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The Importance of Charm

(1) Of the flavored hadronic systems with mixing — K(s), D(c), B(b) — the
D system is the only system involving heavy up-type quarks:

new / => it provides sensitivity to different new physics phenomena
physics \
(2) Mixing (found) and CP violation (not found) are small in the charm system:
=> deviations from SM expectations could be dramatic

weak (3) Flavor physics relies on global constraints derived from all systems (e.g., the
physics CKM matrix elements, and inputs from one system into another):

=> charm is an essential piece of a larger flavor physics program

(4) Weak physics and strong physics can be separated in charm leptonic and semi-

strong leptonic decays:

physics < => charm decays offer opportunities for precision QCD

(5) Many rare decays have backgrounds from “long-distance” hadronic processes:
=> a spotlight is placed on less-understood aspects of QCD



Current Experimental Landscape

EXPERIMENTS | IDATA | |FEATURES

High-energy pp collisions
LHCb 5 fb-1 (8 x 1012)

huge rates

time-dependent decays

large backgrounds

difficult neutral reconstruction

Asymmetric ete- at Y (4S)
BaBar 550 fb-1 (8 x 108)
Belle 1 ab-1 (13 x 1098)

large rates

some time resolution
mostly clean environment
neutrals are no problem

small rates

no time resolution

extremely clean

quantum correlations

best for neutrals/missing particles
(also charmonium)

ete~ at P(3770) (and DsDs™)
CLEOc 0.8 fb-1 (5 x 109)
BESIII 3 tb-! (2 x 107)

=> there is currently a delicate balance...



Future Experimental Landscape

EXPERIMENTS | IDATA | [FEATURES
High-energy pp collisions h
LLHCb 5 fb-1 (8 x 1012) .uge rates
Upgrades 50/300 fb-1 time-dependent decays
(run III/IV) large backgrounds

difficult neutral reconstruction

Asymmetric ete- at Y (4S)

large rates

BaBar 550 tb-1 (8 x 108) . .
Belle 1 ab-1 (13 x 108) some time resolution
Belle 11 50 ab-1 mostly clean environment

neutrals are no problem

small rates

ere_at (37/0) (and DD,O) no time resolution

CLEOc 0.8 fb~1 (5 x 109) t ool
BESIII 3 fb-1 (2 x 107) cX re:ne yc eail .
t-charm factory x ~100 luminosity quantum correlations

best for neutrals/missing particles
(also charmonium)

= with the tT-charm factory, maintain this important balance.



From Haiping Peng (last week CHARM 2018):

EXPER STCF in Perspective (&

High'ener Peak Luminosity Trends (e'e” collider)
LHCb 0% :
Upgrades SKEKIi/?
10%
Asymmet 2
3]
BaBar 2 jow
Belle _,§
Belle 11 1ot .. il ¢
TRISTAN » ‘ I .
i DORISgf* PETRA P
ete— at Y( | RFD’F
CLEOc 1970 1980 1990 2000 2010 2020
BESIII WP 155"
A Tuminosity 1x103° cm?s-! at 4 Gev at
T-charm

21/05/2018 H.P. Peng 202 &ar;iusls,neassanabsle Il

= with the tT-charm factory, maintain this important balance.



Future Experimental Landscape

EXPERIMENTS | IDATA | [FEATURES
High-energy pp collisions h
LLHCb 5 fb-1 (8 x 1012) .uge rates
Upgrades 50/300 fb-1 time-dependent decays
(run III/IV) large backgrounds

difficult neutral reconstruction

Asymmetric ete- at Y (4S)

large rates

BaBar 550 tb-1 (8 x 108) . .
Belle 1 ab-1 (13 x 108) some time resolution
Belle 11 50 ab-1 mostly clean environment

neutrals are no problem

small rates

ere_at (37/0) (and DD,O) no time resolution

CLEOc 0.8 fb~1 (5 x 109) t ool
BESIII 3 fb-1 (2 x 107) cX re:ne yc eail .
t-charm factory x ~100 luminosity quantum correlations

best for neutrals/missing particles
(also charmonium)

= with the tT-charm factory, maintain this important balance.



Strengths of LHCb: mixing in D0 — K+~

Terminology /Formulae /Definitions:

Tagging the DV: D** — DOrt
Cabibbo-favored decay: DY — K—n™
Cabibbo-suppressed decay: D° — K7~
Mixing then decay: D° — D° — K+m—
Time-dependent ratio starting with DV:
(K7™ )(t)
(K=m+)(t)
|A(D? — K+ta=)(t) + A(D® — D° — K+t )(t)|?

RT(t) = Z

~Y

|A(D® — K—n1)(t)|?

t x4yt
e
where

2’ =xcosd + ysind
y =ycosd — xsind
and x,y are mixing parameters

and ¢ is a strong phase

Candidates per 0.1 MeV/¢?

Candidates per 0.1 MeV/¢?

A. Massive statistics:

x10°
251 LHCb e Data -
- (a) — Fit
2wk [ Background
15F -
0 177M (1)
' DY — K~ ]
g8 .
0 Lem e ‘ -
2005 2010 2015 2020
M(D"r*) [MeV/c?]
x10°
240
220 LHCb o Data E
200 (b) — Fit E
Bgor- ] Background
160 |-
140 |-
120 -
100 F
80 |-
sl 722k (1)
40 DY - Ktn— -
:
0t .
2005 2010 2015 2020

M(D ) [MeV/c?]

B. Time dependence:

6 :_ @ - __
s b LHCb -
—  F ]
S+ _ i
4 i
o T
& N i ]
S sE —
= - — CPV allowed -
< A e No direct CPV A
. No CPV -
L
v
|
84
: / /
0 2 4 6 20

C. Approaching precision in
the mixing parameter y'.

But D. y' depends on 0.



Strengths of LHCb: mixing in D — K+m-m+i-

Terminology /Formulae /Definitions:

Tagging the DY: D** — DOrF

Cabibbo-favored decay: D° — K- ntntn—
Cabibbo-suppressed decay: D° — Ktr—ntn—

Mixing then decay: D° — D° — Ktr—ntm—
Time-dependent ratio starting with DV:
N(Ktn—nta™)(¢)

N(K-—ntntn=)(t)

|A(D° — K+3m)(t) + A(D° — DY — KT3m)(t)|?

RT(t) =

Yy
Y

|A(D® — K—37)(t)]?

t x4 yP

t
N Tieae + TK37TRK37Ty/I(37T; + T(—

T

)2
where
, _ .
Tpea. = TCOSOK3x + YSiNOxar
I ) — xsin o
Yrar = YCOSOK3x — TSIMOK 37
and x,y are mixing parameters
and i3, is an average strong phase

and Rgs, 1S a coherence factor:

Ry 0Kt = < cosd >+ i <sind >

LHCDb, “First observation of DY-DY oscillations in D° — K+tr~ 77~ decays

Candidates / (0.1 MeV/c?)

Candidates / (0.1 MeV/c?)

A. Massive statistics: B. Time dependence:

x10° X107~
16T -~ T T T T T T T T T T4 b T T A ]
14 E_ LHCb ﬂ * RS candidates _: o C LHCb E
12F — = : :
B I Background ] % 5 E_ E
0.8 - _: B 45F /7. Data —:
C ] = - % —— Unconstrained ]
0.6 3 11.4M (”) B 4 S Mixing-constrained ]
04 0 — - - ---- No-mixing 1
: D — K™3m 3.5 g BT 3
02 -] Lo
0:|.. L | ] 3“..|...|...|...|...|...
140 145 150 155 2 4 68 102
Am [MeV/c?] 1/t
x10°
I S e S B O B B
9 LHCb * WS candidates
3 — Fit
42.5k () []
: e Background
° C. Another handle on
4 mixing parameters.
3
2
1
0

140 145 150 155
Am [MeV/c?]

But D. Dependence on another
strong phase and a coherence factor.

and measurement of the associated coherence parameters,” PRL 116, 241801

(2016)



Strengths of LHCb:

amplitude analysis of D0 — K+t

Terminology /Formulae /Definitions:

Tagging the DY: D** — DOrF
Cabibbo-favored decay: D° — K- ntntn—
Cabibbo-suppressed decay: D° — Ktr—ntn—
Mixing then decay: D® — D° — K+tg—ntn—
Time-dependent ratio starting with DV:

N(Ktn—nta™)(¢)

BT (t) N(K-—ntntn=)(t)

|A(D® — KT3m)(t) + A(D° — D° — K*3m)(t)|?

Entries/ (0.02 GeV?/c?)

- |A(D° — K—37)(t)|2
t x24+9y? ot
~ T%(?nr + TK37TRK37Ty}(37r; + 4 J (;)2

where
, _ .
Tpea. = TCOSOK3x + YSiNOxar
I 0 — xsin o
Yrar = YCOSOK3x — TSIMOK 37
and x,y are mixing parameters
and i3, is an average strong phase
and Rx3. is a coherence factor:

Rycs.e 0K3m = < cosd >+ i < sind >

Entries/ (0.05 GeV?/¢!)

45
40
35
30
25
20
15
10

X100

891k E
DY - K= 3n E

[BESIII has 16k -
PRD95, 072010 (2017)]

LHCh

I2 - I2.5I
Sk—p+ [GeV2/c4}

2 2.5
S+ | GeV¥/cl

A. Massive statistiCs (tagging with 7 and p):

B. Amplitude
analysis gives
access to Rksx

But C. There is an
arbitrary phase
= insensitive to O
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Strengths of LHCb: rare decay D° — hth-u+u-
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Observations of rare decays O(10-7): Short distance:

B(D® — rtn=ptp~) = (9.64 £0.48 £ 0.51 £0.97) x 10~ n
B(D® — K™K~ ptu~) = (1.54 £0.27 £ 0.09 & 0.16) x 107

Long distance:

But note: largest systematic errors are due to
normalization branching fractions:
relative to K-sttp+pu- (LHCD), relative to K-ttt (CLEO)
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But note: standard model expectation depends on yy:

Tightest upper limits O(10-9):

(2.7 x 1072) x B(D° — )

Y

L

B(D® — pu™)

B(D° — putp~) <6.2x107°
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Events/(15 MeV/c?)

Strengths of BaBar/Belle(Il): rare decay D° — yy

A. Big statistics; B. Sensitivity to neutral final states

Search for DO — yvy to access FCNC ¢ — uy:

0 . 0 :_J-‘I_Z_l_bk --\-d-—- .....
17 175 18 185 19 195 2 140 145 150 155 160
M(yy) [GeV/c?] AM [MeV/c]

* DO tagged using D*+ — DOgt+

* peaking background DY — 7070

* signal normalized using 343k D0 — Ksm¥ decays
* keep improving with more data

(c— wy)

m

10
10 _ UpperlimtonBD°—yy) |
108E |
1010k
E L L I L I L
= >
@ (0]
=

CLEO

BESIII
BaBar

Belle

12



Strengths of BaBar/Belle(Il): CP violation in D+ — s+a?

Terminology /Formulae /Definitions:

Tagging the DT: D*t — D+70

CP Asymmetry:

I'(D— f)—TI(D — f)
I'(D— f)+I(D — f)

[ —
Aop =

Measure DT — 7170 relative to Kgn™:

AAcp = ATp — ACT

D+ — a0

D+ — Kgitt

Events / ( 10 MeV/c?)

Events / (2.5 MeV/c?)
o N ﬁ W O,

o
[3)

A. Big statistics

B. Sensitivity to final states with neutrals
C. Relatively clean environment

tagged,
higher p(D*)
x10°
v?/d.o.f. = 0.91
TP P L NI ER I S NI PR
17 175 1.8 1.85 1.9 195 2 2.05
M, (GeV/c?)
x10°
22/d.o.f. = 1.13

O _ [ReeT ' | LI
182 1.84 186 1.88 1.9 192 19

M, (GeV/c?)

Events / (2.5 MeV/c?)

tagged,
lower p(D*)

x10

+2/d.o.f. = 0.86

"
...........
o

1.7 175 18 185 19 195 2 2.0t
M, (GeV/c?)

10

1.47

#2/d.o.f. = 0.63

—_
\S)
T

—_
T T[T T

182 184 186 188 19 192 19
M, (GeV/c?)

untagged

v2/d.o.f. = 1.69

elovisliisodannsoaSolaon il
1.7 175 18 185 1.9 195 2
M, (GeV/c?)

1.82 1.4 186 1.88 1.9 192 1.9
M, (GeV/c?)

But D. Improvement over CLEO is only x2...

13



e W i | Filh a Y I fa o SR B | Vo da AN Pl a ¥ o 1 e . R pa
1850509-008
60000 -D*— K- '] { 8000FD*— K7+ ﬂ 1 800f D*—s 0 1 200 D*? K* 0
Terming - ] 3 E . E :
) <~ 40000 : 6000 — — 600 _ 160 i :
Tagging > -‘ [ -z | { 120 L,
CP Asy ((b) - { 4000 1 400 } *{ { E 3 E
[ ] s ] Y ] [ ]
O 20000 j g 1 80F } E
— : | 2000} 200 1 Lk ;
ALl & 2 ] 5
g 0 Oi 0 OE_.'.'.'.'|.'.'.'.'I.'.'.'.','.'.'.'.','.':.'.'I.'.'.'_-
= : : 100 ‘ | D*—Km { 1ef |Di=K™ :
Measurd : ; ” :
— 1200f 1 600F 1 80 b g 3

AA C - ] - : [ 12} E = 1.69
C (()) [ ] 60 | ] k 3
> 800 1 400 : : 8 H ‘ ‘ ]

T ;_ | ol g | Bl JHH.HH.J“ I
400 | : ; : ] it il

; 20 e 1 aof R T .

O: ] P I Y I T 0:....|....|....|....|....|...' O .|.-
1.83 1.85 1.87 1.89 1.83 1.85 1.87 1.89 1.83 1.85 1.87 1.89 1.83 1.85 1.87 1.89
2565
818 pb-1 at Y(3770) =4.38
(double-tagged events) _
0 By i TSI e kg "
1.83 1. 85 1. 87 1.89
(GeV)
1.92 1.9

But D. Improvement over CLEO is only x2...
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L A | A . A &\ A B | Vda e AN LD () L X
Mode Bmode/ BNormalization (%) This result B (%) ‘ACP (%)

Termif  D°— KtK~ 10.41 = 0.11 = 0.12 0.407 + 0.004 + 0.005 =+ 0.008

Taggin| D" KSK§ 0.41 * 0.04 =+ 0.02 0.0160 =+ 0.0017 = 0.0008 * 0.0003
D’ — mtar 3.70 = 0.06 =+ 0.09 0.145 + 0.002 =+ 0.004 + 0.003

CP Asp p0_, 7070 2.06 * 0.07 + 0.10 0.081 =+ 0.003 = 0.004 =+ 0.002
D’ — K 7™ 100 3.9058 external input 0.5*04=09

ALd DO — KOO 30.4 = 0.3 + 0.9 1.19 = 0.01 = 0.04 *+ 0.02

D’ — K7 123 +0.3 0.7 0.481 = 0.011 =+ 0.026 * 0.010

Measu]  D° — 709 1.74 = 0.15 = 0.11 0.068 =+ 0.006 = 0.004 =+ 0.001
D° — K97’ 243+ 0.8 * 1.1 0.95 = 0.03 =+ 0.04 *+ 0.02

AAd PO — 7Oy 2.3+03+02 0.091 + 0.011 =+ 0.006 = 0.002 =169

D’ — nn 43+03+04 0.167 = 0.011 =+ 0.014 = 0.003
DY — ny’ 2.7+ 0.6 * 0.3 0.105 = 0.024 =+ 0.010 = 0.002
D" —> K mtnw™ 100 9.1400 external input —0.1 0.4 +0.9 [
Dt — KIK* 3.35 + 0.06 =+ 0.07 0.306 =+ 0.005 = 0.007 =+ 0.007 —0.2*1.5+0.9
Dt — 7t 7O 1.29 = 0.04 = 0.05 0.118 = 0.003 = 0.005 =+ 0.003 * 2.9+29+0.3
Dt — KO+ 16.82 + 0.12 = 0.37 1.537 = 0.011 = 0.034 = 0.033 ~1.3+0.7*03 il
Dt — K7 0.19 * 0.02 =+ 0.01 0.0172 = 0.0018 = 0.0007 = 0.0004 ~3.5+10.7 = 0.9
DT> Kty <0.15 (90% C.L.) <0.013 (90% C.L.)
Dt — 7t 3.87 + 0.09 =+ 0.19 0.354 + 0.008 + 0.018 =+ 0.008 —2.0+23+03 b ase
DT> Kty <0.20 (90% C.L.) <0.019 (90% C.L.)
Dt > aty 512 +0.17 = 0.25 0.468 *+ 0.016 + 0.023 =+ 0.010 —4.0+3.4+03

+ D modes

1.92 1.9

Belle, “Search for C'P violation in the DT — 77" decay at Belle,” PRD 97,

011101(R) (2018)

But D. Improvement over CLEO is only x2...
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Strengths of CLEO/BES/tc-Factory

(1) Quantum-correlated pairs of D-mesons
= complementary to other mixing and CP studies (and input for B — DK)

(2) Leptonic decays
= precision QCD and tests of lepton-flavor universality

(3) Special hadronic decays (e.g. D+ — zt20)
= CP asymmetries and absolute branching fractions

(4) Charmed baryons
=> absolute branching fractions and features of production

(5) Rare decays (also from charmonium)
= complementary searches

16



Strengths of CLEO/BES/xcF:

Terminology /Formulae /Definitions:

Amplitudes to a final state i:

Ratio of amplitudes:
Ty = Al
| Asl

Strong phase between A4; and A;:

RZ’G =
| Az Asl

For the 2-body case:
. A,
Ri=1; re =2
ri€ A
For ete™ — 9(3770) — DYD° — (i, 5):

. 1 _ _
F<Z79) — ﬁ / |AiAj — AiAj|2d£Eidxj
— |A2‘2|AJ|2 [7“22 + sz- — QRG(TiRieiéiTjRje_i‘sj)]
B = B(D® = i) = |A; + 4,A(D° — D)
= |A;|? [1 + r;R;(y cos 6; + xsin d;)]

(1) Quantum Correlations — a global fit

Exploit quantum correlations in P(3770) decays:

1 _ _
[ >— —(|D° > |D° >, —|D" >; |D" >,)

V2

Measure many different pairs of final states (1,)):

INOW)
B:B; fij(Bi, By, ri, 5, Ry, Ry, 84,05, @, ) o

Different (1,)) produce different parameter dependences:

Final State r; §; R;cosd; R;sind; B;/B;

K¥n+ r 0 cos 0 sin 0 Rws
(Ksmt-)  Yi/Ya Pk C Sk Qr
(CP+) S, 1 x -1 0 1
(CP-) S_ 1 0 +1 0 1
(semilep.) 0E 0o - - 0

Create an overconstrained system and fit.

CLEO: 261 measurements;
51 free parameters;
no external dependencies
17



Mode Correlated
K—7* 1+ Rwsg
s, ;
S_ 2
Yy L+ Qy
K77, K—nt Rm[(1 + Rws)? — 47 cos §(rcosd + y)]
K—nt, KTr— (14 Rws)? —4rcosé(rcosé +y)
K—nt, S, 1+ Rws + 2rcosd + vy
K—nt, S_ 1+ Rws — 2rcosd — vy
K—nt 0~ 1 —rycosd —rxsind
K—nt, 0t r?(1 — ry cosé — rasind)
K-nt ¥, (1+ Rws)(1+ Qi) — 1 —.P%
—2(rcosd + y)(pic; +y) + 2rsin dp;s;
K-t Y, (1—|—RWS)(1‘|‘QZ')_1_T.2P%
—2(rcosd +y)(pici +y) — 2rsindp;s;
Sy, Sy 0
S_,S_ 0
Sy, 5= 4
Sy, 0~ I1+y
S_, 0~ 1—y
S+, Y 1+ Qi + 2pic; +y
S_, Y, 1+ Qi — 2pic; — y
Yi, 7 L — piyci — pizs;
Y;, 0T p: (1 — piyci — pixs;)
Y, Y, (14 Q)1+ Qj) — pi — p5
’ —2(pici +y)(pjici +y) + 2pisipjs;
vy (14 Q)1 +Q) ~1— 3}

—2(pici +y)(pjcj +y) — 2pisip;s;

Strencthe of CT KOV/RES/reK- (1) Quantum Correlations — a global fit

Exploit quantum correlations in P(3770) decays:

1 _ _
[ >— —(|D° > |D° >, —|D" >; |D" >,)

V2

Measure many different pairs of final states (1,)):

INOW)
B:B; fij(Bi, By, ri, 5, Ry, Ry, 84,05, @, ) o

Different (1,)) produce different parameter dependences:

Final State r; §; R;cosd; R;sind; B;/B;
K¥n+ r 0 cos 0 sin 0 Rws
(Ksmrm-)  Yi/Yi Pk Ck Sk Qr
(CP+) S, 1 © -1 0 1
(CP-) S_ 1 0 +1 0 1
(semilep.) V= 0 — . - 0

Create an overconstrained system and fit.

CLEO: 261 measurements;
51 free parameters;
no external dependencies
18



Strengths of CLEO/BES/tcF: (1) Quantum Correlations — a global fit

Terminology / 3950912-003
Amplitudes t« 1.89r 1.891
A, = A(DO f K, Kt~ | : K*K-, Kor®
A, = A(D° 1.88] | 1.88} °
Ratio of ampl — E
(q\
Al | o T 1871 S.:
- : : 3y -
Al | > [ : A i, )
O 1.86} 1.86[ i
Strong phase Q) I i B j
Reii=d S 185 1.85]
I : ICCS:
For the 2-bod| 1.84 1.84 :
o f B
Rz—la'rz 183. P PR R N NN S S S B S N 1.83 P IFE I S N T S S N NS N
L 1.83 184 185 186 187 188 189 183 1.84 185 1.86 1.87 1.88 1.89
For eTe™ — 1
2
(i, j) —71 1731 events M (GeV/c?) 107 events
=4

= |A;)? [1 + riR;(y cos §; + zsin ;)] Create an overconstrained system and fit.

CLEO: 261 measurements;
51 free parameters;
no external dependencies
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Strengths of CLEO/BES/tcF: (1) Quantum Correlations — a global fit

Terminology /Formulae /Definiti

Amplitudes to a final state i:

Ratio of amplitudes:
Ty = Al
| Asl

Strong phase between A; and A

| Ail| Al

Rie_i‘si =

For the 2-body case:

Aj
A;
_>

For ete™ — 1(3770) — D°DP |

. 1 - =
= Ail*[ 4" [r§ + 77 -
B; = B(D° = i) = |A; +
= | 4i|* [1 4 7 Ri(y cos

Parameter

Standard Fit

B(K—7") (%)

W~

—_
3
w

—_
3
w

3.77 £0.06 = 0.05
3.99 £0.07 £ 0.08
1.36 £ 0.03 £0.04
0.99 £ 0.02 = 0.06
0.94 £ 0.03 = 0.03
3.36 £0.30 £ 0.17
0.90 £ 0.05 = 0.03
1.17 £ 0.02 £ 0.03
4.954+0.14 +0.36
1.15 £+ 0.02 £0.04
0.95£0.06 = 0.05
3.54 £0.05 £ 0.08
3.38 £0.05 = 0.08
4.38+£0.18 £0.12
1.65+0.10£0.04
3.43+0.16 = 0.10
0.99 £ 0.08 = 0.03
1.70 £ 0.11 £0.05
2.11 £0.13 £ 0.07
3.15£+0.15+ 0.08
3.68 = 0.16 = 0.09

Parameter Standard Fit

N (10%)  3.092 £ 0.050 & 0.040
y (%) 4242.041.0

2 (%) 0.533 £+ 0.107 £ 0.045
cos ) 0.815 0754005
sin & —0.01 4 0.41 +0.04
22 (%) 0.06 £0.23 £0.11
P} 0.337 & 0.030 £ 0.006
03 0.270 £ 0.044 4+ 0.005
3 0.235 #+ 0.028 4 0.003
P2 0.399 = 0.066 =+ 0.005
p3 0.592 4- 0.067 £ 0.010
p? 0.343 & 0.044 £ 0.000
I 0.146 & 0.023 £ 0.000
p2 0.445 £ 0.039 = 0.002
co —0.76 4 0.06 4 0.01
c1 —0.75+0.11 £ 0.00
ca 0.00 £ 0.10 £ 0.01
c3 0.45 4 0.15 4+ 0.01
c4 0.95 4 0.07 4+ 0.01
cs 0.79 4 0.09 + 0.01
Cé —0.20 £ 0.13 4 0.02
cr —0.41 4+ 0.07 £ 0.01
50 0.55 4= 0.16 + 0.00
51 0.53 4 0.28 £ 0.00
59 0.93 4 0.15 + 0.00
53 0.47 4 0.30 #+ 0.00
54 0.55 4 0.24 + 0.00
85 —0.71 £ 0.24 £ 0.00
56 —0.42 £ 0.27 £ 0.06
s7 —0.30 £0.18 £ 0.04
X%, /ndof 193.2/210

cCays:
po >2)

5 (1,)):

N (i, j)
’y>OCTBj

dependences:

B,/B
Rws

Qx
1

1
0

S,
S

TTO CXCCIIIdal ucpcudGIlCieS
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Strengths of CLEO/BES/tcF: (1) Quantum Correlations — a global fit

| Evnloit aiitantiyzm nnwn]qfinnMMDM'

T4
N 3950912-009
— T T~ ] \l
: 0.10f -

R.
0.05f -
s 2 il > | 1

»
0.00 -
Fq - i
o o N S /
17 0.2 . 1.2 1.7
oSS COSO
= |A;2[1 + r;Ri(y cos §; + xsin ;)] Create an overconstrained system and fit.

CLEO: 261 measurements;
51 free parameters;
no external dependencies
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Strengths of CLEO/BES/xcF:

Terminology /Formulae /Definitions:

Amplitudes to a final state i:

Ratio of amplitudes:
Ty = Al
| Asl

Strong phase between A4; and A;:

RZ’G =
| Az Asl

For the 2-body case:
. A,
Ri=1; re =2
ri€ A
For ete™ — 9(3770) — DYD° — (i, 5):

. 1 _ _
F<Z79) — ﬁ / |AiAj — AiAj|2d£Eidxj
— |A2‘2|AJ|2 [7“22 + sz- — QRG(TiRieiéiTjRje_i‘sj)]
B = B(D® = i) = |A; + 4,A(D° — D)
= |A;|? [1 + r;R;(y cos 6; + xsin d;)]

(1) Quantum Correlations — a global fit

Exploit quantum correlations in P(3770) decays:

1 _ _
[ >— —(|D° > |D° >, —|D" >; |D" >,)

V2

Measure many different pairs of final states (1,)):

INOW)
B:B; fij(Bi, By, ri, 5, Ry, Ry, 84,05, @, ) o

Different (1,)) produce different parameter dependences:

Final State r; §; R;cosd; R;sind; B;/B;

K¥n+ r 0 cos 0 sin 0 Rws
(Ksmt-)  Yi/Ya Pk C Sk Qr
(CP+) S, 1 x -1 0 1
(CP-) S_ 1 0 +1 0 1
(semilep.) 0E 0o - - 0

Create an overconstrained system and fit.

CLEO: 261 measurements;
51 free parameters;
no external dependencies
22



Strengths of CLEO/BES/xcF:

Terminology /Formulae /Definitions:

Amplitudes to a final state i:

Ratio of amplitudes:
Lo A
A

Strong phase between A4; and A;:

Rie_za A
| Az Asl

For the 2-body case:

: A,

i =1 re =2

R ;oTie =4,
For ete™ — 9(3770) — DYD° — (i, 5):
INEND /|A A — A AP drida;

|AZ\ |AJ| [7“@ —I-TJ — 2Re(rzRZei5irjRje_i5j)]
B; = B(D® = i) = |A; + A;A(D° — D)2
= |A;|? [1 + r;R;(y cos 6; + xsin d;)]

(1) Quantum Correlations — the (S,K) piece

BESIII looked specifically at final states (K-7t+, S*)
to determine Ok

AP = B(D°~ - K—nt) - B(D°t — K~ ™)
B(D5~ — K—7t) 4+ B(D5+ — K—1)
2r coS O + ¥

1+ Rws

Final states included:

Type Mode

Flavored K mt, Ktm™

S+ KYK=,mtn~, Kdn%70 7070, pOr?®
S— KoY Kn, Klw

Use external r, y, Rws as input to extract Okax:

coSOr . = 1.02+£0.11 £ 0.06 £ 0.01
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Strengths of CLEO/BES/tcF: (1) Quantum Correlations — the (S,Kr) piece

Terminology,/Formulae/Definitions: BESIII looked specifically at final states (K-mt+, S*)
Amplitudes to a final state i: to determine 6K7£:
/L' 3 . .
Ratio Largest double-tag combination (K-7t+, KsmV):
= — 1 03 T T T
2
Strong % 1 ()2
Rie E 1 O : ammw
For th -'g 1 ;- -|: - I
O 1 !
R - Lﬁ 10 E I
1 0-2 L | L L | . . . | L 1 0-2 ) ] ) ) ) ] ) ) ) ] g 10
For ¢ 1.84 1.86 1.88 1.84 1.86 1.88
ro MBC(K(S)RO)(GeV/CZ) Mg (Kn)(GeV/c?) -
1689 events

coSOr . = 1.02+£0.11 £ 0.06 £ 0.01
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Strengths of CLEO/BES/tcF:

Terminology /Formulae /Definitions:

Amplitudes to a final state i:

Ratio of amplitudes:
Ty = Al
| Asl

Strong phase between A4; and A;:

RZ'G =
| Az Asl

For the 2-body case:
. A,
Ri=1; re =2
ri€ A
For ete™ — 9(3770) — DYD° — (i, 5):

1 _ _
F(Z,j) = ﬁ / |147J14‘7 — AZAJ‘ZdQEZdQTJ

— |A2‘2|AJ|2 [7“22 + sz- — QRG(TiRieiéiTjRje_i‘sj)]
B; = B(D° — i) = |A; + A;A(D° — D°)|?
= |Az‘\2 [1+ r;R;(y cosd; + xsind;)]

(1) Quantum Correlations — the (S,l) piece

BESIII also looked specifically at final states (1=, S#)
to determine ycp:

1 (B(D°~ —1) B(D°F =1
CP~ —
P EA\B(DST 1) B(DS- =)
Final states included:

Type Mode
CP+ K*K—, ntm—, KnOn"
CP— K%, Kdw, K21
Semileptonic K¥e*v, KT u*tv

Directly extract ycp (no external parameters):

yop = (—2.0£1.3+0.7)%

(clean, but less precise than other methods:
HFLAV 2016: (0.835 +0.155)%)
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Strengths of CLEO/BES/tcF: (1) Quantum Correlations — the (S,l) piece

Terminolop"‘f /Fnrmn]aa /nﬂ'ﬁﬂi“"iﬂﬂQ'

*)
Amplitudel  The double-tag combinations with Kev:
A. = A( _— S 5 1 1 1 rem) [ 1 1 1
7 No No 80 - No 80
Ratio of ar % 200 % I % L o l )
. = 150 = 60 I, Kev = 60 [Knn®, Kev )
_ A Q : S [ Q : l)
Sy 8 100 B 4AF ©w 40F
Strong phs g Vf o 20 - o 20 -
> ; > _ >
w ok w o o i W Bkl
R.e— i | -0.1 -0.05 0 0.1 -0.1 -0.05 0 005 0.1 -01 -0.05 0 0.05 0.1
Umiss (GeV) Umiss (GeV) Umiss (GEV)
For the 2-1 N f ' ] & ; o . .
or € § § | § 60 _ ;
) ® i _ ® [ 00
R, =1; = { = 100 T ko, Kev = [ Kon, Kev r- 7T
e | e | o 40f ]
= 100 | = 50 e |
+o— = [ = ] 1 =
For eTe ‘2 : E _ E 20 L i
s | 5 ol | §
I'(i, j) = Ll : 0 0 ' : : o 0 : .
-0.1 -0.05 0 0.1 -0.1 -0.05 0 005 0.1 -0.1 -0.05 0 0.05 0.1
= U_. (GeV) U s (GeV) U_. (GeV)
B; 5
B largest (Ksm0, Kev) has 1699 events
Umiss = Emiss — CPmiss
ds:

HFLAV 2016: (0.835 £ 155)%)
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Strengths of CLEO/BES/xcF: (2) Leptonic decays — D+ — u+v,

Terminology /Formulae /Definitions:

Leptonic decays of the D) and D: BESIII has the most precise measurement of D+ — utvy:
2 2 2
B(Ds) — lv) = GE|Ve“ f, 2 (3fb-1 at y(3770))
y TD) LMD 1_ my N =
8 m%(s) 10 3 EI DS KV
e
. n Other D decays
Lattlce QCD l'eSllltS: - 5 I non-DD processes
< 10° F
FIAG2016 XfD | | fo, § -
— FLAG average for N, =2+ 141 84 B
+ G -
— FNAL/MILC 14A )
+ ETM 14E = 10 &
N 1 ETM 13F R =
I FNAL/MILC 13 = -
z FNAL/MILC 12B = -
m FLAG average for Ny=2+1 i Z
- ¥QCD 14 1;*
T = HPQCD 12A HH -
~ — - FNAL/MILC 11 A _
I H{ PACS-CS 11 —H
b HH HPQCD 10A - 1
HH HPQCD/UKQCD 07 T 10
T | FNAL/MILC 05 | : | -0.2 0 0.2 0.4 0.6
FLAG average for Ny=2 - 2 2,4
. I oD 14 L M. . [GeV7/cT]
I ALPHA 13B A
= ETM 13B -
ETM 11A T
— ETM 09 — _ ( 1 )
180 200 220 240 230 250 270 MeV fD+ = (203.2£5.3 1.8 Mev
212.15(1.45) MeV 248.83(1.27) MeV

(still statistics limited)

BESIII, “Precision measurements of B(D* — u*v,), the pseudoscalar decay
constant fp+, and the quark mixing matrix element |V.4|,” PRD 89, 051104(R)
(2014)



Strengths of CLEO/BES/tcF: (2) Leptonic decays — D+ — T+v;

Terminology /Formulae /Definitions:

Leptonic decays of the D and D:

B(D(s) = lv) = Gp|Veg 15,

BESIII has first evidence for D+ — t+Vvi:

, ) (137 £ 27 events)
TD ()M D) mj
X 1— 5
T mp..,
Select D+ — ntvy Select D+ — t+v, (T+ — 7Hvy)
(Ecal < 300 MeV) (Ecal > 300 MeV)

200 | . S S——— NS : : "

8180; BESIII x : ' . Black filled histograms :BESIII » '.

Nieo[ Preliminary v Ll are eliminary % :

S g * .. MC-based backgrounds : . :

B140 [ s T L .

c F T E c 20 " .

%120 - h % B :: .

“5100 - {: - D*—ptv 5 151 ¢ + gt

® anb ® L .

E i SDKE £ 0 '

2 60 - . - D+_’Tt+r| 2 N ol v
ﬂiﬂ i BT li!lll
20 :_ i ............................... 5 # {

0 ebibeagmnastit: - - g s 0 1; --l'l:l-l-nl-i M !!!l.
03 02 -01 0 01 02 03 03 -02 -0.1

MM2 (GeV/c?) |v||v|2 (GeV/c )2
B(DT — 77v;)
B(Dt — utvy,)

— 321 + 0-64stat

(SM expectation = 2.66 +0.01)
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Strengths of CLEO/BES/xcF: (2) Leptonic decays — Dst — utv,

Terminology /Formulae /Definitions:

Leptonic decays of the D and Dy:

B(D(s) = lv) = Gp|Veg 15,

2
m
D)

2 2 2
TDTyMD,, m
% (s) (s) <1 l )

Lattice QCD results:

BESIII has the most precise measurement of Dgt — vy

(3fb-1 at 4180 MeV — DDy*)
lllllllll[llll‘lllllllllllllllllll'lll

—=— (ata
BKGI: real ST D, and D"—)}FV but wrong y(no)

fD o .
FAG2016 : RS 300 BKGII: wrong ST D or mong D SUV, =
— FLAG average for Ne=2+1+1 D) |1 (¢ Z \ ‘ _~ = e A 7
T FLAG average > BESIIN Prelinninary 3
+ ETM 14E _
o~ ETM 13F Z :
I FNAL/MILC 13 .
Z FNAL/MILC 128 & 200 —
- FLAG average for Ny=2+1 & o -
— ¥QCD 14 ~ i
+ - HPQCD 12A HoH 7)) .
~ - FNAL/MILC 11 H— Y- -
I {1+  PACS-CS11 e = .
vl HH HPQCD 10A - Y 1 00 ]
HH HPQCD/UKQCD 07 H > .
o FNAL/MILC 05 | &) -
- FLAG average for N¢=2 - _
o~ {3 TWQCD 14 o -
I H—{ T+ ALPHA 13B A
z e ETM 11 L
— =
1 ’_D"_* 1 1 ETM 09 1 ’_[Ij_l‘ 1 -012 -0l1 0 0-1 0-2
180 200 220 240 230 250 270 MeV (GeV /¢ )
mlss
212.15(1.45) MeV 248.83(1.27) MeV
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Strengths of CLEO/BES/xcF: (2) Leptonic decays — Dst — utv,

Terminology /Formulae /Definitions:

Leptonic decays of the [ and D: BESIII has the most precise measurement of D+ — p+vy:

B(Ds) — lv) = Gj
e T LI B B S B B L B B BB S B B B S B N B L B L
x 2L LQCD PRD90(2014)074509 249.0+0.3+1.5 :
CLEO eV Vv, 252 8+11.245 5 —_——
Lattice QCD resul CLEO TH(p*V )V, 258 0+13.3+5.2 — —
FAG2016 1D CLEO TV, 278.3+17 6+4 4 o —
+ E BABR (e Vv T WV Vv, 244 6+9 1142  e—mmm—
& = : BELL (e VI NV I TV )V, 262244 817 4 - -
é'* : BESII@4.009 17V, T (v, v, 241.0+16.3+6.6 =—t—m—
- F CLEO pv, 257 6+10.3+4 3 —_—
+ T BABR wv, 265 9+8 4+7.7 ———
5 Jo BELL v, 249 8+6.6+5.0 ——
o i Siﬁ‘r'r']'i%‘:; 8 v, 249 13 6438 -
i L= ] SPEFENE PR A ENEPEE EPEEE BRI BT B
4 -50 0 50 100 150 200 250 300
180 200 220 240 fDS (MeV)
212.15(1.45) MeV|

fDS — (249.1 1 3.6 & 3.8) MeV

BESIII, “Measurement of D — u*v,,” preliminary (2017)



Strengths of CLEO/BES/tcF: (3) Hadronic decays — DY — 3(n%/n)

BESIII i1s still finding new DO hadronic decays:

40| 8

+ ®
L R 4
. [}
20| o -
. .
n [} . .
N .

.

' —-r:,'_.'—l'-—-,-.’

Events /(4.0 MeV/c?)

1.86
M. (GeV/c?)

N ]

= z
o

= ]

<) ]

e :

— -

ﬂ < X C. -

S 8 1.3x10*@ 90% C.L. T]YITI ]

> 6 [ E‘ ] .

L ]

af TR :

of -

1.84 1.86 1.88
Mg (GeV/c?)

B(D° = 7'7%7%) = (2.0+£0.44+0.3) x 107* (4.80)
B(D° — 7n%7%) = (3.8 +£1.1£0.7) x 10* (3.80)
B(D® — 7%m) = (7.3 +£ 1.6 £1.5) x 107* (5.50)

’ )

B(D® — nnn) < 1.3 x 107* (90% C.L.
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Strengths of CLEO/BES/tcF: (4) Charmed baryons — absolute BF'’s

Events/1.0 MeV/c?

With 567 pb-1 of data at 4.6 GeV (200k A.), measure absolute BF’s with double-tags:

100}

: ngn:*n'

pK

JL
h,

10_ Z+TCO ‘
5t f—
SR ¥ 4. 5J1_L.L,W.L|
226 228 23 226 2.28 23 226 2.28
M, (GeV/c?)

B(AS — pK 7)) = (5.84+0.27 £ 0.23)%
But compare to the Belle measurement:
BA} - pK 7t) = (6.844+0.247050)%

[Belle, PRL 113, 042002 (2014)]

(A reminder that it is important to measure
the same quantities with different techniques.)

With higher energies, access absolute BF’s
for other charmed baryons.
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Strengths of CLEO/BES/tcF: (4) Charmed baryons — o(ete= — A+ A~)

Also study the production of charmed baryons...

400 [ | T T T T | | —]
| efe > AAL il
" - BESII data ] Vs (MeV) Lin (pb™") f1sr o (pb)
300 | =% Belle data ] 4574.5 47.67 0.45 236 + 11 + 46
| — BESIII fit : 4580.0 8.54 0.66 207 £17 4+ 13
s - PHSP model = . H+- . 4590.0 8.16 0.71 245+ 19+ 16
8 g0 [ Threshold T ¢ | 1 45995 566.93 0.74 237 £3 £ 15
o i : i
i i (interesting results even with small data sets)
100 |~ —
) e N P R
4.56 4.57 4.58 4.59 4.6
Vs (GeV)

Scanning in Ecm would be an important
tool at a T-charm factory.
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Strengths of CLEO/BES/tcF: (5) Rare decays — J/y — DYete-

Besides the usual open charm decays, J/1 decays might provide a complementary approach...

|

—_
o

i' . ’ . ’ . ' . I . I . lﬁLﬂﬂL’ﬂf#H

1.7 18 1.9 . 16 17 18 1.9 2 2.1 16 17 18 1.9 2 2.1
M(K'n") (GeV/c?) M(K %) (GeV/c?) M(K ') (GeV/c?)

(0¢]
1

Events / (0.002GeV/c?)
O (0))
Events / (0.002GeV/c?)

N

I\)

Events / (0.002GeV/c?)
._LO - ND WP~ O1OON O

O =N WP, OoloN O®©

B(J/Y — D06+6_) < 85 x 1078 (90% C.L.) UL is factor of 102 — 104 above

SM expectations
(but c.f. B(DY — yv), 10! — 10? above SM)
= might be competitive
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Strengths of CLEO/BES/tcF: (5) Rare decays — LFV

Other 1deas to probe new physics with quarkonia decays...

Studies of lepton flavor violation with charm

% Multitude of NP operators: single operator dominance hypothesis (SODH)
- but it is not often that only a single operator contributes, e.g. for quarkonia

1 _ —
_E [(C‘(J/RflfyuPREQ + C{Q/Lgl’YMPLEQ)unq

q

L1 =

+(C%RZWMPR52 + CiLZw“PL@)QVM%Q
+ mom,Gp (CnglpR@ + CngzlpLgZ)qq

+ mgquF <C;]3R21PRKQ + C%L21PL€2>6’}/5C] + hc}

- Can (partially) do away with SODH if designer initial states are used

£1€

Vector: AV — 3122) = u(p1, 51) [Af}b% + Bf/lfz%"/s + T;:V (p2 — P1)u

)
1Dy

my

—

(52 — p)yvs ] o(pa, 52) (1)

Scalar: A(S — £14y) = u(py, s1) [Eg‘c2 + Z'F'élezf‘/g,] v(p2, 82)

D. Hazard and A.A.P., PRD9%4 (2016), 074023

- No data (other than J/psi) existlll

NESEEPERE T ATITEAL TR L L Lt R RIS MR T IR £ O e T O L S N VA
Alexey A Petrov (WSU & MCTP) 8 CHARM 2018, Novosibirsk, Russia

... a T-charm factory would be 1deally suited for this.
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Strengths of CLEO/BES/tc-Factory

(1) Quantum-correlated pairs of D-mesons
= complementary to other mixing and CP studies (and input for B — DK)

(2) Leptonic decays
= precision QCD and tests of lepton-flavor universality

(3) Special hadronic decays (e.g. D+ — zt20)
= CP asymmetries and absolute branching fractions

(4) Charmed baryons
=> absolute branching fractions and features of production

(5) Rare decays (also from charmonium)
= complementary searches
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Strengths of CLEO/BES/tc-Factory

(1) Quantum-correlated pairs of D-mesons
= complementary to other mixing and CP studies (and input for B — DK)

(2) Leptonic decays
= precision QCD and tests of lepton-flavor universality

(3) Special hadronic decays (e.g. D+ — zt20)
= CP asymmetries and absolute branching fractions

(4) Charmed baryons
=> absolute branching fractions and features of production

(5) Rare decays (also from charmonium)

= complementary searches

The statistics of LHCb and Belle II will be formidable...
... a super t-charm factory would be formidable in a complementary way!
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