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CP violation in D decays to two pseudoscalars:

A SM-based calculation
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CP violation in D decays: just a SM system or

gateway to New Physics?

AAZE = Acp(D® — KTK™) — Acp(D° — ntn™) = (—=1.54 £0.29) - 103
AATESP — (~1.57+0.29) - 103 [LHCb 2019]

@ Is the SM theoretical prediction in agreement?

e Weak sector (CKM
parameters) already probed by
kaons, B mesons

@ Strong sector (hadronic uncertainties) problematic
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803

CPV in D: the strong sector

@ Does a beyond-naive estimation of hadronic effects matter?

.!Zf(Do ) = A(f) + irckmB(f) Tree topology

d(ﬁ — ) = A(f)—irckmB(f) D u _ Penguin
)

‘ ﬁ/a
adir ~ 2rckm |B(f)| -sinarg A(f) .“ u/d topology
Icp = IA(F)]| B(f) wa Owa

(reckm = Im “"\;”b)

[Other approaches: 1506.04121, 1706.07780]

In K decays: Chiral Perturbation Theory. In B decays: HQET.
Apr ~ m, < mp = 1865 MeV, 222 — (1)

— neither approach would be vaI|d in charm!
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.251802
https://linkinghub.elsevier.com/retrieve/pii/S0370269317307827

A way to look at the problem: rescattering

@ Strong process, blind to A or /K
B d

@ Isospin (u«+d) is a good
symmetry of strong s
H T 1 4
Interactions
—————— # | 1 3

@ In 1=0, two channels:

S _(7mm = an nm = KK
strore = \ KK — 7 KK — KK

Eleftheria Solomonidi CPV in D Introduction 5/18



Rescattering & what we learn about strong phases

@ S matrix is unitary, as well as strong sub-matrix

o For |=0: (A —xm)\ _ €201 iV/I— 2e01402)\ (A*(D — 7m)
' A(D — KK) iv/1 — 12e/(61+82) nei262 A*(D — KK)

sstrong

@ The phases are related to the rescattering phases which are
known from data/other experiments

@ Watson's theorem (elastic rescattering limit):
argA(D — nr) = argA(mm — 7r)modmw

@ With inelasticities: more complicated, phase-shifts dependent on
magnitudes of the amplitudes too
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What about magnitudes?

@ Does rescattering also affect the magnitudes of amplitudes,
apart from the phases?

@ An estimate for magnitudes:
factorisation/large
number-of-colors (N¢)

CKM x Wilson coefficient xfactorisation
@ Does not take (all) rescattering into account

@ Decay constant and form factor come from data
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Basic property of scattering amplitudes: analyticity

@ Fundamental,
model-independent property
related to causality

@ Cauchy's theorem:

A(s) = 5= §. ds'2E) leads
to

ReA(s) = - / g MA(S)

T s'—s

(Dispersion relation)

@ Unitarity of S-matrix & dispersion relation:

tano
ReA(s) =1 / ds’ ( )RA( )
Vv Sthr S
Re at a point N -— <
integral of Re along the physical region
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Analyticity & what we learn about magnitudes

@ Integral equation, studied by Muskhelishvili-Omnes

@ One subtraction: needs one piece of physical information
@ Single channel case (& one subtraction at sp), physical solution:

Ompnes factor Q

We need more than just large N!

|Ai(s = m3)| = (large Nc result) x (Omnes factor),

@ More channels: Equally more solutions. No analytical solution
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https://link.springer.com/book/10.1007/978-94-009-9994-7
https://link.springer.com/article/10.1007/BF02747746

© What we do
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Summary of our method

Separate CP-even (A) and odd (B) part

Flavour basis to isospin

e o

Isospin blocks:
o |=0 with 2 channels: 77 and KK
e I=1 with KK elastic rescattering
o |=2 with 77 elastic rescattering

Isospin amplitudes treated with dispersion relations calculated
numerically (based on Moussallam et al. [hep-ph/9909292])
Physical input: unitarity (for integrand), large Nc limit (for
polynomial ambiguity/subtraction point)

(]
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https://link.springer.com/article/10.1007/s100520000303

Data deployed: phase-shifts & inelasticities
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@ Use inelasticity and phase-shift parametrisations (peiaez et al.

1907.13162],[Pelaez et al., 2010.11222]

@ Parametrisations available up to energies ~ mp - extrapolate for
higher & vary relevant parameters for uncertainties

@ For I=1 and 2, extract Omnes factors from Br's of
A(DT — 77 7%) ~ A, A(DT — KTKO) ~ Aj_;
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© Results (preliminary)
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Omnes factors

For the isospin=0 channels we calculate numerically the Omnes
matrix at s = m%:

Q. 0.56e18  0.70e~ 17
I=0=\ 0.55¢ 14 (.65¢23

(In data: inelasticity taken mainly from 77 rescattering - solution I from Pelaez et al. '19 )
The physical solution is

A(D — 7T7T) -0 . Afactorisation(D — 7T7T)
A(D — KK) =0 Afactorisation(D — KK)

(Same for B instead of A)
It turns out:

Isospin=0 amplitudes are modified significantly (roughly

by 20%) compared to pure large-N¢ /factorisation result!
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https://link.springer.com/article/10.1140/epjc/s10052-019-7509-6

Branching fraction predictions

Adjusting 07™,, KK we find:

Decay Channel BBI’r;:;: (preliminary)

D° — ntn— 1.1
D — 7970 1.2
D - KtK— | 1.1
D° — KKO | 1.2

We calculate these based on our method!
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CP asymmetries

. B(f) _ A(f)
Recall: a9t ~2 rexm [BEA)] - sinarg
i =~ |A(f)| B(f)
~N 6107 N——

needs be (1) needs be close to 1

@ We do not find a sufficient enough enhancement of B's

@ Phase-shift differences between A and B are closer to 7 than to
/2
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@ SM approach deploying
@ S-matrix unitarity, scattering amplitude analyticity, isospin
symmetry and factorisation
@ as much data as possible (rescattering, form factors and decay
constants, Br's of DT decays)
@ We succeed in calculating the branching fractions in reasonable
agreement with experiment, from scratch

@ We still estimate the CP asymmetry an order of magnitude
too small compared to the experimental value!

@ Preliminary results, but seems difficult to accommodate the
current value in our SM calculation...
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Thank you very much!



@ BACKUP
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r(D° — f)—T(D° = f)

Acp(f) = —

[(D° — f) —T(D° — f)

AD® = ) —AD® = f) | <tr> iy

~ ——_ + acp
A(D® — f) — A(D® — ) Tpo

o Ar = —al"d = (—2.8+28)-107*

o For the decay D° — 7nt7~: apply unitarity of the CKM matrix
A(D® — ™) = AgAd + ApAs
— all ~ [Xdl|Ab||Ad||Ap] sin g Vea ”" - sin argﬁ—‘;

i/
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Isospin decomposition

@ 77 states can have isospin=0,2. KK can have isospin=0,1.

A(rtr™) —ﬁ ﬁ 0 0 A2
A(7070) _ % % 0 0 A0
AKTK D)= o 0 12 —172) | Ak
A(K°K’) o o0 -1/2 -1/2) \AX
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Dispersion relations: Omnes solutions and

properties

@ Behaviour at oo determined by phase in integral: A — Sin,
5(00)—8(sthr)

™
@ As many solutions as there are involved channels

n —

Qi1 Qo

multiplied by appropriate
Qo1 sz) p Y approp

@ 2 channels: Omnes matrix <

polynomials

Rescattering of light pseudoscalars with 1=0
some sumbers

Expected asymplotc behaviour

Determinant.

Analytially calc

Eleftheria Solomonidi CPV in D BACKUP



Large N¢ limit & effective operators

@ Tre(D? — ntn™) = N\g G £ Ge :’-_D”(mfr)f7r - (m% — m2)
@ Pp(D® — 7fn) =
(G — 2Co rmite—ns ) SEFP™ (m2) - (m3y — m?)

(mu+mg)(mc+my) ”
o Qu(i) = (dic)v_a(Ud;)v_a, Qz( ) = (didi)v_a(tc)v_a,
Q@s3 = (UC)v-nD_,(qq)v+a,
Qs = Zq(ﬁq)v—A(ﬁdV—A? Qo = —2 Zq(ﬁq)s-i-P(aC)s—P
e (;=115,G=-031,G;=0.01,C, = —0.04, G = 0.01, Gs =
—0.03
o Ny =V V,g~022
o m:(2GeV) = 1.045GeV
@ Compare mp = 1865 MeV to A, pr =~ m, = 775 MeV
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