Precision measurements of charm decays
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Why still Charm?

» Why Charm is unique to test QCD in
low energy?

» Why Charm allows us to overconstrain
CKM in B decays?

» Why Charm can be used to probe New
Physics beyond Standard Model?
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precision QCD calculations tested with precision charm
data at threshold

=> theory errors of a few % on B decay constants &
semileptonic form factors



Charm Physics: the Context

Flavor physics was in the ‘sin 2B era’ akin to precision Z.
Last Over constrain CKM matrix with precision measurements
Decade Discovery potential is limited by systematic errors

from non-perturbative QCD

This
Decade

The

Lattice _




Charm Lifetimes

Q? 268126 e charmed (D) | 10407 fs
=0 112412 hadron 7(D?) 5016 fs
Ab 20046 A (0% | 41032155
o 442126 - r=)| 442226 f5
D° 410.t£1.5 A Ay | 200=6f5
D; 50047 "
w(@%)| 11255 fs
D* 1040:7 N
L, T 7(2.) | 268 * 26 fs
-200 O 200 400 600 800 1000
T(fs)
D" 7 %0, D° 4 %o, D 8 %o,
A, 3%, E°10%, E, 6 %, Q.10%
some lifetimes known as precisely as kaon lifetimes.
7(D1) 7(BT) PDG2018
= 2.54:2£'0.01 = 1.076 £ 0.004
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Charm quarks more
influenced by hadronic
environment than
beauty quarks.
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D Nonleptonic Decays

Nonleptonic decays dominate the total rate

/7 I\, 4
D*(cd):T, =1042.7+6.9 fs } T(go) Ceito00n
D(cit):7, =410.5=1.5 fs 7(D°)

Quarks or hadrons? ....in between

Compare to kaons and B-mesons:

K*(5u):7, =12390+20 ps } 7. /7, ~70
K’(5d):t, =178.7+0.16 ps
B*(bu):T, =1643£10 fs } 7(BY)

B(bd):t, =1528+9 fs 7(BY)
Like free quarks

Hadrons

= 1.076 = 0.004




D meson decays

a) Leptonic decay G2f2 )
(D+ VAl ) F D(J;) ‘V ’2 2 1 my
[ — LTyp) = cd(s)| "My Mp+ -
s _ < 2
c - v (s) 8 (© My
D*,D}
d,s I SM predicts: (D" — [I"v) = 2.35x10°:1:2.65 (I=e:uT)
D" —e'v, p'v, Tv, D —ev, uv, v, 1 8B (D" — ["v)
H fD+ = ;
m; m,.7T,.
GVl | 1-—
b) Rare decay M

C N nn I : Y
D’ ( ) 1d V) = m v
7 vvp;//w—<— J* o o
— DO .

D’ —1I'I" “

CKM & GIM suppressed [Short distance <107 ]




D meson decays

c) Semi-leptonic decay

D—-xl'v, D—KI[v

d) Hadronic decay

ar G,

. V 2 3 212
qu 243'C3| cx| pX|f+(Q)|

qi = (.-”D - .-‘K";s,;');1 VCX=VCSI Vcd

=M, +M;=2E M, +2p, P,

Precision measurements of decay rates:

1) test SU(3)

2) access the relative strong phase

3) Improve the theoretical predictions of CPV and mixing

4) Light hadron spectroscopy in multi-body decays



The Landscape for open charm

* B factories:

--BABAR, Belle
-- Belle-ll @Super-B factories

e Hadronic Production:
--Fixed target
--LHCb: on-going now! (finished two runs)
--ATLAS and CMS

* e*e Colliders@threshold:
-- Precision results dominated by CLEO-c
-- BESIII/BEPCII machine: higher luminosity: 1033 cm2s!

-- Quantum correlations and CP-tagging are unique
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Data set near threshold at BESIII

Leptonic & Semileptonic decays



Unigue data sets at open charm thresholds @BESII|

» D+

Dy

Q@ Eern = 3.773 GeV

Integrated luminosity of 2.93 fb—!

o(ete~ — D°D%) ~ 3.6 nb = 21M D" produced
o(ete” —- DYD~)~ 2.9 nb= 17M D™ produced

@ E., = 4.009 GeV

— Integrated luminosity of 0.482 fb—!

— o(ete~ — DF D7)~ 0.3 nb= 0.3M D, produced
@ E.,,, = 4.178 GeV

— Integrated luminosity of 3.19 fb—1

— o(ete” - D:tD;)~1nb= 6M D, produced

@ E..,, = 4.600 GeV
Integrated luminosity of 0.567 fb—!
o(ete” = AFAZ) ~ 0.2 nb= 0.2M A. produced
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Double tag method

Alex Gilman

MBC = \/Ebzeam_lpD |2

AE=E, -E,

beam

+
v

B(D — signal) = N, 5‘8'}?\!;1/- CT/ang& Signal
ag ag

» Reconstruct D meson through clean decay mode (the tag)

» Search for signal process of the DD meson

» Advantages: Don't need to know N5, can identify v through
missing mass, removes large component of backgrounds 13



for[Vegl from D*2m* v,

eUsing 2.93 fb—! of data
@ Eqp = 3.773 GeV

:
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Mye [GeVie')

Mgc = \/32 — |Pragl? 10
—— - 02 0 0.2 0.4 06

B(Dt = utv) =(3.71+0.19+0.06) x 10~ s
( : V-) : ) MM* = (&, _Eﬂ)z _(_PDm g _Ppt)z
With PDG2018 Inputs g

Fpt|Ved| =457+ 1.2 + 0.4 MeV

eant

Most precise measurement of
fp+|Vea| to date .



fy, | V4| from D*=>7* v, : first observation

BESIII: arXiv: 1908.08877 submitted to PRL

eUsing 2.93 fb—! of data
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B(D* = 177v,) = (1.20 £ 0.24 + 0.12) x 1073

Ry =

(Dt = 7tu,)

(Dt = uty,)

=3.21 £ 0.64£0.43

CLEO [ 4V,  p——r] 46.4+2.0+0.6
BESHI | # v, @ 45.7+1.2:0.4
BESHI | 7 Ve (%) |4 - H  50.415.12.5
# Yy e 45.9+1.040.3

Average
SRR | 46.1:1.0+0.4

SM prediction:

42 44 46 48 50 52 54 56 58 60
fIV_IMeV]

R"/u

(DY = 71y,) B m,

m2 192
MD’1‘+)

T T(DF = pty,) m2 (1 — )2
Dt

= 2.67,
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+ +
Dg = u™v,
eUsing 3.19 fb~* of data
@ Fop = 4.178 GeV
eDouble tag with 14 DJ tag modes

eUtilize muon system

to suppress backgrou ndsK+
-

Tag D;

B(D} — ptv) = (5.49+0.16 £ 0.15) x 1073
fp+|Ves| =246.2 + 3.6 + 3.5 MeV

Most precise measurement of
fp+|Ves| to date

Alex Gilman
PRL122(2019)071802

. === _
Z 60 ?
E 2
-+
2 40
S
= 20

02 01
MM? (GeV¥c?)

Bppg (DY — Tv) = (5.48 £ 0.23) %
B (D;" - T+1/)

Rp =
B (D;* — p,+u)

. = 9.98 4+ 0.52
SM Rp_, =9.74
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d Inputs: Inputs:
f p+t an f D} |Ves| = 0.973597+9:00010 |V.q| = 0.22438 £ 0.00044
N e I B L L I B O BN O
FNAL/MILC PRD98,074512 249.9+0.4 ]
FNALMILC PRD98,074512 212.7+0.6 RBC/UKQCD JHEP1712,008 246.411.3"7
RBC/UKQCD PRD92,034517 254.0+2.0t4.0
RBC/UKQCD JHEP1712,008 208.7+2.87 —_- ETM PRD91,054057 247.2+4.7 -
FNAL/MILC PRD390,074509 249.0:03] =®
ETM PRD91,054507 207.4+3.8 —_— FNAL/MILC PRDS85,114506 260.1+10.8 ——
y HPQCD  PRDS82,114504 248.0+2.5 n
FNAL/MILC PRD90,074509 212.6:0.4"; . CLEO PRD79,052002 1, v 050 §111.045.5 i
CLEO PRD80,112004 v 258.0+13.315.2 i
HPQCD PRD86,054510 208.3+3.4 i CLEO PRD79,052001 t_v 278.3+17.6+4.4 s
PRD82,091103, 1,,, .V 619, 1£14.2 mmlimn
FNAL/MILC PRD85,114506 218.9+11.3 e — BaBar .
Belle JHEP1309,139, 7,,, ..\, oV 262.2t4.817.4 —_—
CLEO PRD78,052003, uvscv 206.8:8.7425 =t BESI  PROSA072004, 15 ¥ 241.0416.326 e
CLEO PRD79,052001, v 257.6110.314.3  weipem
BESIII PRD89,051104, pv  203.8+5.2+1.8 el BaBar PRD82,091103, pv 265.918.417.7 | ==
Belle JHEP1309,139, pv 249.816.65.0 ==
BESIII Expected (20fb™), uv  203.8:2.0+1.5 =m= BESIII PRL122,071802, uv 252.9+3.7436 -
BESIII Expected (6fb”), pv 1 252.9£2.743.0 -
L | I L | "'lj 1||111|111||11iu1||111|111|[11||11

120 140,160 180 200 220 50 0

f (MeV)

50 00 150 200 250
fo (MeV)

BESIII: 20 fb'! @ 3770 MeV BESIII: 3.19 fb! @ 4180 MeV s 1



Form factorsin D - K—etv,, metv
N e e

Vol x| fu@ )

PRD92(2015)072012 BESIII: 2.93 fb! @ 3770 MeV
I | l [ T T
2.0 ) DIO—>Ke*v| . T r T r (b) Dren, ;
—— data 9 3 [ ——data
_ — LQCD
= | QCD I
 [_]LQCD stat. error [ ]LacD stat. error
13 FZ2%] LQCD syst. error e [ LQCD syst. error 7
52-:- 7] E_+
1.0 1
05 ! | I | | | | 0 ] | | | |
0 05 1 1.5 2 0 1 5 3
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DO — K_ﬂ-l_vﬂ Alex Gilman

eUsing 2.93 fb~! of data B(D° — K~ ptv) = 3.413(19)(35)%
@ Fop = 3.773 GeV

- F PRD92(2015)072012:
eDouble tag with 3 D° tag modes rom (2015)

0 = -ar —
.diqr‘g_ e e Bgesin (D — K e V) = 3.505(14)(33)%
oCut on M, (K put) to suppress B(D° - K—putv) .
DO s Kk (x0) Sy 0.974(07)(12)
PRL122(2019)011804 SM Prediction : 0.97
¥ 80 ]
% :
o 60 .
" ]
£ 40 E
3 20 :
% NP PP TP PP T y OI‘A‘O_S.‘AA1AA‘A1_5“‘
0 0.5 1 1.5 qz (GeVzlc“)

q? (GeVZc?)
K (0)|Ves| = 0.7148(38)(29)

z series with kmax = 1 nominal - 19

ple = (AFIJ/AQ2) / (Are/AQQ)



DO(+) — W_(O),LL_l-I/ Alex Gilman

eUsing 2.93 fb—! of data From PRD92(2015)072012:
@ Ecpr = 3.773 GeV Bgesi (D° — m~etv) = 0.295(04)(03)%
: 0(6 D+
eDouble tag with 3 DY(6 D7) tag modes B(D° — n—p*v)

— 0.922(30)(22)

PRL121(2018)171803 B(D° - m—etv)
+— 600F 0 . N —e—  Data + 4, ] o r o,+
T L D + ot D*— n ; B(DT —-m v
PO Y T B(D+ 0#+ ) _ PR,
S 400f m— iy : (DT = wletv)
2 [ . SM Prediction : 0.985
= [ J
z 200 ; > {oomy bea LOCD] e, ey
= X 9 ATVAG (lee) +— =
l‘g I LY 3 4. ATVAG? () <— [
=50 02 o4 00 02 04 S ] e —
M2 (GeVZ/cY) M2 (GeV¥/cY) = 2 K\
o
:
B(D° — = ptv) = 0.272(08)(06)% 131
c:g 1 A Ai_g =
0.5 , .
B (Dt — n°uTv) = 0.350(11)(10)% 0 Jeevd ¥ Jeed B



fi7%(0) and f3°7

Inputs from 2018 PDG CKMFitter

Inputs:

|Ves| = 0.9735970-00011

|V.q| = 0.22438 + 0.00044

[T T T T rrr1
ETM PRD96,054514

HPQCD PRD82,114506
Belle PRL97,061804, D°->KTv
BaBar PRD76,052005, D’~K'e*v
CLEO PRD80,032005, D—Ke'v
BESI PRD92,112008, D*K[e'v

BESII PRD96,012002, D*>Kge'v

|IIII|IIIIIIIII

0.765+0.031

0.747+0.011+0.015

0.695:0.007+0.022 ===

0.727+0.007+0.009

0.739+0.007+0.005

0.748+0.007+0.012

0.724610.0041+0.0115

BESIII PRL122,011804, D" Ky 0.7327+0.0039+0.0030

||.=,Esu| PRD|92,072012, |D°—>K'e’v
| | | |

0.7368i0.0|026i0.0036
[ O

ETM  PRD96,054514
HPQCD PRD84,114505

Belle PRL97,061804, D’-nl'v
BaBar PRD76,052005, D’»re*v
CLEQ PRD80,032005, D-ne’v
BESIII

PRD96,012002, D*—n’e*v

BESIIl PRD92,072012, D°—ne*v

0.612+0.035

0.666:0.02+0.021

0.624+0.02+0.003

0.61:0.02+0.005 ===

0.666:+0.019+0.005

0.6216+0.0115+0.0035 ===

0.6372+0.0080+0.0044

lIlIIIlIlllIIIlIlllllllllllllll

02 03 04 05 06 0.7

f1(0)

0.1 02 03 04 05 06
fi(0)

Inputs:
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Inputs from 2018 PDG CKMFitter

Inputs:
|Vea| = 0.22438 £ 0.00044

fi7%(0) and f3°7

Inputs:
|Ves| = 0973597000010

L L B IR I B B OO
ETM PRD96,054514 0.765+0.031 ETM  PRD96,054514 0.612+0.035
HPQCD PRD82,114506 0.747+0.0110.015
HPQCD PRD84,114505 0.666+0.02+0.021
Belle PRL97,061804, D°5KTv  0.69510.007+0.022 mettemn
Belle PRL97,061804, D" »nTv  0.624+0.02+0.003
BaBar PRD76,052005, D" »Ke'v  0.727+0.007+0.009
_ "Lretv 0.610.02+0. e
CLEO PRDS0.032005, DoRe'v  0.739:0.0070.005 BaBar PRD76,052005, D’ e’y 0.61:0.02+0.005
BESII PRD92,112008, D*»K’e’v  0.748+0.007+0.012 CLEO PRD80,032005, D»me’v  0.666+0.019+0.005
+ 0.4,
BESI PRDG,012002, 'SKge™  0.7246:0.0041:0.0115 BESHI PRD96,012002, D' >r’e’v  0.6216+0.0115:0.0035 ==
BESII PRL122,011804, D° 5K *v  0.7327+0.0039+0.0030
BESII PRD92,072012, D"»ne'v  0.6372+0.0080+0.0044
BESIII PRD92,072012, D°~K'e'v  0.736810.0026+0.0036
— BESIIl Expected (20fb™), D°~me’v 0.6372+0.0031+0.0044
BESIIl Expected (20fb™), D’-K'e*v 0.7368+0.0009+0.0036
IIIIIlIllI|IIII|IIII|IIK|I IIII|IIII|I IIII|IIII|IIII|I

02 03 04 05 06 O 2 03 04 05 06 0.7

)  BESHI: 20 fbl @ 3770 Mev f(0)



First extractions of FFsof DY — n"e*v  sesusismeasomer

: PRL122(2019)121801 CLFQM
:3 . 1 cam
% 40_ 3PSR
< i ccam
5 i LCSR
&5 20__ LQCD M,=370MeV
) LQCD M,=470MeV
% . . LCSR
- -'--‘Sir'nplep'ole ' LCSR
1  -...Modified pole
I —SegestPar P4l S BESIII | | | | |
'+7+ r— culation g ] S = — =
08| B I 01 02 03 04 | 06 07 08 09
T ! v I _ £0)
04 1 ] ccam
0 05 1 15 02 04 06 08 cam
q(GeV'ict) PRDS8S,034023 | -
D s LQCD M,=370MeV ——
£2:77(0) = 0.446 = 0.005  0.004
LCSR
LCSR

£277 (0) = 0.477 = 0.049 + 0.01 1 -

Statistical errors dominate o1 02 03 04 Dén

06 07 0.8 09
(0)
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—0
DY 5 K ety

eUsing 2.93 fb~! of data @ Ecpy = 3.773 GeV
eDouble tag with 3 D tag modes
ePartial Wave Analysis

B (DO — Fon-ew) — (1.434 £ 0.029 + 0.032) %

B (DO - (?Oﬂ'_)s_wave e+u)

= (5.51 +£0.97 +0.62) %
B (DO - for—e'*'u) ( ) ’

B(D° - K*(892)"etv) = (2.033 £ 0.046 £ 0.047) %

K* dr'/dq® o< V(q?), A1,2(q?)

ry = V(0)/A1(0) = 1.46 £ 0.07 £ 0.02
ro = A2(0)/A1(0) = 0.67 £ 00.6 £ 0.01

First FF Measurements

Events/(0.01 GeV)

Events{0.04 GeV' k)

Events0.1

Alex Gilman
PRD99(2019)011103
1000} +data @ § 10°
6§ 3 10
—bks || S
l| 2
| § 1
w
0% 0 01 02 O
Ui (GeV) M_ (GeVich)
2001 { © (@
150} f - 200}
¢ { }
100 :
@ 100f [
50-
02040608 1 05 0 05
@ (GeVPic*) cosa,,
200 (CY _ 200t | 0
=
- S 150 by
d i g 100+
100 w 50+
—gr T eyt
cosl ¥ (radians)
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D — K®ety

eUsing 3.19 fb—! of data
@ Fop = 4.178 GeV
eDouble tag with 13 DI tag modes
eldentify through K° — K9 — ntn—
and K% - Ktn—

PRL122(2019)061801
% D— K%*v, o aor D;— K s'v,
3 3 s0f
o o
: 1
é LT R RLE,

0.1
MM? (GeV3/c*)

0.2 0.2 -0.1 0 0.1

MM? (GeV3/c*)

B (D;" — Koe'*'u)
B (D - K™etv) = (2.37£0.26 £ 0.20) x 1073

Precision improved ~ x2 over PDG

= (3.25+0.38 £ 0.16) x 102

Alex Gilman

With |V_.4| from 2018 CKMFitter

K%*v dats

pole
w2 Series (2 par) A 0
ff (0) = 0.720(84)(13)

05 15 2

1
q° (GeVeic)

§ Ll—l—n-
i Projections for
} i K% e*v FFs

K%* dr/dq® o V(q?), A1 2(q%)
ry = V(0)/A41(0) = 1.67(34)(16)
ro = A2(0)/A1(0) = 0.77(28)(07)

First FF measurements
- - = =
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D — S€+I/ Alex Gilman

From Wang and Lii PRD82(2010)034016
DT — SeTv can provide insight on the nature of light scalars

o B(D+ s f3(500)e+ v) +B( D+ 5 (980)e+ v) Two quark description == R =1.0+=0.3
B(D+—af(980)etv) Tetraquark description = R =3.0+0.9
» D — ap(980)etv » Dt = foetv
PRL121(2018)081802 PRL122(2019)062001
' : . ot ¥ e 1 F ]
10+ D* = az(980)e*y - - _p" - a;(980)e" | E :>g 3 gm; 3
E‘m" § 3 Em: I 3
— | 1 3 p
G s £ 5 g 2w ]
3 ‘i,/ g ) g H #_
g 8 I L P ]2 b T a5 0 s 1
S o— =2 0 + : 0058,
§20- Dt = aj(980)ety h § D* - a)(980)ety :
' '..“ ] 10+ 4\_: g‘ E 7 — Total Fit
B I g % e D* = FO(500)e*v
I : - : -~ Seckgpands
0 08 1 12 %.2 ; -
M, (GeV/c?) ? ; :

26



D — S€+I/ Alex Gilman

40.33 4
(1.3710:35+0.09) x 10

B(ag (980)—snm—)

B (DO — ag (980)e+u) - (6.50)
(1.66F0 86+0.11) x 10~

B (Dt — ad(980)etv) = B (a0 (930)5770)

(3.00)
First Observations

—4
B(D* — fo(500)cty) = CRE0A20.39x1072 (10,

B (D* — fo(980)e*v) < grriammtS =y @ 90% C.L.

Neglecting fo(980) contribution and assuming:
B (fo(500) — mm) = 100% = B (fo(500) — nt7n~) = 67%
I' (a0(980)) =T (a0(980) -+ KK) + T (a0(980) — n=°)

: I'(a0(980)—» KK
= B (a0(980) — nn?) = (85 £ 11) % with PDG2018 avg. of FEagEQSO;:nwO;

R > 2.7@ 90% C.L. = Tetraquark favored
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High precision charm physics @thresholds: D/Ds
_

B(D* - v) folVeal 1.1% 1.4%
B(D§ - lv) fos | Ves| 1.0% 1.0% N/A
B(D* - lv) folVedl 1.0% 1.4% N/A
B(D& - v) fos [Ves!
dr(D - nlv)/dq?  fp_z(0)|Veyl 0.6% 1.0% N/A
dr'(D - Klv)/dq?  fp-x(0)|V.] 0.5% 0.9% N/A
dT'(Ds - Klv)/dq?*  fps—k(0)|Veal 1.3% N/A N/A
dI'(Ds > ¢v)dq®  fps-¢(0)|Ves] 1.0% N/A N/A

BESIIl: 20fb! @ 3770 MeV, 6fb* @ 4180 MeV, arXiv: 0809.1869 (BESIII physics book)
Belle-1l: 50 ab! @ Y(4S) arXiv: 1808.10567 (Belle-Il physics book)
LHCb: : arXiv:1808.08865 for upgrade-I|




Hadronic decays

e Relativestrong phase from Quantum Correlated data
e Light hadronspectroscopyfrom charm decays

 Multiplebodydecays (4-body )

29



Y /3 extraction
B™— DOK__ B~ — D K- <B — DK > (55 —)

S K~ . “ 2 <B- — DK- > tBe
w8 b Ve (D
g I £ o § W1~ ';
B- o ‘ D' = /l/DKNe I6D
« Sensitivity through interference between B f(D) K

b—u and b—c transitions i( 8s1)
_ I e\ 1 —
. DK/

» Require D? and DP decay to a common

final state, f(D):
Koshh ; Kr ; Ko ; Ko o & O analog.ous to B-decay quantities.
For multibody decays, these

+ Comparison of B-and B* rates allow ~ vary over Dalitz space

to be extracted

« But other parameters to be considered

*in particular 8, — accessed in quantum-correlated D-decays
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The correlated state

For a physical process producing D° D° such as
_O " -
D‘ ete” =y — DD’

. o - The D° DO pair will be a quantum-correlated state
e o _>/// —@Q e
//,I

‘ For a correlated statewith (' = — C‘D°> =‘5°>
D’ v (o)) APl

CP }t:gggt thres hgldz~

Eigelfsz'ne(-) <‘ 0/ ‘ ‘ > 1 D > : <K_”+
o ser ) 35 [0%):°)

D K o > e A )

31
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Uncertainties of Yy /¢p3measurementat LHCb

e Belle II: 1.5° with 50 ab! arXiv:1808.10567
e LHCh: arXiv:1808.08865v2

a1 ' ' '
[ - |_ckm2o18 |
— 08__ ) 6Lw __
i [7]aDs |
. [0 GGSZ -
06 [ Combined |
4 |
04r 6!!,%‘
I |
021 / |
- 955% -
| L

O0 150
O
v []

Yemons = (71.1759)°

¢ Dominated by LHCb

Runs Collected / Expected Year v/ b3
luminosity attained sensitivity

LHCbH Run-1 [7, 8 TeV] 3! 2012 8

LHCH Run-2 [13 TeV] 5! 2018 4

Belle-II Run 50 ah! 2025 1.5

LHCb phase-1 upgrade [14 TeV] 50 fb" 2030 <1°

LHCb phase-2 upgrade [14 TeV] 300 fb~! (>)2035 <0.4°

Strong-phase inputs from CLEO contribute an ~2° uncertainty toy
measurement, and will be comparable with experimental statistical

uncertainty at LHCb RUN2.
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Wishlist of Quantum Correlated measurements at BESII|I

Decay mode

Quantity of interest

Comments

Binning schemes as those used in the CLEO-c

D — Kgﬂ+7r_ c; and s; analysis. With 20 fb~! of data at 3.773 GeV, it might be
worthwhile to explore alternative binning.
Binning schemes as those used in the CLEO-c
D—= K gK TK— ci and s; analysis. With 20 fb~! of data at 3.773 GeV, it might
be worthwhile to explore alternative binning.
D - K=n¥rxtn— R.) In bins guided by amplitude models, currently
under development by LHCb.
D—- KK ntn™ c; and s; Binning scheme guided by the CLEO-c model [69] or

potentially an improved model in the future.

Do ratrata™

Fy or ¢; and s;

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

D - K*n¥ql R,6 Simple 2-3 bin scheme could be considered.

D — KgK*n+ R,6 Simple 2 bin scheme where one bin encloses
the K* resonance.

D — ata—aY F, No binning required as F, ~ 1.

D — K2nta—n®

Unbinned measurement of F', required.
Additional measurements of F, or ¢;
and s; in bins could be explored.

D— K"K w F, Unbinned measurement required. Extensions to
binned measurements of either F, or ¢; and s;.
D — K=n+ ) Of low priority due to good precision available

through charm-mixing analyses.
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Quantum Correlated measurements with 2.93 fb-! data

= Strong phase of D> K" PLB734(2014)227

= Strong phase of D2>Kgt'w~,  to be submitted this December

BESIL

s 3 ]l Preliminary
= CP+ fractions of D2>w*wn® and K*K-rt° Near to ready
= Strong phase of D> KK*K- Ongoing

= Strong phase of D> K-rw*n® and K-ww*rw'n Ongoing
= Analysis of D> 2(x'r) Ongoing

= Analysis of D=2 K t'mwn° Ongoing
= Analysis of D> KK*w and K,K-r* Ongoing 2



Constraint to Y /¢3; measurement tHcb, arxiv:1808.088652

* LHCb
B* — DK* GGSZ

D> K }

x  With v/ N improvement
+ With current CLEO ¢;, s;

10
o .

= 5
B

1_

0.1

= 20

Z 18
©

16

14

12

10

8

6

4

2

0

5 23 50 300

Integrated Luminosity [fb~!]

ot — o, D2(wt

— O, CLEO-c data

—— ©,,, Pred. BESIII 2.9 fb’!

LHCb — Oy Pred. BESIII 10.0 fb™!
Run II

LHCb
Ph.1 Upgrade

——

10* 10° 10°
N[B*— DK*, D— 47']

- L
o
()

14 ————— -
i C — Stat. only .
o 12 = == CLEO-c (0.8fb™") = 4
S N I  — BESII (29fb™) - ]
10 :— 5 — BESIIT (10fb 1) E _:
s F =
6 =
4 E
> ED2>K-mwrwtn -
0 - e SN
1 10 102

Stats. xLHCb Run-I

BESIII: 10 to 16 fb?

Strong phase from QC data at BESIII will
be key to constrain the y measurement
at LHCb upgrade 1(2) to sub-degreelevel
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Amplitude analysis of D} — nmt®

BESIII: 3.19 fb? @,41’,30 MeV arXiv:1903.04118, accepted by PRL

80: ' | )
- o BESI | 5 |
2 2 ©0 =
3 S wb Al S
= & &
> 1z = 20
= 1 = = '
I I 1.5
M, (GeV/c?) M, (GeVic?)
PDGI18
e =(9.50=0.280.41)% By . =(02x1.2)% _
Mt/ ) ] ] Y.K.Hsiao, Y. YU, B.C. Ke
L =(744£0.48+0.44)% Branching fraction is one arXiv:1909.07327
Y (220202220 34)%/ order higher than other
DY —=ay(980)r N TTT T ST known annihilation decays. 36



Rare decays and lifetime measurements from LHCb



Why Rare charm decays D. Mitzel

Promising to search for NP...

* rare charm decays involve FCNC c—u
transitions at short distances (SD)

* in SM only at loop level

» some NP models predict large enhancement
in rates and asymmetries (prp &3 114006 (2011)]
[PRD 98 035041 (2018)]

» one of few occasions to investigate up-type
quark FCNCs

...but also very challenging!

» SM short-distance contribution highly CKM &
GIM suppressed
« inclusive SM D—Xp+p- sO(10-2)

» processes dominated by long distance (LD)
(tree-level) dynamics, shielding the FCNC
processes

* theoretical description very hard

[PRD 98 035041 (2018)]

Do—= ety
long distance

=
1S
o

short distance
107"} component

0.0 05 1.0 15 20 25

me(uepr) [GeV2/c?]

dB(DO=mmpp)/dm2(up) [GeV-2)
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Observation of the D > h*h~utu~ D. Witzel

* overwhelming contribution from LD amplitudes proceeding through intermediate vector
resonances screening the SD physics

example short-distance contribution example long-distance contribution
EW Penguin + Do — h+h-po(—=p+p-) q

7
ZO [/ ( ﬂ}h_
Do{”&gﬁ Yoo p{S T

u % q a q
7y u [T
ﬂ} s \ ﬂ}p0< pe
« first step: BF measurement (binned in dimuon mass and total BF)
* (hmited) sensitivity to SD contribution in regions away from resonances
B(D° - m wtputp~)=(9.6440.48 +£0.51+0.97) x 10~°

B(D°* - K K putp™)=(1.54+027+0.09+0.16) x 1077
[PRL 119 181805 (2017)]

5 fb1(2011-2016)
- total BF:

» second step: measure asymmetries with sensitivity to SD in full range
* O(few%) predictions for some NP models [JHEP 1304 135 (2013), PRD 87 054026 (2013)] 39



Asymmetries in DO — ht h_[,l+[,l_ PRL, 121,091801 (2018)

 for the first time, measurements of angular and CP asymmetries in these decays

 conceptual new and complementary to BF measurements D. Mitzel

» asymmetries are sensitive to SD in full range due to SD-LD interference
[PRD 98, 035041 (2018)]

* observables are SM null tests L
3 Do—=mempsp
N - [I'S
* O(few%) predictions for some NP models < oo
[JHEP 1304 135 (2013), PRD 87 054026 (2013), PRD 93, 074001 (2016), PRD 98, 035041 (2018)] SM
0.00
* angular asymmetries
001}
» forward backward asymmetry o) | )
' ['(cos#, > 0) — T'lcos#, < 0) a0 05 10 15 20 25
Apg = m2(p+u-) [GeVQ/C4]

['(cos@, > 0) + I'(cosf, < 0)

* tniple product asymmetry

Ao — ['(sin2¢ > 0) — I'(sin2¢ < 0)
= T(sin26 > 0) + [(sin 26 < 0)

* CP asymmetry
I(D" = hth ptp ) —T(D° = hth—pt )
(D = hth—ptp~) +0(D° = hth—ptp-)

Acp =
40




Asymmetriesin D? -» h*h~pu*p~

Measurement strategy

* measure Arg, Ao and Acp binned and integrated in dimuon mass

* 5/fb recorded 2011-2016

select DO from flavour sepecific D*+— DOrtt decays

PRL, 121,091801 (2018)

D. Mitzel

Decay mode low mass 7

m(ptp~) [MeV/e? |

/ ’.Il" W o

high mass

NA = not available

DV R¥K-p = | <525 | NS = 565 NA NA NS = no signal
D" = ataptu < 525 | NS | 565-780 780-950 | 950-1020 1020-1100 | NS
NU LI NQ 60 LA B B B
= 300F] HCb > LHCb
* total yields < 2 0
wy w 40
* DO—=mtmrpt+u: 1.1k 2 g
2 30
e DO K+K-ptp: 110 gl N
5 100 2 2
g p =
& O 10R

» sensitivity on asymmetries
of a few %

1900
m(x*a ) [MeV/e?]

1850

1850 1900
m(K K u*u-) [MeV/e?] M



Asymmetriesin D? -» h*h~pu*p~

Total asymmetries

Acp(D° = a¥n ' p™) = ( 49+38+0.7)%,
4”;(D” YrutpT)=( 3.3+3.7£0.6)%.
Apg(D* = a¥m 'y ) = (—0.6 £ 3.7 £ 0.6)%,

Acp(D' -+ K"K p pu ) =(0£11+1)%,
App(D° = K7K p p™) = (0 + 11 + 2)%,
Ap(D* 5 K'K ptp ) =911+ 1)%

s

» all asymmetries consistent with zero

» no dependency on dimuon mass observed (also true for DO—=K+K-py+p-)

02
uncertainties are statistical and systematicj 0'

E 06_ LI | T T T T 7 T
< |
04k LHCb ]
02F 3
o+h§_‘_{£~:§§

-02F d
-04f D’— xapu- 3
0650 T om0 1500
mutu-) MeVic2]

5 06— et
< o4k LHCb -
- ”'h.i —
02 i a
04 - D"— as oo’ ol ':
EEPEETEE 1SS SR T BT O T T i | ]
0655 1000 1500

mu*u) [MeV/c?]

PRL, 121,091801 (2018)

D. Mitzel

s 0.6 . -

04f LHCb _f

02: -

o S— L - :
o: + s
-04 D°—-x‘rp‘p";
-06

1000
m(u* o) [MeV/c ]
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SearCh for rare decay AC _)pﬂ-l_”_LHCb: arXiv:1712.07938

T e * first measurement of rare decays of D. Mitzel
> charmed baryons at LHCb
2 50
2 w0 » total BF dominated by resonant LD
2 30 contributions:
:"f ’)O
R © Net—pP(—pty-)
v © Aet—pplw(—pty-)
0
00 500 700 m( u}z?()) [MeV/ (_,121]00 * sensitivity to SD physics away from
resonances in dimuon mass
LHCb analysis strategy

» define three dimuon mass regions: ®,p/w and non-resonant (NR)
 measurement/limit of the BF in p/w and NR region relative to Ac+—=pO(— - )

» full Run 1 data (3/fb) 43



— D. Mitzel
LHCb: arXiv:1712.07938

S T ——————
<= a nonresonant
) } LHCb

18
16
a E
10[H M

8

6

4

2

o :
40 b)
35
30

Search for rare decay A, —pu*

%)

* upper limit on non-resonant component

Candidates / (7 MeVie

B(A} = putp~) < 9.6 x 107% at 95% CL

; § ¢ region
» ~1000x better than previous result from 3 l e
BaBar (prp 84 072006 (2011)] % s
g |
= 20
- first observation of Ac*—=pputy in the p/w 2 r
. . 10
region of the dimuon mass spectrum ;A
a 0
< 10F .
2 sf ]
- +,,— _ : S ]
B(A; = plutp ] pw) = (94+ 3.2+ 1.0+ 2.0) x10 S E
IR SR —f
L L _ § 2 .
* uncertainties are statistical, systematic and due o ELITPPIIT I g;{;"."'g;%u
; . 2200 2 2
to the BF of normalization mode 6 m(p pep-) MeVicT]
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Precision lifetime measurements of charmed baryons

° Using run_| data: 30 fb-l LHCb: arXiv:1906.08350

* Decay channels: AT = pK 7", ZF -5 pK 71, 2 5 pKTK 7t

x10°
S [ LHch "+ b . x10® x10°
> — Full fit S LHCb +-Data ©15- LHCb +Data
2 | N S| d —Fullfit > 7 — Full fit
= 101 Bcckpro d | = [ — SeopK e § — E¢opK K x*
o - ackgrou o 2 Background To R Background
S | o S -
> | = 1
o |
gt 3 g |
o 5+ 3 | St
2 | =B 205
© < 8 i
O &) "."""r":_r/ TR I AR
i L -
B F 1 L I 1 IJI 1 1 I L l L L
PR R T L f L \\L [ 2440 2460 2480 2500

L | T 1 ritam | ! 1
pK n* mass [MeV/c?] pK 7* mass [MeV/c?] P | ]
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Precision lifetime measurements of charmed baryons

Fit decay time spectra to get lifetime information ~ -Hcb: arXiv:1906.08350

(2]
o —~ -0, ——
— F, —oEuvX
=10 LHCb cld
S0k
et —g— ©
Zc (PDG. 2018) === . 1 1icp, 2019) 5]
>
A, (PDG, 2018) g
Ae (PDG, ~ AZ(LHCb, 2019) 2
» 10%F
Ze (PDG,2018)== _ -0, hiop, 2019) 330
0
Q. (PDG, 2018) === s (20 (LHCD, 2018) ~ 4 times |arger N B RS
. ' . O 0 0.2 04 0.6
. . . A A N A N N Z¢ decay time [ps]
0 200 400 600 °

lifetime [fs] Tp+ =203.5 1.0+ 1.3+ 14 fs,

The measurements are approximately 3-4 times Tg+ = 456.8 £3.5 £2.9+3.1 fs,
more precise than the current world average values Tzo = 1545 £ 1.7+ 1.6 £ 1.0 fs,

LHCb: arXiv:1807.02024 Qo =268 +24+10+£2 fg



Near threshold data: ete™ - ATA;

Energy(GeV) lum.(1/pb) E by Giilo
4575 47 67 i
4.580 8.54
4.590 8.16
35 days data taking 4.600 566.93
Corresponds to 0.1M A, pairs LT X XL R ‘4.'7‘zé‘7(‘1(‘52"

Measurement using the threshold pair-productions via e*e
annihilations is unique: the most simple and straightforward

First time to systematically study charmed baryon at threshold!
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Events/1.0 MeV/¢

Absolute BFs of AL hadronic decays

100F

Mg (GeV/c?)

pKCS’ 2 pK Tt : pK P
- - 4

) | | ynij)\m‘
f T 9 .
Afﬂﬂj\L | N
:_ " 1 M L ] 1 l.

Z+TIZO { Z+(!) ‘

2.26 2.28 2.3 2.26 2.28 2.3

PRL 116, 052001 (2016)

BESIII: 0.6 fb! @ 4600 MeV

Mode BESII (%) PDG (%) BELLE B
pK? 1.52+0.08 £0.03 1.15+0.30
KT T BeIa0oTe023 B0 B E 0BT
pKom0 1.87£0.13+0.05 1.65+ 0.50
pKrtm~  1.534+0.11+0.09 1.30+0.35
pK mt7n® 4534+023+030 34+1.0
At 1.24 £0.07 £0.03 1.07+0.28
At r° 7.014+0374+019 36+1.3
Artr~nt  3814+024+0.18 26+0.7
yOrt 1.27 +0.08 +0.03 1.0540.28
Yt 1.184+0.10 £0.03 1.00 +0.34
Ytrtn~  4254024+020 3.6+1.0
Yt w 1.56 £0.20 £0.07 2.7+1.0
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Absolute BFs for At — Al™v,

49

BESIII: 0.6 fb! @ 4600 MeV

F PRL 115, 221805(2015) (b) [ DR erIa2 200

% 2 AF>A wvy,
o0 g 79+ 11 signal
o - il = 204

5 A 2 )

% 0

o 1 al T *g ]{ AT> AR
~

& 4 SEERTTS

8 -1 THHH

> 10 :nm—f‘f./...... S . hasdewdebdebdunfehdefe} 4= _l_ N LL] ”LLJ

\ L
. ' ! ! ! 'L ........ P ™ T T
02 -0.1 0 0.1 0.2 0.2 0.1 0 0.1 02
Umiss (GCV)

Umiss (GeV)
B[AF D Aetv,]=(3.36+038+0.20)%

B[Af > Apv,]=(3.49+0.46:0.27)%

First absolute measurement of the semi-leptonic decay (Statistics limited)
Important input for implementing and calibrating the Lattice QCD calculations
Best precision to date: twofold improvement
F[Aﬁ%Au*vﬂ]/F[A;f%Ae+ve]= 0.96+0.16 +0.04



Observation of At >nK9r+

* Firstdirect measurementof Afdecayinvolvingthe neutronin the final state.

BESIII: 0.6 fb! @ 4600 MeV

PRL,118,112001(2017) —
. (b)
30 30
0.54
‘l‘u NQ
—~ 052 AT >
% : > 3
G 05 cpkig o 10 20
[ . l._:..'.n ~ ~
= . = g
0.48 |- g ¢
@ <
10} 10
0.46
L | il | > ’ 5 T i L} ! ITAB
0.7 0.8 0.9 1 1.1 07 08 09 1 14 046 048 05 052 054
M2, (GeVZc*) M2 (GeV?/ct) M, +.— (GeV/c?)

« 2-Dfitting extract 83+11 netsignals => B[Af —nK%n"]=(1.8240.23+0.11)%

e B[At —»nK°n*)/B[Af —»pKn]=0.62+0.09; B[A; »nK%1]/B[Af —pK°n°]=0.97+0.16

» Atestof final state interactions and isospin symmetry in the charmed baryon sector.
[PRD93,056008(2016)]
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. . _I_
The inclusive channel A - A+X BESIIL 0.6 bt ® 4600 MeV

PRL 121, 062003(2018) ® Inthe ST modes of A{->pKp* and pKy),
to measure the probability of find a A in
2.3 ¢ : — e the final states.
2205 F [ e e
229 Fo o.p oo
g ime fe LTINS @ Extract yields from 2D distributions in
3 2275 £ bins of p—|cos6 |
B 227 |-
2.265 | N S
cE LR A A T ® Data-driven 2D efficiency correction
2,255 o o ; : . .
S TS IR AL ST LA using several A control samples.
11 1105 1.11 11415 1.12 1.125 1.13 1.135
M, (GeV/c?)
® B(Af->A+X)= (3827238 +0.9%
| . NALNP Y _(exc_:l. rate (24.5 + 2.1)% observed,
N®8 = N° — — - f-(N° — T) indicates ~1/3 BFs are unknown)

® Comparison with K+X will shed

_ (9 1+7.0 4p
light on the internal dynamics A= (2.1256 £[0.6)%

(No CPV is observed.) 51



+ N pt
AT —>e v, +X
C e
® Current PDG: BF(Af > e+X)=(4.5+1.7)%.

® Llarge rate, but also with large uncertainty

BESIII: 0.6 fb'? @ 4600 MeV

PRL 121 251801(2018)

s |
S 6o
® Tagged with Af >pKn* and pK? & |
s
= B(A} = Xetr,) = (3.95+0.3440.09)% <
2 |
. 3 20
- B(Af—Aetve) !
B = (919 £ 125 £ 5.4)% A
0 0.2 0.4 0.6 08 1
Momentum (GeV/c)
® The Al'v;dominate the ["+X =>B (pKlv;)~103.
Result AY — XeTv, Fl—ﬂ(ég:)fefyf))
BESIII 3.95+0.35 1.26£0.12
MARK 1I [7] 45+1.7  1.44+0.54
Effective-quark Method [9, 10] 1.67
Heavy-quark Expansion [!1] 1.2
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Lineshape of

08 T T bl L

1
with non-pole term

e Belle
064 | = BESII

0.2 -

—1LEC |
-—--2LECs
—-=-3LECs |
---- 4LECs

eTe” — ATA;

Belle: PRL101, 172001 (2008)
BESIII: PRL120,132001(2018)

Machine upgrades:

v' Energy upgrades

v" Lumi improvement @ higher energy
v' “Topup” injections

Some tensions between Belle and BESIIl data on e"‘e_ — A;"j_\;
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Access to the heavier charmed baryons

A,

- ECEC Belle data for charmed baryon
0.6 B
— oal J[ =8,
= -
b - +
o2 ﬂ % ﬂ* * | o
0 ".'.'.'T". ol .'.".T. T'. .'1' . .'T'. l'f'.'.'."'.'IT'.'I'T'.J{'T]'.'TTT
4.5 46 47 48 49 5 5.1 5.2 53 5.4
M(AT AQ) GeV/c®
Energy thresholds
veteT 5 ATX; 474 GeV
vetem > AfX. m 4.88 GeV
vVetem 53, %, 4.91 GeV (10MeV above current limit)
vetem 5 E.E, 4.95GeV (50 MeV above current limit) .



Competition and complementary -future

» Super-KEKB/Belle-ll (50 ab! ccbar cross-secion = 1.0 nb@Y(4S)) 50 billion
arXiv: 1808.10567 (Belle-Il physics book)
> Super-tau-charm factory (5 ab! ccbar cross-secion = 6.5 nb@1(3770)) 30 billion

» LHCb and its upgrades (50 fb* = 10! reconstructed charm mesons)
arXiv:1808.08865 (LHCb upgrade-Il)

» proton-antiproton collisions (PANDA...)

> SHiP experiment at CERN: (108 D mesons, 106 7, 1020 y)

arXiv:1504.04855 ; arXiv:1807.02746
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Physics programmes for future data taking at BESII|I

From the white paper

10-16 fb'* on Y( 3770)

6 fb!l at 4.18 GeV > Ds meson

 5fb? at 4.64 GeV for the charmed baryon

* Scan at the highest energy?

* Large Zc samples: 5 fb! each at 4.23,4.42 GeV

* High-statistics data samples around 2.2,2.4 GeV

3 billion 1( 3686)

...wishlist comprises about 40 fb!

BESIII has to run another 8 - 10 years to collect these data sets
with current luminosity!
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Summary

SM predictions

1o Experimental reaches
10 ]
Cabibbo favored D% - K-n*,/Dt - K°t* /D% - K~1*v/Df - ttv
107
105 Singly Cabibbo suppressed D° —» z~n*,/D* - %zt /D% - n~I*v/D*t - ,uv— CLEO.c
10« Doubly Cabibbo suppressed D° > K*n~,/Dt - K*n©
10®  Radiative decays D’ — E*Oy/qby/py/a)y BESIII
10 D' —K"y/p'y D! —K"y/p%y _ BESIII final/B factory

107 Long distance:
Vector Meson Dominance D’ —=yy /VV'(= 1)/ hV(— )/ hh'V(— ) LHCb

10
] Belle-1l/Super-B
10 Super-t-charm
10%°  Short distance FCNC D’ /DY = yy VIl WU [ hR' T
10-11 DO — M+M_ LHCb upgrade 1 (50 fb-l)
1012 DO + -
- —ee LHCb upgrade 2 (300 fb)
i D — (hu'e”

SHiP experiment @CERN
57

" Forbidden decays: LNV, LFV, BNV D — (hh)e*e” / (hh)u'* u*



Thank you for your attentions!



Synergy with LHCD to measure y/¢,

e Has very small theory uncertainty 0(107) JHEP01,051(2014)
e Over-constrain the CKM triangle to probe for NP, which may cause a sizeable
4° effect. PRD92,033002(2015)

ViV
o tdVebh \ —
15 | . ] = arg Y ‘/'* = 09,
B ex d a >095 E iﬂ ] / lld / ub

1.0
v = arg < “'/ud";u*b) = ¢a
] — ! T N7 1/ = ¥3,
“‘(’d‘l(:’()

Accessed by the interference
between b~>cus and b2 ucs

—

0.5

I= o00F

-0.5

1.0 N : €y ]
N Y sol. wicos28<0 *
el Decays: B->DK,B>D’K, B>Dm,
-1'§1 ol L1 1-051 L1 lool L1 1051 11 l1 ol Ll l1 5l Ll 120 BeD* (*)
0 s 00 s e ' n, B>DVKm, ......
P

Methods: GGSZ, ADS, GLW: strong phase differences of neutral D
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10 years data taking at BESIII

Data sets collected so far include,

> 10x10° ]/ events

> 0.5%x10° 3’ events

» Scan data[2.0, 3.08] GeV; [3.735, 4.600] GeV

130 energy points, about 2.0 fb!
» Large data sets for XYZ study above 4.0 GeV
about 12 fb!

Unique data sets at open charm thresholds

10

10

VS/GeV L/fb7!

3.77 293 DD

4.008 0.48  DD*, y(4040), D Dy
418 3.2 DsD

4.6 059 AFAZ

1 I

1 1 1 1

C I 1 1 1 1 I 1 1 1 1 li 1 1 |l _L 1 | 1 1 :
& ]
i PDG 2015) P u, d, S :
. 3 loop pQCD
- F meeaaa--d Naive quark model -
B Y, | 2175 3
B ; l' 0.1 fb1
- Iy .,ll, """ S 4130, 4160,
= W gy Energy Scan 526 pt 4190, 4200,
- Can cover 0 4 9 GeV from *¢ ~Tndngive j;;gigig-
o measurements = 2 ?
| dlrect annlhllatlon or ISR _ nnianl P
05 1 15 2 25 4290, 4315,
1 J; \ | 1 | 2'.(219) ) | | | | | 1 1 AL&l 1 4340. 4380.
s g 4040 nh " 4420 || :
A Markl 0.5 fb1 4230+4260 10 fb-1 4400, 4440
Jhy v MarkI + LW 19f1 7.7 fol
10x10° ® Mark-I1 p R e e
i ® PLUTO |45, 100 o™ *, [ l 067 ]
i ) DASP } !
- # Crystal Ball [ | m
- . = BES v IT 3
o . 20l 1 4180 : 4360 - -
- )’ / I ’ I I [ |[,, ﬁ 3 0fb? 0 5fb 1 ] _
; + * 7, L
;::’?‘ === - 4 can 1, 3 fb 1 130 pomts) =
3 35 4.5 5
NG [GeVT .
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Leptonic and semileptonic charm decays

ch\

C
e
o o 9
vy g ©
§ o I
WY =4 v
|I‘?

W+

L2 P
q
f; q
dl _ X G,g| Vcd($)|2 pglf- (q2)|2
dg? 2473 e
. . . fVud Vus Vub\
L. |Vegayl: test on CKM matrix unitarity ——
U = E I/cd I/csE Vcb
2. fp(s+ 15 (0): test LQCD calculations PR
Vi Vi Vi

3. Branching fractions allow for LFU tests
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fo,Vesl

fo.V_ [[MeV]

CLEO-c H -
BaBar —+ .
Belle nv H—e—
BESIIi(a) - H
BESIII(b) H—e—H
"""""""" e)yv  H———
CLEO-c t(x)v » 3
(p)v -
BaBar w(e)v *
T(u)v = ;
............................ r(e)vo ;
Belle T(u)v -
t(m)v =
BE.SIII(a) T(x)v "
J7a% H—e—H
Average 7tv H—e—H
HV+TV H-o—H
| 1 | | | 1 I 1 | 1 I n 1 I | | | I |
200 220 240 260 280
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LQCD Inputs averaged from HPQCQ, ETM, and FMILC

I I and IV I Inputs: ' 'Inputs:

fLQCD = 212.3+ 0.6 MeV fLQCD — 249.7 + 0.4 MeV
ff-ﬂf (0)LQ€D — 0,760 £ 0.011 D—W(O)LQCD = 0.634 4+ 0.015
shfitl Bdgle T7 7T T T 777 odedsdfooohs " "W "7 "~ 1
DELPHI PLB439,209, W' 55 0.94+0.32:0.13 = T ——— 0 S24310 onas l
PDG  PDG18, D>KI'v 0.975+0.007+0.025 B
CLEQ PRD79,052002, D1, v 0.981:0.043:0.021 -
CLEQ PRD80,112004,D -1 v 1.001:0.052:0.020 -
CLEO  PRD79,052001,D,7,,¥ 1080:0.068:0.016 - PDG  PDG18, D" r'y 0.214+0.003:0.009 ===
BaBar PRD82,091103,D -7, v  0.949:0.035:0.055 == ’ S
Belle JHEP1309,139,D >t - v1.017+0.019:0.028 -
BESIl PRD94,072004, D >pv, ©_ v 0.936+0.063:0.025  =m=
CLEO PRD79,052001, D —pv 1.000+0.040:0.016 - .
BaBar PRD82,091103, D’y 1.0%250.043:0.000 - CLEQO PRD78,052003, D" »puv+tv  0.218+0.009+0.003 ——
Belle JHEP1309,139, D —pv 0.969:0.026+0.019 =
BESIl PRL122,121801, D] »>n'ev 0.917+0.094:0.021
BESIl PRL122,121801, D] »nev 1.031:0.012+0.080 ——
BESH PRL122,011804, D° Ky 0.955:0.005:0.024 . BESII PRD89,051104,D'>uv  0.2150+0.0055:0.0020 ==
B|Es||"| PFFL1122|0F1|80|2 Psf)‘f\l Lo 098001420014, L N I T T e

-5 1 056 0 05 1 0.05 0.1 0.15 0.2
A V| .
cd



Ivcsl and Ivcdl

LQCD Inputs averaged from HPQCQ, ETM, and FMILC

Inputs:
fgic') = 212.3+ 0.6 MeV

fP—=K(0)LQC0 = 0.760 + 0.011

Inputs:
fEAD —249.7 4 0.4 MeV

fP—7(0)LQCD — 0.634 + 0.015

TT [T T T T[T T TTT1
SMfit PDG18

DELPHI PLB439,209, W* 53
PDG  PDG18, DKl
CLEO PRD79,052002, D1, v
CLEO PRDS80,112004, D1 v
CLEO PRD79,052001, D -1, v

0.97359+0.00011 n
0.94:0.32:0.13  se—r—
0.975:0.007+0.025 SMfit PDG18

»
0.981:0.043:0.021 -
1.001:0.052+0.020 -
1.080+0.068+0.016 =

PDG  PDG18, D™y

CLEO PRD78,052003, D" 5pv+tv  0.218+0.009+0.003 b

0.22438+0.00044 L

0.21410.00310.009 ==l

0.215010.005510.0020 ==

0.2150+0.0021+0.0017 = |

BaBar PRD82,091103,D -7, vV  0.949:0.035:0.055 ==
Belle JHEP1309,139,D -7, - v1.01740.019:0.028 -
BESIII PRD94,072004,D —uv, © v 0.936+0.063:0.025  =m=
CLEQ PRD79,052001,D —uv 1.000:0.040:0.016 -
BaBar PRD82,091103,D —uv 1.032+0.033:0.029 -
Belle JHEP1309,139,D —pv 0.969+0.026+0.019 - BESIII PRD89,051104, D'—pv
BESIII PRL122,121801, D »n'ev 0.917:0.094:0.021 =l
BESIlI PRL122,121801, D_—nev 1.031:0.012+:0.080 --
BESIl PRL122,011804, D° 5Ky 0.955:0.005:0.024 M | BESIl Expected (20fb™), D"y
BESIII PRL122,071802, D—pnv 0.985:0.014:0.014 m
BESII - Expected (6tb™), D, -pv 0985:0010:0012 L
| I N N I N A O | | I N [ [ (N A [ N I R A |
15 105 0 05 1 - 0.1

BESIII: 6 fb! @ 4180 MeV |V
c

J

BESIII: 20 fb'! @ 3770 MeV |Vcd|

015 0.2
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Observation of At >nK9r+

* Firstdirect measurementof Afdecayinvolvingthe neutronin the final state.

BESIII: 0.6 fb! @ 4600 MeV

PRL,118,112001(2017) —
. (b)
30 30
0.54
‘l‘u NQ
—~ 052 AT >
% : > 3
G 05 cpkig o 10 20
[ . l._:..'.n ~ ~
= . = g
0.48 |- g ¢
@ <
10} 10
0.46
L | il | > ’ 5 T i L} ! ITAB
0.7 0.8 0.9 1 1.1 07 08 09 1 14 046 048 05 052 054
M2, (GeVZc*) M2 (GeV?/ct) M, +.— (GeV/c?)

« 2-Dfitting extract 83+11 netsignals => B[Af —nK%n"]=(1.8240.23+0.11)%

e B[At —»nK°n*)/B[Af —»pKn]=0.62+0.09; B[A; »nK%1]/B[Af —pK°n°]=0.97+0.16

» Atestof final state interactions and isospin symmetry in the charmed baryon sector.
[PRD93,056008(2016)]
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Measurements of DCS decay D", D

<
~
+
oy
~
+
~
+

S,

A
wn On
(@)

wl

C
— K~ D" _ d - D _ d qr-
— u d 7l S —
; cir e ~
s KT am™ s K*
Previous world average from PDG2018 LHCb: arXiv:1810.03138
: — + -K+K+
Ratio Value [x10-%] | B(D +_’ = _K +K+ ) _ (6.541 + 0.025 + 0.042) x 1074,
B(D*— K-K*K*)/B(D*— K-ntnt) 0.05+0.22 B(D*— K-mtrt)
~ _ + -+ K+
B(D* = ntK*)/B(D*— K-wtr*)  5.7740.22 B(D+—> T +K +) _ (5.231 4 0.009 £ 0.023) x 102,
B(Df — n K+*K+)/B(Df - K-K+nt)  2.33+0.23 B(Dt— K-ntnt)
_ - + -K+K+
B(D*— K"K"n")/B(D" —» K"m"n") 105.9+1.8 BIDS = m KTK™) _ 5 375 4 0,024 4+ 0.025) x 102,

B(Df — K-K+*7t)
B(D*— K KTK"') = (587 +0.02 +0.04 +0.18) x 107>,

B(Dt— m wtKt) = (4.70 £ 0.01 £ 0.02 £ 0.15) x 1074, B(D"— K~ K*n*)
B 4 | B(DY—= K-7trwt)
B(Df — n- K*K+) = (1.203 + 0.013 % 0.014 % 0.040) x 1074,

= (10.282 £ 0.002 £ 0.068) x 102,

B(DT— K~ K+n") = (9.233 + 0.002 + 0.061 + 0.288) x 10~2,[
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Upgrades to detectors: past and future

Detector has running smoothly, performance generally excellence.

v’ Endcap TOF upgrade (2015)

single layer plastic scintillator

was replaced with multi-gap RPC.
Time resolution: 110 ps = 60 ps
95% 1t /K separationupto 1.4 GeV

v Inner most part of the drift chamber:
1) New inner drift chamber is ready
2) CGEM is in progress

v’ Super Conduct magnet : new valve box

68



6,5(5) [Pb]

Advantage: unique data near to the thresholds

APT, A
» D/Ds/A_. hadrons near thresholds: ‘?5106? * BESII 2015 * BESII 2012
oo . - . s 107 E °
precision branching fractions, unique accessto 3 - | * BESli20M iy
the relative phase, test of SM il b e sssiians |
p ’ 10* E |- FENICE (1991 + 1993 == DM2 (1984)
i 10° -
» Hyperon and charmed baryon Spin N ARST == o -
) . 0 10‘.__ - . £
polarizationin QC ol .m.: . s i -.
» Form-factors in the time-like production 1kt [edge o
» CP violation with quantum-correlated pair 107"k :
productions of hyperons and charmed baryon B Y I Ty S *;fg‘ ‘
eV/c)
| : - : — Energy scanin 2014-2015 at BEgISI
1000 :Eé::::xg :. ?Eﬁ.ce @103 gﬁ * 13 400 |2.n;f“- L L B =
: BESIll{unTagged) - E;gg - % gax). l . = : ee — A:K; = ]
& BaBar(Tagged) + PS170 o 3 _-H 17 [ -e-BESIT data 1
. BaBar(unTagged) + DM2 2 102 ’}Q §1oof 7 13 300} =Belledata : .
. eMD3 Jindf=0.8863 8 %= 1 - —BESII fit  : 1
2 = B! d
2 10 TQ 1 200} Skl 1 I i .
o e § : 1
I O I —l_— 1 100f ete™ — A:_AC_
02 . ! ! . 25 . . . . 3 e (& _> AA | — \:\ S| E i é BESIII PRL120 132001 |
' SGaVI 1.0 1.2 I\}I4_/ 1.6 ol gy Seonme
Vsi(ae
Best precision on ¢ 3% (systematic dominant) oo Mlhreshold 4.6 457 438 459 46 &9



Roadmap of CP violation in flavored hadrons

1980

In 1964, the first CPV was discovered in Kaon ;

In 2001, CPV in B was established by two B-factories;

In 2019, CPV discovered in D meson: 104, 103 reconstructed D mesons (LHCDb)

All are consistent with CKM theory in the Standard model

But no evidence was found in strange baryons?

Baryon asymmetry of the Universe means that there must be non-SM CPYV source.
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CPV in hyperon decays and New physics

CPV in SM is small : # events Experiments
B meson : O(1) discovered (2001) 103 B factory
K meson : 0(107?) discovered (1964) 106 Fix targets
D meson : 0104 discovered (2019) 108 LHCDb
Hyperon : 0104 102 0(103%) Fix targets
-> BESIII ?
Flavor-SU(3) Octet of spin ’2 Flavor-SU(3) Decuplet of spin 3/2
1 (o) & —:
@ g = :
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Why Hyperon physics at BESIII

10 billion J/psi events collected

» Large BRsin J/psi decays

» Quantum correlated pair productions

» Easy to reconstruct

» Background free

Hai-Bo Li, arXiv:1612.01775
A. Adlarson, A. Kupsc, arXiv:1908.03102

Decay mode B(x10-3) |Ng (x IOG)I
J/— AA 1.61+£0.15 |16.1+£15
J/— X050 1.20+£0.09 |129+0.9
J/p—= X+tE8- 1.50+0.24 |15.0+£24
J/ — X(1385)~ X+ (or c.c.) 0.31+£0.05 | 3.1+£0.5
J/ P — X(1385)~ X (1385)F (or c.c.) 1.10£0.12 |11.0£1.2
J/p— =020 1.20+£0.24 |12.0+24
Jjp—=="=t 0.86 £0.11 | 86+1.0
J/P = =(1530)° =0 032+0.14 | 32414
J/p— =(1530)~ =+ 0.59+£0.15 | 59+1.5
¥(2S) = N~ NF 0.05£0.01 |0.1540.03

The number of reconstructed hyperon-
anti-hyperon pairs will be a few millions.
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use machine-learning algorithms?

Advantage at e'e- machine

Known initial 4-momentum
Strongly boosted Single tag - PUU >
Substantial polarization

Decay with neutron & m'

Decay with invisibles

ol

N .
|AA)C ‘—xlﬁ[IMIA) |A)A)],

{7
=
3

a(A = pr7)=a_

““‘
)
“‘

a(A = prt) = ay

R

a(A = ) = ag

a(A —= nm) = ag




Correlated 5-dim. angular distribution

W(E; Oy, AP, 01—, 0Ly ) =1 + OlyycOs B

+ o0 [Sin29,\ (n1 412 — Oayny yi12.y) + (00826A + Oty ) 111 212 |
+o_0py/1— 0‘\112 cos(AD)sinOp cosOp (11 xn2; +n1:n2x)
+4/1— ch2 sin(A®P) sinBp cosOp (0_ny ,+0yna ),

Fit results

If A is polarized, both a_and a, can
ADP=42.3°£0.6°£0.5°

_ N _ _____ be measured simultaneously, which allow
ooosf. e7e” = (A— pr)(A = P ) oooaf. ete” = (A — pn)(A - an?)
: i I e | us to search for CPV
g 0002'_ + 111 + |
= i _ .
3 oE e ,m sin(A®)cos 0,sin 6,
Sz Ty 4 P (cosb,) = 5
oo ++ 1+a,cos” 6,
-1 —01.5 (l) 0:5 1 -1 -0.5 6 0.|5 1
cosf, L N cosh,
moment:  p(cosfy) = N Z (ni‘; - ng‘;) BES]I[

i=1 74
(unc&rrected for acceptance)



BESIII results with 1.3 billion J /Y

Parameters This work Previous results
Oly 0.461+0.006 +0.007  0.469+0.027 '
AD (42.44+0.6£0.5)° E

ol 0.7504+0.0094+0.004  0.642+0.013 '®
Ol —0.758 £0.010£0.007 —0.714+0.08 1
oL —0.692+0.016 £0.006 —

Acp —0.006£0.012£0.007  0.006£0.021 '®
Ol /Ol 0.9134+0.028 £0.012 -

|AIl =

Nature Physics May 2019
arXiv:1808.08917

comments on these 3 items:

€ 1) 3x precision improvement
-same data sample-

€ 2) ~70 upward shift from
all previous measurements

€ 3) ~30 difference from 1.
Is this reasonable?

% rule in Kaon decay
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Monochromatic collision: factor of 10 from reduction of e*te- CM spread

) J /Y production cross-section Xiaoshuai Qin
— J I I I | I I I | I I I [
= i 8E,ms=0 keV:  0;,,=90000 nb
© 800001
i J/¢¥ width: 92 keV
L E E i
aemzo.g MeV SEmg=0.7MeV 60000+
only e*e" pairs with E_,,=3096 + 0.14 MeV i
can produce a J/wy, ~1/30t" of the total i
introduce dispersion 40000 OEms=57 keV: 9;/p=41000 nb
higher energy | -
ower energy
E+AE - i
x E-AE 20000
E £ : OE,,.=1100keV 3400 nb (BESIII)
rms= eV: gy /y= n
| E-AE hi E+AE 9;'*' f I i { l : I -*:ﬂ
ower energy grerenery 094 3.096 3.098
——
S A (s(GeVic?)

Alexander Zholents

*e" pairs with E_,,=3096 + 0.14 MeV
more e*e pairs with E,, € CERN SL/92-27/AP

BESIII may get trillionJ/Y per year!
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CP violation with 10 billion J /¢, plus monochromator

From A. Kupcs

1.3 billion J/3  CP test: Ay = & Adlarson and Kupsc,
a_ —ay . arXiv:1908.03102
| A,=-0.006+0.012+ 0.007 | Previous result: 1.1. Bigi, X.W. Kang, HBL
A= 0.013+£0.021 arXiv:1704.04708
BGS]]I _ PS185 PRC54(96)1877
J/Y — AA
Events Error A, J/?,D = E_E+(E = AT(')
BESIII(2018) 4.2 -10° | 1.2- 102 1.31 10° JIp
W
BESIII 3-106 5-103 1010 JAY -3
L=0.47- 103 AE = 0.9 MeV 2x10
SuperTauCharm 6-10%8 | 3-10* L=103 cm2s-1 L
2- 102 J/y AE = 0.9 MeV
SuperTauCharm 3-10° [ 1.4- 104 L=10% cm2s™! 1X 10_5
+ reduced AE 10 JW AE < 0.9 MeV??

-3x 10554, 4% 105
-2x105<54; <1x10% CKM
-5 x 105545, <5 x 1075

Tandean,Valencia PRD67, 056001 77



