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1. Introduction

Applications of Murphy's law to charm physics:

Modern charm physics experiments acquire ample
statistics; many decay rates are quite large.

THUS:

It is very difficult to provide model-independent
theoretical description of charmed quark systems.
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1. Introduction

Applications of Murphy's law to charm physics:

Modern charm physics experiments acquire ample
statistics; many decay rates are quite large.

THUS:

It is very difficult to provide model-independent
theoretical description of charmed quark systems.

Now, this law does not apply to CP-
violation in charm: both measurements
and predictions are hard...

The "anti-anthropic” principle
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CP-violation (preliminary)

* In any quantum field theory CP-symmetry can be broken
1. Explicitly through dimension-4 operators (“hard")

Example: Standard Model (CKM): j5;4p; sz1; VEis @ C:"f .

5 CP
Lyuk = Gr¥ivke + He. 7 Lyyk

2. Explicitly through dimension <4 operators ("soft")
Example: SUSY

3. Spontaneously (CP is a symmetry of the Lagrangian,
but not of the ground state)

Example: multi-Higgs models, left-right models

* These mechanisms can be probed in charm transitions
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2. General remarks: CP-violation in charmed mesons

% Possible sources of CP violation in charm transitions:

* CPVin Ac = 1 decay amplitudes ("direct” CPV)

AD— f)=4, =|4, e*e®™, Ad =0,Ad =0

e +|4,

* CPVin D'-D° mixing matrix (Ac = 2)

2

2Mi — s\ 4y #1

Am — (i/2)AT

B2 — |g/pl® = '

* CPV in the interference of decays with and without mixing

% One can separate various sources of CPV by customizing observables
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A comment

* Generic expectation is that CP-violating observables in the SM are small

Ac = 1 amplitudes Ac = 2 amplitudes
c 4 — d,s,b =
C u
d.s.b
q w w
= u C
q d,s,b

Penguin amplitude = s
D-D mixing

* The Unitarity Triangle for charm:

VidVea +ViVes #VipVep = 0

us cs

~N =N ~N
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A comment

* Generic expectation is that CP-violating observables in the SM are small

Ac = 1 amplitudes

d.s.b

Q|

Penguin amplitude

* The Unitarity Triangle for charm:

VidVea *ViVes + ViV =

us cs

~N =N ~N

Ac = 2 amplitudes

— Bieh —

u c
d,s,b

D-D mixing

With b-quark contribution neglected:
0 only 2 generations contribute
— real 2x2 Cabibbo matrix

Any CP-violating signal in the SM will be small, at most O(V, V. /V V. ) ~ 1073
Thus, O(1%) CP-violating signal can provide a "smoking gun” signature of New Physics

[ S G S VNS S S D
Alexey Petrov (WSU & MCTP)

19 CKM-2010, Sept 6-10, Warwick, UK




CP-violation I: indirect

% Indirect CP-violation manifests itself in DD-oscillations
- see time development of a D-system:

1

4 D) = (M—§ )\D<t>>
VAN |

(D°[HD®) = Miz — 3To (DO[H|D®) = Mi; — 5T,

% Define mixing parameters
yi2 = [T12|/T, x12 = 2|M12|/T, ¢12 = arg(Mi2/I'12)

Note: can be calculated in a given model

M1+ mg2 _F1+F2 M2 — M _F2_F1
m=-———>= I's—=— "2 = : y=———.
2 2 I 2T
Note: can be measured experimentally
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Experimental constraints on mixing

Idea: look for a wrong-sign final state

1. Time-dependent or time-integrated < 2@
semileptonic analysis T sl CPV allowsd
rate < x° + y’ . » i
Quadratic in x,y: not so sensitive 1
: . 0.5
2. Time-dependent D" — K™K~ analysis ,
(lifetime difference) o
3 Hic
(D — 7t K™) . 1—-R,, -0. ; §§
yCP_T(D—)K+K_)_1_ycos¢—x81n¢ 2 "H‘ R ‘.;(;
-1 -05 0 0.5 1 1.5 2
3. Time-dependent D'(t) — K*n~ analysis X (%)

2
T[D°(t) - K*n7 | =e " |Ag+r-|° |R+ VRR, (3 cos ¢ — 2 sin ¢) Tt + % (2% + y?) (I‘t)2]
™~

R =

2
' : ' 5
, X'=xc08d +ysind, y'= ycosd —xsind

9
4. Dalitz analyses D°(t) — Krm, KKK P
5.  Quantum correlations analyses Sensitive to DCS/CF strong phase d
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CP-violation I: indirect

* Assume that direct CP-violation is absent (Im (I';,A;/Af) =0, |A;/Af| =1)
- can relate x,y, &, |q/p| to x12, y12 and 12

Xy = X12Y12 C0S¢1», x? — )’2 = x%z - )’%2’
(2 +y2)lq/pl*> = x3, + y3, + 2x15y15 singy,

x*cos? ¢ — y?sin’¢p = x2,cos?¢ 5.

% Four “experimental” parameters related to three “theoretical” ones
- a "constraint” equation is possible

v 1-lg/pl 1 Am

y tan ¢ 2 tan ¢ Note: a “theory-free" relation

% Measurements of mixing parameters say something about CP-violation
-y/x 0.8 +0.3 =™ Ap ~ tan ¢
- CPV in mixing is comparable to CPV in the interference of decays with and w/out mixing

Grossman, Nir, Perez

PRL 103, 071602 (2009)
Kagan, Sokoloff

Phys Rev D 80, 076008 (2009)
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CP-violation I: indirect

% HFAG's compilation —_ K

o)) o

- y/x 08+03m Am ~ tan ¢ % FPCP 2010 - go

— C (e}
T 60f
- CPV in mixing is comparable to & a0k
CPV in the interference of < [
decays with and w/out mixing 20
o
v _1l-la/pl 1 Am -2¢
Y tan ¢ 2 tan ¢ i
-6 :
Grossman, Nir, Perez i

PRL103’071602(2009) _8fl L1 L1 | L1 | L1 L1 | L1 | L1 L1 | L1
P Rew'D 80. 076008 (2009) 02 04 06 08 1 1.2 1.4 1.6 1.8

lg/pl
% With available experimental constraints on x, y, and q/p, onhe can bound WCs of a
generic NP Lagrangian -- bound any high-scale model of NP
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Generic restrictions on NP from DD-mixing

* Multitude of various models of New Physics can affect x

- u=lTelV

)

us<lTelV
H"

H"

7T :

[e] (f) (o) u: lGelV

H*

[T S LA S VNS S D
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Generic restrictions on NP from DD-mixing

% Comparing to experimental value of x, obtain constraints on NP models
- assume x is dominated by the New Physics model
- assume ho accidental strong cancellations b/w SM and NP

cu __ S a—ﬁ
QT = UL’Y;LCLUL’YMC%

cu _ —a a-B 0
AC=2 1 - / cu —a a=0 B L 4 = URCLU[CR,
Hyp ™ = Q—Z’Z%(M)Qz 2 = URCLURCL, + 1 +
ANP ' cu —ac,@—,[i’ o
=1 cu —acﬂ—ﬂ a R 5 — URCLUICR,
3 = URCLURCL,
% ... which are

|z1] < 5.7 x 1077

~Y

2| < 1.6 x1077

|z4] < 5.6 %1078

2

Anp
1TeV

25| < 1.6 x 10—7<
Phys.Rev.D80, 055024, 2009

2
23] < 5.8 % 10—7< Axp ) treelevel:  Ayp > (4-10) x 10° TeV

Gedalia, Grossman, Nir, Perez

New Physics is either at a very high scales

2 loop level: Anp > (1 —3) x 10% TeV
’ or have highly suppressed couplings to charm!

E.Golowich, J. Hewett, S. Pakvasa and A.A.P.

% Constraints on particular NP models available Phys, Rev. D76:095009, 2007
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CP-violation I: indirect

* Assume that direct CP-violation is absent (Im(I'[,A;/Af) =0, |Af/Af| = 1)
- experimental constraints on x,y, ¢, |q/p| exist
- can obtain generic constraints on Im parts of Wilson coefficients

_ 1
HNP " = 13 Yz,
NP

* Inparticular, from 215 singly < 0.0022

A 2
Im(z) < 1.1 x 1077 (1 TNPV) ,
(&
A 2 New Physics is either at a very high scales
Im(z) < 2.9 x 1078 (1 ;epv) ,
Aco \? treelevel:  Ayp > (4—10) x 10° TeV
—7 NP
Im(zs) £ 1.1x10 (1 TeV) ; loop level: Anp > (1—3) x 10% TeV
Tm(zs) < 11 x 10°° Axp \? or have highly suppressed couplings to charm!
vos 1TeV )’
ANP 2
Im(zs) S’ 3.0 x 10_8 ( ) ' Gedalia, Grossman, Nir, Perez
1 TGV Phys.Re’V.DSO, 0550,24, 2’009
% Constraints on particular NP models possible as well TP 0007007 2000 - siesch
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Particular example

r]fo[%]

% Standard Model with 4 generations

- similar structure fo SM, more CP-violating
parameters
- study correlations with kaons, rare decays, etc.

DY) f) - T(D°() > f) _ o oo ¢
r(Do0) = ) + 1000 = )~ D)

27p

o

|

0.010

0 10

20

QHB

)oe==o ([ +[2])
cosp —Zp | |—|+ |—|])sinp
p q p q

nSy(D) ~ — {yu <

0.005

with  [n7S;(D)lgy; & —2-107°

A. Buras et al
arXiv:1004.4565v2 [hep-ph]

M. Bobrowski, A. Lenz, J. Riedl, and J. Rohrwild
JHEP 03 (2010) 009

E.Golowich, J. Hewett, S. Pakvasa and A.A.P.
Phys. Rev. D76:095009, 2007

Tm
2 0.000}
qx
=
= -0.005}

~0.010}

0.00 0.01 0.02
Re(MD)[ps ']
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CP-violation IT: direct

* At least two components of the transition amplitude are required

) eiq)z

Ale®e™ + ‘Az e

Look at charged D's: A(D+ — f)

Then, a charge asymmetry will provide a CP-violating observable

_I‘(D*%f)—I‘(D'%?)_ 2Im 4,4, sin (8, -9, )
- 1“(D+ ef)+F(D‘ e?)_ ‘Al‘z +‘A2‘2 +2Re 4,4, cos(d, -8,)

~.or, introducing r=|A,/A,|: @y =27, sIn¢sino

\ Prediction sensitive to

details of hadronic
model

* Same formalism applies if one of the amplitudes is generated by New Physics

mumlp need re ~ 1% for O(1%) charge asymmetry

Z
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3. Phenomenology: how to observe CP-violation?

* There exists a variety of CP-violating observables

1. "Static” observables, such as electric dipole moment
2. "Dynamical” observables:
a. Transitions that are forbidden in the absence of CP-violation

CP [initial state] = CP [ﬁnal state]

b. Mismatch of transition probabilities of CP-conjugated processes
r(p—f)=r(D—7)
c. Various asymmetries in decay distributions, etc.

* Depending on the initial and final states, these observables can be affected
by all three sources of CP-violation

Z
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a. Transitions forbidden w/out CP-violation

t-charm factory

* Recall that CP of the states in D°D9 — (Fy)(F,) are anti-correlated at y(3770):
*  asimple signal of CP violation: (3770) — D°DY — (CP.)(CPy)

I. Bigi, A. Sanda; H. Yamamoto;
Z.7. Xing; D. Atwood, AAP

CP|F1] = CP[Fy

/>

CP eigenstate F,

/>

‘DOBO>L - % H D°(k, )50(k2)> (=D

)

<
CP eigenstate F, f.
1

I'r 'R 2 2
I'pp, = —}122 2 [(2 + 2%+ 9°) [Ar, — Ar|” + (27 +y7) |1 — AR AR, | }
) \
*  CP-violation in the rate — of the second order in A iﬁ
CP-violating parameters. - P4

*  Cleanest measurement of CP-violation!

IR FIRT T IR LT v
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What if F, or F, is not a CP-eigenstate

t-charm factory (BES/CLEQO-c¢)

* If CP violation is neglected: mass eigenstates = CP eigenstates
* CP eigenstates do NOT evolve with time, so can be used for "tagging”

/\ fl
Deopvy = fife

f,

CP b
Eigenstate (-)

‘DOBO>L _ % HDO(kl)BO(kZ)>+(—1)L Do(kz)Bo(k1)>]

)

* 1-charm factories have good CP-tagging capabilities -~ ~
CP anti-correlated {(3770): CP(tag) (-1)t =[CP(Ky) CP(nt?)] (-1) =+1

CP correlated (4140)
I'(Dept — Xlv) 1 (BEF Bl—)

Can measure (y cos ¢): By = o ycos ¢ = 2\ B BL

D. Atwood, A.A.P., hep-ph/0207165
D. Asner, W. Sun, hep-ph/0507238
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b. Mismatch of transition probabilities

* Consider partial decay rate asymmeftries

) r(p—f)-r(D—7) rDef) r(p—r)
! F(Def)+F(ef) r(Def)+r(ef)

* Each of those asymmetries can be expanded as

d _ . .
ay =2r,sing,sino,

d m i !
a,=ad,+a, +a m Yy 1
S // S If \i; C?f = —-}2f~—zi—'(}2m _-Iqm :)C()S(b
xl
direct mixing interference a; _ Rf / (Rm +Rn—11 )Sinq) Y. Grossman
2 A. Kagan, Y. Nir,

Phys Rev D 75,

o . _ 036008, 2007
1. similar formulas available for f

2. for CP-eigenstates: f:f_and Yi =Y

Those observables are of the first order in CPV parameters
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What to expect for direct CPV?

* Standard Model asymmetries (in 10-3):

Final state | @' TN’ K*K? nPp+ K*+KO | KK*O

ag,cosd>0 | -15+04 | 0.04:0.01 | 1.0+0.3 .3+0. 29+:0.8 | -09+0.3 | 2.8+0.8

ag, cosd<0 | -0.7:0.4 | 0.02£0.01 | 0.5+0.3 .20. 1.5:0.8 | -0.5+0.3 | 1.4:0.7

F. Buccella et al, Phys. Lett. B302, 319, 1993

* New Physics (in new tree-level interaction and new loop effects):

0.05

Model

Extra quarks in
vector-like rep S

0.01

0.005

RPV SUSY

0.001
Y. Grossman,

Two-Hi g gS 0.0005 A. Kagan, Y. Nir,

el e - Phys Rev D 75,
300 400 500 600 700 800 900 1000
doublet e [GeV] 036008, 2007
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Experimental constraints (HFAG)

» HFAG provides the following averages from BaBar, Belle, CDF, E687, E791,
FOCUS, CLEO collaborations

Decay mode CP-asymmetry
DO ot 0.0022 +0.0037
D% — 79,0 0.001+0.048
D’ — KK -0.23+0.19
DY L KtK- -0.0016+0.0023
DT —K 9k T -0.0009 +0.0063

Most measurements are at the (sub)percent sensitivity

HFAG-charm
http://www.slac.stanford.edu/xorg/hfag/charm/index.html
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Forgotten observable: untagged asymmetries

% Look for CPV signals that are A-A.P, PRDGY, 111901(R), 2004
- first order in CPV parameters
- do not require flavor tagging (for D°)

* Consider the final states that can be reached by both D° and D°,

but are not CP eigenstates (7Tp, KK*, K, Kp, ...)

Y -7

Acr(f) =555, where Sy =T(D' = N+ID =)

% For a CF/DCS final state Kit, the time-integrated asymmetry is simple
Agp (K+7T_) = =Y sin 5K7r sin qb\/ Ry (<10* for NP)

% For a SCS final state pm, neglecting direct CPV contribution,

Agp (pT77) = —ysind,n sin o/ Rpr (<102 for NP)

Note: a "theory-free" relation!

I
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CP-violation in charmed baryons

» Other observables can be constructed for baryons, e.g.

A(A, = N )=un (p.s)[Ag + Ays Jrs (£ao54)

2Re(4;4, )
These amplitudes can be related to "asymmetry parameter” O, =—7 >
4| + |4,
aw 1
.. which can be extracted from =—(1+ Po, cosO
dcosy 2 ( Ae )

Same is frue for‘T\c—decay

CP _
If CP is conserved O, =>—0la, . thus CP-violating observable is

Qp, T QAL
Ay = — FOCUS[2006]: A,,=-0.07+0.19+0.24
Qo L Ax
Ac A,

| LT S i 5 VNERESE S D
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Conclusions

Indirect effects of New Physics at flavor factories help to distinguish
among models possibly observed at the LHC

- a combination of bottom/charm sector studies
- don't forget measurements unique to tau-charm factories
Charm provides great opportunities for New Physics studies
- unique access to up-type quark sector
Can correlate CP, mixing and rare decay for given New Physics models
- same can be done relating D-mixing and K-mixing
Observation of CP-violation in the current round of experiments
provide "smoking gun” signals for New Physics
- Different observables should be used to disentangle CP-violating
contributions to Ac=1 and Ac=2 amplitudes

- Probably the only "smoking gun” left...
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Additional slides
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"Static” observab

[. Intrinsic particle properties

v'  electric dipole moments:

d= / d’z #p(Z)

should be (anti-)alligned with spin §!

dh 4 |
however
i5 -4 |

les for CP-violation

Experimental limits:

Particle Exp Limit, ecm | Theory (SM), e cm
neutron |dn| < 6.3 x 10726 |dn| ~ 10732
electron |de] <4 x 10727 |de| ~ 10737
muon ld.) 2 Fox: 107 |dy| ~ 10738
T
§— —§
P
- s
8 _> 09

thus, if d # 0 = T or CP is broken

Low energy strong interaction effects

might complicate predictions!

Z
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