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Quantum correlated: phase input

» Relative D°, D° phases can show up:
1. Quantum-correlated(“EPR") D pairs @threshold: y(3770)
2. B>DX, with common D, D final states(for CKM v)
DD mixing

» | is viewed as a source of information to be input for use by 2) & 3)

» Relevant datasets are CLEO-c(~0.82fb!) and BESII(~2.92fb)

» Access to relative D9, DO strong phase differences

®» Can obtain model-independent results
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NP could lead to 4° effects
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Principal experimental goal in CKM physics in the next
decade is to reduce uncertainty to 1°



Determine y by B>DK

= Usually use B>DK 4 e
= include B and D amplitudes, 57—
relative strong phase and y VR
» 3 method

» gse KX (X=n", nn’, n—n*) CF and DCS (ADS)
» yse CP-eigenstates (GLW)

» yse self-conjugate mulfi-body states: Ksh*h- (Dalitz/GGSZ)

+ Gronau, London, Wyler (GLW) 4+ Atwood, Dunietz, Soni (ADS)
0 =B rpetéo
DOK™ x DOK* XD
+ KK* e R Kn +
B ( e JDIE B (gmmm) DK
rget@s+y) rgei(®s+7)
DO K+ ) DO K+
Final states are CP eigenstates. Final states are flavor modes (Kx, K3x). CF and

Interference is O(10%) DCSD decays. Interference is large.



d, s, by

DD mixing %W ?y
» Neutral D mixing parameter C

» I' = ¥ f) l"z. m = m +) 1”3. (a) (b)

Am = my — mo, Al'=T) = I's,

B Am AT

o 4 Yy = —.
| 21

» |n standard model, neutral D mixing is small

= o (V,.V)(V,,Ve;). contribution from b is suppressed

» Contribution from s and d is suppressed by GIM mechanism
» Short-distance effect: x~O(10), y ~O(107)

®» | ong-distance effect Ik _©_.1)°
» Fhhanced to x,y~O(107)



Time dependent decay rates

|4 q i)
» D> f(example f:Kn): =| = Rm, == Rpe'
p p
M . ' ‘4_
» Define: ), = 94y _ = —VRRne 59 , X7l= PLI _ _/RR:lei6+%)
p 4]‘ ) q 4"1]‘
» 0 s q h A
D" > K"T ) oc |= |Af| |)\ 4 —yRc/\ +1‘1m)\
p
2
B ) ar ‘
I(D° - K1) ’5 [As 2 [IAs]2 — yReAs + zIm),]
[(D°— K nt) o |Ag|*[1 —yReX; — zIm)], PDG16
=0 T - .o 1 1 Year Exper. v (%) 7 2 (x1073)
F(D — K™n ) X lAfI- [1 - yRC/\ - T I]m')“ ] ’ 2014*"  Belle [14] 0.46+0.34 0.09+0.22
0 L 013 LHCb [15] 0.4840.10 0.055+0.049
F(D - KTK N IR - - I Apc+ k- | [1 ok (y cos e — zsin 7,,) 2013 CDF [16] 0.43+0.43 0.08+0.18
2012* LHCb [17] 0.7240.24 ~0.09+0.13
"o B . A... .. |4 _ 2007* CDF [18] 0.85+0.76 —0.12+0.35
F(D — K7K ) I“" FK _| [1 R (ycosp +x sin ¥ )] g 2007 BaBar [19]  0.97+0.44+0.31 —0.22+0.30+0.21

» Wrong sign(WS) progress DO>K*z~ with time(if no CPV)

’

t™ 4 3/’2(1,”2] x'=xcosd+ ysind
) = ycosd —xsind

[(D%t) - Kt~ ) oce™ [H + VRyYTt + -




Relative strong phase
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» Using the relevant dataset(BESIlI & CLEO-c)
» Reduce model-dep. of CKM y from B->DK
®» Rofate measured x',y' parameters to x, y




Time-intergrated decay rates

» No fime dependent information at charm threshold

» Anfi-sysmmetric wavefunction (3770) — [D°D° — D°D°]/\/2
I'z; = |(i|p°)j|D°) - U|DO>(i|BO)|2 = —[DcpyDep— — Dep-Depy]/V?2
» Double tag rates: 0 O
i D =D+ D 2
AizAjz[l -+ r_.;zrjz — 2rirj COS( 5{*‘6})] Bl [ ]/\/_

» CP tag:r=1.6=0 or «; | tag: r=0
» Single and Double tag rates

C;dd R[1+=f—2 + f — zr = 2cos 8,1 = 2265 R T
ml1+772(2 - 77) +77*] f PP = a0 ' "M 2

f 1+ 722 = z2%) +15* Ry[1+772(2 — z62) + 5%

i ,.fz 1 Ry

r 1 re 1 | Ry

CP+ 1+ 1p(rp +2) 1+ 1(rs +2) 1|1 0

CP- 1+ 7p(rp — zf) 1+ 17(rs — z) 1 ! 0
Single Tag 1+r2—1z;(A-y) 1 2[1+(4-y)




Double Tag (DT) techniques

» Threshold production at y(3770)
» D generated in pair > D°D?% and D*D~

» 100% of beam energy converted to D pair (Clean environment,
kinematic constrains)

» Systematic uncertainties cancellations while applying double tag
technique

» Quantum Correlations and CP-tagging are unique
Fully reconstruct about 15% of D decays

AE=EFE —-E

My =B 7




Decay modes

» Flavored:
Flavored semileptonic Ke*v, KKp*v Pure CF
Flavored hadronic Kxt, Kntn®, Kntntn- CF + DCSD

» Sclf-Conjugate:

2-body CP eigenstate K K*, n*n, ... SCS

2-body CP eigenftate K1, ... CF + DCSD

Multi body K*K-n*r, mtmn? SCS

Multi body Kshh, K h*h CEF +DCSD
» Neither KK SCS

Blue modes: used fory Green: future? Black: tag only




D->Kr strong phase

Simplified Picture: (simple = no mixing )

A Amplitude triangle:
Ay, CP,=CF % DCSD

A [ DCSD enhanced for visibility ! ]
T Kn

D->Kr vs D%CP Complex ratio [{K‘n‘ﬂﬁ“} 3 —re‘i"'“'J

DCSD/CF amplitude | (K-7+|D%

» CP-tagged rate asymmetry relative to rcosd, straightforward analysis

"AC? = [ | ACP- |2 - IACP+'2 ] / [ | ACP- |2 + |ACP+|2 ] < measure
< extract

= rcos® (+D mixing corrections: y, Ry )




D->Kr strong phase measurement

g e S 18w &
= 2.92fb ' data : 3 g 13
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.A BDS‘—rK ~n+ — Bps+_, g-n+ ) * MetGovict ™" ) “M.;'%mﬁ‘ ] " i
BDS‘—:»K ~p+ +Bps+_ g—n+ 10000 P : Tags Used: 5 CP+, 3 CP-

KEHO.KEF}.KG
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Direct result e s
AL =(12.7+£1.3+£0.7)% '- ‘/L
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GeVic?)
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Events/(1 MeVicY)

Events/{1 MeVich)

2r cosdkx + ¥ = (1+ Rws) - Ay

Using external inputs for ry , Ry, y, we extract : PLB 734, 227(2014)
cos &, = 1.02 £0.11+ 0.06 = 0.01



D-2>Kn strong phase measurement

» BESIII measurement(2.92fb1):
cos &, = 1.02 £ 0.11% 0.06 % 0.01
» CLEO-c measurement(0.82fb1):

without external inputs: cosd = ()81*_‘813?%1“88;) :

P . C e & — 1 1=10.1940.00
with external inputs:  cos0 = 1.15°31755 s

» Agree with CLEO-c result of external inputs, CLEO-c use complex
global fit

= HFLAV result: 6pe ¢ =(11.8733)  (do not use BESIII result)

= | think they can directly use A% CLEO-c: PRD 86 112001(2012)

» ADS method for extract y BESIII: PLB 734 227(2014)




Mode Branching
. Ratio
Multi-body ADS K= 3.89%
Knn? 13.9%
» D->Knn® and D>Knre can also be used im 8. 1%

®» | arge branching fractions than D>Kn
» Need to account for the resonant substructure

» Atwood and Soni (PRD68,033003(2003)) show how to modify the
usual ADS equations for this case

I(B">EK 7 aa) K )cr;+(,7") + 27;37';"3@05(53 @— 7)

» R ., ranges from

» | =coherent(dominated by a single mode) to

: S Need to find average
= O=incoherent(several significant components) strong phase



Amplitude analysis of D> K-rrrntn-
» Understanding the substructure

PRD95(2017)072010

®» sfrong phase measurement 2y measurement

Improve the absolute BF

Amplitude
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— K~a} (1260), a; (1260)[S] — pOn+
K~a} (1260), af (1260)[D] — p°nt
— K7 (1270)n+, K1 (1270)[S] = K*On—

o I\"l_(1270)7r+, K
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— (K
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(1270)n+, K 1
S (K-t (PK-)alD] — K—p0
DO —
—7T+)S—wavep0

2.35+£0.06 £0.18
—2.25 1+ 0.08 £ 0.15
2.49+£0.06 £0.11
0(fixed)
—2.11+0.15+0.21
1.48 £0.21 £0.24

[ (1270)[D] — 1'*0 — 3.00£0.09+0.15

~(1270) —» K—p°

((1\,—7r+)5~wave7r_)z\7r+
7 )smt)A

(I"_F+ )S—w’el»’e?(ﬂ+7r_)5
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- (K
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— (

s
~)s

K== )S wave (Tf ™ )T

—2.46 = 0.06 = 0.21
—0.43 £ 0.09 £ 0.12
—0.14 +£0.11 £ 0.10
—2.45+0.19 £0.47
—-1.344+0.12 £ 0.09
—2.09 £ 0.12 £ 0.22
—0.17 £ 0.11 £ 0.12
—-2.13+0.10£0.11
—1.36 = 0.08 £ 0.37
—2.23 £ 0.08 £ 0.22
—1.40 £ 0.04 £ 0.22
1.59 £ 0.13 £ 0.41
—0.16 = 0.17 £ 0.43
2.58 £0.08 £ 0.25
—2.924+0.14 £ 0.12
2.454+0.12 1+ 0.37

6.5+£0.5£0.8
23+0.2+0.1
7.9+0.4+0.7
53.2 £ 2.814.0
0.3£0.1£0.1
il 0ot
0.7£0.2+£0.2
34+03£0.5
1.1+0.24+0.3
74+1.6+5.7
20+0.7X£1.9
04+0.14£0.1
24+£0.5£0.5
26+£06+£0.6
0.8+0.1£0.1
5610927
13.11+1.9+2.2
16.3 £ 0.5 £0.6
54+12+19
1.9+0.6+1.2
29+0.5%£1.7
0.3£0.1£0.1
0.5£0.1£0.1




GGSZ method

» Tofal decay rate
(BT - f(DYK*) = A%A}(rg + 71 + 21p 15 cos(8p + 6p —¥))
®» Substructure allows regions of ry=rg
» Sizeable stafistics
» | afest result:

» Model dependent:
»Babar: y=(68*15, ,+-4+-3)° PRL105,121801(2015)
mBelle: y=(78*11,+-4+-9)° PRD81,112002(2010)
» Model independent:
» |HCb: y=(62%15,,)° JHEP1410,097(2014)




y fit through GGSZ method

Binned decav rate:
I = /dF(Bi — (Kon~nt)pK=) 2
i 1.5
=T + lf;T; + 2rp\/ TiTz[cos(dp + v)ci — sin(dp + 77)si) '
e T.:Bin yield measured in flavor decays e P
_ . Measured at a1z
e 1 :color suppression factor~0.1 B-Factories
Mirrored binning over x=y makes
e Oy strong phase of B decay itso c=c,ands, =s,
o eighted average of cos(Adp) and sin(Adp) respectively Through
=
where AJ, is the difference between phase of D° and D° DO —Km' Ky« vs. Kyt o Kgn* ' vs. K{ n*
analysis l\ e
= A relationship —
can be shown CP tags vs. K «* CP tags vs. K| =*
between Dalitz
bln YIeldS a nd Ci relationship between (c, ¢), (s, s)

and s;




Binning of DO-2>Ksn*n- Dalitz plot

| Babar 2008 Equal Distance Bins | [Babar 2008 Optimal Bins | | Babar 2008 Modified Optimal Bins |
3

0.5 1 1.5 2 2.5

0.5 1 1.5 2 25 3
Starting with the equally Similar to the “optimal
6"_180‘%‘ G gl spaced bins, bins are binning” except the
adjusted to optimize the expected background is
Result of splitting the sensitivity to y. A takgn_iqto account bgf_ore
Dalitz phase space into 8 secondary adjustment optimizing for y sensitivity.
equally spaced phase smooths binned areas
bins based on the BaBar smaller than detector

2008 Model. resolution.




D°/D°>Km*n- measurement at BESIII

Bins

[a—

S Tl W N

o =3

(6%
BES-III

0.066 £ 0.066
0.796 = 0.061
0.361 = 0.125
—0.985 £ 0.017
—0.278 £ 0.056
0.267 = 0.119
0.902 = 0.017
0.888 = 0.036

CLEO-c
—0.009 =+ 0.088
0.900 £ 0.106
0.292 4+ 0.168
—0.890 4+ 0.041
—0.208 £+ 0.085
0.258 £+ 0.155
0.869 + 0.034
0.798 £ 0.070

S;

BES-1I1
—0.843 £ 0.119
—0.357 £ 0.148
—0.962 = 0.258
—0.090 £+ 0.093
0.778 £ 0.092
0.635 £ 0.293
—0.018 £ 0.103
—0.301 £ 0.140

2

CLEO-c
—0.438 £ 0.184
—0.490 £ 0.295
—1.243 £ 0.341
—0.119 £ 0.141

0.853 = 0.123
0.984 + 0.357
—0.041 £0.132
—0.107 = 0.240

Preliminary result

» Consistent with CLEO-c,
better stat. err

» Reduction of
conftribution 1o
uncertainty of y meas.

of 40%(80% for 20fb 1)

BESIII only statistical error CLEO-c PRD82,112006

/
O Model prediction .
o Besill = The uncertainty on y
g i 5 from c,,s; contribufion
~2.6°(1.4°/0.9° with
b4 ¢ 9 | 10/20 fo ')
PR
A
4




Measurement of y_, PLB744,339(2015)

» |n absence of direct CPV:

vor = 5 [veoso ([5] + |5 ) - =ie (|2 - |2])
2 P q P q

CHARM 2015
» f NO CP\/' ycp = y £791 1999 H | {I 0.732 = 2.890 = 1.030 %

3420 = 1.390 = 0.740 %

»/According to quantum-correlation:

CLEO 2002 | { . | | -1200 + 2.500 = 1.400 %

yop ~ 1 (BDCP——H B-D{:'P+ —+l ) Belle 2009 H_._¢.| 0.110 = 0.610 = 0.520 %
I —

4 BDCP+ —l BDCP- —+l LHCb 2012 H 0.550 = 0.630 = 0.410 %

Belle 2012 H 1.110 = 0.220 = 0.110 %

» BES”' megsured Yyop — (—20 + 1.3 = 07)% 0.720 = 0.180 = 0.124 %

-2.000 = 1.300 = 0.700 %

» Need more data or global fit s 201s | jr—e—|

World average H 0.835x0.155 %




ntnn’ & K*K-n0 CP Fraction PLBZ40T{EERS)

» CLEO-c "Legacy data’” results
» CP fraction for a mixed —CP final state:
F. = N(CP+) / | N(CP+) + N(CP-) ]
e CP-content is nearly pure, F, is near 1 or 0.

™ |f

= Result(PLB740,1(2015) ~0.82fb-):

wran: F. = 0.968 +0.017 + 0.006
K*Ka®: F. = 0.731+0.058 + 0.021

The three-pion mode 1s nearly pure:
acts almost like a CP-eigenstate Analysis ongoing at BESIII



ntnrntn- CP Fraction & more PLB7SZ.3LERS!

» CLEO-c "Legacy data’ results
» Use more complex hon-CP-eigenstate tags

Results:
o Al ) | F, = 0.737 +£0.028

The new tags can be used to update the previous modes
Newn*mwa’: F, = 1.014 +0.045 + 0.022
Combined : .= 0973+ 0.017

+

F
New K*Kn?: F, = 0.734 +£0.106 + 0.054
Combined : B = 0732+0.05>

Analysis ongoing at BESIII




KX vs K X decay rate asymmetry

» The K; & K, wave-functions lead to net amplitudes that are
sums and differences of the CF and DCSD amplitudes

» Up to 10% effects, depending on a relative phase
» BESII study Kcn¥(n’) and K z%r%) asymmetry

B(D — Kr°(n")) — B(D — KYn%=?))
B(D — K2x%(w%)) + B(D — K{n%(x?))

R(D — ngLw“(w”)) =

1 NCF,GFi/E (C _ ZTCﬂﬂg)
1¥C; Ner 14172
= Also can be used fo exfract y

» While Bsig(cp+) =

N N

KEFO1KEUXEKE7TU.KED Kgrﬁ_.KevxEKgrﬁ,Kev
N30 707€20 70 N0 70 /€50 70

N

Yycp =

NK?‘n'O1KEnyKE?rn.Kev Kgrn_.KevxEKg?rn,Kev

NKENUXEKENU NKgn'anKg.?rﬁ




Preliminary result

KX vs K X decay rate asymmetry measurement

» Flavor tag use 2r cos § Cs (%)
Cy =05 K=nF  -12.39%1.79
» K7, Knn', K3n ‘ KEnFr¥at -873+1.62

K*7xFx0  -7.02+1.25

» R (K¢ %) = (10.94+-1.24+-1.82)%
» CLEO-c(~281pb'):PRL100,091801(2008)
R(D" — Kg;7") = 0.108 £+ 0.025 + 0.024
® R (K ) = (-11.56+-1.95+-2.69)% (measured for first time)
®» Br(K n'x°) = (1.280+-0.041+-0.059)% (measured for first time)

Statistical limited, previous y:
>
yop = (1.65 + 2.43(stat.) £ 0.56(sys.))%. yop = (—2.0 £ 1.3+ 0.7)%.



More studies at BESIII

» KsKK

» KKnr

= Ksnn(om’)

= on/nm/n'n
» KsKrm

= o1 / nnn

» cf al...



LHCDb projections

Runs Collected / Expected Year v/ Pa
Iluminosity attained sensitivity

LHCbH Run-1 [7, 8 TeV] 3! 2012 8°

LHCbH Run-2 [13 TeV] 5 bt 2018 4°

Belle-1T Run 50 ab1 2025 1.5°

LHCbD phase-1 upgrade [14 TeV] 50 fb! 2030 <1°

LHCD phase-2 upgrade [14 TeV] 300 fb* (>)2035 <04°

» |f just consider GGSZ systematic uncertainty is 2~4°(CLEO-c)
» Run | —o(y) = 7° -limited impact of strong phase measurements
» Run Il -o(y) = 3.5° -becomes significant
= Upgrade phase | o(y) ~ strong phase uncertainty



Prospects of BESIII

» Now 2.9fb1(3.5XCLEO-c)
» Preliminary result on ¢, and s, suggest ~2° increase in precision

» |[f an additional 10fb'(4Xdata) at BESIIl, would lead to the strong phase
errors being sub-leading at the end of the LHCb phase | upgrade

= Without more data the knowledge of stirong phases will limit the
precision of y

Further if LHCb has a phase Il upgrade the sirong phase measurement
would again be limiting

= LHCb-PUB-2016 suggests 15-20 fb-!
= With 20fb-y(3770) data taken by BESIII
» A(C0Sd ) ~ 9%
» Uncertainty on y from c;, s; in D>Ksnr ~ 0.4°



Strong phases in D hadronic decays

>

Y

v 2V VYY

1

Decay mode

Quantity of interest

Comments

D — RKontm—

prel. release

D — KOK+K~-

D — KEaFatqa—

D— KtKnwta—

D— ata—ata—

D— K*g¥q°

D— KOK*x¥

D— ota—7n°

D— Kontaw—m°

D— KtK—x°

D— K*gx¥

c; and s;

c; and s;

c; and s;

F, or ¢; and s;

R, &

R, &

Fy

F, and c; and s;

Binning schemes as those used in the CLEO-c
analysis. With future, very large ¥/(3770)data
sets, it might be worthwhile to explore alter-
native binning.

Binning schemes as those used in the CLEO-c
analysis. With future, very large ¥(3770)data
sets, it might be worthwhile to explore alter-
native binning.

In bins guided by amplitude models, currently
under development by LHCb.

Binning scheme can be guided by the CLEO
model [18] or potentially an improved model
from LHCDb in the future.

Unbinned measurement of F.. Measurements
of F. in bins or ¢; and s; in bins could be
explored.

Simple 2-3 bin scheme could be considered.

Simple 2 bin scheme where one bin encloses
the K~ resonance.

No binning required as F, ~ 1.

Unbinned measurement of F. required. Ad-

ditional measurements of F. or ¢; and s; in
bins could be explored.

Unbinned measurement required. Extensions
to binned measurements of either F. or ¢;
and s; possible.

Of low priority due to good precision available
through charm-mixing analyses.

from LHCb-PUB-2016

Status at BESIII
= published
> under study
o in plan



Summary

» Unique access to strong phases & ability to exiract model-
independent results with charm at threshold (only BESIII now)

=» |nterest of B physics for CKM y measurement
erest of charm mixing study and searching for CPV

Future prospects are bright
» \ore precision, new modes, new variables



Thank youl!
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Kt Kn? Kn'n'n KK*n

KK K+Kn'n Kt wmnd

Kntonly 8; Kuan®, Ka*n*n have both R & 6

Multi-body Self-conjugate modes:
If no CPV, only 2(n-1) 1sobar phases, not 2n-1
Need threshold data only to avoid model dependence;
there is no “essential” DP-D%%ar phase

4-body: more complicated angular momenta than 3-body

Ks modes: CF and DCSD give K? K%, not K¢ directly



