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o Simplest Charm FCNCs : D" — #t¢%¢~

* Our Methodology : LCSR assisted dispersion relation
* LCSR for Dt — gty*

* Hadronic dispersion relation

* Results

e Use of U-spin and Cabibbo favoured modes.

e Discussions and outlook
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What are FCLNCs?
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rts (FONGS)

e |In SM, all neutral currents are flavour diagonal = FCNCs are absent at tree level
e FCNC are possible at loop levels by the exchange of W* boson: Penguin and Box diagrams.

« Absence of FCNC at tree level in SM = sensitive probe for New Physics.
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Flavour Changing Neutral Currents (FCNCs)
In SM, all neutral currents are flavour diagonal = FCNCs are absent at tree level

FCNC are possible at loop levels by the exchange of W* boson: Penguin and Box diagrams.

Absence of FCNC at tree level in SM = sensitive probe for New Physics.

e Unitary of CKM implies:
Y P /ld + /1S + /lb =0 (Where ﬂq — V?qvuq)
C + u
Y of 1 Ve Y ( mS2 m§ \
d.s.b d.s.b — (C — l/t) X 1672 ¢ f "2 _f W
N— 1% %4
¥4 4 ( ) 5\
/ + 1 vEV | f M ) _ f Ma
\ 1672 b " \ mg, mg, }
4 O(1°)

Penguin diagram
(Leading short distance
contribution)
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rts (FONGS)

In SM, all neutral currents are flavour diagonal = FCNCs are absent at tree level

FCNC are possible at loop levels by the exchange of W* boson: Penguin and Box diagrams.

Absence of FCNC at tree level in SM = sensitive probe for New Physics.

Unitary of CKM implies: A+ A+ A, =0 (where ,lq = VZFqVW)

u

1
— d(c = u) x
l6x

Penguin diagram

(Leading short distance
contribution) CKM suppression.

Very strong GIM and
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'Flavour Changing Neutral Currents (FCNCs)
In SM, all neutral currents are flavour diagonal = FCNCs are absent at tree level

FCNC are possible at loop levels by the exchange of W* boson: Penguin and Box diagrams.

Absence of FCNC at tree level in SM = sensitive probe for New Physics.

Unitary of CKM implies: A+ A+ A, =0 (where ,lq = VZFqVW)

u

1
— d(c = u) x
l6x

Penguin diagram

(Leading short distance
contribution) CKM suppression.

Very strong GIM and

e FCNC in b-decays: u, ¢, t in loop
« CKM factor multiplying 7 and ¢ loops are ViV, ~ O(A?) and VEVe ~ O?)
—> GIM cancellation is weaker due to heavy mass of top quark
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Major differences in the FCNCs in bottom and charm decays

FCNC in B-decays (b — s) FCNC in D-decays (¢ — u)
FCNC in the down sector FCNC in the up sector
Short distance dominated Long distance dominated
Loop contribution is the major source of long-distance Loop contribution is suppressed due to GIM
uncertainties cancellation
Weak annihilation contribution is small. Weak annihilation is the main contribution

Highly suppressed in SM and provides an excellent |BSM search is not straightforward because of pollution

opportunity for BSM searches due to long distance effects.
Cleaner signal at experiments Experimentally challenging due to resonances
Examples: B » K£*¢~ ,B — K*y ,etc Examples: D° — ¢t¢~, DY - zt¢t¢™, etc

[LHCb, PRL 125 (2020) 011802, 2405.17347, LHCb-paper-2024-022]
[N. Gubernari, M. Rebound, D. V. Dyk, J. Virto, 2206.03797]
[M. Fedele, 2402.03863]
[G. Isidori, Z. Polonsky, A. Tinari, 2405.17551]

[H. Gisbert, M. Golz, D. Mitzel, 2011.09478],
[G. Hiller et. al., 2202.02331, 2410.00115],
[S. Fajfer, et. al., 2312.07501]

Anshika Bansal, Uni-Siegen 11/07/2025



Charm FCNC: D — nf ¢~

< Highly GIM and CKM suppressed.
% Long distance dominated.

% Very challenging : theoretically as well as experimentally.
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Dominated by weak singly Cabibbo suppressed (SCS) D — r transition combined with an electromagnetic emission

of the lepton pair.
A simple mechanism: D" — 77/~ ~ D" - 72V(— £7¢7) (with V=p, w,¢,...).

v BR(D* — n7V) BR(V — u*u™) BR(D™ = a"V)y_ -
pY(770) 84+08)x10™* | (4.55+0.28)x 1075| (3.82+0.43)x 107®
w(782) (2.8+0.6) x 107* (7.4 +1.8) x 107 (2.1+0.7)x 1078
$(1020) (5.7£0.14)x 107 | 285£0.19x 107 | (1.62+0.12)X10™° | ppg

e The effective Hamiltonian for D — z£*¢~ (SCS):

. 4G L
opAS=0 _ _2F Y g [CwOY + w05 = 4, ) CwO,
D=d,s =3
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of the lepton pair.

e Asimple mechanism: D" — 77/~ ~ DT - 2tV(— £707)

(with V=p,mw, ¢, ...).

Vv

BR(D" - n*V)

BR(V — u*pu")

BR(D* = 7V )y e

p°(770)

(8.4+0.8) x 107*

(4.55+£0.28) x 107>

(3.82 +£0.43) x 1078

w(782)

(2.8 £0.6) x 107*

(7.4 +1.8) x 107

(2.1+0.7)x 1078

$(1020)

(5.7+£0.14) x 1073

(2.85+£0.19) x 10~*

(1.62+0.12) x 107°

Dominated by weak singly Cabibbo suppressed (SCS) D — r transition combined with an electromagnetic emission

[PDG]

e The effective Hamiltonian for D — z£*¢~ (SCS):

4G —
gphs=0 _ JF Z Ao, [CL(w}O7
2 D=d,s

05 = (ipy 1D )N Dpr*tcy)

01@ = (’ZLY”@L)(@LWCL)

| 10
+ C(w}05] = 4 D, CwO,
=3
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of the lepton pair.

Dominated by weak singly Cabibbo suppressed (SCS) D — r transition combined with an electromagnetic emission

A simple mechanism: D" — 77/~ ~ D" - 72V(— £7¢7) (with V=p, w,¢,...).

v BR(D* — n7V) BR(V — u*u™) BR(D™ = a"V)y_ -
pY(770) 84+08)x10™* | (4.55+0.28)x 1075| (3.82+0.43)x 107®
w(782) (2.8+0.6) x 107* (7.4 +1.8) x 107 (2.1+0.7)x 1078
$(1020) (5.7£0.14)x 107 | 285£0.19x 107 | (1.62+0.12)X10™° | ppg

e The effective Hamiltonian for D — #z£*¢~ (SCS):

ViaVE, = 4 029 = (U y t°D D yFtc;)

gpAS=0 _ ﬁ Z

2 S

- /, - J0
@ |Ci(wOy|+ Cz(ﬂ@ —@Z G0,
=3

suppressing Factor

f
|
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e Dominated by weak singly Cabibbo suppressed (SCS) D — x transition combined with an electromagnetic emission
of the lepton pair.

e Asimple mechanism: D" — 77/ " ~ DT - 2V(— £767) (with V=p, w,¢,...).

1% BR(D" - n*V) BR(V = utu™) BR(D™ = aV)y_ s,
pY(770) 84+08)x10™* | (4.55+0.28)x 1075| (3.82+0.43)x 107®
w(782) (2.8+0.6) x 107* (7.4 +1.8) x 107 (2.1+0.7)x 1078
$(1020) (5.7+0.14)x 1073 | (2.85+0.19) x 10~ (1.62+0.12) x 107° [PDG]

e The effective Hamiltonian for D — #z£*¢~ (SCS):
< (C,@0(m,)

4Gr < — _ | 10
H o™ = 7 Z @ |Ci(wOy|+ Cz(ﬂ@ —@Z G0,
=3

2 D=d,s

ViaVE, = 4 029 = (U y t°D D yFtc;)

019 = (ﬁLYﬂ@L)(QLVﬂCL) VubV*b ~ A0

WCs @ u = 1.3 GeV

a
Cl CQ Cg 04 C5 06 h
LL —1.035 | 1.094 | —0.004 | —0.061 | 0.000 0.001

NLL | =0.712 ] 1.038 | —0.006 | —0.093 | 0.000 | 0.001
NNLL ( —0.633 1.034)—0.008 —0.093 | 0.000 | 0.001

C7eﬁ" ngff 09 ClO Cé\INLL C«%\(T)NLL

LL 0.078 | —0.055 | —0.098 0
NLL 0.051 | —0.062 | —0.309 0 0858 0

suppressing Factor

[S. de Boer, B. Miiller, D. Siegel, (1606.05521)]
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e Hamiltonian in the GIM limit (1, = 0, 4, = — 4)):

—osco 4G
500 —2”,101 [C, (09 — 0)) + C,(04 - 03)]

019 = (ﬁL}’ﬂ@L)(gLVﬂCL)

05 = (i y "D ) Dy 1)

Anshika Bansal, Uni-Siegen 11/07/2025 8



e Hamiltonian in the GIM limit (1, = 0, 4, = — 4)):

_0 7 — 4G
0 = L[ C0f - O + 604 - 03)

019 = (l/_tL}/,u@L)(@LV'MCL)
D _ (5 a = a
e In the GIM limit, amplitude: 0y = (”LV/J D NDyHticy)
167TaemGF l/_lz/ﬂ}/’ul/f
/1d

V2o

ADt - 7atfte) = ( .fot)fy*(p, q)
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e Hamiltonian in the GIM limit (1, = 0, 4, = — 4)):

e In the GIM limit, amplitude:

16 G uyyHy
Qf(D+ — ﬂ+z/ﬁ+f—) :< T, F>/1d A%

A" (p.q)

0= 4G
Ty = _\/EF 14 [C1(Of = 0 + Cy(04 - 03)]

019 = (ﬁL}’ﬂ@L)(gLVﬂCL)

05 = (i y "D ) Dy 1)

q> A4, =" (p.g)

V2

The hadronic part (hadronic matrix element)

i Jd4xeiq'x(ﬂ+(p) T {jﬁm(x), H EJAPJCS:O’AZ’:O)} |D*(p + q))

[(p : q)q” — qu'u_ ﬂgr_’”Jr?’*(qz) (Due to conservation of EM current)
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e Hamiltonian in the GIM limit (1, = 0, 4, = — 4)):

4G
g 5=04=0 = L) [C(08 — 09 + C,(04 — 03) ]
eff > [ 1 1 2 2 ] 01@ _ (D_lL}’ﬂ@L)(@LV'MCL)

D _ (5 a = a
e In the GIM limit, amplitude: 0y = (”LV/J D NDyHticy)
167TaemGF l/_lz/ﬂ}/’ul/f
/1d

Vi)

The hadronic part (hadronic matrix element)

DY - gt = ( .fo+_>”+7*(p, q)

o) T (p.g) = in“xeiq-W(p) 7{ e, 240 [ DH(p + 9))

— [(p . q)qﬂ = quﬂ-tﬂg_’”+y*(q2) (Due to conservation of EM current)

The non-local form factor : dominated by long distance effects in the
physical region of q° (4m§ < g’ < (mp — mﬂ)z).
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e Hamiltonian in the GIM limit (1, = 0, 4, = — 4)):

—osco 4G
500 —2”,101 [C, (09 — 0)) + C,(04 - 03)]

019 = (l/_tL}/ﬂ@L)(@LVﬂCL)

e In the GIM limit, amplitude: 029 = (ﬁLVﬂfaQZL)(@LV”taCL)

167TaemGF l/_lz/ﬂ}/’ul/f
/1d

V2o

The hadronic part (hadronic matrix element)

ADt - 7atfte) = ( ,Qfg+_>”+y*(p, q)

o) T (p.g) = in“xeiq-W(p) 7{ e, 240 [ DH(p + 9))

— [(p . q)qﬂ = quﬂ-tﬂg_’”+y*(q2) (Due to conservation of EM current)

The non-local form factor : dominated by long distance effects in the
physical region of q° (4m§ < g’ < (mp — mﬂ)z).

e Vector meson can be created from non-leptonic weak decay before y* : Resonance contributions

o Largest effect beyond GIM limit ~ 4,Cy (Cy = — 0.488) : short distance contribution.

Anshika Bansal, Uni-Siegen 11/07/2025 8



Loop Topology
(Only possible in SCS decays)

Y
Y

Dt at DT at

Q‘A
Q‘A

Annihilation Topology
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Loop Topology
(Only possible in SCS decays)

d S
d S
c u c u
D+ 7Z'+ D+ 7Z'+
d d

# In SU(3), (along with 4;, = 0) limit, complete
GIM cancellation

L-topology has non-zero contribution
only due to m, # m; .

Annihilation Topology
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Loop Topology s
(Only possible in SCS decays) Annihilation Topology
d )
d \)
c " c u
D™ 7l DT 7l
d d

% Only d-quark contributes : No GIM cancellation.
# In SU(3), (along with 4;, = 0) limit, complete

GIM cancellation

[A-topology is the main contribution)

L-topology has non-zero contribution
only due to m, # m; .
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Loop Topology s
(Only possible in SCS decays) Annihilation Topology
d )
d \)
¢ u ¢ 1
D™ 7l DT 7l
d d

% Only d-quark contributes : No GIM cancellation.
In SU(3), (along with 4;,  0) limit, complete

GIM cancellation

[A-topology is the main contribution)
L-topology has non-zero contribution

only due to m, # m; .

¢ At NLO, there will be multiple diagrams with the exchange of virtual gluons : Out of scope of present study.

Anshika Bansal, Uni-Siegen 11/07/2025 9



¢ Non-resonant SM contribution ~ @(10_12)

« Vector resonances: treated as correction to Cy ;Wilson Coeff. of Oy = (i1, y,c )(£7H7).

CR(qz) — g% 1 _ l ! + a,e' :
9 o\ @-mi+imL, 3¢-mi+im,L, ) "\ g2 —mi+im,T,

e Pseudo-scalar resonances: treated as correction to
Cp;Wilson Coeff. of Op = (it;cp)(£y57).

a.e'n a.eon

Ch(q) = —t T
q* —mg+imI,  g*—m3+im,I,

[G. Hiller et al. 1510.00311, 1909.11108, 2410.00115], [S. Fajfer et al. hep-ph/0106333, 0706.1133, 1510.00965 ]

Anshika Bansal, Uni-Siegen 11/07/2025
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¢ Non-resonant SM contribution ~ @(10_12)

« Vector resonances: treated as correction to Cy ;Wilson Coeff. of Oy = (i1, y,c )(£7H7).

R( 2 i0 1 1 1 i0 1
Colg?) =ae™| — 2 4 R 2 4 i +age T\ — 24 : :
q-—m;+im ', 3 g*—mg+im, L, q- —mg+imyl, Modelled using Breit
Wigner parametrization

e Pseudo-scalar resonances: treated as correction to (constant width).
Cp;Wilson Coeff. of Op = (ii; cp)(£ysL). > /
a eién a /eién/
Chq®) = . + :

2 _m2 4 2 _m2 +im. T
qc—my+iml, g m,?,+lm,71“,7

[G. Hiller et al. 1510.00311, 1909.11108, 2410.00115], [S. Fajfer et al. hep-ph/0106333, 0706.1133, 1510.00965 ]
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12)

e Non-resonant SM contribution ~ O(10™

« Vector resonances: treated as correction to Cy ;Wilson Coeff. of Oy = (i1, y,c )(£7H7).

. 1 1 |
Clq?) = a,e (

g*—m2+imJI', 3 q>—mZ+im,l,

e Pseudo-scalar resonances: treated as correction to

) + a¢ei5¢ (

1

Modelled using Breit
Wigner parametrization

k(cons‘ran‘r width).

Cp;Wilson Coeff. of Op = (it;cp)(£y57). /
i5 i5; L
Cp(q®) = o Al 7 107 —) sonant SM
q*—m2 +im,T, ~ g*—m2+im,T, = ¢ no“'r‘cwn;fi
g 10—5 p / W resonant SN
=
e a’s (i =p,p,n,n’): obtained using experimental data 3 10~7
of B(D* - Rat)and B(R — u*tu") —
o , 21077
e /s (i = p,¢,n,1'): « Unknown strong phases 2
e Varied independently ? 10~
e Major source of uncertainties. o113
10
Q
Q 1015
< 10 ,
2 3
q* [GeV?
[G. Hiller et al. 1510.00311, 1909.11108, 2410.00115], [S. Fajfer et al. hep-ph/0106333, 0706.1133, 1510.00965 |
Anshika Bansal, Uni-Siegen 11/07/2025 10



12)

e Non-resonant SM contribution ~ O(10™

« Vector resonances: treated as correction to Cy ;Wilson Coeff. of Oy = (i1, y,c )(£7H7).

R/ 2 0 1 1 1 i 1
CQ(Q):apep 2 2 . S 2 2 . +a¢e ¢ 2 2 . 5 .
q-—ms+im, ', 3 q>—mg+im, L, q- —mg+imyl, Modelled using Breit
Wigner parametrization
e Pseudo-scalar resonances: treated as correction to k(cons‘ran‘r width).

Cp;Wilson Coeff. of Op = (it;cp)(£y57). /
a e’ a.e'on & 1073
R(,2Y — n n
CP (q°) = q2 ~ m% N imnr,? + q2 — m’% n imnfl“,?/ % ¢ B non-resonant SM
@ 10_5~ p / W resonant SM
N { '
=
e a’s (i =p,p,n,n’): obtained using experimental data 3 10~7
of B(D* - Rat)and B(R — u*tu") —
21077
e /s (i = p,¢,n,1'): « Unknown strong phases 2
e Varied independently ? 107143
e Major source of uncertainties. £ 10-13
Q
o Propose Null Tests; observables like CP asymmetries, 8 10-1° 4 ; !

lepton flavour universality ratios, based on approximate

2 2
symmetries of SM as tests for new physics. q° [GeV]

[G. Hiller et al. 1510.00311, 1909.11108, 2410.00115], [S. Fajfer et al. hep-ph/0106333, 0706.1133, 1510.00965 ]
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12)

e Non-resonant SM contribution ~ O(10™

« Vector resonances: treated as correction to Cy ;Wilson Coeff. of Oy = (i1, y,c )(£7H7).

R/ 2 0 1 1 1 i 1
CQ(Q):apep 2 2 . S 2 2 . +a¢e ¢ 2 2 . 5 .
q-—ms+im, ', 3 q>—mg+im, L, q- —mg+imyl, Modelled using Breit
Wigner parametrization
e Pseudo-scalar resonances: treated as correction to k(cons‘ran‘r width).

Cp;Wilson Coeff. of Op = (it;cp)(£y57). /
a e’ a.e'on & 1073
R(,2\ — '7 " |
CP (q°) = q2 ~ m% N imnr,? + q2 — m’% n imnfl“,?/ % ¢ B non-resonant SM
) 10_5~ p / W , resonant SM
L. ’7 1
e a’s (i =p,p,n,n’): obtained using experimental data 3 10~7
of B(D* - Rat)and B(R — u*tu") —
| 21077
e /s (i = p,¢,n,1'): « Unknown strong phases 2
e Varied independently ? 107143
e Major source of uncertainties. + 10-13
S
O Propose Nzl Tactes nhcarunhlac liba CP asymmetries, % 10-15

lepton flav Not covered in this talk! |approximate ’ : 2 [GeV?] 7 3
symmetrie . 9

[G. Hiller et al. 1510.00311, 1909.11108, 2410.00115], [S. Fajfer et al. hep-ph/0106333, 0706.1133, 1510.00965 ]
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indispensable part of DR _

e Full amplitude via hadronic dispersion relation (DR) :

PR

| A ()|

>

d(lo20)

i
Q{(D+—>7z+y*)(q2) — Z valeDerﬂJr | e'rv
Vepg (M = 47 = iva*Ty(g?) $ (i¢90)

YGERD
5’(H°>w W'
> )
N
S

(s — g% —ie)

th
I B SR

N o { 5 A~ 20 ) ">1G‘)
0 o5 .0 5 2. 2.5 2.0 9 ( eV

T AP/ )

/:l % QV\D-W\TF)L
oSS,
Veto
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indispensable part of DR _

e Full amplitude via hadronic dispersion relation (DR) :

PR

Decay constant | A (4 >\

N

i
Q{(D+—>7z+y*)(q2) — Z valeDerﬂJr | e'rv
Vepg (M = 47 = iva*Ty(g?) $ (i¢90)

YGERD
5’(H°>w W'
> )
N
S

(s — g% —ie)

>

d(lo20)

th
I B SR

N o { 5 A~ 20 ) ">1G‘)
0 o5 .0 5 2. 2.5 2.0 9 ( eV

T AP/ )

/:l % QV\D-W\TF)L
oSS,
Veto
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indispensable part of DR _

e Full amplitude via hadronic dispersion relation (DR) :

PR

Decay constant Amplitude for D — 7V \H (4 >\

\ /1 A d(lo20)

i
Q{(D+—>7z+y*)(q2) — Z valeD.JrVﬂJr | e'rv
Vepg (M = 47 = iva*Ty(g?) $ (i¢90)

YGERD
S W'
= s
_'_J s ()
A

(s — g* — ie)

th
A R B
o K o5 o S 20 S5 % 9 (Gev”)
T s )
/:l % (Mb-mﬁl
S S S,
Vete
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indispensable part of DR _

e Full amplitude via hadronic dispersion relation (DR) :

PR

Decay constant Amplitude for D — 7V \H (4 >\

\ /1 A d(lo20)

i
Q{(D+—>7z+y*)(q2) — Z valeD.JrVﬂJr | e'rv
Vepg (M = 47 = iva*Ty(g?) $ (i¢90)

YGERD
S W'
= s
_'_J s ()
A

(s — g* — ie)

th

/ EEurEl
Continuum and o] 1 c;~b’ Lo 5 A 20 35 333 7 9*(6ev®)
' lr AP/ o
higher resonances /J g (mb-mﬂl
g7 I VIV SIS/
Veto
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e Full amplitude via hadronic dispersion relation (DR) :

indispensable part of DR _

PR \
Decay constant Amplitude for D — 7V \ L (47 4{
\ /1 A [020)
AP gD = Y Ky vl Apryz [ €
Ve My — > — i/ q*T'y(g?)) oq150) & (1£90)
S o
0
(s)
+J ds 'Oh2 .
S (S — 4" — l€)
/ EREREnl
+— ¢ = ) { S R
Continuum and 0 0.5 Lo S 20 25" 31-1\1 9" (Gev®)
higher resonances T d %%’— (oo
L LSS
Veto

e Dispersion relation: vetoing a certain g*- region does not remove resonances from the amplitude.

e The radial excitations of p, w, ¢ and the “tail” from s > (m;, — m_)* are indispensable.

Anshika Bansal, Uni-Siegen 11/07/2025
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e Full amplitude via hadronic dispersion relation (DR) :

indispensable part of DR _

PR \
Decay constant Amplitude for D — 7V \ L (47 4{
\ /1 A [020)
AP gD = Y Ky vl Apryz [ €
Ve My — > — i/ q*T'y(g?)) oq150) & (1£90)
S o
0
(s)
+J ds 'Oh2 .
S (S — 4" — l€)
/ EREREnl
+— ¢ = ) { S R
Continuum and 0 0.5 Lo S 20 25" 31-1\1 9" (Gev®)
higher resonances T d %%’— (oo
L LSS
Veto

e Dispersion relation: vetoing a certain g*- region does not remove resonances from the amplitude.

e The radial excitations of p, w, ¢ and the “tail” from s > (m;, — m_)* are indispensable.

Is a proper QCD based analysis possible?

Anshika Bansal, Uni-Siegen

11/07/2025
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e QCDbased DY — #7¢1¢~: [A. Bharucha, D. Boito, C. Méaux (2011.12856)]
QCDf for low g* & OPE for high g°.

Anshika Bansal, Uni-Siegen 11/07/2025 12



e QCDbased DY — #7¢1¢~: [A. Bharucha, D. Boito, C. Méaux (2011.12856)]
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OPE: also developed for B — K*£ "¢~ decays. [M. Beylich, G. Buchalla, T. Feldmann, (1101.5118)]

» Higher resonances modelled using Shifman’s infinite resonance model. [M. Shifman, (hep-ph/0009131)]

© Used eTe” — hadrons and 7 — v, + hadrons data to
fit the infinite resonance model parameters

Anshika Bansal, Uni-Siegen 11/07/2025 12



aiready know
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» Higher resonances modelled using Shifman’s infinite resonance model. [M. Shifman, (hep-ph/0009131)]

© Used eTe” — hadrons and 7 — v, + hadrons data to
fit the infinite resonance model parameters

© Weak Annihilation contribution are dominating
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later used for D — pf-l_bﬂ_ [T. Feldmann, B. Miiller, D. Seidel (1705.05891)]
OPE: also developed for B — K*£ ¢~ decays. [M. Beylich, G. Buchalla, T. Feldmann, (1101.5118)]
* Higher resonances modelled using Shifman’s infinite resonance model. [M. Shifman, (hep-ph/0009131)]
© Used eTe” — hadrons and 7 — v, + hadrons data to N . o o
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BR(D™ — w'u*p” = (27759 x 107
© Weak Annihilation contribution are dominating { HoH o125 = (2:175¢)

14 G LIN
. Rypa(s) = — ji,,ﬁ,) with WA .
— & lwithout WA =
1.2} N
+
— 3
NG i
< 1.0k !
5 \ — +T
0.8 ?Q/
=
0.6}
1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
s [GeV?] s [GeV?]

Anshika Bansal, Uni-Siegen 11/07/2025 12



* Includes only one of the four annihilation diagrams (emission from the initial d-quark) :

+ What about the other three diagrams? Are they really negligible like in b — s££?

1
, — corrections eg. from the use of D-meson distribution amplitudes:

m

* Expected to be large (at least compared to the B-meson case).

e Can one reduce the theory uncertainties? =— method to estimate the strong phases.

Anshika Bansal, Uni-Siegen 11/07/2025
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* Includes only one of the four annihilation diagrams (emission from the initial d-quark) :

+ What about the other three diagrams? Are they really negligible like in b — s££?

1
, — corrections eg. from the use of D-meson distribution amplitudes:

m

* Expected to be large (at least compared to the B-meson case).

e Can one reduce the theory uncertainties? =— method to estimate the strong phases.

o Current predictions/bound:

SM Experiment
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* Includes only one of the four annihilation diagrams (emission from the initial d-quark) :

* What about the other three diagrams? Are they really negligible like in b — s£¢?

1
, — corrections eg. from the use of D-meson distribution amplitudes:

m

* Expected to be large (at least compared to the B-meson case).

e Can one reduce the theory uncertainties? =— method to estimate the strong phases.

o Current predictions/bound:

SM Experiment
BR(ID™ — 1™ 17) 2¢0.2502.0.5252) = (8.15_'2.1) x 107 (vetoing the resonance region)
BR(D* — z*u* ) sy 05 = 27750 x 1077 BR(D" - ztutu™) < 6.7x 1078
BR(D* - ntete™) < 1.1 x107°

[PDG]
[LHCb, (JHEPO06 (2021) 044)]

[A. Bharucha, D. Boito, C. Méaux (2011.12856)]

As the Experimental bounds are now approaching theory predictions, it is

| important to look for alternative QCD based methods.
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DT = a7¢7¢” using LCSR
assisted Dispersion Relation

[AB, Alexander Khodjamirian and Thomas Mannel, 2505.21369]

e Benefits:
O An independent alternative to QCDf.

© Finite m, .

O Provides estimates for strong phases.

Anshika Bansal, Uni-Siegen 11/07/2025
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Ways to compute ﬂg+_)” (g%

'4 Y

Anshika Bansal, Uni-Siegen 11/07/2025
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, Our methodology: LCSR-assisted dispersion relation
Ways to compute ﬂg+_)” (g%

4 N
Light Cone Sum Rules (LCSR)

« Valid only for space-like q2 (< 0).
 Amplitude computation using QCD rules.
 Can be improved systematically by

computing higher order corrections.

Region of Validity
LCSR & DR Only DR £

— 00 (| Physical region T 00
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Our methodology: LCSR-assisted dispersion relation

Ways to compute szfg_)” (g%

'

N

Light Cone Sum Rules (LCSR) Dispersion relation (DR)

« Valid only for space-like q2 (< 0).

Valid for all values of g>.

Uses analyticity & unitarity of amplitude.

 Amplitude computation using QCD rules.

 Can be improved systematically by

computing higher order corrections.

LCSR & DR

Written directly in hadronic states.
* Needs parametrisation : Unknown model

parameters.

Region of Validity

Only DR £

()| Physical region

Anshika Bansal, Uni-Siegen
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Ways to compute szfg_)” (g%

4 N
Light Cone Sum Rules (LCSR) Dispersion relation (DR)

LCSR & DR Only DR |4

Physical region

* Fit dispersion relation model to LCSR result in g> < 0 = Estimation of model parameters (strong
phases and parametrisation parameters).

e Use these fitted parameters to make predictions in the physical region using the dispersion relation

Anshika Bansal, Uni-Siegen 11/07/2025

Our methodology: LCSR-assisted dispersion relation
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Step-1: Compute CQY(DJF_)”W*)(QZ) using LCSR at g° < 0.

Step-=-2: Define a model for the dispersion relation : unknown parameters.

Anshika Bansal, Uni-Siegen 11/07/2025
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Summary of the main idea

Step-1: Compute CQY(DJF_)”W*)(QZ) using LCSR at g° < 0.

Step-=-2: Define a model for the dispersion relation : unknown parameters.

Step-3: Fit the unknown parameters of the dispersion relation to LCSR results in

a region of g° < 0.
Step-4: Use these fitted parameters to estimate ﬂ(DJF_)”Jr”*)(qz) using dispersion

relation in the physical region.

(Resembling partly the analysis of nonlocal effects in B — K¢ ¢7)

[A. Khodjamirian, T. Mannel, A. Pivovarov, Y. Wang, 1211.0234]
[A. Khodjamirian, A. V. Rusov, 1703.04765] , N. Gubernari, M. Rebound, D. van Dyk, J. Virto, 2011.09813

Anshika Bansal, Uni-Siegen 11/07/2025
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LCSR for D" — z™y*
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e LCSR: Analytic method to compute strong interactions dynamics at large distances using QCD.

e Basicidea: to compute hadronic parameters using analytic properties of correlation function involved.

Review articles: [A. Khodjamirian, P. Colangelo, hep-ph/0010175], [A. Khodjamirian, B. Meli¢, YM Wang, 2311.08700]

Anshika Bansal, Uni-Siegen 11/07/2025
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LCSR: Analytic method to compute strong interactions dynamics at large distances using QCD.

Basic idea: to compute hadronic parameters using analytic properties of correlation function involved.

e The correlation functions are of dual nature:
e Atlarge Euclidean momentums, short distance quark-anti-quark fluctuations = pQCD.

e For all values of momentum, decomposition in terms of hadronic states = Dispersion relation

Ways to calculate a
correlation function

M

Review articles: [A. Khodjamirian, P. Colangelo, hep-ph/0010175], [A. Khodjamirian, B. Meli¢, YM Wang, 2311.08700]

Correlation function: Matrix element of quark-gluon interpolating operators between hadronic states.

Anshika Bansal, Uni-Siegen 11/07/2025
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Basic idea: to compute hadronic parameters using analytic properties of correlation function involved.

Correlation function: Matrix element of quark-gluon interpolating operators between hadronic states.

e For all values of momentum, decomposition in terms of hadronic states = Dispersion relation

Dispersion relation

e Uses unitarity & analyticity
of correlation function.

* Can be written directly in
terms of hadronic states.

Ways to calculate a .
correlation function

M °

Perturbative QCD
Uses theory of quarks &

gluons.
Treated in the framework of

light-cone operator product
expansion (LCOPE).
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e The correlation functions are of dual nature:
e Atlarge Euclidean momentums, short distance quark-anti-quark fluctuations = pQCD.

LCSR: Analytic method to compute strong interactions dynamics at large distances using QCD.

Basic idea: to compute hadronic parameters using analytic properties of correlation function involved.

Correlation function: Matrix element of quark-gluon interpolating operators between hadronic states.

e For all values of momentum, decomposition in terms of hadronic states = Dispersion relation

Dispersion relation
e Uses unitarity & analyticity
of correlation function.

* Can be written directly in
terms of hadronic states.

N

Ways to calculate a .
correlation function

M °

Perturbative QCD
Uses theory of quarks &

gluons.
Treated in the framework of

light-cone operator product
expansion (LCOPE).

/

Matching the two gives estimates for the hadronic objects

Review articles: [A. Khodjamirian, P. Colangelo, hep-ph/0010175], [A. Khodjamirian, B. Meli¢, YM Wang, 2311.08700]

Anshika Bansal, Uni-Siegen

11/07/2025
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TOOLS TO DERIVE LCSR
- Light cone OPE

(Computing correlation function as a convolution of
¢ Correlation function (CF): perturbative hard scattering kernel and pion DAs)

F(p.q.k) = — [d“x e"W[d“y e~ PNt (p — B | T W ™ (0)2(1)}10)

Anshika Bansal, Uni-Siegen 11/07/2025

20



TOOLS TO DERIVE LCSR

E Light cone OPE
~ (Computing correlation function as a convolution of
e Correlation function (CF): perturbative hard scattering kernel and pion DAs)
F(p.q.k)=— [d“xeiQ'X[d“y e POV (zt(p — k)| T«[ﬁf”«x)l%@ﬁfo’*f“)(o JP(y)} 10)
A z:l Q) JP) = imE(rsd(y)
q=u,d,c
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TOOLS TO DERIVE LCSR

E Light cone OPE
~ (Computing correlation function as a convolution of
e Correlation function (CF): perturbative hard scattering kernel and pion DAs)
F(p.q.k) = - [d“x e"q"{d“y e POV (7t (p — k)| T{lfﬁm(X)l%iﬁfo’ﬁbZO)(O 2} 10)
e Leading contributions: T = , z%c QA J5' () = im&(y)ysd(y)
Weak Annihilation contributions Loop contributions
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TOOLS TO DERIVE LCSR

E Light cone OPE
~ (Computing correlation function as a convolution of
e Correlation function (CF): perturbative hard scattering kernel and pion DAs)
F(p.q.k) = - [d“x e"q'x[d“y e POV (7t (p — k)| T{lfﬁm(X)l%iﬁfo’ﬁbZO)(O 2} 10)
e Leading contributions: T = , z%c QA J5' () = im&(y)ysd(y)
Weak Annihilation contributions Loop contributions

P+q d

e Both 01d and 051 contribute.

e Only 01“’ contributes. Og vanishes at LO. e Small due to GIM suppression.
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TOOLS TO DERIVE LCSR

E Light cone OPE
~ (Computing correlation function as a convolution of
e Correlation function (CF): perturbative hard scattering kernel and pion DAs)
F(p.q.k)=— [d“xe"Q'X[d“ye—l’<P+q>'y<n+<p — k)| T«[J,fmu)l%gﬁfo’*f“)(o 2y}10)
e Leading contributions: T = , z%c CAIMA) J5 () = im2(y)rsd(y)
Weak Annihilation contributions Loop contributions

P+q d

e Both 01d and 051 contribute.

e Only 01‘1 contributes. Og vanishes at LO. e Small due to GIM suppression.

% The artificial momentum £ is introduced at the four vertex to avoid parasitic contributions in the dispersion relation.
(Method used before in LCSR analysis of B — 27 and D — 27, KK)
A. Khodjamirian et. al., hep-ph/0012271, hep-ph/0304179, hep-ph/0509049, 1706.07780

Anshika Bansal, Uni-Siegen 11/07/2025 20



TOOLS TO DERIVE LCSR

Light cone OPE

- (Computing correlation function as a convolution of perturbative

hard scattering kernel and pion DAs)

~v—

Dispersion Relation in D-meson channel
(Enables to relate the calculated correlation function to the sum
over D — my* hadronic matrix elements.)

——

Anshika Bansal, Uni-Siegen 11/07/2025
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TOOLS TO DERIVE LCSR

Light cone OPE

- (Computing correlation function as a convolution of perturbative

hard scattering kernel and pion DAs)

Dispersion Relation in D-meson channel
(Enables to relate the calculated correlation function to the sum
over D — my* hadronic matrix elements.)

Light Cone OPE Dispersion relation in (p + ¢)°

ds ds

J'oo ImF(OPE)(S, q2, P2 — ml%) B ml%fDA(D"‘—)yﬁy*)(qz) . JOO phD(S9 q2, P2 — ml%)
. s—(p+q)? mp — (p + q)° ) s—(p+q)°

1
T
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TOOLS TO DERIVE LCSR

Light cone OPE

- (Computing correlation function as a convolution of perturbative

hard scattering kernel and pion DAs)

Dispersion Relation in D-meson channel
(Enables to relate the calculated correlation function to the sum
over D — my* hadronic matrix elements.)

Light Cone OPE Dispersion relation in (p + ¢)*
00 (OPE)(. 2 p2 2 (5 (D*—z*y¥) N 2 p2 — .2
1 J S MET s, g% P =mp) _ mpfpA @, J p Py (89" P~ =mp)
— S = \)
T s—(p+q)7 . mp — (P + q)° s, s—(p+q)°

contribution from D-meson state
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TOOLS TO DERIVE LCSR

Light cone OPE

- (Computing correlation function as a convolution of perturbative

hard scattering kernel and pion DAs)

Dispersion Relation in D-meson channel
(Enables to relate the calculated correlation function to the sum
over D — my* hadronic matrix elements.)

Light Cone OPE Dispersion relation in (p + g)*
( b N\ > 0 ) )
1 rd IMFO™s, g% P* = mp) _|mpfpA” 777G | rod Pi(8- 47 P7 = mp)
— S = \)
), s—(p+q)* mp — (p + q)° ; s—({+9)7
c \_ J o\ y,
contribution from D-meson state Unknown contribution from higher

and continuum state (s > shd)
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TOOLS TO DERIVE LCSR

Light cone OPE

* (Computing correlation function as a convolution of perturbative hard

scattering kernel and pion DAs)

Dispersion Relation in D-meson channel
(Enables to relate the calculated correlation function to the sum over
D — my* hadronic matrix elements.)

Quark Hadron Duality

(Approximates the integral over the spectral density to the integral over
imaginary of the perturbatively calculated correlation function)

S N — ds
s—(p+qg)? T Jop s—(p+q)7

S0

ro (PP =md) | ro IMFOPE)s, 42, P2 = m2)

Shd

Anshika Bansal, Uni-Siegen 11/07/2025

22



TOOLS TO DERIVE LCSR

Light cone OPE

(Computing correlation function as a convolution of perturbative
hard scattering kernel and pion DAs)

Dispersion Relation in D-meson channel
== (Enables to relate the calculated correlation function to the sum over
D — my* hadronic matrix elements.)

Quark Hadron Duality

(Approximates the integral over the spectral density to the integral over
imaginary of the perturbatively calculated correlation function)

Borel Transformation

(To suppress the effect of continuum and higher resonances to reduce the
uncertainty due to duality approximation )

Anshika Bansal, Uni-Siegen 11/07/2025
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e Final Sum Rule (valid for ¢* < 0):

(LCSR) 2\ —
(D+ﬂ+7,>x<)(q ) -

1

4 mlz)fD

J ds e "M |mFOPE(s 42 m32)

2
me

Anshika Bansal, Uni-Siegen

11/07/2025
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e Final Sum Rule (valid for ¢* < 0):

50
1 ) )
LCSR 2\ _ —s)/M OPE 2 2
{QfED+n-+7),>k)(q ) — —2 dse(mD ) ImF( )(Saq 7mD)
nmp fp )
e e Sum rule parameters:
T Borel Mass: M? = (2.0 = 0.5) GeV”
0,006 Total ) Effective Threshold: s? = (5.5 + 0.5) GeV”
MUOL == Loop x 10 ]
0.005F ]
= 0.004F ]
S
=2 0.003} .
=
0.002F E
RE
C ¢ ]
0.001F O
0.000f========mmmmmammcm=========="""
14  -12  -10 -8 -6 -4 -2
¢’ [GeV?]
Remarks:

* Error band shows only parametric uncertainties.
o FOPE

e Higher order effects are out of the scope of the present work.

e Contribution from Oy is roughly three order of magnitudes smaller than total amplitude.

include contribution from twist-2 distribution amplitude (DA) of pion (using 2 Gegenbauer moments).

Anshika Bansal, Uni-Siegen 11/07/2025
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e Final Sum Rule (valid for ¢* < 0):

0.007 |

0'006;' """ Loop X 103

0.005

(LCSR)
(DFmty*)

0.003

A

0.002

0.001

0.000}

(LCSR)
(D*n*y

(@)

1

4 mlz)fD

50

J ds e(m,%—s)/Mz Im F(OPE)(S’ qz, mlz))

2
me

0.004 t

Total

Remarks:

* Error band shows only parametric uncertainties.

FOPE

0.007}
0.006 |

0.005 |

(LCSR)
(DFata*)

0.002}

0.001L

e Sum rule parameters:
Borel Mass: M? = (2.0 = 0.5) GeV”
Effective Threshold: s? = (5.5 + 0.5) GeV”

0.004 |

0.003

----- m ™ s
ay — aj £ Aaj
----- s ™ ™
ay — ay £ Aaj

_____ D D D
sy — sy £ Asg

include contribution from twist-2 distribution amplitude (DA) of pion (using 2 Gegenbauer moments).

e Higher order effects are out of the scope of the present work.

e Contribution from Oy is roughly three order of magnitudes smaller than total amplitude.
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11/07/2025

24



Hadronic Dispersion Relation
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52[<D+_>”+7*)(q2) — Z

V=p,0,¢

1y
ry e’

_|_
(md — g% — iy/q2T'y(g?)
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| Hadronic dispersion relation

tQ[(D+—>7t+7/*)(q2) — Z @W’V + de ,Oh(S)
V=p,w,¢ (m\zf — q2 - l\/?FV(qz)) st

ry = Ky Jfy| Ap+yg+ |

k, = I/ﬁ,ka) = 1/(3\/5),1% = — 1/3 . Normalised to valence
quark content of V

1 3myBR(V — ete )}
1l = :
| le 47raem
87[BR(D+ — VJl’+) 12
[ Apryes | = P 2 2 3 13
T(D)GFl Vcs | | Vudl mD+/1D+V7r+
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| Hadronic dispersion relation

S .
V=p,w,p (m\zf o q2 — 1 q2FV(q2)) st (s — q2 — i€)

— A +V 7t
ry = Ky fvl Apeyz: | e Captures the contribution of the higher

k,=1//2,k, = 1/(3\/2),k, = — 1/3 : Normalised to valence or continuum states for g* < s.
quark content of V

* Needs parametrisation (model

1 [3myBR(V - e*eT)Ty,
[ fyl = o dnal, dependence).
87BR(D* — V) o
|Apyes | = ) 2 2.3 232
T(D)GFl Vcs | | Vudl mD+/1D+V7r+
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| Hadronic dispersion relation

S .
V=p,w,p (m\zf o q2 — 1 QZFV(qz)) st (s — q2 — i€)

— A +V 7t
ry = Ky fvl Apeyz: | e Captures the contribution of the higher

k,=1/\/2,k, = 1/(3y/2),k, = — 1/3 : Normalised to valence or continuum states for g* < s.
quark content of V o
| [3mBR(V = e*e )V * Needs parametrisation (model
_ V fot
vl = o \/ drl, dependence).
87BR(D* — Vz™) 19
| Apeyee| = ) 2 2.3 1302
T(D)GFl Vcs | | Vudl mD+/1D+V7r+
Challenges:

* Unknown strong phases

* Unknown spectral densities (too complicated) : Need to be modelled/parametrised.
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_ V fot
vl = o \/ dral, dependence).
87BR(D* — Vz™) 19
| Apeyee| = ) 2 2.3 1302
T(D)GFl Vcs | | Vudl mD+/1D+V7r+
Challenges:

* Unknown strong phases

* Unknown spectral densities (too complicated) : Need to be modelled/parametrised.
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O Using once subtracted dispersion relation with qg as subtraction point.

i R ry e’ % q* —q )p (5)
AP0 =TIN %) = AP gg) + [ %) Z 3 im, Tig") +[ d o
% S

(m$ — qg)(mg — g% — (s —g3)(s —

th

" (g% — q4) p(s) £ - -
Lh & (s — g3)(s — g% — ie) B ];ak <[Z(C] )" = [z2(gy)] )

with,

2
Jso —ag? = /5o L
Sih Sth With s, = (mp, — 7/)) ~ 1.60 % 0.15 GeV?
A/ S — q* + /S, and d; = Complex coefficients

2(g?) =

— i€)

Anshika Bansal, Uni-Siegen 11/07/2025
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O Using once subtracted dispersion relation with qg as subtraction point.

S (R CE— P VUM

=g my— g2 = imy D) ) (5= g)s — g2 — ie)

a; ([2(gH1* = [2(gd)]F)

Il
M=

de (q” = q5) Pi(s)
s, (58— gp)ls — q* —ie)

>~
Il

1

with,

2
s, —ag? =/ r,
S Sth With Sy = (mp, — 7/)) ~ 1.60x0.15 GeV2

2(¢%) =
A/ S — q* + /S, and d; = Complex coefficients
0.007 '_ I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I _:
e We truncate the z-parametrisation at K = 2 [ :
0.006 | ]
——> 7 fit parameters: 3 phases + 4 z-parameters : ]
S 0.005} ]
o Fit results suggests: w : ]
1 0.004f 1
¢p_¢a)NOand¢p_¢¢Nﬂ é i ]
= 0.003f 1
0.002 ]
0001 T S R S Y S SR ]
-8 -7 -6 -5 4 -3 -2 1
2
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O Using once subtracted dispersion relation with qg as subtraction point.

S (R CE— P VUM

=g my— g2 = imy D) ) (5= g)s — g2 — ie)

a; ([2(gH1* = [2(gd)]F)

Il
Ngle

de (q” = q5) Pi(s)
s, (58— gp)ls — q* —ie)

>~
Il

1

with,

2
s, —ag? =/ r,
S Sth With Sy = <mp, — 7ﬂ> ~ 1.60x0.15 GeV2

2(g%) =
A/ S — q* + /S, and d; = Complex coefficients
0.007'_I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I_:
e We truncate the z-parametrisation at K = 2 [ :
0.006 | ]
——> 7 fit parameters: 3 phases + 4 z-parameters : ]
S 0.005} -
o Fit results suggests: w : ]
1 0.004f 1
¢p_¢a)NOand¢p_¢¢Nﬂ é i ]
= 0.003} ]
Limitations : ]
: _ 2 2 0.002F -
e can provide predictions only at g~ < m;. ; ;
e Unknown systematics due to series truncation : 0001t oot ]
Expected to be small. -8 - -6 2 4 -3 2 -
— ¢* [GeV?]
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o Using unsubtracted dispersion relation:

{Q[(D+—>n+y*)(q2) — Z

| Extended resonance model |

V=p,w,p (m‘z/ _ q2 - l\/ qzrV(qz))

S0

¢ Pi(s)
h (s — q2 — i€)

Joo " ,Dh(S) _ Z r{,e ipy reff e Petr
a2 . :

g G—ar—ie) = (my—q?—in/@PTy(g?)  mE—q* —in/qT y(q?)

Anshika Bansal, Uni-Siegen 11/07/2025
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 Extended resonance model |

o Using unsubtracted dispersion relation:

+ +,,% r ei(/’V o S
Q[(D -y )(qz) — Z 1% + [ s phg ) .
V=p,w,p (m‘Z/ _ q2 _ l\/ QZFV(QZ)) i (s — q= — i€)

S0

S S r’ ei(ﬂ{/ I’e ei§0€ff
J ds phi ) S Z V. T 2 :
g G- —io S md—q2—i\/?Ty(qD)  mZ—q* — iV G T (g2

e Everything beyond physical region is modelled
with an effective pole at m,, = m,,..

7 fit parameters: 3 ground phases +
2 excited phases + 2 effective pole
parameters
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| Extended resonance model |

o Using unsubtracted dispersion relation:

+ +,,% r ei(/’V o S
Q[(D -y )(qz) — Z 1% + [ s phg ) .
V=p,w,p (m‘Z/ _ q2 _ l\/ QZFV(QZ)) i (s — q= — i€)

50
S S r’ ei(ﬂ{/ I’e ei§0€ff
J ds phi ) S Z V. T 2 :
g G- —io S md—q2—i\/?Ty(qD)  mZ—q* — iV G T (g2

e Everything beyond physical region is modelled 00061_
with an effective pole at m,, = m,,.. ! _
7 fit parameters: 3 ground phases + < 0‘005:— )
2 excited phases + 2 effective pole = : ]
parameters { 0.004 - ]

h [
Q - _
o Fit results: < 0.003 |
pp=5.944, @, =5.944, @4 =2.797, 0.002} |
py =5.929, py =5.925,
ref| = 3.538 x 1072, Arglres] = 3.312. 6 T 6 5 -4 5 -2
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e Binned branching fraction:

AB(Dt+ st it ) (

2

qmaw
2o )= 1 / s dBR(DT — ntptu™) |
e e (q?na:n - q72nm> ds
Qmin

Bin Thin Qi (Ginax = Tonin) ABYP™) | (hiax — Giniy) ABLHP79)
! dmy, (mp —T)* 1367563 181401
II (mp — Fp)z (myp — 11/)/4)2 0-90j8:§2 2-19t8:%§
11 (mp +T,/4)? (my+T,)? 0-63t8:§% 0-26t8:8§
vV (m,+T,)? (mg — Ty)? 18.881 130 22271108
\Y% (mg + Ty)? 1.2 GeV? 28.937170 24.271112
VI 12 GeV2 | (mps — ms)? - 1.48%0:55
LHCb 4m? (0.525 GeV)? 0.811533 0.931595
regions | (1.250 GeV)2 | (mp+ — m+)? - 0.4019-22

( In units 107%) .
Z-parametrization
— Extended resonance model
X[ 1070 .
3
+
k N
T
+ 1 ]
9/ I \ I 1
= -9
A 1077 N
L Correlations are ignored in uncertainties.
0.0 0.5 1.0 1.5 2.0 3.0
¢* [GeV’]
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e Binned branching fraction:

2

AB(D+—>7T+M+,U_) (qmin7 Qmaa}) = 2

Qmaw
/ s dBR(DT — ntptu™)
)

5 1

(q%ma: — Qpin

2

qmin

ds ’

. . Comments:
Bin qr2nin qr2nax (qrznax T qrznin) AB(dzsp—z) (q?nax - qr2nin) AB(dzsp—res)
I 4m? (m, —T,)? 1.36+070 1.81+014 e Results for two models agrees within
' : uncertainties (except bin-II).
I (mp—Tp)? | (my—Tp/4)° 0.90%037 2.19751%
e Branching ratio predictions are very close
11 (mp +T,/4)? (mp+Tp)? 0.637:3 0.26703 5 . p Y
to the experimental bounds.
IV (mp+Tp)? (mgp —Ty)? 18.88F 130 22.277 105 . .
- .  Fit suggest constructive interference
\Y (mg + Ty)? 1.2 GeV? 28.9317T8 24271113
: : between p/w and ¢ resonances.
VI 1.2 GeV? | (mp+ — my+)? - 1.4810-88 , , , ,
039 o Excited states influence intermediate &
2 2 +0.43 +0.08 . .
LHCb 4m? (0.525 GeV) 0.81%5:53 0.93%5 70 high ¢? regions.
regions | (1.250 GeV)2 | (mp+ — m+)? - 0.4019-22
( In units 107%) . .
Z-parametrization
— Extended resonance model
-6 L |
2|10
3
+
k N
TS
+ I ]
9/ I \ ¥ 1
& ol |
[l 10
L Correlations are ignored in uncertainties.
0.0 0.5 1.0 1.5 2.0 2.5 3.0
¢* [GeV’]
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e Binned branching fraction:

AB(Dt+ st it ) (

2

Amin» qma:z:) =

5 1

2
dmax

(q%ma: —q

2

min

/ s dBR(DT — ntptu™)
) ds ’

qmin

Comments:

e Results for two models agrees within

uncertainties (except bin-II).

e Branching ratio predictions are very close

to the experimental bounds.

e Fit suggest constructive interference
between p/w and ¢ resonances.

Bin Thin Qi (Ginax = Tonin) ABYP™) | (hiax — Giniy) ABLHP79)
! dmy, (mp —T)* 1367563 181401
II (mp — Fp)z (myp — 11/)/4)2 0-90j8:§2 2-19t8:%§
11 (mp +T,/4)? (my+T,)? 0-63t8:§% 0-26t8:8§
vV (m,+T,)? (mg — Ty)? 18.881 130 22271108
\Y% (mg + Ty)? 1.2 GeV? 28.937170 24.271112
VI 12 GeV2 | (mps — ms)? - 1.48%0:55
LHCb am? (0.525 GeV)? 0.817043 0.937095
regions | (1.250 GeV)2 | (mp+ — m+)? - 0.4019-22

e Excited states influence intermediate &
high ¢ regions.

( In units 107%) . . . . . . .
: : : : : : : Z-parametrization
r —~ Extended resonance model
g -6 | i
0.500 210
3
+
— S o
£ 0100} )

T + , - ,
4 0.050f ) ' ~— '
< = ol _

A 10
0.010+ ~e
000sf T ] : : . -
I ] L Correlations are ignored in uncertainties.
0.0 0.5 10 15 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
¢ [GeV’] ¢* [GeV”]
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Can we probe this dynamics
somewhere else?
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of

 Combining : GIM limit, 4, = 0, 4, = — 4, with SUQ3), limit, m;=m, 4 (Only annihilation topology)
* The Hamiltonians of Cabibbo favoured (CF), Singly Cabibbo Suppressed (CS), and Doubly CS modes form a U-triplet:

( (I/_tLyﬂSL)(CZL}/IuCL) \ (l 1. + 1>\
01(U=1) = % l(l’_tL}/ludL)(CZL}/ﬂ Ccr) — (ﬁL}/MSL)(ELyMCL)] =1 —|10)
_ _ I,—1

\ @y, dp)(Spricy) ) \ | >)
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¢ Combining : GIM limit, 4, = 0, 4, = — A4, with SUQ3) limit, m; =m, ,

* The Hamiltonians of Cabibbo favoured (CF), Singly Cabibbo Suppressed (CS), and Doubly CS modes form a U-triplet:

o Asj;"is a U-singlet = jﬁm(x)Ol(U=1) is U-triplet :

O(U:D =
) =

(

\

(igy,s L)(a?LV”CL)

7

(MLVﬂdL)(dLV”CL) - (ML}’MSL)(S LWCL)]

(ﬁL}’ﬂdL) (Spr¥er)

(P (U= 1/2)|J

of

(Only annihilation topology)

)

(11,4 1))
~11,0)

)

\|1’_1>)

=

. Two ways to make (P | em(x)O(U_l) | DY) U-spin singlet

v

em(x)O(U—l) | D

(U= 1/2)>

N

(Ph_yy im0 =" D)

Anshika Bansal, Uni-Siegen
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 Combining : GIM limit, 4, = 0, 4, = — 4, with SUQ3), limit, m;=m, 4 (Only annihilation topology)
* The Hamiltonians of Cabibbo favoured (CF), Singly Cabibbo Suppressed (CS), and Doubly CS modes form a U-triplet:

( (I/_tLyﬂSL)(CZL}/IuCL) \ (l 1. + 1>\
01(U=1) = % [(l’_tL}//,tdL)(d_L}/ﬂcL) - (ﬁL}’ﬂSL)(S’LV”CL)] =1 —110)
1,—-1

\ @y, dp)(Spyfer) ) \ | >)

o Asj,"is a U-singlet = jﬁm(x)ol(Uzl) is U-triplet : ~ Two ways to make (P |jﬁm(x)Ol(U:1)|D+) U-spin singlet

Y N

-em U=1 -em U=1 0
<P(—|(_]:1/2) |J/,¢ (X)Ol( )lD(_ll_le/g)> <P(—|[_]:1) |],u (X)OI( )lD >

U-spin relations

AP =71 g% = — JO=KTN g = P27 (g?) = PTKT (g P11 (g?) = 0
EQ[(DO_’IZO}’*)(QZ) _ {Qf(DO—J{OV*)(QZ) _ thi(DO_’ﬂoy*)(qz) + ﬁﬂ(DO—)WOy*)(QZ)

> 5 DY, " U-spin singlets.
,QY(DO_)”Sy*)(qz) _ \/gd(DO—mOY*)(qz)

e Other Dy — PCY¢~ (P = &, K, n)); CF and doubly CS modes also interesting : can help to disentangle annihilation topology.
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A

* Cabibbo favoured (CF) mode = larger branching fraction.

e Can be simply computed as an extension of the method: Setting m_ # 0

* Better chance at experiments = can be helpful in better understanding of annihilation

topologies and overall strong dynamics involved. only annihilation topologies
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* Cabibbo favoured (CF) mode = larger branching fraction.

e Can be simply computed as an extension of the method: Setting m_ # 0

* Better chance at experiments = can be helpful in better understanding of annihilation
topologies and overall strong dynamics involved.

A

n T T T T T T T 0.001 I T ] ) '. T i
0.007L : = Z-parametrisation
F 4 )
0.006 1o~ 10 ;
- g
L +
— 0.005F . < 1072 3
+l< gf.) i /T\ o -
B;S 0004 B ] " ) 10—6 3 E
< ~ g
— 0.003}F . E—d/
m 107k -
0.002} 7 ;
i 1078 ¢ E
0.001F . ;
I—14I | I—12I | I—1OI | I—8I | I—6I —4I —2I 0.0 | 0.2 0.4 | | 0.6 | | 0.8 | | 1.0 | | 1.2
¢* [GeV?] ¢* [GeV?)
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* Cabibbo favoured (CF) mode = larger branching fraction.

e Can be simply computed as an extension of the method: Setting m_ # 0

* Better chance at experiments = can be helpful in better understanding of annihilation
topologies and overall strong dynamics involved.

A

—— ' ' ' ' ' ' 0.001F_ " e 3
0.007 [ ; = Z-parametrisation
; 4] ]
0.006 [ S (U ;
- :
L +
— 0.005F 1 2| 107°%% ;
*?\ +k -
% 0004 T|g
E,)S . B ] n ) 10—6 3 E
< & _
0.003 | ] =
m 107k -
0.002f 1 ;
_ 1078 ¢ :
0.001 | .
~14 ~12 -10 -8 -6 -4 -2 0.0 0.2 04 06 08 10 12
¢* [GeV?] ¢* [GeV?)
* Not enough experimental data for extended resonance model.
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~ 7t te

* Cabibbo favoured (CF) mode = larger branching fraction.
e Can be simply computed as an extension of the method: Setting m_ # 0

* Better chance at experiments = can be helpful in better understanding of annihilation
topologies and overall strong dynamics involved.

: 0.001F . e ]
0.007F ; = Z-parametrisation
; : -4l ]
0.006 | L :
: ] 2 i
L + '
— 0.005} 1 3 107 3
- I = 5
=% 0.004] TS
5 0004 R T
= : Q
0.003} 12 ;
i m 1077 ¢ -
0.002[ 7 ;
f 1078 F 3
0.001F ]
14 12 10 -8 -6 -4 -2 00 02 04 06 08 10 12
¢* [GeV?] ¢* [GeV?)
* Not enough experimental data for extended resonance model.
* According to U-spin analysis:
1.2GeV? 1.2GeV? o\T3
2 ABR(D — wtptp™) Vel 1p, [ 5 [P(0Frtyn (@) |" dBR(DT — wtptp”)
dg 2 - 2 dg 2 2 ‘
dgq Veal® 7D P(D+rt~)(q7) dgq
4m?, 4m?,
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~ 7t te

* Cabibbo favoured (CF) mode = larger branching fraction.
e Can be simply computed as an extension of the method: Setting m_ # 0

* Better chance at experiments = can be helpful in better understanding of annihilation
topologies and overall strong dynamics involved.

F T T T T T T T 00015_' ! T T T 't'. T tl. T T T T T T |_:
0.007 ] ; Z-parametrisation
i ] 4l i
i . 3 -
C + -
__ 0.005F ] 3 1072 F 3
=% 0.004] ik
23 1 T 108 ]
= : o
0.003} 1z ;
i m 1077 ¢ -
0.002F 1 0~ : ]
1078 ¢ E
0.001F . 5 5
-14 -12 -10 -8 -6 ~4 -2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
¢* [GeV?] ¢* [GeV?)

* Not enough experimental data for extended resonance model.

* According to U-spin analysis:

1.2GeV? 1.2GeV? 3 .
/ oo ABR(DY — wtpit ™) Vel 7, / r P(pt a4y (@) |” dBR(DY — atptp) Numgl‘lc‘cﬂ results suggests
q i = Va2 o Sl — ) e ‘ ~20% U-spin violation at
4m2 4m2 amplitude level.
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e Cabibbo favoured (CF) mode = larger branching fraction.

e Can be computed as an extension of method after some changes.

e Better chance at experiments = can be helpful in better understanding of
annihilation topologies and overall strong dynamics involved.

only annihilation topologies

0.00012F ] 04k Z-parametrisation
0.00010 | ], 10
i 5 _6
*_ 0.00008 | 1 &
o 2 |&
5% I sy -7
23 0.00006 L 1 T= 10
= [ A % T |
L = -8 L m
0.00004 [ 1 & " :
I e}
0.00002 L . 107
i ] -10 L i
000000~ v v v v 1 10 o | e
-14 -12 -10 -8 -6 -4 -2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
q2 [GGVQ} q2 [Ge\/z]
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e Cabibbo favoured (CF) mode = larger branching fraction.

e Can be computed as an extension of method after some changes.

e Better chance at experiments = can be helpful in better understanding of
annihilation topologies and overall strong dynamics involved.

only annihilation topologies

000012k ] 104k Z-parametrisation
0.00010 I
[ I 6|
~ 0.00008} S
o &K - I i
58 i S 71
23 0.00006 [ 1 J=
= : 2 - = '
i =2 -8L
0.00004 | 1 5 "
[ ] &S
L 4 -9L
0.00002 : N
i ] ~10 [
0.00000 b v v R P
14 -12 -10 -8 -6 -4 -2 00 02 02

¢* [GeV?]
e Not enough experimental data for extended resonance model.

* Present experimental bounds are very far from the predicted values.

| 0.6 |
q° [GeV?|

0.8

1.0

1.2
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+ We study D™ — 777~ decays using LCSR assisted dispersion relation.

+ Amplitude for D™ — 77£*¢~ is mainly dominated by weak annihilation topology generated by O, ,.“Loop”

and “Short distance” contributions e.g. due to O, are tiny.

+ Contribution from higher resonances is important especially for intermediate and high ¢? region.

% Fits suggest a constructive interference between p/@ and ¢ resonances.

+ Perform U-spin analysis to relate D — 777 "¢~ to Cabibbo Favoured (CF) modes.
% CF modes includes only A-topologies = Can be helpful to understand QCD dynamics involved.
+ CF modes (D — n7¢7¢~ and D° — K/*¢7) are also presented.

+ Comparison of D* — z7¢7¢~ & D} — 77 ¢~ suggests ~20% U-spin violation at amplitude level.
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+ We study D™ — 777~ decays using LCSR assisted dispersion relation.

+ Amplitude for D™ — 77£*¢~ is mainly dominated by weak annihilation topology generated by O, ,.“Loop”

and “Short distance” contributions e.g. due to O, are tiny.

+ Contribution from higher resonances is important especially for intermediate and high g region.

% Fits suggest a constructive interference between p/@ and ¢ resonances.

+ Perform U-spin analysis to relate D — 777 "¢~ to Cabibbo Favoured (CF) modes.

% CF modes includes only A-topologies = Can be helpful to understand QCD dynamics involved.
+ CF modes (D — n7¢7¢~ and D° — K/*¢7) are also presented.

+ Comparison of D* — z7¢7¢~ & D} — 77 ¢~ suggests ~20% U-spin violation at amplitude level.

e Future prospects:

+ Perturbative and soft-gluon corrections to annihilation: corrections to the LCSR results.
E

0
%

stimates for other CF and SCS modes.
* Varying resonance ansatz in the dispersion relation (including p’, @’, @").

% Use of other statistical methods : Bayesian fits

Anshika Bansal, Uni-Siegen 11/07/2025
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f Suggestions/Questions for Experiments f

+ Can we obtain the full g spectrum?

e Can be useful as an independent check for the method.

e Hadronic dispersion model can be fitted directly to the data to estimate the model parameters.
+ The bin between p and ¢ resonances is very interesting.

< Look for the CF modes.

e Larger branching fractions.
e Presents bounds for D" — 7+£7 is very close to predictions while for D° — K/ is very far.

e Not enough data on the excited vector resonances.

Anshika Bansal, Uni-Siegen 11/07/2025
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Suggestions/Questions for Experiments f

+ Can we obtain the full g spectrum?

e Can be useful as an independent check for the method.

e Hadronic dispersion model can be fitted directly to the data to estimate the model parameters.

+ The bin between p and ¢ resonances is very interesting.

< Look for the CF modes.

e Larger branching fractions.
e Presents bounds for D" — 7+£7 is very close to predictions while for D° — K/ is very far.

e Not enough data on the excited vector resonances.

T}lank 7@uf@1f" 7@0{1“ aﬁen#ﬁ@n ol/ !
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f Suggestions/Questions for Experiments :l

+ Can we obtain the full g spectrum?

e Can be useful as an independent check for the method.

e Hadronic dispersion model can be fitted directly to the data to estimate the model parameters.
+ The bin between p and ¢ resonances is very interesting.

< Look for the CF modes.

e Larger branching fractions.
e Presents bounds for D" — 7+£7 is very close to predictions while for D° — K/ is very far.

e Not enough data on the excited vector resonances.

T}lank 7@uf@1f* 7@0{1@ aﬁen#ﬂ@n 6 ©

Any
questions

Follow us on Qnsmgm
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Decay mode

Cabibbo hierarchy

Dt — ot~ SCS 1.1 x 1075 (¢ = ¢)
6.7 x 1078 (£ = p) (*)
Dt — Kt~ DCS 8.5 x 107" (4 =¢e) (¥
5.4 x 1078 (£ = ) (¥)
DY — KO¢ti- CF 24 x 1072 (L =e)
2.6 x 1074 (¢ = p)
DY — 70¢+¢- SCS 4 % 10~ (e = e)
1.8 x 1074 (£ = p)
DY — nptte- SCS 3x 10~ (Z = e)
5.3 x 1074 (¢ = p)
DO — p/0te- SCS -
DY — KO¢ty- DCS -
DY — ntite~ CF 5.5 x 1070 (¢ = e) (¥)
1.8 x 1077 (£ = p) (%)
DF — K+ite— SCS 3.7x107% (0 = e)
1.4 x 1077 (£ = p) (*)
[PDG]
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1
T s s T

1
+=ImF¥) (s, 42, P?).
7

1

—ImF©OPF) (s,¢*, P?) = —ImF"(s,¢% P?) + =ImF")(s,¢*, P?) + —ImF“®9(s,¢*, P?)

1 a 2 2 2 —ped(8) 2 2 (2 2 242
—ImF (s, %, P?) = <301Qdmcf”){zq2<sq2>4 [amimy (5 + 4o + (2

+2m?(s — ¢°) (—2P2(s + 2¢°) + 5% + 25¢° + 3(q2)2) — (33 (3m72T —3P% 4 s))
+5°¢° (=11m2 + P? = 3s) + (¢°)° (m2 + P* + 5) + s(¢°)* (m2 — 5P% 4 3s) ]

S 2
Lo 0 o (3m (s + ) — (5 — )BP? — s~ 2¢)

+2m2(s — ¢%) 3m2(s + ¢°) — (s — ¢*) 3P — 5 — 2¢%))
(s = )2 (P2 = 5)(s — ¢2) — m2(s + %)) |

s. g2
— 261’20(63‘1_( c;2q)4) [ —3mzs(s+¢°) + P?(s — ¢*)(2s + ¢°) — & + (‘12>3} } , (A42)

1 (s—mg).

pedls) = —{e5

1 1
1672 (s — ¢?)

1 (s—md)*(s+¢°)

2\ _
pcdfq(57q ) = 6472 52 :

—q*m? ,
sl

pead(s,q*) = log
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U

1 1
—ImF(OPE)(S,QQ,PQ) =

7 7

1
+=ImFW¥) (s, 4%, P?).
T

1 1
ImF“(s,¢?, P?) + —ImF®)(s,¢*, P?) + —~ImF“® % (s, ¢*, P?)
T T

S
1 3

T /dse_s/M2ImF(C@d)(Saq27m2D) = 7C1(Qu = Qa)me fx [Io(M?) Jo(q") + 1 (M?)J1(q")]

2
me

where the integrals over u are

[—m3,(2u+ 1) 4 2¢*(u + 1)]' "

(U — uy) ’

Jn(q”) = (m? 2)(—¢?2) O/dugow(u)

with
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* The correlation function reads as:

1 4
74 k) == [(p- 04, = Pl 5 (q + §C2> MG (p + 9. 4% P?)
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* The correlation function reads as:

1 4
74k == (P 9g, ~ " P 5 (q + §C2> )G (p + ). 4% P?)

/

1
3 m? — ¢’x(1 — x)
[1%(g?) — IT*(g?) = 14 9(g? =—[d 1 —x)lo >
(¢°) —1I'(g") (¢%) =7 |dxx (1 - x)log 2 — gix(l =)
0

G,(p:q. k) = i[d“y e (p = )| T{ (#,0)7,€,(0))/2(3) } 10)
e Both WCs (C; and C,) contribute in this case.

e The contribution is small due to GIM suppression.
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* Ground resonances:

 Excited resonances:

data for D* —

Vector meson V' p°(770) w(782) $(1020)
my (MeV) 775.26 4 0.23 782.66 £ 0.13 1019.46 4 0.02
ot (MeV) 147.4 £ 0.8 8.68 £ 0.13 4.249 4+ 0.013
BR(V — putu™) (4.55 £0.28)x107° | (7.4 £ 1.8)x107° | (2.85 £0.19)x 1074
| fv| (MeV) 219.85 4+ 1.31 201.09 & 1.12 228.12 £+ 0.57

BR(D* — 7tV
|Ap+r+v| (MeV)

(8.440.8)x10~*
24.33 £1.25

(2.8 4+0.6)x10~*
14.14 4+ 1.54

(5.7 +£0.14)x 1073
81.72 +1.83

rv = kv fv|Ap+tr+v]
(in 1072 GeV?)

3.783 £0.195

0.670 £0.073

—(6.214 + 0.140)

BR(D+ — 7T+V)V—>,u+,u_

(3.82+£0.43) x1078

(21+£0.7)x1078

(1.62 4 0.12) x 1076

[PDG]
Resonance V' p' = p(1450) ¢ = ¢(1680)
myr (MeV) 1465 + 25 1680 =+ 20
Tto (MeV) 400 -+ 60 150 + 50

BR(D+ — 7T+V/)V/—>7r+7'r_
BR(D+ — 7T+V/)V’—>K+K_

(1.84£0.5) x 1074

(4.9719) x 1075

Irvi| = kv fyr Ap+ ey | (GeV?)

(9.6477592) x 1073

(11.877518) x 1073

| fyi] (MeV)

15
140752

[forl = [fo]
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e Z-parametrisation:

pp =1.809, ¢, =1.804, ¢4 =-—1.339, (in radians),
o1 = (—7.858 +0.7274) x 1072, a9 = (9.548 +2.1844) x 1072

0.007
 Extended resonance model: 0.006¢
< 0.005[
Dp = 5.944, ¢, = 5.944, Lp = 2.797, E i
+0.004 |
Yo' — 5.929 , P = 5.925, é
re| = 3.538 x 1072, Arg[reg] = 3.312. = 0.003f
0.0025-

0,001 Lt e e e b e e :

-8 -7 -6 -5 —4 -3 —2 -1

q° [GeV2]
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Experimental data for Cabibbo favoured modes

Vector meson V p?(770) w(782) ¢(1020)

BR(Df — 7t V) (1.124+0.17) x 10=* | (1.924+0.30) x 103 (4.5 +0.4)%

|Ap_r+v| (MeV) 2.59 + 0.20 10.79 + 0.85 64.86 + 2.91
rPo™) = kv fulAp v 0.403 -+ 0.031 0.512 = 0.040 —(4.932 4 0.222)

(in 1073 GeV?)

BR(D;I_ — 7T+V)V—>,u+u—

(5.096 + 0.835) x 102

(1.421 £0.411 x 107

(1.282 £ 0.142) x 105

BR(D° — K°V) 1.2675 18 % 2.32 +0.08 % 0.83 +0.05 %
|Apogoy| (MeV) 41.13 + 2.62 56.29 + 1.03 49.10 £ 1.40
rPED = o fylApogoy 6.39 + 0.41 2.67 + 0.05 —(3.73+0.11)

(in 1073 GeV?)

BR(D° — KV)y 4,

(5.73 £0.81) x 10~

1.72 4+ 0.42) x 1076

(2.36 £ 0.20) x 106

[PDG]
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 Fit results:

e for the DI — 7™ ~* transition:

w, =2.154, ¢, =2.148, ¢4 = —0.997,

Resuts for Gabibo favu

) = (—7.121 — 1.697i) x 1072, ay = (8.092 + 4.799i) x 1072,

o for the DY — KY~* transition:

 Bin results:

pp = —0.008, ¢, =3.139, ¢4 = —0.015,
a1 = (0.261 + 0.038i) x 1072, ap = (—0.313 — 0.0467) x 1072,

Bin Tomin Gihax (GRiax — i) DB 2 | (@R — i) DB
I 4m? (m, —T,)? 1.107059 0.1015°05
11 (mp, —T,)2 | (m, —T,/4)2 0.53+0-38 0.6310:52
L | (m,+T,/4% | (m,+T,)?> 1.06+9:67 0.6870 1
IV | (m,+Tp)* | (mg—T4) 1569715 4.114075
\% (mg + Ty)? 1.2 GeV? 22.8873-21 2.9110:29
LHCD 4m? (0.525 GeV)? 0.697932 0.037001

( In units 1077)
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