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Evidence of CP Violation

 First evidence of CP violation in charm
decays by LHCb, with 3.5 0 [PrL2012]

AA., = A, (D° - KK )= A, (D° = 7 77) = (~0.82+0.25)%

 World average from LHCb, CDF and Belle [icHEP2012]
AA., = (~0.74+0.15)%

* Naively expected smaller in the SM

VoV | 7

 Necessary to predict more precisely in the SM.



Dynamics of D decays

* To predict CPV > A Cong-standing puzzle:
: 0
+ Decay mechanism | | p_ Br(D° = KTK™)
Br(DO — rtz)
to be well understood
e But R=1 in the SU(3)

 Branching ratios tlavor symmetry

to be well explained Large SU(3) Breaking

Effects




Guidelines

EA : Topological amplitudes
in factorization :

@7 e Short-distance dynamics:
Wilson coefficients

* Long-distance dynamics:
hadronic matrix elements

l m. ~1.3GeV
»Include large Parameterized by
SU(3) breaking effects Non-perturbative
guantities




Mode-dependent dynamics
SU(3) breaking effects

€ Evolution of Wilson coefficients depending on
energy release M, ~1GeV

 Masses of n’ can not be neglected Mp ~1.8 GeV

€ Glauber strong phase associated with pion in
nonfactorizable amplitudes [H.n L, s. Mishima, 2009]

e Pion: as a 949 bound state, and as a massless
Nambu-Goldstone boson?

e Multi-parton in pion => soft cloud => Glauber phase
* Pion is unique, distinguished from other final states



Branching ratios

Tree parameterization

O = (ilaq28)v-2(q15Ca)v-n
O, = (g q2a)v—a(G1gcs)v-a

Penguin contributions are negligible



Tree-level Amplitudes

G r Glauber phase
AD = 7atn™) = —= X\ (T™" + E™" |
G( ) = 7 a ( ) |
F 1 s ™ i(¢pr \
- ﬁvcdvud [al(ﬂ)('ﬂ?f?g —m2) f=Fy ™ (m2) + Co(p)e' P +2qﬁ)XquDm2D}
A(D“ N Bf-FK—) — ﬁ)\? (TKK + EKK)
V2
Gr . 2 2 DK 2 iwf B, 2 [k
= EVcSVus ar(p)(mp — miy ) frFy ™ (mi) + Ca(p)e™ x4 fomp 12



Cabibbo-suppressed BRs : well agree with exp
Our advantage : SU(3) breaking effects included

Modes Br(FSI) Br(diagram) Br(pole) Br(exp) Brithis work)
DY — 7t 1.59 2.24 = 0.10 2.2x205 1.45 = 0.05 1.43 ¢
D= K"K~ 456 1.92 = 0.08 3.0 0.8 4.07 =0.10 419 ¢
D" — KYK© 0.93 0 0.3 0.1 0.320 = 0.038 0.36
DY — 770 1.16 1.35 £ 0.05 0.8 =0.2 0.81 = 0.05 0.57
D" — 7%q 0.58 0.75 = 0.02 1.1 £0.3 0.68 = 0.07 0.94
D" — 7% 1.7 0.74 = 0.02 0.6 0.2 0.91 = 0.13 0.65
DY — nn 1.0 .44 = 0.08 1.3 =04 1.67 = 0.18 1.48
D" — ny' 22 1.19 £ 0.07 1.1 £0.1 1.05 = 0.26 1.54
Dt — zt4° 1.7 0.88 = 0.10 1.0 £ 0.5 1.18 = 0.07 .89
Dt — KTKY 8.6 5.46 = 0.53 8.4 % 1.6 6.12 = 0.22 5.95
D' — 7'y 3.6 1.48 £ 0.26 1.6 £ 1.0 3.54 = 0.21 3.39
D" — 7'y 7.9 3.70 £ 0.37 5.5 0.8 4.68 =0.29 458 <=
Di — 7K 1.6 0.86 = 0.09 0.5 =02 0.62 = 0.23 0.67
Df — 7t KY 43 2.73 £0.26 2.8 0.6 2.52 £0.27 221
D —K'n 2.7 0.78 = 0.09 0.8 = 0.5 1.76 = 0.36 1.00
D —K'n 5.2 1.07 £ 0.17 1.4 £ 0.4 1.& £ 0.5 ].9’-’.9




e T)C T ——

Puzzle
e Revisited: Rexp=2.8, R=1in SU(3) flavor symmetry
Modes Br(EFSI) Br(diagram) Br(pole) Br(exp) Br(this work)
DY — 7t .59 2.24 = 0.10 2.2 +0.5 .45 £ 0.05 .43
D — KTK~ 4.56 1.92 = 0.08 3.0x0.8 4.07 £0.10 4.19

» Glauber phase associated with pions in
nonfactorizable annihilation contribution

e dominate the difference between the two modes

=273 E™ =0.82¢ """,

TKK = 365, EXK = 127185
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Improvement of BRs involving n’

 Mass-dependent Wilson coefficients
* n’involved predictions are improved

Modes Br(FSI) Br(diagram) Br(pole) Br(exp) Br(this work)
D' =Ky 1.51 1.91+0.09 1.9 4+ 0.3 1.90+0.11 1.73
Di = nty 5.80 3.8240.36 4.6 + 0.6 3.9540.34 3.44
DY — 7% 1.7 0.744+0.02 0.6 + 0.2 0.91+0.13 0.65
D — oy’ 2.2 1.19+0.07 1.1 +£0.1 1.05+0.26 1.54
Dt = aty 7.9 3.70£0.37 5.5 + 0.8 4.6840.29 4.58
D = K'y 5.2 1.07+£0.17 1.4 4+ 0.4 1.840.5 1.92

DY - Ky 0.9140.17 1.0+ 0.1 1.7640.22 1.14




Branching ratios well explained
otherwise, some important dynamics may
be missed

<

penguin parameterization
& predict direct CP asymmetries

an i (P e NPT
AAcp = r SIn‘y |TKK| SIn W S1n :
*
r— |Vcqub | _ /14

|VesVus |



Penguin topologies

e All topological penguin diagrams for D->PP

(c) Pa




Penguin parameterization

e Factorization

* Long-distance hadronic parameters,
related to tree level, fixed by BRs

e Short-distance dynamics associated with
penguin Wilson coefficients

 Then predict direct CP asymmetries



Penguin operators

Z (L_faffa)v—,a(i?fgqfﬁ)v-m

q'=u,d,s

(V-A)(V-A)

> (itqCp)v—a(G@gqa)y-as

q'=u,d,s

2. (aca)v-alGpap)vea  (V-A)(V+A)

q'=u,d,s

Z (itacp)v-a(G@gqalv+a,  (S+P)(S-P)

q'=u,d,s

15



Hadronic Parameterization:
relate penguin to tree

» At tree level, operators are all (V-A)(V-A)

» For penguin hadronic matrix elements
® <(V-A)(V-A)> are the same as tree level

® <(V-A)(V+A)> related to tree by a sign,
since either V or A contributes to P->PP

® <(S-P)(S+P)> are either factorizable and related
to tree by chiral enhancement,
or neglected by power suppression



Quark loops &
Magnetic penguin

e absorbed into short-distance Wilson
coefficients

Og, = 8(::-3 miio,, (1 + ys) TG,



AD° — 77 77)

%[)\d(T+E)—}xb(PC+2Pj_|_Pg)]=
G
\/g{Vpqud[ ( )(TT?D —m )f?_F[jDW( ?r)+02(f1) g((p +25.) Ef mQD}

. T i(p \
ViV ape (1) — M2 ELT(m2) + 2ap, ()" 5 pm,

Z Bfu mD mfuffn] }1
y |

(
ap, (1) = Ca(p) + Co(p), *(S+P)(S-P)
) eFactorizable

+C5(p)e i(g +25x) EjD’mD + 2ag (1) g:

Resonances dominated

S
2mp, 1

Fy — - ’ B 62 —
Y m(my, + my) s(@”)

q°> — m:’g- + imgl'§(g*) "




Predictions of CPV

» Penguin contributions are formulated without
any new free parameters

e Either related to tree level (fixed by BRs),
e Or factorizable and calculable,

 Or power suppressed

» Unambiguous predictions of direct CP
asymmetries

» Dominate contribution: <(S+P)(S-P)> in Pc and
PE by chiral enhancement

19



Predictions of Direct CPV (10-8)

Modes Acp(FSI) Acp(diagram) AFS AL
D — 7t 0.02 = 0.01 0.86 0 0.58
D’ — KtK~ 0.13 = 0.8 —0.48 0 —0.42
D° — 7970 —0.54 = 0.31 0.85 0 0.05
D’ — K°KY —0.28 = 0.16 0 [.11  1.38
D — 797y 1.43 = (.83 —0.16 —0.33 —0.29
D? — 79/ —0.98 = 0.47 —0.01 0.53 1.53
D — nny 0.50 = 0.29 —0.71 029  0.18
D’ — nn' 0.28 = 0.16 0.25 —0.30 —0.94
DY — 770 0 0 0

DT — KTKY —0.51 = 0.30 —0.38 —0.13 —0.93
DT — 7y —0.65 —0.54 —0.26
Dt — 7y 0.41 0.38  1.18
DY — 7K™ 0.88 0.32  0.39
DY — 7TK° 0.52 0.13 084
DY — K'q —0.19 0.80  0.70

DI — K™/ —0.41 —0.45 —1.60

It



Result of CP asymmetries

» The prediction of difference of CPV in D->KK
and D-> pipi_in the SM

AASY = -1.00x1073

 Enhanced from naively expectation in SM 107{-4}

 The same sign as, but one order of magnitude
smaller than experiment AAZYP =(-0.74+0.15)%

» Uncertainty mainly from <(S+P)(S P)>in PE
AAcp = (-0.57 ~ —1.87)x1073

» |If CPV remains the current central value (~1 %),
may be a signal of new physics




Summary (1)

» Propose a theoretical framework for D->PP
decays based on factorization

» Explain branching ratios at tree level

» Unambiguous predictions of direct CP
asymmetries in D->PP in the SM

AAcp = —1.00 X 107

» Much smaller than current measurements



Summary (Il)

» Our framework is of predictive power
e Factorization

e Wilson coefficients and hadronic matrix elements
» |In progress, D->PV, VV
» New-physics effects on AAcp

 combining NP Wilson coefficients

e with hadronic matrix elements determined in this
work.



THANK YOU!



Back-ups



Parameters by global fit

A =056 GeV, x, = —059, xE=0.11,

YE =0.18, XA=012 xi=017
S_ = —0.50, b= —0.62, HE = 4.80,

HE = 4.23, P2 = 4.06, 4 =348,

26



Numerical results (l)

a () = 1.009, a(mar) = 0.81e'147%"

a,(KK) = 1.10, a,(KK) = 0.83¢/143:2°,

a;(mn') = 1.12 and a,(7n’) = 0.89¢'149¢°

Cy(mm') = 1.32

27



Numerical Results (Il)

77" = 2.73, E™T = 0.826_”421
TKK = 365, LXK = 127187,

7T = 0.87¢Y,  PET = 0.8l
PT™ = 0.25¢""",  PEK =121,
PEK =087, PEK =0.45¢77,

T77 =2.14e” ™, P77 = 140121,

TTT’J‘T
:pKK — 17()€fl 14°

= ().66¢! 13, TEK = 3.0947118"

:pKK

—xx = 0:45¢




Topological diagrams for BRs

According to weak interactions
and flavor flows

Include all strong interaction _:A é i

effects, involving FSI

This is a complete set

Topological diagrammatic
approach was studied in the
flavor SU(3) symmetry limit

[ Cheng & Chiang, 2010 ]

» How SU(3) breaking ?7?



Nambu-Goldstone bosons

* Pion : massless Goldstone boson, and qq bound state?
— Massless boson => huge spacetime

=> |arge separation between qgbar

=> high mass due to confinement => contradiction!
— Reconciliation : Tight bound ggbar, but multi-parton

=> sOft cloud (Lepage, Brodsky 79; Nussinov, Shrock 08; Duraisamy, Kagan 08)
— Glauber phase corresponds to soft cloud (H.n L, s. Mishima, 09]
— Pion is unique
— SU(3) breaking effects: distinguish pions from other
final states



Emission Amplitudes

e Color-favored Tree (T) 54 ‘@

e Color-suppressed (C)

(a) T (h)
Gp_. 4 4
(PLPy|Hert| D)1 = \/5Tf’c;gﬂ,fa.ljg(,u.)fpg (m7, — m.zpl )F{Ppl (_-m:‘;_jg)

Ci(u)

C

571(/-1) = C:(/-L) +

Non-factorizable contribution

(1) = Ci(1) + Col) L i Relative phase
drtpe) — Gl ZM[E Xnfe€ ‘jl‘ by ESI

u = \/AmD(l -r3), "= mP /mD
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G
<P1P2|}[eﬁ“D>E,A — \/E VCKMbgﬁ () fp ’”D(

2

W-annihilation (A)

W-exchange (E)

)

Dominated by non- factorlzable contribution

E>A

A
bq,s(/u) A Ed)q’ﬁ
E E
bq, S(M) C2(M Xq S E(bq’h
eFactorizable Quark oair

contribution neglected
by helicity suppression

from vaccum

A
V4

~ A

32



>“l;<: g W-annihilation (A)

W-exchange (E)

Gr NN
(P P3| H ¢|D)p g = N2 VCKMbg'f(M)fDm%)( ;[-2 )
Dominated by non-factorizable contribution T

- A
bgls(#) — Cl(M)Xé,Sembq’ﬁ SU(3)

HE breaking
bE . — C L ‘ M.bq,.a'.
q,s(lu“) 2(M)Xq,5€ , EffEQtS
y

large nw = ‘/AmD(l — )1 — r3), -
0 00 Xq 7 Xs
Br(D~ — K"K") I, = Mmp p,/mp

33



Emission penguins

PT — G;.(M(PEI(M)V_AIO)(P] |(1}C)V—A|D>
+ as(w){Prl(Gq)y+al0XP|(iic)y—4|D),

[as(p) — as()1fp,(mp — m3 )Fg " (m3),
C4(M)

az(p) = Csy(p) + N as(p) = Cs(p) +

C

Pe=as(u)Prl(iq)y—alOXP(Gc)y—alD)
—2a6( )P |(i2q)s+plOXPI(Gc)s—p|D)

=[as(p) +ag(pw)r fp,(m3, —mp )Fg" " (m3,),

S
2mp,

.F"X:

ay(m) = Cylp) + C3(p)

fﬁc("”u + ”T'q) G(,(,U.) = C(;(;U«) + CS(/J')

Co(p)

c




Annihilation Penguins

Non-factorizable

Py = [Cy(p) + Col)]xgse ”’bfl"fﬂfﬂp(fjp}gpd’)

JOaT

Non-factorizable

Pp=C(u)xE e f¢§~fDmD(fP},{P"’)

J T

+2|iCﬁ(,u)+C5('u :|g-;Bg(mD mg}‘g}‘DmD = (S"'P)(S'P)
N i
¢ e eFactorizable

Resonances dominated
1
qg> — mz + imgls(q”)

Bs(qz) —

35



e Quark loops

a,(p) < :
Cis5(u) — Cy5(p) — — K —C(q](ﬂ-, (7)),
87N, i—d.s Ay,
ag(p) A )
C4 ﬁ(lu’) - Cri,fj(ﬂ’) T —qc(q](lu’! <!_>),
87T g=d.s b
2
COa () = | G, (P) = 5 | ol
G(q)(p,, () = —4[1 dxx(1 — x) n”'?{; ~ X(fia, X)“_).
0 -

e Magnetic penguins

Cys(pm) = Csy5(p) +

Cyolp) = Cypp) —

a () 2m? s

L),

87N, (I?) 58
ag(p) 2ms o

ST

) e ()
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Cabibbo-favored BRs
well consistent with data

Modes Br(FSI) Br(diagram) Br(pole) Br(exp) Br(this work)
D" — 7YKO 1.35 2.36 + 0.08 2.4 +0.7 2.38 + 0.09 241
D' — 7K™ 4.03 3.91 = 0.17 3.9+ 1.0 3.891 +0.077 3.70
D" — K" 0.80 0.98 + 0.05 0.8 +0.2 0.96 + 0.06 1.00
DY — K%/ 1.51 1.91 = 0.09 1.9 = 0.3 1.90 = 0.11 1.73
D" — 7t K" 2.51 3.08 = 0.36 3.1 =20 3.074 £ 0.096 322
DY — K*K" 4.79 297032  3.0+09 2.98 + 0.08 3.00
D — 7ty 1.33 1.82 = 0.32 1.9 = 0.5 1.84 = 0.15 1.65
Df — 7ty 5.89 382036  4.6+06 3.95 +0.34 344

DY — 7t 7" 0 0 <0.06 0

37



Doubly Cabibbo-Suppressed BRs

Modes Br(diagram) Br(pole) Br(exp) Br(this work)
DY — 70K 0.67 = 0.02 0.6 = 0.2 0.69
D’ — 7 K" .12 = 0.05 1.6 = 0.4 1.48 = 0.07 1.67
D? — K% 0.28 = 0.02 0.22 + (.05 0.29
D’ — KO/ 0.55 = 0.03 0.5+ 0.1 0.50
D" — 7 K° 1.98 = (.22 1.7+ 0.5 2.38
DT — 7Kt 1.59 = 0.15 22+04 1.72 = 0.19 1.97
Dt — K*q 0.98 = (.04 1.2 + (.2 1.08 = 0.17 0.66
Dt — Kty 0.91 = 0.17 1.0+ 0.1 1.76 + 0.22° 1.14
D — K*K° 0.38 = 0.04 0.7+ 0.4 0.63
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