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Why measure charm decays

A Measure CKM matrix elementest CKM unitary

A Measure decay constants-and formfactors to
calibrate 1LQCD

A Test lepton.universality

A Searchifomnews physidseyond SM ((notcovered,bere)



CabibboKoebayasihiMaskawa(CKM)rmatrix

A CKM matrix elements are fundamental SM
parametersthat describe the mixing of quark fields
due toweakinteraction.

A Experiments measure the CKM matrix elements.
But the precision of CKM matrix elements for most
of them is still poor.
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How to measure?

Charm decays + LQCD| Charm decays:

B decays + LQCD
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CharmLeptonic Decays D) — (v

A Charmleptonic decays involve both weaknd strong interactions.

A Theweak part is easyo be describedas the annihilation of the
guark-antiquark pair viathe standard modeW* boson.

A Thestronginteractions arisedue to gluon exchanges between
the charm quarkandthe light quark. Theseare parameterized
in terms of( K 8ecdy dbnstan® Q ®

Decay constant (LQCD)

Decay rate (Exp
! ) S_FmemD( (1= /mD(s>)2
CKM matrix element

A Exp.decay rate + LQCH CKM matrix elements
A Exp. decay rate $V qq| “MterA calibrate LQCC
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Charm semieptonic decays D— 7 (K)(v

A The effects othe strong and weak interactions can be well
separated in semleptonic decays

A Good place to measure CKM matrix elements and study the
weak decay mechanism of charm mesons; calibrate LQCD

At zero positron mass limit: CKM matrix element

Differential Form factor
rate (Exp.) dr D Y K Fl Vo I / (LQCD)
247‘[

A Analyze exp. partlal decay rate% g2 dependence of XP)(g?),
extractf,"®)(0) with | V 4y| ““Miterasinput
A Exp. +LQCD calculatloan'f(O) and P(0) A V.qq 8




Test of lepton universality (LU)

BaBayLHChand Bellefound evidenceof lepton universality
violation in semtleptonic B decays either via theCabibbo
suppressed (QS3ransition bA c orflavor-changingneutral-
current (FCNELtransitions. M. Smith at EPCP 2018
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=——= Average of SM predictions ]

045 Belle, PRD94,072007(2016) ]
B Belle, PRL118,211801(2017) R(D) = 0.299 + 0.003 -

LHCb, PRL120,171802(2018) R(D*)=0.258 + 0.005

R(D™) = B(B® — D* " 7tu,) :
B(BO _ D*_H+V;1.) 0.4;

373 tenSiOn W|th SM 0.35F

A R(K) measurements : - m——
LHChmeasured R(K) in theEe o T
di-lepton invariant mass squared from-& Ge\#/c4, o
~10% precision (PRL 113, 151602 (2014))

[(B — Ku'p~)

['(B— Kete™)

— 0.745709% + 0.036

K' pmm—

Compatible with SM prediction ot within 2.6s. -



Test of lepton universality (LU)

A Study the analogous decays in charm quark sector i
Important.

In Standard Model, fr decays ratePhys Rev. (38, 214(1988)
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Hadronicdecays of charm mesons

A Strong phase measurement witquantum correlated

F ( )O 1  iscrucial in the modeindependent
determinations ofgand charm mixing/direct CPV.

A Probe nonperturbative QCD
I Help to understand hadron spectroscopy
I Study SUR) flavor symmetry
I Study short and long distance effects



Charm Leptonic Decays



Experimental status on Deptonic decays

A LQCD: very precise. Recent FNAL/MILC results, e0@%
A Lots of results from CLEO, Babar, Belle and BESurBigrtainties

[ | FNALMILC arXiv:1712. 09262 2498+04 = J
RBC/UKQCD JHEP12(2017)008 246.4+1.3"7 m
ETM PRD91(2015)054507 247.2+4.7 -
RBC/UKQCD PRD92(2015)034517  254+2+4 -
FNAL/MILC PRD85(2012)114506  260.110.8 ——
HPQCD PRD82(2010)114504 248.0+2.5 -

_ |[FNALMILC _PRD90(2014)074509 _ 249.0+0.370 _ _ _ _8_ _ _ _
CLEO TV V)V, 252.8+11.2+5.5 —_——
CLEO 'V )v 258.0+13.3+5.2 ——

EXP.B |cLeo VIV, 278.3117.6+4.4 — EXP.

BABR +(e V Vo UV VoV, 244 6+9.114.2  eem—
BELL +(e VeVl v VoTVIV,  262.2+4.8+7.4 -
BESIII@4.009 1*v,, TV, 241.0416.316.6 =t
CLEO il vu 257.6+10.3+4.3 o
BABR v, 265.9+8.4+7.7 —_
BELL wv, 249 .8+6.6+5.0 —-
-I 1 1 1 I' 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
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BESIIILD A nin
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Events / 1.4 MeV/c?
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Events / 16 MeV/c?
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Take |V.{ CkMiter 35 inputo

fpr =249.1 £ 3.6gtat. = 3.8syst. MeV

Takef, LR Pas inpuio

[Ves| = 0.974 £+ 0.0145¢5¢. £ 0.0164ys:.

Most precise measurement

L L | L L L L L L L O | I |
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RBC/UKQCD JHEP12(2017)008  246.4+1.3"; . DELPHI W' ¢5 0.94:0.32+0.13 :
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fo+comparison

CLEO
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A Most recent LQCD calculation, very precise

A BESIIIf,,=(203.25.3° 1.8) MeV (rtn mode),
most precise measurement



| V. com

parison

CKMFitter
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CLEO

PRD86(2012)054510 D =1,
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2

Dt — 7+ u)_m12'+(

R= =
I'p+r— pute
( ) wﬁ+(

Consistentwith the SM predlctlon R 2.65t0.01, within ~0.9 @



Charm semieptonic decays



Comparison of §(0)

fE(0)|Ves| = 0.7148 £0.00384¢0¢. £ 0.00295yt.
FE/FE = =0.740.95a1. £0. 1gys.

Take|V { CkMiiter gsinput

Egéacaézmﬂosa,sm 0.765+0.031 e
PRD82(2010)114506 0-747+0.01140.015 —_—

BESII Ke'v, 0.80+0.04+0.03 =
BELL KT, 0.695+0.00740.022 =——t——

BABR Kev, 0.727+0.007+0.009 -

CLEO Ke'v, 0.739+0.006+0.005 —o=

BESII| Kle*v, 0.748+0.007+0.012 ——

BESIII Koe*v, 0.72464+0.00410.0115 ——

BESII| Kev, 0.7368+0.0026+0.0036 -

045 0.5 055 0.6 065 0.7 0.75 0.8
£(0)

23



Comparison of V_{

Takef+K(O)PRB2(201Q114506aS | N p ut

CKI‘!.H Fitter | D.E|37343'_|'D.UDD1 9 II
DELPHI W — ¢s 0.94+0.32+0.13 -
CLEO/BELL/BABR/BESIII D" K1'v, 0.975+0.007+0.025 -
CLEO (e’ 7} 0.988+0.044+0.022 -
CLEO T (p*V. 1.009+£0.052+0.021 -
CLEO TV, 1.088+0.069+0.018 e
BABR eV T :U V. VIV. 0.95&0.03&0.056 e
BELL e v V. v V. v v, 1.025+0.019+0.029 -
BESII@4.009 pv 1 {1'1}‘» 0.944+0.063+0.027 =
CLEO LV 1.007+0.040+0.018 --
BABR v, 1.040+0.033+0.031 -
BELL vy, 0.976+0.026+0.021 -
Erifmfii; 8 sIMV, 0.974+0.0144+0.017 o

[ I T T TN NN N TN TN NN TN AN TN TN NN NN NN TR NN TR NN NN TR SN NN T N N N
-1.5 -1 -0.5 0 0.5 1
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B(D’- Kntn )

PDG2017  3.33x0.13 /DB(DOA NTX)  =——
EMUL 2.14+0.34+0.34+0.19 -
E653 3.16+0.34+0.27+0.28 / -

CLEO 3.07+0.31+0.35+0.03 N
E687(1993) 3.19:0.51:0.51:0.03; E -
E687(1995) 3.31+0.13+0.11:0.03 DB(D°A Kp*) =
BELL 3.45+0.10+0.21 —_—

N N I N N I IS (S T I N (S N N N T I T [ T T N [N N N T N U T T N N N N oy I T |

05 0 05 1 15 2 25 3 35 4
B(D°—Ku*v,) (%)

Big errors in individual experiments.



Events / (3.5 MeV)

BEST : & Kmin,

Kntn,is studied in the recoiling system of three tag modes:

[+2]

Events / (0.6 MeV/c?)
-9
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= 60
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%40
220
Q
- = i
w 1.84 186 _ 1.88
Mg (GeV/c?)

A BG in signal side:

Kp'p® MCsimulated

shape convolved with Gaussian
A Continuum background shape :
MC simulated shape

= (3.429 + 0.0195¢. + 0.0354yst.)%
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Comparison of B(® Kmmn,)

L L L L B L L LB
PDG2017  3.33+0.13 DB(D°A nTX) et
EMUL 2.14+0.34+0.34+0.19 3
E653 3.16+0.34+0.27+0.28 s
CLEO 3.07+0.31+0.35+0.03 _—
E687(1993) 3.19:0.51:0.51:0.03; ; -
E687(1995) 3.31+0.13+0.11:0.03 DB(D°A Kp*) =
BELL 3.45+0.10+0.21 _—
[ preliminary 3:42920,019:0.035 . ]

05 0 05 1 15 2 25 3 35 4
B(D°—Ku*v,) (%)

Compared with current world average value,
the precision improves by a factor & 27



BESIT D°- Knin, Fitto partial decayrates

Seriesexpansionparameterizationfor form factor (2nd order):

1 fE(0)P(0)2(0,t9)

K
t) = |
f ) P(t)®(t.to) 1+ 7r1(to)z(0,20) (1+Tl(t“)[z(t’#[].)]}
Ninterva
XZ — Z (Arznbr_‘&rzxp)c (AF‘IFH&.I'_AF‘!;XP)
ij=1

Projection on form factor

At (b)

q2 (GeV*/c?)
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Comparison of f(0)

fE(0)|Ves| = 0.7148 £0.00384¢0¢. £ 0.00295yt.

fE/FE = —0.7£0.954a¢. 0. 1gyst.

Take|V { CkMiiter gsinput

ETM

PRD82(2010)114506
BESII Ke*v,

BELL KT,
BABR Ke'v,
CLEO Ke'v,

PRD96(2017)054514 0.765+0.031
HPQC

0.747+0.011+0.015
0.80+0.04+0.03
0.695+0.007+0.022 =t
0.727+0.007+0.009
0.739+0.006+0.005

BESIII Kle*v, 0.748+0.007+0.012

BESIII Kie'v, 0.72464+0.00410.0115

BESIII Kev, 0.7368+0.0026+0.0036
[ Soiminary <HVi  0.7343+0.0039:+0.0030

0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

f£(0)
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Comparison of V_{

Takef+K(O)PRB2(201Q114506aS | N p ut

ro
CKMFitter

'
0.97343+0.00015

| ]
DELPHI W — ¢s 0.94+0.32+0.13 -
CLEO/BELL/BABR/BESIII D" K1'v, 0.975+0.007+0.025 -
CLEO (e’ 7} 0.988+0.044+0.022 =
CLEO T (p*V. 1.009+£0.052+0.021 -
CLEO TV, 1.088+0.069+0.018 e
BABR eV T :M V. VIV. D.SﬁﬁiD.DBﬁiU.DﬁB =
BELL e v V. v V. v v, 1.025+0.019+0.029 -
BESII@4.009 pv 1 [T?._}w 0.944+0.063+0.027 ——
CLEO 2 1.007+0.040+0.018 -
BABR W 1.040+0.033+0.031 -
BELL W 0.976+0.026+0.021 -
Erifrl*rlwli(lit; ° PV, 0.974+0.014+0.017 -
Srifmmaw DK v, 0.9569+0.0051+0.0241 =
' T T T T
-1.5 -1 -0.5 0 0.5 1
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RESTH DP- Kmin,; Testlepton flavor universality

,,,,,,,,,,,,,,,,,, 120 ey
Solid curve: SM prediction - st PR1(2015094009
1-5_' with our fitted parameters |~ L1of
Points with error bars: datay | _ |t
m‘; + S::_ ook
[ ‘._H ¢ & ) °<1 0.95
1_ ¢' ~ o0 Red in the SM ]
BIESIU Prelimimary . 0.85 Grey: Newphysmsconstramed
- - by previousexperiments ]
0o '0_'5' — 1I — '1:5' — O ™07 06 08 10 12 14
2 2
q? (GeV7/c?) TGV

In full g2 interval: o
Rﬁxﬂ = (0.9 fgii\ L} 007stat. £ 0. Ulzb\rbt

\\\
No deviation Iarger*hﬁn 2s from 1is observed in ginterval

& ot (0.2, 1.5) Ge Ve
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BESIT!: LU testvig © Zm n

arXiv. 1802.05492

A For D mesons, thECNC decays are higtdyppressed byhe
Glashowilliopoulos-Maiani (GIM) mechanism anthe Cabibbo
suppressed (CSemttauonic decays are&kinematically
forbidden.

A DA p© I'nare the simplest and cleanest G8mileptonic
decays

¢ _ - O

o) - BO™ - >'v)

B([f(ﬂ - -(0)e+v)

Z. Phys. C461990)93 PRD69 (2004)0740281 B633(2006)61
RO, -=0.82° 0.08(2.0s)

Br(O°A pnn) =0.237° 0.024%, 10% error.
Br(O°A pe'n), 3%error

~ 0.97

Inputs
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BESIII: A p© mn 255 5 ()

Tag modes for ® Tag modes for D
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Event/(0.05GeV/c?)

BESIILI: First observation oPDA a,(980 @ en

PRL 121081802(2018)
To understand thanternal structureof a,(980) -- two quark states
or tetra quark system:
A Aprediction forthe BFfofp © () ghgis: x 8
for two(tetra) quark description

A A modetindependent way to distinguish two different descriptions: RE3)

for two(tetra) quark. (PR32, 034016(2010)
B(D* — £,(980)I* v) + B(D* — £,(600)I* »)

R:
B(DT — a’(980)" v =
(D™ — aO80)) BESIR.9ZH o ( )

B(DU — (980) e .’JE) X B(a{](QSU)_ — T}?T_)
= (1.337033 £ 0.09) x 107*  6.4°

N —_l
o
(=1

o o

{
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i

e

A= I
CEvents/(0.04GeV)

B(D" = ag(980)%etv.) x B(ag(980)" = nr°)
] = (1.66108L £ 0.11) x 104, 2.9
1T < 3.0 x 10~ at the 90% C.L.
T ] T(D° 5 ag(980) et
B2 7%T 0w 02 T(DT - ag(980)0e )
U(G V)
A Isospin conservation holds

A BESIII resulteor - © | @ hyongoing.
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= 2.03 £0.95 £ 0.06,
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A Signal-shape: MC simulated shape convolved with.Gaussian

A Black dotteddashed curve:is'the fitted background fronpy ©
“'m hy MCsimulatedshape

A Red dotted curve are fitted combinatoriddackgroundin signal
side: MC simulatecghape

A The branching fractionsf [y © L hor ry O & g h_for two
different £ sub-decaysare constrained to-be the same.



Systematic uncertainties oBrs

BESII

Source Ty~r €T e MpOpt g € e 77;;qu+"— et e 1l oeT e
ST yield 0.6 0.6 0.6 0.6
+ tracking — 1.0 1.0 1.0
T+ PID — 1.0 1.0 1.0
et tracking 0.5 0.5 0.5 0.5
et PID 0.5 0.5 0.5 0.5
EeEiea cut 0.5 0.5 0.5 0.5
INExtra 0.9 0.9 0.9 0.9
AF cut 0.8 0.8 0.3 0.3
FSR recovery 0.8 0.8 0.8 0.8
79 reconstruction — 1.0 — —
77 Teconstruction 1.0 — 1.0 —
Photon selection 1.0 1.0 1.0 2.0
Helicity angle cut — — — “% 0.1
FF parameterization 0.5 0.5 0.5 %’ ) 0.5
MM?= fit 0.9 1.3 01.“5{&» 1.2
Tag bias 0.4 0.7 @ 0.5
Quoted BF's 0.9 1.4 o U 1.9
Peaking background — — ﬂ\\ﬁt\ — 1.4
Total 2.7 3.4 _ &Y 35 4.0
/\"\{V\Xb

T T T ] T T T I T T T I T T ] /\\{(%g‘ L) I LI I LI I LI I T 1T T

PDG2017 2.29+0.19 = \ PDG2017 0.7440.14

CLEO PRD 80 052007 2.28+0.14+0.19 CLEO PRD 80 052007 0.68+0.15+0.06

BESIII PRD 94 112003 2.30+0.31+0.08

(@4.009 GeV)
BESIII preliminary 2.32+0.0640.06
stat. syst.
1 1 1 l 1 1 1 I 1 1 1 I 1 1 1
12 14 16 1.8 2

BESIII PRD 94 112003  0.9310.30+0.05

(@4.009 GeV)

BESIII preliminary 0.82+0.07+0.03
stat. syst.
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z 1A Partial decay rates are
O s : .
= fitted simultaneously
20 .
e in two £t subdecays.
3 _
s | BT = e AWlth the Series?
1 :2":,‘,’;2‘;’::,"* i <1  Parameters model
osf T B el " extraction, g gand
= [ ]
= 08] y ' (0) are determined.
04 " 1 . 1 L 1 " B PP BT TR R S
0 0.5 1 1.5 0.2 04 06 038
q%(GeV¥c?)
Case Simple pole Modified pole | Series 2 Par.
170 Vie]  Mpoe  x?/NDOF f L(0)| Ve a X2/NDOF (7" (0)|V...| r v /NDOF

)
netve  0.450(5)(3) 3.77(8)(5) 12.2/14 0.445(5)(3) 0.30(4)(3) 11.4/14 0.446(5)(4) —2.2(2)(1) 1L1.5/14
n'etr. 0.494(45)(10) 1.88(54)(5) 1.8/4  0.481(44)(10) 1.62(91)(11) 1.8/4  0.477(49)(11) —13.1(76)(11)  1.9/4
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Taking |,CKMfitterandIL (0) |r |y extracted fromthe
series2 Parameteramodel as inputs, we obtain:

P
RS o7

T[8UL|JT[8T
8 QET8I L T

ak\

§\\\

\ .«)

TBUTT T
ﬂ8tpp

LQCDM_=370MeV 0,542 0013
PRD 91 014503

LQCD M =470MeV 0564 + 0,011
PRD 91 014503

LCSR JHEP 1511138 0.49510.030

LCSRPRD 88 034023 0.432 +0.033

==

LQCD M =37
PRD 91 014503

LQCD M _=470MeV
PRD 91014503

LCSR JHEP 1511 138

LCSR PRD 88 034023

0.404 £0.025 it

0.437 £0.018

0.588 £ 0.047

0.520 £0.088

BESIII preliminary 0.458 +0.005 £ 0.004
stat. syst.

BESIII preliminary

0.490 +0.050 + 0.011
stat. syst.

0.1 0.15 0.2 0.25 0.3 035 0.4 0.45 05 0.5 06 (

f0)

01 02

03 04 05 06
fE(O) 38




Comparison of pu fy

I|III|III|III|III|III|IIIIIIIIII
PDG2017 Global fit in the SMD.97343+0.00015 ]
Includeboth statistical PDG2017 W Boson 0.94+0.32 :
and systematic <
PDG2017 D" - K" e'v, 0.975+0.007+0.025 -
_ o O PDG2017 Di—lv 1.008+0.021 -
Taking'Q I
PRD88 034023 as | gesiil Di-n e'v, 0.917+0.094+0.156 g
Input, we obtain ( preliminary
BESIII Di—netv, 1.032+0.012+0.080 ——
preliminary
I|III|III|III|III|III|III|III|III|I

-04 02 0 02 04 06 08 1 12

Vel
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Comparison of mixing angle

Include both statistical
and systematic

Combining the branching
fractions measured in this
work andB O O —Q

(10.74 0.81= 0.51); p1T
BO ©0-Q" ]=
(1.91= 0.51= 0.13)} p Tt

(BESIlarxiv: 1803.05570

(D — n'e*v)/T(Df — ne™v)

LHCb JHEP 1501 024

(Gluon excluded)

KLOE PLB 648 267
(Gluon included)

KLOE PLB 648 267
(Gluon excluded)

CLEO PRD 85 013016

BESIII
preliminary

e —

Boy—>Jiyn”  43.5:1.4

le—
o—n'y 39.740.7

0O,

ooy 41.30.310.9
D:s)—m(l) e'v, 4043 »

s [ ——

Diy—>n" e'v,  40.241.410.5

26 28 30 32 34 36 38 40 42 44
¢P (degree)

~ cot*¢p

I'D" - np'etv)/T(DT — ne™v)
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Events/0.010 GeV¥¢*

30— .ssssssssssnnnnnnsns O E """""""""" Ez
Tv m Ny : Fitted BG! Tv© h
....... LPited BG! T, M G O, Gl ity g ™ og
nE S|mulated BG = S|mulated BG : 1.
S 30
: from inclusive 2 frorv inclusive
. MC sample .. S oL@ shmple
\: 10—
LLL gl eEEf 10w oL EE S (SN L e e, o) sl i
0.2 -0.1 0 0.1 Q-2 -0.2 -0.1 0 0.1 0.2
MM (GeVZ/c?) ‘\\\' A g MM? (GeVZc?)
BriD,' >K%e'v, ] =(3.25:0.38,, \\\4 X107 (3.9+0.9)x10[PDG2017] o o
Br[D,*>K*%*v, |=(2.38+0.26 H\y 0,12, )10 (1.8+0.4)x10°3 [PDG2017] Statistics limited
— SN
N [ s S e

ATl (ns"'GeVed)

‘Different decay ra

series (2 par.)

ries (2 par.)

o|——= ===

° o8 q? {1GeV2.Fc"} ° e a2 [TSeVz}c"] e 2
Model Parameter N\"'ﬁ Value 1+ (0)
Simple pole +(0)|Ved | \\ix\ 175 4+ 0.010 4 0.001 0.778 4= 0.044 4+ 0.004

Modified pole

model

i (0) Vg Ny

0.163 +=0.017 =£0.003 | 0.725 £+ 0.076 4= 0.013
a\N\ 0.45 +0.44 £+ 0.02
Series two parameters f+ \(\ﬁ“‘/cd| 0.162 £ 0.019 4 0.003 0.720 = 0.084 + 0.013
_9_\'; r —2.94 4+2.32+0.14
AQ\‘)
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Charmhadronicdecays



Amplitude analysesof D Kp p p

A The decays of B Kp p pre important in improving our
knowledge of CKM unitaryriangle angleg(-V, 4V, ,*/ VoqVep)

A Help to understand hadron structure.

A D- Kptp pk® g tandp - Kp o WK g / studied by
Mark Il and B91with low statistics many years ago.

A BESIII: p°- k' p*p* pD°- K~ F 4Dp- *KS b

A LHCh D’- Kp*'p'p (CF, RS) arit® - K'ppp*(DCS, WS)
D°- Kp'p'p D~ Kppp’ 1(1270/1400)

) . , 4 ai(1260)" . ] v
largest contribution Vud largest contribution Vi

wt

C S C A
D 0 D 0

7 K- a -

O() in terms of CKM matrix element  Two off-diagonal CKM matrix elements
A Cabibbofavored (CF) A doubly Cabibbosuppressed (D%S)



LHCh RS: D- Kp'p'pandWS: D- Kppp*
A 3fb1@ 7 and SreV =PIg8 4432019
A Reconstruct B D*(2010) [D°p*]mX
as a clean source offnesons for
further analysis.

RS:890,000sig.evts, X0%% purity
W:3,000sig.evts, 80% purity™ 56 ime of that from BESII <16000



