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* Introduction
e CP-violation in Ac =2 processes
e CP-violation in Ac =1 processes
* Conclusions
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Disclaimer:

“It 1s always wise to look ahead, but difficult
to look further than you can see.”

Winston Churchill
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Introduction

% Fundamental problem: observation of CP-violation in up-quark sector!
% Possible sources of CP violation in charm transitions:

* CPVin Ac = 1 decay amplitudes ("direct” CPV)
(D — f) # T(CP|D] — CP[f])

* CPVin D°~D° mixing matrix (Ac = 2):

|D2)= p|D")2q| D) = |Deps) = % (1p%) = D"))

2

M — s\ 4y #1

Am — (i/2)AT

B2 — |g/pl® '

* CPV in the interference of decays with and without mixing

}\f _ iﬁ — Rmei(¢+5)
p A A,

* One can separate various sources of CPV by customizing observables

4
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CP-violation I: indirect

* Indirect CP-violation manifests itself in DD-oscillations

* "Experimental” mass and lifetime differences of mass eigenstates...

MQ—Ml FQ_Fl
S e

% ...can be calculated as real and imaginary parts of a correlation function

1 _
_ Im (DO i | d T{ |IAC|=1 IAC|=1 }DO
= gy I (D73 [t {01 (o) 1l ple
bi-local time-ordered product
tp = ——— Re |2(DO|HIACI=2 | D% 4 (D0 /d%T{HL,Aq:l(:c)Hlfo|:1(0)}\DO>
2MpT'p

local operator bi-local time-ordered product
(b-quark, NP): small?

% Theoretically, yp is dominated by long-distance SM-dominated effects
% CP-violating phases can appear from subleading local SM or NP operators
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CP-violation I: indirect
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rp = 0.411013:%, yp = 0.63

% It seems like xp ~ ypo~ O(1%) - consistent with SM?

% SM CP-violating phase is arg(VcesVu) ~ v

% SM CP-violating amplitude is always suppressed by |VcoVus/VesVis| ~ O(1073)
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CP-violation I: indirect
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rp = 0411012 %, yp = 0.631051%

% It seems like xp ~ ypo~ O(1%) - consistent with SM?
% SM CP-violating phase is arg(VcesVu) ~ v
% SM CP-violating amplitude is always suppressed by |VcpVis/VesVis| ~ O(1073)
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CP-violation I: indirect

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

i) = (31 - 5r) 1D(0)

- ./ N |
(DY|H|D®) = Mjq — §P12 (DO/H|D°) = My, —% 12

% Define “theoretical” mixing parameters

yi2 = |T12|/T, 12 = 2|Mi2|/T, ¢12 = arg(Mi2/T12)

* 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
“superweak limit"

_ 222 .2
Xy = X12Y12 €081y, X Yo = X12 7 Vi

@ +y?)lg/pl> = x{; + ¥, + 2x12y12 sindhy,
x*cos? ¢ — y?sin’¢p = x2,c0s?¢p 5.
% Four “"experimental” parameters related to three “theoretical” ones

- a "constraint” equation is possible
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CP-violation I: indirect

3 BLIT
% Relation; data from HFAG's compilation 8 FPCP 2014 | 20
— 60 , : j B30
o i : . : 40
z _1—1q/p| 1 Ay g o 50
Y tan ¢ 2 tan ¢ < |
20\~
- it might be experimentally xp < yp i
- this has implications for NP 0
searches in charm CP-violating -
asymmetries! -20—
- that is, if [Miz2] < |T12]: -40-
z/y = 2|Miz/T12|cos 12, -60—
. l_lllillllllllllillll
Am = 4|Mi2/T12|sin g2, 06 08 1 1.2 14 1.6
¢ = —2|Myz/T1|* sin 2¢15. la/p!
Note: CPV is suppressed even if M2 is all NPl E{%T;§;‘;£5;’T{g“m Ligeti, Nir, AAP

% With available experimental constraints on x, y, and q/p, one can bound WCs of a
generic NP Lagrangian -- bound any high-scale model of NP
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CP-violation I: indirect

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

8
_ 1
NP

1=1

* In particular, from 20y sin @y < 0.0022

2
Im(z) < 1.1x1077 Awe ,
1TeV R .
A 2 New Physics is either at a very high scales
Im(z) < 29x1078 (1 :ifv) :
A ) treelevel: A, ., > (4—10) x 10° TeV
— NP
Im(z) < 1.1x 107" (1 TeV) , loop level: Anp > (1—3) x 10% TeV
of A\’ or have highly suppressed couplings to charm!
< 1. 8
Im(zs) < 1.1 x10 (1 TeV) ,
Im(zs) < 30x10-8< A )2
5) R 9 . Gedalia, Grossman, Nir, Perez
1 TeV Ph;ls.lRev.Dso, 0550211 2(5)9

% Constraints on particular NP models possible as well JEED 0007007 2000 sieBel
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CP-violation I: beyond "superweak”

% Look at parameterization of CPV phases; separate absorptive and dispersive

Grossman, Kagan, Perez,
* ST % — 2 Silvestrini, AAP
P oM, —iT1o \ Ay

- consider f= CP eigenstate, can generalize later: )\% p = R?ne%gb

/ N\

1 M A2 1 Tho [Af\°
M - = 12 / I = —ar _—f
Pias 2arg[Mi"2 (%) P2 =3 g[raa (%)

- CP-violating phase for the final state f is then

M r
P12 = ¢12f - ¢12f

% Can we put a Standard Model theoretical bound on qb{\gf or qu;Qf ?
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CP-violation I: beyond "superweak”

% Let us define convention-independent universal CPV phases. First note that
- for the absorptive part: I'ip = I'(y + 0115

F(1)2 — _>\s (Fss + Fdd - 2F8d)
5F12 — 2)\())\3 (Fsd - Pss) + O(Ag)

- .. and similarly for the dispersive part: Mio = M?y + 6 My

% CP-violating mixing phase can then be written as

M oM or
19 = arg 12 :Im<M012) —Im( 12) E¢%—gb£‘2

0
F12 12 I‘12

% These phases can then be constrained; e.g. the absorptive phase

[sq U'sqa — Tag
|$12] = 0.009 x Taal | L < 0.01
r | R
Grossman, Kagan, Perez,
Silvestrini, AAP
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Other observables: untagged asymmetries?

% Look for CPV signals that are A-A-F, PRDGS, 11I901(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 (7T, KK*, K, Kp, ...)

Y -7

Alp(f) = Zszf

where Sy =T(D° — f)+T(D - )
% For a CF/DCS final state K, the time-integrated asymmetry is simple

Alp (KTn™) = —ysindgn sin v/ Rk (<10 for NP)
% For a SCS final state pm, neglecting direct CPV contribution,

Agp (,0+7T_) = —ysin 0,y Sin P/ Ryre (<102 for NP)

Note: a "theory-free" relation!
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CP-violation IT: direct

* IDEA: consider the DIFFERENCE of decay rate asymmetries: D —nm vs D — KK!
For each final state the asymmetry D% no neutrals in

. the final statel
r(p—s)-r(0—-7) =P a,=a;+a; +d,

a'f=r(D—>f)+r(B—>7) ! A X

direct mixing interference

* A reason: a™=a"r and a'kk=a'rr (for CP-eigenstate final states), so, ideally,

mixing asymmetries cancel!
d . .
a, =2r.sin¢,sinod,

% ... and the resulting DCPV asymmetry is Aacp = ak — a2, =~ 2a% 5 (double!)

G .
= ZEA[(T + E + Poa) + ar'e Py

A

KK \/§

A =CYENiCriE ap Me— P,
Wﬁ—ﬁ [(_( + )+ sd)+a € bd]

% ... so it is doubled in the limit of SU(3)F symmetry

SU(3) is badly broken in D-decays
e.g. Br(D — KK) ~ 3 Br(D —nm)

LT i S VNS S S T D
Alexey A Petrov (WSU & MCTP) 11 50 years of CP-violation, London, 10-11 July 2014



Experiment?

* Experiment: the difference of CP-asymmetries: Aacp = acp,KkK — GCPxx

% Earlier results (before 2013):

Experiment AAcp
LHCb (—0.82 + 0.21 + 0.11)%
CDF (—0.62 £0.21 + 0.10)%
Belle (_0-87 +041 £ 0°06)% Looks like CP is broken in
BaBar (4+0.24 £ 0.62 +0.26)% charm transitions!
Now what?
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Is it Standard Model or New Physics??

* Is it Standard Model or New Physics? Theorists used to say...

Naively, 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

...what do you say now?

% assuming SU(3) symmetry, acp (1) ~ acp (KK) ~ 0.4%. Is it 1% or 0.1%?
% let us try Standard Model
- need to estimate size of penguin/penguin contractions vs. tree

- unknown penguin enhancement (similar to AI = 1/2)
u y - SU(3) analysis: some ME are enhanced

c ; c ‘Cf a Golden & Grinstein PLB 222 (1989) 501;Pirtshalava & Uttayarat 1112.5451
m m < - unusually large 1/m. corrections
4\ d _\ d

<

Isidori et al PLB 711 (2012) 46; Brod et al 1111.5000
u

u - no assumptions, flavor-flow diagrams

Broad et al 1203.6659; Bhattacharya et al PRD 85 (2012) 054014;
Cheng & Chiang 1205.0580
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Is it a penguin or a tree?

Without QCD

With QCD
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New Physics: operator analysis

* Factorizing decay amplitudes, e.g.

F ! ~al GFr !~/
ST S (C1Q + QYY) + ZE 3T (CiQi + ClQ)) + Hec.
\/51-:1,2,5,6 q ( @ 9 ) ﬂi:7,8( “ zQz) )

Qi = (aq)v-a(Gc)v-a

Q5 = (taqp)v-a (sca)v—a

eff —-NP
7-t|Ac|:1 -

Qi = (uc)v-_a (qq)v+a

Qg = (ﬁacﬂ)V—A (q—ﬁQLx)V+A

e

Qr = — gz Me w0, (1 + v5)F" e
Js a ~pv Z. Ligeti, CHARM-2012
Qs = _8 > Mec uo;tu(l + '75)T Ga c
X one can fit to £'/¢ and mass difference in D-anti-D-mixing Gedalia, et al, arXivi1202.5038
- LL are ruled out
. Allowed Ajar Disfavored
- LR are borderline Qrs. Obe, QF B0 gt QU Y,
- RR and dipoles are possible g7 Qieswror Qo) Q(s¢)f Qe e wdb

Constraints from particular models also available
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Experiment again?

* Experiment: the difference of CP-asymmetries: Aacp = acp,KkK — GCPxx

% Earlier results (before 2013):

Experiment AAcp
LHCb (—0.82 + 0.21 £+ 0.11)%
CDF (—0.62 + 0.21 + 0.10)%
Belle (_0-87 +0.41 + 0°06)% Looks like CP is broken in
BaBar (—l—0.24 + 0.62 + 0.26)% charm transitions!
Now what?

% Recent results (after 2013):

Aacp = (+0.14 £ 0.16(stat) 4 0.08(syst)) %
ACP,KK = (—0.06 + 0.15(813&13) + O.lO(SYSt)) %
acprr = (—0.20 £ 0.19(stat) + 0.10(syst)) %

LHCDb arXiv:1405.2797

Is it NP or SM? Doesn’t look like NP is needed to explain the result.
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Future: lattice to the rescue*?

% There are methods to compute decays on the lattice (Lellouch-Liischer)
- calculation of scattering of final state particles in a finite box
- matching resulting discrete energy levels to decaying particle
- reasonably well developed for a single-channel problems (e.g. kaon decays)

% Can these methods be generalized to D-decays?
- make D-meson slightly lighter, mp < 4 my
- assume G-parity and consider scattering of two pions and two kaons in a
box with SM scattering energy

Hansen, Sharpe

2m. < 2mi < BE* < 4m, PRDS6, 016007 (2012)

- only four possible scattering events: nm—nm, nm—KK, KK—=nm, KK—=KK

- couple the two by adding weak part to the strong Hamiltonian H(z) — H(x) + AHw (x)

% Application of this approach to calculate lifetime difference is not triviallll
- need to consider other members of SU(3) octet
- need to consider 4m states that mix with mm + others
- need to consider 3-body and excited light-quark states

* See “panacea”: In Greek mythology, Panacea (Greek Mavdkeia, Panakeia) was a goddess of Universal remedy.
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Future: CP-violation in charmed baryons

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

A(Ac — N7t )=;N (pas)[AS +APY5]MAC (pAaSA)

2Re(4;4, )
These amplitudes can be related to "asymmetry parameter” @, =-—73 >
45| +] 4,
aw 1
.. which can be extracted from =—(1l+ Po, cosﬂ)
dcos® 2 ‘

Same is true for A -decay

cp
If CPis conserved ¢, => —a.» , thus CP-violating observable is

Qp, + QA
Ay = — FOCUS[2006]: A, =-0.07+0.19+0.24
Q0 . Az
Ac A,
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Rare radiative decays of charm

* Can radiative charm decays help with Aacr?

% In many NP models, there is a link between chromomagnetic and

electric-dipole operators Isidori, Kamenik (12)

Lyon, Zwicky (12)

Uz
OF A2 uLauuTagngVCR
me, _ "y
Q7 = A2 uLauuQueFM CR

Same is true for operators of opposite chirality as well

Gludice, Isidori, Paradisi (12
* There are many operators that can generate Aacp tudice, Isidord, Paradist (12)

- one possibility is that NP affects Qg the most; the asymmetry then

|Aa§1133 ~ —1.8|Im[C§IP(mC)]|

- e.g. in SUSY, gluino-mediated amplitude satisfies CSVSY (msysy) = (4/15)C5VSY (msusy)
- then at the charm scale,

IIm[CNF (m,)]| = (0.2 — 0.8) x 1072

|CPM= ()| = (0.5£0.1) x 1072 What about LD effects?
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CP-violation in radiative decays of charm

* Probing acp in radiative D-decays can probe Im C7 — Im Cs — Aacp

- problem is, radiative decays are dominated by LD effects

Isidori, Kamenik (12)

m3 m2\°
(D — V7y) = 32—1; (1 — m—;’) [[Apv[* +[Apc|]
D s

% CP-violating asymmetry in radiative transitions would be

Im[C7(m,)]
0.4 x 102

|a(p,w)7|max = 004(1) ‘

105 1/2
<
~ [B(D > (p,wm] S 10% .

X Better go of f-resonance (consider K*Ky) or even h*h"u*y final states
- the LD effects would be smaller, but the rate goes down as well

Isidori, Kamenik (12)
Cappiello, Cata, D’Ambrosio (12)
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Things to take home

» Computation of charm amplitudes is a difficult task

- no dominant heavy dof, as in beauty decays

- light dofs give no contribution in the flavor SU(3) limit

- D-mixing is a second order effect in SU(3) breaking (x,y ~ 1% in the SM)
> For indirect CP-violation studies

- constraints on Wilson coefficients of generic operators are possible, point to the
scales much higher than those directly probed by LHC

- consider new parameterizations that go beyond the "superweak” limit

> For direct CP-violation studies

- unfortunately, large DCPV signal is no more; need more results in individual
channels, especially including baryons

- hit the "brown muck": future observation of DCPV does not give easy
intferpretation in terms of fundamental parameters

- need better calculations: lattice?

> Lattice calculations can, in the future, provide a result for acp!
> Need to give more thought on how large SM CPV can be...
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"I'm looking for a lot of men who have an infinite
capacity to not know what can't be done."

Henry Ford
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Experimental analyses of mixing

* In principle, can extract mixing (x,y) and CP-violating parameters (Am, @)

% In particular, fime-dependent D°(t) — K7~ analysis

2
LD°(t) —» KTn | = e " |[Agsn-|? [R + VRR,, (3 cos ¢ — z' sin ¢) T't + B (22 +y?) (Tt)°

f | 4

R’ =‘1 , X'=Xxc0sd + ysind, y'= ycosd —xsind

C LHCb: x'2=(-09+13) x 104,y' = (7.2+ 2.4) x 10'3)

% The expansion can be continued to see how well it converges for large t

I[D(t) —» K*77]|Ak.| %™ = R — VRR,,(zsin(é + ¢) — ycos(d + ¢)) (T't)

4 2 (R = B2+ (R4 Ra) o) (T

+ é\/ﬁRm (x3 sin(d + ¢) + y° cos(d + ¢)) (Tt)”
- %Rm (1'4 - y4) (Ft)4
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Ac = 2 example: mixing

* Main goal of the exercise: understand physics at the most fundamental scale

% It isimportant to understand relevant energy scales for the problem at hand

physics of beauty physics of charm
i
P d Gl ="
t b,s,d

cu

X fr =X X

small dominant dominant small

T S S VNS E S T D
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Mixing: short vs long distance

* How can one tell that a process is dominated by long-distance or short-distance?
% It isimportant to remember that the expansion parameter is 1/Ereleased

1 _
_ 01 [ 14 IAC|=1 IAC|=1 0
sipr m (D |z/d 2 T{HIAC (@) 1A= (0) D)

c \ :
OPE-leading contribution:

% In the heavy-quark limit m. — o we have mc » ¥ Mintermediate quarks, SO Ereleased ~ Mc

YD

- the situation is similar to B-physics, where it is "short-distance” dominated
- one can consistently compute pQCD and 1/m corrections

% But wait, m¢ is NOT infinitely large! What happens for finite m:???
- how is large momentum routed in the diagrams?
- are there important hadronization (threshold) effects?
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Threshold (and related) effects in OPE

* How can one tell that a process is dominated by long-distance or short-distance?

p1
c /\ u

% Let's look how the momentum is routed in a Pe

leading-order diagram \

- injected momentum is pc ~ mc, so

- thus, pi~p2~mc/2 ~ O(Aqcp)? o \/ c
% For a particular example of the lifetime difference, >
have hadronic infermediate states K

- let's use an example of KKK intermediate state m
- in this example, Ersesea ~ Mo - 3 mc ~ OlAqen) 0= 0

% Similar threshold effects exist in B-mixing calculations
- but mp » 3 Mintermediate quarks, SO Ereleased ~ My (almost) ClIWClYS
- quark-hadron duality takes care of the rest!

Maybe a better approach would be to work
with hadronic DOF directly?
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Generic restrictions on NP from DD-mixing

% Comparing to experimental value . Rp y x2 Excl. No-Mix R
of x, obtain constraints on NP e L e Sl | (Y

models... Belle (2006) 364+017  06+40  0.18+022 20 3.77£0.09
- assume x is dominated by

the New Physics model BaBar (2007) | 303+019 97+54  -022+037 3.9 353 +0.09
- assume nho accidental LHCb 3524015 7224  -009+0.13 9.1 425 +0.04
strong cancellations b/w SM
and NP CDF (9.6/b) 3514035 427+430 008+0.18 6.1 430 +0.06
1 8 M. Mattson, 2013
AC=2 _
21| < 5.7 x 107 ( e ) NP =1
2] < 16 10~ A New Physics is either at a very high scales
z
% ... which are 25| < 5.8 % 107 ( Axp ) tree level: Anp > (4 —10) x 10° TeV
Tev loop level: Anp > (1—3) x 10% TeV
Ay
24| < 5.6%x107 ( Teo V) or has highly suppressed couplings to charm!
Z §41.6x10_7 Gedalia, G , Nir, Perez
& (1 Te V) Phys Rev.DS0, 055024, 2009

. . . E.Golowich, J. Hewett, S. Pak dAA.P.
% Constraints on particular NP models also availablel! Phy;’.‘;{?vc. moggggg, v
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Transitions forbidden w/out CP-violation

t-charm factory

* Recall that CP of the states in D°DY — (F;)(F3) are anti-correlated at y(3770):
*  asimple signal of CP violation: (3770) — D°DY — (CP1)(CPy)

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

CP|Fi| = CP|F;] 7,

CP eigenstate F,

/>

‘D°50>L - % H D°(k, )BO(k2)> £ (=D

—0
Peigenstate F, | D" (k,)D <k1>>]

FF FF 2 2 2 D 2 2
I‘\F1F2_ flig : [(24—58 +y)‘)‘F1_)‘F2| —I—(CC +y)|1_)‘F1)‘F2| }
: \
* CP-violation in the rate — of the second order in A = iﬁ
CP-violating parameters. "p 4,
*  Cleanest measurement of CP-violation! AAP, Nucl. Phys. PS 142 (2005) 333

hep-ph/0409130
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