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1. What and Why Electronic Semi-inclusive
Charm decay?
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What and Why Electronic Semi-inclusive Charm decay

1/
« Experimental detection of final state particles v
£+
m» Do e"X(D - e'v,X onlye™ is detected) ) )
C s, d
. of a group of exclusive channels A
_ A
»w D> etX =D etv,K et K2l 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 Electronic Semi-inclusive Charm decay

Charmed hadron lifetimes:
theory vs experiment
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(9(1/7713) =3 s Ve Y & T(Eg) = T(Qg),
O(l/mé) = T(Qg) Sl Bl ) A ) > T(Eg),
O1/m2) with o = 7(E}) > 7(Q2) > 7(A}) > 7(ED).

[Cheng, '21]
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What and Why Electronic Semi-inclusive Charm decay

Charmed hadron lifetimes:

theory vs experiment
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O(1/m3) = 7(E) > 7(AF) > 7(EQ) > 7(R2g),
(9(1/7713) = T(QS) S Bl ) A l) > T(Eg),
O@1/m2) with o = 7(EF) > 7(Q2) > 7(A}) > 7(ED).

LZU & HUST

[Cheng, '21]

Solutions/hints

2 Dependence on identical hadronic parameters
in HQET, (H.| O;| H..)

2 Extraction in the inclusive decay spectrum and
application to lifetime

“ Again a more precise experimental determination
of ;.” from fits to semi-leptonic D*, D’ and D'meson
decays — as it was done for the B* and B’ decays

— would be very desirable. ” [Lenz et al, '22]
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2. Theoretical Framework
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Theoretical Framework

 Optical theorem
3 (DI HIX)(X|H|D) o 1m | d'x(D | T(HH(O) | D)

 Operator product expansion (OPE)

W Short distance : x ~ 1/m,

W Fluctuation in D meson ~ Aqgcp

Aqcp A2CD
Q n Q

T{HX)H(0)} = Zn‘,Cn@C)On(O) B

Systematic OPE in HQET.

 Heavy Quark Effective Theory

. Il+y-v _
h) = e T ey v =(1.00.0) L3 hv-Dh,

2
\ — DJz_ _O'°G
—h,——h, —a(u)gh, 1 h,+ ...

Subtract the big intrinsic momentum, m. m,. '

Leave only ~Ap degrees of freedom.
LZU & HUST 8 shaokk18@lzu.edu.cn



Theoretical Framework

« OPE
T{H®H(0)} = ) C,(x)0,(0)
C,(x) 0,(0)
W LO: a?(mc) W Dim-3: h h, (Cy#c) — partonic decay rate.
2 NLO: a,(m,) W Dim-5: h,D%h,, gh,c - Gh,.
W W Dim-6: h,D,(v - D)D*h,, (h,I"q)(qTsh,), . ..

W/\/ EEE

 Contribute to inclusive decay rate and lifetime

1. Matrix elements of the same operators (SL& NL)

2. Only different short-distance coefficients A = 1 (D|h.(iDYh,| D) = — u?
4mD 1% 1% T

1 1 _ 2
(D|h.go - Gh,| D) = =¢
16(s, - s,) 2mp, 3

A
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Theoretical Framework

e Structure functions

T GhmilVaP A
_ - O(ti. — 0)0(E)0(6%) x
B, d di = (4y —0)0(Er)0(q")
~2
R - A q Y
X {q2 W — [2Eez —2E,qo + 5] Wa + G2 (2E; — 4o) W3},
2 2
W, = WO 4 L Lo w0 4 L6 6o L Do w4 oL w4 e FS_wan
! 2m? 2m? V4 2m2 2m?

u u

W = © {3 5(i1) — [ln—“L _ G ~2lnw) H+ + wB(q2,a)e(a)} + R g(a),

5 w2 , 9 ow — 4 Inw
SZ——Z—?—ng(l—w)—ﬂn w_2(1—w)lnw+2(1—w)5l2
(12 — w — b (24
R§1>:§+U( w U)+<w+g_U(ujL3w))Il
4 2\ 2 N
1 66(a® — (3 —w)a — 12+ 13w) @ — 38 4 21w
Ry’ = 3 + =
A2 A
B0+ 2u? — 6)i® + (7 - 3w+ Jw)wi + wi(w —4)
22 1
36— 845w 4% — (6—w)u+ 4w
Ry = - + (6~ w) T
A A
1 ﬂ—l—w—}—\ﬁ
1.1: \/?ln f
AN G4 w— VA .
- NLO dim-3
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Theoretical Framework

e Structure functions
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NLO dim-5: u?

2 2
Wl(c'l)=—§w {Gl + (94-”—(1 + 8w — 511 _“;”) — a1+ 2w))5'(12) (A.9)

+Cp(5+ & — %)([h{ﬁ] —21nw[1]++Lw5(a))]

u
2 5w 1
(e or(G -3+ D) [F],
(CA 5w —I;%z}} -:)521w 20 +C 10w’ —21w* —}(—;ui1;10w +28w— 16) lnwﬁ('&)
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WZ(G,1)=_§ [GQ + (CF(% — 14—1 +2w—(1- STU)) lnw) +C2(3- 211/))5/(12)

+20pwizw= 1([12a]+—21nw[%] +Lw5(12))
HOuE s - & - D+oeE - S -D)[3] (A.10)

3 _pgw? 6w 2_
+(C 9w 56w +40w+16 +Cr swt—6w? +3w 12w+12)lnw§(

Q)
(C 203 +4w —28w+16 | (1 35w —98w? +134w —120w+32 5(,“ ] +R(G)0

5w Sw?lnw )

oy % -2 )it

—sCaE+E-h+orE-D) 5], (A11)

Tw? —40w® +49w? —6w—8 (20w® —37w? —w3+6w?+24w—16) ~
—3 (CaT=tig=ou=t 4 Gy L ) Inwo(a)

2
(CA —w+1 + O 3w’ =85u° 466w’ —guw— 16)5@) +'R§G)9(d)

3 4(1—w)w?
(14 20— a5, 381nwi L8 Cam P 54
Gi =(1-+ ju—452) on( (5], + [5], - 2op@) + S n Lo'@)
(G,0)
I+wrrl , 2w 1 304 W; Boon
0[] o] (22 ]+ 20)] - e
1+4w 142w Ina
o (tihe 1t 52.2)[[ 18] —amul] + ] (A.12)
where
ng,O) = —;(4 — 5w), wéG’O) =0, ng,O) = ?, (A.13)
C A (i
RE) = 3A[ +u+13}1\u 16 | dwtl |y 4 +(4w+é—6u+2=°»u(u 3;w)+4w)11] (A.14)

Cr

3
+(8—3ﬂ2—13ﬁ}\u+10ﬁ—12w 45 4 (1511;:22)")2 + 308w | 50 _ 2)11]

by ax U aw

(G) 40,4 [16 1302 —25;Lw+51u 20w | 22-150w=— 942 41124—32w + w4 16a-1 3

i—5tw—5a2— i 2, 2(5a41 — u
+ [15u Siw=5’—1lwt20 _ 4w _ 10w 4 8 4 Ly (5::; + (1;2 )w+4ﬁ3)w)1 -

_ _ 4
6 3\i2 342w aw? 3tw3
aw?-3w-2, U 1402 —26aw+58a—3w—2 _ 2(30°w+3a°-50+20aw—250) gy
+ 3wda In — w2 +( 324 2 + 3u v
5% w+42tw+54% —442 —55i4-39w—36 4w 53dw—204 —1554+44w—>52 __4 _ 10
+4Cp [ = + o =L 4,410
da(w?—w-1)+(Gw-6w? , U 23a2w+1303 —37024+47dw—5801+20w—8
+ 382w? n—5+ ( 32 (A.15)
2562w+15a° —11442 4 764w —1500+16w—8 5w (51—-6)w G)w 5448
' TR NLO dim-5: u?
Im-35: U
"G
R(G) 4CA 15a— 3'u,2—3u'w S5w—2 + + + 1+4w In& + w—5ﬂ—2wﬁ+4w21' (A 16)
3 201 uw2 2uw 2w24 w2 200 1 .
+4CF 202+ Tdw—94+3w + 24, + 5w 4 5ut2 | + 7 In &
3 i 242 2u2 uw2 w?
5624+5tw—16a+12w—12 | 5w? | (54+Dw 5448
+( 2 ot e 7w )h

11

[Capdevila et al. ’22]
shaokk18@Izu.edu.cn



Theoretical Framework

Analytical Result

1dr PNy
Ioay ~ 26— 201 -y)
C2M 15 ap oy Y a1t — a4 L8 (1 — (1 —
s [-50 - ) + 30— 080 —) + 8 (1= )00 )
2X 11
- [—y2(6 +5y)0(1 —y) + 5-6(1 —y)o(1" - y)] }
b
i ] 2E,
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F_TyD 360
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_ - NLO: dim-3

2

545 y3
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1
1 dI' g6
5 810

1“0 dy 1800 y° - 1230 7% y° + 300 7% y® + 1440 i 1 Log[2] + 2880y Log[2] - 7740 y? Log[2] + sxx NLO: dim-5
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Some tips

Up to finite power, the
obtained differential
decay rate is NOT the
experimental spectrum

Observables require
integration over final
states

r=|5-a
= (jt)] :)]

(E)—IJdFEd
£ T dy ¢ a4y

1 [dI'
E2) = E% d
(E2) rde 2 dy

shaokk18@Izu.edu.cn



3. Experimental status

LZU & HUST 13 shaokk18@Izu.edu.cn



Experimental status

CLEO measurements
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B (D° - Xe*v,) = (646 £0.09 £0.11) %

| B(D® - Xe'*y,) = (646 £0.09 £0.11) %
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[CLEO, ’09]
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Experimental status

Electronic energy momentum

The laboratory frame of the D meson

0.14  (B)P =0.465(3)GeV |
0.12
0.10 -

< 0.08 -

3 006
0.04 -
002"
0.00 -

(E)PY = 0.450(1)GeV |
(E)1s = 0.466(12)GeV

0
(E2), = 0.248(2)GeV?

(
(B2 = 0.242(1)GeV?,
<E2> 0 = 0.254(13)GeV?Z.

11 (E))P = 0.459(3)GeV (E?)..,, = 0.240(2)GeV?
! D+
\. (Eg)emp = 0.455(1)GeV, (E7)enp = 0.236(1)GeV?,
D, [Gambino,K ik, *10]
(Ee)er, = 0.456(11)GeV (Ef) ey = 0.239(12)GeV? arbneRAmen

L
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4. Phenomenological Analysis (preliminary)

https://github.com/ChunHuangPhy/CompactOject
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Phenomenological Analysis (preliminary) Compactobject

[Huang et al, ’2024]

v For the first time, we systematically extract the Model-independent fundamental
parameters of HQE from experimental data on semi-leptonic inclusive decays of D

Mesons.
p2 = 0.218+3:93%
43 = 0225
) \
R
s a
. ol = 1sa0ge
'\v'bo
©
X
d
&
'\Pg) -
060‘»’1’0%0’\?‘0’60 QQ Q‘\?) Q’bo Q% \’%\:)q’,\f)b,\’bo
U2 M e
[A Higher precision

[A Stronger constraints
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12(D) = (0.48 £ 0.20)Ge V>

u&(D) = (0.34 £0.10)Ge V>
[Lenz et al, ’22]

u (D) = (0.282100°HGe V>

ue(D) = (0.218100°0)Ge V>

m, = (1.549750°)GeV

[Our results]
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Phenomenological Analysis (preliminary) Compactobject

[Huang et al, ’2024]

v For the first time, we systematically extract the Model-independent fundamental
parameters of HQE from experimental data on semi-leptonic inclusive decays of D

Mesons.
p2 = 0.218+3:93%
p2 = 0.28213:938
¥
R
s a
e L ] g = 15a0vg g0
'\v'bo |
©
K
a
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U2 M e
[A Higher precision

[A Stronger constraints
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12(D) = (0.48 £ 0.20)Ge V>

u&(D) = (0.34 £0.10)Ge V>
[Lenz et al, ’22]

u (D) = (0.282100°HGe V>

/,tG(D) = (0.218%) 8§g)GeV2

b, = (1‘ 540020

[Our results]
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CM Frame ' ' |
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What did we do?
Theory:

Experiment:

Phenomenological Analysis:
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Wishlist

* Precision measurements of leptonic energy spectrum in the rest frame
of charmed hadrons

»  g” spectrum, good for higher-dimensional operators

« Separate X, X, to give first measurementsof V_,, V_

« Raredecays: D — X ¢

Thank you!

Wen-jie Song (RE£#E), Dong-Xiao (H#4) , Ying-ao Tang (Eil;A), Ji-xin Yu(RL2Fh),
Yong-Zheng(#f&), Bo-nan zhang(5k1&#f), Yin-fa Shen (iLJ&l &) et, al
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Appendix

Summary: observable Prior Distribution for Free Parameters

m,. € [1, 2] GeV

| 42 € [-0.28, 1.08] GeV?
|
| & € [0.04,0.64] GeV?

A: Daniel King,
Alexander Lenz at al.
“Revisiting inclusive

decay widths of
——————————— charmed mesons”,
JHEP08(2022)241.
Mi=M1 :
EEEE& e Fixed a,(ii, = 1.273GeV) = 0.378387
Prof Qin’s code: running from
Note! a,(m, =91.1880GeV) = 0.1179 at four loop level.
M1=M1 Tree Level dim-3 operator
M2=M1+M2 Tree Level : dim-3 operator+ ,u,%
M3=M1+M2+M3 Tree Level : dim-3 operator+ y,%+ yé

M4=M1+M2+M3+M4 Tree Level : dim-3 operator+ y,% + ,u(z; +dim-3 (NLO)
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Phenomenological Analysis (preliminary) CompactObject

[Huang et al, ’2024]
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Phenomenological Analysis (preliminary) CompactObject

[Huang et al, ’2024]
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Phenomenological Analysis (preliminary) tompactObject

[Huang et al, ’2024]

mE2 Model Comparison
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Appendix

In the framework of the HQET,

SL:
2(D) (D) p3H (D)
ot —r [1.02 0.16 —0.27 “x(D) _ oo ba(D) o 4 PDD) 00
sl 0 <~ + ~— GeV?2 GeV?2 + GeV3 + ~
cg,o AcsNLO dim—7,VIA

—0.28 BY +0.28 B§ — 0.09¢{ + 0.09 & — 5.24 ;7 + 5.24 8;‘1]

2(D 2 (D 3 (D
- 1.021‘0[1+0.16—0.13M 008 F6(D) oy PD(D)

0.48 GeV2 0.34 GeV2 0.082 GeV3
5B 5B & &
—  0.00 —0.005-—L +0.005-=2 +0.004 —0.004
000 —0.005 o +0.005 -5 +0.004 — 0 —0.004 — 2

dim—6,7,VIA

—0.0118 757 — 0.0088 rgq] ,

Dim-3 operators contributions -

Dim-5 operators contributions

Dim-6 operators contributions

Dim-3
(LO+NLO)
58%

Nz

2

SL+NL: I(D*) =T {@+ &92 ~1.66 lgref\lf)?)

LO  ANLO

+0.13

~16.9 B{ 4+ 0.56 B + 84.0¢] — 1.34 ¢4 + 6.76
dim—7

D 3(D
4+ 93.67pD)

GeV3

—0.06 677 +0.06 047 — 16.8 637 +16.9677 — 29.3 577 + 28.8 057 4 0.56 657 + 2.36 0,

2 2 3
pz (D) pe (D) pp(D)
= 6.15T |1+ 0.48 — 0.13 T2 4 0.01 —=G"/ _ 1 03] D _
ot 0.48GevZ VN 0.34GevE T V0" 0.082 Geve
o L N 63(1 5Bq ~q ~q
* & 1 2 €1 €2
— 2,66 —T@055—L +0.002 —2 — 0.009 1.1
S w055 559 F 0.02 ~0.04 " ~0.04
$  dim-6,VIA ¥ dim—7,VIA
¥ 8.8080%9% — 0.0000 2 + 0.0011 72 + 0.0008 74
— 0.0109 757 — 0.0080 57 — 0.0000 57 + 0.0001 57| | (4.6)
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p(GeV) AB(D° — Xe'v,)(%) 5

0.200 — 0.250 0.347+£0.036 10001~ D° —s e* anything
0.250 — 0.300 042640030 > |

0.300 — 0.350 0.576 & 0.031 @ g

0.350 — 0.400 062040030 = [

0.400 — 0.450 0.640 +0.031 @ 90

0.450 — 0.500 0.640£0.081 >

0.500 — 0.550 05960020 2 " /

0.550 — 0.600 0.5754£0.029 © | /|

0.600 — 0.650 0.492+0.026 I |/

0.650 — 0.700 0.374 + 0.023 N7

0.700 — 0.750 0.269 + 0.019 L i
0.750 — 0.800 0.230 + 0.017 0 1.5
0.800 — 0.850 0.089 + 0.011

0.850 — 0.900 0.053+0.008 B (D°— Xe'y,)=(6.46+0.09+0.11)%
0.900 — 0.950 0.021 + 0.005

0.950 — 1.000 0.002 + 0.002

1.000 — 1.050

Discussion about Energy Spectrum

Channel B(%) Form factor Comment

D’ — K* ey, 2.16(17)[1] SPOLE ry = 1.62(8) and r, = 0.83(5)[17]

7
D’ — K efv, 3.50(5)[5] BK agk = 0.30(3)[5]
D’ — K etv, 0.11(11) ISGW2 B from Ref. [10] scaled by Ref. [5]
D’ — Ky etv, 0.11(11) ISGW2 Bsettosameas D’ — K e'v,
D° - Knetv, 0.12(3)[17,29] PHSP Nonresonant

OBK — 0.21(7) [5]

)17,
| DY = mety,  0.288(9)[5 BK
arXiv:1004.0114v2 [hep-ph] () 2 ry = 1.4(3) and ro = 0.6(2)[2]

DY — petv, 0.16(2)[2] SPOLE
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