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Charm physics
If of highly connection
between experiments and theories

More data and more precision
IS very important for the progress in theory
and in turn for the progress in experiment



Theories of heavy flavor decays

<+ Amplitudes are described by effective Hamiltonian
based on OPE in the heavy-quark limit

+ QCD-inspired methods at the leading 1/m¢
 PQCD, QCDF, SCET
+ NLO, NNLO effects by a;
* perturbative, successful in B decays

“* Big Problem in charm : 1/m. power corrections
 Non-perturbative

* Long-distance contributions are important around
1GeV and below, final-state interaction or resonance.
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“* In phenomenology
* some data to be explained
* some important observables to be predicted

+ Basic ideas:
- Calculate what we can — HQET and factorization
- Parametrize what we cannot — 1/mq corrections
- Include important information — SU(3) breaking
- Non-perturbations/corrections — extracted from data

- Predict some observables to be tested



Factorization-Assisted Topological-amplitude (FAT)
approach works well for D decays

[H.n.Li, C.D.LU, FSY,

PRD2012][Q.Qin, H.n.Li, C.D.LU, FSY, PRD2014]

Modes  B(exp) B(FAT) | Modes  B(exp) B(FAT) Modes B(exp) B(FAT)
K 240+08 242408 | n°K" 37.5+£2.9 35.9+2.2 K p° 12.87 1'% 13.5+14
K~ 393+04 392404 |7FK* 543+£44  625+27 | K~pt 111.0+£9.0 105.045.2
K. 970406 96406 | nK°  9.643.0 6.14 1.0 Kw 222412 223+1.1
7K 190410 195+1.0 | K°  <1.10 0194001 | K¢ 847708 892406
atn— 142140025 1444002 | 7tp~ 5094034  4.540.2 =pt  100+£06  9.2+0.3

K™K~ 4.01+0.07 4.05+0.07

KTK* 1.62+0.15 1.8+0.1 K~K** 4.5040.30 4.3+0.2

K°K’ 0.364+0.08 0294007 | KK 0.184£0.04 0.1940.03 |K K* 0214004 0.19+0.03
%y 0.69+£0.07 0.744+0.03| np° 1.440.2 mw 0.1174+0.035 0.10£0.03
mn 091+0.14 1.08+£0.05 | 7'p° 0.25 + 0.01 ¢  1.35+0.10 1.440.1

nm  1.704+0.20 1.86+0.06 | nw  2.2140.23 2.0+0.1 n¢  0.1440.05 0.18+0.04
ny’  1.074+026 1.054+0.08 | 7w 0.044 £ 0.004
w070 0.826+0.035 0.78£0.03 | 7900 3.8240.29 4.1+0.2

O KO 0.06940.002| 7OK*0 0.103+0.006 | K©p° 0.039 =+ 0.004

KT 0.133+0.009 0.133+£0.001| 7~ K**+ 0.34510100  0.40+£0.02 | Ktp~ 0.144 4 0.009
nK?O 0.02740.002| nK*° 0.017+0.003 | K% 0.064 + 0.003
n'K° 0.056+0.003| o' K*Y 0.00055 £ 0.00004| K% 0.024 £ 0.002

DO decays. [H.Y.Jiang, FSY, Q.Qin, H.n.Li, C.D.L0, ‘18]



1. Enough data is required to extract non-perturbative
parameters

2. Theoretical results must be consistent with data

3. Understanding all the data is the first step for

predictions




Before 2016 After 2016
ggexp Bin ggexp By 1073
DY —» KO0 <1 1.1 0.18£+0.04 0.19£0.03
DY — KKV < 0.56 1.1 021 £0.04 0.190.03
PDG16 LHCDb,’16

Studies of the resonance structure in D° — Ké)K *rx+ decays
llaboration (Roel Aaij (CERN) et al.) Show all 726 authors

hys.Rev. D93 (2016) no.5, 052018

Let’s see its impact on the prediction of DDbar mixing



—() . m
D' — D" Mixing
DY g g DY
The time evolution
9 { DOt ; DO(#)
%%(ﬁw)_<M‘fﬁ(E%ﬂ)

-+ Mass eigenstates in terms of weak eigenstates

—(
Dy 2) = p|D”) £¢q|D")

- Mass difference and Width difference

Am ™1 — TN9 AT Fl — FQ

S Y= = " or




Exclusive Approach

EO
DO
u [’I“—Lalk,Grossman,Ligeti,Petrov, 02']
1
y = o= ) punce(n) (D) Hy|n) (7| Hy|D®) + (D°|Hy|7) (n| Hy| D))

@KM(n)ncp(n) c0s 8,/ Br(D° — n)Br(DO @

Sum up all the intermediate states

Current most well known processes are D—PP and PV
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D— PP modes ypp

vanish in the SU(3) symmetry limit

+B(m7Y) + B(K'K") — 2 cos 6 o0 \/B(I_(OWO)B(KOWO)

+B(7"n) + B(x"n') + B(nn) + B(nn')

—2 COoS 5Kon\/B(I_(077)B(KO77) — 208 00, \/B(Koﬁ/)B(KOU')
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D—-PVmodes UYpPV

Br(n°p°) + Br(r°w) + Br(n"¢) + Br(nw) + Br(n'w) + Br(n¢) + Br(np") + Br(n'p’)
—2c08 0o rt A/ Br(K*—7n+)Br(K*+m—) — 208 6 o0 \/BT(K*OWO)BT(I_(*%O)

—2¢08 6ot/ Br(K~p+t)Br(K+p~) — 2 cos o \/BT(KOpO)Br(I_(OpO)

—2c0s d+op, \/BT(K*On)Br(I_(*On) — 2.¢oS d w0,y \/B'r(K*On’)B'r(K'*On’)

—2 08 o, \/B'r(KOw)B'r(I_(Ow) — 2c0S 004 \/BT(K%)BT(KO(P)

+2COS O i+ fv— \/BT(K+K*_)BT(K_K*+) + 2 COS 0 50 j+0 \/BT(KOI_(*O)BT(I_(OK*O)
+2¢08 Ot -/ Br(ntp~)Br(r—pt)

More decay modes [Qin, Li, Lu, FSY, PRD2014]
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All D°—=PP and PV modes

Modes  B(exp) B(FAT) | Modes  B(exp) B(FAT) Modes B(exp) B(FAT)
K’ 240408 242408 |7°K" 375+£29 359422 | Kp° 128714 135+14
K~ 393404 392404 |7tK* 543+44  625+27 | K—pT 1110490 105.0 5.2
K. 970406 9.6+06 | nK°  9.6+3.0 6.14 1.0 Kw 222+12 223+1.1
7K’ 190+10 195+10 | 7K < 1.10 0.19 +0.01 K'¢ 847798 82406
atm— 1.42140.025 1444002 | 7tp~ 5094034 45402 pt  100+£06  9.2+0.3

KTK~ 4.014+0.07 4.05+0.07 |[K*K*~ 1.62+0.15 1.8+0.1 K~K*t 4.50+0.30 4.3+£0.2

K°K’ 0.36+0.08 0.29+0.07 | K°K™ 0.18 +0.04 0.19+0.03 K'K* 0214004 0.19+0.03

™°n  0.6940.07 0.74£0.03 | 7p° 1.4+40.2 ™w  0.117+0.035 0.1040.03
™7 0.914+0.14 1.08+0.05 | 7/p° 0.25 + 0.01 ¢  1.354+0.10 1.4+0.1
m 1704020 1.86+0.06 | nw 2214023  2.040.1 n¢ 0144005 0.1840.04
m’ 1074026 1.054+0.08 | 7w 0.044 + 0.004
070 0.826+0.035 0.78+£0.03 | 7%0° 3.8240.29  4.140.2
O KO 0.06940.002| 70K *0 0.1034+0.006 | K©° 0.039 + 0.004
7~ KT 0.133+0.009 0.133+0.001| 7~ K**+ 0.34573189  0.404+0.02 | Ktp~ 0.144 4 0.009
nK© 0.02740.002| nK* 0.0174+0.003 | K% 0.064 + 0.003
n K° 0.056-£0.003| 7' K*° 0.00055 4 0.00004| K% 0.024 + 0.002

- All the measured data are understood in theory
- Unmeasured processes are predicted

[H.Y.Jiang, FSY, Q.Qin, H.n.Li, C.D.L0, ‘18]
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Our results
ypp = (0.063 £ 0.008)% .
ypy = (0.32 +0.07)%

(0.38 £ 0.

~ Results
before 2016

experimental data

Exp: yp = (0.62 +£0.08)%  [HFAG]

+ Compared to Diagrammatic approach [Cheng, Chiang, 10’]
ypPrP+vp — (0.36 + 0.26)% or (0.24 + 0.22)%

No other theoretical calculation at the experimental level

But now...



Yyprv

Br(n°p’) + Br(r'w) + Br(n’¢) + Br(nw) + Br(n'w) + Br(n¢) + Br(np’) + Br(n'p°)
—2c08 0o nt A/ Br(K*=7m+)Br(K*+1—) — 208 6 o0 \/BT(K*OWO)BT(R*OWO)

—2¢08 8-+ \/ Br(K—pt)Br(K+p~) — 2cos k0,0 \/Br(KopO)Br(I_(OpO)

—2¢0S O 0, \/BT(K*On)B'r(I_(*On) — 2.COS O 0y \/BT(K*OU’)BT(I_(*OU’)

—2¢oS 5Kow\/Br(K0w)Br(I_(0w) — 208 0Ky Br(K°p)Br(K°)

208 8+ i/ Br(KTK*) Br(K~K*+) H|2 cos 6o geoy/ Br(K°K*0) Br(K°K*0)
+2¢08 0+ -/ Br(mtp~)Br(n—pt)

coso ~ 1

Before 2016 er 2016 I *
103 - / Before2016 : 2.2 x 107>

ggexp <%exp

D — Kk" <1 0.18£0.04y{ 0.19%£0.03

After2016 : 0.38 x 1073

3

D’ —» KK" < 0.56 0.21 £0.04 \0.19 =0.03
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Yyprv

Br(n°p’) + Br(r'w) + Br(n’¢) + Br(nw) + Br(n'w) + Br(n¢) + Br(np’) + Br(n'p°)
—2c08 0o nt A/ Br(K*=7m+)Br(K*+1—) — 208 6 o0 \/BT’(K*OWO)BT(K*OWO)

208 3k pt v/ Br(K—p*) Br(K*p~) — 2cos Sop/ Br(K°p®) Br(K0p)

—2 08 O oy, \/BT(K*On)B'r(I_(*On) — 208 O gx0y \/BT(K*On’)Br(R'*On’)

—2¢oS (5Kow\/Br(K0w)Br(K'0w) — 208 0Ky Br(K°p)Br(K°)

+2c08 S+ o v/ Br(K+ K= ) Br(K~K*+) 4]2cos o o1/ Br(K°K*0) Br(K°K*0)

+2¢08 0+ -/ Br(mtp~)Br(n—pt) '

Before2016 : 2.2 x 1072

reduced by ~ 2 x 1073

\4

After2016 : 0.38 x 107
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Before 2016 ypy = (0.32 £ 0.07) %

reduced by ~ 2 x 10™3

v

[H.Y.Jiang, FSY, Q.Qin, H.n.Li, C.D.LU, arXiv:1705.07335]

Measurements on DY - K9kY DY -5 gOKO

change the predictions on DDbar mixing yj
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NOwW

ypp = (1.00 £0.19) x 107°

Before 2016 ypy = (1.12 £0.72) x 1073

yepspy = 038£000% | [yppipy = (0.21 +0.07)%)

- PP and PV modes cannot

+ Closeto data help to understand:

Exp: |yp = (0.62 £ 0.08)%| [HFAG]

[H.Y.Jiang, FSY, Q.Qin, H.n.Li, C.D.LU, arXiv:1705.07335]

New measurements change our understanding !!
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More measurements would be helpful as well

Modes  B(exp) B(FAT) | Modes  B(exp) B(FAT) Modes B(exp) B(FAT)
K 240+08 242408 | n°K" 37.5+£2.9 35.9+2.2 K p° 12.87 1'% 13.5+14
7tK~ 393+04 392404 |7tK* 54.3+44 62.5 4+ 2.7 K—pt 111.0£9.0 105.0+5.2
K. 970406 96406 | nK°  9.643.0 6.14 1.0 Kw 222412 223+1.1
7K’ 19.0+1.0 195+1.0 | 7E° < 1.10 0.19 + 0.01 K'¢ 847106 892106
ntr~ 1.42140.025 1.44+0.02 | 7Tp~ 5.094+0.34 4.5+0.2 m~pt 10.0+06  9.240.3
KtK~ 4014007 4.05+0.07 |[KTK*™ 1.624+0.15 1.8+0.1 K-K*t 450+0.30 43402
K°K’ 0.364+0.08 0294007 | KK 0.184£0.04 0.1940.03 |K K* 0214004 0.19+0.03
m°n  0.69+0.07 0.7440.03 |/ np° 1.440.2 m°w  0.11740.035 0.10+0.03
w0 0.91+0.14 1.08+0.05 [\ 7n'p° 0.25 + 0.01 ¢  1.35+0.10 1.440.1
nm  1.704+0.20 1.86+0.06 | nw  2.2140.23 2.0+0.1 n¢  0.1440.05 0.18+0.04
ny’  1.07+0.26 1.0540.08 @ 0.044 £ 0.004
w070 0.826+0.035 0.78£0.03 | 790 3.8240.29 4.1+0.2 —~
7O KO 0.069+0.002| 7OK*0 > 0.103 4 0.006 | /K°p° 0.039 =+ 0.004
KT 0.133£0.009 0.133+£0.001| 7~ K*+ 0.34510100  0.40+£0.02 |[Ktp~ 0.144 4 0.009
nK° 0.02740.002| nK* 0.017+0.003 || K% 0.064 + 0.003
'K° 0.05640.003| 7' K*Y 0.00055 4= 0.00004| \K°¢ 0.024 4 0.002
— — ~~
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Our results now

[H.Y.Jiang, FSY, Q.Qin, H.n.Li, C.D.LU, arXiv:1705.07335]

?/PP+PV —

(0 2 0 07)<7 |

- PP and PV modes cannot help to understand:

EXp: Yp = (0.62 T 0.08)% [HFAG]

Uncertainty much better controlled than
diagrammatic approach [Cheng, Chiang, '10]

yppiyvp = (0.36 -

:0.26)% or (0.24 -

which can

20

-0.22)%

not tell anything.



2. BRof = —pK-m*
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=Sct—pK-mt

*This process Is always used to search for
new particles and their properties

+ New Q. states observed by LHCDb [prL118,182001(2017)
4K with E4—pK-nt
=y and =" states observed by LHCD [PrRL114,062004(2014)]
- In E07 with E0—E 77, EF—pK wt
+ Mass and lifetime of =0 by LHCDb [PrL113,032001(2014)]
- via El0—E 1, EA—pK T

» Suggested to measure E..F—E 7t [1703.09086]

- But its branching ratio not directly measured
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=t —pK-mt

*This process Is always used to search for
new particles and their properties

+ Fragmentation fraction f=o/ /a2 [LHCb, PRL113,032001(2014)]

b — =) vs. b— AY

= B(E —Zfr) BE"N— pK 7h)
b = : = = (1.88 = 0.04 £ 0.
fao B 5 Adn) B(hf = pK-ar) (3 E004E003)7%

~ 1 ~ (0.1 assumption in [PRL113,032001]
-> ng/ng ~ (.2

* But its branching ratio not directly measured



=t —pK-mt

*This process Is always used to search for
new particles and their properties

+ Fragmentation fraction f=o/ /a2 [LHCb, PRL113,032001(2014)]

b— 5 vs. b— AY

+0.04 + 0.03)%

= f:O/fAO ~ 0. 2

* But its branching ratio not directly measured



~ +
Ad

C
* has the longest lifetime of charmed baryons
T(AF) = (200 £6) x 107 s,  7(EF) = (442 + 26) x 10~ 1°s,

7(2%) = (112173) x 107155, (%) = (69 & 12) x 107 1%,

C

* better for measurements @ LHCb

 Mass: mz=2467.87+0.30MeV
ma.=2286.46+0.14MeV
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No Absolute Branching fraction of
=Sct—pKn

—+ | No absolute branching fractions have been measured.
_< 1 The following are branching ratios relative to =~ 2.

PDG =—ont DEFINED AS 1

pK™ T 0.21 40.04

We should know the branching fraction for estimation on events
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Branching Ratios of Z+—pK-7+

« Absolute value not measured
* But compared to = —Ewtx*

PDG I(& -pKkat)T(Er -5 2z%)

VALUE EVTS DOCUMENT ID TECN COMMENT
0.21 + 0.04 OUR AVERAGE
0.194 +0.054 47 +11 VAZQUEZ- SELX 2~ nucleus, 600 GeV
2008
JAURE..
0.234 +0.047 +0.022 202 LINK 2001B  FOCS ¥ nucleus

We should know the branching fraction for estimation on events
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Under U-spin symmetry, d<s

(AEF - pK%) = A(AF — SHE0)

—x0
K K*O
S
d 7S
Z’ d - u
| C A/ S _|_
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Branching fraction in =Z+—pK-7*

Under U-spin symmetry, d<s

——x(

(A(EC —pK )= AAf - X K*OD

|

B(AF — LtK*0) = (0.36 £ 0.10)%
; v [FOCUS, 01’]
B(Er — pK )/B(EF — pK—nt) = 0.54 £ 0.10

+ [FOCUS, 027

Br(=F — pK—nt) = (2.2+0.8)%

[FSY, Jiang, Li, Lu, Wang, Zhao, 1703.09086]
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=t —pK-mt

*This process Is always used to search for
new particles and their properties

+ Fragmentation fraction fzo/ /a2 [LHCb, PRL113,032001(2014)]

fzo B(E) - Efn~) B(EF — pK—7t) .
b ® C * c 1. 1 L 4 1 L]
ng B(Ay — Afm=) B(Af — pK—7) (185 £0.04£0.03)7%

~ 1 ~ 0.1 » =(.35+0.13

| |

fgg/f/\(g ~ 0.2 s fgg/f/\g = (.05 = 0.02

[LHCDb, PRL113,032001] [Jiang, FSY, 1802.02948]
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Branching Ratio of = .f—pK-n+

Precision improvements are required
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106 events = —pK 7+ @ 3.3 fb- PWA calls for
2019 data

[LHCb, PRL118(2017)182001]
PWA can be performed now 51



3. Ks-KL asymmetries
In charmed baryon decays

» First doubly Cabibbo-suppressed (DCS) process measured is

BR(A} — pK*n7)/BR(A] — pK 7)) = (2.35 -

- 0.27 -

-0.21) x 1077

 But no two-body DCS decay is measured.

[Belle, "15]

* two-body decay is more interesting in theory
- dynamics in charm baryon decays is not known,

and DCS is important
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Suggest to measure Ks-K. asymmetry

to search for two-body DCS amplitude

(A, = pKd) —T(A, = pKY)
I'(A, = pKY) + T(A, — pK?)

R(A, — ng ) =

K8 = (1K) =K"). 1) = — (1K) + 1K)

- amplitudes A(KY) = Acp — Apcs A(KY) = Acrp + Apcs

A .
DCS _ i R(A. = pK{,) ~ — 2rcosd

ACF
If non-zero, signal of 2-body DCS
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Numerical Results

Modes Representation BRexp(%) BRsys)(%)
AF — Ant %(—251 —2f —29) 1.304£0.07 1.30£0.17
AF — X0nt %(—26 +2f +29) 1.2940.07 1.27+0.17
AY —» 2tq0 %(ze —2f —29) 1.2440.10 1.27+0.17
Af — pK? % tan? 0c(2g) — %(—26) 1.58+0.08 1.36 ~ 1.80
AF — pK? 5 tan® 0c(29) + 5 (—2e) 1.24 ~ 1.67
Af - 20Kt —2f 0.5040.12  0.50+0.12
20 5 =gt 2e 2.2440.34
20 — Z070 5 (—2e +29) 0.07 ~ 1.81
20— AKY J% tan? 0o (—2e + 4f + 4g) — ﬁ(—4e +2f +2g) 0.4740.08
B0 = AK] s tan®Oc(—2e +4f + 4g) + 5 (—de +2f + 29) 0.5040.09
20 5 RtK- 2f 0.31+0.09
=0 — 2OK? 5 tan? 0c(2e) — 3 (—2f — 29) 0.23+0.07
20— ¥OKY 5 tan? Oc(2e) + 3(—2f — 29) 0.2040.06
=t - =207t —2g 0.01 ~ 10.22
EF - K % tan? 0o (—2e) — %(29) 0.06 ~ 4.84
EF - YXTKY 75 tan’ 0o (—2¢) + —=(29) 0.00 ~ 4.30

TABLE II: K — K} asymmetries in B, — BK¢ ; decays.

R(AT — ng,L) R(Z) — AK?@,L) R(ZE) — EOKg‘,L) R(EF — 2WLKg,L)

—0.010 ~ 0.087  —0.037 £ 0.004 0.091 +£ 0.016 —0.113 ~ 0.390

[Wang, Guo, Long, FSY, '17]



Ks-KL asymmetries in charm mesons

TABLEIIL Results on K9 — K} asymmetries in D° — K¢, 7°, D" — K3,z and D} — K¢, K*. Our results are
compared to other approaches [7,10,13,24] and the experimental data [21].

R [13] R (7] R [24] R[10] Ry, [21] R(FAT)
D® - K9, z° 0.107 0.107 (" 0.106 0.0970% 0.108 +0.035 0.113 £0.001 )
Dt = K9, zt  —0.005+0.013 —0.019 +0.016 [-0.010 & 0.026 0.022 4 0.024 0.025 £ 0.008
Di = K9, K* —0.002+0.009 —0.008 + 0.007 \~0.008 +0.007 0.11+3% 0.012 4 0.006 |

Measurements could distinguish theoretical models

[Wang, FSY, Guo, Jiang, '17]



summary

More measurements are helpful in theoretical
understanding of DDbar mixing.

Suggest to measure some processes to determine

Ec_'__)pK_ﬂ:_'_

Suggest to measure KS-KL asymmetries



Thank you!



