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CP violation in charm V< K*

Magnitude of CPV 0o Ves i
...is small. Why? K

<f ‘ DO>):arg(xcf—V”’;j= Zargblcv*

S~ us

CPV: complex CKM matrix phase; arg(
D (and other processes
involving charm

| R Y 3 :
hadrOnS) 11_ 5)\ - g)\ B e a (-‘0 - f‘m)
first two quark —A o S AZXY[L = 2(p + in)] AN’
generations; AXS[L— (1 — %Az)(p+ in)] AN 4 AN - 2o+ in)] 1- %A%\‘l

CKM elements = real;

2 arg b/csvuz = 2 arg l_ Vchu’; _Vcbvu’;) J ~
CKM unitarity

2 15
~ —2 Af T 2M)*=1.15-10"°
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CP violation in charm
Parametrization
...Is sometimes messy
Ry #1: Cabbibo suppression

—
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o
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3 types of CPV:.:
Ap #0: CPV in decay

0

9 9

P
~—— T~

f|D°

—

~~——
N

A,, #0: CPV in mixing 9_a1+ Av oiv
¢ #0 : CPV in interference P 2

quantity appearing in
decay rates (“A;):

<f ‘50> @+ A /Z)E o101 0)
(f|D°) 1+ A, /2
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CP violation in charm

Parametrization | |
direct CPV A =a +a,=[a [ +]a, e
a —TM > 1)- r(M—f) [ATA -1
for direct CPV two "M > f)_|_1"(|\/| S ) |A /A | +1
amplitudes with different
strong and weak (CKM) =
+|a, | +2|aa, | cos(o, — o;) cos
phases are necessary; |a1| 2, [ |a1 | cos( ) ((”2 ?)
iIn D meson decays this c r\> I NV v
is only possible in CS - LW
decays with contribution C d/ u
of penguin decays (beside . q
tree contrib.) 7 V. o V"
l/ W\‘ us
c \s/ u
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CP violation in charm
dN(D° - f) oA
Observables dt

uncorrelated production
master formulas p. 1/18, 19

still valid, need to keep

q/p and write amplitudes r'( —D°D° - f,f,)=
A; etc. in accordance with

parametrization on previous :E‘a‘z( 1 ~+ \ _‘ | ( ~— 1 J
slide 1-y 1+X 1+x°)

. P g+
a = AflAfz - AflAfz’ b_ :aAflAfZ _EAflAfZ

coherent production with C=-1
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Decays to CP eigenstates

_ — A
f=f, AA=A; A=A, |= 145
A 2
Principle (1 ‘Po(t)>‘2 A AL
t-dependent method A ‘2e_t = [1+(1+7—7)(X3m¢— y cos ) t}
f
measuring lifetime (f[Pow)f —[1 A @D Ay ysing + yeos )J
in K*K/z" - state ‘ A, ‘Ze—t - 2 2 oYL
0
Ziza'g—%tely for D following derivation on p. I/26 and keeping CPV parameters
twk=1+Ycp);  Yep=(7Tki)-1=y COS¢-(A,/2)x Sing
no CPV: yop=y

Tk =711+ (1+ AZM — AéD)(xsin @ — Y COS @)

: following same derivation

separately for D and D

A = iKK T _ Ay yCOS(p—(l—i)xsingozﬂycow—xsin(p
Tuk + Trk 2 2 2

Tuk ®T 1—(1—'6‘2M — A;)(xsin @+ Yy COS @)
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Decays to CP eigenstates

Lepton-Photon 2007

Belle 2007 I I - i } 0.010 £ 0.300 +0.150 %

Results
t-dependent method

BaBar 2007 “ . 4 0.260 £ 0.360 £ 0.080 %

dominant syst.: same as for yp World average }—{ 0.123 0,248 %

A, = (A, /2)y cos ¢ -x sin ¢ a2 0 Ted e

CPV in mixing and interference
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Decays to CP eigenstates

. . 0 1 —
Principle (D _”2( K ):1+(1+ﬁ—i)(xsin(p—yc05(p)
t-integrated method A 2 2
(D’ —>K'K") A, A
asymmetry of Al — _(1_7_7)()(8'“ p+ycosp)

t-integrated rates;
CPV in decay, mixing and

interference; KK _ r(D° - KK)_F(§O — KK) ~
" I'(D° > KK)+I'(D° - KK)
However..... Ay Av

~ —+ XSIn @ —— Yy COS
measuring absolute rates 2 v 2 yEos®

instead of decay-t distrib.
involves sensitivity to

n.b.: Ay and ¢ universal among various
acceptance

decay modes; A, is decay mode specific
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Decays to CP eigenstates ,me. _ N(D” > KK)-N(D’ - KK)
N(D° - KK)+N(D° = KK)
Principle = A"+ A + A
t-integrated method comparison of tagged/untagged
*+ 0+ 0 —S K-t
A7 n* | n detection eff. asymmetry / (D™ =D%n). D7 =Her

] untag DP K Kn
D**~ —D%z*- ; e.g. due to different A AFBf Acp + A
7~ interactions on detect. material A" = App + AGE+ AT 4 AT

assuming AP =AP =

Agg: forward-backward asymmetry Ateg_pAuntag = A =
need to perform meas. in bins of

v/Z% — cC;

A zis an odd function of 4, (in CMS); P O,

vanishes if integrated over 6,

since working in bins of 6_(correlated A, = A™® (cos ) — A™™ (—cos by)

with 6,) need to correct for it 2

Acp: physical CPV asymmetry — A= AT (coseD)+2A”‘eaS (—cosd,)
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Decays to CP eigenstates

Zinbins of p_, 6 _(n.b.: ©(102))

0 0.1-:0.2 GeVie o 0.1-0.2 GeV/e
B 05 0 0.5 T 0.5 0 0.5 1
Res u ItS 0% 0.20.3 GeVic B05 02-03 GeV/c
t-integrated method (Tt et
S T s e 0.5 TR Y a— 0.5 1
B8 0.3-0.4 GeVic 2018 0.3-0.4 GeV/e
O Of - =
B B S SV R L R
cos 0,
K*K- /4
0.0 e 0.02 M-
=, [ Em
§ 0.01§§ @1 % 0.01F ®
stat. precission of tm somewhat worse; Ace’ okt %&k\\&&% 0 \\
dominant syst.: stat. uncertainty of A.” 001F I s
02 04 06 08 9% 02 04 06 08
cos S cos g5
world average: — et
—+ © | & o+ (&
b 1 -0.02[ + ]
_|_+ -0.04F + +
] o06f 14
02 04 06 08 0 02 04 06 08
| cos OFNS | cos 653
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WS 2-body decays O o]
‘<K+7r“D°(t)>‘ oo| RE 4Ryt 2T g2 |g

Principle R L S

D** - D9 Teiow 2 2
RS: D9-K 7t (k7 5%)}\2 oc| RS +oRoy te Y g2 et
WS: DO0- DO K- B& interf . b ~

equivalent measurement 82 + -

— LOXT+ R, —R

separately for D9, DO Ry = 4 Ay = —1—

(2’ Ro) = (¥'*2 y'*Ro?) 2 R+ Ry

_Ro—Ro

CPV in decay and mixing Ap = RY + R
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WS 2-body decays o0 _

Results
DO = K+ T 0 7
Ro 3.03+ 0.16 + 0.10
Ap 214+ 524+ 15
2T —0.24 + 0.43 + 0.30 -.04:
y't 084+ 64+ 45 . s
@'t —0.20 + 0.41 + 0.20 4-10°x
y'~ 06+ 6.1+ 4.3

Ao = (23 £ 47) 103
A, = (670 + 1200) -10°3

does not fit for CPV param.
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MUItl'bOdy Self Conjugated States same as egs. on p. 1/42

but including q/p

. . 2 2 _ + - 0 . 1 2 2 gt it
Principle m(m?,m?,t) = (Kez'z |D (t)>—§%l(m_,m+)[e re 4
DO _)K ’ - J— . .

s 7T +%ﬂﬂ(mf, mf)[e—mit _e—l/lzt]
P

t-depedent matrix

elements M, M 1 (m’,m’,t)=(Koz' 7~ |DO(t)) = %ﬁ(mf, m2)le 4 + e |+
are in case of CPV 1o o
not trivially related; +§a;1(m+, m_)[e"% g ]

no CPV: %zlﬁ(mf,mf)=ﬂ(mf,mf):>97(mf,mf,t)=9l4(mf,mf,t)

CPV: A(m?,m?)=>"a e B(m? m?)+a,, €'
a, ¢ # a, ¢ direct CPV T2 m2) = S5 6@ B(m2 m?) 4 g e
(in decay) ﬂ_( m)=2.a (M M)+ By
lg/p| # 1, ¢ # 0: indirect CPV M (m?,m?,t) = M(m?, m?,t)
(in mixing and
interference)
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Multi-body self conjugated states

95% C.L. contour

ReSU ItS 2 | 1 ﬂ(stat. only
DO Kot - - ~+ CPV Istat. only) -
- L
. . -1 0 1 2
no evidence of direct CPV; X (%)

x, y almost unchanged w.r.t. no CPV fit

Ks nt - /Ks KM K
does not fit for CPV param.

Frontier of Particle Physics 2010, Hu Yu Village, Aug 2010



CPV phenomenology Outlook
CPV measurements
Constraints on NP

Other states A, - LM~ f)-T(M - f)
" T'(M > f)+T(M > f)
Principle D* — Kgz* CF
various decay modes D+ — KsK* CS
of D 5,2 Dyt — KgK* CF

_ DS — Kgrt CS
t-integrated asymmetry;

example: D(s)+ N K3h+ Ais‘;ﬁ.’f.-?“ _ ‘45}3—}55:' + _‘{‘EE n ‘4;——
h=K, T n 0 A - - ~
. : . APTEE = gPeRE L 4D L 4F
charged mesons: CPV in decay only; CP FB ' e
D" D% _ D' SElF° o* o
. . “-j':-'e-*: - ‘_}'C“F' _ ‘4:—3 o ‘4;-'
corrections for detector induced
asymmetries and Aqz (n.b.: p. 11/9); A2 = A + 47
wnfaggead D' st _ o K- xT
_ =4 + 47 +4
example: e e ';B_ L
ragee Y. A _ N K x T,
Arec(D — KS7Z-+) 'Arec(Ds — ¢7Z'+) Arsr - AFB T AE + "4'5 + AE
= Acp(D — Ksr')

(technically much more involved
duetop_, 6., 6, dependence, see p. I1/9)
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Other states ) o
‘<7m| K°>‘ —‘<7m| K°>‘

A = 2 2
. . 0 0
Principle (7z | K +[(zz | K)
Ks in final state not a 1 ‘( /9) ‘2 IR
CP eigenstate itself; ~ PTk = 9(6‘2) — 0.332%
in weak D decays K9, K% produced; 1+\(p/q)K\ I+| &
CPV in KO system =
even in absence of CPVin D system % ouf Y onf
some asymmetry expected 1, v Jr 1o + 4
oo u:—_\» ‘\‘ oo of —+}
L ol ‘\‘__ L ot
Results omE oof
AK ‘;ﬁ” o.oj ;ﬁj 0.02 :
T n E-0.02+ + o E-u.02++++""
Ao, ST _0.7140.19+0.20 —0.3321 L om + 1 Lot JF
Dt kgSxt -0.06] -0.06f
A r OS i +5.4542.50+0.33 +0.332 0 02 040608 1 0 0204 08 Oc::?ms1
ADTHESET _01640.58+£0.25 —0.332 lcosBM |cos63;"]
+ x0Tt
AT TS ET 1 0.1240.36+0.22 —0.3321

2.6 o from 0O, consistent with A,, <
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A R —

Ave rages . ol CPV allowed
Results )
same fit as for the :
mixing parameters, 05—
+ CPV parameters 0:
x  (0.59+0.20)% |
v?/n.d.f.= 08

V' (080 + 013)% 31 9/(30-8)=
5 (27.6*12_,,,)°  31.9/22

i
-

S 80
+22.3 © % 60
O (23.2 -233) (largestcont. &

R, (0.332%0.008)% fromK‘'z2® <.
- A, (20x24)%  andCleo<)
= +0.19 =
85- la/p| 0.91 %91 4 46 -0
L ¢ (-10.0%93 )

R A s M e S O

[a/p|

Frontier of Particle Physics 2010, Hu Yu Village, Aug 2010



CPV phenomenology Outlook
CPV measurements
Constraints on NP

Constraints from mixing

(examples from c Ve _____ Vun” u
) W =
DO ! N 0
4th generation of fermions b b D
_ W- =
u _______
b’ beside d,s,b exchanged V™ Vew

in loop;

500 S R R R R R AR RIS KRR AZ TR
-10-3 lines of
|V, Vo |<1.4 10
constant |x|

for m,,> 400 GeV

400

more severe constraints
than from CKM unitarity

my (GeV) mbv [GGV]

300 —

/

E
5:_
o U

=]
=

1 I
0.002 0.003

|Vub’Vcb’|
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Constraints from mixing

R-parity violating SUSY

squark-lepton (or vice versa)
exchange in loop;
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200

m-

150

[GeV] [

100

o0

DO f DO
d L
R
0 | /I’ s |—|
4
_I
o -
|
: |
b= =
. . fi
lines of 1
0 constant [x|
i //I | | | | | | I | | | | | | | | | | | | | ]
0.00 0.01 0.02 0.03 Q.04 0.05
AJ]'_ }\ri .
A R couplings
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Constraints from CPV
SCS decays (probing penguins);

small in SM, small DCPV; for M rs ation to
SUSY: squark-gluino loops; seep. 127,28 4hproximate current sens.
could lead to CPV Mezl , — ‘\
: b
IMy,| vs. ; 01 _ L~
m(g) for = 005
+ = /2 %
éﬂ a,—JACP "o iE1% o o,
t—dep. t—integr. see egs. on p. 11/6, 8 %"‘a 0.01 P
A, =4r;sing; sin g, 0.005 = ﬁomzloooGeV
ro = ‘A][\' "I AN ‘ ALK = (-0.08+0.68)% 300 200 500 600 700 800 900 1600
mg [GeV] m(g)
contrib. to r; of ©O(1%) allowed
using current constraints from mixing; " AD _ AD

f = ,
if ¢, &~ O(1) (i-e. if no similar CPV suppression in 4sing;sino; 4

NP like in SM) A, constraint excludes all shown values
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Near future facilities

Charm-factories

main results from BES-III
expected in the near future;

LHCDb

[Ldt o,

great hopes for nice results, [ab ] 7
although 1 fb-'(by end of 2011) N3
may not be enough ‘o
Super B-factories 1o
L x10% g

- Super KEKB, 5 ab-'in 2016;  [e™™1
- SuperB, Frascati 2l

E \ L | | |
2%10 2012 2014 2016 2018 2020 2022
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lllustrative expected sensitivities
Mixing parameters =

current W.A. :
expected

Charm-factories
20 fb-1: G(RM) ~1-10 :
(from y(3770) —»Kt*, K'nt*) nb:p. e 10

(nb.i Ry ~1-10%); st
o(y) ~ 0.3% o .
G(COS 8) _ 004 0 0.2 0.4 0.6 O.SCOSS’I
LHCDb
10 fbo*: o(x) ~ 0.25%, o(y) ~ 0.05% Prediction is very difficult,
(estimated from precision on x’?, y’ and y.p) especially of the future

Super B-factories
Super-KEKB: 5 ab™': 5(x), o(y) ~ 0.1%
(combined from Kr, KK, K )

Frontier of Particle Physics 2010, Hu Yu Village, Aug 2010



CPV phenomenology Outlook
CPV measurements
Constraints on NP

lllustrative expected sensitivities

CPV parameters _T(8.8) _ 2R Br(S.)sin’ o
(S, X)

Charm-factories ) )
several possibilities; ASH I'(S.e’)-I(S,e") N
decays to same sign CP states; " I(S.e)+I(S.e")

not sensitive due to R, A,
suppression; ~y—-C0Sp—Xsing = A

C=+1 initial state (D°DOy); 2
20 fb': o(Ar) ~ 0.6% (stat.only) nb.: A =R, A,

(neglecting direct CPV,
i.e. Ap=0; see p. 11/29
for other asymmetries)

Super B-factories
Super-KEKB:
5 ab: o(¢) ~ 5°

o(Ar) ~ 0.1%-0.2%
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lllustrative expected sensitivities
CPV parameters

@ °° Fecrao0 | W20
O, s = 4 b | i |
Belle Il, 50 ab"’ T 60
X =(0.832+0.095)% % 40_
y =(0.813+0.064)% < I
§K7z —24.6°+4.9° 20 :_ .
=(0.336+0.003)% 0:_ | |
‘M‘ —0.894 +0.054 i M
P B |
¢ =-0.004+0.049 rad -
A, =(-0.1£0.8)% -60;
projected sensitivities included 02 64' | 'oe 0.8 '1 - l| 2 14 L| 5' | *'| 3

la/pl
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 entering precision era in D% mixing and CPV
(mixing only estab. in 2007)

» provide unique constraints/searches of NP in u-like FCNC

Today:
» B-factories (and Tevatron) still to say the final word

Tomorrow:
» Charm-factories, LHCb and Super-B factories

» will be able to search for NP effects (in CPV) in whole range
down to SM predictions
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D mixing rate in exclusive approach

T, (DIH D, 1 =ofync
(M—|— ij :< eff J> :MD§U +—<DO‘HV€C__2‘ D0>+
2 2M, 2M,
dominant contrib. to mixing; 1 <5°‘HV€C=‘1‘ n><n‘HV€C=‘1‘ D°>
+
take as example PP final State;\ 2M, ; M, —E, +ie
state KEO‘HVﬁC:‘l‘ n>‘2 oc <50‘HVAVC:_1\ n><n\HVAVC:_1‘ D°> o« measured Br contrib. to mixing
no 2 2 £ LU
AN
minus sign due to relative sign of V /V_4 (see p. 1/32);
summing over this states = 0 (GIM mechanism);

however, in DY decays SU(3) is broken;
in other words, measured Br’s with r; #1
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Mixing parameters G2 2

My 7, M, oBgq f
My, =— - 182 S (m /mW)(Vt;th)
B mesons: ) 7’ )
Gimin.m, B, f

calculate M,,, 77, from I, =—F 078 84784 (B /5y )2
box diagram; from that e 3 i
calculate A4m, AI” q: d (By) or s (B,)

Bg,: bag parameter, <B °[by*(1-y°)q|B,°>
qu: decay constant
ng!): QCD corr. 9(1)

Sy(X;): known kinematic function

2 =g+0(m2/m?)
12
I, | 37 m; 1

MlZ ) 2 mV%I SO(th/mVZV)

Do =

~0(m /m?)

I
MEItE

sing, +O(| I, /M, |2)

12
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Mixing parameters
Am=2|M, |(A+...)

B mesons:
AT =-2|T,|(1+...)
[1752] << My, /
measured x,=0.776 + 0.008 e T ®(| 1_‘12 | | I\/|12 |)
X =25.5+0.6
from M../T",, = y,<1%
ys~10%
D mesons:

=2 1+ (A, x/2y)?
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Asymmetries at charm-factories

untagged asymmetry B B
A = '(D° > K z)+I(D° > K 7z")-I(D°* > Kz )-I'(D° > K*7")
" (D> K z)+I(D° 5> K 7z")+I(D° 5> K7z )+T(D° > K'7")

A, = 24/R, sin 5[ysin ¢+A2MXCOS¢)} ~2,/Rp sind ysing
semileptonic asymmetry F(§0D0 —e’e’) —F(QODO —ee)
" T(D°D° »e'e")+I(D°D’ »ee)
Acp = —2A,
direct CPV A, = r(D°D° -»S.e")-I(D°D? - S.e*) AD
" I(D°D° —»S,e)+I(D°D° > S.e*) 2

(n.b.: Ay is decay mode specific, in this case represents
direct CPV in S, decay mode)
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