat.) £0.11 (syst.))%
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CDF Prelim.

AAcp = (-0.62 +0.21 (stat.) £0.10 (syst.))%

0.02 L
ICHEP 2012 s A:cp gal?a:: ]
0.015 n ,z [7~/] AA¢ Belle Prelim.
- R B8 MG LHCb
- R 7777 AAp CDF Prelim.
0.01— 3 F— A, LHCb
- zg 2 A, BaBar Prelim.
0.005 — ,53 77 A; Belle Prelim.
' - &
i S

-0.01 =
-0.015 \\"{:}
Q
-0.02 L L NS T T
-0.02 -0.015 -0.01 -0.005 O 0.005 0.01 0.015 0.02
aind
CcP

Acp(h*h) = A7) + 2 agdnth)
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Search for time integrated CP violation D=3 body and

D->4 body

e Need at least 2 amplitudes with different weak and strong phases:
o Singly Cabibbo Suppressed (SCS): tree + penguin
e (Cabibbo Favoured (CF) + Doubly Cabibbo Suppressed (DCS)

e Several decays explored so far by, BaBar, Belle, CDF and LHCb
o D*>KKm, Ds>K °K(mr), D*>K.°K

No CPV observed'
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“Charming puzzle”
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Conclusions

e The evidence of CPV reported by LHCb and CDF has renewed the
interest of the physics community into charm, as a place where
to look for NP

No CPV observed with the latest 2012 result with several decay
modes

All experiments extracted the maximum information from their
data, except LHCb which will play a fundamental rule in the next
feature (3/fb on tape!)

e Expected AA_, update from D—>hh and semi-leptonic with 1/fb for Moriond
QCD 2013

e Expected soonresult A; and y.,and many others results from D2>3-4
bodies
In the near future (next run) LHCb will collect a huge amount of
data, the challenge for discovering CPV will be to have systematic
uncertainties under control
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Search for direct CPV

BaBaAr

* Need at least 2 amplitudes with different
weak and strong phases:

T -t :
* Singly Cabibbo Suppressed (SCS): tree + D* =5 KK 505 tree+pengum

penguin D+ K'K*  CF 4+ DCS
* Cabibbo Favoured (CF) + Doubly + 077+ :
Cabibbo Suppressed (DCS) D= KS K 305 tree_l_pengum
> K" SCS tree+pengu
* Time integrated CP asymmetries: D s AT e penguln

Bl = ) BB )
- B(D,, — f)+B(Disyy— f
| By =2 S == 8Dy =2 ) + K? ok
¢ Contribution from K0 - KO0 mixing:

+(-)0.332:0.006% when a KO (K0) SCS o
1s in the final state \\ﬁyﬁC:
* Three-body decays CPV effects can

be enhanced in certain Dalitz Plot

(DP) regions p < p
* DP model-dependent and model-
independent searches C’ PV sy O 1%
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