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1. What and Why?
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What and Why?

1/
« Experimental detection of final state particles v
£+
) - m» Do e"X(D - e'v,X onlye™ is detected) ) )
{Rtwhat c s.d
. of a group of exclusive channels A
_ A
»w D' etX =D etv,K,etv,K 2 et K7, . ..
c U

mw D> etX, =D etva,etvaaletvaata,. ..

« Compared to exclusive decays: Better theoretical control

« Compared to beauty decays: More sensitive to power corrections
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What and Why?

Charmed hadron lifetimes:
theory vs experiment

Meson
(D’ :
) Experiment: High precision
(D) .
L(Df) = - - Theory: significant uncertainty
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[ps_l] Lenz et al, ’22]
Fig 1 LR S i S
Baryon PDG Q' 5 A g
- il 5 S
2018
:'0 LA 0 —_—+
: : i LHCb = . £ =z
Experiment: change in hierarchy Seimileatomic [ W —— .

O(/m?) = 7(2F) > r(AF) > 7(EY) > (), LHCD | o -
rompt

O(1/mé) = 7(Q2) > r(EF) > T(A}) > 7(E2), LHCb Comb.

O(1/mf) with a = 7(EF) > 7(Q2) > 7(A}) > r(E2). e
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[Cheng, "21] Lifetime [{s] [Cheng, "21]
Fig 2
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What and Why?

(0s)

u?

B meson — D meson

1(D) = (0.48 £ 0.20)GeV?

uz (DY) = (0.57 £0.23)Ge V>

<@6> PI3)

B meson —— D meson

Relative Error:

~40%

(Os)

c

2
HG
DD* 5~F )it & £ 5
u&(D) = (0.34 = 0.10)Ge V-

uG (DY) = (0.36 + 0.10)Ge V?

+ I

(Os)

m;

+ ...

Relative Error:

~30%

pi(D) = (0.082 + 0.035)GeV?
i (Dg) = (0.119 £+ 0.052)Ge V>

Relative Error:

~ 0]
40 A) [Lenz et al, ’22]
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What and Why?

* Four quark operators were estimated

014 7 - 0 T ]

012} . A g i

0.10 - T3T¥5 D* ] s s

- 11 %8 AD ] B *(D%) = —0.001(3)GeV3,  B*(D') = —0.001(3)GeV?,

— 5 B A . 7] 3 _

5 ot ;5 1= f . _: » B{* (D) = —0.0001(6)GeV3,  B{*(D1) = —0.0001(6)GeV3,
0.04 3 1E. _f B&)*#(D%) = —0.0001(10)GeV?, BZ*(D*) = —0.0002(10)GeV?,
ozi % TTh.II B{)*(D°) = —0.0000(7)GeV?,  B{Q*(D1) = —0.0000(7)GeV?,
000L . . . . . . ... ... .. . Ff * [Gambino, et al ’10]

0.0 0.2 04 0.6 0.8 1.0 ’
pelGeV]

e Strong interaction running coupling constant have been estimated

a, = 0.377+£0.008 £0.114
[Wu, et al '24]

e Assuming non-perturbative parameters are identical to those of B meson

?
* Global Fitting under kinetic mass scheme ‘
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2. Experimental Status and Theoretical Results
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Experimental status

CLEO measurements

DY = etX

DT — et™X

— 100 —

Df — e*X
B —
| B(D" - Xe'y,) = (16.13 £0.10 £ 0.29) %
| B(Dj - Xety,) = (6.52£0.39+0.15) %

L o g L ]
10008 D° — e+ anything | 4000F D* — e* anything
> | £ 1 3500 -
o 800} g - 4 3
S i 1 3000 £
o 600 1 2500F —
& i { 2000} ]
2 0 1 1500} |
C | ¢ i F ]
Q 200} ] 1009L E
T | _ 500 .
of of !
[, —_— [ —_—
0 0.5 1.0 1.5 0 0.5 1.0 1.5
p (GeV)
BESIII measurements
+ + AT = et
DI — e™X toetX
1800 |- S T
1600 § 60|~
Q1400 o L =
Emoe? (2 - %
31000 oS 40 e
% 800F < S
o 400 - s 205 E
i
% o2 04 06 08 1

[BESIII, *21]
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Fig 8

B (D° - Xe*v,) = (646 £0.09 £0.11) %

[CLEO, ’09]

B (D} - Xe*v,) = (6.30 £0.13 £0.10) %
[BESIII, *21]

B (A} - Xetv,) = (3.95+0.34 £0.09) %
[BESIII (567 pb™ '), *18]

B (A = Xe*w,) = (4.06 +0.10g1a1, +0.09yst ) %

[BESIII (4.5 fb™ 1), 23]
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Experimental status

Electronic Energy spectrum(y = 2Ee/mc)
1 dT

___121_ 291_ 1800 -
ey
24tz
£7 [ 10y%0(1 — y) +25(1 - y) —— g
. £
HG A3
e ~ [6y%(6 — 5y)0(1 —y)] + O | a,—
m m [BESIII, '21]

* Up to finite power, the obtained differential decay rate is NOT the experimental
spectrum [Neubert, 1995] [Mannel et al,’94]

* Observables require integration over final states

r:Jd—de,( E!Y = [ Eldy,n =1234

[Gambino,Kamenik, ’10]
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- ¥ Samanmne TN -
Experimental status i g
3 o.oei- % % f I
. | )
Our main efforts on data T oot % f : :
0.02;- i
0.00k_= ! ............... i ; 2
0.0 0.2 0.4 Ee 0.6 0.8 1.0
4 A
B(Dy, — Xetv,) = 0.0631(14) B(D° — Xetv,) = 0.0636(15) B(DT — Xetv,) = 0.1602(32)
(Ee) o, = 0.439(5)GeV, (E;?)i; = 0.223(5)GeV?, <E3> = 0.124(4)GeV?, <E4> = 0.074(3)GeV*,
(E, )exp = 0.462(5)GeV, (Ef)i p = 0.242(5)GeV?, <E3> = 0.138(4)GeV?, (E;*)exp = 0.084(3)GeV*,
(E, )exp = 0.455(4)GeV, <E§>i ; = 0.236(4)GeV?, (E3> = 0.134(3)GeV?, <E§>i ; = 0.081(3)GeV™.
\ v
4 N

\,

)
< € / exp,center
(EC)

exp center

< >exp,center

= 0.0297(13) GeV?,
= 0.0287(12) GeV?,

= 0.0291(11) GeV?,

Ds
(B2) s conter = 0-0004(4) GeV?,

<E3)i (; coreer = —0.0001(3) GeV?,

<E3>exp center = —0.0002(3) GeV?,

<E§>i~; enter = 0:0021(2) GeV*,

(Ee)
exp,center

< >exp,cente

= 0.0019(1) GeV*,

= 0.0019(1) GeV*,

i
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Experimental status

Correlations among observables

Iy (E,) (EZ) (E) (E)
( 1. ~0.0948363 —0.0854423 —0.0692735 —0.0528099 ) I,
—0.0948363 1. 0.961103  0.877715  0.779303 |(E,
Cor(D¥) =| -0.0854423 0.961103 1. 0.973193  0.910118 [(E2)
—-0.0692735 0.877715  0.973193 1. 0.979699  |[(E3
| —0.0528099  0.779303  0.910118  0.979699 1. J(E;
Center moment  (E7) = ((E.—(E.)"),
L'y (E,) (EXcenier (Edcemer  (Ed)center
( 1. ~0.0948363 0.0254998 0.0800786 0.00809594 \ L'
—0.0948363 1. -0.047314 —-0.40486 -0.0191632 |(E,)
Cor(DY) =| 0.0254998 —0.047314 1. 0.0763575  0.800281 [¢E2)
0.0800786  —0.40486 0.0763575 1. 0.172337  |(g3y
\ 0.00809594 —0.0191632 0.800281  0.172337 1. )(Ej)cemer

1_‘sl <E€> <Ee2 > center <Ee3 >center <E§ >center
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Theoretical Results

Our main efforts on theory

NNLO numerical results
NLO analytical integration provided by Long Chen
. s 2 (25 2 2 (25 2
Tp = Pomq\2m§{1 052325 2 &P 2025 )10 (A 4 214600 — 29.88311
P4 w 3\ 4 w2 | 4 3\ 4 m?
q=d,s [Chen, Chen, GuarT, Ma, 23]
1 pa(Di) 3 pe(Di) p? | PH(D:) | (D)
2 2 : 3 3
Dim-5, /\QCD/mC Dim-6, AQCD/mC

D — e"X (D - e™v,X, only e™ is detected)

LZU & HUST

Power correlation : up to dim-6 operators contributions

Perturbative correlation: up to NNLO contributions

13
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Theoretical Results

Our main efforts on theory

(E.)p, = QZ.;S'V""" [ 2o 4 %50 395, - ;u(,;iu) NI ))pD n(LD) L3 pzfn(;»
+ 2;‘;2 +..] ,
%pifn(;i) + 4:13 + ] ,
(B2)p, = q%jslchl [+ Lo+ B L D) L) 2By 1) 0b (D)
+%p%fn(fi) + 8;‘;2 +] ,
+1£1)2 pifn(;i) + 1;‘7’12 + ]
<E€2>C€:nter = <(Ee B <E€>)2>
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3. Phenomenological Analysis
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Phenomenological Analysis

e 15 data points

D() DO + DO + ) DO + 3 DO + 4 D0,+
Ntheory _{F <E > <E center? <E center» (Ee center J »
D+ DO+ DO+ y) D0,+ 3 D0+ 4 D0,+
Ntheory _{F <E > <E center? <E center» (E center J

D —I17Ds Dy 2 3 4
xtheory {F <E ) <E >center’ <E >center’ <E >center}

 Scenario 1: 4 parameters to be estimated (up to dim-5 operators)
ue (D), g (D), pz (DY), mg (DY)
e Scenario 2: 8 parameters to be estimated (up to dim-6 operators) VIA
ie (DY) g (D), pp (D), pils (D) iz (DF), mg (DY), 45 (DS), s (DY)
e Scenario 3: 10 parameters to be estimated (up to dim-6 operators,WA) HQETSR

pue (D), pg (D), pJ (D%F), pls (D™*)  wuz (DF), wg(DF), pd (DY), pls(DF)

Tyal> Tnonval
Error from unknown power correlations
e Error from input parameters: ;1 € [1,2.54|GeV
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Phenomenological Analysis

The width of semi-leptonic inclusive decays in D mesons is highly sensitive to the
charm quark mass.

e 1S mass scheme: well perturbative behaviors 1/2]J/y& =
[T o~ 1—13.1%—4.8%+1.8%

[Hoang,Ligeti,Manohar, ’98; Hoang,Teubner, ’99]

e MS mass scheme: slow convergence

/T o=1+135a,+3.02a + 7.69a] ~ 1 + 52% + 46% + 44 %

[Melnikov,van Ritbergen, ’99]
e Pole mass scheme: no convergence Naive parameters of HQET

[/T o=1-077a,—2.38a%—10.7303 ~ 1 — 30% — 36% — 62 %

e Kinetic mass scheme: (a,/z) u"/m!  cut-off scale somewhat subtle

C
[Fael,Schéonwald, Steinhauser, ’20]
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Phenomenological Analysis

4 )

MS scheme x*/d.o.f D; 12 /GeV? pe/GeV? pd/GeV? pls/GeV?
D°) 0,00 +0.01 + 0.00 0.27 + 0.01 + 0.14 - -
Dy  0.09 4 0.01 + 0.01 0.39 £ 0.01 + 0.12 - -
D°H) .11 4 0.01 £ 0.02 0.26 4 0.01 + 0.13 —0.002 = 0.001 =+ 0.001 0.003 = 0.001 =+ 0.001
Dy 0.1240.01 + 0.02 0.39 4 0.01 & 0.11 —0.003 % 0.001 =+ 0.001 0.004 = 0.001 = 0.001

Scenario 1 4.48

Scenario 2 2.39

1S scheme x?/d.o.f D; p2/GeV? pe /GeV? pd /GeV? pts/GeV?
D) 0.04 +0.01 +0.01 0.33+ 0.01 +0.01 - -
Ds 0.06+£0.01+0.01 0.44 + 0.01 £ 0.02 - -
) D) .08 +0.01 +0.02 0.33 + 0.01 + 0.03 —0.003 %+ 0.001 & 0.001 0.004 + 0.001 =+ 0.001
Scenario 2 {0 37.
Ds 0.104+0.01 +£0.02 0.44 + 0.01 + 0.04 —0.004 + 0.001 #+ 0.001 0.005 + 0.001 + 0.001

\— — _J

Scenario 1  4.91

* Discrepancies among central values in the two scenarios
e Stable fitting results under 1S mass scheme

.' meson matrlx elements of operators Ig the HQET are hence determlned
by data for the flrst tlme
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Phenomenological Analysis

e Data-driven estimation for ,u]%

Hx(D**)
—e— Our Work
. i Lenz, 2022
=C= Inclusive(B), 2024
@ ] LQCD(B), 2018
—c— QCDSR(B), 1996
u2(D})
—— Our Work
I O i Lenz, 2022
—=0—] Inclusive(B), 2024
) —o—————] LQCD(B), 2018
—o— QCDSR(B), 1996
02 ofoﬂ—_ﬁol.z _-- of4 — ofs — ofs — 1.lo 12

* The non-relativistic kinetic energy term in D meson is dominated by heavy quark contribution

» Discrepancy between ,u,%(D) and ,u,%(B) is significant
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Phenomenological Analysis

e Data-driven estimation for /4(2;

H(D*")

—e— Our Work
——a— i Lenz, 2022

[———— Inclusive(B), 2024

@ d Mass Relation(D), 2002
o Mass Relation(D), 1992

p%(D})
o — S—— Our Work

< ] Lenz, 2022
& i Inclusive(B), 2024

& ] Mass Relation(D), 2002
o Mass Relation(D), 1992

LZU & HUST

Of2.-.-0f3----0f4----075.-- 0.6 0.7
Discrepancy between ,ué(D) and ,ué(B) is significant

S U(3)fVioIation effects are also observed
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Phenomenological Analysis

The non-perturbative series exhibits good convergence behavior in D-meson semi-leptonic
inclusive decays under the 1S mass scheme

NLO: -13.7% NLO: -13.7%

NNLO: -5.5% NNLO: -5.5%

LO: 100% LO: 100%

Dim 5: -29.3%
Dim 5: -39.2%

We propose the 1S mass scheme as the optimal choice for calculating
charmed meson lifetimes
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Look Back

4 ™
Theory: ‘
Optical Theorem Wilson Coef Analytical Integral
D - X, + ¢t EEETEEEE (ST - Observables
HQET OPE Loacl Operators
\ A
‘Data: )
0.10-. | . i I | . D; —- ..
ﬂ 11 DY |
. % I % —_
of 3 I | - O scrvables
0.04f % 3 E ]
0.02f % : .
. i
‘\. 0.0 0.2 0.4 Ee 0.6 0.8 1.0 ”)
[ . . A
Phenomenological Analysis:
Observables Global Fitting 1.Extract Non-perturbative parameters
Observables 2.1S mass scheme is a optimal choice
e vy

LZU & HUST 22 shaokk18@Izu.edu.cn



OutLook

* Precision measurements of leptonic energy spectrum in the rest frame

of charmed hadrons Collaborate with Prof. Dong Xiao

. q2 spectrum, good for higher-dimensional operators

« Separate X, X, to give first measurements of V_,, V__
Collaborate with Prof. Liang Sun

« Raredecays: D — X ¢

Prof. Xiao’s talk

Thank you!
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Appendix



Scenario 3: 1S mass scheme

( 1S scheme x?/d.o.f D; p2/GeV? ps /GeV? P} /GeV? pis/GeV?

Scenariol  4.91

D) 0,04 +0.01 +0.01 0.33 + 0.01 +0.01 - N
D, 0.06+0.01+0.01 0.44 4+ 0.01 £ 0.02 - -

Scenario 2 0.3

Do) 0.08 +£0.01 £0.02 0.33 £ 0.01 £ 0.03 —0.003 = 0.001 + 0.001 0.004 + 0.001 +£ 0.001
Ds 0.10+0.01 4+ 0.02 0.44 4+ 0.01 4 0.04 —0.004 + 0.001 4 0.001 0.005 + 0.001 + 0.001

1S mass scheme

y?/d.of D; 12 1GeV? pz1GeV? 03, /GeV? p;/GeV?

scenario 3

D0(+) 0.08 +£0.03 £ 0.02 0.33+0.04 £0.04 -0.003 +£0.001 + 0.001 0.004 +£0.001 +£ 0.001

0.21
Ds 0.15+0.05+0.01 0.38 £0.06 £ 0.04 -0.005+0.001 £+ 0.001 0.006 +0.002 +£0.001

Table 5.7: The fitting results of the 1S mass scheme. The first uncertainty comes from experimental data, while the
second one is due to varying the renormalization scale u between 1 and 2.54 GeV. The fitting results for weak anni-

hilation operator contributions yield that valance parameter is —0.11 + 0.10 + 0.06GeV3 and non-valance parameter is
\  0.002+0.068 +0.066GeV°

~

5

2

5 T — (—0.18) Tyq — 0.45
PO =3, > =) Vil (yj,l_ ﬂj,z> + ( -nonval Iy i

I=u,d,s i=1 j=1

0.65 2.10

2



1S mass scheme robust Testing :
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1S mass scheme robust Testing : scenario 3
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1S mass scheme robust Testing : scenario 3

Valance Parameter: 1S mass
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MS mass scheme robust Testing: scenario 3
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MS mass scheme robust Testing: scenario 3
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Valance Parameter: MSbar mass
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1S mass scheme robust Testing: scenario 2
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1S mass scheme robust Testing: scenario 2
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2T H P F R RARERTE

Quantity DY Dt DY
o F{zsexbifit: DY, DF 7 [ps] 0.4101 + 0.0015 | 1.040 £ 0.007 | 0.504 & 0.004
R AR P I [ps™!] 2.438 +0.009 | 0.962 4 0.006 | 1.984 4 0.0016
BR(D; — Xev) [%)] 6.49 + 0.16 16.07£0.30 | 6.30+0.16
I'(D; — Xev)[ps™'] || 0.158 £0.004 | 0.155+0.003 | 0.125 4 0.003

% W 2 T AR AR )
o RAFARER FUELS LKL BER. BHIFFEHT IR HQETSR, VIA

# ki (LZU & HUST) BT EBERDEGER LT
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RNTHRETHEZH

CALCULATION OF NON-SPECTATOR (two-quark) MATRIX ELEMENTS

N[0\ B o1 -\ o1 : 8- \z4Hll - mainly universal — up to SU(3); breaking and differences in spins of hadrons
2(H 2,(H 1
M()_Wﬂ)+0< )

,LL%; ’ application of hadron mass formula:
2m, 2m, m2

mpy = me+ A +

spin factor: dp = —2 (SH(SH + 1) — Sh(Sh + 1) — Sl(Sl -+ 1))

M. —m4; H | D |D | A+ =Hz=0] 0 |0

C

/LQG(H) = dH/\Q = dH

dp — dp+ dy || 3 | =1 0 4| =9

’lé' HQET SR: ui > ,LL%;'

pgD’ applying EOM of G“v and relating it to the dim6 operators:

1 1 ~ 1
2mirp = g2 (H|(— Of + 5701 + 705 - —OQ)IH )+ O/ me) | i 0y) = & 13, mp, +001/mo)

AR &k (LZU & HUST) REBRTFTFBZERARTTHNRELFZHR
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BT AP HEFRERXTT TR

SPECTATOR (u,d,s) FOUR-QUARK CONTRIBUTIONS ARE IMPORTANT : decay| CE NL CE SL

one-loop i.e 16 T2 enhanced, although 1/m3 (dim6), 1/m*(dim7) suppressed H, c— sdu ||c— sly

DO (’LLE) fWE -
D_(dé) fpl -
D7(se) | ( Twa ) || TS

AT (udce) /I‘exc-l-I‘mD C
=F (usc) |Tine- + || Thn
(
(

intt

intt

~

=0(dsc) | Dexe + Digee || TSE
)

SL
- 1_‘int‘*' / \Pmt+ |

CE = leading; Cabibbo enhanced

* effects are different in different mesons
* effects are different in different baryons
int- int+ * no helicity suppression for baryons

exc Int * effects in SL decays — different SL BRs !

AR &k (LZU & HUST) REBRTFTFBZERARTTHNRELFZHR
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AR EEERT R

Quantity DY Dt Df
o F{zsexbifit: DY, DF 7 [ps] 0.4101 + 0.0015 | 1.040 £ 0.007 | 0.504 & 0.004
R AR P I [ps™!] 2.438 +0.009 | 0.962 4 0.006 | 1.984 4 0.0016
BR(D; — Xev) [%] 6.49 + 0.16 16.07+0.30 | 6.3040.16
I'(D; — Xev)[ps™'] || 0.158 +£0.004 | 0.155£0.003 | 0.125 =+ 0.003

% W 2 T AR AR )
o RAFARER FUELS LKL BER. BHIFFEHT IR HQETSR, VIA
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BT AP HEFRERXTT TR

e FNFREFRETENTREREEAFMAIEREAKBB XA (4= 0.5GeV)

2 D 2 D 3 D
F(DO) ~ Lol 6.15 + 2.95 ~1.66"2 2) +0.13%6" 2)+23.6'DD( 3)

Lo NLO
3 Ac3

—1.60B7 +1.53B1 -21.0¢] +19.2&] + 0.00
N——

dim-7,VIA
~10.7679 +1.53677 +54.6617 +0.13517 — 29.251? +28.856,7 +0.56557 +2.365, |
2 2 D 3 D
(D) 001 FcP) o5 _PDD)
0.48GeV?2 0.34GeV? 0.082GeV?
6B1 6B! &l &l

- 0.01 —0005m+0005m+0 137_004—0125_004+ 0.00

dim-6,VIA dim-7,VIA
- 0.0045r;1q - 0.0004rg 7_ 0.0035rg ‘4 0.0000qu

~0.0109737 —0.0079r57 — 0.0000r37 +0.0001757] .

1+0.48-0.13

= 6.15T,

# ki (LZU & HUST) BT EBERDEGER LT
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BT AP HEFRERXTT TR

e FNFREFRETENTREREEAFMAIEREAKBB XA (4= 0.5GeV)

I'(D*) =T)[6.15 +2.95 -1.66 G(VZ) 0.13”(‘;(\72) +23.6pé>(v3)
v v
cg‘o ACI;LO © © e

~16.9B% +0.56B7 + 84.0¢! - 1.34¢7 + 6.76
N——

dim -7
~0.06677+0.06517 — 16.8577 +16.9677 —29.3577 +28.85,7 +0.5605" +2.365," |

2 D 2 D 3 D
K )2+0.01 Ho ! )2+0.31 Ppl )3
0.48GeV 0.34GeV 0.082GeV
B'q 6Bq ~q ~q

)
- 266 -0. 055m+0 OOZW—O 546_0 O4+O 009_0 O4+ 1.10

textdim—6,VIA dim-7,VIA
—0.0000r% —0.0000r27 +0.00117%7 +0.0008r%¢

=6.15Ip [1+0.48-0.13

~0.0109r57 —0.0080r37 —0.0000737 +0.0001r57] .

# ki (LZU & HUST) BT EBERDEGER LT
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BT AP HEFRERXTT TR

e FNFREFRETENTREREEAFMAIEREAKBB XA (4= 0.5GeV)

3
I (D?) =To[ 6.15 + 2.95 —1.665 tn (Do) +0.13% g (D) +23.6°0 D)

—— — GeV? GeV2 GeV?3

cLO NLO
C3 Ac

~49.6B% +48.4B5—13.7€ +18.8& + 0.63
N——

dim-7
~15.86%"+2.346%° +55.461° +25.06%°

2 (D 3 (D
pz (D s)2 0.01 M ( s)2+0.46 Py ( s)3
0.57GeV 0.36GeV 0.119GeV
DS Bs 6~s ~s

_ _ 1
0.20 0.1610.02+0.157002+0 089_0 0a +0. 1220 O4+ 0.10

dim-6,VIA dim-7,VIA
—~0.0064r%° —0.0007r%° —0.0036r%° +0.0012r%°] .

=6.151 |1+0.48 - 015

# ki (LZU & HUST) BT EBERDEGER LT
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1
2
3

6 ° 4
5
6
7
8
9
10
11

w2 (D) p2 (D%)  pd (DOF) pJ (D%F) w2 (D?) ug (DY) p3 (DY) pls (DY)

- {0.999996, 0.999923, 1.00005, 1.00007, 1.,0.99988, 1.00011, 1.00014}
{0.999993, 0.999845, 1.0001, 1.00015, 1.00001, 0.99976, 1.00021, 1.00028}
{0.999989, 0.999767, 1.00015, 1.00022, 1.00001, 0.999639, 1.00032, 1.00042}
{0.999985, 0.99969, 1.0002, 1.00029, 1.00002, 0.999519, 1.00043, 1.00055}
{0.999982, 0.999612, 1.00026, 1.00036, 1.00002, 0.999399, 1.00053, 1.00069}
{0.999978, 0.999535, 1.00031, 1.00044, 1.00002, 0.999279, 1.00064, 1.00083}
{0.999975, 0.999457, 1.00036, 1.00051, 1.00003, 0.999159, 1.00075, 1.00097}
{0.999971, 0.99938, 1.00041, 1.00058, 1.00003, 0.999039, 1.00086, 1.00111}
{0.999967, 0.999302, 1.00046, 1.00065, 1.00004, 0.998919, 1.00096, 1.00125}
{0.999964, 0.999224, 1.00051, 1.00073, 1.00004, 0.998799, 1.00107, 1.00138}
{0.99996, 0.999147, 1.00056, 1.0008, 1.00004, 0.998678, 1.00118, 1.00152}
{0.999957, 0.999069, 1.00061, 1.00087, 1.00005, 0.998558, 1.00128, 1.00166}
{0.999953, 0.998992, 1.00067, 1.00095, 1.00005, 0.998438, 1.00139, 1.0018}
{0.999949, 0.998915, 1.00072, 1.00102, 1.00006, 0.998318, 1.0015, 1.00194}
{0.999946, 0.998837, 1.00077, 1.00109, 1.00006, 0.998199, 1.0016, 1.00208}
{0.999942, 0.99876, 1.00082, 1.00116, 1.00006, 0.998079, 1.00171, 1.00221}
{0.999938, 0.998682, 1.00087, 1.00124, 1.00007, 0.997959, 1.00182, 1.00235}
{0.999935, 0.998605, 1.00092, 1.00131, 1.00007, 0.997839, 1.00192, 1.00249}
19 {0.999931, 0.998527, 1.00097, 1.00138, 1.00008, 0.997719, 1.00203, 1.00263}
20 {0.999927, 0.99845, 1.00102, 1.00145, 1.00008, 0.997599, 1.00214, 1.00277}
21 {0.999924, 0.998372, 1.00108, 1.00153, 1.00008, 0.997479, 1.00224, 1.0029}
(22 {0.99992, 0.998295, 1.00113, 1.0016, 1.00009, 0.997359, 1.00235, 1.00304} )

[ ] x%ota,: includes Regularization Terms °

] X'zrotaF Don't include Regularization Terms ®
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7. B SHBBHS R (21 cm &)

NTFESERF:
e F=1 (ZED) BEST F =0 (8%) .
SREEEN:
1 4 Me 9
AEHFs(F = ].) — AEHFs(F = 0) = 59egpx —MeC .
3 s

RNEH a ~ 1/137, g. ~ 2, g, ~ 5.59, mp ~ 1836m,:

4 1 \* 1
AEure ~ — X 2 X 5.59 S - .c2~ 588 x 10 %eV.
HFS 3 X X X <137) X 1836 X M.C X e
T RISRE :
VHFS = AE;HFS ~ 1420 MHz,

BIERM 21 EXRE ORK A =c/v~21lcm) .
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e AR AR R (B 22 B 2%)

1
u2 = ——(D|&,6- Ge, | D)

M,

oG, =2 (Z B +iy’% - E)

>.B BEMAEETS LA rEERY, AREETRAGE (KFESL)
Y- E #v/cik BEREAK, AL A%YSE WIS A IEA TR AIR T T VA Lk

EEEEBRE My > oF, EALEMABSER, LARGKTHEE
BRI EEA (eEf%) £%. CBYBELTRIHN T NS> E
Gy B#HANTH BREMK GEAAAHRRT RRHEE v/O) .

BB A
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SUR T A AT G LM

1. AR5 = FEX
DNF
o MRER (o) MREES (WM a. d) A, #itn D" =cd, D° = cq,
o Bl J =0 (FENTF) , THERKRTFT (S=0) .
o FMP = —1, BfFHIE (EhM) C = +1,
e« D' F
o E#M c M a. d A, D" =cd. D= ca.
o Al J =1 (REBNF) , THERFET (S=1) ,
o FM P = —1, BAHE (B C = -1,

2. REER
e D*tt D BSE, RESETEIMEEER RUTFESEFREMEN)

m(D*) — m(D) ~ 140 MeV /c*.

o f5lgn:
m(D°) ~ 1865 MeV /c?,
m(D*%) ~ 2007 MeV /c?,
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[Gambino,Kamenik, ’10]
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Y A S

o W EHFR: MBI BB (FHETAET )

Pole
m,

i _ - 2 — 3
= i () 1+‘1“S(mc)+10.43(“3(m0)) +116.5("S(m0)) .
3 T V8

= e (e) [1+0.1642+0.1582+0.2176+--].

o MSK &7 % LB BB SER

4 2
pole (§+10g [’l;—%])as
me

=mc+mc
T

a? (79769+ L +97r210g[2]+415 log[ ] log[ ] {(3))
+m, ,

.1@%@%&%&&%%&&&%%%%:ﬂA%Wﬂmwﬁﬁ%%i

) 129920} 3200 256mat
mPol = m.+ “meea? - mcas
- C C
¢ 9 g 576r ’

o DAFRE: 5INAQep FAMF RIS E
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