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CP violation: puzzles

@ CP-violation in the quark-flavour sector of Standard Model (SM)
is not sufficient for baryon asymmetry

@ CP-violation due to G2, G2 in QCD is strongly suppressed:
e.d.m. bounds (axion?)

@ most of BSM scenarios predict new CP-violating effects

@ CP-violation in lepton sector ? (future neutrino studies)

to disentangle new sources of CP-violation we need accurate
predictions of the CP-violating asymmetries in SM
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CP violation in SM: challenges

@ Source of CP-asymmetries in SM:
three generations of quarks:

(5)-5():)

quark-flavour mixing in the weak interactions;

g — —
Lw=—"r Y, (vupuruDW# + V[jDDFHUW”‘>
2\@ U=u,c,t;D=d,s,b

unremovable complex phase in V|p [Kobayashi,Maskawal]

@ to observe the CP-asymmetries, one needs additional
(CP-symmetric) phases of hadronic matrix elements

in weak decays.
@ CP-violating effects measured in kaon and B-meson decays,

@ not yet in D-meson decays,
predicted small in SM, but how small they should be?
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Hadronic matrix elements in nonleptonic decays

@ generally determined by QCD interactions in nonperturbative
domain, especially difficult to assess their phases,

@ QCD-based methods to calculate hadronic matrix elements ?

lattice QCD combined with ChPT:

recent promising results for kaon nonleptonic decays,

non-lattice approaches:
applicable for weak decays of heavy hadrons (my, mc > Aqcp)
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Direct CP asymmetry in charm decays

A. K. and A. Petrov, arXiv:1706.07780 [hep-ph].

@ the most straightforward CP-violation effect:
difference of the decay widths of D and D mesons

@ selected weak decay modes D° — nt7~ and D° -+ KTK~:
@ the width:

*
[(D— PP~y =PD=PPIAD  prpo)2, P17 K.
8mmg
Ph_, pp - the decay 3-momentum in the D rest frame

@ The asymmetry

[(D° — P+P~) —T(D° — P+P-)

dir +p—\
adn(Ptp) = _ ,
orl ) rD° — P+tP-)+T (D% — P+P-)
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Conditions for nonvanishing direct CP-asymmetry

o a‘é";;,(P+ P~) # 0 is realized if the decay amplitude of D — f can
be separated into at least two different parts,

Ar = Al el 1 AR gidz gite,

b1 # ¢ - the weak phases (odd under CP),
01 # 02 - the strong phases (even under CP):

,_4? — Agl)ei(ﬁ e_i(/)1 + AE(Z) ei‘SZ e_i¢2.

@ The CP-violating asymmetry:

, AW .
Gl (1) ~ oy Sin(ds — 22)in(61 — 62).
f

@ Such an amplitude pattern emerges,e.g.,
inD® - K~K*and D° — =~ nt

@ Can we make a quantitative estimate of this asymmetry in SM?
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Single Cabibbo-suppressed (SCS) decays

@ the effective Hamiltonian:
G
Her = S {Aa(e1 OF + ¢ OF) + As(er OF + ¢, OF)

V2
X Y C/'Oi}v

i=3,...,6,89
Of = (ur.d) (dr*c) , Of = (dr,.d) (tr*c) = O5, O§
Ap=Vup Vi, (D=4d,s,b), Ap < Asg, IM(Ap) # 0
@ the CKM unitarity in SM:

D> Ap=0, or Ag=—(As+Ap).
D=d,s,b

@ we hereafter neglect O;<3 with ¢; < ¢y »
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Decomposition of decay amplitudes

@ separating the contributions of Of, and Of , operators

AD® = ntn7) = Ag(n T |09 D°) + As(nt ™ |OS|DO),
AD® = KTK™) = As(KTK~|0%| D) + \g(KtK~|0%D°),

using a compact notation:

OD:\C;‘; > ¢OP, (D=d,s).

i=1,2
@ replacing A\g = —(As + \p)
@ "penguin" type amplitudes - the central object of our interest
PS. = (nTr|0%D%, P = (KTK~|09D%),

"penguin” indicates that the operator contains a quark-antiquark pair not
belonging to the valence content of final state,
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Decomposition of decay amplitudes

@ separating the O(\p) contribution with CP-phase
A
0 o) — 2b i
A(D° s ntn) = )\SAM{1+)\ (1+rﬂexp(15ﬁ))},

A(D® = KHK™) = AsArc{1 - %r,( exp(idi) } .
S

where the notation:
Arr = (77|09 D% — (7~ |0O%| D),
Ak = (KTK~|0|D°) — (K*K~|09| D),

'PS
A7\'7T

Iy = ’ s On(K) = afg[P:Srd(KK | — arg[ Az kil

o= |

@ to a good approximation
“AsArr ~ A(D0 —rtrT),  AsAkk =~ A(DO — KTK™)
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The direct CP-asymmetry
@ In terms of the parameters entering the decomposition:
; —2rprk Sindk sin
dir ( e+ — b'K K Y
a K K == )

cr( ) 1 — 2ryrk COS 7y COS O + r2r2
B 2y Sin o, siny
1+ 2rc08(1 + r, €08 8,) + r2(1 + 2r, CO8 65 + r2)

agp(r*n)

@ the CKM elements involved
Vb Vc*b

D=pne M = )
7 Vs Vs

@ the "clean" observable (after time-integration)
Aafp = aZp(K'K™)—agp(n'r)
= —2n,siny(rksindx + ry sind,) + O(r2) .
@ a QCD-based calculation of P$_ and PZ,

@ combined with A, and Akk extracted from experiment
= an estimate of r, and rx
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Calculation of the "penguin" hadronic matrix element

@ The method employing QCD Light-Cone Sum Rules (LCSRs)
used earler for the B — 7w decays:

AK, Nucl. Phys. B 605 (2001) 558 [hep-ph/0012271];
AK, T. Mannel and B. Melic, Phys. Lett. B571 (2003) 75 [hep-ph/0304179];

AK, T. Mannel, M. Melcher and B. Melic, Phys. Rev. D 72 (2005) 094012
[hep-ph/0509049].

@ reproduce the magnitudes of branching fractions, also for
penguin dominated B — Km modes

M.Jung, AK, B.Melic, work in progress

Alexander Khodjamirian CP-symmetry violation in charm decays: QCD-based estimates 11/17



Some details of the calculation

@ the correlation function for D — 7#+t7~ case

Fa(pv CI» k) : )
P [d*x e i(b-ax [y e~ =R (0| T{j{D)(y)O5 ,(0)LP (x)} 7 ()

@ sorting out the operators:

~ c
10§ + 05 =2¢105 + (§1+Cz) 5,

@ the colour-octet operator provides dominant contribution
~ A @
5= (8, — urt—
0 <3H23)<u 20),
@ the hadronic matrix element entering r;; :

P~ 201\G/g< 7|08 D°) .
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Some details of the calculation

@ the dominant diagrams for D — 7«7~ case:

@ The method, adapted to D — PP (D = w, K):

calculate a series of OPE diagrams in terms of light-cone
distribution amplitude of pion(kaon)

interpolate the second pion(kaon) and D-meson by quark
currents.

switch from the spacelike region of P? (artifitial 4-momentum
k # 0) the final state invariant mass and analytically continue to
P2 = m2 , relying on the local quark-hadron duality
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The light-cone sum rule

(=% )
(xt7~|05|D%) = j s Crme /dse*S/"’ﬁ du "o )
“on 3m2fD u

S \ .

1

x {P2 dzl(zuP?, m2) (z(1 — 2)px ()

0
2
+(1 —z):,;;c[<22+ L;7;°2> ueop(u)—&-% <22— Lfg) ( o (U) = U@Z(u))D

,
Me _ 2 3m2 5m2\ ¢ (1
_“Lto/dzl(—zumﬁ/u,mg)u[o +uP2> op(1) + (1 - uP2> <P6( )]}

2
me

w2 f sz*T /M§
+%mc(—<aq>) / j";e< > {/(uP%mi)(z%(uHZ;;[Susop(u)

wo(U)  upL(u)
s ek )| PO

0
5 o 1 y mg — x(1 — x)€?
the loop integral: /(¢ ,mq) = -+ /dxx(1 —x)In | ——m— | .
6 . 12
0
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Numerical estimates

@ LCSR input: quark masses, pion, kaon DAs, Borel scales, effective
thresholds from the LCSR calculation of D — 7, D — K and pion form factor

@ the hadronic matrix element calculated from the sum rule
(7t7~|Q5|D%) = (9.50 + 1.13) x 102 exp[i(—97.5° + 11.6)] GeV°
(KtK~|Qg|D°% = (13.9 4+ 2.70) x 103 exp[i(—71.6° + 29.5)] GeV°

@ converting to the estimate of the penguin amplitude:
|PS.| = (1.96£0.23) x 1077,
|Pd| = (2.86 £ 0.56) x 1077,

@ To predict the ratios rx and r,, from our calculations we use the
experimentally measured branching fractions from PDG, and

obtain:
s d
ro=1Pml 00930011, no= "Rl _go7510015.
A | Axk|
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Comparing with experiment

the CKM averages [PDG] yield r, siny = 0.64 x 1073,
|Vip| = 0.00357, [Vgp| = 0.0411 , |Vis| = 0.22508, | Ves| = 0.97351, y = 73.2°

the difference of asymmetries: (indirect asymmetries largely cancel)
A&%h = —2r,siny(rk sin ok + 1, sin d,,)
we predict the upper limits: (independent of strong phases)
|aZp(m~7")| < 0.012+£0.001%, |aZs(K~K™)| < 0.009 + 0.002%,
|AaZs| < 0.020 +0.003%.

Assuming that the phases 4§, and dx are given by the calculated
phases of P$_and Pg :

aZlb(r~7t) = —0.011 £0.001%, a%L(K~K*) = 0.009 + 0.002%,
A&%, = 0.020 +0.003% .
The most recent LHCb collaboration result:
Aa‘é’,’; =(-0.10+0.08 £ 0.03)%

R. Aaij et al. [LHCb Collaboration], PRL 116,191601 (2016)
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Summary

@ using QCD-based tools (QCD light-cone sum rules,
quark-hadron duality) it is possible to estimate hadronic matrix
elements for heavy hadron decays

@ the magnitude of direct CP-violation in D — 77~ and
D — K*TK~ can be predicted and constrained

@ if more accurate future measurements of |AaZs| stay at the level
of 0.1%, that may indicate a tension with SM

@ future: extending the set of decay processes,
improving the accuracy
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