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Search for new physics with rare charm decays at LHCb
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The LHCb experiment is playing a crucial role in the study of rare and forbidden decays of charm hadrons, which are unique probes for
hints of physics beyond the Standard Model. These proceedings present results of the search for semileptonic three-body decays of the fori
DY) — rEete)F whereh* is a charged pion or kaon arél)F is an electron or a muon. Furthermore, studies of the four-body neutral
meson charm decay®® — 7ntn~ptp~ andD — K™Kt u~ are discussed. Prospects for leptonic and semileptonic rare charm
decays at LHCb in the future are presented in the end.
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1. Introduction First, in Sec. 2 the search for decays in the fdbh —
WECOF and D) — hEeHOF, whereh* is a charged

The study of rare charm decays constitutes an important tegion or kaon and()¥ is an electron or a muon, is pre-

of the Standard Model (SM) and provides a unique win-sented. Sections 3 and 4 show results on the four body decays

dow to look for new physics (NP). Searches for rare andD® — h™h~pu*u~ whereh is a pion or a kaon. The analy-

forbidden charm decays include a variety of physics pro-sis reaching the first observation of these decays is presented,

cesses, ranging from radiative decays with branching fracfollowed by a first measurements of interesting asymmetries.

tions (BFs)O(10~%) to those that are strictly forbidden in

the SM, such as decays that violate the conservation of Ie|c2. Search forD+. — hErte)F

ton flavour (LFV) and lepton number (LNV). (s)

Leptonic and semileptonic rare charm decays are sensiFhe search for 25 decays of typ)gﬂ;) — hEe+eOF is per-
tive to flavour-changing neutral current (FCNE)— wff  formed on a data sample corresponding to an integrated lumi-
transitions and constitute complementary studies to downnosity of 1.6 flo-'collected by the LHCb experiment during
type quark FCNCs in the kaon anhephysics sectors. These part of Run2 [10]. The physics processes of these channels
FCNC processes occur only at loop level in the SM and areary, involving:
highly suppressed by the Glashow-Iliopoulos-Maiani (GIM) . _
mechanism [1]. The BF ab — X ¢/~ decays, wher« is * rare FCNC transitions of typ@é) — e,
one or several additional hadrons, is expected te: kg —* e LFV decays with two oppositely charged leptons of
[2]. However, the BFs can increase up @10-%) as in different flavour,.e. D(*;) — htete -,
charm, such decays are dominated by tree-level processes ) i . .
involving intermediate resonances that subsequently decay ° modes with !eptons with same .electrlcal charge (with
into two leptons. Precise theoretical predictions of BFs for same and dlffirent flfvau22)fh'0h are both LFV and
these resonant modes are difficult to compute, as these pro- LNV of type Dy = hme ™.
cesses are dominated by QCD effects at low energies which Among this list, the SM allowed decays can proceed at
are evaluated with non-perturbative methods. However, somigee-level via intermediate resonancesy, w and¢). These
NP models predict large enhancements of the BFs in regiorare vetoed removing the dilepton mass region [525 M&V/
of the decay phase space away from resonances, and sizeab250 MeV£?]. The four resonant decayng;) - (¢ —

CPand angular asymmetries in their vicinity [2—7]. ptp)mt, D(J;) — (¢ — eTe™)n™) are used for calibra-
The huge charm production cross section at the Larg&on and normalisation. .
Hadron Collider, with approximately0'? cz pairs produced Signal decays are selected requiring three tracks, to form

with the Run1 and Run2 data, allowed the LHCb Collabo-a D, secondary vertex with a good fit quality and to satisfy
ration to perform many studies on rare charm decays. TheID and momentum requirements. T 2 candidate is re-
LHCDb detector [8, 9] is a single arm forward spectrometerquired to be compatible with a reconstructed primary vertex.
comprising excellent tracking, vertexing and particle identi-  Backgrounds can originate from random combinations
fication (PID) optimized for flavour physics studies. A se- of tracks (combinatorial) and fully hadronic three-body mis-
lection of analyses performed by LHCDb is presented in thisdentified decays. A multivariate (MV) classifier is trained
document, focusing on charm mesons decays with three @nd tested specifically to distinguish signal from combinato-
four charged tracks in the final state. rial background, using as input kinematics and topological
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variables. Furthermore, PID selections are applied to sups.4 x 10~% (see Fig. 1). These results improve upon prior
press mis-identified backgrounds which can have a branchingorld’s best constraints by up to a factor of 500.

fraction up to seven orders of magnitude larger than the sig-

nal. After the full selection, the signal yields are determined3
through a maximume-likelihood fit to the invariant mass distri- ~

butions in each of th& () — h*¢+¢)F decays, including  The semileptonic rare charm decay® — r+r— 4~ and
the normalisation modes. The signal and background modelgo _, f+ —,+,~ are observed for the first time by LHCb

used to describe the data are obtained from simulated evenigsing a sample of proton-proton collisions corresponding to

Electrons lose momentum due to bremsstrahlung radian integrated luminosity of 2 fb' [16]. The branching frac-
ation when interacting with the detector's material. Thistion measurement is performed in regions of dimuon mass
degrades th@t mass resolution, producing a long tail and integrated over the full dimuon-mass range using the
of events on the left-hand of the known mass of g, ~ SM-dominated decay)® — K~n*(p°/w — p*p~)as
mesons [11]. A procedure to recover the energy loss oft normalisation channel, where the two muons are consis-
bremsstrahlung photons is in place at LHCh. This lookstent with originating from intermediate” or w resonances.
for energy deposits in the electromagnetic calorimeter in thd&imuon-mass regions of the signal modes are defined ac-
cone around the electron track and adds them back to thHeording the expected intermediates resonances: (low mass)
electron(s) invariant mass. To model the signal distribution®25 MeV/c?, (1)) 525-565 MeV¢?, (p° /w) 565-950 MeV¢?,
for final states with electrons, separate shapes are extractéd) 950-1100 MeVé?, (high mass)> 1100 MeVE?, where
from simulation for candidates with and without associatedor D — K*K~u*u~ decays the limited phase space re-
bremsstrahlung photons, which are then combined into a sirftricts the measurement to the first three regions.

gle overall shape according to their relative abundances in D° mesons are required to originate from the decay chain
simulation. D** — D%+ | This allows to efficiently suppress combina-

i i torial background by selecting a narrow window of 2 Me¥//
The branching fraction measurements are performed rek, o mass difference\m — m(D*+) — m(D°) around

ative to the already mentioned normalisation channels. Thigg | nown maximum [11]. Further combinatorial background

method allows to largely cancel many effects of uncertain'suppression is achieved by a MV classifier. Peaking back-

ties coming from the charm production cross section a”%round arises fromD? — hth— 77~ decays, where two

detector-induced effects, therefore reducing many systematlgicmS are mis-identified as muons, which have large branch-
uncertainties. '

Observation of D° — h*h~p*u~ decays

No significant signal is observed in any of the 25 decay sl . . ‘ .
channels and an upper limit on the signal BFs using thg CL Low-m(u*p) In LHCbH ]
method is set [12]. Upper limits at 90 % confidence level on I ]
the branching fractions are found betwdet x 108 and
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FIGURE 1. Upper limits at 90% confidence level on tig"™ signal m(D°) [MeV/c?)
channels. The observed limit is given by a black cross, witlo o ) o
and=20 limits shown as box plots and the median in orange. The FIGURE 2. Mass distribution of finally-selected)”  —

green lines show the previous world's best limit from BaBar, CLEO ™ ™ 4 #~ candidates in the dimuon-mass regions with fit pro-
and LHCb [13-15]. jection overlaid [16].
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4. Asymmetries inD® — hth=putpu~

The first measurement of angular a@dPasymmetries in
DY — gtr—ptp~ and D° — K+K-ptu~ decays is
performed by the LHCb experiment using data collected in
Runl and part of Run2, corresponding to a total integrated
luminosity of 5 flo~! [18].

To fully describe the decay topology of these decays, five
independent kinematic variables are defined: the masses of
the dimuon and dihadron systems and three decay afigles
0, and ¢ (see Fig. 4 for their definition). In addition to the
CPasymmetry of the decay ratdcp, is defined as

Tpp

FIGURE 3. Diagram showing the definition of the three relevant

Acp
angles for theD® — hTh~ "~ asymmetries measurement: the

angled,, between thex™ (1 ~) direction and the direction opposite
to the D° (D°) meson in the dimuon rest frame, the angjiebe-
tween theh™ (A ™) direction and the direction opposite to ti¥
(D°) meson in the dihadron rest frame, and the argletween

- T(D° — hth pTp)—T(D® — hTh=ptp™)
- T(D° — hth=ptp=)+0(D° — hth—ptpu~)’

)

LHCDb has decided to study the following two angular ob-

the two planes formed by the dimuon and the dihadron systems irservables: the forward-backward asymmetry in the dimuon
the rest frame of thé®° meson [16]. system,Arp, defined as

I'(cos @, > 0) —I'(cos b, < 0)

ing fractions [11]. They can be suppressed by requiring Apg = ; (3
PID criteria on the muons. Requirements on the MV classi- I'(cosfy > 0) + I(cos b, < 0)

fier response and muon PID criteria are simultaneously optiand the the triple-product asymmetd,, defined as
mized by maximising the figure of me#it+ -+, /(5/2+ . _

/Nog) [17], whereey, ;- ,+,- is the total selection and _ I'(sin2¢ > 0) —T'(sin2¢ < 0) @

reconstruction efficiency ant¥,, the expected background 26 = I'(sin2¢ > 0) + T'(sin2¢ < 0)°

yield in the signal region. The candidate selection is similar to the analysis pre-

The signal yields are measured by unbinned maximungented in the previous section. Fits to tie—mass distribu-
likelihood fits to theD® mass distributions. See Fig. 3 for the tjgns report signal yields af326+45 for D® — n+a =t~

mass distributions ab° — 77~ u* u~ decays with fitpro-  and137 + 14 for D — K+ K~ u*u~ decays.

jection overlaid in the considered dimuon-mass regions. The  The signal candidates are further split into different tag

model used in the fitincludes three components: signal, backsategories defined by the flavour B and D° mesons (to

ground from mis-identified hadronic background and Combimeasure4cp) and the sign ofos 0, andsin 2¢ (to measure

natorial background. the angular asymmetries). Unbinned maximum-likelihood
BFs are measured in regions of dimuon mass where thits are performed to th®° meson mass distributions to de-

statistical significance of the signal component exceeds threi@rmine the signal asymmetries. All observables are mea-

standard deviations with respect to the background-only hysured both integrated and in regions of dimuon mass. The

pothesis (low mass;’/w and ¢ region). Otherwise, 90 % dimuon-mass integrated asymmetries are:

and 95 % C.L. upper limits are set. The branching fractions,

integrated over dimuon mass, are measured to be: Ap(D°’ — m¥n” T pT) = (3.3 £ 3.7£0.6)%,
. Agy(D® — 77t ™) = (—0.6 £ 3.7 £ 0.6)%,
B(D® — xtr 'ty
(D7 =it Acp(D° — mtn—ptp~) = (4.9 £ 3.8 £0.7)%,

(
(
(
= (9.64 +0.48 + 0.51 +0.97) x 1077, (
(
(

) Apg(D° - KYK ptp™) = (0411 £ 2)%,
B(D° — KTK~ptp~
(D" — won) Agg(D° — KK~ ptp~) = (9 £ 11 + 1)%,
= (1.5440.27 £ 0.09 £ 0.16) x 1077 1
( )17 @ Acp (D — KYK—ptp™) = (011 £ 2)%, (5)

where the uncertainties are statistical, systematic and due tehere the first uncertainty is statistical and the second sys-
the limited knowledge of the normalisation mode branch-tematic.

ing fraction. These are the rarest charm meson decays ever Results of the observables measured in regions of dimuon
observed. The measured branching fractions (or upper limmass can be found in Ref [18]. All results are consistent with

its) in regions of dimuon mass fap® — =7~ u*tu~ and
D — KTK—u*u~ decays are reported in Ref [16].

the SM predictions and will help to constrain the parameter
space of NP models [19, 20].

Supl. Rev. Mex. Fis3 0308053



4 A. SCARABOTTO

TABLE |. Branching fractions limits and asymmetries uncertainties for various leptonic and semileptonic rare charm decays analysed by the
LHCb collaboration. The table reports Runl-2 (2011-2018) already public measurements and extrapolations, based on the expected data
collected, of limits and uncertainties for the two major upgrades. The current measurements presented are performed with different size of
data from different years.

Mode Current measurements Upgradel (504b  Upgrade?2 (300 fb')
Branching fractions limits (away from resonances)
DY — 't~ 6.2 x 107° [24] 4.2 x 10710 1.3 x 1071
DY = atptp~ 6.7 x 1078 [16] 1078 3x107°
Dy — K ptp~ 2.6 x 1078 [16] 1078 3x107°
AL — putp” 7.7%x 1078 [25] 1.1 x 1078 4.4 x107°
D — eFp¥ 1.3x 1078 [26] 107° 4.1 x107°
Asymmetries uncertainties
Dt - xtutu~ 0.2% 0.08 %
DY =t putu~ 3.8% [18] 1% 0.4%
DY - K ntutyu~ 0.3% 0.13%
D' = Kta—utp~ 12% 5%
D’ — KK putyu~ 11 % [18] 4% 1.7%
5. Conclusion and prospects the LHCb detector is planned for 2030 in order to operate at

S _ _ a luminosity up t@2 x 103 cm=2 s71, ten times more than

of rare charm decays comprising charged leptons in the fingl;j| be improved with new detector components to be ready
state. The analyses discussed in these proceedings are pgytollect 300 fiy? [23].

formed using data collected by LHCb in Runl and Run2 and  The first column in Table | reports current limits on

show examples of the broad spectrum of measurements thgfanching fractions of benchmark in leptonic/semileptonic
can be performed in rare decays of neutral and chaiged rare charm decays and sensitivities of measurements of an-
mesons at LHCb . This mclgdes searches for rare and f_orbldg—],v"ar andCPasymmetries. The extrapolations in the second
den decays, as well as studiesI#tand angular asymmetries ang third column are based on the expected integrated lumi-
in resonance-dominated decay modes. nosities after the detector upgrades discussed earlier. Improv-

The LHCb collaboration will continue exploiting its cur- jng the current results’ precision will be crucial to constrain
rent and future data sets to expand even more the range @fanarios of physics beyond the SM.

studies in rare charm. Currently, the LHCb detector is un-

dergoing a first major upgrade with the aim to collect data

corresponding to 50 fo'by 2030 [21]. The instantaneous lu- Acknowledgments
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