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Gauge couplings of the quarks

3
Ltermion = Z Qﬂqu; + (7j'ip)lf(jvj + DJMDDDJ'
J=l1

with the covariant derivatives (Yo = 1/6, Yy = 2/3, Yp = —1/3)

Dq, = 0, +igd G, +igT" W, +i Yoq'B,
Du, = 0Ou+ig TGS +iYug' B,
Dp, = 0u,+ig1"G, +iYpy' B,
3
Ly = Y _ (—Yu;5QLiHUR; — YD jQLiHDR; + h.c.)
ij=1

Flavour universality: gauge couplings are equal for all three generations
Flavour non-universality introduced by Yukawa couplings between the
Higgs field and the quarks



Perspectives on Flavour NP

NP

Tensions:
Measurements vs predictions
o |Vl |Visl

- ® (g— 2)#
Smoking Guns o AAcrin charm
e b suu
Enhancement of .
rare /forbidden SM
Flavor symmetry violation
o K—smww Precision Flavor
® u—e
® bclv: 7 vsepu Constrain high NP scales
® b sll: evsp (no obs > SM prediction)
.. ® B —pu Flavor Models
* AM, 4 Explain SM hierarchies
e b swv Quark /lepton mass and mixing
) Can imply NP signals
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Many Interesting Flavour Anomalies

W —1tv,b - ctv,b — suu,, (g — 2)u’ Voo Vipseo-.

) T Lf::; b ur b S
w - X LQ
v v S - b b
o Statistical fluctuation
O Underestimated systematics

O Incorrect SM prediction or measurement

O Effects of New Physics beyond SM

¢ Not easy common explanation (within appealing BSM models)

¢ Separate analyses are (perhaps) more enlightening
S



Lepton flavour universality
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Lepton flavour universality

A. Pich, arXiv:1310.7922
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Many Interesting Flavour Anomalies
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Many Interesting Flavour Anomalies
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The Effective Hamiltonian

O The most general effective Hamiltonian containing all possible local operators of

the lowest dimension transitions can therefore be written as

4G
Hegr = —L Vi | (1+ C0%, + ClpOf + €505, + C0% + C1o7].

V2

Oy, = (v Pre)(#ey, Prl), Oy = (@7 Pre) (7, Prl),
Ogy, = (qPLe) (e Prl), Ogp = (qPre) (7 Prl),
O4 = (qo"" Prc)(040,, PrY),

—

O In our analysis, we shall assume real Wilson coefficients for simplicity, i.e. that

the NP effects do not involve new sources of CP violation.

. @{;L(R): W’ Model, Wr Model, Leptoquark Model, SUSY,...
* 0%, r: 2HDM, Leptoquark Model, SUSY,..
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st An d Vc:d

O The CKM matrix elements are usually determined directly from leptonic and semi-
leptonic decays and assuming the SM.

O Here, we are investigating these decays in the presence of NP contributions,
hence we need an independent determination of them.

O So, we adopt the Wolfenstein parametrization of the CKM matrix, exploiting its

unitarity. |
Vea=—4+ 5A2/15[1 —2(p +in]+ O,
L, 1., > 6

Ve = 1= 522 = 221 +44%) + 61,
o;s : 3 1 Aw Ex %
s £ BB ikens, — 0.2242 + 0.

. 0.4 g Q 4 | Vcdl 0 0 0005,

357 s - «3 V.| =0.9736%0.0001.
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Leptonic D Decays

¢ The branching fraction for leptonic D decays is given as

G* m2\ °
B(D+ %K—I_Vg) = TpD 87f|‘/cq’2 Dmym?( — m—é)
2 2
mp

< |1+ Cly — Chp+ (Csr = Csp)| (1+40z,).

me(me + my)

® In SM, the branching fraction is suppressed by mL%, due to the helicity suppression.
® The most theoretical uncertainty is from the decay constant.

® 5. ~(0—3)% is from the electromagnetic corrections.

Decay SM Experiment

B(Dt — ety,)  (9.1740.22) x 1079 <88 x 107°

B(D* — ptu,)  (3.89£0.09) x 107*  (3.74£0.17) x 10~
B(Dt = rtu.)  (1.04+0.03) x 1073 (1.20+£0.27) x 1073 <
B(DF — etv,)  (1.24+0.02) x 1077 <83 x 1075

B(D} — pty,)  (5.28+£0.08) x 1073 (5.50 & 0.23) x 1073
B(Df = 7tr:) (5.14%0.08) x 107 (5.48+0.23) x 1077

(5.27 £0.10 £0.12) x 1072 PRL 127, 171801 (2021)
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Leptonic D Decays
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Leptonic D Decays

¢ In order to test the lepton flavor universality, we can define

£t £
B(D§, = £fve) a’t| 1+ Cyp = Cyf + p71(Cgh — Cgp)

£ + + N 2
2 BWOG = e el g el - 4 pr(Ch - C)

RY1 =

2 2
mf 2 MD+
C10) — 112 _ 1) ) — ()
a <>—m51(2)<1 7 > plo =

(5)
¢ (R;)D = 3.21%+0.73 BESIII PRL,123,211802

* (RHP < (235£0.11)x 1072

* (R;)D =9096x059 e (R;)D = 9.72 £ 0.37  PRL127,171801 (2021)

¢ (RO < (1.51£0.06) x 1072



Leptonic D Decays
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Leptonic D Decays
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Semi-Leptonic D Decays

O In calculations, the hadronic transitions are parameterized by the heavy-to-

light form factors, which are nonperturbative and universal.

OD-—>P

(P(p2)|gy"c|D(p1)) = f+(q°) [(pl + po)t — q_2 q“} + fo(q?) q_2 q",

W (P(ps)gy"e|D(p1)) =

c mq me — q

2
(P(p2)|G0™ c| D(p)) = —i(plipts — piplt)—I20 )
mp + mp

(P(p2)lge| D(p1)) =

4+ Regarding the various form factors in the D — K, pi transitions, we adopt the latest results
from the LQCD.

4+ However, for the form factors of Ds — K, D — n, and Ds — N, LQCD results are still
unavailable till now, and we have to employ the results obtained from other approaches. In
this work, we adopted the results based on the light-cone sum rules.

uii + dd
. 0 = 39.3°
V2

+ For n — n’ mixing, we adopt ( ]’77, ):( sinf, ~ cosf, )( qq

—cosf, sinf, S )’ 9=

19



Semi-Leptonic D Decays

o V (2, ) el D(py)) =2V L) s
D —_— V 2 Y 1 mp + my praf 12>

(V(p2, ey v5¢|D(p1)) = — (mp + my )™ Ai(q”) +

+ 2mv€ .qqﬂ (A3(¢°) — Ao(q?)) ,

*

e - (

+ po )" As(q?
mD+mv(p1 pz) 2(@)

q2
*\ | =V Urpo | _x 2 * m% B m%/ 2 2
(V(p2,£) a0 | Dlp1)) =7 [<5(0n + p2)oTi(0?) + £, (Tald”) = Ta(g?)
2 (Tale?) — Ti(a) + o Tale)].
¢ " mp —my

O For the form factors of D — V , there are several studies in literature based on different

approaches, such as QCD sum rules, light-cone sum rules (LCSR), quark models, covariant
light-front quark models, and LQCD.
O The results of D — K*,p from LQCD had been released in as early as 1995; however, the

predicted branching fraction of D — K*,uvﬂ is significantly larger than the upper limits of

experimental result. The recent undated results from LQCD remain absent to date.

O Although most results of the covariant light-front quark model agree well with the
experimental data with certain uncertainties, the predicted branching fraction of D — K*uy,

is also significantly larger than the experimental data, which reduces its prediction power.



Semi-Leptonic D Decays

O For consistency, we adopted the results with The LCSR calculation, which is based on the
framework of the heavy quark effective field theory.

Y.-L. Wu, M. Zhong, and Y.-B. Zuo, Int. J. Mod. Phys. A 21, 6125-6172 (2006), arXiv:hep-ph/0604007
H.-B. Fu, L. Zeng, R. L, W. Cheng, and X.-G. Wu, Eur. Phys. J. C 80(3), 194 (2020), arXiv:1808.06412

H.-B. Fu, W. Cheng, L. Zeng, and D.-D. Hu, Phys.Rev.Res. 2 (2020) 4, 043129, arXiv: 2003.07626

O In the heavy quark effective theory, the tensor form factors of D — V are related to
the vector and scalar form factors A1, A2, A3 and V , and the relations are given as

mi, —miy +¢*  V(¢*) mp + my
T 2y _ D |4 A 2
1(q7) oy e T amn 1(q7),
2 (mp —y)(mp +my) mp(y* — my)
T (g2) — A (0 1% 2
2(q) m%—m%/ 9 1(Q)+ mp + my V(Q) )
mp +m mp — m m% + 3m?, — ¢>

T3(q") = ——5——Ai(¢") + ———[Ax(¢") = As(a”)] + 3 =V (0?),

2mp 2mD(mD —|—mv)

O As significant improvements have recently been made in lattice QCD, a calculation of the D — V
form factors exploiting the current state-of-the-art methods would be very desirable for
testing LFU in the charm sector.

21



Semi-Leptonic D Decays

The off-shell W*+ has four helicities, namely AW = +1,0 (J = 1) and AW = 0 (J = 0), and only the
W** boson has a time-like polarization, In the D meson rest frame, we set the z-axis to be along

the moving direction of W=+, and write the polarization vectors of the W:+ as
q#

1 | !
“) =301 F5,0), H0) = =75 0.0.0), 0=~/

HYALVAR 2y — 5 (g )(V (pa, )" (1 £ 4%)e| Dy (p1))

(Aw ) (P (p2)|gy"c|D(p1)) Ay e
HEPHEPRN () = (V (2, €) 7" (1 £ 7°)e| D5y (1)),
(,

(@) = . Aw)es (A )V (p2, €7) |go™ (1 —

Hy Y (q%) =€,
H"3(¢%) = (P(p2)|ge| D(p1)),
HYY i, (@) = 60w )es () (P(p2)|ac™ e Dlpy). HY

v°)e| D)y (p1)

22



Semi-Leptonic D Decays

2
d*I'(D — P*vy) _ G%|ch|2 VO O- 1 — m_% 2AP 4 \/:m AP+ m? AL

dg®dcos 6, 256m3m3, g ) |1 VTR T
with

AT =ICsp+ CsrPIH™ P +Re[(Cs 1+ Csg) Cp |H™ (HT + HT ) cos O+ 4CrPIHG! +HYT | |* cos® 6,

+|1+ Cyr + Cyrl*|H. Y * sin* 6,

AL =2{Re|(Cs1+ Csp) (1 + Cyp+ Cyp)* [H™ HIY = 2Re|Cr (1+ Cyp + Cyp)* |HY (HYT + HT )
—2{Re|(Cs1+ Csp) (1 +Cy+Cyg)* |[H™ HY" = 2Re|Cr (1+ Cy + Cvp) [HY (HE, + H{T )} cos by,

AL = 4CrP\HET + HET P sin® 6p + |1 + Cyr + CyrP(1HSY P cos® 0, — 2HE Y HEY cos 6, + |HEV %),

dI'(D — F{'y
B(D — FtTvy) = TDf dg* ( . 5)
1 2 0 2
d<T d<T
f dcos6, > — [ dcos by, 5
) 0 dg”dcosO, J_; dg-dcos 6y,
f dcos6, + dcos by
0 dg2dcosd, J_; dg*dcos6,
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Semi-Leptonic D Decays

Current | Mode SM Experiment
D’ — K-etr, (3.4940.23) x 1072 (3.542 £ 0.0035) x 1072
Dt 5 Ketv,  (8.92£0.59) x 1072 (8.73 £ 0.10) x 102
D’ — K*~ety, (1.9240.17) x 1072 (2.1540.16) x 1072
c—seve | Dt 5 Kty (4.9840.45) x 1072 (5.40 £+ 0.10) x 1072
DF — ¢etv, (2.46 £0.42) x 1072 (2.3940.16) x 1072
D — netu, (1.554£0.33) x 1072 (2.2940.19) x 1072
DY = n'etu, (5.91 4+ 1.26) x 1073 (7.44+1.4) x 1073
DY - K—p*v, (3.4040.22) x 1072 (3.41 £0.04) x 1072
DYt 5K ptv,  (8.694+0.57) x 1072 (8.76 + 0.19) x 102
D’ — K*pty, (1.8140.16) x 1072 (1.89 £ 0.24) x 1072
¢ s v | DY 5 Ky, (A7T14042) x 1072 (5. 27 +0.15) x 10~
DI =y, (233X040)x10 2 (L. '
D=7, (IoZTU3IIxX10 " TUD) X 10
Df = nutyv,  (5.644+1.10) x 107 (11.0£5.0) x 1072
DY = rety,  (2.63+£0.32) x 107 (2.9140.04) x 1073
Dt - rl%ty,  (3.414041)x10=%  (3.7240.17) x 1073
DY = p7ety,  (1.74+0.25) x 107 (1.7740.16) x 1073
Dt — plefy, (2254 0.32) x 1073 (2.18T0:35) x 1073
c—detv, | DT — Wy, (1.914+027) x 1072 (1.69+0.11) x 1073
Dt — netu, (0.76 £0.16) x 103 (1.1140.07) x 1073
Dt — ey, (1.1240.24) x 10~4 (2.040.4) x 1074
Df — K%*y,  (3.93+£0.82) x 107° (3.940.9) x 1072
Df — K*%*y, (2.33+£0.34) x 1072 (1.84+0.4) x 1073
D’ - m pty,  (260+0.31) x 107 (2.67+£0.12) x 1073
DY — 1, (3.37 4£0.40) x 1073 __(3 -3
D — p uty,  (1.65+0. 23) x 1072 .
DY = PPty (214£030)x 1070 (2. 4 i o 4) x 10~
c—dpty, | DY =0y, (1.82+10.26) x 10 ° ' .
| DY = puty, (0.7540.15) x 1073
DY —qy'uty,  (1.0640.20) x 107* ——
Df — K% v, (3.85%0. 76)2&110 3
D — K*uty, (2.23+ 0 32)
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Semi-Leptonic D Decays

Case | Wilson Coefficient Fitted Results X3,
Ci, (4.34£9.6) x 107*  10.1
Ctp (2.74+9.8) x 1072 10.2
Case-1 Ce; (0.34+£0.6) x 1073 10.0
Ctp (—0.3£0.6) x 1073 10.0
C*t (1.14£29) x 1073 7.2
ce, (9.94+16.2) x 1073 4.4
Cép (2.6 +£16.9) x 1073 4.8
Ce, (044+0.6) x 1072 4.8
Cép —(0.4+£0.6) x 1073 4.8
Cs, (1.3£3.5) x 1073 4.6
Case-I1
ch, (144+11.9) x 107* 5.5
Cln (2.74+12.0) x 107® 5.4
Ck, (70.2£0.6) x 1073 3.3
Ctp —(70.24+0.6) x 1073 3.3
Cck (0.6 £4.9) x 1072 25
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Semi-Leptonic D Decays

O If we only consider the LH or RH vector NP interactions

dBD — Ply,)  dBD — Plyy) 2

dq? dqg?

‘ 1 + CéL(R)
SM

+ 0, + 0 — 4+
O We can define R¢ OE‘%(D — e Ve)’ e._Egg(D — T € I/e)’
W RB(DF - aOuty) P BDO - apty,)

_ B(D* - K%*y,) pe BD° - K~etv)
Wk ™ (Dt > Ko%*v,) R T (DY > K-utu,) .

e

O These observables are independent of CKM matrix elements and sensitive to
the coefficients. Hence, they provide interesting opportunities to test lepton

flavour universality in D decays.
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Semi-Leptonic D Decays

0= (9.97£024)x 107!, Ry, =1.04%0.0L.
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Predictions

O The branching fractions of the pure leptonic D decays with the electron are very
sensitive to the operators, because their contributions are related to 1/me. With
the contribution of scalar operators, the branching fractions of these pure leptonic

D decays are predicted to be

B(D" — etu,)

B(Df — etu,)

(1.675%%) x 107%;
(2.4735%) x 1077,

O And B(DT — etv,)

B(D*t = putv,)ex
B(Df — etv,)
B(D — ptvy,)ex

(RL)" = = (437551 x 1077,

(RE)PT = — (44707 x 107%;

which are larger than predictions of SM

exDt _ e\DT _ -5
(RE)P" =~ (RE)PT = 2.3 x 107°.

However, the orders of this magnitude are too small to be measured now. We

hope the future high intensity experiments can test above results.
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Summary

We have presented a comprehensive analysis of (semi)- leptonic D-meson decays to constrain possible
effects of physics from beyond the SM arising from new (pseudo)- scalar, vector and tensor operators,

allowing also for violations of LFU.

We obtain a picture in agreement with the SM, including a few deviations at the 1 O level. These results

can be used to constrain the NP models.

We extended the SM by assuming general effective Hamiltonians describing the ¢ — s/*v transitions,
which consists of the full set of the four-fermion operators. Within the latest experimental data, we

performed a minimum X2 fit of the Wilson coefficient corresponding to each operator in two different

cases.

The leptonic D(J;) — e*v, decays are hugely helicity suppressed in the SM. However, this suppression may

be lifted through new pseudoscalar interactions.

For the semileptonic decays with electron, the effects of NP are negligible, and any deviations from SM

predictions would be large challenges for SM and its extensions.

We have identified various form factors with interesting potential for future improvement through lattice

QCD calculations.
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