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Motivation

Why FCNC in charm sector

In the SM, Flavor-changing-neutral
-current (FCNC) transitions do not exist
at tree level

FCNC transitions in charm sector are
strongly GIM-suppressed , ideal ground
for NP searches

FCNC processes in charm sector

Decay

semileptonic decays, e.g.,
D+ → π+µ+µ−

S. Boer and G. Hiller, 1510.00311

leptonic decays, e.g., D0 → µ+µ−

S. Fajfer et al., 1510.00965

High-energy collider, e.g.,
pp(qq̄)→ `+`−

J. Fuentes-Martin et al., 2003.12421

Low-energy scattering processes (NEW)

8.8 Semi-Leptonic Operators

In the case of K+ → π+νν̄ we have encountered the operator Q(νν̄) = (s̄d)V−A(ν̄ν)V−A.

This operator governs also the decay KL → π0νν̄. An analogous operator

QB(νν̄) = (s̄b)V−A(ν̄ν)V−A (8.127)

governs the inclusive decay B → Xsνν̄. We will briefly discuss this decay in section 13. Q(νν̄)

and QB(νν̄) have no anomalous dimensions and the RG analysis of their Wilson coefficients

in the case of internal top contributions is very simple. We have discussed this in the case of

K+ → π+νν̄ at the beginning of this section. This simplification is caused by the fact that

neutrinos do not couple neither to gluons nor photons.

Now, in the case of B → Xsµ
+µ− and KL → π0e+e− the following operators play the

dominant role:

Q9V = (s̄b)V−A(µ̄µ)V Q10A = (s̄b)V −A(µ̄µ)A (8.128)

and

Q7V = (s̄d)V −A(e
+e−)V Q7A = (s̄d)V−A(e

+e−)A (8.129)

respectively. We will discuss here briefly Q9V and Q10A. The analysis of Q7V and Q7A is

analogous, but more involved because of lower renormalization scales involved and related

threshold effects. Detailed expositions of NLO analyses of B → Xsµ
+µ− and KL → π0e+e−

can be found in [101, 78] and [100] respectively.
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Figure 23: One loop diagrams in the full theory contributing to rare decays with charged

leptons in the final state.

As in the case of Q(νν̄) and QB(νν̄), the semi-leptonic operators Q9V and Q10A have

vanishing anomalous dimensions. However, the fact that charged leptons couple to photons

makes the RG analysis of their coefficients more involved. Indeed these operators originate in

the diagrams of fig. 23. Moreover, in the effective theory the diagrams in fig. 24 have to be

122

FCNC in charm sector
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FIG. 2: The differential branching fraction dB(D+ → π+µ+µ−)/dq2 in the SM. The solid blue curve is the

non-resonant prediction at µc = mc and the lighter blue band its µc-uncertainty. The orange band is the

pure resonant contribution taking into account the uncertainties specified in Eq. (22) at 1 σ and varying the

relative strong phases. The dashed black line denotes the 90% CL experimental upper limit [27].

large BSM contributions to the Wilson coefficients to be above the resonant background. We will

quantify this in Sec. III.

The dominance of resonances in the decay rate for SM-like Wilson coefficients is common to all

c→ ul+l− induced processes, such as inclusive D → Xul
+l−, or other exclusive decays, e.g., D →

ππl+l− [33] and Λc → pl+l−. Choosing c→ ul+l− induced decay modes other than D+ → π+l+l−

does not help gaining BSM sensitivity in the dilepton spectrum, however, other modes may allow to

construct more advantageous observables. Here we discuss opportunities in semileptonic exclusive

decays with observables where the resonance contribution is not obstructing SM tests.

Clean SM tests are provided by the angular distribution in D → πl+l− decays, notably, the

lepton forward-backward asymmetryAFB and the "flat" term [34], FH , see App. D. Both observables

are null tests of the SM and require scalar/pseudoscalar operators and tensors to be non-negligible.

A promising avenue to probe operators with Lorentz structures closer to the ones present in the

SM is to study CP-asymmetries in the rate

ACP (q2) =
dΓ/dq2 − dΓ̄/dq2

∫ q2max
q2min

dq2(dΓ/dq2 + dΓ̄/dq2)
, (23)

where dΓ̄/dq2 denotes the differential decay rate of the CP-conjugated mode, D− → π−l+l−. The

Resonance problem
S. Boer et al., 1510.00311
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Motivation

Why low-energy scattering in charm sector

Low-energy scattering processes

Λc → p`+`− `p→ `Λc

In theory:

free from the SM long-distance pollution, due to different kinematics

Lepton flavor conserving (LFC) e−p→ e−Λc and lepton flavor violating (LFV)
e−p→ µ−Λc, can be detected with one experimental setup

In experiment:

electron beam and proton target have been used in the APEX and Qweak
experiments at JLab for hunting sub-GeV dark vector bosons

APEX Collaboration, S. Abrahamyan et al., 1108.2750
Qweak Collaboration, T. Allison et al., 1409.7100
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Theoretical framework

Effective Lagrangian

The general effective Lagrangian responsible for the process `u→ `(
′)c is given by

Leff =
∖
LSM

eff + LNP
eff

LNP
eff =

∑

i,j,m,n

{
[gLLV ]ij,mn(¯̀i

Lγµ`
j
L)(q̄mL γ

µqnL) + [gLRV ]ij,mn(¯̀i
Lγµ`

j
L)(q̄mR γ

µqnR)

+ [gRLV ]ij,mn(¯̀i
Rγµ`

j
R)(q̄mL γ

µqnL) + [gRRV ]ij,mn(¯̀i
Rγµ`

j
R)(q̄mR γ

µqnR)

+ [gLT ]ij,mn(¯̀i
Rσ

µν`jL)(q̄mR σµνq
n
L) + [gRT ]ij,mn(¯̀i

Lσ
µν`jR)(q̄mL σµνq

n
R)

+ [gLS ]ij,mn(¯̀i
R`

j
L)(q̄mR q

n
L) + [gRS ]ij,mn(¯̀i

L`
j
R)(q̄mL q

n
R)
}
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Theoretical framework

Leptoquark model

Why LQ?

LQ models can explain B anomalies, such as R(D(∗)) and R(K(∗))
I. Doršner et al., 1603.09443; A. Crivellin and F. Saturnino, 1905.08297

Interactions of R2, U3, Ũ1 with the SM fermions in the mass eigenstates:

LR2 ⊃ R
5
3
2

[
(λS2 )ij ū

i
Re

j
L + (λ′S2 )ij ū

i
Le

j
R

]
+ H.c.

LU3
⊃ U

5
3

3µ(λV3 )ij ū
i
Lγ

µejL + H.c.

LŨ1
⊃ Ũ

5
3

1µ(λV
1̃

)ij ū
i
Rγ

µejR + H.c.
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Theoretical framework

Wilson Coefficients

µ = M = 1 TeV CMS Collaboration, A. M. Sirunyan et al., 1809.05558

gLLV gLRV gRLV gRRV gLT gRT gLS gRS

R2 # ! ! # ! ! ! !

U3 ! # # # # # # #

Ũ1 # ! # # # # # #

gL,RS = 4 gL,RT (R2 model)

µ = 2 GeV

gL,RS (2 GeV) ≈ 2.0 gL,RS (1 TeV)− 0.5 gL,RT (1 TeV)

gL,RT (2 GeV) ≈ 0.8 gL,RT (1 TeV) gαV (2 GeV) ≈ gαV (1 TeV)

=⇒ gL,RS (2 GeV) ≈ 9.4 gL,RT (2 GeV) (R2 model)
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Fixed-target scattering

Cross section and kinematics

The event rate of fixed-target scattering experiments dN/dt is defined as

dN/dt = Lσ = φρTLσ

e−(k) + p(P )→ e−(µ−)(k′) + Λc(P
′)
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Lepton flavor conserving scattering process: e−p → e−Λc

Cross section and kinematics
e−(k) + p(P ) → e−(k′) + Λc(P

′)

e
p

Λc

k

P = (mN , 0),

P ′ = (EΛc
, ppp′),

k = (E,kkk),

k′ = (E′, kkk′).

σ =
1

64πm2
NE2

∫ q2max

q2min

dq2|M|2,

LFC

q2max = 0, q2min =
2E(M2

Λc
−m2

N − 2mNE)

mN + 2E
,

E ≥ (M2
Λc

−m2
N )/2mN ,

LFC

q2max = 0, q2min =
2E(M2

Λc
−m2

N − 2mNE)

mN + 2E
,

E ≥ (M2
Λc

−m2
N )/2mN ,Li-Fen Lai (IOPP, CCNU) Prospects for discovering New Physics in Charm sector through low-energy scattering processes8 / 20

The experimental parameters for the low-energy scattering experiments

APEX electron beam[1],[2] Liquid hydrogen target[3] Luminosity

Energy(GeV) Current (µA) Length (cm) Density (g/cm3) (s−1cm−2)

3 150 40 71.3× 10−3 1.6× 1039

[1] APEX Collaboration, S. Abrahamyan et al., 1108.2750;
[2] R. Essig et al., 1001.2557;

[3] Qweak Collaboration, T. Allison et al., 1409.7100
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Lepton flavor conserving scattering process: e−p → e−Λc

Model independent results of LFC scatter process

Model independent results (G2
Fα

2
e/π

2)

[1] LHCb Collaboration, R. Aaij et al., 1512.00322;
[2] BaBar Collaboration, J. Lees et al., 1107.4465;

[3]A. Angelescu et al., 2002.05684

Low-energy scattering process can provide more competitive constraints and
build a further complementary relation with the D-meson leptonic decays

Constraints on gLL,RRV and gLR,RLV are different compared with other
processes
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Lepton flavor conserving scattering process: e−p → e−Λc

Results in LQ models

Event rate forecast in units of number per year in LQ models

Models gLLV gRRV gLR,RLV gL,RS

R2 \ \ 43 0.25

U3 103 \ \ \
Ũ1 \ \ \ \

promising event rates can be expected for the scattering process

the vector LQ models are expected to generate more events than the scalar one
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Lepton flavor conserving scattering process: e−p → e−Λc

The differential cross section

0.0 0.2 0.4 0.6 0.8 1.0
0

5

10

15

σ′ = (256πm2
pE

2)σ

distinguish the survived
scalar and vector LQs in
future low-energy scattering
experiments, e.g., dΓ(D+ →
π+e+e−)/dσ(e−p→ e−Λc)
in Q2 ∈ [0.04, 0.9] GeV2

0 1 2 3 4
0

1

2

3

4

σ̄ = (256πm2
p)σ

dσ̄ falls gradually, but still
not as dramatically as in the
R2 model

high beam energy clearly
favors high event rate
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Lepton flavor violating scattering process: e−p → µ−Λc

Model independent results of LFV scatter process

Model independent results (G2
Fα

2
e/π

2)

[1] LHCb Collaboration, R. Aaij et al., 1512.00322;
[2] BaBar Collaboration, J. Lees et al., 1107.4465;

[3]A. Angelescu et al., 2002.05684

Low-energy scattering process can provide more competitive constraints and
build a further complementary relation with the D-meson leptonic decays

Constraints on gLL,RRV and gLR,RLV are different compared with other
processes
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Lepton flavor violating scattering process: e−p → µ−Λc

Observables

Event rate forecast in LFV
case

Models gLLV gRRV gLR,RLV gL,RS

R2 \ \ 13 0.039

U3 31 \ \ \
Ũ1 \ 31 \ \

Event rate forecast in LFC
case

Models gLLV gRRV gLR,RLV gL,RS

R2 \ \ 43 0.25

U3 103 \ \ \
Ũ1 \ \ \ \

Differential cross section in
the LFV case
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Summary

Summary

Search for LQ contributions to the FCNC in charm sector through
e−p→ e−Λc and e−p→ µ−Λc

Low-energy scattering experiments can provide more competitive constraints
compared with charm decays and high-pT invariant mass tails of dilepton, and
build a further complementary relation with the D-meson leptonic decays

Promising event rates can be expected for both LFC and LFV scattering
experiments in the LQ models

Providing a potential path to distinguish the survived scalar and vector LQs
in future experiments

Since most of our analyses are based on the general effective Lagrangian, our
results can be directly applied to other NP models
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Summary

Thanks for your attention !
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Summary

GIM-suppression

6 2. Standard model Wilson coefficients

c W u

d, s, b
Figure 2.1.: A FCNC in the SM. The dots represent insertions of the corresponding entries

of the CKM matrix.

The FCNC transitions inducing rare charm decays involve the mass ratios md : ms :
mb : mW ∼ 0.00006 : 0.001 : 0.05 : 1. Utilizing the unitarity condition one can estimate
the generic c→ u amplitude as

A(c → u) = V ∗csVus
(
f(m2

s/m
2
W )− f(m2

d/m
2
W )
)

+ V ∗cbVub
(
f(m2

b/m
2
W )− f(m2

d/m
2
W )
)

(2.3)

with the loop function f(m2
q/m

2
W ) ∼ 1

16π2

m2
q

m2
W
. The first term is GIM suppressed, while

the second term is suppressed by means of the CKM hierarchy V ∗cbVub ' λ4, where
λ ' 0.225 [45], employing the Wolfenstein parametrization [46]. Thus, we estimate
A(c → u) ∼ O(10−8). Note that the involved CP violating phases are small. Hence,
charm FCNC transitions are rare in the SM as loop and GIM/CKM suppressed. Indeed,
the estimated amplitude is enhanced by QCD effects, which are calculated in the next
sections.

2.2. Effective weak Lagrangian

The formulation utilized throughout this thesis is an effective low-energy theory based
on the OPE. The effective Lagrangian at leading order (LO) in the Fermi coupling GF
is given as [2, 47, 48]

Leff = LQCD⊗QED|{f :mf<µ} + Lweakeff , (2.4)

where the Lagrangian of QCD and QED is restricted to fermions f with masses m
below a mass scale µ. The QCD ⊗ QED Lagrangian contains the covariant derivative
Dµ = (∂µ + igsT

aAaµ + ieqAµ), where T a are the SU(3)C generators normalized to
Tr[T aT b] = δab/2. Furthermore, gs is the strong coupling, Aaµ and Aµ denote the gluon
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The formulation utilized throughout this thesis is an effective low-energy theory based
on the OPE. The effective Lagrangian at leading order (LO) in the Fermi coupling GF
is given as [2, 47, 48]

Leff = LQCD⊗QED|{f :mf<µ} + Lweakeff , (2.4)

where the Lagrangian of QCD and QED is restricted to fermions f with masses m
below a mass scale µ. The QCD ⊗ QED Lagrangian contains the covariant derivative
Dµ = (∂µ + igsT

aAaµ + ieqAµ), where T a are the SU(3)C generators normalized to
Tr[T aT b] = δab/2. Furthermore, gs is the strong coupling, Aaµ and Aµ denote the gluon

Leff =
∑
gαβjαJβ

jR,LS = ¯̀PR,L`, JR,LS = q̄PR,Lq,

(jR,LV )µ = ¯̀γµPR,L`, (JR,LV )µ = q̄γµPR,Lq,

(jR,LT )µν = ¯̀σµνPR,L`, (JR,LT )µν = q̄σµνPR,Lq.

M =
∑

gαβ〈k′|jα|k〉〈P ′, s′|Jβ |P, s〉,
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Summary

0 1 2 3 4 5
0

1

2

3
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5

Q2
max = − 2E(M2

Λc
−m2

p−2mpE)

mp+2E

Leff(µ = 2 GeV) =⇒ Q2 < 4 GeV2

consider a benchmark scenario with Q2
max ≤ 1 GeV2 and E ≤ 3 GeV
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Summary

Other constraints

Processes involving the CKM and PMNS matrices

the flavor structure of λ is unknown
without additional assumptions

Measurements of D0 − D̄0 mass and lifetime difference

set constraints on Re[(λu`(λc`)∗)2]
constraint from the measurement of D0 − D̄0 mass difference is much less
severe in comparison with that from meson decays
the measurement of D0 − D̄0 lifetime difference sets no constraints on the
Wilson coefficients for 1 TeV LQs

Measurement of anomalous magnetic moments and electric dipole moments
(EDM)

no constraints can be set on |λ| for 1 TeV vector LQs

Re[(λS2 )ce(λ
′S
2 )∗ce] ∈ [0.00, 0.01]

Im[(λS2 )ce(λ
′S
2 )∗ce] . 2× 10−11

Corrections to Z → ff

λ .
M

Tev
, yielding no constraint

Measurements of µ→ e conversion in nuclei

|gV |eµ,uu < 2.4× 10−7GF
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Summary

Electron beam

Favor an electron beam with an intensity up to 150 µA and beam energy
ranging from 1.1 - 4.5 GeV in the APEX experiment at Jefferson Laboratory
(JLab)

The proton target

Select a liquid hydrogen target due to its higher number density
Cooling system

H = LρdE/dL P = HI

where H is the energy stored in the target, dE/dL represents the mean rate of
electron energy loss in units of MeV g−1 cm2, ρ and L denote the respective
density and length of the target and P is the cooling power
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Summary

In the physical limits (a = 0;mπ = mπ,phys), the form factor takes the form

f(q2) =
1

1− q2/(mf
pole)

2

nmax∑

n=0

afn[z(q2)]n

where the expansion variable is defined as

z(q2) =

√
t+ − q2 −√t+ − t0√
t+ − q2 +

√
t+ − t0

t+ = (mD +mπ)2

t+ = (mD +mπ)2 t0 = (mΛc −mN )2

To fit the parameters afn in LQCD, form factor must modified by incorporating
lattice information. Two independent fits are performed: a ”normal” fit and a
”higher-order” (HO) fit The form factor function for normal fit is given by

f(q2) =
1

1− (a2q2)/(amD + a∆f )2
[af0 (1 + cf0

m2
π −m2

π,phys

Λ2
χ

) + af1z(q
2)

+ af2 [z(q2)]2]× [1 + bfa2|p′ |2 + dfa2Λ2
had]

(Stefan Meinel,arxiv:1712.05783)
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Summary

Form factor parametrization

M =
∑
gαβ〈k′|jα|k〉〈P ′, s′|Jβ |P, s〉
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Lepton flavor conserving scattering process: e−p → e−Λc

Form factor parametrization

|M|2 = LµνWµν

u c

e e

p Λc

use form factors to parametrize the hadronic contributions as in charm
decays,

⟨p(p2, s2)|ūγµc|Λc(p1, s1)⟩,

emphasize the analyticity of the form factor parametrization in the
complex q2 -plane.
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Use form factors to parametrize the hadronic contributions as in charm decays

〈p(P, s)|ūγµc|Λc(P ′, s′)〉 = ūp(P, s)
[
f0(q2)(mΛc −mp)

qµ

q2

+f+(q2)
mΛc +mp

s+

(
P ′µ + Pµ − (m2

Λc −m
2
p)
qµ

q2

)
+f⊥(q2)

(
γµ − 2mN

s+
P ′µ − 2mΛc

s+
Pµ
)]
uΛc(P

′, s′)

Analyticity of the form factor parametrization in the complex q2-plane
C. Bourrely et al., 0807.2722; S. Meinel, 1712.05783
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