Charm theory

Hadronic physics of CP-violation
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1. Introduction: charming history

e Burt Richter and Sam Ting discovered J/ys state in November of 1974

The Arrival of Charm!

Jonathan L. Rosner

Enrico Fermi Institute and Department of Physics
University of Chicago
5640 S. Ellis Avenue, Chicago IL 60637

Abstract. Some of the theoretical motivations and experimental developments leading
to the discovery of charm are recalled.
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hep-ph/9811359

e At 50, charm quark continue to churn out surprises!
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1. Introduction: charming results

e At 50, charm quark continue to churn out surprises!

— spectroscopy: Exotic hadrons with heavy quarks

e X(3872) cbwerved st Belle

X(3572) confirmed st DO, CDF

X(015) [as ¥(3940)] chworved at Belle

Y (4260) observed st BaBar

;,,lzl') 1-;:::».1 :1.-;»-« at Relle . h d d ' f
" (4200) cot at O«
R i il ct in the Rast ecade a p etora of new
O states with constituent heavy QQ
X(215) Y (3940)] confirmed at BaBar . . .
o oo which is their structure?

Z*(4050), X(4160), Z*(4230), Z*(4430), X (4630)

ctwerved at Bell
¥/(4140) cbeerved a2 CDF “plain”
X(3015), X (4350), Yy(10885) observed st Belle
xa(2P) [as Z(3030)] confirmed at BaRar

Y (4274) obeerved st CDF

X(315) confirmed at RaBar
Zy(10610)* cbeerved and confirmed at Belle : .
Z4(10650)* chsorved and confirmed at Bello diquark
X(3523) [Mkely v2(1D)], Zy(10610)° obwerved and < model
Z.(3000)*, Z,(420)* chwerved at BESII
4 .

CLEC

triquark
model

Z(4020)° obwerved st BESIII
Y (4140) confirmed at DO, CMS o

Y (4274) confirmed at CMS
Y (4660) confirmed at BaBar hydro-charmonium

Z b S|
Z.(4000)* confirmed at BESII model

Z* (4200) obwerved at Belle

%!
Z*(4200) obwerved at LHCh
e Z"(4430) confirmed st LHCH

2014 4 X(3823) [bkely v(2D)], Z,(3900)°, Z (400) confir

Z,(4085)* cbservod st Belle ba

~ —  Y(4230) observed st BESII meson =
2015 3 _ (4430) olwerved & LHCH x x
molecular

Y longer obsorved at Belle

X(5368)* obwerved at DO meson model meson
2016 X(5568 T obsorved at LHCH

Y (4140} 274) coafirmed at LHCh

o iv:
i - Lebed et al, arXiv:1610.04528 —
[ C. Patrignani GHP17 - Feb. 1-3, Washington, D.C 3 M

— ———
— D-mixing and CP-violation in decays (soon: in mixing?)

AN

e Interpretation of the results of observations depends on our
understanding of low-energy hadronic physics
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2. Charming CP violation

e How can CP-violation be observed in charm system?

e can be observed by comparing CP-conjugated decay rates in various
ways, both with and w/out time dependence

T — f)—T(D— f)
(D> f)+T(D =)

e can manifest itself in charm AC=1 transitions (direct CP-violation)

acp(f)

I'(D — f) # T'(CP[D] — CP|f]) dCPV

e orin AC=2 transitions (indirect CP-violation): mixing |D,,)= p‘D°>iq‘E>

2

2Myy =y |7 1+ A, #1 CPVmix

2 2 _
B = la/pl" = ‘Am— (i/2)AT

e orinthe interference b/w decays (AC=1) and mixing (AC=2)

Af
R CPVint

M=ﬂj2=&ﬂww
pAf

Af
Amplitudes?
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Introduction: nonleptonic charm decays?

% Can be classified by SM CKM suppression of tree amplitude (Vus ~ A)

W o,

*
VVCS ud w

% Cabibbo-favored (CF: A9) decay

- originates from ¢ — s ud
- examples: DO —K-mr*

% Singly Cabibbo-suppressed (SCS: A1) decay

- originates from ¢ — q ug
- examples: D9 —mrm and DO — KK

gy

k
VeaViys w

% Doubly Cabibbo-suppressed (DCS: A2) decay

- originates from ¢ — d us
- examples: DO —K*m-

% We shall concentrate on SCS decays. This is because of the Q
: . i Jedrzej Biesiada

D

Ves(a)Vas(ay Z
W(g)< d,s
¢ d,s

Q|
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Direct CP-violation in charm: realities of life

% IDEA: consider the DIFFERENCE of decay rate asymmetries: D ->mnt vs D - KK!
For each final state the asymmetry DO: no neutrals in

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

re=nere=n) T

direct mixing interference

ay

* A reasoh: am=aMq and aixk=airr (for CP-eigenstate final states), so, ideally,
mixing asymmetries cancel (r¢=Ps/As)!

d . .
ay =2r,sing,sino,

T

% ... and the resulting DCPV asymmetry is @acp =a% . —a® =~ 2a% . )(double!)

_ ﬁ 4 _—iry f - \
AKK— \/E)\[(T—FE-I—PSd)—I—CL)\ € Pbd] T. ;:‘i\:‘z
G . ™~ v
Apr = =X [(—(T + E) + Pyg) + aX*e™ Py]
\/§ P c¥—l‘ /s P
I
% ...so it is doubled in the limit of SU(3)r symmetry \_ o J

SU(3) is badly broken in D-decays
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Experimental observations

e Experimental results

e Result 1: an observation of CP-violation in the difference...
Ak, = acp(K~KT) —acp(n nT) = (—15.4 £2.9) x 10~* LHCb 2019
e Result 2: the individual CPV asymmetry in D — K*K~ channel
acp(K~ K%)= (7.7+5.7) x 10* 2209.031792

e Result 3: LHCb combined the above results to obtain the CPV
asymmetry in DY — 777~ channel

acp(n~mt) =(23.24+6.1) x 1074 3000317507
e Wishlist: obtain the CPV asymmetries in D’ — K*K~ and
dir

D° = 7tz channels independently to check consistency of Aap,

e Need confirmation from other experiments (Belle Il)

e What do those results mean? New Physics? Standard Model?
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Implications of experimental observations

e Check SU(3) symmetry: only need U-spin (interchange s < d)
e Branching ratios: (D" - KTK™) =T'(D® - 7t 7n7)

r(D° — K+K~)
(DY — ntn—)

= 2.81 £ 0.06

o CPVasymmetries: aop(DY — 7t7n7) = — a (D’ — KYK™)

acp(D® — ™)
CLCP(DO — K""K_)

— 3.0170:9°
e |n both cases: appearance of badly-broken symmetry. Also: wrong sign!

acp(D° — ntr™) T(D° - KTK™)

e U-spin sum rule: - = - _
acp(DY —- K+*K—) I'(DY — ntn—)

=1

... but it appears that experimentally = + 0.931”8:2%

S. Schacht, JHEP 03 (2023) 205
GNP ATIEAL TOEEE L
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Theoretical troubles

AAcp within the Standard Model and beyond

Mikael Chala, Alexander Lenz, Aleksey V. Rusov and Jakub Scholtz

Institute for Particle Physics Phenomenology, Durham University,
DHI 3LE Durham, United Kingdom

Implications on the first observation of charm CPV at LHCb

Hsiang-nan Li'*, Cai-Dian Lii*!, Fu-Sheng Yu?®!
Ynstitute of Physics, Academia Sinica,

Taipei, Taiwan 11529, Republic of China

The Emergence of the AU = 0 Rule in Charm Physics

Yuval Grossman* and Stefan Schachtf

Department of Physics, LEPP, Cornell University, Ithaca, NY 14853, USA

Revisiting CP violation in D — PP and VP decays

Hai-Yang Cheng
Institute of Physics, Academaa Sinica, Taipei, Taiwan 11529, ROC

Cheng-Wei Chiang
Department of Physics, National Tamwan University, Taipei, Taiwan 10617, ROC
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2a. Calculating CP-asymmetries?

Effective Hamiltonian for singly Cabibbo-suppressed (SCS) decays

e drop all “penguin” operators (Q; for i > 3) as Ciare small, Ay = VooV,

7'[eﬂ?':@[

D> A (C19f + C208) — A

q=d,s 1=

V2
Qf = (ul'pq) (qT*c), Q; = (qTuq) (ul*c)

e recallthat " A =0 or \a=—(X\+X) and Oqz%Z@Q;’, with ¢ =d, s.
g=d,s,b 2

without QCD Amplitudes?
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How to compute decay amplitudes?

e Acp: need to compute/fit/derive hadronic decay amplitudes
— matrix elements of 4-fermion operators (factorization?)
Apn = (nta™ [ H|D°)
V2
~ %Vud ca{m ] (ad) , 0)(z~|(de) | D)
GF

~~ —— V4 cii waD—mm%) No imaginary part?

V2

— need a better approach (but can retain some elements)! Recall Ry g/cr

—=VuaVog(n"n™ | (ad) , (de) | D7)

Falk, Nir, AAP

gu 0 JHEP 12 (1999) 019
Ap = _ Ky|H.¢|D
my — mi, + ik, mp (Ka|Heys| D7)
Br = — IH (KH|Heff|DO) : Resonances? FSI? Both?

2 .
mp — mi, + il k,mp
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e | was going through a pile of old papers...
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Resonance enhancement of decay amplitudes

e Acp: need to compute/fit/derive hadronic decay amplitudes

— parameterize D — KK and D — 7w decay amplitudes

— use isospin decomposition, as possible nearby resonances are

classified according to isospin, etc. Schacht, Soni
PLB 825 (2022) 136855

1 1 A
AD® = 7t 77) = —=XeaAT + —= (AsdAgTo _ b m>

V6 V3 2720
g e dlg L T \ M Ty P )T g \ M0 T o P50

... and similarly for other D-decays, where 4,; = (4, — 4;)/2 and AJACf] ; (BJAcf] I) are CP-even (CP-odd)

e Resonance enhancement of decay amplitudes (model)

— choose model and resonances that provide enhancement (1=0): f; states

d
Aé{o - gfoﬁffM?O R(mfo L'fosmpD, )

b
Bé{o - gfoéffooR(mfmrfo’mD? )
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Resonance enhancement of decay amplitudes

e Resonance enhancement of decay amplitudes (model)

— choose model and resonances that provide enhancement (1=0): f, states

d
AJ;,CQ — gf0—>ffMJ§o R(mfmrfo y D, )

— S
possible interference

ff _ b
B%,o = gfo%ffooR(mmefoamD) ) among different f, states

«—

— ..where g]coqffdescribesﬁ) coupling to KK or zzr and

Ml = (folO T 71D M, = (fol0) T D0)

— there are nearby f;, resonances PLB 824 (022) 136855
Employed experimental data for scalar unflavored resonances close to the D° mass.
Resonance 1(JP% mass m [MeV] ' [MeV] Ref.
fo(1710) 0+ (0*++) 1704 + 12 123+ 18 [5]
fo(1790) ot(0tt) 1790139 270150 [53,54]

Note: other f; states? E.g., f(2020): m; 5050, = 1982¥3%" MeV, Ty (3509, = 436 £ 50 MeV
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Resonance enhancement of decay amplitudes

e Resonance enhancement of decay amplitudes (model)

Aall D" —sr'n) al(D' > K'K) ali(D’ -2 ali(D' - K' Ks) ali(D® - K5 Ks)
[ T I T T T I

L |

- 22 l §33

=== H{

-0.01 -
)

- — Experimental input data 4
-0.02 -

. — Isospin fit

- — Resonance model

t 11 Schacht, Soni
-0.03 L L L L PLB 825 (2022) 136855

Aalt o@D 5ty a(DY 5 KT KT) all(DC 5 22 adi(DT o KT Ky) ali(D® > K Ky)

e Note: compatibility of the result depends on how many
resonances are included in the fit
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Why resonances if we have data?

e Resonance enhancement of decay amplitudes is a model!

— there is ample experimental data on 7z7(KK) scattering at s ~ m3)

— coupled-channel unitarity

D—-D | D—mr D— KK
mm—D | ar—=7mn = KK - | 1 —i(T)T
KK —-D|KK—»mr KK — KK - —i CP(T) Sg ’

Franco, Mishima, Silvestrini
JHEP 05 (2012) 140

— two-channel approximation (z7, KK) Pich. Solomonidia, Silva

A(‘r)r B 77621:51 iimei(51+t52) (Ag)*
A{f o iimei(awéz) ne2z’62 (Aé{)*

Note 1: inelasticity # and strong phases 51’2 can be obtained from the low-energy experiments

Note 2: some other two-body (##) and multi-body (47) intermediate states have large
branching ratios: could potentially change predictions in a two-body approximation!
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2b. Amplitudes: flavor SU(3) analysis

e |dea: expand all charm decay amplitudes in terms of a universal set

— need to select a basis: flavor SU(3), unbroken (for now)

Hor = = VaaVis (@) (56) + hec

e Light quarks transform as triplets: 3 X3 X3 =154+6+3 + 3

— concentrate on CF decays for now: only 15 and 6 contribute

e ME: need to couple #Z - to the initial (triplet) and final 8 X 8 states
— final state: [(8+ 1) x (8+1)]pp = (8 X 8)sym + (8 x1)+1,
= 27 + 8gx8 + 8s8x1 + 1gxg +1

VoV (A of® 1 co® ) +he.

2 2
§a1a_1 §a1a_1

— initial state: | # | D) contains 27 (from 15 X 3) and 8 (from 15 X 3 and 6 X 3)

e Basis of reduced ME: Ay; = <27|(’)ﬁ|3> . Ag= <8|(’)E|3> . Cs= <8|(’)6|3>
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Amplitudes: flavor SU(3) analysis

e Select a basis, expand decay amps (CF decays only), include # and 1’

— assume mixing angle @ = arcsin(1/3), but can do independent fit

Decay SU(3)r Amplitude
DY 5 K7t \G/§ 685(\/—A27+\/_A8—\/_Cg)
DY — FO’IFO G—\/E udV;_; 16 (3A27 — 2Ag + \/ﬁCg)

DY —>RO’I7 ?/EV Vi 15\/— (3\/_A27+\/_(\/_ 2)A8 o \/5_)(\/3—2)08)
DO R | SEViaVi 3ibs (34 — 21+ 4v5)As + VIO(1 + 4V5)Cs)

Dt 5 Kt SEVuaVes Js Ao
Df — KK+ \Q/—EVudVZ; 5 (\/§A27 + V245 + \/508)

Df sty | SEVuaVi s (6v240r — V2(4+ VB)As — VB(4 + V/B)Cs)
Df s wty | SEViVE g (34ar +2(2V6 — 1)4s + VIO(2V5 — 1)Cs)

87rh’m2D Bp_pp
D P*

— there are 8 decays and 5 parameters: |Ap_pp| = \/
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Amplitudes: flavor SU(3) analysis

e Fit to experimental data... | Meson | Decay | Branching Ratio (%)
DY | K—nt 3.950 £ 0.031
Kon0 2.480 + 0.044
Kn 1.018 + 0.012
Ky 1.898 - 0.064
p+ | Kont 3.124 + 0.062
DK K 2.95+0.14
mtn 1.70 & 0.09
m+y 3.94+0.25

e .. yields poor fit results X2, /dof = T477/3,
Aar = (0.279 £ 0.002) GeV?3,
Ag = (0.840 £ 0.008) P9+ GeV3,
Cs = (0.17 + 0.02) e(~58+2)% GeV3,

e What can be done to improve the fit? 3 Waite, JHEP 10 (2021) 024
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Amplitudes: flavor SU(3) analysis

e How to improve the quality of fit?

— drop some of the assumptions [not enough data]: include SCS decays

Recent: B. Bhattacharya, A. Datta,

— new reduced MEs (# now contains triplets) AAP, J. Waite, HEP 10 (2021) 024
— take into account SU(3) breaking [not enough data]: include SCS decays
~ new reduced MEs ALqgop = —msPAY e
H=(3+6+15) x (1+e8+O(c?))
D§+6+T§+e(§i+6i+ﬁl + 15,
+1_5§,+ﬁ§+ﬂ3+ﬁ3+...) ,
— there are now 13 parameters (no #/n’):
(1|3(1[3) = Gy,
TE(@) 19\ _ (@)
(83(5)3) = Flay, (27[150;y’13) =Ty,

(8l613) = Sy,  (27124)[3) = Hy),

SBG = EE, PR =J

— heed to assume dominance of some MEs over others...

T S i S VNS S D i
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Amplitudes: topological flavor flow

e Topological flavor-flow diagrams could be used to deal

B. Bhattacharya, A. Datta, AAP,

with hadronic uncertainties 3 e o e

Bhattacharya, Rosner, ...

S ;v
: N<s 0 L%L< Tand C

D?_ _ N B 70,
u u u
[+ u c S . 0
%, my’ g na K K
D+ w+ 3 “ D0 w* Lﬁl&< 750 A and E
u ot U,d ot n’
d d u d n
dd nn
c ﬁé/ p SE
D° w* 0’
u d

e Fit many decay modes, assume SM weak phase!
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Amplitudes: topological flavor flow

e Select a basis, expand decay amps (CF decays only), include # and 1’

— assume mixing angle @ = arcsin(1/3), but can do independent fit

8rhm2, Bp_pp
— there are 8 decays and 7 parameters: |Ap—pp| = \/ Tgp* =~
Decay Diagrammatic Amplitude
D 5 K—nt % aVeE (T +E)
70 *
D 5 K n0 G—\/;—;Vud%s %(C —E)
D° 5 K% Gey .V Lo _ ,
o i e Fit to experimental data...
D' K | SEVuaVy (—Z) (C+3E) 2
Dt = ?07(4_ \Q/%:Vudvc#; (C+T) Xmin/dof = 136/1 )
. - T = (0.366 % 0.003) GeV?3,
D+ — F K+ ZEY VX (C+ A ; o
S \/5 ud cS ( + ) C — (0.298 :l: 0.002) 61,(—151.0:i:0.4) GeV3,
G | . P
Df — 7ty 75 VuaVes (T — 24) E = (0.201 £ 0.004) ¢(1193£08)° Gey3 |
Df - ntyf TEVuaVe, (T +A) A = (0.04 £ 0.01) 63£9° Gev3,

e .. appears to be excellent! There are still issues for SCS decays...
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CP-asymmetry: topological flavor flow

e All SCS decays can be written in terms of the set of flavor flow diagrams
— provided SU(3)-breaking is accounted for “phenomenologically”

Mode Representation
D° wtr=  Xg(0.96T + E4) + Ap(Pp + PE, + PA,)
w010 Z5Aa(=0.78C + Eq) + J5A(Pp + PE, + PAy)
70y —Ai(Eq) cos¢ — %AS(IQSC') sing + A\, (P, + PE,)cos ¢
' —Xa(Eq)sing + 5Xs(1.28C) cos ¢ + A\p(Pp + PE,)sin ¢
nm %)\d(OJSC + Eg) cos? ¢+ Ae(— %1.08Csin 2¢ + V2 E, sin® d))+%/\,,(Pp + PE, + PA,)cos® ¢
' 52d(0.78C + Eq) sin 2¢ + X(51.08C cos 2¢ — Esin2¢) +30,(P, + PE, + PAy) sin2¢
K+YK~ X\(1.27T + E;) + M\p(Pp + PE, + PA,)
KK M(Eq) + s(Es) + 22, (PA,)
Dt wta®  25X4(0.97T +0.78C)
mtn Z52a(0.82T +0.93C + 1.194) cos ¢ — Ay(1.28C) sin ¢ + V2X, (P, + PEy) cos ¢
nty %Ad(0.82T +0.93C + 1.61A) sing + A;(1.28C) cos ¢ + v2), (P, + PE,)sin ¢
K+E" 2(0.854) + A\y(1.28T) + Ay (P, + PE,)
D} 7t K% X3(1.00T) + As(0.84A4) + A\p(P, + PE))
Kt Zo[=Xd(0.81C) + A5(0.844) + A\p(P, + PE,)]
Kty %,\,,[O.%Cé,,d +1.14A6,5s + P, + PE,| cos ¢ — A\, [(1.31T + 1.27C + 1.14A)dps + P, + PE,|sin ¢
Kty 250p[0.9208,4 + 1.14A8ps + Pp + PEp|sing + Ap[(1.31T + 1.27C + 1.144)8ps + P, + PEy] cos ¢

H.-Y. Cheng, C.W. Chiang
Phys.Rev.D 100 (2019) 9, 093002
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CP-asymmetry: topological flavor flow

e Fits to experimental data in SCS and CF results in

Decay Mode BSU(3) BSII(S%hrcaking Bexpt

DY & gtg~ 2.28 +0.02 1.47+0.02 1.455 -+ 0.024

D% — 7070 1.50 4+ 0.03 0.82+0.02 0.826 4 0.025

D% — 70y 0.83 £ 0.02 0.92+0.02  0.63+0.06

DO — 70y 0.75 £ 0.02 1.36 £0.03  0.92+0.10

D% — 1.52 £ 0.03 1.82+0.04  2.11+0.19
1.52 +0.03 2.11 +0.04

D° — 1.28 +0.05 0.69+£0.03  1.01+0.19
1.28 4 0.05 1.63 +0.08

D' -5 KtK—  1.91+0.02 4.034+0.03  4.084+0.06
1.91 + 0.02 4.05 £+ 0.05

D’ - KgKg 0 0.141 £+ 0.007 0.141 + 0.005

0 0.141 + 0.007

Dt — ztq0 0.89 + 0.02 0.93+£0.02 1.247 +0.033

Dt - nty 1.90 4+ 0.16 4.08+0.16  3.77 +0.09

Dt = atyf 4.21 +£0.12 4.69+0.08  4.97+0.19

Dt 5 KtKg  229+0.09 4.254+0.10  3.04+0.09

DY s 7tKg  1.204+0.04 1.27+0.04  1.22+0.06

DY - 79K+t  0.86+0.04 0.56 £0.02  0.63+0.21

D} — Kty 0.91 +0.03 0.86 £0.03  1.77+0.35

DY - Kty 1.23 4 0.06 1.49 +0.08 1.8+0.6

L T S i S VNSE S T D
Alexey A Petrov (USC)

H.-Y. Cheng, C.W. Chiang
Phys.Rev.D 100 (2019) 9, 093002
but see also:

B. Bhattacharya, A. Datta, AAP,
J. Waite, JHEP 10 (2021) 024

e Individual asymmetries:

adin(rtn™) = (0.80 +0.22) x 1072,

(—0.33 £0.14) x 1073
(—0.44 +£0.12) x 1073

Solution I,

dir + pr—
acp(KT"K™) =
Solution II.

Consistent with experiment?

e Asymmetry differences

(—1.144+0.26) x 1073
(—1.25 £0.25) x 1073  Solution II.

Ag (g} _ Solution I,

Consistent with Standard Model?

9
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e Some of the results can be obtained using U-spin analysis

— note: while the analysis could be simpler, U-spin-breaking effects are
expected to be as large as in general SU(3) analysis (minus E/M effects)

1 Schacht

1
A(DO s 7T+7T_) = —Aug (to + 51+ 5752) — X\ (po — 5]91) JHEP03(2023)205

- 1. - 1.
—Asato (1 + 51 + 5752) — b (PO — 5]?1)

1 1
AD® - KTK™) = Agq (to —$1+ 5752) — b (po + Epl)

~ 1. - 1.
Asdto (1 —S1+ 5752) — b (po + 5291)

... and similarly for other D-decays, with A,; = (4, — 4;)/2, including subleading AU = 1 contributions

— fitting to several branching ratios and A, for 77~ and K*K ...

P1 .
2' |]50|| = 173730% U-spin anomaly?
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Theoretical troubles

% These asymmetries are notoriously difficult to compute

% In the Standard Model
- need to estimate size of penguin/penguin contractions vs. tree

- unknown penguin contributions

u u - SU(3) analysis: some ME are enhanced?
C — C (_7 Golden & Grinstein PLB 222 (1989) 501; Pirtshalava & Uttayarat 1112.5451
d .
- m - could expect large 1/m. corrections (E/PE/PA/...)

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

B - flavor-flow diagrams

u

u Broad et al 1203.6659; Bhattacharya et al PRD 85 (2012) 054014;
Cheng & Chiang 1205.0580; 1909.03063; Gronau, Rosner

7]

/N

- fit both SM and (possible) NP parts of the amplitudes: can one claim SM-only?

% General comments on SU(3)/flavor flow — type analyses
- many parameters: can one claim O(10-4) precision if rates are known to O(10-2)?

% Need direct calculations of amplitudes/CPV-asymmetries

- QCD sum rule calculations of Aacp Khodjamirian, AAP
- SU(3) breaking analyses of D — PV, VV
- constant (but slow) lattice QCD progress in D — 77w, 77 . cen sharpe
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CP-asymmetry: LCSR evaluation
e Recipe for calculation of CPV asymmetry

e prepare decay amplitudes (and using Aa = —(Xs + X))

AD® = 1) = Mg{m w04 D% + A\ (m~ 7| O°| D)
AD® = K~KT) = M\(K~KT|0%|D% + A\g(K~K*|0% D"
e add and subtract Xy (7~ 7|O%| D), put in a new form

AD? w77 71) = —NgApr |1+ % (1+7x exp(i&r))]

AD® - K K*) =  MAgk |1- %m exp(z‘éK)]

e define things we cannot compute (extract from branching ratios)

Arr = (m 7|0 D% — (77t |O%| D°)

Axx = (K- K1|0O%|D°) — (K~ K*|0% D°)

e .. and things we can P: = (x n"|O°|D%, PL,= (K K*|0O%D°
Prx
Arr

d
PKK

AKK

————— Ty =

Alexey A Petrov (USC)
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dCPV: calculating matrix elements

e Evaluate (leading) diagrams contributing to the correlation function

e calculate OPE in terms of known LC DAs Khodjamirian, AAP: PLB774 (2017) 235

(¢) (d)

— extract A,.. and Axx amplitudes from measured branch. fractions

Arr| = MHAD =7 n™)| =(2.10£0.02) x 107° GeV,
Ark| ~ M\ 1|AD - K~K*)| = (3.80 £0.03) x 107° GeV ..

Alexey A Petrov (USC) | o} BEACH 2024 (Charleston) 3-7 June 2024



LCSR: predictions

e Asaresult.. (mta|Q3D°% = (9.50+1.13) x 102 exp[i(—97.5° + 11.6)] GeV?
(KTK~|Q4D% = (13.9 £ 2.70) x 1073 expl[i(—71.6° £ 29.5)] GeV>

S d
e Thus, r,= [Pral _ 0.093+0.011, rx= Picxl _ 0.075 + 0.015
|~A7r7r| |-AKK|
and with Aadci}; = —2rpsiny(rg sindx + r; sin ;)

* Phasesof 7,k K)are given by the phases of Pjﬁi)KK) ?

- -
adiy (n—nw <0.012 + 0.001%,\ adt(r ) =—-0.011+ 0.001%,\
) di - 9
No: | |esk—k+)|<0.000+0002% | Yes: | @cr(K7KT)= 0.00940.002%
y Aa?l = 0.020 4+ 0.003%.
Add?| <0.020+0.003%.
\_ ), \_ ),

Khodjamirian, AAP: PLB774 (2017) 235

e ..seems to be too small to explain the experimental results?
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Experimental observations

e Experimental results

e Result 1: an observation of CP-violation in the difference...
Ak, = acp(K~KT) —acp(n nT) = (—15.4 £2.9) x 10~* LHCb 2019
e Result 2: the individual CPV asymmetry in D — K*K~ channel
acp(K~ K%)= (7.7+5.7) x 10* 2209.031792

e Result 3: LHCb combined the above results to obtain the CPV
asymmetry in DY — 777~ channel

acp(n~mt) =(23.24+6.1) x 1074 3000317507

e Unaccounted for hadronic effects? New Physics? Experiment?
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3. Possible New Physics?

e Can New Physics explain CPV data in z7r and KK?

— note: large AU = 1 contributions: any New Physics operators
contributing to AU = 1 contributions? Yes, in models with generation-
dependent couplings.

C ! ! U c > | u
z' ot Z' Kt
S
DO d DO
d S
T _ K~
u < u u < u

Two is better than one: The U-spin-CP anomaly in charm

**‘

Rigo Bause,! * Hector Gisbert,"|T| Gudrun Hiller,': | Tim Hohne,! §| Daniel F. Litim,? 1T‘and Tom Steudtner!:

ITU Dortmund University, Department of Physics, Otto-Hahn-Str.4, D-44221 Dortmund, Germany
?Department of Physics and Astronomy, Universily of Sussex, Brighton, BN1 9QH, U.K.
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Things to take home

» Computation of charm decay amplitudes and Acp is a difficult task

* no obvious model-independent/perturbative technique

+ SU(3)/flavor flow fits need theory input/better exp data
» Computation of charm mixing amplitudes is a difficult task

* ho dominant heavy dof, as in beauty decays

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

* “hadronic” techniques need to sum over large number of intermediate states,
AND cannot use current experimental data on D-decays

* “hadronic” techniques currently neglect some sources of SU(3) breaking
» Philosophy: does exclusive approach to mixing constitute a prediction?

“Charm physics”
Eur. Phys. J. ST 233 (2024) 2, 439-456
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Things to take home

» More philosophy: CP-violation in D — zx/KK

Theory X . Theory X
Experiment ) . Experiment  «/
Not a very interesting case... SM wins again?
Theory v : Theory v
Experiment ) . Experiment ¢/
SM wins again! : New Physics!

Chala, Lenz, Rusov, Scholtz: JHEP 1907 (2019) 161
Lenz, Piscoppo, Rusov: JHEP 03 (2024) 151
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Introduction

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

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

New Physics

- A
O

physics of beauty physics of charm

X

c,u

X

c,u

small

T S S VNS S T D
Alexey A Petrov (USC)

X my X

b,s,d

X X X
e XX

dominant dominant small
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Charming mixing

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

% To start, mass and lifetime differences of mass eigenstates...

_ My — My _ ry—14
FD y YD 2FD

LD

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

1 -
_ Im (D04 | a2 T{ |IAC|=1 IAC|=1 }DO
i = g I (D] [ ala T{HIAC= @) 12O (0)}10°)
bi-local time-ordered product
1 _ S
rp = Re [2(DO|HIACI=2| D) 4 (DO| / d%T{HL,AC':l(x) HL,AC|=1(0)}|D0>
2Mplp

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

% .. or can be written in ferms of hadronic degrees of freedom...

1 _ _1,-=0 —0 _ _
v =55 > pa | (DU IHAE " n)nl HE=D°) + (D’ | HAC =" In) n| HEE = D°)
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Inclusive approach to mixing: quark-hadron duality

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

1 _ _1,—0 —0 _ _
V=51 > pn [<DOIHE‘VC_1|n><n|Hﬁ‘VC_1ID )+ (D |Hp" = n) (n|Hip“="|DO)

% It is important to remember that the expansion parameter is 1/Ereleased

1

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

c \ : / T c %
OPE-leading contribution: — X

u " dfs) u u u

YD

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

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

% But wait, mc 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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Inclusive approach to mixing: quark-hadron duality

* How can one tell that a process is dominated by long-distance or shor‘r-disTance?

% Let's look at how the momentum is routed in a /F\
leading-order diagram
- injected momentum is pc ~ mc
- thus, p1~pz~mc/2 ~ O(Aqcep)?
N4

Still OK with OPE, signals large nonperturbative contributions

% For a particular example of the lifetime difference, have hadronic mTer'medla’re states

-let's use an example of KKK intermediate state ~ m
- in this example, Erelessed ~ Mo - 3 Mk ~ O(Aqer) D N — D

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

Let’s saturate correlators by hadronic states
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Exclusive approach to mixing: use data?

* LD calculation: saturate the correlator by hadronic states, e.g.

1 _ _1,—0 —0 _ _
y = 5 > pn [(DUIHE n) (| HEC= D) + (D | HE = n) (n| HE= D)

.. with n being all states to which DO and DO can decay. Consider nirt, 7K, KK intermediate

states as an example... J. Donoghue et. al.

L. Wolfenstein

Yo = BT(DO N K+K_) + B?"(DO N 7-‘-+7-‘-—) P. Colangelo et. al.
H.Y. Cheng and C. Chiang
) 2cosd+/Br(DY — K+n=)Br(D° — ntK~)

cancellation If every Br is known up to O(1%) ‘ the result is expected to be O(1%)!

exbected

The result here is a series of large numbers with alternating signs, SU(3) forces O

If experimental data on Br is used, are we only sensitive to exit. uncertainties?

* Need to "repackage” the analysis: look at complete multiplet contribution

Falk, Grossman, Ligeti, Nir. A.A.P.

]- Phys.Rev. D69, 114021, 2004
0 0 ys.Rev. s S
Yy = E YF,R B T(D — F R) - E yF,Rf g F(D . ’I’L) Falk, Grossman, Ligeti, and A.A.P.

Phys.Rev. D65, 054034, 2002
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Exclusive approach to mixing: use data!

* What if we insist on using experimental data anyway?

% Ex., one can employ Factorizaton-Assisted Topological Amplitudes

in units of 10-3

Modes B(exp) B(FAT) | Modes  B(exp) B(FAT) Modes B(exp) B(FAT)
WK’ 240408 242408 [ 7K 375429 359422 K 128td 135+14
atK~ 393404 392404 |7tK*~ 543444  625+27 | K-pt 111.04£9.0 105.0+5.2
nK 970+£06  96+06 | K 9.6+3.0 6.1+ 1.0 K'w 222412 223+1.1
PK’ 19.0+£1.0 195+10 | 7K <110 0.19 4+ 0.01 K'¢ 847706 82406
atre 142140.025 1444002 | 7tp~ 5094034  45+0.2 pt  100£0.6  9.2+0.3

K*K~ 4014007 4.05+0.07 |K*K*~ 1.62+0.15 1.840.1 K-K** 4504030 4.3+0.2
KK 0.36+0.08 029+0.07 | KK 0184004 0194003 |K K*° 0214004 0.19+0.03

™y 0.69+0.07 0.74+0.03| 7np° 1.440.2 w  0.117+0.035 0.10+0.03
™7 0914+0.14 1.08+£0.05 | 7'p° 0.25 + 0.01 ¢ 1354010 1.4+0.1
m 1704020 1.86+0.06 | nw 2.2140.23 2.0+0.1 né  0.14+0.05 0.18+0.04
m’ 1.074+0.26  1.05+£0.08 | 7w 0.044 + 0.004
070 0.826+0.035 0.78+0.03 | 7%° 3.82+0.29 4.1+0.2
70 KO 0.06940.002| 7" K*° 0.103 £ 0.006 KOpY 0.039 £ 0.004
7= K+ 0.133+0.009 0.133+0.001[ 7~ K** 0.34570150  0.40 £ 0.02 K*p~ 0.144 =+ 0.009
nk" 0.027+0.002| nK*° 0.017+0.003 | K 0.064 + 0.003
' K° 0.05640.003| 7' K*° 0.00055 + 0.00004| K% 0.024 + 0.002

Jiang, Yu, Qin, Li, and Lu, 2017

% .. but it appears to yield a smaller result, ypr+pv = (0.21£0.07)%.
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Hadronic techniques in charm mixing

* Exclusive approach to DY — DY mixing: use data!

% Possible additional contributions?
- each intermediate state has a finite width, i.e. is not a proper asymptotic state
- within each multiplet widths experience (incomplete) SU(3) cancelations
- this effect already happens for the simplest intfermediate states!

% Consider, for illustration, a set of single-particle intermediate states:

(Di|Hw|R)(R|H}y|Dy)
) Re D D
ZPD (pD) tot 2"nD Z %) — m% + zTRmD ( L= S)
res 2 .2
Amp| mD i
R (mp —m%)? +TEmi,
D’ Hy f---------1 H, D'
R res ['rmp
ATl X —
Plr (m3 —m%)? 4+ Tgmi,

% Each resonance contributes to AI only because of its finite widthl!

Alexey A Petrov (USC) 5 BEACH 2024 (Charleston) 3-7 June 2024




Finite width effects: one-body contributions

% Multiplet effects for (single-particle) intermediate states
- in this simple example: heavy pion, kaon and eta/eta’
- each single-particle infermediate state has a rather large width

| — 3cos® 6 1sin6
ATppe = AT _ L aptn 30500\ pn) _ 170 o)
4 4 4
_ 2 2
- where for each state AI'))° = _Cff% KRR ith PR = mpz/mp

A—prl+1%  m=Tr/mo

- .. and a model calculation gives C = 2mp (GFanpﬁd/\/i)Q,
- SU(3) forces cancellations: a new SU(3) breaking effect due to widths!

Table: Magnitudes of Pseudoscalar Resonance Contributions.

Resonance |Amp| x 10~16 (GeV) |AT'p| % 10~16 (GeV)

K (1460) ~ 1.24 (fx (1460)/0-025)* ~ 0.88 (fx(1460)/0-025)*
77(1760) (0.77 + 0.27) (fn(1760)/0~01)2 (0.43 + 0.53) (fn(1760)/0.01)2
7r(1800) (0.13 + 0.06) (fw(lgoo)/o.()l)2 (0.41 +0.11) (f,r(lgoo)/O.OI)2

E. Golowich and A.A.P.
PLB427 (1998) 172-178
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Finite width effects: one-body contributions

% Let us take another look at those one-body contributions
- the width of each excited light quark state I'r =T'(R — P1P) + T'(R — PiPPs) + ...
- ... which is equivalent to accounting for resonant FSI in 2-body intfermediate statel

D ———— Hy, f--------- H, D’

Since we shall be using experimental data to compute 2-body
contributions, this effect will be taken into account automatically!

It's consistent to omit 1-body IntSt if experimental data is used

L T S i S VNSE S T D L U TS E R R T R T TR L T e e e I e N
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Finite width effects: two-body contributions

% Let us apply similar logic to two-body contributions
- consider contributions from the stable (wrt strong interactions) octet of pions, kaons, etas

DO BO

! ypp = (0.1 —20) x 1074

Falls short of the experimentally
observed value of y

% What about other two body contributions (PV, SP, SS, etc.)?

- can use similar techniques fo evaluate contribution to mixing as above 2BIS...
- .. but V, P, S states are not good asymptotic states!
- we get new SU(3)-breaking contribution from the widths of those states!

Since we are to use experimental data, D — /\ >— D
use Dalitz plot analyses to get at these contributions \/

A.A.P.. arXiv:even.tually [hep-ph]
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Experimental analysis from LHCb

* Since we are comparing rates for DO and anti-DO: need to tag the flavor at

producﬂon "D*-trick” -- tag the charge of the slow pion

x4 0, +
D — D Ts (or muon for D's produced in B-decays)

* The difference Aacp is also preferable experimentally, as

raw __ CP detect, D detect, Tg prod
ay” =ay" +ag +ap + ap,

A I T

hysics  detection detection production
P asymmetry asymmetry of ~ GSymmetry
of DO soft pion of D**

* D* production asymmetry and soft pion asymmetries are the same for
KK and mimt final states-- they cancel in Aacp!

* Integrate over time,

— = -A\D(1)dt = d @ ind
acp, f = acp(f;t)D(t)dt = a% + —ay
0

/

distribution of proper decay time
* Violal Report observation!

T S S VNS S T D .
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dCPV: calculating matrix elements

Khodjamirian, NPB 605 (2001) 558

e Use modified light-cone QCD Sum Rule (LCSR) method

e start with the correlation function (4 = im.eysu and ;& = dyaysu)

Fo(p.a,k) = & / d'ze ¢ / dtye @ (0] 7458 (1)1 (0)58” (@) } I (0))
= (p_k)aF((p_k)27(p_Q)2aP2)+'-'7

e use dispersion relation in (p-k) and (p-q), perform Borel transform,
extract m atriX e | ement: Khodjamirian, Mannel, Melic, PLB571 (2003) 75

D

. 50 80
a - PIQID (B~ )= / dse‘s/Mf/ ds'e("5= )M Iy I, F (s, 5\m)
Q D
0 m2

e perform LC expansion of F(s, s’ mp2) to get Pz,

~ L N A? A?

2G ~
thus p:_ = T; Cy (7| Q3| DO)
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Error budget: parameter uncertainties

Parameter values Parameter rescaled
and references to p = 1.5 GeV
as(mz) = 0.1181 £ 0.0011 [6] 0.351
me(me) = 1.27 4 0.03 GeV [6] 1.19 GeV
ms(2GeV) = 96§ MeV (6] 105 MeV
(@2)(2 GeV) = (—276712 MeV)? [6] (—268 MeV)?
(3s) = (0.8 £0.3){qq) [21] (—249 MeV)3
a3(1GeV) = 0.17 £ 0.08 [22] 0.14
af(1GeV) = 0.06 = 0.10 [22] 0.045
pir(2GeV) = 2.48 4 0.30 GeV  [6] 2.26 GeV
f3z(1 GeV) = 0.0045 & 0.015 GeV? [19] 0.0036 GeV?
w3r(1GeV) = —-1.5+0.7 [19] -1.1
a¥(1GeV) = 0.10+0.04 [23] 0.09
a¥(1GeV) =0.25+0.15 [19] 0.21
pi(2GeV) = 2471015 GeV [6] 2.25
fsx = fan 0.0036 GeV?
wr (1GeV) = —1.24+ 0.7 [19] -0.99
A3 (1GeV) =1.6+0.4 [19] L5
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