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Why study rare charm decays?

» Rare Charm decays receive contributions from flavor-changing neutral-current (FCNC)
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 level 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 models predict large enhancement in rates and asymmetries
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https://link.springer.com/article/10.1007%2FJHEP04%282013%29135

Challenges
e Rare Charm decays are dominated by Long Distance interactions (mesonic vector
resonances) 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
* Exploit the LHC huge o (pp — ccX)~ 2.4 mb ~ 20 Xo (pp - bBX) 104
e ~ 10'3 pairs produced up to now D% - h*h~V(utp) 2
* Branching fraction measurements (including lepton flavour violation): v
e Search for D® — ptyu™ [pLe 725 15-24 (2013), arxiv:2212.11203]

e Search for D%*(2007) = ptu™ [arxiv:2304.01981]
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e Search for AT » p ut ™ [PrRD 97 091101 (2018)] g
e Observation DY - h*h~V(u*p™) [prL119 (2017) 1818051 &
DY - |J.+|,l_ 10-12

e Search for D — pte™ [piB 754 167 (2016))
» Search for D5y = hT£* €% Hero6(2021)044]

* Angular and CP asymmetries tests: p 107
11}
* Angular analysis and CP violation in D® - hth ptp~
PRL 121 (2018) 091801, PRL 128 (2022)221801 l
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https://www.sciencedirect.com/science/article/pii/S0370269313005121?via%3Dihub
https://arxiv.org/abs/2212.11203
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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://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.221801

Rare Charm decays at LHCb
e Exploit the LHC huge o (pp — ccX)~ 2.4 mb ~ 20 Xo (pp - bBX) 104

e ~ 10'3 pairs produced up to now D® - h*h~V(u*po) g
| 108

e Search for DY — pu™u™ [pLB 725 15-24 (2013), arxiv:2212.11203]

e Search for D*%(2007) —» utu™ [arxiv:2304.01981 ~ 109
e Search for Al > pu" W™ [PRD 97091101 (2018)]

Focus of the talk

e Search for D@) — hTLTL™T [JHEP06(2021)044]

FCNC

- n - E 10-15
* Angular analysis and CP violation in D® - hth ptp~ :
PRL 121 (2018) 091801, PRL 128 (2022)221801 .
Dz-s)0—> hif"'f'i | ::i .
D" - uTe” H
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Search for DO - pntu-

* FCNC contributions additionally helicity suppressed with minimal hadronic
uncertainties: BF ~ 10718 expected in the SM

* Long distance contribution via intermediate two-photon state: BF ~ 10711
e At LHCb, Run1+2 dataset (9 fb™1)
 Tagged D** —» D™ decays
* Main backgrounds:
 Combinatorial: multivariate analysis (BDT)
* Mis-identified h*h™ = p*pu™ : PID variables
* BF measured relatively to the normalisation channels D - t*tn~and D° - K~ n*:

_ N@° > p*u7) e’ - h™h7)
~ N - hth™) (DO = ptp)
With N the yields, € the efficiencies and B(D® — h*th™) the normalisation BF

B(D? - p*tp7) B(D°® - h*th™)
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https://link.springer.com/article/10.1007%2FJHEP06%282021%29044
https://arxiv.org/abs/2212.11203
https://link.springer.com/article/10.1007%2FJHEP06%282021%29044
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.074001

Sea rCh f()r DO — u'l' u_ [arXiv:2212.11203]

* Signal yield extracted from a simultaneous fit on m(D?) and Am = m(D**) — m(D?)
in three different BDT intervals
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* No significant signal is observed N(D® — utpu~) = 79 + 45 and an upper limit on the BF is set:
B(D? - ptp™) <294 (3.25) x 107° @ 90 (95)% C. L.

* Most stringent limit of FCNC on charm sector
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https://link.springer.com/article/10.1007%2FJHEP06%282021%29044
https://arxiv.org/abs/2212.11203
https://link.springer.com/article/10.1007%2FJHEP06%282021%29044

Search for D*%(2007) - p U™ Lo

* SM predictions BF ~ 10717 [jrep 11 (2015), 142]

* Looking for B~ = D*Or~ decays: greatly helps background reduction
 First rare charm study exploiting B production
* As normalisation channel B~ - J/{i(» pTpu)K~:
BD™ o i) = N(D*" - u*u:) e(J/ - u*u:)B(B‘_* ]/ K_‘)
N(J/¥ - p+rp™) e(D* - p*u~) B(B~ - D7)
* Simultaneous fit m(utp™)
and m(m~ut ™) spectra

B(J/¥ = pp7)

-~ B - D)
B - mutu
B > K utu
----- Combinatorial

lllllllllllllllllllll

* No excess with respect to
the bkg-only hypothesis

Candidates per 8.0 MeV/c?

Candidates per 20.5 MeV/c?
oo

* Most stringent limit on

.................
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leptonic D*° decays: () MeV/ () MeV/e]
B(D*'® - u*tu™) <2.63.4)x10°8@90(95)%C.L.
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https://link.springer.com/article/10.1007/JHEP11(2015)142
https://arxiv.org/abs/2304.01981

DY > h*th putp™ decays

 First observed by LHCb with Run1l data

[PRL 128 (2022)221801

1000
[PRL 119 (2017) 181805] -
B(D? » wrnptp™) = (9.64+1.16) x 1077 OF
B(D® —» K*K~ptp™) = (1.54 £ 0.32) x 1077 *°F
L > 400 [~
* Full angular analysis with Run1+2 data: s f
« ND? > ttn p*p™) =3579 +71 gzoo—
« N(D® > K*K putu™) =319 + 19 3
g [
* Perform SM null tests in the resonant regions, 5 1001
testing the possible interference between long- 5 [
distance and BSM contributions 5ok
m(p ™) [MeV/c? | !
Decay mode low mass 7 p/w o) high mass 0
D’ — KtK-ptpu~ < 525 NS > 565 NA NA
D° — nta—ptp < 525 NS | 565-780 780-950 | 950-1020 1020-1100 NS

NA = not available, NS = no signal

Alessandro Scarabotto (LPNHE)

-e-Data

—Fit

D —a*autu
WD —»xtn
---Comb. backg.

LHCb
9 fb!

-o-Data

— Fit

D’ —K*K utu-
WD’ —=K'K ntn
---Comb. backg.

-

1850 1900
m(h"h™u*u-) [MeV/c?]

18/07/2023



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.181805
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.221801

Angular analysis: D® - hth ptp~

Differential decay rate expressed as a sum of nine
angular coefficients I; _g function of:

e g° = m?(ptp7) andp? = m?(h*th™) )
* Three angles: Hw 6, and ¢
Define (I;) integrated over p?, 8}, for D and D

For example, the forward-backward asymmetry:

_ I'(cos6,>0)-T(cos6,<0)
[(cos8y>0)+T(cos6,,<0) CP asymmetry:

Ao — I'(D°>h*h~ptp~)-r(D°->hth~ptp~)

_ CP ™ r(o>h+th-ptp-)+r(D°—>h+th-ptp-)

¢ (Siy = Z[{I) + (NI > (S5 7) =0 (p ayen

+ (A1) = [(I) — (W] > (4§) =0 CPodd

* (lg) = App

The CP averaged (S;) and asymmetries (4;):
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.221801

Angular analysis: D°
« Examples of SM null tests with (Ss ¢ ) ((56) ~AFB)
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[PRL 128 (2022)221801

Compatible with
the SM predictions:
D > ntn putpn:030
D? - K*K ptu:2.70
JHEP 04 135 (2013), PRD 98, 035041(2018)
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https://link.springer.com/article/10.1007/JHEP04(2013)135
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.035041
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.221801

Prospects for the LHCb Upgrades  #hsics cose upgrade

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 S it 6.2 x 107 42 x 1010 1.3 x 1010
Dt s xtutpy~  6.7x10°8 10°° 3x 107"
DY - Ktutp~ 2.6x10°8 10°° 3x 107"
A = putu 9.6 x 10°° 1.1 x10°° 4.4 x 107
DY — e*p¥ 1.3 x 1078 10~° 4.1 x 107
e Statistical precision on asymmetries:
Mode Runl-2 (1-6 fb~') Upgradel (50fb~") Upgrade2 (300fb™")
DY — atutu~ 0.2 % 0.08 %
D’ - ntr—utp~ 3.8% 1 % 0.4 %
D’ - K—ntutpu~ 0.3 % 0.13 %
D’ — Kto—ptp~ 12 % 5 %
D’ — K*K—ptp~ 11 % 4 % 1.7 %

A. Contu - Towards ultimate precision in Flavor Physics, Durham (2-4 April 2019)
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https://arxiv.org/abs/1808.08865
https://indico.cern.ch/event/760368/contributions/3316100/attachments/1822241/2981045/AContu_RareCharm_TUPFPhop2019.pdf

Conclusion and prospects

e Rare Charm decays constitutes a unigue environment to look for new physics, either
with BF measurements or as SM null tests

* LHCb gave major contributions in the field and will continue to exploit the data
collected during Run2:

* Update on the D° - u*e™ search

« Update on the Af —» p u™u~ search

* Search for D® - hth~ete~

» Search for D° - hth-pte™

« Asymmetries study for Dzrs) — hte+t¢
« Asymmetries study for Af - pputu~

* ... and many more to come with Run3 data!
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Backup
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The LHCb experiment

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

e Good vertex/momentum
resolution and excellent
particle identification

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

ar HCAL
ECAL + MS
SPD/PS s T o

Magnet RICH2 M M2 =
T3

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

[Int. J. Mod. Phys. A 30, 1530022 (2015)]
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https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

Decay rate model

1

d°T :% {Z Cz’(euv gb)[i(qza p27 COS eh)}

. dg*dp*d cos 0},d cos 0,do .

L L L . 2 L . L .
ci =1, co=cos20,, c3 =sIn"0,cos2¢, ¢y, =sin20,cos¢, c; =sinb, cos ¢,

o . . . . 2 .
Cg = cosl,, c; =sinb,sing, cg =sin26,8in¢, cg = sin” 6, sin2¢ .
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Angular analysis: D® - hth ptp~

. Examples of SM null tests W|th (55 6 7) ((56) ~AFB)
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