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Semi-inclusive charm decays

 Experimental detection of partial final state particles
=D — e X(D — e"v,X, only e” is detected)

 Sum of a group of exclusive channels
m» DY 5 etX =D — etv, K, etv, K 7% e v, K7, ...

w DY 5 etX =D — etva,etvnn’ etvantn,...




Why inclusive charm decays?

 As weak decays of heavy hadrons

= Probe new physics

= Understand QCD
« Compared to exclusive decays

" Better theoretical control % More important with stronger experiment
« Compared to beauty decays

= Special to new dynamics attached with up-type quarks

= More sensitive to power corrections

% Determination by charm, application in beauty.
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Why inclusive charm decays?

 Resolve (or at least give hints to) current flavor puzzles/anomalies

= Puzzles in charmed hadron lifetimes: theory vs experiment

=V, V

,» Puzzles: inclusive vs exclusive

= ) — s anomalies: P; in B —» K*£¢



Why inclusive charm decays?

* Flavor puzzle 1. Charmed hadron lifetimes: theory vs experiment

O 1 SESS I FEES S ESES S SS S &S S S LS S S
: 4 =0 + =
F(DO) "__.- : ® | T g(l))l(g L '_'(.2: : /;C '_'_.'C_|
P(D+) 2 ® L | | @
- ‘~ ¢' : Eco Ac— QCO EC+
F(D: ) Tt ! il Se111i1e}I;tI;>I§ilg r r .
, LHCb E; Q;
[Lenz et ala 22] Prompt | . -
] . . . __LHCbComb.
 Key issue: Nonperturbative power corrections with T
large/unknown uncertainties ’ e i 3 %0
ifetime [fs]

+ Solution: Extraction in the inclusive decay spectrum ~ ©(1/mec) = 7(E8) > 7(A7) > 7(Z) > 7).

and application to lifetime O(1/mg) = () > 7(EF) > 7(A}) > 7(2),
O(1/m?) with a = 7(EF) > r1(Q2) > 7(A}) > 7(ED).

= Dependence on identical hadronic HQET parameters, (H.| O. | H..)
[Cheng, ’21]

Again a more precise experimental determination of ;2 from fits to semileptonic D*, DY and D}

p— 3 0 = :
meson decays — as it was done for the B™ and B desca,ys would be very desirable. Lenz et al, '22]



Why inclusive charm decays?

, , , S .

» Flavor puzzle 2.V, V, . inclusive vs exclusive % ,4F ' EIZE:?I [ '_
:—g 4'4; Bomnlv + ;

« Key issue: Systematic uncertainties from = 42 APy N Legou E
’ . x . 4 :_ World Average |VUb|: alobal fit in KS _:
theoretical inclusive and exclusive frameworks o E : E

_ _ 3.6 =
 Give hints: 3.4 =
32 F =

m Test V... V..:inclusive vs exclusive oE T
cd> Vs 28 m

_ _ _ _ 2°6:_...|....|....|....|....|....|....|....|.?9‘??.7}7:%&_:

= Awalit the first inclusive value 35 36 37 38 39 40 41 42 43 44

3
v |[107]



Why inclusive charm decays?

- Flavor puzzle 3. b — s anomalies: P;in B — K*¥/¢ &~ 1=

« Key issue: B — K* form factor receive large long-
distance quark loop contributions, whose first-
principle calculation is still missing

e Give hints:

= Jest the ¢ — u transition, by angular distribution in
inclusive D — X ¢

0.5F

I I I J '

LHCb Run 1 + 2016 -

) I ) |} )

SM from DHMV




Theoretical framework

* Optical theorem
3 (DIHIX)(X|H] D) o Im | d'x(D| T{H(OH(0)) | D)

* QOperator product expansion (OPE)

= Short distance x ~ 1/m.

= Dynamical fluctuation in D meson ~ Aqcp

AQCD A%QCD
T{HWH(©O)} = ) C,(x)0,(0) - 1 + + T

2
m Mg

Systematic OPE in HQET.




Theoretical framework

« Heavy quark effective theory

. | .
h(x)=e """ > c(x) v =(1,0,0,0)

Subtract the big intrinsic momentum,
Leave only ~A, degrees of freedom.

L> hjv-Dh,
—h Dzh —a(u)gh GOGh + ...
"2m, " "4m,. "
Similar to - =m+lmv2+...




Theoretical framework
Question:

 OPE convergent expansion

T{HX)H(0)} = ) C,(x)0,(0)

of a,(m.) and Aqcp/m,?

C (x) 0,(0)
W LO: a)(m,) W Dim-3: h h, (Cy¥c) — partonic decay rate.
W NLO: a(m..) < Dim-5: ljtvDihv, gﬁva- Gh,.
W e W Dim-6: h,D (v - D)D*h,, (h,I'1q)(@I";h,), . . .

* Contribute to inclusive decay rate and also lifetime

1 _
= (D|h,(iD)’h,| D) = — p;

= Matrix elements of the same operators Al = yo—
. . - 1 1 _ 2
= Only different short-distance coefficients o (D|h,go - Gh,|D) = KG
16(s, - 5,) 2my 3
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Theoretical results

Q
Y&

* Analytical differential decay rate

1 dI'

=L%L—)2m1—) W W
1—10 dy . ’ d(s)
G
— 10y°0(1 — y) £ 26(1 — y)
2IMG 9) - e m g m m
[@ 6= 5900 =] + 0(a, v 2 2E i,

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

= (Observables require integration over final states

r Jdrd (E™) 1JdFE”a’ (n=1,2,3,4)
p— —_— _- — | — n=1,z,9,
- dy rlay ¢
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Theoretical results

« Analytical results for total decay rate and energy moments (NNLO & A%CD/ mf)

NNLO numerical results
provided by Long Chen

_ \
A s 2 (25 2 2 (25 :
[p, = Fo\ch\zmi{l O‘—g ( . D;‘Q %g ( . w2> log (512) +2.14690nl—29.88311>
i c /

q=d,s
1 pz(D;) 3 pe(Ds pp (D;
— 3 55 = \ 0 D | }, ’
Q T e T2 e [Chen,Chen,Guan,Ma,’23]

NLO analytical integration
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Mass scheme

* Pole mass scheme
/T o=1-0.768104a, — 2.37521a? ~ 1 - 30% - 36% Become negative at NNNLO!
« MS mass scheme

[/T =14 135a,+3.02a7 ~ 1+52% + 46% Very slow convergence!

5
=m0 + o'V 4+ o T?) = (n_ac(l + amD + aszm(z))> TO 4+ o'V + T2

* 1S mass scheme (half of J/y mass)

[/~ 1-13% -5% Answer: convergent expansion of o (1) !
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Theoretical results

« Analytical results for total decay rate and energy moments (NNLO & AQCD/ mf)

_3 12Di 1393Di 3 3 Dz
Z Veg” m¢ | (1)+—a§2)—3p68q——“G( ) | pp (Di) 3 prs(Di)

10 7 2  m? 30  m? 10 m?

D;

q=d,s

f 1 g 2 6 1 (42 D, 11 42 D, 17 o3 D,
>Dz’ — —-0 Z |‘/ch|2m(7; | agl)_l__sag)__p(;sq | ,u,n( ) MG( ) , IOD( )

y I'p, g 10 = T2 12 m? 60 m?2 6 m
| 7 IOSLS (D;) ,
30 m3 |
fg 9 1 Qs (1) o2 2) 1 1 p2(D;) 1 p2 (D;) 223 p3, (D;)
< €>Dz I'p, q;! al " e o8 T 8 Tz Plsa T 14 m2 14 m? 140 m?
| EP%S (D;) |
7T om3 |

['o 2> o 3 L as 1y aF (2 3 3 pz (Di) 13 pg (Di) | 481 pp (D))
E4 g 9 S Ry S T G | D
(Ee)p, 2 Vgl m 17 6 Mz w8 m2 560 md
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Events / 50 MeV

Experimental status

CLEO measurements

DOV = etX DT = etX

|

I I I I I 1 - I : I 1 I 1 1 1 I I 1 1 1
= = I
1

D° — e* anything ] 4000 - D+ — e* anything —

. 10 1.
p (GeV)

B(D® — Xety,) = (6.46

X O].O
=39 -

B(D™ — Xetv,) = (16.13
B(D — XeTv,) = (6.52 =

— 100 ——

DT - etX

\)

D} — e* anything |

0.09 £+ 0.11)%,
=529 O/C,

- 0.15)%,
[CLEO, *09)

BESIIl measurements
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[BESIII, *21]



Experimental status

BESIIl measurements

A, —etX A, —etX

& 600 -

S 607 _

[ <

O [ >

— i &

S 4()_ - 400

~ i S

B ol E

- i 2 200

S I =

LLI -

OOI l IO'2I I 10'41 l IO'6I l 10'8 ! 0 01 02 03 04 05 06 07 08 09 1
Momentum (GeV/c) T Gl
B(AF — Xetv,)) = (3.95 = 0.34 = 0.09) % B(A} = Xetve) = (4.06 £ 0.10gaz. £ 0.095yst )%

[BESIII (567 pb~"), *18] [BESIII (4.5 fb™1), 23]
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Experimental status

o4+ T -
i A :
0.12 ; — O DY :
_ 0.10 | = M D ]
Extrapolation | T ADs
& 0.08 i | F -
— i |
Data  SaEssEsmssmasmle S oo x -:
ar- 004, “E. :
o (1+by)(1—y) 005 ler
Y | AR _T4
0.00 L T
0.6 0.8 1.0
PelGeV]
Lab frame

D

exp

(E.\P: =0.437(6)GeV, (Ef)isp = 0.220(5)GeV* (E?)

exrp

—0.121(4)GeV3, (E*”* =0.072(3)GeV*
Lorentz boost ) (Ee)ery )

e (E.)0, = 0.462(5)GeV, (EZ). =0.242(5)GeV> (EZ)] =0138(4)GeV?®, (E{),_ = 0.084(3)GeV*

+ + +
(Ee)D, = 0.455(4)GeV, (E2). =0.236(4)GeV? (E?). =0.134(3)GeV?, (E!). =0.081(3)GeV"

exrp

Uncertainties are obtained assuming independent bins Rest frame
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Global fit

MS scheme|x?/d.o.f.|D; |u2/GeV?® ué/GeV®  pp/GeV? p}s/GeV?®
0,+ i 1014 )
Scenario 1 A5 D 0.09 4 0.01 0.27 +£0.14
D, 0.09 =0.02 0.39 £0.12 - -
, D%710.11 +£0.02 0.26 + 0.14 —0.002 & 0.002 0.003 = 0.002
Scenario 2 2.1
D, [0.12+0.02 0.38 =0.13 —0.003 £+ 0.002 0.005 £ 0.002
1S scheme | x*/d.o.f.|D; |u2/GeV? pué/GeV?  pp/GeV® p;5/GeV?
DO’_I_ .04 +=0.01 0. -+ 0.02 - =
Scenario 1 4.9 0-0 0-010.33 = 0.0
D. 10.06+0.02 0.44 4+ 0.02 - -
| D®%110.09+ 0.02 0.32 4+ 0.02 —0.003 + 0.002 0.004 4+ 0.002
Scenario 2 0.33
D. 10.114+0.02 0.43 +0.02 —0.004 + 0.002 0.005 4+ 0.002
N

Difference between Scenario 1 & 2 as systematic uncertainties.
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Global fit

1o (D% ) = (0.09 + 0.05)GeV?, 1o (D) = (0.11 £ 0.05)GeV?,
e (DY) = (0.32 £ 0.02)GeV?, 1 (DY) = (0.43 £ 0.02)GeV?,
ph(D”T) = (—0.003 £ 0.002)GeV?, ph(DT) = (—0.004 £ 0.002)GeV?,
p1s(D”T) = (0.004 + 0.002)GeV?, p1s(DT) = (0.005 £+ 0.002)GeV">.
(D) u&(D*)
—e— Our Work —eo— Our Work
—e— Inclusive(B), 2021 : ® | Inclusive(B), 2021
® : LQCD(B), 2018 : ® : Mass Relation(D), 2002
—e— QCDSR(B), 1996 ® Mass Relation(D), 1992
Hi(Ds) Fé(Ds)
—e— Our Work —e—i Our Work
—o— Inclusive(B), 2021 = ° = Inclusive(B), 2021
° | LQCD(B), 2018 I ® ] Mass Relation(D), 2002
—e— QCDSR(B), 1996 o Mass Relation(D), 1992

Considerable SU(3) and heavy quark symmetry breaking.
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Convergence

Contributions to the inclusive D and Ds decay widths

NLO: -13.7% NLO: -13.7%

NNLO: -5.5% NNLO: -5.5%

LO: 100% LO: 100%

Dim 5: -28.7%
Dim 5: -38.5%

Answer: convergent expansion of a (m_.) and Agcp/m,. !




Summary and Prospect

* a,-expansion and heavy quark expansion are valid in inclusive charm decays

 HQE parameters in inclusive charm decays are determined by data model
independently for the first time

 Possible improvements

= |nclude higher order radiative corrections, @(0{3)

= |Include higher power corrections, complete dimension-6 and -7 operator

= Extend the study to charmed baryons
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Wishlist

Measurements performed in the rest frame of charmed hadrons

Direct measurements of (E”'), instead of the electron energy spectrum

Measurements of q2 moments, good for higher-dimensional operators

Separate X ;, X, to give first inclusive measurements of V_,, V..

22

Thank you!



Backup
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Mass scheme transformation

) 4 2 2 1
Me = T (1) [1 () (4 o))+ = () (mw2 1+ 2905 + 1672 log(4) — 48¢(3)
T 3 - w2 288

2
—12(2n; — 45)log? ( ”2> — 4(26n; — 519) log (L) — 2(71 4 872) nf) + C’)(ai)]

me

11

(—log (as(p)me1sCr/p) 1 : ) Bo — 4+ gCFozS + }
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Experimental status

CLEO measurements

0 1
D" — e™X
1900/ D° — e* anything |
>
)
>
o
Te)
1.
-
)
>
LLI

1 4000}
] 3500
] 3000
1 2500}
| 2000}
] 1500
{ 1000}
500

DT - X D - e™X

- N —

D} — e* anything |

90 1
p (GeV)

1 3.0x10% D°DY and 2.4 x10% DT D~ pairs, and is used to

ays. l'he latter data set contains 0.6 X 106 D~

[CLEO (818pb~ ! (D%), 602pb~ (D)), *09]
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T pairs,

BESIIl measurements

D - e™X

OI ITTTrrTry rrryrrrfrrTry rrryrrrf T rrTyrd
| i 22 RS REEH RS R RN REEA RARY

Lo _speioilinay s goeslioepe oy sieesilonagy o) sspwos]eeege: o)
200 400 600 800

T [ T M
1000 1200

p (MeV/c)
Ecm (MeV) fL£dt(pb ) Np, (x10°)
4178 3189.0 + 0.9 & 31.9 6.4
4189 526.7 + 0.1 + 2.2 1.0
4199 526.0 + 0.1 4+ 2.1 1.0
4209 517.1+0.1+1.8 0.9
4219 514.6 +0.1 +1.8 0.8
4225 — 4230 [32][1047.3 £ 0.1 £ 10.2 [33] 1.3

BESIII, *21]



