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Why study Rare Charm decays?

« Rare Charm decays receive contributions from flavor-changing neutral-current (FCNC)
c — ufl processes

* Decays containing the charm quark are a unique up-type quark probe for these
processes (complementary to the down-type quark studies in the K and B sectors)

 The FCNC transitions at tree IeveI are forbidden in the SM, CKM and GIM suppressed
(tiny SM prediction of B < 107°) [J. High Energ. Phys. 2013, 135 (2013)]

 Some New Physics (NP) models predict large enhancement in rates and CP and angular
asymmetries

e Lepton Flavour Universality (LFU) in charm decays is still a relatively unexplored area:
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https://link.springer.com/article/10.1007%2FJHEP04%282013%29135

Challenges
e Rare Charm decays are dominated by Long Distance (LD) interactions (resonant
component) with tree-level dynamics

* Precise theoretical predictions are difficult on the branching fractions (the
resonances contribution are dominated by QCD effects at very low energy and are
evaluated with non-perturbative methods with high uncertainty)

[PRD 98 035041 (2018)]
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https://arxiv.org/abs/1805.08516

Rare Charm decays at LHCb

* Branching fractions: . ) ) g
» Search for D® - ptp™ [PLB 725 15-24 (2013)] D% = hTh™ V(™)
e Search for Af » pu*tp™ [PRD 97 091101 (2018)]
e Observation D > h*h~V(pu*p™) [PRL 119 (2017) 181805]

106

108

D{s = h* e+

* SM null tests (Lepton Flavor Violation and Asymmetries): 109

AE > pptp”
e Search for D® - pute™ [PLB 754 167 (2016)] 9
» Search for D5y — h¥£*£'* [JHEP06(2021)044] 2
e Asymmetriesin D® - hth~putpu~ [PRL 121 (2018) 091801] DY — 1072
e Angular analysis and CP violation in D® - hth p*tp™ [arXiv:2111.03327]
> 10
My ongoing analysis: &
‘ Search for D® - ttn ete " and D° - K™K ete™ I
DE-S) - hreres >
D% - pte~ o
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https://www.sciencedirect.com/science/article/pii/S0370269313005121?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.091101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.181805
https://www.sciencedirect.com/science/article/pii/S0370269316000411
https://link.springer.com/article/10.1007%2FJHEP06%282021%29044
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.091801
https://arxiv.org/abs/2111.03327

Search for D® - h*h~ete™ decays

e Make first observation of D® - ttm~ete " and DY » K*K ete™

Total BF BF: 675<m(ee)<875 MeV/cZ | BF: 1005<m(ee)<1035 MeV/c?

< 4.1%1075 [1] (4.0 £ 0.5) x 1076 [2] <5.0x 1077 [2]

D°—>7T nete” <7%x107° [1] / /
<11x107 [ / /
[1] (BESII)

[2] (BABAR)

Measured muon modes BFs

D - K~mtutu~ (4.2 +0.4) X 107° in dimuon range 675-875 MeV/c? [3]

D° > ntm—utu~ (9.6 +1.2)x 107 7[4]
(154 £032)x 107 18
[3] (LHCb)
[4] (LHCb)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072015
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.081802
https://www.sciencedirect.com/science/article/pii/S0370269316301022?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.181805

Challenges with electrons

* The main challenge with electrons at LHCb is the bremsstrahlung effects
due to the interactions of the electrons with the detector material

 Compared to muons, decays involving electrons show tails in their mass
distributions due to the missed brem photon energy

* The Brem recovery procedure has a 50% efficiency on photons emitted
before the magnet  Electron reconstruction at LHCh and Belle Il - presentation
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https://indico.in2p3.fr/event/18845/contributions/73189/attachments/54347/71096/MBorsato_eReco_LHCbBelle2.pdf

Analysis strategy

* Search for the decays and possible BF measurement relative to the D® - K~ ntete™
decay:

BF(D? - hth~ete™)

__ N(D°>h*h e*e™) e(D°>K mtete™)

0 — ot o
~ N(DO—K-mtete~) e(D°—>h*th—ete ) XBF(D K meve )

input from BaBar
Data sample: Run2 (2015 to 2018) measurement with 13 %

relative uncertainty
Selecting D*-tagged decays: D**— D°(— h*th~eTe )m], -

 Measure integrated BF as well as differential BF in

regions of di-electron mass
* Blind analysis: data removed in the signal D® mass
range [1700-1900] MeV/c?

’
* Samples split into decays with and without brem I @

photons attached to the electrons (brem categories)

Alessandro Scarabotto (LPNHE) 16/11/21 7




Background studies

* There two main backgrounds: Branching fraction

 Combinatorial background, reduced

—» K ntete™ 4 x 107°
with a multivariate analysis DO s ot e P
* Mis-identified backgrounds, reduced — —
. ) . . DY - K*K-e'e ~ 1077
using particle identification (PID)
variables D° » K ntmtm~ 8 x 1072
* Probability of mis-id two 7 as two e is on D° > mifn mtn” 8 x107°
the order of 10™* D® > K*K-—mtm™ 2 % 1073
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Multivariate discriminator

Boosted Decision Tree (BDT) implemented to reject the combinatorial background

Input: kinematic and topological variables of particle candidates

Signal proxy: simulation signal sample

Background proxy: data in the D° high mass region

TMVA overtraining check for classifier: BDT Example cut at 90% efficiency on signal

1’; 6 [F07] signal (test sarhple) | | | « Signal (trdining sarple) = | g .
% "/ /) Background (test sample) = Background (training sample) | g B
E 5 [Kolmogorov-Smirnov test: signal (background) probability = 0.083 (0.803) -] @ L
= . 08
ar- =
L s L
C 13 0.6
S e i
u J1= L
- 48
2 s 04
: : g - —=—  Example :-0.058451
; C ] El; i eff. sig: 0.900933
- >SS S S :3 02— eff. bkg: 0.233627
PO IPIIPL 1= L
W , 13
0 A e i bl iy J H =
04 -0.3 -0.2 0.1 0.2 L | l l |
Ollllllllllllll L1 1 1
BDT response -04 -03 -02 -0 0 0.1 0.2 0.3

BDT output
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Selection optimization

* The PID and BDT selection can be optimized maximizing the Punzi figure of merit:

FoM = - Esignal [eConf C030908 (2003), MODT002]

0.9
* Esignai: Selection signal efficiency from simulation 0.8 JEEE62E | 0.025
Q
* Npig4: background yield in the signal region g 0.7 QRS 0220024p 025024 00238022 0.020
'2 0.6 0.0230.0240.0250.024 0.0240.022
Y 0.015
i 2 o5 0.023 0.0250.0250.025 0.0240.023 :
* Background yield composed of: z
. ] o 0.4 0.023 0.0240.0250.025 0.0240.022 0.010
 Combinatorial: extrapolated from the &
0 .- . 0.3 0.0220.0230.0240.0230.0220.021
D" high mass region
o _ _ ) 0.2 0.0200.0210.0220.021 0.020
* Mis-id: estimated from normalization channel —
0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
BDT
BDT vs PID FoM optimization
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https://arxiv.org/pdf/physics/0308063.pdf

Fit on the normalization decay

Preliminary fit on D® - K~ mtete™ after selection optimized on the signal

Total signal yield: ~ 1400 events = Very promising!
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Fit on Run2 data D° - K~ rwte*e™: without brem photons attached (left) and
with 1 or more (right). Signal, Combinatorial and
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Conclusion and prospects

Rare Charm decays constitutes a unique environment to look for New Physics, either
with BF measurements or as SM null tests

First LHCb study on the D® - hth~e*e™ decays

The goal is to make a first observation of D® - ¥ ete”and D - K*K ete~

Expecting to observe D® —» ttm~e*e™ and observe/set limit for D® > K*K~e*e™
For the future:
e Study of LFU ratio with muon modes

* CP and Angular asymmetries

Alessandro Scarabotto (LPNHE) 16/11/21 12




Backup
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The LHCb experiment

e LHCb is a single arm forward
spectrometer optimized for
b and c physics

e Good vertex/momentum
resolution and excellent
particle identification

e LHCb has the world’s largest
sample of charm decays

* 0 (pp = cc)~ O(mb)
> ~ 1013 pairs produced up
to now

[Int. J. Mod. Phys. A 30, 1530022 (2015)]



https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

PID and Mis-id efficiencies

Ring Imaging Cherenkov (RICH) detectors

RICH 1 and RICH 2 with PID for kaons, pions, protons, and
low-momentum leptons

Five muon stations (M1-Ms) with high purity PID for muons

Calorimeters

Scintillating Pad Detector (SPD), Pre-Shower detector (PS),
Electromagnetic Calorimeter (ECAL) and Hadronic
Calorimeter (HCAL) with PID for electrons, photons and [LHCb-PHO-GENE-2008-002]
neutral pions

The PID varaibles are built as:

1. log likelihood difference particle hypotheses of X and it as reference: L = Lp;cy * Lyuon * Lcaro
2. Neural network output, trained on simulation with info from the sub-detectors and tracking

For example, the it to electron mis-id efficiency for different cuts on PID variables:

* ProbNNe>0.2 2 0.7%

* ProbNNe>0.5 20.3%
« ProbNNe >0.9 - 0.04% PID performance in Run 2 at LHCb



https://indico.cern.ch/event/856696/contributions/3742260/attachments/2044209/3424226/LHCP_Alex_Seuthe.pdf

Prospects for the LHCb Upgrades  #hsics case upsraces

e Limits on BFs for Run3-4 (Upgradel 2022-2030) and Run5 (Upgrade2 2030-...):

Mode Runl-2 (1-6 fb~) Upgradel (50fb~") Upgrade2 (300fb")
DY = it 6.2 x 107 42 %1010 1.3 x 1010
Dt - xtutpy~  6.7x10°° 10°° 3x 1077
Df - Ktutp~ 2.6x107° 10°° 3x 107?
A — put 9.6 x 107% 1.1 x 1078 4.4 %107
DY — e*p¥ 1.3 x 1078 10~ 4.1 x 107
« Statistical precision on asymmetries:
Mode Runl-2 (1-6 fb~') Upgradel (50fb™") Upgrade2 (300fb~")
DY = ntptu 0.2 % 0.08 %
D’ - ntr—utp~ 3.8% 1% 0.4 %
D’ - K—ntutpu~ 0.3 % 0.13 %
D’ — Ktn—ptp 12 % 5 %
D' — K*K-putp~ 11% 4 % 1.7 %

A. Contu - Towards ultimate precision in Flavor Physics, Durham (2-4 April 2019)



https://arxiv.org/abs/1808.08865
https://indico.cern.ch/event/760368/contributions/3316100/attachments/1822241/2981045/AContu_RareCharm_TUPFPhop2019.pdf

LFU in Rare Charm decays

 Why these decays are interesting:

* Search for New Physics: contributions from FCNC processes that can be sensitive to new
and unknown particles and interactions

* Promising channels to test LFU in ¢ — uf? transitions :

fqmax dB/dq2 (D—)Pl Pg,u_"/,l,_ )

mln

fqmax dB/dq?(D—P; Pete™)

mln

RP1 Py, —

BSM effects can be seen even in the full g% region and soon within the reach of LHCb

full g2 SM BSM LQ hi g2 SM LQs lo g% SM BSM
RD_ 1.00 £ O(%) 0.85..0.99 SM-like || 1.00+ O(%) 0.7..4.4
RE . | 1.00+ O(%) SM-like SM-like NA NA 0.83 + O(%)  0.60..0.87



https://indico.cern.ch/event/743635/contributions/3151433/attachments/1734695/2805237/implications2018-charm-nulltests-ghiller.pdf

BDT input variables

Input variable: log(D_FD_OWNPV) Input variable: D_Loki_MAXDOCA
= T E TTTTTT T T T T

‘§ 25,,.".3‘:,,',;'";;' T 3 i DOflight direction angle

§ = {3 f i+ DO flight distance from PV
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