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Current/Future Facilities for Charm study

Current:
«» Hadron colliders (huge cross-section, energy boost)

- LHCD: 3fb until now; world’s largest sample of c-hadron
decays in charged modes (x10 current B factories)

-5 B-factories (Belle, BaBar): ~e*e Colliders (more kinematic
constrains, clean environment, ~100% trigger efficiency)

s Threshold production (CLEOc, BESIII)
< Quantum correlations and CP-tagging are unique
Future:

<« BELLE II:
5 10ab1 per year. 10 ab! until 2019; 50abt until 2023;

+ Upgrade LHCb: beyond 2018

% @14TeV 5fb1 per year; in total 50fb! data [EPJC (2013) 73:2373]



Super t-charm factory

+JLuminosity: 103 or higher? 1 ab-l/year
% symmetric or asymmetric?

s Time dependent measurement: 3y=0.425 for Belle (cr:
D? 122.9um, D* 311.8um, B? 455.4 um), Vertex detector:
resolution ~few 10 um




CP Violation iIn D meson






" Direct CP violation results in D =hh

@ LHCb, CDF and Belle measurements of
AAcp = Acp(D - KK) — Acp(D — nmr)
suggested CP violation of the order 0.7%.

@ More recent measurements by LHCb do not support evidence of CPV.
Still, SM expects CPV of the order 1073,

. BaBar . HFAG world-average:
Belle

LHCD preliminary (pion tagged)
) 10"

LHCb (muon tagged)
1.0 b
World average
——

 New Physics up to ~1%;

-1 0 1
AAcp (%)

Measurements of the individual asymmetries:
o Arxrkg = —0.16 +=0.20

o A_.=40.16+0.21

If CPV~1% observed, is it NP or hadronic enhancement of SM?
« Strategy: analyze many channels to elucidate source of CPV.



J

Qs A=

Direct CP violation:

prospect at BELLE I

g BELLE Il can reach 8(A-p)<0.1% for many modes

L [fb=*] Acp [%)] Belle Il with 50 ab—1 [%)]
791 —0.28 = 0.19 £ 0.10 +0.05
791 +0.54 £ 0.51 = 0.16 +0.10
791 +0.98 £0.67 =0.14 +0.10
540 +0.43 =0.52 = 0.12 =0.07
540 —0.43 £0.30 =0.11 +0.05
532 +0.43 +1.30
281 —0.6 =53
281 —18 =44
055 +0.51 +0.28 + 0.05 +0.05
791 +1.74 =1.13 = 0.19 +0.20
791 —-0.124+1.12 +0.17 +0.20
673 —0.71 =0.19 = 0.20 +0.05
673 —0.16 £ 0.58 = 0.25 +0.10
673 +5.45 +250+0.33 +0.30
673 +0.12 £ 0.36 = 0.22 +0.10

*Systematics related to control sample statistics are assumed to scale with luminosity.
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CPV at threshold
o

CP violating asymmetries can be measured by
searching for events with two CP odd or two CP

even final states:

ntn, KTK-, n1° 1% Ksn',
for the decay of y" — f f,
CP( f,f,) = CP( f)-CP( f,)-(=1)" =
CP(y")=+
> At BESIII 20 fb1, A-p sensitivity : 102~103
» lab! at super tau-charm, A.p sensitivity : 10~104
» clean background and better systematic control in

threshold production would facilitate our competition
with future B projects
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,.,+Q,KM_measurements: current status

Various experimental inputs (sides and angles of the Unitarity Triangle) are
combined by averaging groups (CKMfitter and UTfit) to get the general picture.
Reasonable consistency so far, although some slight tensions exist.

1.5!III|IIIIFIIII%IIIIIFIIIIII

excluded area has CL > 005 .

7 Is an important input:
1.0

@ Indirect constraint: (68 +4)°
from decays with loops.

0.5 i
@ Direct measurement: Current

precision: 10 — 15° . Tree-level
decays.

-0.5
L

Theoretical uncertainty: 1075(!) .

| - . : ..
v A ] v is a high-precision SM reference for

(emel. atCL = 0.95) -

_1'5-|||||||||i||11|1|11||||II"|111— otherCKM measurements.

-1.0

How tau-charm factory
The cleanest way to extract v is from B — DK decays... can help? 10
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/s from B- — DVK-

Interference between tree-level decays; theoretically clean

4 b
\% K
w*, i )
b Vd;," c B
B 4 u D’ u
A(B* — D°K* )_rBe,(5
A(B* — D°K")

Three methods for exploiting interference (choice of D® decay modes):

e Gronau, London, Wyler (GLW): Use CP eigenstates of D)0 decay,
e.g. DO > K D°> n*rx-

o Atwood, Dunietz, Soni (ADS): Use doubly Cabibbo-suppressed decays,
e.g. D% > K*r-

e Giri, Grossman, Soffer, Zupan (GGSZ): Use Dalitz plot analysis of 3-
body DO decays, e.g. K, «* «; high statistics; need precise Dalitz modeh:



' GLW/ADS method

(
Observables for D — hh (GLW) and D — K7 (ADS) modes:

Rorw = EEE : Efji)) =14 rh + 2rgcosdp cosy

R o

Raps = ggi : g;:zféi re +rp + 2rrp cos(dp + 0p) cosy

Aaps = ;Eii : i:igf% :L ng_ j g:zg; = 2rgrpsin(dg + 6p)siny/Raps

v is what we are mainly interested in.

rg and dp are strong parameters (ampl. ratio and strong phase) related to

B decay. Free parameters. B
dp is the strong phase between D° — K+t7~ and D" — K71~
Can be measured at threshold.
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Accessmg strong phase at threshold

If CP violation in charm is neglected: mass eigenstates = CP eigenstates
L[]0 0
cr £)" 75 1P >:‘D >J

V2 AD,. K 7*)=AD° > k7 )+ AD° > K 7]

CP:
CP tag at threshold /

| D

f)

EIEEHSIHIE[ ) + /D CP (+) — fl f
V(3 770)L=1 C=-1
CP anti-correlated

Br(D.p, > K 7°)=Br(Dyp. > K7
2\, Br(D* > K1)

COSOp =




_CLEO-c measurements in ADS modes

< CLEO measurements of strong phase differences and coherence factors done

with 0.8 fb~ at y(3770). [CLEO, PRD 86 (2012) 112001; PRD 80 (2009) 031105]

D — Kax© D — Knnm
@350, |
€300 )
'1:3351]:— I‘rf;-,
150 .""‘f
100~ :;').
) 0.10.20.30.40.50.6 0.7 0.8 0.9 1 % 0.102030405060.708 ot (
OF im0 = (2271_}?)0 Or3r = (1]4——%2)0 ‘
Ricnro = 0.84 £ 0.07 Ricz= = 0.337)52
2.9 fb™! BES Ill sample: 6(cosdy) ~0.12
1 ab~ super t-charm factory: o(cosd,,) ~0.007; 6(d) ~2° ,
14 |
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m%ﬁlirﬂg_&ggcts for future measurements with ADS

ﬂ»
@ Expected sensitivity using ADS/GLW modes (D — hh) alone is:

o Belle ll: o(y) =5 [CKM2010]
o Upgraded LHCb: o(v) = 1.3° [EPJ C (2013) 73:2373]

@ This precision critically depends on the precision of dp. Strong correlation
btw. ~ and strong phase, precision required for dp is of the order o ().

w012 o 140¢
- 2=
0.11 135
0.1
0.105 e 130
T o T No dp constraint.
0.005} i 120b 4
0.09 g
0.085 e 4
008" =% — 70 80 "% 70 80
iy v/,

@ Precision can be improved by adding other D modes (e.g. D — Knr") with
different strong phases.
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Prospects for future measurements with ADS

° Expected sensitivity using ADS/GLW modes (D — hh) alone is:
s Belle Il: o(v) =5 [CKM2010]
o Upgraded LHCb: o(v) = 1.3° [EPJ C (2013) 73:2373]

@ T his precision critically depends on the precision of 0. Strong correlation
btw. ~ and strong phase, precision required for dp is of the order o ().

m UJH m 14‘“
| . =]
0.11 135
0.1
0.105 130 y
= (b0} = 1
- 120
0.09}
0.085} "
o " | 4 4 | e 4 4 1 4 4 | 4 1 4 , | M
0.08%—%0 70 80 110%—%g 70 80
Yio, Yo,

@ Precision can be improved by adding other D modes (e.g. D — Knr") with
different strong phases.
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_~+Q§$1 method
4 Three body D decays: Kgt', m*nn, KKK .
+ Effect of D—Dbar interference

D — ng+n Dalitz distribution: o l
2 2 oo T
do(m%,m2) ~ | Afdm? dm? 325 l
where mi = mj. . < | l
=Hﬂ 2_
: : X .
CP conservation in D decays: T 1.5 l
Ap(m%,m?) = Ap(m?,m3) 15
D decay amplitude from BT — DK™ 0.5/ I
Ap(m2,m?) = 05 1 5 2 25
3 i m(K 7") (Mevffc z
: : Rotation of phase o +
i0pg iy BT
\ T I'BE - | rp=0.1 171
~ h

w%w%ww““mw%q%h



GSSZ Formalism

% B = (Ktn)p K2 (hep-ph/0303187)
« D hadronic parameters
Ao (812:815) = Az ™ = AD” > K] ()7 (p,)7" (P,))

S1p = m|2<57,— y 13 = m|2(37[+ =AD" > Kg(pl)ﬂ+(p2)ﬂ_(p3))
« Partition the Dalitz plot to 2k bins
« Label bins below symmetry axis i1, above axis |

: .S
C, dpA; ;134 31, COS(01 515 — 1315) I
/ .i 2.5 1
unknown . ] I
\Si | dpA12,13A13,12 Sln(512,13 — 513,12)

) Measurgble fromtagged D , |
2 ]
Ti dpA121A3/' 0.5 —

C? :Ci,S? :_S
I I

| 0.5 1 1.5 2 2.5 13

2 1

1.6 —




¥/ @ extraction with GSSZ method

+ 2k bins x 2(B modes) = 4k equations
» For the i" bin:

f?z
[ =

[ =

F._E

dF(B —> (K ") K)=T +r2T +2r,
:dF(B - (K)z 7)) K~ )—Ti+I’BZTi+2rB
[dI'(B* > (K2 7%), K7) =T + 2T, + 2r,

[dI'(B* — (K22 7%)p K7) =T, + 2T 4 21, [c0S(8, + 03)C; +Sin(J +2,)s; ]

005(58 —@3)C; +IN(J _(DB)Si:

_COS(5B —®;)C; —sIn(J; _¢3)Si:

:cos(éB +¢,)C; —sIn(d; + ;)5

% 2k+3 unknowns: c;, S;, I's, 0g, @3 < Solvable for k=2
<+ Belle results from GSSZ method in 2010:

0+10.8°

¢, =78.4° 1160 +

+3.6°48.9°

D Decay model




(C; ,S;) from charm-factory

« D double tag: (Kn*n- vs General state: g)

[ oc TT2 +TT7 - 2(cc! +5;]
I i i 1) 1)

» If g= Kgn*nand j=i = ¢% +52,
[ oc 2TiT. — 2(c” +5°)
# If g=CP+ = 9,=0, T, =T", =+ ¢’ = ¢
[ oc T, +T: £ 2¢;
+ (¢, S; ) measurement has been done by
CLEO-c and can be done In future at BES-
Ill (and hopefully at super tau-charm

factory!).

2013/6/16
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(C;,.5;.) measurement at CLEO-c

Optimal binning [CLEO, PRD 82, 112006 (2010)]

W

N : 8 & o5 1-5¢
S ook >0 7 'E 4 CLEO [ o Belle
@ =of 3 1= 5 6 model
E- . 6 - » ,_-Fd "Ex._\\
T 2 & P I M
o T > 0sf
Zqsk i<0 | S 27"
E 3 o 4 L7
N o5 - 8 i
: 1 0.5_ ._\ -J. .3 ‘:.-—Tz
0.5¢ - R B
- AF l
[ [P B r —h—
% 1 2 3 -1.5'--_|1-...6.I3.. 1.
ma{I{g?t'} (GeV3icH c
= = rl;]m_ - . .
Optimised D — K277~ binning Measured ¢;. s; values and
using BaBar 2008 measurement. predictions by Belle model

v' impact to measurement of y/¢, using CLEO-c's model-
independent Dalitz
BELLEL: ~=(77+154+4+4)° [Belle, PRD 85, 112014 (2012)]
LHCb: ~ = (57 +16)° [LHCb-CONF-2013-004]

v' third syst. err. is from CLEO-c's measurement

21 |



strong phase measurement at super tau-Charm

@ Precision on ~ expected at Belle Il (~ 50 ab™1) and upgraded LHCb
(~ 50 fb™1) is of order 2° (for B — DK, D — K2r 7~ only).

o Other channels can use D — K27 tr~ (such as B - DK*, B — DKrr
etc.) and provide more constraints on .

@ If recalculated to ~, the current uncertainty due to CLEO measurement of

ci.S; 1s ~ 4° (Belle).

@ Uncertainty of BES Ill sample (10 fb~!) would be ~ 1° . so similar or
somewhat less than stat. error due to B sample.

BES Ill measurement is expected ...

o 7-charm factory sample (1 ab™!) would reduce the contribution of ¢;, s;
precision to a comfortable level of ~ 0.1° .

This sub-degree precision need more careful handling of some subtle effects

22
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DO — DY mixing
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DO — D° mixing from LHCb

First observation of charm mixing in time
dependent D> Kn RS & WS decays by
a single measurement (9o)

it

N, t 72 y'2
R(t) = M —Rp 4+ /Rpyt+ Y
Ngs (t) 4
A .
?E_ * Data E
SE _ Mixing fit :

- mm.g : i 1 |Parameter Fit result
6F ——No-mixing fit - = 3
:’_ I E Rp 3.5240.15
S5F E Y’ 72424
sk . E x'? —0.094+£0.13
4Z§.¥4 PRL 110, 101802 (2013)
5_ LHCb 3
3_ | | | E

1 1 1 1 1 1 1 1 1 1 1 Illlf lllfl 1 1
0 2 4 6 20

y’ [%]

o0

Candidates/(0.1 MeV/c?)
(=)}

o o ©o o©
S

=TT 1
ST

—
— (]
T

* RS data
— Fit
Il Background ]

—_

Candidates/(0.1 MeV/c?)
N

* WSdata
— Fit
[l Background

201 2015 202
M (D°rt) [GeV/c?]

- 1o BaBar

E 1o Belle P
-~ 1o CDF s
SE  + No-mixing

—10LHCb N\

<o -

-0.1 -0.05



Unofficial LHCb Statistical Sensitivities Circa
2015 Mike Sokoloff

%+ Assume 5 fbl @ 13 TeV; charm cross sections grow linearly
with Vs. Mostly scale from 2011/2012 analyses.

+ 108 WS DY > Kn
<% (X’2y’) £ (0.004, 0.08)%
« DP-DO WS rate asymmetry (like |g/p]) =1%

» 3.7x108DY > K'K* 1.7x 106 D > nrt
< Yop, A £ 0.02%

» 20 x 108 DO > Kqnn
< (X,y) £ (0.045, 0.030)%

» Many systematic uncertainties cancel in CPV measurements,
e.g., Ar from D° - KK+



Quantum correlation at threshold

DD pair with L =1 must be in anti-asymmetric state

_ PRD 73, 034024 (2006)
DTO=" = — [ID%)|D%) — |T)ID)] Asner and Sun

the interference comes for free: l.I.Bigi SLAC report-33,

M = {:-f_ﬁ'}g:j F}_{_, 1:=°}{_an 1989 page 169
(C=-1) e*e > y(3770) > D D
Forbidden if no mixing K-r* K-nt
Forbidden if no mixing K-I*v K-1*v
Forbidden by CP conservation CP+ CP+ Do
Forbidden by CP Conservation CP- CP-
Interference of CF with DCS K-+ CP+ ’

1,2
’
+ -
a
¢ o o°f
/,”l
/// !
e

The mixing rate R, can be measured at the first order Q
Strong phase &y, is from CP tagged D—>Kn

CP violation is measured in a production rate. DO 26



DO — D mixing rate at threshold
_ X4yt ON[(KE 27 )(K*7z7)]

¥(3770)->D°D°> (K™ )(K7*) Ry =— T N[K 727 ) (K 0)]

There’s a very nice well-known D° mixing signature at W(3770)

v' No DCSD: cancels with these correlated D pairs

v" Like-sign (K-1*)(K™11%) (+ C.C.) are pure mixing !

But it's HARD in practice :

v The only number we have control over is the efficiency, €,

v But PID needs to be tight, to avoid background from K1t swaps ...

BESIII with 20 fb-! data:
- Ry =(x?+y?)/2 < 10#in Kr and Kev channels
» Probey: Ay.p <0.7%

SCT with 1ab! data:
» Ry =(X?+y?)/2 ~ 10°in Kr and Kev channels
» Probey: Ay.p <0.1%

27



- Implication of strong phase to mixing parameters

4 Time-dependent measurements of charm mixing can be
performed with boosted D mesons (Belle II, LHCDb), but
need the same strong phases as y/¢; measurement.

- Time-dependent D°>Ki1r analysis: phase difference o to relate y'
with (X, y).
-~ Time-dependent DY>K 11 analysis

Ap(t)|? ~ |Ap + (z + iy)tAp|*
Measures both i and y independently. Can be done in the similar
model-independent binned fashion as ~. [Bondar et al., PRD 82 (2010)
034033]

upgraded LHCb, Belle Il: expect ~100M decays. Stat. precision:
J(;Lf_.y) ~ 0.2 X 1[]_3, O‘(T‘CP) ~ 1%:-_.0‘(&(_:;)) ~ 0.7°
|G. Wilkinson, C. Thomas, arXiv:1209.0172]

Current precision of ¢;, s; would dominate the precision of x,y and CP
violation parameters already for ~10M D — K27+ 7~ samples =

need 100 fb~1 at DD threshold to reduce it to the level of stat. error. 28



Quantum Correlation Analysis

( PRD.86(2012) 112001; PRL100(2008) 221801)

P ~1400 KOs vs. Km
Forbidden by P+ CP+ PRL100(2008) 221801 000 -, sindy.
CP- CP- reconstructed modes except r » COSOy,; —l
: KOst
Maximal enhancement | CP+ CP- ST Eﬁ-ﬁr‘;ﬁﬂ s - Semilep _—
Forbidden if no mixing | Km* K . poyple tags for almost all Ko KK K®  Ke'v K (bin 0)
I combinations of modes. K o Kon Kev  Kirm (bin 1)
I_nterferen_ce of K CPs Like-sign and opposite-sign. Kosmm® K%w Kptv  K%mm (bin 2)
CF with DCS (gives cos0) CP+ K At most one missing K K Kypv Ko (bin 3)
» particle (K% or v). Ko,n Ko (bin 4)
CP+ = Except for Kev vs. K%;m® K0 New i dat Ko bin 5
. - (2 missing particles). L@ ewin update RN
Single Tags Unaffected | K'm* X L j Kot (bin 6)
~3500 - (bi
SL = 261 yield measurements CP-tagged Kiv Ko (bin 7)
\ K%mm from PRD 80, >y
032002 (2009)
Useful reference L oS ks fm
Kn
Key variables:
x,y . familiar DO mixing variables _
rv. - Wrong-to-right sign amplitude ratio |A(D° — K*x') / A(D® — K*rr)|
Oy, : strong Kn FSI phase ( whichrotates x,y to x.y')
This is the -phase of the previous amplitude ration
Global fit with quantum correlation analysis always helps to provide the 29

Improved world average!



Global fit at BESI I arXiv:1304.6170

» MCALTHE & S Eiy s, 1 &S

=L H i
2PN

BESIIZtit= (2.9fb1)
H 538 Ok = 22.18071(%), yp = 0.75 £ 0.12(%)

,:,j?ué\//f%g-‘[/%%‘;: (SKﬁi :|:8.3(O), Yp : iOlO(%)
o R Z ) M35 24)~15%
T CLEO-cHIBR &L

=30 '| ) =30 —
N>l<E F | | N.(.:‘zE ro
20 - | 20 - |
i \ I \ /
10 - 10 - \ /
.\II If'l L \“‘ },r
| ) @ ; ./ (b)
) J i r—— I ——— 0 i B stttk
0 0.01 0.02 . 30




Asymmetric beam?

31



Semi-leptonic flavor tag at charm Threshold

TAGGING AT THE 3770

Diae Missing Daughter

v A DY, Daughter 1
0
TAG SIDE DTAl?vMomentum
-
_ - - D?’AG Vertex DgAG Daughter 2
_l) zb-
0,770 =~ o~ o
D"/ D" production™ __ - D%.. Daughter 2
point ~ o~ Q(;EC Vertex

CPSIDE | Rl

L
-,

-,
.

L
D%.. Momentum

At=PycAz

D% Daughter 1 4

+» Flavor tagging(D°->K-I*v) 1
: ! ) I'(Ar)—T(Ar)
= Time-dependent measurement available A (A)=F37T&;

+» Require good Az/At resolution(SVT)




Time resolution for asymmetric beams

Gianluca Inguglia

e e >W(3770)> (F)(DO)—) (K+€_‘VE)(JT+JT_) Queen Mary, University of London

g.inguglia@qgmul.ac.uk
R(IT,S,)— R, S,)

5 h) .
AS3(1) = A1) = nusing X Tt
3y =0.56
By=0.28] [By=0.56]
e e Bl = o
%suou _E
Sas00 —;

RMS: 0.36ps hL_L_

- | . L L s . L
"_""" -1” uslna 02 D2z 0 02z 04 08 IDB 1
At [ps] At [ps]

+» With By=0.56, time-dependent analysis can be performed (D° 33
lifetime 0.41ps)! (need to be confirmed!)



__Measurement of charm mixing at ¥(4040)

Time-integrated decays of quantum-correlated DDbar pairs,
with Dbar decaying in a flavor-specific final state:

1-r. cos(6+0) (I+n )y + r, sin(d+9) (1+n ) x + O(x?y?),
withr=A_/A_, 8 strong phase

Time-integrated v/(3770) — DD decays are insensitive to mixing in the first order.
DD is a different case. Consider eTe™ — 1/(4040) — D"D*° production.

o DYDY7Y € = —1, nothing changes wrt. DD.

e DYD"%: C = 41, now the wave function is symmetric:

A(DyDy)? = |A(Dy)A(Dy) + A(D1)A(Dy)

Charm mixing contribution is doubled compared to time-dependent
(uncorrelated) case.

Analysis should involve reconstruction of both DYD%~ (mixing-sensitive) and

DD%7Y (w/o mixing contribution) [Bondar et al., PRD 82, 034033 (2010)].
34




CPV and D mixing reach

courtesy by Neri&Rama

The sensitivies to mixing and CP violation observables reported in Table 11 are based on studies considering
statistical error only but Belle-II that includes also systematic uncertainties:

e U(3770): time-dependent analyses with a CM boost in the range of 54 = 0.3 — 0.6 and a SuperB-like vertex
detector (radius of Layer() at about 1.5 cm);

e V(4040): based on sensitivity studies of Bondar et al. [2] using time-integrated measurements of D" — Klr 7~

and DV —» K+7—#Y:

o LHCh: based on sensitivity studies reported in [3]. Errors on @, y and arg (g/p) are based on DY — I'ﬂ'rr"'?.'_
and errors on |g/p| are based on Wrong-sign/Right-sign D" — K.

¢ Belle-II: based on sensitivity studies reported in [4]. Systematic uncertainties are included. Do not ineclude

DY Kta— 7% DY - KYKTK™ and W(3770) results from BES-III.

3 ab! data @W¥(3770): Parameter | W(3770) Ww(4040) LHCb Belle-11
asymmetric y$=0.2~0.6 x(%) 0.02-0.05 0.03 0.015 0.08

3 ab! data @W¥W(4040) o7 . . ,
- . 0.02-0.03  0.03 0.010  0.04
50 fb-1 data at upgrade LHCb y(%)

50 ab-! at BELLE-II la/p|(%) | 2-5 0.9 1 5
arg (q/p)(7)] 2-3 0.8 3 2.6




Summary

«» Threshold measurements employing quantum correlations
IS still important to study CPV and mixing in charm sector
In the next two decades.

« Sensitivity of direct CP Violation measurement at threshold
will be competitive in the future, especially the systematic
Is under control: 6(A;p)=10-3~10"*

« Input from charm threshold measurements is important for
all methods of y measurement: o(y)=(1.3°~2°)

« Global fit using quantum correlation is complementary to
Improve the world average of CPV and mixing parameters

«» Asymmetric beams give more potential for super tau-charm
factory in the future charm landscape

« Ability to run the machine at E = 4040 MeV (DD*
production) is essential. Precision in x, y and CPV
parameters Is comparable to pre-upgrade LHCb/Belle II.



