The Institt




Direct CPV in Charmed Meson Decays?
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New Form of Matter-antimatter Transformation =i >Za—R STLR SZORE

Observed Nows @ KEX
by Kelen Tuttle
For the first time, BaBar researchers have observed the
transition of one type of particle, the neutral D-meson, into its
antimatter particle. This observation will now be used as a test of the
Standard Model, the current theory that best descrihes all the
universe's luminous matter and its associated forces.
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"Achieving the large number of collisions needed to observe this
D-meson transition is a testament to the tremendous capabilities of
the laboratory's accelerator team," said Jonathan Dorfan. "The

- &
BaBar collaborators William Lockman, Ray

: : _ _ - A H - Cowan, and Brian Aagaard Petersen inside the
discovery of this long-sought-after process is yet another step along linac. (Click on imaga for larger version.)

the way to a better understanding of the Standard Model and the
physics beyond."

Announcement by Babar and Belle
collaborations of experimental evidence
for D° — D° mixing at

on EW interactions

“DO-DO° mixing is expected to be too small 't
measure with BaBar if the Standard Model
is a complete description of physics.®

- BaBar Physics Book (1998) Moriond’s new cocktail: the DDbar mix
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IaGger ORIV Suppression:
(Vcqub)2 i 7*10

parameters to be small

Expect Any CPV-
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But SM calculationsiS\ver/ .

D is neither light nor heavy!!

Inclusive aporozch
powers of A/mg,

but m. not large enough

Exclusive approach
hadronic final sta
Light enough -can
2 body states

Predictions vary over many orders of
magnitude!

1.00E+00
1.00E-01
1.00E-02

Standard Model mixing predictions

13 5 7 9111315171921 2325272931333

1.00E-03 + 2
1.00E-04 =

1.00E-05
1.00E-06
1.00E-07
1.00E-08
1.00E-09




Different Types of C
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Direct CPV can arise f
Tree and Per
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Feasible only in SCS g




Status Now
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“* The Charm quark mass ~1.275 Ge feazeEnaugh to
allovw use of Heavy guark gifective thcola
chiral perturbahon theory to be applie:

< Factorization approach still one of t
used for studying two-body charm
factorizable corrections incorporate
coefficients.

Alternate approaehese

“* Large 1/N_, approach-Dro Flerz tra
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Final State Interactions

» Mass of the charmed mesons lie
resonance region.
~ Resonant final state reseatteniner ololvinlefteN o] AN ol (oM go] (=
in nwo body ehiarmed ivadronieeldeeiSnEdoRioNels
evaluated.
» Dynamical calculations of these I
possible, can only be i d ph
» Unitarity plays an
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Weak Annihilation and Exchange Contributions

q

(a) Emission or Tree (T) (b) Colour suppressed (C)
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v Rosen (1980) proposed that these e¢
since they appear only in D°
and not D™ decays, it could accour
lifetime of these two mesons.

v Bigi and Fukugita had proposet

modes that could be

smoking gun signals of W-exchange
D° - ¢KO was observed,

it was argued that it coull
mode D° — K*n, with

final state rescatiering

PO ESISIURERUEG-AC LM approach had also indicated
AR A CrREEICAEIIUUonS are needed to explain the
observeol olsita '
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W@a&%@mﬁmm and Wilsom Coefficients

Fermi Coupling constant

He = _Gr [C’ (j0)O1(p) 4+ Co(p)Oa(p)] + hec. .

V2 N

Coe
the stro:

Current-current operat :
1Y
O1 = (Uaq20)v-a(q15C3)v -2

Oy = (’l_tn(l‘z,ﬁ)v-A((71,1300)\/—,4



Penguin contributions in enarmee meson eleecysieigniioinlly
suppressed as the dominant down ty o2 el aelniigioltidlelnile
tive flavowr ciranging nevtral currenit ¢ = I RiinsitelalEN gl
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D — PP modes.
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Non-Factorizable Corrections

In the QCD factorization approach §
corrections are handled using the hai
the vertex corrections and the hare
at the next to leading order in &g ¢
the corrections to the heavy guarl

But, in the case of charm decays, whe

IS not a very good approximation, it is be:
corrections and then deten 1 by firtin
branching ratios with

In the diagrammatic app
coefficients themselves ¢
Wilson coefficients are d
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arlp) = Cilp) + Calp) +a(p) Xleufﬂ)

(v
(

: m 1
v “(#)xge-ﬁz)
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as (1) = Ca(p) + Ci(p)

For D —>P1P2,

P, carries the spectator
P, is the meson emitted from
the weak vertex

2 where 12 — m2 /m?2
3). where, r3 = mp,/myp

Included in both
a,, a, Hence
— appearsin Tree
and Color




The Un-Unitarized amplitudes

| G o | .
I'c) = \/%hwm (1) (as(p1)) fy (M3 — mp, ) Fy’ Pl(m‘;l.;.J

A, x4, X2, 91, P, are free parameters, tak
modes and are fitted from data

Distinguish
light gg from
sS pair



Non-Perturbative Inputs:
Form Factors and Decay Constants

For D — P, transitions, m.e. of the
terins of form factors, F ., Fo@s

ms, — ms m2, — m?
."'-' F‘ 2 U P

{; ) + JFII ff )— I'”

q- q

(P D) = Fol) (0 + " -

The m.e. for the produetion (Py()|q17u4210) = i fpyq,

of the 2" meson Py _
Whereq=p —p’ ‘ 0

Transition form fac
semi-leptonic decays,
F+(q2) "w*?
F.(0). The q- deper



Simple and modified pole
convergence! Recently the
Model independent over
Improved convergence |




The Z-expansion and Form factors Calculation

In this approach, based on analyti
are expressed as a series expans
linear function of g2, with an
accounting for the sub-threshol

inf

F(t) = Z ar(to)z(t. to)"

The series au
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Decay Constant

The f, , f k are taken from the Part
Forthe n and n', it is assumedl
basis, follow the pattern of pé

linear combinations of the or

1

Ny = ——=(uit +dd), and n,=s5

7

The physicalstates n a

cosg —sino\ [ 1,
sing  coso N

where, the 1 — 7’ mixi
represents the sum ¢
..“,i‘j o 7L




Hence the decay constants (form
that for ngandng (D — 1, and L

f,; = — f,sIn o, Fq = FU CoS O, FJ" = —Fp, sin ¢,

fop = fscos . Fy, = Fy,sing, Fy, = Fy, cos¢.

n




Final State Interactions

In addition to the short distance effects incorporated in the modified Vilson
coefficients, residual long distanceeffects can be particularly imporantfor
Charmed meson decays, due 1o presence of nearby Fresonances:

This residual scattering is considered among a limitedset of D — PP decays

Writing this residual scattering matrix in terms of a real symmetric K matrix,
Unitarized (final state interaction corrected amplitudes may be written as

I

AiU _ Z ( (l o lK) —1 ) ; A?'LC
k=1 ”
9

Factorized
Amplitude, including
=3

NF corrections

e
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K matrix parametrizatior
resonances coupling two-bc
by poles in the K matrix.

For each of the SCS, C‘F as \

kahalo3
hakol'so  Fglss.




Coupling of different Isospin states and Resonances

The isospin zero combinations of tl

K°K?® and nn modes are coupled v

K matrix. k;s are the cm mementa ¢

r;;s are relatedto the par-ﬂ'al e

the ith channel. |, . Uob [ pp o tek 0 pg s ek

M Res M fes M fres

rxperimentally, only two of the ratios of the o/eechAtEIER
o Jr

( fo = K ] v / ['(f TT') I'(fo = K f_\) /T (fo — nm)
-
have been measured Welege g,. = I'(fy - KK)
as a parameter to be detarminselfromiiis
of theoretical estimaltes (0 0DIZPY21L 5 [EH

Similarly, for the I = 1 case, )
1.474 GeV to be responsible
and ', to which Wsmo
Is not aeeuraw
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Note that the }(T(;n”’] and m]' States appear us ,/‘/.//{'f/ States not only 0}
SCS D" and D* decays, but also in the CF decays of the D decdys

The same K matrix (apart from tiny modifications in e enrionients
and the mass-squared of the decaying meson) WillSufficeNaibilore
importantly with the same one unknown pardameter, Willendan)
additional observables will get added (o thes elisipfi

Finally, the isospin % states of Km,

coupled with the Ky (1 nanc
measured, 2 a

of D° and DCS decay
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SCS Decays
) = VaAT" + VRATT)
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CF Decays ' DCS Deca
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Numerical Fits
The unknowns:

Four parameters representing the NIF ee
respective phases ¢4, ¢,

Four parameters : yo , and ‘/,, depicting the strengith ojfitae e
exchange and W-annihilation ampliteedes with elStineasitecialoitanols

L] -
qq and ss palr production

One unknown in each 0ft’hg | n zero anc
coupling modes from decays of )+ me
the isospin half K matrix

One parameter, represer; in
freedom in the charmed me
each of the individual decay

N ST



Numerical Results

Theoretical Errors:

Form factors, n and n'decay constants,

measured decay widths of various res

channels. ,

Our best fit has a chisq/degree g"f'r#m Q222 el impravement
over previous resulls in the literature.

&

Our Branciing Ratiosfoir D =i€iG L) — maodes that have been a
longstanding puzzle are in cotreemenEnWit the meESulEoAVEL U}
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Name | Values

0.625645

-2.68215

We have evaluatec
the unitarized e

obtain, oS 8g, =
recently measured
value ¢os 6k, = 1.

Name | Values Name  Values

0.0000239368 |y}

0.006456
=334.805

-81.3363

132.685

193.447
0.302258

2.87681




Table: D — PP SCS B.R's

With F5I

Without F5I

Without Annihilation

Experimantal Value

(1.44 4+ 0.027) x 10—3

(4.35 + 1.67) x 10—3

(4.02 £ 1.75%) = 10—3

(1.402 &+ 0.026) x 10—3

(1.14 4 0.58) x 10—3

(3.66 £ 1.43) x 10—3

(2.04 £ 0.79) x 10—3

(8.209 4 0.35) x 10— 4

(4.06 + 0.77) x 103

(4.27 + 2.34) x 103

(6.78 + 3.08) x 10— 2

(3.96 + 0.08) x 102

(3.42 + 0.52) x 10—4

(5.61 + 0.00) x 10—4

(2.80 + 0.84) x 10—

(3.4 £ 0.8) x 10—4

(1.47 £ 0.90) x 10—3

(6.47 +2.98 x 10—3

(3.25 4+ 1.51 x 10—3

(6.8 +0.7) x 10—%

(2.17 £ 0.65) = 10—3

(3.81 £ 1.43) x 103

(1.85 £ 0.79) = 10—32

(9.0 & 1.4) x 10—4

(1.27 £ 0.27) = 10—3

(1.32 £ 0.41) x 10—3

(1.34 £ 0.29) % 10—3

(1.67 £ 0.20) = 10—3

(9.53 + 1.83) x 10—%

(1.04 + 0.27) x 10—3

(5.38 + 1.63) x 10—*

(1.05 4+ 0.26) x 10—3

(8.89 4 4.51) x 10—4

(8.70 £ 6.70) x 10—*

(9.73 £ 3.94) x 10—4

(1.19 4 0.08) x 10—3

(3.75 + 0.63) = 10—3

(1.02 £ 0.37) x 10—2

(1.99 £ 0.56) = 10—2

(5.66 + 0.32) = 10—3

(4.72 £ 0.21) = 10—3

(2.34 £ 1.26) x 10—2

(1.66 £ 0.77) = 10—2

(3.53 £ 0.21) = 10—3

(6.76 + 2.19) x 10—3

(3.00 + 0.76) x 10—2

(9.78 4 3.35) x 10—3

(4.67 + 0.29) x 10—3

(1.96 4 0.90) x 10—3

(1.46 £ 1.10) x 10—3

(1.32 £ 1.01) x 10—3

(2.42 4 0.12) x 10—3

(B.17 & 4.64) = 10—4

(1.74 £ 1.00) x 10—4

(1.01 £ 0.54) % 10—3

(6.3 +2.1) = 10—4

(1.50 4 0.75) x 10—3

(6.40 + 4.52) x 10—3

(2.23 4 1.82) x 10—3

(1.76 4+ 0.35) x 10—3

(7.07 4+ 0.49) x 10—%

(2.09 + 0.87) x 10—3

(0.57 4 0.47) x 10—*

(1.8 +0.6) x 10—3




Table: D — PP CF B.R.s

Es With FSI Without FSI Without Annihilation Experimental Value
KT (3.70 £1.33) x 1072 | (8.83+2.47) x 1072 | (5.634+1.81) x 1072 | (3.88 & 0.05) x 102
— KO0 (1.88 £0.99) x 1072 | (1.29 4+ 0.44) x 10~ | (3.30 £ 1.47) x 10~2 | (2.3840.08) x 102
— KO0y (1.59 + 0.48) x 102 | (0.97 £0.33) x 1072 | (1.09 +0.34) x 102 | (0.958 4+0.06) x 102
— KOy’ (2.29 +0.43) x 1072 | (2.06 £0.30) x 1072 | (2.45+0.47) x 102 | (1.88+0.1) x 10—2
— KOpt (3.42 +£1.78) x 1072 | (1.35+1.12) x 101 | (5.25 +3.34) x 1072 | (2.94 &+ 0.14) x 102
— KOK+ (5.65 +1.29) x 10~2 | (1.70 £0.79) x 10—1 | (1.35 +0.53) x 10— | (2.95 + 0.14) x 102
— nty (2.26 +0.82) x 1072 | (0.78 £ 0.56) x 10—2 | (2.14 £0.90) x 102 | (1.69 % 0.10) x 102
— ntn’ (2.64 +0.78) x 1072 | (3.73+1.52) x 10—2 | (2.52 +0.85) x 10— 2

(3.94 + 0.25) x 102

D



Table: D — PP DCS B.Rs

Modes With FSI Without FSI Without Annihilation Experimental Value

PO — Ktm— (1.77 +0.88) x 10—% | (3.71 +1.33) x 10— (2.48 + 1.07) x 10— % (1.38 + 0.028) x 104
p? — k070 (2.11 £ 0.26) x 10—% | (3.70 +1.35) x 10—% | (0.68 + 0.46) x 10—% | —

P — KOy (0.94 + 0.45) x 104 | (0.28 £ 0.10) x 10=% | (0.96 £ 0.32) x 10—4 | —

p0 — KOy’ (8.02 £3.32) x 104 | (0.594+0.08) x 10~4 | (9.22+161) x10~% | —

pt — KOnt (3.27 £ 1.86) x 10~% | (1.1940.55) x 10=2 | (3.51 £2.11) x 10~4 | —

Dt — kT x0 (3.07 £1.02) x 10~% | 215+ 1.17) x 10~% | (3827 £1.39) x 10~% | (1.83 +£0.26) x 10—*
DT — KTy (0.98+0.26) x 10~ % | (1.0440.23) x 10~% | (0.89 +£0.27) x 10~ % | (1.08 £0.17) x 10~ %
DT — Ktn' (1.40 +0.39) x 10—4 | (1.82+0.18) x 10~% | (1.35 +£0.39) x 10— % | (1.76 £ 0.22 x 10— %)
DT — KT KO (7.84 +2.31) x 10—% | (0.68 +0.09) x 10— 4 (0.72 + 0.44) x 10— % -




The mode K°K©

R R R (G C R ESH G Al Il Erany tree or- colour suppressed
coOntribytions, U can comme mJ IfJU& W—EXChange

fact S ICCICULGIIU OIS T ONE dppeartng with a
underexact SU(3S) symmetry
would cancel each other, resultinginietaeilReiel{{(e{elH

“/,.,/ JJWJ the other with an 33, W |

However, since our parameters for thes
distinct, our bare amplitud his mode
There have been speculatior his mode
state interactions, even

contribution.

However, from our fits it

contribution we are Une
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Other Teatures

Apart from improved z-expansion f

between different form
factors resulis in additional contril

S naive Took at the colonr suppressed ellaoitimsy ol RS2 16 BRI

indicate that the contributions from the eesniacieNinERolceEllolmis

part of tive eV, and that, wiere it constitoiEStE GO NuIS R ek

However, in terms of the specific decay ¢

one is proportional to — .
D 2 -

o f,, For (m}) whic

hence has to be non-vai
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Further Improvements possikt
widths ej resonances, Iy




CONCLUSIONS

Before jumping to conclude presence 0]
need to ensure we
understand the hadronic branchin

Weak Annihilation/Exchange, Final
be incorporated.

With upcoming data from
an more clearer pi‘eturc




Radiative Charmed Meson Decays

“*FCNC absent at

* Appears at Loopi
present ‘

* Extensivest
mesown decay

f:ﬁ {“ A

(AW,

YA




< Moreover, charm radiative d
Long distance contribut
presence of new physiest
the Loop of the short dista




DY to Vy

e Statistical error will scale as:

Belle (1ab™?) 5ab—l_JBabol 50ah—1

Acp (D° — p%y) = +0.056 + 0.152 + 0.006 — 0.07, 0.04, 0.02
Acp (D° — ¢) = —0.094 £ 0.066 £ 0.001 — 0.03, 0.02, 0.01
Acp (D° = K*°4) = —0.003 + 0.020 + 0.000 — 0.01,  0.005, 0.003




Enhancement of rates:
with QCD Corrections

within SM, thereis an enhance
rates in the presence of RCD correctiov
Enhancement by a factorof 2 tn b
enhancement expected in the case
decays.

Hencee need to evaluate the correspo
coefficients within the Re Sroved per

with NP

Need to enhance the va
Effects OR need signa
presence of the long dist
- _ |
( tify o \ST




m We work in MS scheme in accordance with 10.1007/JHEP08(2016)091.

m Hamiltonian for the scale m, < p << My, is given by

4Gp
— V2 Vug[Cy (1) Q7 Q.
‘\,.-""E qzdzbsrb cq U{?[ 1{”] i + C?(”] E]

Her(Mp < p < My) =

m Effective hamiltonian at the scale m; < u < mg is given by

4G 10
Hetr(Me < p < Mp) = TEF S V5 ViglCi(w) Q] + Co(u)Qf + >~ Ci(n) Q)]
g=d.s =3

QCD corrections




m Above the b scale, all quarks except the top are considered massless.

m This is in accordance with the factorization scale. Otherwise, spurious large

logarithms are introduced

m The operators Q7 and Q] are the only ones that contribute at my, < p < M.
Within SM, these are the only operators that contribute for ¢ — wu~. Thisis in

contrast with radiative bottom decays.
= (0°97)y_a(@7c*)y_a; Q7 = (09)y_a(GC)y_a

m Operators Qs to Qg are generated at m: < 1 << my due to the matching at scale

(@C)v—a > _(Gq)v—a. Qu = (0°¢)v_a > (3°9")v_a.
g g

(DC)y—a ) _(Aq)v=a. Qs = (0¢?)v-a Z[Q_‘B q¥)v+a
q

e
gy MoF T Pye, Qp = 1;2 meG2, Uo*" T2Ppe.




m The evolution can be schematically expressed as

o 0) 0
CO (= me) = U{[f:}zt]{# = m‘:-‘mb}ﬂr{na:;chu{[fiﬁjimb’MW]C{D}{MW}

with O ={LO, NLO} specifying the order in QCD corrections.

m U, (mp, M) is 2 x 2 and U[), is 8 x 8 matrix.

m At LO, U’Efg}[mb, My) and U‘Efﬂ} are dependent on LO anomalous dimension

matrix. For NLO, they dependent on NLO anomalous dimension matrix. Both are
taken from 10.1007/JHEP08(2016)091.

m RLY) is Identity matrix. R™-9) taken from 10.1007/JHEP08(2016)091.
m LO initial conditions

Ci(Mw) =0, Co(Mw) = 1. (1)

m NLO initial conditions

15as(My)

C (M) = ==



Rare decays: new physics

% Can New Physics be “hiding” in the up-type quark transitions?
- explicit models can be constructed where it can be done
- long-distance effects complicate interpretation
- must use exp and theo tricks to sort out

e

07 = ﬁmchuﬁa’w(l-F‘/s)c,
l
Og = 167 2uL7“cLi'y f
2
€
Op = T6n ——aryueLly st
e
€, = = 5 MeF, 0" (1 — v5)e,
o, = & Py,
> = T6r 3 URYuCREY
e e E s,
10 -+ 16 QUR’Y#’CR 7”75

Maybe correlations between different measurements can help sorting out NP in charm?
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