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A series of fortunate events

i
s
]

s CPV in Kaon system J. Cronin, V. Fitch 1980

Strange 1964

K, » ntm~, 45 events
23x10%3inK;, » ntn n®

Beauty 2001  CPVin Beauty system
Large CPV in B? system
BY = J /YK, ~ 700 events

M. Kobayashi, T.
Maskawa 2008

Beauty become strange

CPV in Charm system

Charm 2019
D° - 7 ~ 14 x 10° events
Charm is the new strange.
We have saved the worst for the last Charm is really strange !

As one can see, CPV in charm requires large data sample along with good control
of systematic uncertainty. ’



CP violation in the Standard Model

d' Vud Vus Vub d
s 1= Vea Ves Ve S
b’ Via Vis Vip/ \b
1-22/2-2%/8 A AA3(p — in)
(—A +A22°[1-2(p+in)]/2 1—2%2/2—2*(1 +44%)/8 AA? ) + 0(A%)
ARB[1—(p+in)(1=22/2)] —AX> 4+ A1 -2(p+in)]/2 1-—A%2*/2

Here A=sin(0_), and A, p, n are all real
This representation is easy for relating CP violation to specific decay rates.

n is the only CPV source in the Standard Model.

Unitarity condition V'V=1 gives six relations between the CKM matrix elements.

__________________________________________________________________________________________________________________________________________________________________

E Vuqus + Vchcs + thVts 0 VudVCd + Vu*svcs + Vuchb 0 [0) +0Q) +0®5) =0]
| Vu.sVub + VCSVCb + Vt_.S‘th =0 VCthd + VCSIVtS + VCthb =0 [O(A%) + 0(A%) + 0(2?) = 0]
ViaVua T VisVus T VipVup=0 VipVua T VepVea T VipVeg=U [007) + 0(0°) + 0(1°) = 0]

__________________________________________________________________________________________________________________________________________________________________

Each of these relations can be visualized as triangle in the complex plane.
relating elements which appear in strange and charmed particles, are flat (despite

having same area), so that one of the angles representing the relative phases of the

CKM matrix elements is tiny . Related to K & D meson system
One side is still small, angles not that large. Related to physics in B¢ system.
All sides almost equal. Angles (relative phases) are large. Related to physics in By

system.



Why the Charm ?

* SM larger CP violation effects are expected with heavy quarks, in which complex
phase of CKM matrix can appear directly rather through virtual transitions.

« D% ominated by first two quarks families, and therefore large CP-violating effects
are not expected.
* Top quark loops which provide largest effects in K and B decays are absent for D.

* Many channels are possible for D mesons, which are not suppressed by small
mixing angles.
* Leading to large decay widths making observation of small effects a bit difficult.

e SM actually predicts very small mixing and CP violation.
* 0.1 % CP violation in decays can be searched in single cabibbo suppressed as
SM predicts small asymmetries.

/

*** Not only this but one can also improve and test the understanding of the QCD
¢ Decays of charmed mesons are currently the only way to probe flavor violation in
the up-quark sector.

» Non SM effects might show different patterns for the u and d. 5



Where to study charm ?

Clean environment

CLEO (3.77, 4.17 GeV)
3.5 x 10° (D), 2.3 x 106(D™)

BaBar 0.5 ab!
6.5 x 108 (D),

Large production

Tevatron (1.96 TeV)
1.3 x 10%

BESTT

ete” colliders

D

BHELLE

Belle (1 ab),
1.3x 107 (D),
10° (Ds+),

1.5 x 108 (Af)

BESIII (3.77, 4.18-4.23, 4.6-4.7 GeV)
1.0 x 107 (D%*), 5x10%(Ds+),

0.8x108(AY)

D

<o

Belle IT

Belle 11 (0.43 ab! 50ab1),

~5.5x 108 (D), 108 (Ds+)
6.4 x 107 (AY),

~10% (D), 101 (Ds+) 10° (A¥)

pp colliders

LHCb (7 TeV,8 TeV)

e

5 x 1012

e~10 —30%

Pure sample with no
background.

Quantum Coherence.

No T-dependent analyses.

e~1—-10%
High efficiency detection of

neutral.

Time-dependent analysis.
High statistics control
sample.

Higher trigger event.

< 0.5%

Large production cross-

section

Large boost

Excellent time resolution.

Dedicated trigger required
6



D° D — DY mixing D°

@ Mass : (1864.83+0.05) MeV T1p, = (410.1+£1.5) x10%> s @

Phenomenon of mixing can be described as a decaying two-component quantum state.

Mass eigenstates (D, D,) ¥ Flavor eigenstates (D°, D°).

Fl’zt

Time evolution : |D1,2(t)) = e Mite™ 2 Dy, (t = O))

m,(m,) and I; (I3,) are the mass and decay width of D, (D)

Flavor states
1 — 1
IDO(t)) = 25 IP1(0)) + D2 ()] and ID°(t)) = 2 UIP1(©)) = [D2 ()]
At t=0, states are produced as pure D° or D°

X+y = —ov . 1 (ix+Y = _imt-L
|IDO(¢t)) = [|D0)cosh (lx yFt) —%|D°)smh (lxzyFt)]e tmt—3t

2
— — ix+y_ Ix+7y_ T
|ID°(t)) = [|DO)COSh< 5 yFt) — % |D°)sinh< > yI‘t)] e M3t

At later time can beD%or DY, depending on the value of mixing parameter x, y:

ml_mzl =F1_F2.r F1+F2m m1+m2
r 'Y~ 2 2 2

X

* under CPT conservation assumption: |p|2+|q|2=1



DO - D°

In SM, D° meson can change to D° via

W+
—> ANANANNN —
> d,S,b{/Mde,S,b "
u C
= W_ <

Doubly Cabibbo Suppression
vanishes in exact SU(3)r avor
Double weak boson exchange

(Short distance effects)

mixing
T > KK,mumn’, T u
Do K, o, D°
U < etc P

Difficult to calculate

Intermediate state common to both
(Long distance effects)

SM predictions for x and y suffers from larger uncertainties.
Generally, Mixing in charm system strongly suppressed : |x|, |y| ~ 1%

Observables at B factories :

0 ) .
dN(D” — f) ce ™A +glx+y
dt p 2

A =(f]D%), A& =(1|D°)

A Tt

Sensitive to New Physics effects : |x| > |y]|

2

A Tt

__ e _
dN(D" —> f)oce‘“ A L PiX+y
dt q 2

Decay time distribution of accessible states DY DY are sensitive to mixing
parameters (x and y), depending on the final state.

dN(D° —f)/dt is different function of x, y (and g, p) for different A, A



CP violation in charmed mesons

Direct CPV (neutral and charged, mode dependent)
CP violation in decay appears on the amplitude level. Occurs if two different amplitude

contribute to a single decay
A > f) D 2 |'D _
——| %=1 f f
AD - f)

Indirect CPV (neutral, common for all decay modes)
In Mixing :
CP violation in mixing occurs if a particle D° can’t decay into a final state T buts CP-
conjugate 0°can. D® - D° - Y*X «+ D° DO - DO -y X"« DO

rm = lq/pl #1 DOI/IO 5 5 b
U i

In interference of decays with and without mixing:
If mixing followed by decay and direct decay interfere. Final state must be common to D°
x=—=0

and D°.
Two conditions :
2
! A -
qAy — 7
o) 2y e " -

2
=

2 2
=

N
o]

AM

o]




How they study the charm

Belle (Il), LHCb - e .

Tsiow
slow
Charged of the slowr tell the flavor of D Other daughters
For signal extraction and background . Opposite X K" (su)
reduction | side ~ 7
AM = M(D°mg)s,,) — M(D?) cq |
or ¢ =AM — m(nslow) Fragmentc_:tlon /’
-ow
*Y 0 0 o P 0 Uses BDT with kinematic:\
E(D ) 80%, w(D ) 0.2% features and PID to
predict tagging decision
Belle Il CFT g and dilution 1
(Charm Flavor tagging) _— Signal side
*$ Y e x—-—-- untagged n
Daughter '\ /D Sosl amisos o peliet
£fg ~ 48% particles~ > pO(cqr) Yo Tl T
Double the sample size w.r.t. D** tagged events 4 P Il oox
K E | I ——— _r LLL’ ......... bnet—
Cb \ o182 13M(K ; )[GEWCZ] 1.90
LHCb (Semileptonic B decays) %‘]
b - cuv, K ‘ w

20% of the prompt tagging

e:Efficiency w: Mistagging



Let’s start with the (not so) simple and easy
measurement :

Lifetime measurement

Momentum vector provides flight direction and

N r—— helps determination of the decay distance

Tls p
/" laec/~200 pm t = ldf By = ZD°
- cpy D°
S 4 e
e D Beamspot et .
extrapolate production vtx o, calculated from vtx error matrices

for charm hadrons, £ is between 100 and 500 um



A charm quark can decay weakly into a strange- or a down-quark and a
W* -boson, which then further decays either into leptons (semi-leptonic

decay) or into quarks (non-leptonic decay).

» Predictions of the lifetimes of free quarks have a huge parametric dependence on

the definition of the quark mass.
» Also, in the charmed mesons a very sizeable contribution comes from non-

spectator effects
*** Precise lifetime measurements provide excellent tests of strong-
interaction theory e.g. HQE.

Comparing lifetime calculations with measurements tests/improves our understanding of QCD



D* /D9 lifetime
o Relatively long lifetime of the D* meson, 2.5 times that of D% implies there is

reduction in hadronic partial widths.
o This reduction is attributed to destructive interference between spectator

amplitude and colour suppressed amplitude.

: u Possible interference between spectator diagram
] w* : leading to the same final state in D+
u
D%, D+{'ﬁ 5 iy wjﬂ d }> Color-singlet
' , c Vi 7 S Clusters'
(a) D+{ : 7 }
Cc 7 S ) +
Do W+: J. Hauser, Ph.D. Thesis Caltech
' < ”
u 1 d D"'{ c W"\‘% g }> Color -singlet
(b) We-exchange for D° 3 ) Clusters'’

(c)
O Hadron lifetimes are difficult to calculate theoretically, as they depend on

nonperturbative effects arising from QCD.
O Lifetime calculations are performed using phenomenological methods such as

the heavy quark expansion .
O Comparing calculated values with measured values improves our
understanding of QCD, which leads to improved QCD calculations of other

guantities such as hadron masses, structure functions

&5
las Z . — < -

Bander, Silverman, Soni, PRL 44,7 (1979 ARET o[ Zu | W




Belle Il has better (x2) time resolution than Belle/BaBar.  PRL127,211801 (2021)

104 Belle 11 ¢ Data
[Ldi=7210" — e
10° : ----- Background
DO - K—1+ [1D°—K*K~
102 ] D’—ntr

I'm||||

........................

Candidates per 1 MeV/c?

bl 1 IIIIII
+

l

3

S
+

S
+

10°
1.75 1.8 1.85 1.9 1.95 2
Mass [GeV/c?]
Source 7(D°) [fs] (D) [fs]
Resolution model 0.16 0.39
Backgrounds 0.24 2.52
Detector alignment 0.72 1.70
Momentum scale 0.19 0.48
Total 0.80 3.10

Candidates per 70 fs

]04 Belle 11
_ -1
e JLdi=721b
102 ¢ Data
— Fit
10
----- Background
1
10°
10°
10
| | P

20 2 4 6 8 10 12
Decay time [ps]

7(D°) = 410.5 4+ 1.1 (stat) + 0.8 (syst) fs and

7(DT) = 10304 + 4.7 (stat) + 3.1 (syst) fs,

7(D*)/7(D%) = 2.510 £ 0.013(stat) £ 0.007(syst)



D " litetime PRL 131, 171803 (2023)

The difference between D% and D.* is attributed to :

o dominance of the spectator amplitude for hadronic decays

o different color factors enter subdominant “exchange” D° and “annihilation” D *
amplitude

% 14000 Belle Il L [ Data 10t Bellell ¢ Data
= 12000 J L dt =207 fb — Total fit Ldt=2071b ! - gc;fkl ﬂrtound
10000 10° . 9

=== Background

—_
o

Candidates per 60 fs
K

—_

T I : L I k| 1 -: I f
193 194 195 196 197 198 199 2 2.01 2.02 ! L L " S
M(é7*) [GeV/c?] -2 -1 0 1 2 3 4

—
<Q

Pull

Pull

Source Uncertainty (fs)
Resolution function +0.43
Background (#,6,) distribution +0.40 - ( )
Binning of o, hi;togram PDF +0.10 TDT — 499‘5 :]: 1 ’7 :|: 0"9 fS?
Imperfect detector alignment +0.56 '
Sample purity +0.09
Momentum scale factor +0.28
+
Dy mass 002 t(D%) = 410.5 4+ 1.1 (stat) & 0.8 (syst) fs and

Total +0.87




Charmed Baryon lifetime
Theory expectation: 7(Q,) < 7(E?) < 7(AY) < t(ED)

LHCb 2018, 2022 : 7(22) < 7(A}) < 7(Q,) < 7(ED)

i = ¢ 2 2 T F f F Tk 217
0 =0 »
PDG 2 = <3 £
2018 ™ -
i 0 o
LHCb :'co Ac+ Qc ':c+
Semileptonic | P = . -
=0 0
LHCb | Ze | B
Prompt
LHCb Comb.
N " N " 1 " " " " 1 N " " N 1 " " " " 1 N " " N
0 100 200 300 400 500

Lifetime [fs]

Recently Belle Il confirmed the result of the (0. of LHCb
and also precisely measured the Af

7(QQ) = 243 + 48(stat) & 11(syst) fs, PRD 107, L031103 (2023)

7(A}Y) = 203.20 +0.89+ 0.77 fs PRL130, 071802 (2023)



Heavy quark expansion fails to predict the newly observed hierarchy.

Recent calculation by Gratrex, Melic, Nisandzi¢, JHEP 07(2022) 058 shows agreement in
baryon sector

O Include the Darwin Contributions and dimension-seven four-quark operator
contributions.

O In addition, they also include existing next-to-leading order ( NLO )
contributions to the Wilson coefficients of two-quark operators at dimension-
three and four-quark operators at dimension-six.

15¢ B Mesons, experiment
B Mesons, our results
1251 | Baryons, experiment
1+ = B Baryons, our results
7Ips] g.75

OZJ | 1]

D° D, D* = Ar Q0 B




Ds - Dsmt® / D5 — Dsy

o Mass difference between D" and D; is slightly larger than the neutral pion mass
by about 2 MeV.

o This makes D = Dst® and Di — Dy the dominant decay modes of the D,”

Strong decay D — D.m° violated the isospin symmetry.

o The isospin violating effect is attributed to the m° — 1 mixing effect, which is

0

@)

driven by the mass difference of the up and down quarks.

T T T T |

CLEO PRDS86,072005 0.062+0.004=0.006

Decay widths of D.* have been theoretically
predicted based on effective phenomenological | saar pro72091101  0.063:0.004-0.006
models : chiral perturbation theory, light-front
qguark model, QCD sum rules, LQCD, NRQM, ..

PDG 0.062+0.007

BESIII 0.062+0.004=0.002 H———H

0.02 I I I 0.04 0.06
B(D_*—n’D})/B(D.*—yD?)
** Precision measurements of these BFs help to constrain the parameters of the low-
energy effective models.
\/

** In addition, the BFs are important inputs in the precise determination of the Ds
decay constant fDS+ and |Vcs|

Belle Il can reduce statistical uncertainty by 70% and also improve systematics



Pure leptonic D, decay

G2f2,
FfD(S)

(D) = €"0) = o2 [Vogio ['mimpe (1 -

One can extract CKM matrix element |Vcd(s)|:

Extract [V,.;| in D+
|V.¢| in Ds+

Decay constant fD(J,) calibrate Lattice QCD
S

Test Lepton flavor universality




BESIII unique opportunity to study ete™ — DS*J—FDSJ_r

Tag

K* K-
]
’ T. Wang CKM 2023
A 4.178 .
G:V e
- {?;; | Signal
x «P5 ya®

ey (3770 ‘T
po(ph) .I,V\/\
aignal
D;— N T+UT BESIII, PRD 108, 112001 (2023)
N B i
p 400~ — PDF: Total —
> | roF: signal ]
§ 200l M For: BKG -
0._ T T T T T T T _.
= 2w bttty by 3
S S T A AL AL L
06 04 02 0 07
BDT

forVes| = (247.6 £ 3.9 + 3.2) MeV
Statistical precision improved by factor of 1.5

B = (5.41+0.17 + 0.13)%

Test on Lepton flavor universality
Rp: = 10.05 £+ 0.35 consistent with the SM value of 9.75 + 0.01

BESIII, PRD 108, 092014 (2023)

Events / (8 MeV?/c?)

300

200/

[y
=3
=

0. +
- Matched y(m) D/ — p'v,
™ [_] Unmatched ) D:H W,

M2, (GeVicH)

B = (5.294 + 0.108 + 0.085) x 1073
forlVes| = (241.8 £ 2.5 £ 2.2) MeV

Most precise single measurement



2021 \

B /7
Belle t(w)v

BESIli(a),_z(x)v

B

CLEO-c | ———
BaBar H—e—H
Belle uv H—e—H
BESIII(a) i . i
BESIII(b) H-e-H
T ey T —e—— T
CLEO-c rt(x)v i .
t(p)v

Trfe)v

——
.
==

249.8+9.7+4.5
257.8+7.9+7.0
242.2+6.4+4.7
238.9+17.3+5.0

243.1:3.0+3.7 <A 241.8 + 2.5 + 2.2

T2454+10.915.2

270.1:16.8+4.7
249.8+12.3+5.6

' 240.112.3+16.1

235.7+11.1:13.0

B T 2 J

257.3i3.1f19f00

261.749.3%

H 193154111
o(7)v H—e—t 243.0+5.8+4.1 Y%
BESII(b) z(p)v H—e—H 244.8+5.8+4.7 9
z(e)v HeH 244.4+2.3+3.0
Uv HeH 244.9+2.41+2.7
Average v Bt 245.7+1.8+2.4
| ,(Iwﬂlrv | |I|H| 2!‘-‘5.44_11.44_72.0 |

200

250
o IV_| (MeV)

300

248.3+3.9+3.2
246.7 +3.9+ 3.6



Direct CP violation in charmed mesons

Direct CPV (neutral and charged, mode dependent)
CP violation in decay appears on the amplitude level. Occurs if two different

amplitude contribute to a single decay
D D _
f f

d AfP = AP
af — 2 A |2
Afl? + |Af]

2 2

-

£ 0

Most promising channels are Cabibbo-suppressed decays because CPV may arise
from the interference between the tree and the penguin amplitude



First observation of CP violation in charm

Measurement of time-integrated CP asymmetries in D® - KK~ and D° — n* ™ decays

3
- A ﬁzzooi‘]?--..-.------
2 - + = 1800F +
2 5000:_ Data ] 2 16005 Data ]
nstl'low = 000k .DD—>K"K+§ — 1400} .DO—}fE_.’F*é
- - comb.bkg] T 1200f | comb. bkg.]
5 3000F 1 7 1000¢ E
o 2 800F =
< 2000F 1 3 600F E
= r = L
= 1000F 4 g 400p 6 3
fant F = I 14 X 10
SN Wi D U
%005 2010 2015 2020 9005 2010 2015 2020
m(D°7*) [MeV/e2] m(D°+) [MeV/e2]
3
S5 1 - L A— ——
600 \ LHCb 1 = g LHCb 1
= - 1 = 140f =
K % 500F { Data ] % 12{}1_ { Data ]
\ = - B’ — kK = . WD’ — mr]
—  400F o 1 T 100F 0 ]
K — : | P2 — K7 - ; B - K]
\‘ E 300E /) Comb. bkg. ] E 80 ; /) Comb. bkg. |
> - g ¢ 1 = 60F .
\ p = 200f = ]
\ Vel 2 2 40 .
\ , = g x 3 x 10°7
‘/ S 100f S oo 3

1850 1900
m(D°) [MeV/c2] m(D") [MeV/c2]

1800 1850 1900



T ->f)-TMD~f) _ Npo = Npo

= — — A =
“CTTD->H+TD-f) TaW ™ N o + Npo
SM estimate
. But can also be as large as
Araw = Acp + Aproa + Ager  pASH~ZsTubleh g0+ AAPf~few — several x 1073

usv’cs

If the kinematics are similar then one can expect same to cancel.
Acp = Araw (KK) — Apqy () = Acp(KK) — Acp(mmr)
Not simple, one need to perform reweighting procedure to match kinematics of D° — K*K~ and
D° - mtm~

Run2 result:
AAcp = (—18.2 + 3.2(stat.) + 0.9(syst.)) x 10™*
AAcp = (—9.0 £ 8.0(stat.) + 5.0(syst.)) x 107*  PRL122, 211803 (2019)

Runl result:
Acp = (—10 + 8(stat.) + 3(syst.)) x 1074 JHEP 07,041 (2014)
AAcp = (—14 + 16(stat.) + 8(syst.)) x 10™* PRL 116, 191601 (2016)

Combining the two modes + Run1l measurement:
AAcp = (=154 +29) x 1074
First observation of charm CPV at 5.30 24



Time-integrated CP asymmetry between decay rates doesn’t only correspond to a}l
but is affected by D® — DO mixing

[e®[T@° - HO-TD° - H®)dt <t>
=5 =af +—AY;
Je@®|rD° - () +T(D° - f)(®)]dt Tpo

£(t) is the time-dependent reconstruction efficiency
AYr is related to parameters describing mixing and interference between mixing and decay

<t >y is the average acceptance-dependent decay time of D’ mesons in the experimental

ACP(f) =

sample
Raw asymmetry (A) in D° - K=K decays
Prompt D°
A _ NDO - NEO
raw — _
NDO + NDO T[s-"-low

Argw = Acp + Aprod + Aget

Nuisance asymmetry
Production asymmetry of D™ Detection asymmetry of T[;-oft
o(D) — a(D) _e(f) —e(f)

Aorod = 50) + 0 (D) At = e+ e



Correct raw asymmetry A using samples of Cabibbo-favored D%D, decays (where CPV can be
neglected) | | Nyo — Noo
Two methods to cancel Nuisance asymmetries: Avqw =

D* decays, as used in Run-1 analysis (Cp+) Npo + Npo
D.* decays, CD; Araw = Acp + Aprod + Aget

PRL 131, 091802 (2023)
CD+

Acp(DY - KtK™) = A(D* - [D°> KtK™] )—AD*t - [D°> T K] )
FA(D = Kty —[A(D" = KOn") — A(RY)]

CD;!-
Acp(D® > KYK™) = A(D*t > [D°> K*K |7, ,,) — A(D** > [D°> ntK |7l )
+A(D: > ¢n™) = [A(D; = KOK™) — A(K™)]

Where A(K?) involves detection asymmetry of neutral kaons, mixing and CP-
violating effects.

For each kinematically weighted sample, raw asymmetry A is determined with
simultaneous fit to positive and negative final state invariant-mass distributions.

One has to be careful in re-weighting and is done based on the particle p,, n, ¢ and
same cuts are used. To avoid statistical overlap, sample of D° — ™K~ is randomly split into two



Acp(KTK™)
Cp+ Acp(KTK™) =[13.6 +£8.8(stat) + 1.6 (syst)] x 107*

Cpr Acp(KYK™) = [2.8 £ 6.7(stat) + 2.0 (syst)] x 107

With an overall correlation coefficient 0.06 and are found to be compatible within 1 standard
deviation

Acp(KTK™) = [6.8 + 5.4(stat) + 1.6 (syst)] x 10™*

Direct CP violation parameters a%, and aZ,, are calculated from

combination of A-p(KK) and AA.p Aoy < LEOIF@" = P® - o0~ _ , <t>
T e@[r @ - H® +1(D0 > H®O]dt 7 T

<t>
Acp(K*K™) = ay + ——AY;
TDO
<t> —<t>
AMp= aly —ad + KK LAY,

Tpo

One can then fit and try to get global y? , taking correlations



0.01

% B —r v . % T 5. 2 T 1 i
b - LHCb combination, 8.7 fb’ LHCh 1
S 0.008 - — — U-spin symmetry B
= d -
0006~ ===== Adcp =0 o
» + Nodirect CPV ol
0.004 — k-
0.002 =~ -
0f v
» T TR a]
0002 ===~ S -
= ~— -
—0.004 T ]
L contours hold 68.3%. 99.7%, 99.9999% CL i
—0.006 - : ' — =i 4
—0.002 O 0.002 O 004
L L o ad .
a5 (D’ - KTK~) = (T.7+£5.7)-107%, KK
ad;r (DU s oatrT) = (23.246.1) - 10—4 First evidence of direct CPVin D — mm at
oF level of 3.80
Yadis = o35 (D0 = K¥K™) + a8 (D0 — 7q—) VPRI

U-spin breaking a + a2l + 0 at the level 0f2.70

U-spin is approximate but the result implies large U-spin breaking, which
exceed SM expectation of ~¥30% by almost a factor six, at 2.00  S. Schacht JHEPO3 (2023) 205
Might be sign of new physics : additional scalar particle or a flavorful 2’



My naive understanding?
AAcp = (=154 +29) x 1074
alh(D’ - KTK~) = (7.7+5.7)-107%, It is crucial to measure all CP
adis (DO s ) = (23.2 4+ 6.1) - 10~ asymmetries of smgly-f:ablbbo
suppressed charm decays in order
U-spin breaking a® + a% + 0 at the level of 2.76 to test different theoretical
Difficult to estimate in SM. scenarios
Physics beyond SM seems a tempting approach

But there are other ways, one can enhance in SM
Possible enhancement if rescattering through scalar resonance close to D° mass, might

enhance CP asymmetry in the SM S. Schacht, A. Soni, PLB 825, 136855 (2022)
|. Bediaga, T. Frederico, P.C. Magalhaes PRL 131, 051802 (2023)

Enhancement is a consequence of t*7~ and Kt K~ coupling via the FSI, whose strong phase

contribute to both amplitudes with opposite sign, due to CPT invariance. If ad‘r(KK) is
confirmed by more precision to be positive, this may be disfavoured.

QCD dynamics enhancing Pand PA ?

In order to pin-point the reason for this, one need to measure precise CP asymmetries
in other charm decays. a3t (D — K*°K5)| < 0.003, ladin(D® - KsKs)| < 1.1% @95% C.L.

QCD dynamics enhancing P and PA by factor of 7 can’t enhance |A%Y (D° — K.K,)| or
|A le(DO K*°K.)| by same factor of 7.



Search for CP violation in D2 KK

» SM limit 1 % for direct CPV in DY — KK’ prD92,054036 (2015) . I

» SCS decays (such as D! — KK ) are special interest: oV § §@<j
possible interference with NP amplitude could lead to larger .
nonzero CPV.

= CP asymmetry in this decay is sensitive to a different mix of
amplitudes compared to D® - K*K~ and D° -» n*n~

" Provides independent information which can help to learn about
CPV mechanism in charm PRL119,171801(2017)

Acp(D° = KiK;) = Apay(D° = KsKg) — Arq,(D° = K;®) + Acp(D° - Ksm®) + Ago/go

Ko et al PRD 84, 111501 (2011)

‘.\‘. d

exchange

App (D’ — KLKL)=(—3.141.240.440.2 )% LHCb
Acp(D° = KiKg) = Ayay(D° = KsKg) — Arqy,(D° - K™K*) + Acp(D® - K™K™)

Recent measurement : (—1.4 + 1.3 + 0.1)% (Belle + Belle 1) K- Lalwani PPC2024
A D°> K* K- )= A% (D°> K*K-)+AY =(6.7+5.4)x 107

- ¥

direct GP Asymmetry asymmetry from CP violation in mixing and in

Phys. Rev. Lett. 131 (2023) 091802 the interference between mixing and decay
Phys. Rev. D104 (2021) 072010

In Belle Il, we expect to reach sensitivity of +0.23 % with 50 ab2.
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SCS
DCS

SCS
DCS

SCS
CF

SCS

Some other measurements from D

Acp(DT — nta?
Acp(D'Y — K170
Acp(Dt — 7y
Acp(DT— K™n
Acp(DF — K170
Acp(Df — 7ty
Acp(DF— K™

)
)
)
)
)
)
)

LHCb JHEP 06 (2021) 019

(=
(=
(=
(=
(=
(
(

1.3+ 0.9+ 0.6)%,
3.24+4.7+2.1)%,
0.240.84+0.4)%,
6 +10 +4 )%,
0.8 +3.9+1.2)%,
0.84 0.7+ 0.5)%,
0.94+3.7+1.1)%

(6.4 + 4.4+ 1.1)%
(0.2 + 0.3 +0.3)%
(2.1 + 2.1 +0.4)%

Belle, PRD 103, 112005 (2021)



ACP S€E nSItIVIty Belle Il compliment LHCb in neutrals
The Belle Il Physics Book, PTEP2019, 12, 123C01 (2019)

Mode L (b1 Aqp (%) Belle II 50 ab™!
DY KtK— 976 —0.32 +0.21 +0.09 +0.03
DY & xta— 976 +0.55 +0.36 + 0.09 +0.05
DO — 70,0 966 —0.03 £0.64 +£0.10 +0.09
DY — K% n° 966 —0.21 +£0.16 £ 0.07 +0.02
DY — KY K2 921  —0.02+1.53+£0.02+0.17 +0.23
DY — K9n 791 +0.54 £0.51 +£0.16 +0.07
DY — K2vf 791 +0.98 +0.67 +0.14 +0.09
DY — rta— 70 532 +0.43 +1.30 +0.13
DY - Kta—70 281 —0.60 + 5.30 +0.40
D 5 Kt ntn 281 —1.80 + 4.40 +0.33
Dt — ont 955 +0.51 +0.28 +0.05 +0.04
0.005 + 0.042 + 0.029
Dt — 7t 40 921 +2.31+1.24+4+0.23 +0.17
Dt s npnt 791 +1.74 £1.13 £0.19 +0.14
Dt s p'nt 791 —0.12 +1.12 +0.17 +0.14
+ 0.+ _
Dt — Kdm 977 0.36 + 0.09 0450%.9_;0.0 65 4 0,048 +0.02
Dt - KSK* 977 —0.25 +£0.28 +0.14 +0.04
Df — K2 rt 673 +5.45 +2.50 +0.33 +0.29
0 1+ ‘ 0.13 +£0.19 + 0.05
D} - KK 673 +0.12 +£0.36 + 0.22 +0.05

LHCb, PRL 122,191803 (2019).



A tale of two asymmetries

I'(C; > 0)—T(Cr <0)

T ->f)-TD - f) "7 T(Cr > 0) + T(Cr < 0)
T ->f)+TD-f)

i [(=Cr >0) —T(=Cr <0)
"7 I(=C; > 0)+I'(—Cr < 0)

CpP

= Measure asymmetry in triple products

= Obtain asymmetry » Cr=v] + (V; XV3)
from difference in " A+ # 0 can also arise from final-state
partial widths. interaction. Strong phases can produce
nonzero value even if the weak phases
* What we measured is are zero, that is CP and T violation are
A..» Which include not necessarily present.
other nuisance = Strictly speaking, the asymmetry is not in
parameters also. fact a T-violating effect.
= One can isolate T-violating signal with
= Need control mode to alpodd
correct or cancel the afp°% = ~(Ar — Ar)
nuisance parameter = qX5°9% doesn’t include any other
nuisance parameter
Acp X sin ¢ sin é A7 & sin ¢ cos o

Weak and strong phase differences



" M — P,P;P3P,
\_ in mother M rest frame

Michel Bertemes

T-odd correlation in DY - KTK2m+h~

Cr = P+ * (Dt X Dp-)



I I I | I I I | I I = I | I I I | I I I
p°— K*n'n® (CF) _.L E-Bg.uzgﬂ 38702%)x107°
D’—K'K'n*1 (SCS) o (3.5:2.1)x107

| [FOCUS/ BaBar/ LHCb/Belle]
D’ KKt (SES) : (-1.9521 427 %%
DK (CF) J F'djé';';".';r;;ﬁféj;;'{ﬁ-ﬁ """"""""""
. Belle
D' K K'Kn* (CF) | f-Bae.”s;}tz.ea)ofa
D*—=KKn*r* (SCS) : E-BZE.Iit(ﬁﬁiLﬂx‘lﬂ-s
D'-KK'n*7° (SCS) - (2.6+6.6=1.3)x107
| [Belle]
D*—-K.K*'t*1 (SCS i -2.7+7.1)x10”
S ( ) : EFODCUS}r B)axBarfBelle]
D'—=K'n'n*n® (DCS) . | E-1 .3?4.210.1)%
____________________________________________________________________________________ D BelE)
D;—K K *n* (CF) o (0.2:2.4-0.8)1 0°
D! ~K_K'r*x (CF : 8.2+5.2)x10°
= S (CF) . EFocus,f B)aXBarfEielle]
D.—-K'K'«*1° (CF) ' o f2.2i:]3.3i4.3)x10-3
! Belle
D;—K'7'n*1° (SC8) . i (-1.1:2.2:0.1)%
! [Belle]
| | ] ] | | ] | ] | | ] | | | ] ] | | ] ] ] |
~0.06 ~0.04 ~0.02 T90dd 902 0.04 0.06

Acp Made by Longke Li



M.G Jao, HQL 2021

D’ 5> K™%
D’ > (p.p.@) ¥
Df > atg(—> 1)

D' 5tV
D' 5p V(1)
D5 KKV
D" ¢ V()

D' > ute D}, >zl
D" > pe D, > KT
Dy > itpte S A
D'>K'r'r
mw EaRe. >
0 10" 10™ 10™ 10 10" 10" 10°
D, »hrI'r 0 D's>uu D' sral'r
D' > X'4'e D" —ee D'sp I'T
P DoK'k
- D' >¢ I'T

FCNC: Flavor Changing Neutral Current
LFV : Lepton Flavor Violation

LNV : Lepton Number Violation

BNV : Baryon Number Violation

10 107

D' 5 K'n V(1) D" > ntg(—> 1)
—*0

D' 5K V(i) D' ->K v

D' >y D'S5 KV



Search for rare decay D%—yy

Decay is sensitive to search for new Physics :
mediated by FCNC (¢ — u), forbidden in the tree level and highly suppressed due to

GIM in SM

SM Prediction : B~ 10® PRD 66,014009 (2002)

In MSSM B ~ 10-¢ with gluinos exchange PLB 500. 29(;1_4(2001)

60 Signal: 4+15
<, 90
>
2 40F
= |
= 30 : ________
2 P T 4 _{F
o 20 ;—/ N ++
N
o), Kem, K

0
1.7 175 1.8 185 19 195 2
M(yy) [GeV/c?]

Set world’s best limit at 8.5x1077 in absence of a signal

CLEO 2003

BESIII 2015
BaBaR 2012
Belle 20160

10710

PRD 93, 051102 (2016)(R)

Upper limit on B(D°—yy)
E
=
E
i | N
= =
z ;
=

In Belle I, with 50 ab™!, one might expect to reach : 10-7-10-8.

The Belle Il Physics Book, PTEP2019, 12, 123C01 (2019)



Search for CP violation in FCNC D°2Vy, V=¢, K, ©° 9431

Radiative charm decays are dominated by long-range non-perturbative processes
= enhance B.F. up to 104, PRD 52, 6383 (1995) arXiv:1509.01997
= whereas short-range interactions are predicted to yield rates at the level 108,

s In some SM extensions sizeable CP asymmetry expected in radiative charm decays:

= A IC/]I;> 3 % signal of New Physics PRL 109, 171801 (2012)

W+

T — T §—€ > T
¥ ¥ s [ O B 0 =¥
8 Py | & B [\ &% Set o -
§ i‘m — Combralr é \' § D l{ .x z::‘ 'g M‘, :”:‘;‘:‘2" g
i "_‘(/ I'|%,I:?i;.,, 9 . 5
T A |J; 2" X 3 ] ) * - \'g; M 7 7] 5 F
PRL118,051§5;2%?7) T e e . e
AZpg = —0.094 + 0.066 + 0.001 A‘g;ﬂ‘f = —0.003 + 0.020 + 0.000 AZp” = +0.056 + 0.151 + 0.006
The Belle Il Physics Book, PTEP2019, 12, 123C01 (2019)
radiative Belle Acp results [1] Belle |l uncertainty
decays 976 fb~1 5ab"! 15ab"! 50 ab!
DY — 0%y +0.056 £ 0.152 £ 0.006 +0.07 +0.04
DY — ¢y —0.094 4+ 0.066 4 0.001 +0.03 +0.02
D° —+ K*%9 | —0.003+£0.020£0.000 | +0.01  +0.005




o0
Chapter Ill: LHCb LHCb unofficial !

2017 study - UNOFFICIAL

N(¢y) =392 +0.5
N(p7°) = 4961 + 74

Emu— 't LHCb unoffical \ LHCb unoffical
:rgu | ‘001. Belle, only D°
'g g
"-._ :H}? ------Si;gnal
8 . % 1501 gtntg;gb"
r'-___." ---- cOmMbinatorial
0 s |
L% 100
100
50l
e L 1
cos(theta) \
| E . _ b e BT THEEY
FL19 +’+*+.+;+-;;'-+;+ f;.+_+’é’ by ;;++;'++f+- T P ey Geve
R A AR R T S S F L S I ST R T
e v L B L LSRR

1.7 18 19 2
M(D% (Gevic?)

Better yield and sig. significance as in previous study!
Signal and 7° background CAN be separated!

(Radiative charm in LHCb could be competitive!]

https://cds.cern.ch/record/2314208/files/Warwick tara%20nanut%2016.04.pdf



https://cds.cern.ch/record/2314208/files/Warwick_tara%20nanut%2016.04.pdf

144.39<A M<146.47 MeV D—->K vy LHCb unofficial !
%ann + % N
g400 n° peaking background 2 [ 4 '
1200 "quaun ) S i )
Ry
L e T [ N P P '1; -------
| R TN | Lt g
EEEIH“" o HHI ||[1HIII EI]I Il . |ll}{{“|“mll|llmllll lmlllllll ““IIH]Ill } }{I"

https://inspirehep.net/files/55

197dccfeeb4e06ac6c75d3f9f620b1

LHCb run 1 data unofficial



Radiative D, decays

 As mentioned earlier c— uy decays might have some contributions coming from the non-

minimal supersymmetry which is NP scenario.
« Therefore, one can search for NP using c— uy transitions. It was suggested that NP will

result in deviation from
_T(D° > p°/wy) tan?f,

R = =
PI® ™ (DO — K*0y) 2
B. Bajc et al PRD 54 5883 (1996) studied cabibbo suprpressed D% D* D.* radiative weak
decays in order to find the best mode to test ¢ = uy decay

They calculated the ratios between various Cabibbo suppressed and Cabibbo allowed

charm meson radiative weak decays, as predicted by SM.
They found D.* radiative decays offers much better test for c - uy

k=D = tan 20, S. Fajfer et al. PRD.56.4302
Decay Mode Branching Fraction
D" —p'y (3-5) * 1074
D" —> K**y (2.1-3.2) * 10>

c d

Belle (Il) seems perfect place to search for these decays

B(D.* — p*y) < 6.1 x10% (@ 90% CL) BESIII arXiv: 2408.03980



Events /25 MeV¥¢?

PRD (2022) 106, 072008

BESII

Search for massless dark photon

- 1
Search for massless dark photon via [ A“a'yz'"g 4.5 fb™ data at

> Double tag Method Myc = /B

[et = |.E"'.'\:|2fc2

» New physics: An extra Abelian gauge ; """" Hadronic I I
group, U(1)p, Causing the associated : \d“"’“’/ ' tom /L
I A
gauge boson, the dark photon ] s ke
» If symmetry remains unbroken, it will PRy n IL: _}L\
cause a massless dark photon y’ e § o e
» v’ can be produced via FCNC process o fL: J/\\
c - uy' (BF 107% in new physics) . i G0 | fAnen o
€ m— f— ok | /i
[PRD 102, 115029 (2020)] ',.ﬁ e )_L
o L C— — ” sm'EltS'td'teagge
Within sensitivity ,. w p detected invisible s, ' /\C
Li ke BESI” d d "_A:. e }'! 224 226 ;';fkm;l; I 2|25 'zlzsl-h‘z'a
> R R My (GeVied) 9
, (GeV- /Li o
2
12 . : rec sl l(EAc o p) Ap — B)°|
L +Daa
e 8 I. Wang HQL 2023
p :_ m other AYAL baukgmund_:

3 qq background
6 Signal

Wi have a peak if dark photon exist

P The first search for massless dark photon

»B(A. = py') <8.0x107° @ 90% C. L.
M GeVie) | » New phvsics prediction: ~107°

rec(X, p)




I. Wang HQL 2023

PRL (2023) 131, 041804

HES

Search for D° — pu*u~

» Runl+2 dataset (9 fb_l) Signal yield extracted from a simultaneous fit on
» Tagged D** — DO+ decays m(D%) and A(m) = m(D** — m(D?)) in three
. different BDT intervals
» Main backgrounds: s o , o
© [ LHCh :;;--w_" 1% F LHCb e PR
» Mis-identified h*h™ — u*u~: PID variables N : e 2 ”: e erra
» Combinatorial: multivariate analysis (BDT) < i3, ) J1L
» SM SD contributions additionally helicity R ﬂsﬂqﬁmﬁ}* quw; 3 J,ﬂi «+M*LH-J*"H li

suppressed with minimal hadronic - e

uncertainties: BF ~ 1078 expected 75 e SR N T

» Long distance contribution via intermediate Z i e IR ST

two-photon state: BF~10713 mm 1y~ M"}‘W*_H«

» BF measured relatively to the normalisation ° Tt ,}”f"“,f,f“"’ﬁ”“,‘:‘“i L AR
it ) [MevieT] Am [Me¥icT]

0 + - 0 -t
channels DY = m"m~ and D" - K1 v N =79+ 45

v B < 3.1(3.5)x10~° @90(95)%C.L.
v Most stringent limit of FCNC on charm se-*:’cr.::r-I1

N(D° - pru) e(D® - h*h™)
N(D? - h*h™) e(D? = p*tp)

B(D? 5 ptp-) = B(D° —= h*h™)



B~ - uum~

I. Wang HQL 2023

arXiv:2304.01981

Search for D*(2007)° - utu in B - up %

» Electromagnetic and strong
interactions have widths many
orders of magnitude larger than
those for the weak decays.

» SM Predictions BF: ~10~ 17

» Run1+2 dataset (9 fb™1)

» Looking for B~ — D~ decays

» First rare charm study exploiting B
production

» Normalisation channels D? —
ntn~and D? - Kt

Candidates per 8.0 MeV/c?

mE iy [MeVie?)

14 p

12 ELHCb
10
s l
g 1 1
4 f I:T:hll
z
U .................
—a k
1900 1950
mig©p }[MeWr ]
so00 E-LHCb
F oo 5
5800 [ P v -
5600 [ P
5400 — AR e -
5200 [ | '-1| e R
1900 190 2000 2050 2100
m{ut ) [MeVie?]

N(D*® - p*u) e(J/y - p*u") B(B™ = J/YK")

B(D*® - p*p7) =

N(/W = ptp~) €(D*0 - ptp~) B(B~ - D*0n7)

1$ U T

16 & LHCb + Data

4:_ Q9 fh! —— Total fit

:2 e = D) T

B = m
10 8 = K ptu
Combinaterial

_%Hﬂﬁ,ﬁ M

m(:r:‘,u ;..[ -3 IMeV!r-]

wliwilonalisalaeilis

Candidates per 20.5 MeV/c?
oo

v N=-2%3

v B < 2.6X1078
@90%C.L.

v’ First time search and
most stringent limit on
D*9 decays to leptonic

B(/W-u*'u™)  final states

12



B(D" - H+E—#+H_)‘[{Lﬁﬁﬁ—ﬂ.%ﬂ] Gev = (40.6 £5.7) x 1075,
B(D? - 7 a1 ) ]10.950-1.100] Gev = (45.4+£5.9) X 1075,

B(D - KTK™p 1) 50565 Gev = (12.0 £2.7) x 1077,
PRL (2022) 128, 221801

Angular analysis of D > h*h™u*u™ 1 \ono ot 2023 coec
0 - -6 : 1000
» BF(DY = Xu"u~) of LD:~107° expected in the SM wob LHC -+ Data
» First observed by LHCb with Run1l ot EE‘LMW_
. 800 [ JY 25 o o =
. _1 = 400 ---Comb. backg.
» Full angular analysis with Run1+2 dataset (9 fb™") 2
» Angular studies and CP asymmetries in the vicinity Em
of intermediate resonances offer a access to g |
observables with negligible theoretical uncertainties g 100 - jﬂ?m
» Perform SM null tests in the resonant regions, 3 : Dﬂz—m:!f:w;r
testing the possible interference between long- 50[- !gu;;‘fbﬁcf;
distance and BSM contributions [

.jrllir ) [MeV/e? 0 1850 - l

|]'|'r T t||ur|l' |H'l‘.' 1iss I [ LIy ¢ ||i""h ass m(h+h-ﬂ+ﬂ-] [MEV.IFCII
DV = KK it ‘ . .:n'_fl NS » D05 NA NA V/ N(DD —3 H+:||T_ﬁ£+1£_) — 357() i 7]

R A ST 25 | NS | 565-T80  780-950 | 9501020 10201100 NS
S e v N(D° - K*Ku*tu™) = 318 +19
NA = not available, NS = no signal 13




PRL (2022) 128, 221801

Angular analysis of D® > h*h~u*u~ s
— T. Wang HQL 2023}
CP averaged and asymmetries
Differential decay rate expressed as a sum of nine - - _
angular coefficients I; _g function of: .. 4 ;" i
* ¢ = m*(utp7) and p? = m?(h*h7) = 5

* Three angles: Hu, 6, and ¢
Define (I;) integrated over p?, 8}, for D° and D°
For example, the forward-backward asymmetry:

_ I'(cos8,>0)-T(cosb,<0)
I'(cos6,>0)+I(cosB,<0) CP asymmetry:

The CP averaged (S;) and asymmetries (4;): r(p°-=h*th~p*tp~)-r(%-h*th~p*p-)

r(D°-»h+th—putpu)+r(d°->h+th—ptu-)

* (Ig) = ArB

1 = Acp =
* (St} =1 + ()T > (S56,7) =0 cp even
* (A) = [0) — ()] > (4fM) =0 CPodd

14



™ —0.5 1 0.5 BT
12:/ do [/ dcosG,,+/ dcosf, — / dcos@,,_] e
— -1 - dq? dp? df)
3 ™
UL e o Lo [ Jao— [Fo] [ o, 0
I3 = — do + do + d d d dcosl, ———=,
T8 [ . ¢ _z ¢ ¢- ¢ - b 4 " dg? dp? d)
3 2 ~2 d°1
Iy = — / d—/ d—/d {/d(:osﬁ—/dcos(?]—ﬂ,
’ Sl.ﬂ(b' rb'ﬂfb]'n o= | deostu] oo mg
% 1 51’1
Is = / do — / / dcosﬂﬂ,d—ﬂ
x - x 1 dq? dp? d)
0 d51—\
Iﬁ:/ do [/ dcosl, —/ d(,ObQM:| T
1 dg? dp? dQ)
d°T
I; = [/ dop — /dgb]/dcosé)
dg? dp? dQ)
d°T
Iy = 57 [/ dqb—/ dcb] [/ dcos(a’ﬂ,—/ dcoqé’] —_—
dg?® dp2 dQ)’

3 d°r

Ig—s—ﬂ- {/ dq5+/ dop — / dop — / dgﬁ} / dcos ),
x dqzdpzdSZ

The observables (I;), measured separately for D° and D° mesons, are labelled as (L;)
and (I;), respectively. The observables reported in the Letter are the CP averages, (S;),
and asymmetries, (A4;), defined as

1, |

2 1

1 | (59)
2



T. Wang HQL 2023
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Younglun Kim,
ICHEP 2024

Search for D' — hh'ete™, (h = K, )

® FCNC processes with ¢ — ull are suppressed in SM, good probe for NP

® SM long-distance contributions dominate, especially near resonances.

= BSM contributions may be visible far from resonances.

dB(D" st e pt p-de [GeV?)

Short distance

Long distance

1075}

-
S
4

107%
10—11 |
10—13_

10751

SM (SD)

0.0

0.5

1.0
al — w1+

15 2.0
GeV/-2

BABAR: PRL 122, 081802 (2019)
BESII: PRD 97, 072015 (2019)
LHCb: PRL 119, 181805 (2017)

PLB 517, 558(2016)

Measured BFs or ULs at 90% CL [ x 107 7]

KKee nmee Knee
400 £50£23 (plw)
B B < 31 (non-resonant)
< 110 < 70 < 410
_ KKuu TRy Krpup

1.54 027 £0.19

9.64+048 = 1.10

417 x0.12 £0.40 (p/w)

Search for signal candidates in qz = mz(e+e_) regions

= Near resonances — BR measurement

= Far from resonances (non-resonant) — Sensitive to NP
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40+ — Fit = Signal in p/@ region: B(KreTe™) = (39.6 £4.5£2.9) x 107" (11.80),

3%- Signal matches BABAR with higher precision and SM expectations

30— Background
- 4 = 90% CL upper limits set at (2 — 8) x 107 for other regions (best to date)

= Significant improvements than BESIII and BABAR but different m,, regions
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Various GUT and many SM extensions and SUSY predict BNV, and
as a consequence nucleons can have finite, if long, lifetimes.

In all these theories baryon (B) and lepton (L) number violations are
allowed but the difference A(B - L) is conserved.

D = pl(e/n) simultaneously violate B and L but conserve A(B-L).
Several models of proton decay, e.g. in GUT, superstrings and SUSY
can be augmented to provide predictions on possible decay
mechanisms.

No tree level diagrams allow D = pl in SU(5).

The X and Y bosons have charge 4/3e and 1/3e and couple a quark
to a lepton, hence they are sometimes called “lepto-quarks.”
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The branching fractions for
T & o T D = pe* are predicted to
be of the order of 1073°
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FIG. 4. Fit for M, ; distributions for processes (a) D* — ne™,
(b) D~ — ne~, (c¢) D~ — fie”, and (d) D" — ne'. The black
dots with error bar are data. The red dotted, green dotted and blue
solid lines are signal, background, and the sum of signal and
background, respectively.
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Upper limit at 90% C.L.

D.* rare decay summary
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Search for D =2

In the Standard Model (SM), D meson decay to 1y helicity suppressed by a
factor of (

my

2
mDﬂ) : B(D® - vi) gy = 1.1 x 10739 PRD 82, 034005 (2010)

NP contributions such as scalar Dark matter, right-handed neutrino or PLB 651, 374 (2007)

Majorana fermion could substantially enhance the value up to 10-1° PR 117, 75 (1985)
DM search associated with D meson : alternative way for search for DM.

Reconstruct D,f;?q,Xfmg and ©~. Get M. to get inclusive D° sample.

PRD95, 011102 (2017)(R)

oy om s DO Y P with D s DO
: Tem = @ = DiggXpragDg, with DG, — Dy ;
§ . 0 Nsig (D — f )
N B(D — f ) = N inclusive
E X Do
uoe e [GeV/c?] . 0 .. _s5
5. 90% CL upper limit at 9.4x10
:_;f' Luminosity, ab™! Inclusive D yield,
in 106
§ Belle 0.9 0.6
,Wﬁﬁwﬁ;ﬁ?S o O R R R W 1&2613?59&\1]
Belle Il 50 38
The Belle Il Physics Book, PTEP2019, 12, 123C01 (2019)
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CPV in charmed Baryons

https://indico.cern.ch/event/1184945/contributions/5437898/attachments/2716989/

4719351/CKM2023.pdf

Recent publications on hadronic, (semi)leptonic, and rare decays of charmed hadrons

@ Recently experiments reported > 70 branching fractions (B) of charmed hadron decays.

First observation

Publication

(Semi-)leptonic decay

Publication

DY — KPP (P =w, ¢.7")
D} — wmty

D} - KIKTK mt

AL = nm™
Al = nntm
AL — py
AF — pKIKE

N B gt (KT

O nrtmth

BESIII, PRD 105, 092010 (2022)
BESIII, PRD 107, 052010 (2023)
Belle, arXiv:2305.11405

BESIII, PRL 128, 142001 (2022)
BESIII, CPC 47, 023001 (2023)
Belle, JHEP 03, 090 (2022)
Belle, PRD 107, 032004 (2023)
LHCb, arXiv:2308.08512

Improved B

Publication

AT — py

Af = ETK
AF — (A EVK*
AT = E (9"
AL — pKOy

Dt — Kinty

Df — K%KER*
D} — KIK+ O
DS — Kth mtn®
2 Afa

D+ — Di n®

DVt — mrmta X
DO+ — KIX

Df —wnfnm X
AZ = nX

BESIII, arXiv:2307.00266

BESIII, arXiv:2304.00405

Belle, Sci. Bull. 68, 583 (2023)
Belle, PRD 107, 032003 (2023)
Belle, PRD 107, 032004 (2023)
BESIII, arXiv:2309.05760

BESIII, PRD 105, L051103 (2022)
BESIII, PRL 129, 182001 (2022)
Belle, PRD 107, 033003 (2023)

Belle, PRD 107, 032005 (2023)

—

BESIII, PRD 107, 032011 (2023)
BESIII, FRD 107, 032002 (2023)
BESIII, PRD 107, 112005 (2023)
BESIII, FRD 108, 032001 (2023)
BESIII, PRD 108, L031101 (2023)

D — utuy
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Df — nta e,

Df = KTK utuy,

Df — nl*ty,

D" —etv,

AT = Autuy

Al — Aetu,

Al — pK-eti,

AF — [Aﬂ_ﬂ‘,pK:??[‘]e_ve
AL — XeTve

D} — (Ki(1270)°, by (1235)%)e*

BESII, arXiv:2307.14585
BESIII, arXiv:2303.12600
BESIII, arXiv:2303.12468
BESII, arXiv:2307.12852
BESIII, arXiv:2306.05194
BESII, arXiv:2303.12027
BESIII, arXiv:2307.03024

BESIII, PRD 106, 112004 (2022)

Ve BESIII, arXiv:2309.04090
BESII, arXiv:2304.12159

BESIII, PRD 108, L031105 (2023)
BESIII, PRL 129, 231803 (2022)
BESIII, PRD 106, 112010 (2022)
BESIII, PLB 843, 137993 (2023)
BESIII, PRD 107, 052005 (2023)

Longke LI (3 &,

niv. of Cincinnati

Rare dcays Publication
DY = utu LHCb, PRL 131, 041804 (2023)
D% D — pf¢ Belle, Preliminary

D° — pet, D" — pe~
D= — (n,n)e*

DO — nlvr

D*(2007)% — ptp
Af = Ety, B0 B0y
A = ETy

AL = py

BESIII, PRD 105, 032006 (2022)
BESIII, PRD 106, 112009 (2022)
BESIII, PRD 105, LO71102 (2022)
LHCb, EJPC 83, 666 (2023)
Belle, PRD 107, 032001 (2022)
BESIII, arXiv:2212.07214

BESIII, PRD 106, 072008 (2022)

CKM 2023, Sep 18


https://indico.cern.ch/event/1184945/contributions/5437898/attachments/2716989/4719351/CKM2023.pdf
https://indico.cern.ch/event/1184945/contributions/5437898/attachments/2716989/4719351/CKM2023.pdf

D% K*rt wrong sign analysis

DOUb'V Cabibbo Suppressed (DCS) -
i _ i Cabibbo Flavored (CF) |
pd u I 1
< Mixing i i
- VvV d - ¢ I 1 - E > u :
< oy DO | ipo | K+
‘\x\\/ G ! ! c Ves P S i
W+ \* u : ‘\~~ ~ :
V', K+ W - ) i
5 | & u |
| o
o . | d :
Same initial-and final state et '
Interference between the two amplitude will occur DCS
In the limit of CP conservation /_\
Normalize wrong sign rate to the right sign to obtain DO Kt
Y A
Nyys(6) B o T RN
R(t) = = RD + VR y'Ijot + =—— ([0 t)2 Mixing “-.... ----" CF
( ) NRS(t) D\Y__, D 4 ( D ) >DO
2 DCS interference mixing CF
_ |Abes , _ , _
Rp = 1 X' =xcosd+ysind,y = —xsind + ycosd Right sign CF
CF dominates the Right
Sign decayamplitude_ +
Apes Am o ATp0 DO KTt
§ =arg 2 x = y = A
CF [po 2o Mixing ... “'DCS

& > strong phase not directly measurable at B-factories y’ and x”? accessible



D — D® mixing at B factories DO - K*m~

Experimental method

Tag and suppress background
» D™ 2D, .

» Flavor of D° > using charge of ~100 pm
> pCMSD* > 2.5 GeV/c to eliminate D° from B decay

Tis

Measure DO proper time t, its error ag; by

, : /" laec/~200 um
reconstructing D°® momentum and flight length [

t = ldec ﬁ — Pp° e D Beamspot e
cBy Mpo extrapolate production vtx

o, calculated from vtx error matrices

Mixing parameters (x’2,y’) extracted by the fit to the time-dependent ratio of
wrong sign to right sign decays

2 T (¢ /000 )R (/750 — t'/700 ) d(t' [T 10)
[ Tas (& /250 ) R (t/7p0 =t 150 ) d(' /o)

R (t/TDo) =
R (t/TDo —t'[Tpo ) is resolution function of the real decay time t’.
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Belle, PRL 112, 111801(2014)
976fb!

WS decay D=2 K

2980710+1885 events

«10° 11478+177 events
AM=M(D*>Do(>Km)r*)- o | A o :
M (DO=>Kr) % | D> K Eﬂm i ,*H DO K
200 1 I
Gaussian + Johnson S, o I S §
E l| Ji Emou - : ;
Rys: (0.385£0.006) % 5. | | 5 | W
L [ : *'1 L 500 |
Divide sample into N bins of decay | I3
time and flt AM 814 j : ‘\7 0.15 814 0 !|5
' Mrs (GeV/c? ' . (GeV/c?
Fitting ratios less sensitive to resolution AMgs (GeVic') AMys (GeVic?)
_function
:l; B with mixing 0.45———
h-:’ S ——— without mixing / L 1
0.006 - " N=5 \ i
L N=10 I S A ]
i 0.4/ ]
0005 2-10 S [ 3.9c ]
- 2 i ] |
: “ ot .
AR S ;
: i 384fb1 1
I 976fb" 0.3[ If—
| \ Lo -2 -1 0 1 2
5 0 5 10 t (ps)

T=1/T,0 Belle, PRL 112, 111801(2014)UFE

BaBar, PRD 98, 211802(2007)°



Candidates / (50 keV/c?)

Most precise measurement by LHCb

LHCB, arXiv:2407.18001

e 1 Vn S0 T T T T =
3 LHCb plelumnaxy = x10° = LHCb :
3500 4 & Fr T T = 1
C WS 2018 -; r LHCD preliminary - . 500_ 6 fb—l ]
3000F- DK+ - 3 % wE RS ﬁ 2018 E U S ]
i 2 as0E s KTt ; C 4 ]
25005— {\ /7Ty €[1.21, 133[ E 250E / gf—ﬂiﬁ . 1%[ F‘ 4505 —.l-' E
2000 g 20F l = =T Na — Data !
o E E [ —— Data 1 - e . E
1500 g 1s0f f \l [ ] signal 3 400:_ y o — Baseline E
1000F 100F I '+ Comb. bkg. | e No CP violation
: g ﬂ ' M Ghost bke. 350, : — -
500 F S0 j . .’.g 5
[ ALl G e b s E, _J| | ] = L
%2005 2010 2015 202 03005 2010 2015 2020 ~ 0: ]L + l |
m(D’+) IMeV/c21 m(D'r?) [MeVic?] > : :Fﬂi\lkﬂ:“l:
Lo-10F ]
Lol
~ =20F .
o 2 4 6 8
D" decay time / T
. -3 ’ -3 12 -3
This result PRD97,031101 Experiment  Rp (x107) y (x107) & (x10°7)
Belle [18] 3.64+017  0.6737 0.187)
Run1+2 Run 1 +2015/16 ' : V3.9 10_0.23
- BaBar [7] 3.03+£0.19 9.7+£54 —0.22 +£0.37
R,. (342.7+19)x10™° (345.2 £ 3.1)x107° CDF [5] 3.51+035 43+43  0.08+0.18
B, (52,8 + 3.3)x104 (53.3 £ 6.1)x10™* LHCb [17]  3.568 £0.066 4.8+1.0 0.055 % 0.049
e (12.0 + 3.5)x10¢ (15.8 + 5.2)x10~6 Belle (this work) 3.53 +£0.13 4.6 +3.4 0.09 = 0.22
K
.9 -3
A (-6.6 £ 5.7)x10 ) (-0.9 + 8. 9)><1() ) Parameter Belle Belle 11
A, (2.0 £ 3.4)x10~ (-2.0 £+ 5.1)%10~ 976 /fb | 5 /ab 20 /ab 50 fab
Al (-0.7 £ 3.6)x107" (4.4 & b. 2)><10‘6 no 7(x")(1077) 2 7.5 37 23
Kr CPV r(y') (%) 0.34 0.11 0.056  0.035
r(x") (%) 037 023
CPV- r(y') (%) 026 017
allowed  o(a/pl) 0.197  0.089
a(¢)(°) 15.5 9.2

The Belle Il Physics Book, PTEP2019, 12, 123C01 (2019)
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Ycp inD? — KS(U Belle PRD 102, 071102(R) (2020)
CP-odd decays: B(D° - K.w) = 5 times B(D® - K ¢) in PDG
Measure yp in D° - K.w for the first time.

Utilizes the full Belle data set.
Parameter y.p is determined by

yep =1 —1(D° > K 1) /1(D° - K,w)

Lifetime fitting is performed with resolution (triple Gaussians) and background
(with nonzero- and zero-lifetime components),

—_ - ~10°E
© C © -
™ . L
s S |
T 10°: ~
w r € 10%:
E r c E
o i g_J C
g it
10°E

Pull

2 4 6 8 10

We get Vepa
ycp = (0.96 + 0.91 + 0.6215:37)%

Statistical, systematic, and from possible CP-even decays in the final state.
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.071102

The Charm
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