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Facilities for Charm Study
O LHCb: huge x-sec, boost, 9 fb! now (x40 current B-factories)

O B-factories (Belle (II), BaBar): more kinematic constrains, clean

environment, ~100% trigger efficiency

O t-charm factory : Low backgrounds and high efficiency; missing

technique; Quantum correlations and CP-tagging are unique;

 BESIII: 20 fb'at 3.773 GeV; 61fb! at4.18 GeV; 15 fb! @ 4.6-4.9 GeV
* Super 7-Charm Factory (STCF): 4x10° pairs of D*°, 108 Ds and A, pairs per year
* Highlighted Physics programs

— Precise measurement of (semi-)leptonic decay (fp, fp,, CKM matrix...)

— D% — D% mixing, CPV

— Rear decay (FCNC, LFV, LNV...))

— Charmed baryons (JP¢, Decay modes, absolute BF)

— Excited charmed meson and baryon states: like D;, D;, At (mass, width, JPC, decay
modes)

— Light meson and hyperon spectroscopy studied in charmed hadron decays

Xiao-Rui LYU RF1, Snowmass 2021 2



BEPCII and STCF 1n China

O Peak lumi. 0.6-1x1033 cm2s! at O
3.773 GeV 0

O Energy range E., =2 — 4.6 GeV m

O No Polarization

BEPCII Designed STCF

Peak lumi. >0.5x103 cm2s! at 4 GeV
Energy range E_, = 2—7 GeV

Potential to increase luminosity and

realize beam polarization
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STCF Detector

ITK
o T T T <0.25%X0 / layer
v from Ty . e
v from 1 decay @ 4.26 GeV ny< 100 mm
10* v from continuum @ 7.0 Ge'
v from A_decay @ 4.64 GeV.
f D* D
10° Zf::z: w?z—s))l 71,29) MDC
102 0yy< 130 mm
" op/p ~0.5% @ 1 GeV
dE/dx~6%
! ..|...|..|...|..|...|...|..|..|l“lh|JIrl!J'| PID
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E (GeV) n/K (and K/p) 3-4c separation
L estereor T up to 2GeV/e

——— = from nn+X @ 7.0 GeV

——— xfromt— K'tu @ 4.26 GeV  —
— = from J/y—>AR @ 3.097 GeV 3
—— pfrom tHyp @ 4.26 GeV

u from t— 3p @ 4.26 GeV

1 from D —pv @ 4.18 GeV

p from Dompv @ 3.77 GeV.
p from J/y—AR @ 3.097 GeV 3

10°

PID system

[ Outer Tracker ] 10°

[ Inner Tracker ]

~7m 10

. 00" 05 10 15 20 55 30 35 MUD
o P (GeV/c)
Requirement: 04 1.8 Gy

* High detection efficiency and good resolution T suppression >30

* Superior PID capability

* Tolerance to high rate/background environment
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Tentative Plan

2018 (2019(2020(2021 2022

CDR
TDR
Construction

In operation

Upgrade

Activities: http://cicpi.ustc.edu.cn/indico/categoryDisplay.py? categld=2

Total cost: 4.5B RMB

Detector

Super Charm-Tau at Novosibirsk, RUSSIA,

EROLEE
Conceptual Design Report fgn Report
- lerat
Volume | - Physics S;‘f’gf;fpom
TR

R |t Report

The first version of CDR (three
volumes) to be published soon

The STCF Study Group

April, 2020

Budker Institute of Nuclear Physics

\ e-e+ converter

o

Polarized

i Tunnel is ready for equipment

Damping
ring

» Pre-Agreement of Joint effort on R&D, details are under negotiation
+ Joint workshop between China, Russia, and Europe

» 2018 UCAS (March), Novosibirsk (May), Orsay (December)

» 2019 Moscow(September)

e 2020 Online (Nov.), 2021 Online (Nov.)

Xiao-Rui LYU RF —Snown
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http://cicpi.ustc.edu.cn/indico/categoryDisplay.py?categId=2

Charmed meson decays

hadrons
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Precision measurement of CKM elements

CKM matrix elements are fundamental SM parameters that
describe the mixing of quark fields due to weak interaction.

O A precise test of EW theory
O New physics beyond SM?

(d" (ViaVusVs |4
s' | = T/ch | S

C

BESIII + B factories +

b Y adViVie NO ) LQCD
Three generations of quarks? Unitary matrix?

/ BESIII + B factories +
Expected precision <2% at BESIII LHCb + LQCD

A direct measurement of V4 is one of the most
important tasks in charm physics

Xiao-Rui LYU RF1, Snowmass 2021 7



D (Semi-)Leptonic decay

Purely Leptonic:

C Vcd(s) |+
R , W
G% f2 . 2 D(s) wvwvxwv<
D(D}) = Ltyy) = | V(s |2m§mD+) 1- m2—€ d(s) \Y
Dy

& (s
. . Veq e’
Semi-Leptonic: . W~
& — = \e
D—§ . q
(lr - (YF ‘ ]\(77 2 9 b % P
2 8 3‘ es( |1)]\ |f q | 5 q
(1(1 _|—1H f+(q )

Directly measurement : |V qeq)| X fos) O [Vogs)| X FF

O Input fpg or f®(0) from LQCD = |V oy

O Input |Vge)| from a global fit = fp g or f®(0)

O Validate LQCD calculation of Input fgsy and provide constraint of CKM-
unitarity

Xiao-Rui LYU RF1, Snowmass 2021



D, Leptonic decay

BESIII STCF Belle II
Luminosity 2.93 fb=! at 3.773 GeV 1 ab~! at 3.773 GeV 50 ab~! at T(nS)
B(D+ — /.1:+VM) 5.1%Stat 1.6%Syst [6] 0-28%stat pu
fD+ (MeV) 2-6%stat O.Q%Syst [6] 0-15%stat — LQCD e 02%
|‘/Cd| 2.6%stat 1.0%;yst [6] 0.15%sta,t (o)
B(D* = ttu,)  20%stat 10%syst [7] 0.41%qqat (0.1% expected)
D7t Tu,
B( =T vr) 21%stat 13%syst [7] 0.50%stat -

B(D™ > iy,

Luminosity 3.2fb~! at 4.178 GeV 1 ab~! at 4.009 GeV 50 ab~! at T(nS)
B(D;_ — ﬂ'+V,u) 2-8%stat 2-7%syst [8] 0.30%51;&(; 0-8%stat 1-8%syst

+ (MeV 1.5%stat 1.6%syst [ 0.15%stat E ———
{12} ) 1.5%stat 1.6%5;t {8} 0.15%stat LC?,CD oy
for/fp+ 3.0%stat 1.5%syst [8] 0.21%gtat (0.1% expected)
B(D} — tv;) 2.2%stat 2.6%] st 0.24%stat 0.6%stat, 2.7 %osyzt
fpi (MeV) 1.1%stat 1.5%! 4 0.11%stat <L LQCD : 0.2%
|Ves| 1.1%stat 1.5%1 0.11%gtat (0.1% expected)
Pl (MeV) 0.9%stat 1.0%, ¢ 0.09%stat 0.3%stat 1.0%syst
74T 0.9%stat 1.0%syst ! 0.09%stat -
BDy -5 7°%) 3.6%stas 3.0%! ¢ 0.38%stat 0.9%stat 3.2%syst

B(Di — ptv,)

Xiao-Rui LYU

*assuming Belle Il improved systematics by a factor 2

Stat. uncertainty is close to theory precision

Syst. uncertainty is challenging

RF1, Snowmass 2021



Prospects on the

semi-leptonic decay

LFU test at STCE_
___ Lumir

Xiao-Rui LYU

BESIII BESIII Belle Belle 11
2.9 fb—'@3.773 GeV__20 fb—1@3.773 GeV 0.28 ab~* 50 ab~*
0-4%stat. 0-5%syst. 0-2%stat.0-4%syst.. 1-0%stat. 3-2%;3,5(;, 0-1%stat.1-6%;yst,
KV O-S%Stat. 0-4%syst. 0-2%stat.0-4%syst.
DO — T €+Ve 1-3%stat. 0-7%syst. 0.5%51;31;.0.4%51;3';_ 3-2%stat. 4‘8%:3,3& O-Z%Stat.2-4%;yst.
D° — m—putv NA 0.8%stat. 0.8 %osyst.

TV 5.0%5tat.2-0%syst. 2-0%stat.2-0%syst. - -
TA 10-%stat.2-0%syst- 4-0%sta.t.2-0%syst‘ — —
DO — ag (980)8+Ve NA 10-%stat.5-0%syst. — —
D° — K; (1270)e* v, NA 10.%stat.5.0%syst. - -

Dt = Kl%*y,

O.G%Stat_ 1-7%syst.

0.2%31;31;, 1 -0%syst.

Dt — Ketv,

O.Q%Stat_ 1~6%syst.

0-4%stat. 1 -O%syst.

Dt - Koty

NA

0.3%s10:.1.0%

D+ — K*0ety,
A1(0)

TV

T4

1.7%51;3,1;, 2-O%syst.
4-0%stat. 0-5%syst.

5.0% 1.0%

Dt — wlety,

1 -g%stat. 0~5%syst.

0.7%51;3,1;, 1 -0%syst.
1.6%stat,0-5%syst.
2.0%sta1 1.0%

0-7%stat.0'5%sy8t-

+ 0,+
Dt — nuty,

NA

l-O%Stat.l'O%SySt-

DT = netr,

4.57%51;“, 2-O%syst.

2. O%Stat, 2-O%syst.

Dt s n'etu,

NA

10.%stat.5.0%syst.

Dt - wetv,

TV 7-2%stat. 4-8%syst. 3-0%stat.2-0%5y5t-
TA 14%stat. 5-0%syst. 3-0%stat.2-0%syst.
D+ — a8(980)e+1/e NA 10-%sta.t.5-0%syst.
Dt K?(1270)e+ue NA 10-%stat.5-0%syst.
D p-Oct,

Tv 5-0%stat.4'0%sy5t. 2-0%stat.2'0%syst.
rA 8-0%stat.4-0%5yst. 3-0%stat.2-0%sys’c-

STCF will largely improve
the precisions of the form
factors over all the modes

RF1, Snowmass 2021
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Form factors f

D—h
_|_

ETM PRD96,054514 0.612+0.035
HPQCD  PRD84,114505 0.666:£0.02+0.021
Belle PRL97,061804, D°—xl'v  0.624+0.020+0.030
BaBar PRD76,052005, D’»me'v  0.610+0.020+0.005
CLEO PRD80,032005, D—me*v 0.666:0.019::0.005
BESIII PRD96,012002, D*>nle’v  0.6216+0.0115+0.0035
BESIII PRD92,072012, D’>me’v  0.6372+0.0080:+0.0044
BESIII Expected (20fb™), D°>ne'v  0.6372+0.0031:0.0040
PR RN T SR TN TN T NN SR ST SN S NN S R

0.3 0.4 0.5

f3(0)

validations on the LQCD results

L L L B
ETM PRD96,054514 0.765+0.031
HPQCD PRD82,114506 0.747+0.011+0.015
Belle PRL97,061804, D°—>KTv 0.695+0.007+0.022
BaBar  PRD76,052005, D’—K'e*v 0.727+0.007+0.009
CLEO PRD80,032005, D—Ke*v 0.739+0.007+0.005
BESIII PRD92,112008, D*—)Kfe’v 0.748+0.007+0.012
BESIII PRD96,012002, D‘—)ng*v 0.7246+0.0041+0.0115
BESIII PRL122,011804, D°—>K'u’v 0.7327+0.0039+0.0030
BESIII PRD92,072012, D’—Ke'v 0.7368+0.0026+0.0036
BESIl  Expected (20fb™), D°>Ke*v  0.7368+0.0009:+:0.0033

P T T A S NN S T S SR NN S S

0.4 0.5 0.6
5(0)
Xiao-Rui LYU RF1, Snowmass 2021




Lepton Flavor Universality

LFU is critical to test the SM and search for new physics beyond the SM

Purely Leptonic: Semi-Leptonic:
» ~_)‘ g 11:3- r
(D — 77vr) e ( '”Lfﬂ) R / - D—hpvy
B Hie 1—1D—>heve

| 1)151- l( 1)|+~» — [1*1-’11) m= :
= m;-:. 1 — ﬂ_m-"*
D)

~ rd

:_R.(u,j-) R(ID'N  R(K-) 1 R(K° R(z=) 1 R(x")
SM 19.74(1) 266(1)' 0.975(1) :(1.97.3(1) ().985(‘2): 0.985(2)
BESII ]0.19(52) _ 3.2 m] 0.074(14) 11.013(29) 0.922(37)1 0.964(45)
BESIII BESIII
~1o difference ~26 difference

« Large uncertainty from BESIII, dominant by statistically limited
« STCF would improve them significantly

Xiao-Rui LYU RF1, Snowmass 2021 19



Determination of 4, angle

O The cleanest way to extract y is from B> DK decays:

c |

u B Vub

Vs K ‘\\ c D’ + 0 +
s e A(B* = D°K™) (
W, . =7 el(
‘ c B+ \Vcs _ - B
S

A(B* — D°K™)

— Interference between tree-level decays; theoretically clean
— current uncertainty o(y) ~5°
— however, theoretical relative error ~10-7 (very small!)
O Information of D decay strong phase is needed
— Best way is to employ quantum coherence of DD production at threshold

T o B e e e e
[~ [ excluded area has CL > 0.95 % T ' ]
% HFLAV B
- TNy B ]
1.0 — 3 Amy & Amg BoDK*
: 771 B*>D°k™
B * ] = 5'>p"c" ]
0.5 [— . ] [ B*-»D°k™
E - Amy = I gDt
T R m o' ]
& [ Combined
o oo I - - N ] ]
< Y 4 68.3%
| — o ]
0.5 — = N
F © 95.5%
1.0 — ¥ Y S
S 8- : 50
Summeris excl. at oL > 0.95) =
P U ! P R A S Y [°]
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
P Prog. Theor. Exp. Phys. 2020 083C01 (2020)
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- Determination of y/¢; angle

Runs Collected / Expected Year v/ b3
integrated luminosity attained sensitivity

LHCb Run-1 [7,8 TeV] 3 fb~! 2012 8° BES|I|

LHCb Run-2 [13 TeV] 5 fb! 2018 4° 20/fb:

Belle IT Run 50 ab~? 2025 1.5° — 070

LHCb upgrade I [14 TeV] 50 fb~* 2030 <1° oly) ~0.

LHCb upgrade II [14 TeV] 300 fb~* (>)2035 <04° — STCF is
needed!

Three methods for exploiting interference (choice of D% decay modes):
O Gronau, London, Wyler (GLW): Use CP eigenstates of D)0 decay,
e.g. D% > K", D' > 77~
O Atwood, Dunietz, Soni (ADS): Use doubly Cabibbo-suppressed decays, e.g. D° > K*x -
— With 1 ab™ @ STCF : 0(cos8ky) ~0.007; 6(8ky) ~2° = o(y) <0.5°

O Giri, Grossman, Soffer, Zupan (GGSZ): Use Dalitz plot analysis of 3-body D° decays,
e.g. K; " n; high statistics; need precise Dalitz model

— STCF reduces the contribution of D Dalitz model to a level of ~0.1°

Xiao-Rui LYU RF1, Snowmass 2021 14



Determination of y/¢; angle in CK

1.5

2020 BESIII

1.0

0.5
7 %
= o0 g -
S\ & W
';‘ / SL 4
-0.5 — —
1.0 - Y &
B % sol. w/cos2B<0
I Summer 19 : (excl.atCL > 0.95) —
_1_51111]111111||||1||||||1|||111
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
p

STCF will provide complementary information on the strong
phase and allow detailed comparisons in different models

Xiao-Rui LYU

RF1, Snowmass 2021

2040 Wlth fuII BESIII

1.5

10 -

|||||||||||||||||||||||||
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D°-D° mixing and CPV at STC

STCF provide a unique place for the study of D?-D° mixing and
CPV by means of quantum coherence of D and D° produced
through

(3770) — (D°D°)p__ or $(4040) = D°D*0 — 7%(D°D%)p__ or 4(D°D%)p_.
as well as incoherent flavor specific D° samples: D** — D'm™*

2 2
O Mixing rate Ry, = z ;y ~107° with 1 ab-! data at 3.773 GeV via

same charged final states (Kinﬂ(l{inﬂ or (Kiﬁv) (Kiﬁv)
O Mixing parameters and CPV parameters with 1 ab-! data at 4009 MeV

via coherent (C-even and C-odd) and incoherent process
O AA;p~1073 for KK and nr channels

Xiao-Rui LYU RF1, Snowmass 2021 16



Precision estimation at STCF

1/ab @4009 MEV BELLEII(50/ab) LHCb(50/fb)

(only QC | QC+incoherent) | [PTEP2019, 123C01] (SL | Prompt)

(Very pre]iminary [arXiv:1808.08865]

estimation)

x (%) 0.036 0.035 0.03 0.024 0.012
y(%) 0.023 0.023 0.02 0.019 0.013
Tcp 0.017 0.013 0.022 0.024 0.011
acp(®) 1.3 1.0 15 17 0.48

> The only QC results: contains D° = K¢, DY - K~ n*n® and general CP
tag decay channels; needs to be tuned

> The QC+incoherent results: combines coherent and incoherent DY
meson samples

> The BELLE Il and LHCb results only contain incoherent D° - K¢
channel

Xiao-Rui LYU RF1, Snowmass 2021 17



Charm rare decays

» FCNC suppressed by GIM mechanism in SM:
— Short distance : interested, computable by pQCD,

2 (GeV?)

ee

directly test SM Bpro_xoete— ~=8-1077
~2.107°

BD‘*’—)XJ—C‘FC— =
— Long distance effect can enhance the rate to 10-¢

(1/T,..) dr/dm

~10-7, dominantly.

— Allow with sizeable decay rate in NP

— 1lab! @ STCF can achieve the sensitivity to 10-8~10-%, and test SM strictly
— Unique searches for di-neutrino process: 7°vv and yvv
— Can discriminate NP from SM by measuring :
D—-VI*l~: AFB asymmetry
D—PI*]-: line shape of dilepton mass, to reveal the interference effect
between long-distance and FCNC weak amplitude (NP amplitude);

» LFV, LNV and BNV decays are forbidden in SM. However, NP
models can allow at sizable levels.
— STCF: 10-8~10- =» stringent constrains to NP models

Xiao-Rui LYU RF1, Snowmass 2021 18



» Charmed baryons

P

1} AY
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312 ; i
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STCEF: precision studies of
the charmed baryon decays

Era of precision study of the charmed baryon (A., E, and Q.) decays
to help developing more reliable QCD-derived models in charm sector
O Hadronic decays:

to explore as-yet-unmeasured channels and understand full picture of

intermediate structures in charmed baryon decays, esp., those with
neutron/Z/Z particles

O Semi-leptonic decays:
to validate LQCD calculations and LFU

O Charm-flavor-conserving nonleptonic decays: 2, - Alm , Q0 > E. n

O Electro-weak radiative decays: £} - Aly, AL - Xy, py, E;*/O - 2t/0y

O CPV in charmed baryon: BP and BV two-body decay asymmetry,
charge-dependent rate of SCS

O Rare decays: LFV, BNV, FCNC

STCF will provide very precise measurements of their overall
decays, up to the unprecedented level of 106 ~107

Xiao-Rui LYU RF1, Snowmass 2021 20



Summary

* STCF will be a crucial facility in precision frontier

 Important playground for studying non-perturbtive
QCD, constrain EW theory and test the SM

v CKM matrix elements
LQCD validations

Search for violation of LFU 1n charm sector

X X

Precision measurement of the charmed baryon
spectroscopy and decays

* Complementary to Belle II and LHCb 1n understanding
the QCD/EW models and searching for new physics

Xiao-Rui LYU RF1, Snowmass 2021 21



Thank you!

I |
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