ntroduction to CP-violation in beauty and charm:
charm physics




1. Introduction

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

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

TN DS AT Do )

— can manifest itself in charm AC=1 transitions (direct CP-violation)
I'(D — f) # (CP[D] — CP[f]) acey

— orin AC=2 transitions (indirect CP-violation): mixing |D,,) = p|D°)=q

D)

2 _ 2 _ — mix
R, = lq/p _‘Am—(i/2)AF =1+A4, #1 cPv
— orin the interference b/w decays (AC=1) and mixing (AC=2)
A, oA,
A, = 477 _ Rme’(¢+6)—f CPVint
p A 4,
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Introduction: charm-specific lingo

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

VesVia w d

S

% Cabibbo-favored (CF: 19) decay
- originates from ¢ — s ud
- examples: DO —K-m*

]

S

Ves(a)Vas(ay

-

% Singly Cabibbo-suppressed (SCS: A1) decay

- originates from ¢ — q uq
- examples: DO —mmr and DO — KK q

k
VeaViys w

I

% Doubly Cabibbo-suppressed (DCS: 42) decay
D

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

% We shall concentrate on SCS decays. Why is that?

KEK Physics Week, Oct. 2019
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Generic expectations for sizes of CPV effects

% Generic expectation is that CP-violating observables in the SM are small
Ac = 1 amplitudes allow to reach third -generation quarks!

c U U
w d,s
d.s.b c
q d,s
D
q q 1
“Penguin” amplitude/contraction “Tree” amplitude

% The Unitarity Triangle relation for charm: With b-quark contribution neglected:

. . . only 2 generations contribute
Vud Vcd +V V + Vuchb =( — real 2x2 Cabibbo matrix

us cs

N ~n ~A

Any CP-violating signal in the SM will be small, at most O(V V. */V V") ~ 103
Thus, O(1%) CP-violating signal can provide a "smoking gun” signature of New Physics @

[ i S VRS S D S .
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Charmed CKM triangle

% Fundamental problem: observation of CP-violation in up-quark sector!

% “Charmed" CKM triangle is very squashed in the Standard Model

VipVeb ViaVed

1 + V‘u:svcs + VJsVCS - 0
VioaVea| 4 Vi Vew 4
Ve V| 1+ 0(X) A ~ O(\Y)
Bigi, Sanda
% ... with very small angles, e.g.
V*V.
/ ud Vcd 214 -3
= ~ A A ~ 1.6 . 10
X arg (‘/Js‘/cs) n n
T S i S VNS S T D S R L L SN E IV S A MR S T AT R o A R T D Fee e v ]
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2. Indirect CP-violation

* Indirect CP-violation manifests itself in DD-oscillations
% “Experimental” mass and lifetime differences of mass eigenstates...

My — My Iy — T4
=T, S T,

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

1 _
_ Im (D04 [ a4 T{ |IAC|=1 IAC|=1 }DO
= gy I (D713 [ ate T {Hi=1 @) WA= )} D)
bi-local time-ordered product
tp = ——— Re |2(DO|HIACI=2 | D% 4 (D0 /d%T{HL,AC':l(:c)Hlfc|:1(0)}|D0)
2MpI'p

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

% Theoretically, yp is dominated by long-distance SM-dominated effects
% CP-violating phases can appear from subleading local SM or NP operators
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Indirect CP-violation: mixing

» Why is D-mixing different (from B-mixing)?

= = = e S e
b d D" — D mixing B” — B mixing
w
3 tcu * intermediate down-type quarks | + intermediate up-type quarks
o ~ "
Via . % * SM: b-quark contribution is * SM: t-quark contribution is
B-B mixing negligible due to V 4V~ dominant
5 d;s,b - rate < f(m,)— f(m,) rate oc m’
(zero in the SU(3) limit) (expected to be large)
w w Falk, Grossman, Ligeti, and A.A.P.
Phys.Rev. D65, 054034, 2002
2nd grder effect!!!
u C
4.8 1. Sensitive to long distance QCD | 1. Computable in QCD (*)
e & 2. Small in the SM: New Physics! | 2. Large in the SM: CKM!
D-D mixing (must know SM x and y)

(*) up to matrix elements of 4-quark operators

LT e L VNS S D
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Indirect CP-violation

< ry HFAG-charm 0o
PE: 1.2 cHARM2015 CRV allowed g CHARM 2015 20
- - — 60 H30
1 = - 40
g r B50
0.8 > 40| |
E <
0.6? 20—
045— 0 L
0.2 I
‘i B
’ - : : 20 C
-0.4 B36
04 - ~60-
—0.6L s Loy el gk M5 0 C
-06-04-02 0 0.2 04 06 08 1 1.3 0.6 1.6
X (%) o/pl
y =0.667097%, x=037+0.16 HFAG 2016
Note that if |[Mi2| < |T12|:  z/y = 2|My3/T12| cos ¢ra,
Am =4 |M 12/ r 12 | sin ¢12, Bergmann, Grossman, Ligeti, Nir, AAP
PL B486 (2000) 418

¢
CPV is suppressed even if Mzz is all NP!ll
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Indirect CP-violation

% Indirect CP-violation manifests itself in DE—oscilla’rions
- see time development of a D-system:

i) = (31 - 5r) 1D(0)

p— i/ \ .
D — - — - 2
(DT[H|D%) = Mz — 3T (DO[H|D) = M, — 5T

% Define “theoretical” mixing parameters

y12 = [T'12|/T, 12 = 2|Ma2|/T,  ¢12 = arg(Mi2/I'12)

* Assume that direct CP-violation is absent (Im(I'},A;/A;) =0, |Af/Afl = 1)

- canrelate x,y, @, |q/p| to x12, y12 and @12
“superweak limit"

Xy = Xpypcosdn,  xXF— ¥ =xp — Y,
(@ + y)lq/pl* = x}, + y1, + 2x10y12 sinddy,
x2cos?¢p — y*sin’¢p = x2,co8% 5.
* Four “experimental” parameters related to three “theoretical” = _ 1— lq/p| _ 1 Am
- a "constraint” equation is possible Yy tan ¢ 2 tan ¢
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Generic restrictions on NP from DD-mixing

% Comparing to experimental value of x, obtain constraints on NP models
- assume x is dominated by the New Physics model
- assume no accidental strong cancellations b/w SM and NP

Q" = ufyuctunter,

cu __ —a a=0
a2 o - ¥ L Ry = URCLULC%,
HY A2 Zzz Q3" = uxcruRcy, + I + cu e Bub
NP cw _ go B o R Q5" = URCLULCR
3 — URCLURCL,
% ... which are
A A\
< 5. 4
|21| N57X10 (1T€V> )
2 — :
2] < 16 x 107 (1/;\113‘/) ’ New Physics is either at a very high scales
€
2
lz3] < 5.8 x 1077 (lé.lljePV) d tree level: Anp > (4 —10) x 10° TeV
A )2 loop level: Anp > (1—3) x 10% TeV
< 5.6 x 10~ : :
4] % 5610 (1 TeV> ’ or have highly suppressed couplings to charm!
A 2
—7 NP
|Z5| s 1.6 x 10 (1 T€V> ' Gedalia, Grossman, Nir, Perez

Phys.Rev.D80, 055024, 2009

. . . .G ich, J. , S. ALP.
% Constraints on particular NP models available ‘;hy;’_';vg;f';)36gggggg, opakvasa and AAR

2 DTS S L0 SO PV S AR A S T AT L o A R L S Bk e ]
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* Assume that direct CP-violation is absent (Im (I'},A;/Af) =0, |Af/Af| = 1)
- experimental constraints on x,y, @, |q/p| exist
- can obtain generic constraints on Im parts of Wilson coefficients

8
_ 1
NP

1=1
% Inparticular, from 75 singly < 0.0022
Axp \?
Im(z) < 1.1x1077 :
TeV PU— .
A 2 New Physics is either at a very high scales
< 2. -8 (AP
Im(zy) < 29 %10 (1 TeV) ,
R 2 treelevel: Ay, > (4—10) x 10° TeV
_ NP
Im(z) < 1.1x1077 (1 TeV) , loop level: Anp > (1—3) x 10% TeV
A 2 or have highly suppressed couplings to charm!
_8 NP ghly supp pling m
Im(zy) < 1.1 %10 (1 TeV) ,
_8 ANP 2
Im(z5) SJ 3.0 x 10 1 TeV * Gedalia, Grossman, Nir, Perez

Phys.Rev.D80, 055024, 2009

% Constraints on particular NP models possible as well THEP 00075007 2000 SIeEeh

DTS S L0 SO PV S AR A S T AT L o A R L S Bk e ]
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CP-violation I: beyond “superweak”

% Look at parameterization of CPV phases; separate absorptive and dispersive

)\2 o 2M]>_k2 - ZFTQ Zf 2 See A. Kagan’s talk
I 2Myy —iTyo \ Ay

- consider f= CP eigenstate, can generalize later: )\% p= R?n€2i¢

/ N\

1 Mo [ Ar\? 1 Tio (Af)°
Mo+ 12 f r _ - __f
Pl = 5 218 [Ml*2 (Zf) Py 5 818 [F’{Q (Af)

- CP-violating phase for the final state f is then

M r
P12 = ¢12f - ¢12f

% Can we put a Standard Model theoretical bound on qbf]l\gf or ¢1;2f ?

L S LR S VS S DS L U T RN I T I T E T S e e T e U S T
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CP-violation I: beyond “superweak”

% Let us define convention-independent universal CPV phases. First note that
- for the absorptive part: Ty = I'{y + 615

]-_‘(1)2 = —As (Fss +1qq — 2]-_WSd)
5F12 — 2)\1;)\3 (Fsd - Fss) + O()‘g)

- ..and similarly for the dispersive part: My = MY, + M

% CP-violating mixing phase can then be written as

M M2 012 M r
= — =1 —1 — | = —
P12 = arg 1 m < M?z ) m ( F92 > P12 — P19

% These phases can then be constrained; e.g. the absorptive phase

91| = 0.009 x < 0.01

ITsal " I'sqa — Lad
I Fsd

See A. Kagan’s talk!

* Currently, ¢12 =0.2+1.7 Need improvement!

2 DTS S L0 SO PV S AR A S T AT L o A R L S Bk e ]
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2. Time-independent (direct) CP-violation

% Direct CP-violating asymmetries probe CP-violation in AC=1 amplitudes

e CP-asymmetries compare partial rates of CP-conjugated decays

_ T f)-T(D = f) .
acp(f) = rD = f)+ F(E - ?) (both charged and neutral D's)

e a non-vanishing decay asymmetry requires that a decay amplitude
- contain several components each of which has its own strong and weak phases
- strong phases: do not change under CP transformation of the decay amplitude
- weak phases: flip sigh under CP transformation of the decay amplitude

AD — f) = Ap = |Ap1]e”r e’ + |App|e® e

e Now we can form the CP-asymmetry
Ays

acp(f) = 2rysin(f; — O2)sin(d; — d2) with 7 = ¥
f1

/ /

weak strong
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Direct CP-violation in charm: realities of life

* IDEA: consider the DIFFERENCE of decay rate asymmetries: D —mm vs D — KK!
For each final state the asymmetry DO: no neutrals in
o the final statel!
a, = F(D%f)_r@%f) =P a, =a;+d] +d,
r(p—f)+r(D—7) 7o X

direct mixing interference

* A reason: am™g=aMm and aikk=airr (for CP-eigenstate final states), so, ideally,
mixing asymmetries cancel (r¢=Ps/A¢)!

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

% ... and the resulting DCPV asymmetry is @G,CP = a% i —al = 2a% )(doublel)

AKK = %)\ [(T + FE+ Psd) + a)\4e_”Pbd]
GF 4 —iy
A = ﬁ)\ [(=(T + E) + Psq) + aX'e™ " Pyg]

% ...so it is doubled in the limit of SU(3)r symmetry
SU(3) is badly broken in D-decays

[ i S VRS S D S .
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Experimental analysis from LHCb

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

production N :
Dt Dowj D*-trick” -- tag the charge of the slow pion

(or muon for D's produced in B-decays)

* The difference Aacr is also preferable experimentally, as

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

/ I I I

hvsics  defection detection production
P asymmetry asymmetry of ~ 0Symmetry
of DO soft pion of D**

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

* Integrate over time,

00 N
ace, f = / acp(f;t)D(t)dt = ajlc + <T_>aibfnd
0

/

. . distribution of proper decay fime
* Violal Report observation!

LT e i S VNS S T D .
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Moriond 2019 announcement

Interpretation e A

LHCb-PAPER-2019-006

- For the interpretation, A(t)/7(D°) and (t)/t(D°) are needed
- For the full LHCb data set (9fb~1):

A(t)/T(D°) = 0.115 £ 0.002, (t)/t(D°) = 1.71 £ 0.10
« Using the LHCb averages:

. T\ A .
oycp = (5.7 £ 1.5)x1073 AAcp ~ Aadly, (1 + T(<tT)0)yCP> + T(gg) ains
OA[" - (—28 i 2.8))(10_4 >~ —aicr})d

|AACP mostly sensitive to direct CP violation |

F. Betti - INFN Bologna, University of Bologna Moriond EW 2019 - 21/03/2019

LT i S VNS S D i
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e Experimental results

— note that while the new result does constitute an observation of
CP-violation in the difference...

Aadit, = acp(K~ K1) — acp(r~at) = (—0.156 & 0.029)%  tevan

— ...itis not yet so for the individual decay asymmetries

acp(K~KT) = (0.04 +0.12 (stat) & 0.10 (syst))%,

LHCb 2017

acp(r~mt) = (0.07 £0.14 (stat) £ 0.11 (syst))%.

e Need confirmation from other experiments (Belle II)

e What does this result mean? New Physics? Standard Model?
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Theoretical troubles

A Acp 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 1/853, USA

Revisiting CP violation in D — PP and VP decays

Hai-Yang Cheng
Institute of Physics, Academia Sinica, Taipei, Tarwan 11529, ROC

Cheng-Wei Chiang
Department of Physics, National Tawwan University, Taipei, Taiwan 10617, ROC

LT e i S VNS S T D DTS S L0 SO PV S AR A S T AT L o A R L S Bk e ]
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Theoretical troubles

% These asymmetries are notoriously difficult to compute

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

- unknown penguin contributions

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

* General comments on SU(3)/flavor flow — type analyses
- fit both SM and (possible) NP parts of the amplitudes: can one claim SM-only?
- 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 — zz, zzx

Hansen, Sharpe
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Calculating CP-asymmetries in QCD

e Effective Hamiltonian for singly Cabibbo-suppressed (SCS) decays

— drop all “penguin” operators (Q; for i > 3) as Cj are small, Ay = ViV,

Heff — % [Z >\q (CIQ‘{ + Cng) - )\b

q=d,s 1=3...

Qf = (al'pq) (qT*c), Q5 = (qTuq) (ul*c)

— recallthat 3}~ A =0 or Aa=—(X\+X) and 01=-"23"CQ!, with ¢=d,s.

qg=d,s,b i=1,2

%

without QCD with QCD

Alexey A Petrov (WSU) 11 KEK Physics Week, Oct. 2019



Amplitude decomposition

e Recipe for calculation of CPV asymmetry

— prepare decay amplitudes (and using \a = —(As + M) )

AD® = 1) = Mg{m w04 D% + A\ (7| O°| D)
AD® - K~K%) = MK~ KT|0O%| D% + \y(K~K*|0% D%
— add and subtract A, (7~ |O%| D), put in a new form

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

AD° —» K-K*) = AAgk |1 - %m exp(z'éK)]

— define things we cannot compute (extract from branching ratios)
Arr = (m 7|0 D% — (77t |O%| D°)
Axrx = (K- KT|0*|D°% — (K~ K+ |0% D"
— ...and things we can P:_ = (x"nt|0*|D%, PL,= (K K*|0%D°
Prx
Arr

d
PKK

-AKK

—————— Ty =

Alexey A Petrov (WSU)
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Direct CP-violating asymmetries

e QCD-based calculation of direct CPV asymmetry

— each amplitude has two parts with own weak and strong phases

A(DO — 7T_7T+) = A A [1 + % (1 + T eXp(”'dvr))]

AD® - K K*) =  AAgk [1 - %m exp(z‘éK)]

- A
— this implies for the direct CP-violating asymmetries ( rpe™ """ = )\—b)
S
alit (K~ K1) = —2ryrg sin 0 siny

alit (m™mt) = 21y sin 6, siny

— ... and for their difference
Aa‘g}; = —2rysiny(rg sindg + 7 sin o, )

e We need to compute "x(x) and Ox(k)

Alexey A Petrov (WSU) ' 9 KEK Physics Week, Oct. 2019



dCPV: amplitude decomposition

e Some things to keep in mind

— “penguin-type amplitudes” P; _and P4 -denote matrix elements
of operators that contain quark-antiquark pair that does not match
the valence content of the final state mesons; otherwise no relation
to penguin topological amplitudes

Prx

Arr

d
PKK

AKK

3 Tk =

P, = (rm |00, Py = (K KHOUDC) & re =

— calculate P;._and P%K using a modified light-cone QCD sum rules

Or (k) = arg [Pigfl()m)] —arg [Ann(kK)]

— extract Axr and A g kamplitudes from measured branch. fractions
Are| = MHAD = 7 7)| = (2.104£0.02) x 107° GeV,
Agk| ~ A1 AD - K~K")| = (3.80 £ 0.03) x 107° GeV .

Alexey A Petrov (WSU) ' 3 KEK Physics Week, Oct. 2019



dCPV: calculating matrix elements

Khodjamirian, NPB 605 (2001) 558

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

— start with the correlation function (jéD) = im.Cysu and jgg) = dyyYsu)

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

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

D

. 50 80
a—ar PIAID B - )= / dse‘s/Mf/ ds'e("b= )M Iy Im, F (s, 5\m)
m D
0 m2

— perform LC expansion of F(s, s’ mp2) to get P;.

~ . _ )\a, )\a,
— notethat €95+ C,Q5 =2C,95 + (% + Cg) Q5 with Q3 = (éI‘u?s) (’aI‘“7c>
2G .
thus P, = 7;“ Cy(ntn|Q3|D°)

LT e L VNS S D .
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dCPV: calculating matrix elements

e Evaluate (leading) diagrams contributing to the correlation function

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

(¢) (d)

— analytically continue from the space-like region of P2=(p-k-q)2 (with
auxiliary 4-momentum k#0) to P2 = mp?, relying on the local quark-
hadron duality

— extract absolute value and the phase of matrix element Py,
— vary parameters of the calculation to estimate uncertainties

Alexey A Petrov (WSU) 6 KEK Physics Week, Oct. 2019




dCPV predictions

(mtr|Q51D°)
(KTK~|Q4D% = (13.9+2.70) x 1073

e Asaresult.. = (9.50 £ 1.13) x 10~? exp[i(—97.5° + 11.6)] GeV?>

exp[i(—71.6° & 29.5)] GeV*®

e Thus,

and with Aagp =

| Pzl
| Az

Tr =

dir

—0.093 4 0.011,

Tk =

Pkl
| Axk|

= 0.075 £ 0.015

—2rysiny(rg sindx + r; sin ;)

: s(d)
e Phases of 7rx(KK)are given by the phases of P wr(KK) °
(" ("
adt (r )‘ <0.012 + 0.001%,\ adt(r ) =—-0.011+ 0.001%,\
dir -+ 9
NO: a(él; (K—K-i-)‘ < 0009 It 0.002%, Yes: aCP(K I( ) - 0009 :I: 0002/0
y Aa®t = 0.020 £ 0.003%.
Ad¥T| < 0.020 £ 0.003%.
\_ , \_ ,

e Again, experiment:

Alexey A Petrov (WSU)

dir
ACLCP —

5

Khodjamirian, AAP: PLB774 (2017) 235

(—0.156 =+ 0.029)%
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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) = 965 MeV (6] 105 MeV
(@2)(2 GeV) = (—276712 MeV)? [6] (—268 MeV)3
(8s) = (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
f3x(1GeV) = 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
px(2GeV) = 2471019 Gev 6] 2.25
fax = fan 0.0036 GeV?
wsr (1GeV) = —1.24+ 0.7 [19] -0.99
A3g (1GeV) =1.6+0.4 [19] L5

[ i S VRS S D S DTS S L0 SO PV S AR A S T AT L o A R L S Bk e ]
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Error budget: parameter uncertainties

e For example, probability distribution for KK final state:

P ARARERSERAREEEassEEaEs e t
1@0@? '
809; i
60@?
40@;

LU

2.6 2.5 3.0 3.5 4.0 4.5 5.0

Arbitrary units

P <107
e Analysis of possible higher-order effects (Chala et al): ‘; = 0.093:£0.030,
e ..resultingin |AAcp| < (204£1.0) x 107* |§K+I’_ = 0.075 % 0.035,

LT e L VNS S D .
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Charming “triangle analyses”?

% “Triangle analyses” require a lot of data, but only rely on isospin relations

I atn”

I 249

I atn x°
| ptn”
Is P
Is p rt

Alexey A Petrov (WSU)

- several final states possible, for D — #i 7k

At = A+0 —AOO,

L
2
LZ—-{- _ Z—-O . ZOO’

[\

Gronau, London
Bevan, Meadows

- others include D — zr, or, oo

(1.420 +0.025) x 1072
(825+0.25)x 10
(1.47 + 0.09)%

(1.00 + 0.06)%
(3.82+0.29)x 1072
(5.09+0.34)x 107?
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4. CP-violation in charmed baryons

» Other observables can be constructed for baryons, e.g.

A(Ac — N1t )=;N (p,s)[AS +APy5]uAc (pA,SA)

2Re(4;4,)
These amplitudes can be related to "asymmetry parameter” o, = 5 >
[As| +]4,]
dw 1
.. which can be extracted from =—(1l+ Po, cosﬁ)
dcos® 2 ‘

Same is frue for'T\C-decay

CP _
If CP is conserved o, = =0, thus CP-violating observable is

Qap, T+ QA
Ay = — FOCUS[2006]: A, =-0.07+0.19+0.24
Qo . An
Ac A,
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Things to take home

» Computation of charm amplitudes is a difficult task

- no dominant heavy dof, as in beauty decays

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

- D-mixing is a second order effect in SU(3) breaking (x,y ~ 1% in the SM)
> For indirect CP-violation studies

- constraints on Wilson coefficients of generic operators are possible, point to the
scales much higher than those directly probed by LHC

- consider new parameterizations that go beyond the "superweak” limit

> For direct CP-violation studies

- unfortunately, large DCPV signal is no more; need more results in individual
channels, especially including baryons

- hit the "brown muck": future observation of DCPV does not give easy
intferpretation in terms of fundamental parameters

- need better calculations: lattice?

> Lattice calculations can, in the future, provide a result for acp!
> Need to give more thought on how large SM CPV can be...
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Things to take home

» Theory/Experiment relation:

Theory )( Theory )(
Experiment ) | Experiment  «/
Not a very interesting case... SM wins again?
Theory V4 Theory v
Experiment ) . Experiment /
SM wins again! New Physics!

» Observation of CP-violation in the current round of experiments could have provided
a "smoking gun” signals for New Physics

- But latest LHCb observation seem to be broadly consistent (?) with SM

Aa%’i}; = (—0.156 4 0.029)% LHCB-PAPER-2019-006
- Maybe if we only have a reliable calculation of the SM effects...

‘Aa‘éi,r, < 0.020+ 0.003% . Khodjamirian, AAP: PLB774 (2017) 235

|AAcp| < (2.04£1.0) x 107 Chala, Lenz, Rusov, Scholtz: JHEP 1907 (2019) 161

Alexey A Petrov (WSU) ' 0 KEK Physics Week, Oct. 2019



LT L i 5 VNS S S D BRSNS LS SO IV S AR A S T AT M o A R L S Bk e L T
Alexey A Petrov (WSU) 0 KEK Physics Week, Oct. 2019



Parameters of the dCPV calculation

e Light cone distribution amplitudes

or(u) = 6u (1 + agCg’/z(u —u) + aZ{C’i/z(u — ﬂ))

¢F (u) = 1+ 30 EL Ca*(u — ) —3f3““’3”01/2(u—a),

/’l'ﬂ'f’ﬂ' /’l‘ﬂ"fﬂ'
¢% (u) = 6u(l — u) (1 + 5;:?]’;” (1 _ “{—35) O3y — a))

oxc(u )—Guu(l—l— KO (u — ) + aX ¥ (u u))
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