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Abstract. Rare charm decays offer possibility to search for signals beyond SMin the up-quark
sector. CP conserving and CP violating contributions within the SMand beyond are reviewed
for inclusive ¢ — wy and ¢ — wltl™ and exclusive D — Vv, D — P(V)I*l"and D — 111~
decays.

1. Introduction

For many years flavor changing neutral current (FCNC) processes were considered as an
important tool in searches of new physics. Many experimental results for K and B physics,
as well as a number theoretical approaches, enable to study down-quark sector very precisely.
Accordingly, new physics (NP) was expected to be observed first in the down-quark sector. The
up-quark sector was not considered to be easily accessible for search of new physics, due to
difficulties in the treatment of charm meson dynamics. In D decays long distance contributions
dominate over short distance effects. The main task is how to separate information on short
distance dynamics, within Standard Model (SM) or in its extensions. This is a longstanding
problem in rare charm decays. In addition, in FCNC charm processes the GIM mechanism
results in the interplay of CKM parameters and masses of down-like quarks leading to a strong
amplitudes suppression. In the last few years additional motivation for charm physics appeared
after LHCD collaboration found unexpectedly large CP violating asymmetry in charm decays
[1, 2, 3].That triggered many studies and additional checks of the observed anomaly. Although
discrepancy has decreased after new measurements [3, 4], new studies of rare charm decays
appeared in the meantime questioning possibilities to search for CP violating signals in rare
charm decays.

This review is organized as follows:In Sec. 2 SM contributions to ¢ — wy and ¢ — ul™l~
decay modes and exclusive decay channels are reviewed. In Sec. 3 NP contribution in inclusive
and exclusive decay channels is discussed. Sec. 4 contains discussion on CP violation in rare
charm decays. Last section contains a summary.

2. SM and contributions in rare charm inclusive and exclusive decay modes

The most common way to approach these processes is to use effective low-energy Lagrangian
and the operator product expansion. Within SM short distance contributions in ¢ — uy and
¢ — ul™l™ transitions are described by:
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The operators are then:
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In (1) C; denote, as usual, effective Wilson coefficients (they are determined at the scale u = m),
F,,, is the electromagnetic field strenght and ¢7, = %(1 —5)q. In the case of ¢ — uy decay only
C7 contributes, while in the case of ¢ — ul™l~ all three Wilson coefficents are present. At
the one-loop level contributions coming from penguin diagrams are strongly GIM suppressed
giving a branching ratio ~ 107 [5, 6, 7, 8, 9]. The QCD corrections enhance this rate to
BR(c — wy)sy = 2.5 x 1078 [10, 11]. Within SM the short distance contribution coming from
Q7,9 leads to the branching ratio [8, 12, 13, 14]

BR(D — Xyete™ )2l ~3.7x107°. (3)

However, this short distance contribution is overshadowed by long distance contributions, which
are result of the nonleptonic D decays [8, 12]. The branching ratio for the inclusive decay is:

BR(D — X,ete)ED ~ 0(1079). (4)
The amplitude for the D — V+ decay can be most generally written as:

AD(p) = V(P'éy(g.€)] = —iAcreuwapd'e”p*e™’
+ Apv[(e77 - q)(e” - q) = (p- @) (e €)]. (5)

Authors of [15] have reinvestigated long distance dynamics. Using QCD sum rules result
for the tensor form factors (17 ~ T% ~ 0.7 £ 0.2 ) they found that parity conserving
(violating)amplitudes are (A3¢ py, )P ~ 0.6(2) X107 /mp|C7(m.)/0.4-10~2| where superscripts
p,w denote appropriate vector meson state V. For the determination of short distance
contribution one has to know matrix element of the (7 operator. In the calculations of it the
tensor form-factors are present [15]. The long distance contribution was estimated by knowing
that the relation BR(D? — K*°v)/BR(D° — K*°p°) = BR(D" — ¢v)/BR(D° — ¢p°) is
2
a consequence of vector meson dominance [15] \(APC pv) P = [327/2m (1 — —) S(D —

V)2, what gives, for V = ¢, |(A?§C,PV)LD| =5.9(4) x 1078 /mp. These estimations are close
to the previously determined ones in [5, 6].

The SM short distance contributions to D® — vy and D — =~ can be determined using
effective Lagrangian (1), while in both decay modes the dominant contribution comes from long
distance effects [12, 9]. Recently D° — vy and D° — I*]~ were reconsidered in [13]. The
branching ratio coming from long and short distance contributions are BRSM (DY — yy) ~
(1-3)x1078 BR2 ZOOPS(DO — 7y) ~ (3.6 —8.1) x 10712, In D° — [TI~ decay also SM long
distance contrlbutlon dominates over short distance on. Authors of [13] considered contributions
coming from v+ intermediate states due to long distance dynamics in D° — v arriving at the
value BR(D® — putp™) ~ (2.7—8.0) x 10713, Recently LHCb improved bound on the branching
ratio BR(D® — ptp~) < 6.2 x 1079 [17].

Among all exclusive decay modes containing lepton pair in the final state, the simplest one
for experimental searches are DT — 7t¢T¢~ and DI — K1¢T¢~. Close to the ¢ resonant peak



Decay mode Branching ratio Reference

D = p(w)y 0.6 x 107 | Isidori & Kamenik 2012
D — K+*K~—~ 1.35 x 107 (¢) | Isidori & Kamenik 2012
D — X, It~ 0(1079) Paul et al, 2011

Dt — xtitil~ 2x 1076 Fajfer et al, 2007
D} — KTt~ 6 x 1076 Fajfer et al, 2007

D —atK- It~ O(107°) Cappiello et al, 2013
D — ata It~ O(107%) Cappiello et al, 2013
D— KtTK-Itl~ O(1077) Cappiello et al, 2013
D—na KTt~ O(107%) Cappiello et al, 2013
D — vy (1-3)x1078 Paul et al, 2010

D — putp~ (7—-8)x 10713 Paul et al, 2010

Table 1. Branching ratios for charm meson decays. The second column contains the SM
theoretical predictions in which long- distance contribution is dominant. The last column
contains the most recent references.

the long distance amplitude for D* — 77 u* ™ decay is, to a good approximation, determined
by non-factorizable contributions of four-quark operators in #°. The width of ¢ resonance is
very narrow (I'y/mg ~ 4 X 1073) and well separated from other vector resonances in the gq
spectrum of D — P¢t¢~. Relying on vector meson dominance hypothesis the ¢?>-dependence of
the decay spectrum close to the resonant peak follows the Breit-Wigner shape [12, 22, 21]
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The result for branching ratios for D — 7~ ¢ are given in Table 1. A very nice study of
LHCD [18] gave for the first time non-resonant branching fractions BR(DT — ntutu~) <
7.3(8.3) x 1078,

The detailed analysis of the semileptonic four body D — hhlTl~ decays was done in the
work of Ref. [23]. The dominant long-distance contributions (bremsstrahlung and hadronic
effects) are calculated and total branching ratios and the ( m#%,m?2,) Dalitz plots are presented.
Branching ratios for these decay modes are also presented in Table 1.

AfD (D — 7 — nl (F] = i mgl'y

@ —mZ +imgT, u(k—) vup"v(ks).  (6)

3. New physics searches in rare charm decays

The long distance contribution dominates for two or three order of magnitude over the short dis-
tance contribution in the above discussed decays. In inclusive D — X,y or exclusive D — V'
decays only huge increase of C?f 7 Wilson coefficient would lead to observable effects in the
branching ratio. However, such contributions within particular model of new physics are strongly
constrained by other low-energy phenomenological constraints. One of the most popular exten-
sion of the SM is MSSM. Following discussion in [21] the model with non-universal soft-breaking
terms, knowing that gluino (according to LHC bounds) cannot be lighter than 1.3 TeV, would
give Br(c — uwy)giuino ~ 5 X 1078. Rather high mass of gluino would also give rise to SM
BR(c — ul*l™) by about factor 2. As noticed in [14, 21, 22] other SM extensions might give
larger increase of both inclusive branching ratios. However, even if the short distance contribu-
tion is enlarged by NP, long distance effects screen it in the branching ratios for all exclusive
rare charm decays.

The authors of [19] have analyzed warped extra dimensional models contributions to chromo-
magnetic dipole operator. They explained why the calculation of the coefficient of the lowest
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Figure 1. NP contributions to ¢ — ultl~ and D° — DO at tree and loop level.

dimension (5D) operator has to be finite. They found that branching ratio for the inclusive
decay is BR(D® — X,v) ~ 1 x 1078.

If one considers contributions of a new scalar or pseudoscalar particle mediating decay
¢ — ult¢~, then the same particle would contribute to D° — DY oscillations and the physical
observable from this process immediatelly strongly constrain couplings of this operator. The
same holds for the flavor changing Z or new Z’ boson. If new physics is generated at the loop
level in ¢ — wf*¢~ then it contributes to D° — DO at the loop level too, as presented in Fig.
1. A number of NP models have been explored in literature [14, 22, 21, 26]. Even in the cases
when relatively large couplings are allowed in the certain model, the effects are screened by long
distance dynamics. The branching ratios for the inclusive D — X,I7l~ and D — P/VITI~
decays, when calculated within existing theoretical approaches cannot receive any measurable
impact of NP. The only relevant question is, can we find such observables that the short distance
dynamics is uncovered. The differential branching ratio might get rather small enhancement at
high lepton invariant mass [21, 26]. The new physics detection in these decay modes was also
discussed. It was found that two angular asymmetries, namely the T-odd di-plane asymmetry
and the forward-backward di-lepton asymmetry offer direct tests of new physics due to tiny SM
backgrounds [14].

The effects of the extra heavy up vector-like quark on the decay spectrum of DT — 7T~
and D — KTITl~ decays were also considered in Ref. [22, 21]. It was found that there is a
tiny increase of the differential decay rate in the region of large di-lepton mass. The R-parity
violating supersymmetric model can also modify short distance dynamics in ¢ — ul™l~decays.
The relevant parameters were constrained using current upper bound on the DT — 7t~
decay rate. Present bounds still allow small modification of the SM differential decay rate
distribution [21].

The authors of [20] analyzed effects of models with a warped extra dimension on rare charm
decays. New degrees of freedom in these models are bounded above a few TeV. In rare charm
decays they can leave an order of magnitude signatures larger than what the SM can generate,
due to contributions to Cg and Cqg Wilson coefficients. These kind of flavor structure can have



large effects in rare charm decays, sometimes orders of magnitude larger than what the SM
can generate. It is interesting that these models do not give any significant effects in beauty
and strange hadron processes. This can be achieved even without giving the up-quark sector
a special dynamical advantage. The effects are on tree level effects and can be larger than the
loop-level enhancement found in the Little Higgs models [14].

4. Rare D decays and direct CP violation

Since the end of 2011 the direct CP violating asymmetry in charm decays has been subject
of many studies. The experimental results of LHC-b [1, 2, 3, 4] indicated unexpected large
CP violatin in the difference of CP violating asymmetries for D — 7#t7~(KTK~). In 2014
an update of LHCb collaboration result HFAG [3] produced the world average CP asymmetry,
AAcp = Acp(D — KTK™) — Acp(D — 7ntm~) = (—0.253 4+ 0.104)%. Still the size of
CP violating asymmetry in D — 77~ (K™K ™) is still being questioned. However, all these
measurement and studies stimulated a number of new analyses of possible CP violating effects
in rare charm decays. The CP violating symmetry is introduced as:

L(D° — f) —T(D° = f)
T(D0 = f)+ (D0 = f)’

(7)

Acp =

The authors [15] investigated CP violating observables in D — Vy — PTP~~ decays. If CP
violation is due to NP effects [15, 16], then it is most likely a result of the chromomagnetic
operator Qg contribution [19]. In the case of rare D decays CP violation results from mixing
of Qg into Q7 under QCD renormalization.

Im[CNF (m,)]| ~ Im[CYF (me)]] ~ 0.02 x 1072, (8)

The imaginary part of C?M is two orders of magnitude smaller. The NP contribution is
comparable in size with the real part of SM |C}9M_Eff(mc)| = (0.5 £0.1) x 1072, This means
that if the phase of long distance contribution can be neglected and relative strong phase is
maximal, the CP asymmetry can reach O(1%) level. The current world average of CP violating
asymmetry in AAgp, following work of [15] leads to CP asymmetry in D — KT K~ of the
order 1%.

In rare decays D — P{t¢~ the CP violating effects might arise due to the interference of
resonant part of the long distance contribution and the new physics affected short distance
contribution. The appropriate observables, the differential direct CP asymmetry and partial
decay width CP asymmetry are introduced in a model independent way [25]. If supersymmetric
and Z’-enhanced scenarios are assumed and if the size of Wilson coefficients Cy and Cjg is
compatible with the observed CP asymmetry in nonleptonic charm decays and flavor constraints,
it was found in [23] that new physics effects in D® — hihol™I~ might reach the ~ 1% level. In
Table 2 predictions for size of CP violating asymmetries in rare charm decays are presented.

It is interesting that the direct CP-violating asymmetry in neutral D-meson decays leads
to stronger model parameter constraints than the current experimental bound on the neutron
electric dipole moment for certain class of NP models, as noticed in [28].

5. Summary

The SM contribution to rare charm decays are rather well known. For all decay modes am-
plitudes are fully dominated by long distance dynamics. Branching ratios itself cannot reveal
information on the size of short distance contribution. One has to construct and measure ad-
ditional observables, as differential rate, forward-backward asymmetries, T-odd asymmetries.
New physics might be hidden only in short distance contribution and therefore measurement



Decay mode size Reference

D — p(w)y < 3% Zwicky et al, 2012
D— KtK—y | <0.7% | Isidori & Kamenik 2012
D — X, It~ < 3% Paul et al, 2012

DY —watputp~ | <1% | Fajfer & Kosnik, 2013
DY — hhptu~ | <1% Cappiello et al, 2013

Table 2. CP violating asymmetries for charm rare decays, size and the original reference.The
four last decay modes have the CP asymmetry in the vicinity ¢ resonance.

of these new observables might help in distinguishing new physics contributions from Standard
Model ones. Interesting signals of NP might arise in D — p(w)y and D — KT K™+, as well as in
decays with the leptonic pair in the final state D — X, I71=, D¥ — #tuTu=, D™ — hhutp~.
Search for CP violating signals in rare charm decays became important with the experimen-
tal hint for a presence of new CP violating source in nonleptonic charm decays. The study of
rare charm decays were revived and number of studies of CP violation in rare charm decays
were done. If the CP violation in D nonleptonic decay will remain on the present level, then one
expects that in all rare charm decays that CP violating asymmetries might be of of the order 1%.

Acknowledgments
This work is supported in part by the Slovenian Research Agency.

References

| Aaij R et al. [LHCb Collaboration] 2012 Phys. Rev. Lett. 108 111602
] Aaltonen T et al. [CDF Collaboration] 2012 Phys. Rev. D 85 012009
| HFAG http://www.slac.stanford.edu/xorg/hfag/

] Aaij R et al. [LHCb Collaboration] 2014 JHEP 1407 041

| Burdman E, Golowich E, Hewett J. L. and Pakvasa S 1995 Phys. Rev. D 52 6383
| Fajfer S, Prelovsek S and Singer P 1999 Eur. Phys. J. C 6 471
] Fajfer S, Prelovsek S and Singer P 1998 Phys. Rev. D 58 094038
| Fajfer S, Prelovsek S and Singer P 2001 Phys. Rev. D 64 114009
| Fajfer S, Singer P and Zupan J 2003 Eur. Phys. J. C' 27 201

| Greub C, Hurth T, Misiak M and Wyler D 1996 Phys. Lett. B 382 415
] Kim Q Ho and Pham X Y 2000 Phys. Rev. D 61 013008

| Burdman E, Golowich E, Hewett J L and Pakvasa S 2002 Phys. Rev. D 66 014009

| Paul A |, Bigi I I and Recksiegel S 2010 Phys. Rev. D 82 094006 [Erratum-ibid. D 83 019901]
] Paul A, Bigi I I and Recksiegel S 2011 Phys. Rev. D 83 114006

| Isidori G and Kamenik J F, 2012 Phys. Rev. Lett. 109 171801

] Altmannshofer W, PrimulandoR, Yu C T and Yu F 2012 JHEP 1204 049

] Aaij Ret al. [LHCb Collaboration] 2013 Phys. Lett. B 725 15

] Aaij R et al. [LHCb Collaboration] 2013 Phys. Lett. B 724 203

| Delaunay C, Kamenik J F, Perez G and Randall L 2012 JHEP 1301 027

| Paul A, de La Puente A and Bigi I 12014 Phys. Rev. D 90 014035

| Fajfer S, Kosnik N and Prelovsek S 2007 Phys. Rev. D 76 074010

| Fajfer S and Prelovsek S 2006 Phys. Rev. D 73 054026

| Cappiello L,Cata O and D’Ambrosio G 2013 JHEP 1304 135

| Fajfer S, Greljo A, Kamenik J F and Mustac I, 2013 JHEP 1307 155

| Fajfer S and Kosnik N 2013 Phys. Rev. D87 054026

| Golowich E, Hewett J L and Pakvasa S and Petrov A A 2009 Phys. Rev. D 79 114030

] Lyon J and R. Zwicky 2012 (Preprint 1210.6546 [hep-ph])

| Fajfer S and Eeg J O 2014 Phys. Rev. D 89 095030.

== T T T e

NN NN N DN

[\]

[\V)
0 N O O i WKN O ©Oo O Uik WN = O

[\]



