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Rare (semi)leptonic charm decays

» Rare decays: Branching ratios < ©(10~°) and decays able to test Flavour Changing Neutral Currents (FCNC)

Semileptonic transitions (FCNQ)

down-type up-type
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Rare (semi)leptonic charm decays

» Rare decays: Branching ratios < ©(10~°) and decays able to test Flavour Changing Neutral Currents (FCNC)
 Charm decays provide a unique probe, only bound system to study up-typ FCNC

« Some New Physics (NP) models predict enhancements in decay rates, CP asymmetries or angular observables

Semileptonic transitions (FCNC)

down-type up-type

b — sitl™ t — cltl™

b — dltl~ t = ultl™
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Landscape of rare and forbidden charm decays
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Search for new physics

* Jest new amplitudes

 Jest new phases

e Test Lorentz structure
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Search for new physics

* Jest new amplitudes

extremely suppressed due N below experimental sensitivity
to GIM B < 010719

 Jest new phases

V;kbvub 3
V::kdvud

e Test Lorentz structure

no lepton axial vector coupling due to GIM suppression
parity conservation



Search for new physics

* Jest new amplitudes

of = of Csm | Cnp N Enhancements possible
"\ mg A, up to 6(1077)

 Jest new phases

~ | A gyl | D yplsSinAgy, = CPV effects up to a few %

e Test Lorentz structure

~ ¥I',,¥ = modified or enhanced

New Physics contributions examples:



QCD effects

 Rare Charm decays are often dominated by Long Distance interactions (mesonic vector resonances) with tree-level
dynamics competing with loop-diagrams.

Example Short Distance (SD) contribution: Example Long Distance (LD) contribution:
Phys. Rev. Lett. 119, 181805 (2017) Phys. Rev. Lett. 119, 181805 (2017)

« Precise theoretical predictions are difficult for the branching fractions (m. ~ A,cp) resulting in predictions with high
uncertainty.

* Task is to find ways to look for NP despite LD dominance:
- Searches in certain regions of the phase space

- Null tests based on (approximate) symmetries



The LHCDb detector run 1&2 (2009-2018)

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

« LHCDb is a forward spectrometer at the LHC,
optimised to study b- and c-hadrons

e Excellent vertex resolution, momentum

resolution ¢,/p ~ 0.5 % Yy
/ /
« Particle identification with calorimeter, muon / / Magnet
stations and Cherenkov detectors (RICH), / /
particle misidentification rate ~ 1% / ’ RICH]
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 Worlds largest sample of charm decays: l\wa

More than 10 x 10'? ¢C pairs produced within
the LHCDb acceptance between 2015 and 2018

ﬂ Cherenkov detector
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Calorlmeter

‘Muon statlons ?

- The charm cross section is ~20 times larger than the

b cross section
[JHEP03(2016)159]
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Detection of Leptons at LHCb

In general:

« Small transverse momentum — hard to
trigger on (difficult but LHCb is build for this)
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Detection of Leptons at LHCb

In general:

« Small transverse momentum — hard to
trigger on (difficult but LHCb is build for this)

Muons: Magnet
- Dedicated muon chambers allow for RICH! 2
excellent muon identification and AV e
reconstruction in addition to the tracking Cogttoy” [l TS
stations e }
el a " /| el )
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In general:

e Small transverse momentum — hard to
trigger on (difficult but LHCb is build for this)

Muons:

 Dedicated muon chambers allow for
excellent muon identification and
reconstruction in addition to the tracking
stations

Electrons:
* The electron emits bremsstrahlung before

magnet — limited efficiency on
bremsstrahlung recovery

Detection of Leptons at LHCDb
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JHEP 06 (2021) 044

In general: E 5000 Dt = 1t
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Detection of Leptons at LHCDb
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Story of rare (semi)leptonic charm decays at LHCb*

*omitting superseded measurements

« 2015: First observation of the decay D — K=z*u*u~ in the p° — w region of
the dimuon mass spectrum

Phys. Lett. B 757 (2016) 558

» 2015: Search for the lepton-flavour violating decay D° — ey

Phys. Lett. B 754 (2016) 167

» 2017: Rarest observed charm meson decays D" — KKuu and D° — zzuu
with branching fraction ~10~’

Phys. Rev. Lett. 119, 181805 (2017)

e 2018: Search for the rare decay A" — pu™u~

Phys. Rev. D 97, 091101 (2018)

e 2021: Searches for 25 rare and forbidden decays of D™ and D;” mesons

JHEP 06 (2021) 044

* 2021: Angular analysis of D - zzuu and D — KKuu decays and search
for CP violation

Phys. Rev. Lett. 128, 221801 (2022)

« 2022: Search for rare decays of DY mesons into two muons

arXiv:2212.11203v1 [hep-ex] 21 Dec 2022

» 2023: Search for D*(2007)° - u*u~ in B~ - 2z~ u*tu—decays

arXiv:2304.01981v2 [hep-ex] 5 Apr 2023
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Latest Measurements




Search for the decay D" — utyu~

arXiv:2212.11203v1 [hep-ex] 21 Dec 2022

Used dataset:
D™

-

 Run 1 (2011-2012) and Run 2 (2015-2018) \

 Center of mass energy: 7, 8 and 13 TeV

e Luminosity: 9.0 fb~!

High momentum muons (at least for charm
decays) and final state contains no quarks! -y

CERN-LHCC-2003-030
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Search for the decay D" — utyu~

arXiv:2212.11203v1 [hep-ex] 21 Dec 2022

Long distance contribution: o+

 Expected to be dominated by intermediate two y state

Phys. Rev. D 66, 014009 (2002)

« Expected branching ratio 6(10~1%)

Phys. Rev. D 66, 014009 (2002) Y

* Branching ratio contribution of intermediate two y state below €
©(10~'") due to experimental limit on D — yy by Belle Phys. Rev. D 66, 014009 (2002)

Phys. Rev. D93 (2016) 051102

Short distance contribution: c—» >— 1

« Expected branching ratio 6(107'%)

Phys. Rev. D 66, 014009 (2002) d) S, 9 4 AV’u

» Strong chirality suppression

 Rate could be enhanced by NP! Wt

— null test!

20



Search for the decay D" — utyu~

arXiv:2212.11203v1 [hep-ex] 21 Dec 2022

 (Goal is to set a limit on or measure the branching ratio:

N(DO — ,u+/,t_) y 1
o(pp — D) Lt e(DY — utp~)

BD° — ptp7) =

» Difficult to measure absolute rates at LHCb due to large uncertainties on cross section and luminosity

21



Search for the decay D" — utyu~

arXiv:2212.11203v1 [hep-ex] 21 Dec 2022

Determined by fit to the External input:
invariant DY mass and RB(D° — K~7*) ~ (107%)
Am(uu) B(D° - z7rnt) ~ (1077)

ND® — u*tu™) o e(D’ — hO~h)

, X B(D° — hO~h')
ND® = hO-h*) €D - putu-)

BD - ptu~) =

From simulations, corrected and cross
checked by data driven methods

 The relative branching fraction is normalised to D - K=zt and D° — zn~z* donated as D° — h(—h*

22



Search for the decay D" — utyu~

arXiv:2212.11203v1 [hep-ex] 21 Dec 2022

* Jopological and kinematic properties
are used to reconstruct possible

candidates
« DY produced in DT decays are used, My = 1864 MeV/c?
to suppress background:
DO
Am = m(u*p~n") —m(u*pu~) o
Loy
P D P
—— C——
My = 2010 MeV/c?
—

m_. = 139.6 MeV/c?

23



Search for the decay D" — utyu~

arXiv:2212.11203v1 [hep-ex] 21 Dec 2022

Am=m(u*pu~n") —m(u*pu)
s

v e a4 % b | ol Fit to m(up) and Am
o o - = °
S 2005 LHCb R S P°F LHCb g HH

180 -1 : : 5 - -1 : . .
S wE T 1o o S gmbinatortl S wof 7 o ool 3 P .
= 140 misidentification D - K- 1+ = - misidentification ... po — k- o+ : Am=m(u u n7)—m(uu")
% 100 PR \ : - i
g g 2 10f 4+ Number of misidentified,
260 z - | z 7 — u, D’ - 7tz~ decays
5 40F ba, 44 £ S0f g E constraint by MC studies
s - b4 4 ee S - N . Y
~ 28 e 44/\, | f#ﬁ#{?ijéﬁ‘kéfi LA_JJ ~ On;"ﬁ :4 o 4.? " ¢L_m¥_ N TP ;:

1800 1850 1900 1950 2000 2050 2100 2150 140 142 144 146 148 150 :
m(utu-) [MeV/c?] Am[Mev/cz) * Validated and crosschecked

with data driven methods

* No significant signal is
observed
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Search for the decay D" — utyu~

arXiv:2212.11203v1 [hep-ex] 21 Dec 2022

Signal mode
S F T T o T T LI B — _ — - e —— e ——
L 200 —— Toal > 20 LHCb I S | : o : |
2 180 R % 6t D -~ Most stringent limit on leptonic charm decays |
= 160 0 > 200 0 =
S 40F 0666sBDTs10 A — 0666<BDT<10 A : |
< 1o S 1mf T BD° - utu~) <3.1x107° (90 % CL)
~ =~ -1 . 0
§ 1(;8 é 100 - iy - HH )=
260 = _
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} C + T4 .
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Search for the decay D*(2007)° = utu~in B~ — 7~ u*u~ decays

arXiv:2304.01981v2 [hep-ex] 5 Apr 2023

B~ & D*(2007)
Used dataset: Vertex

PV /
« Run1(2011-2012) and Run 2 —_—

(2015-2018) P

* Center of mass energy: 7, 8 and 13 TeV

e Luminosity: 9.0 fb™!

Using D*(2007)" arising from B~ for better Ry
background separation
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Search for the decay D*(2007)° = utu~in B~ — 7~ u*u~ decays

arXiv:2304.01981v2 [hep-ex] 5 Apr 2023

e Never been measured before

e Contrary to D’ - u*u~ (pseudo-scalar) the excited vector state D*(2007)"
decaying to two muons has no chirality suppression

 Assuming Lepton Universality, decays with muon and electrons should have

same branching ratio”
*apart from phase space arguments

» SM prediction for the branching ratio %(D*(2007)° — ete™) ~ 6(107!9)

JHEP 11 (2015) 142

e CMD-3:

RB(D*(2007)° - ete™) < 1.7 % 107° (90 % CL)

Phys. Atom. Nucl. 83 (2020) 954
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Search for the decay D*(2007)° = utu~in B~ — 7~ u*u~ decays

arXiv:2304.01981v2 [hep-ex] 5 Apr 2023

+ Normalisedto B~ = J/w( = u u")m~

e Additional information needed to calculate 93’(D*O — //t+//t_)

NB~ = D - utuHn) o EB = Ily( = pp)K) BB~ = JIyK)

BD™ - putu) = - -
NB- - Jly(— putu)K-) €eB-—> DU - putpu)z=) BB~ — Dx)

X B(Jly—> uu")

External input:
By — p~p*) ~ (107%)
BB~ — JIwK™) ~ (1073)
Moo BB~ - D7) ~ (107%)

Exp. Phys. 2022 (2022) 083C01

Determined by fit to the From simulations, corrected and cross
invariant D™ and B~ checked by data driven methods
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Search for the decay D*(2007)° = utu~in B~ — 7~ u*u~ decays

arXiv:2304.01981v2 [hep-ex] 5 Apr 2023

e Two dimensional fit to m(,u//t) and m(ﬂ//iﬂ)

« Background due to a wrongly identified kaon and non resonant B~ — =~ u"u~ is flat within the fit range in the
dimuon spectrum

My = 2007 MeV/c?

W gl L 4 DEQOOD) - gty -

S 6k LHCb * o > 1o £ LHCb

% 14 = 9 fb-l Total fit 0 O -9 ﬂ)—l

> Ok - B> D () m S 10 F

w L2g ey B™ — m o F +-

8 108 | [l B - K utu- o: 8 - ” -9~ ” la g

> Q N fjorgbmatonal & 6 B | - | JERENS S

” 6 7] C s & -9 /I/ S O B e

8 4 ”... | . W < 'f—q: - a okl & | -9~

S || ] [ ‘ = 211 % e

g 2 [ '] "‘"+111T"“" - = S, SN — L

I I, LI, & O RN £ o= NN SN} J S st [ ——

8 0 S

U _2 L L | 1 1 1 | 1 L L | N N _2 E 1 1 1 1 | 1 ' ' ' | ' ' '
5200 5400 5600 5800 6000 1900 1950 2050 2100
My = 5279 MeV/c? m(— ) [MeV/c?] m(utu) [MeV/c?]
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Search for the decay D*(2007)° — u*u~in B~ — n~u*u~ decays

arXiv:2304.01981v2 [hep-ex] 5 Apr 2023

e First limit for D*(2007)° — u*u~:

B(D*(2007)° - pu*u™) < 2.6 x 107° (90 % CL) < 10-7
=
 Assuming LFU, increases constraints on
D*(2007)" — e*e~ set by CMD-3 by two orders of T LHCb
magnitude ?Q 0 fpL
\m-/ 95% CL
1078 9% CL

-=== (bserved

|
0 1 2

Measured B(D*" — pu*pu™)

x 107
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Searches for rare decays of charged D™ and D" mesons

JHEP 06 (2021) 044

Used dataset:

h+
 Run 2 (only 2016)
D+
« Center of mass energy: 13 TeV (5)
-
e Luminosity: 1.6 fb~! PV /
| — — -
Study of 25 rare and forbidden decays P P
— forbidden decays provide perfect null test
DY - o utu~ Dt - nTete” Dt - KTete™ D - nhetu” DI > KTu“e~
DT >z u u" Dt - g eTe" DI - u"u~ D — ntete D - K ute*
DY - ztute” DY - Ktu*tu~ Df - a u*u" D » n7eTe”™ D - K*etu~
DY - g ute™ Dt - Ktute~ DI - ntute” Df - K u*tu~ Df - K*ete~

DY - atetu~ Dt - Ktetu~ Df - a7 utet Df - K utut Df - K eTe™



Searches for rare decays of charged D™ and D" mesons

JHEP 06 (2021) 044

_3 Phys. Rev. D 93, 074001 (2016) Eur. Phys. J. C 80, 65 (2020)
» For SM allowed decays, resonant area, 10 ' Experimentally
g = m(ll) € [525MeV,1250 MeV], containing ¢ B non-resonant SM | gjready excluded
D(JS”) — V(- Tzt withV=yn,p%w,¢pand [ = u,e, 10~° p/w resonant SM | (LHCb Run 1)

vetoed

i n'
10_7 Lo

» Normalised to ¢ resonance D, — ¢( — p*u")n”
and D(J;) — ¢( —> eTe7)nt for decays with muons
and electrons, respectively

dB (DT — ntutp™) / dg? [GeV 2]
=

¢° [GeV?
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Searches for rare decays of charged D™ and D" mesons

JHEP 06 (2021) 044

- Normalisation yield estimated by fit to m(ztu " u™) and m(z*e " e™)

* A bremsstrahlung reconstruction procedure is used to correct the momentum for the electron candidates

3 5000_ + to, - > : + tg- N
%’ i DT — 7r+'u L LHCb é.) 500 N D+ —> 7l’+6+€ TOt&l LHCb
. l e Df 5 atptyp - 1 --- Dy > mre'e B D'onrnrm
@ 4000 - Non-pea,king g i NETEELE Non—peaking RAJ D:- — T
S ] — o < 400-
= - + s i
= 3000 — ] D+—>7r7r7r = - |
O 1 XA D—onrm © 300 — 4
: ]
200 —: } ) e \\\
2 LT // \ +
2 R St T R4 \
100 ~ > AL TP R \.\
N _2 - ) \'; ...........
O:m-ﬁ-ﬁwrlllllll*l‘q
1850 1900 1950 2000 2050 1850 1900 1950 2000 2050

m(rtputp) [MeV] m (rtete™) [MeV]
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Searches for rare decays of charged D™ and D" mesons

JHEP 06 (2021) 044

* Fit to three body invariant mass

* PID selection to suppress mis-identified background due to

hadronic decays

« BDT selection to suppress combinatorial background

« Branching fractions are normalised to D(f;) > ¢(—> utu)nt

Candidates/(4 MeV)

Background only hypothesis
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Searches for rare decays of charged D™ and D" mesons

JHEP 06 (2021) 044

* Fit to three body invariant mass

* PID selection to suppress mis-identified background due to

hadronic decays

« BDT selection to suppress combinatorial background

« Branching fractions are normalised to D(f;) - ¢(—> ete)rn”

Background only hypothesis

150 —
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w2
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Q ) ]l J{
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Searches for rare decays of charged D™ and D" mesons

JHEP 06 (2021) 044

* Provides competitive results, improves old limits up to two orders of magnitude

 Background only hypothesis is consistent with the results

+ + 4,
Dt =ttty — I Dy —=mp ™ — X
Dt — K+,u,+/1,_ — % D;r — Ktuty — N
1 X  Observed —1 X  Observed
— Expected ] Expected
— =£lo, 20 — — =xlo, 20
B BaBar — BaBar
— CLEO — CLEO
_ LHCDb _ LHCb
- Dj — mrete” — X
Dt — whete” — X B
|
7T T T I — T | T TTTT | ||||||| | | ||||||I | | ||||||I | | ||||||I |
! ' | ' 108 107 10~ 105

1078 10~ 7 107© 1079

Upper limit at 90% confidence Upper limit at 90% confidence
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Searches for rare decays of charged D™ and D" mesons

JHEP 06 (2021) 044

* Provides competitive results, improves old limits up to two orders of magnitude

 Background only hypothesis is consistent with the results

Dt — rptut — Bt g{ — ;M:WL — =3+
- =t — T
+ + 4+ ,— — X ” —
DY — KT p'p™ = I Df — K p'pu™ — =
Dt — 77_/1+e+ | X  Observed X D { — 71';“:@7: — X  Observed S——
+ +,o+,,— — Expected Dy — mem ™ — Expected IE=X—
DT — nretp (Emiasy i g
— =£lo, 20 DS — 7T+/,l, e H —— 4lo, +20 ———
DT — 7r+u+e” — BaBar X Dj — K_/,L+e+ — BaBar X —
DT — Ktetu™ — CLEO X1 D{ — K ie:“_ ~ CLEO =t
4 o LHCb avs D — K p"e™ — LHCDb Fx—
D +_> K ,u+e+ B - Df —» netet = ——
DT — meTet — X Df — nrete — H=>4—
DT —» ntete — Eiy Df — K e"e” LHCDb “—
Dt — Ktete™ — LHCb X1 Dy — K'ete” - ISt
T TTTT | —TTTTT : T | T l ||||||| | | ||||||I | | ||||||I | 1 ||||||I 1
! ' | ' 108 107 10~ 105

1078 10~ 7 107© 1079

Upper limit at 90% confidence Upper limit at 90% confidence
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Searches for rare decays of charged D™ and D" mesons

JHEP 06 (2021) 044

* Provides competitive results, improves old limits up to two orders of magnitude

 Background only hypothesis is consistent with the results

Dt = ptpt — X I \\ =X
ey - qataset NOL fuly [
DT — K+/1,+/L_ — IE . S —— |
Dt — 77_/1+6+ —| X  Observed EX\St\ng \O‘\ted yet . ‘ Observed K |
— d Expected (= |
Dt = ntet v - i};};(,ecj:eZU exp W reSU\-\-.S ) i};[:,ecj;a i |
DY wnfpte 1 BaBar d fOr ne e BaBar X |
Dt — Ktety—— CLEO % S_\_.ay ‘\'_Uﬂe D;,i — K ie: e I S;](E;S =t
e e &= | D15+_:>Ijr €+Z+: o =
DT - w7 etet — = DZ" S 1rete ™ — @_|
Dt s rtete — Imm D;— — K etTet - X—H |
D+ KWJ“ZJ“Z_ | LHCDb 1 Df - KTeTe™ — LHCDb B¢
IR | I rrrrl | B | I rrrnl I IIIHI I I IIIIHI llllll l I lllllll
105 10-7 10-¢ 10-5 107 107" 107 107

Upper limit at 90% confidence
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Upper limit at 90% confidence




First observation:
Phys. Rev. Lett. 119, 181805 (2017)

 Run 1 (only 2012)

mpo = 1864 MeV/c? _
0 h
D

mp- = 2010 MeV/c? u
D

+
W‘6 MeV/C2 H

* Center of mass energy: 8 TeV

« Luminosity: 2.0 fb~!

Angular analysis:
Phys. Rev. Lett. 128, 221801 (2022)

. Run 1 (2011-2012) and Run 2 (2015-2018)

e Center of mass energy: 7, 8 and 13 TeV

« Luminosity: 9.0 fb™!
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Study of D" - KKuu and D° — zzuu



First observation of D’ — KKuu and D° — zzuu

Phys. Rev. Lett. 119, 181805 (2017)

Analysis strategy:

. DY produced in D™t decays are used, to suppress
background

* PID selection to suppress mis-identified background
due to hadronic decays

« BDT selection to suppress combinatorial background

primary
vertex

Measured dimuon-mass integrated branching ratio:

CERN-THESIS-2018-376

RBD’ - KK utu™)=(1.54+027+0.18) x 107’
RBD° - ztautu™) =(9.64+0.48 +1.10) x 107’
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First observation of D’ — KKuu and D° — zzuu

Phys. Rev. Lett. 119, 181805 (2017)

LD contribution example:

Phys. Rev. D 98, 035041 (2018) q

» Expected resonant contribution } h
(LD)

e Expected non-resonant
contribution (SD)

* Possible new physics contribution

dB(D°- -t ) Id P [GeV 2]

q2 [Gevz] 41 } ]’L_



First observation of D’ — KKuu and D° — zzuu

Phys. Rev. Lett. 119, 181805 (2017)

Phys. Rev. D 98, 035041 (2018)

- e Split into kinematic bins to
. E_XDI:))ected resonant contribution sea I’Ch for NP away from
. Expected on-resonant decays with intermediate
contribution (SD) resonances

* Possible new physics contribution

dB(D°- -t ) Id P [GeV 2]

q° [GeV?] B



First observation of D — KKuu and D° — nmup

Phys. Rev. Lett. 119, 181805 (2017

Phys. Rev. D 98, 035041 (2018)
G > 1100 MevV/2 ] e Split into kinematic bins to
- High-m(u*u”) jrion search for NP away from
" decays with intermediate
‘ resonances
¢ fioution
W e
— .Q..
\ -
\ —
\/

1 Foso e 1100 vV - \§
1 LHCb | | ¢ ﬂ‘ : “

2.0 2.9
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Search for CP Violation and Angular Analysis of D* — 7tz utu=and D - K*K u*tu~

Phys. Rev. Lett. 128, 221801 (2022)

Phys. Rev. Lett. 128, 221801 (2022)

First observation: 1000

Phys. Rev. Lett. 119, 181805 (2017)

e ND°—- KK utu-) ~ 35

-o- Data
— Fit
ID'—=atrutu-

0 3 600 - B D’ —=rntratn
o NID° - atr u*u") ~ 550 > 400 - §§§§§§§§§ ---Comb. backg.
Q — NN
s r
gular analysis (full dataset): vy 200 |-
Phys. Rev. Lett. 128, 221801 (2022) H;
O,  EocseecE@ONySSNWmosco s
. ND' - K*K—utu™) ~ 300 &
§ 100 —o—?&:ta
0 +o— - —Fi
e NID” > a"n u"u-)~ 3500 § D KKt

B D —K'K ntm
---Comb. backg.

N
-

/S =

Enough statistics to perform full angular analysis
and search for CPV! 0

v
X/ /4

1850 " 1900 |
m(h*h~u*u-) [MeV/c?]
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Search for CP Violation and Angular Analysis of D* — 7tz utu=and D - K*K u*tu~

Phys. Rev. Lett. 128, 221801 (2022)

1 O Eur. Phys. J. C 80, 65 (2020)

0.0-

0.0

Acp [Ge\/‘z]

—0.0-

1.0 | - . .
1.00 1.02 1.04 1.06 1.08

¢° [GeV?]
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 Observed decays allow to study

asymmetries:

(D° - hth=utu~)

—T(D° - hth—utu)

A —
CP — =

['(DY - hth—putu-)+I'(DY - hrh—putu-)

%0-6_' ! | ! ! ! | U U u | %0.6_ | | ! ! ! |

< [ LHCb < [ LHCb
04 N 9 fb—l = 04 N o) fb—l -
02F ‘ - 02F -
OF S 3 = OF + .[. -
-02F - -02F -
_04:— DO_> .71,'+.77:_‘u+‘u_ N -04 u DO_> K+K_u+,u—
0650 T 1000 1500 060 600 800

m(utu) [MeV/c?]

m(utu-) [MeV/c?]



Search for CP Violation and Angular Analysis of D’ — 7tz utu~and D — KTK-utu~

Phys. Rev. Lett. 128, 221801 (2022)

dl’
= I+
dcos(6,) dcos(6,) do
I, - cos(20, )+
L - sin2(2«9ﬂ) Cos(2¢)+
I - sin(260,) cos(¢)+
I5 - sin(@,) cos(¢)+
Ig - cos(d,)+
I; - sin(0,) sin(¢)+
Ig - s1n(20,) sin(¢h)+
Iy - sin2(29ﬂ) sin(2¢)+
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Search for CP Violation and Angular Analysis of D’ — 7tz utu~and D — KTK-utu~

Phys. Rev. Lett. 128, 221801 (2022)

dl’
= I+
dcos(6,) dcos(6,) do
I, - cos(20, )+
I - sin2(2«9ﬂ) cos(2¢)+
I - sin(26,) cos(¢)+
I5 - sin(6,) cos(¢)+
I - cos(0,)+
I7 - sin(@,) sin(¢)+
Ig - sin(260,) sin(¢h)+
Iy - sin2(29ﬂ) sin(2¢)+

* No axial-vector couplings in rare charm decays, due to GIM suppression

e Clean null-test in Is ¢ -
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Search for CP Violation and Angular Analysis of D" — 7 x u u" and D’ - KK “utu”

Phys. Rev. Lett. 128, 221801 (2022)

dl’
= I+

dcos(6,) dcos(6,) do
I, - cos(20, )+
I - sin2(2«9ﬂ) cos(2¢)+
I - sin(26,) cos(¢)+
I5 - sin(6,) cos(¢)+
I - cos(0,)+
I7 - sin(@,) sin(¢)+
Ig - sin(260,) sin(¢h)+

- sin*(26,) sin(2¢)+

2
Pmax

{ 1
(Ls60)(q") = T J dpzj dcost), Lz
1

4mh

Prax 1

dcosHh—[
0

d cos Hh] Iy573

1
(I1578)(q%) = FJ

4mh



Search for CP Violation and Angular Analysis of D* — 7tz utu=and D - K*K u*tu~

Phys. Rev. Lett. 128, 221801 (2022)

(p o~ 0.6 1~ 0.6 e~ 05— s~ 0.6——— .

* Parity is conserved due to <t LHCb | <" | LHCb | < | LHCb | <" | LHCb
absence of axial-vector currents ~ 04 ofbt § 04 ofbt § 04 ofb! 1 04 9fb -
02F 3 0.2f - 02} - 02F ’ -
. 0:_ | X + o 0: +_+— ; 0:_ + _ 0:_ _
 CP asymmetries: :—%++* % i ] ﬁt =1 : =t r
02} 1 -02f 1 -02f 1 -02f i
| — o4l D mémwt- 4 —0.4F P _04f PR 04l IR
AN = = [{].) — I. : A : wa v [ v
< l> 2 [< l> (+)< l>] o6l o6l ] o6l 06 18 1
500 1000 1500 500 1000 1500 500 1000 1500 500 1000 1500
m(utu) [MeV/c?] m(u*tu-) [MeV/c?] m(u*u-) [MeV/c?] m(utu) [MeV/c?]

for CP-even (CP-Odd) coefficients ~ 06— LHCb A0 LHCb m AT LHCbI ~ 06— LHCb'
are expected to be 0 Z o4 ol | ~ 04f oyl | ~ 04f o ] < 04 o -
02f . 0.2F . 02 I . 02F .
* All asymmetries consistent with OF + e S . 21 T —+—+++ I e o e -
Zero -02f 4  -02f ‘ 1  -02f 4 -02f | .
-04} DO—> .71.'+Jt"[l+[.t' “; 041 DO—> ”+-7rﬂ+ﬂ- —; -04 DO_, ”+”-“+‘u- —; —0.4;— DO_, ﬂ*ﬂ"!l*#' —;
 No dependency on dimuon mass B T v B T - S T R T B R T BT

m(u*u-) [MeV/c?]
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m(u*u-) [MeV/c?]
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| CP‘even: 12’3,4,7 |
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Search for CP Violation and Angular Analysis of D* — 7tz utu=and D - K*K u*tu~

Phys. Rev. Lett. 128, 221801 (2022)

 CP averages:

(L) + (=)()]

DO | =

(Si)
for CP-even (CP-odd) coefficients

¢ <S54, > compatible with zero

* No dimuon mass dependence
observed

e Measured null-test observables In
agreement with the SM null
hypothesis

e p values of 79% (0.8%) for
D - gtz utu= (D° - KK u*u)
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Summary

(Particle Data Group), Prog. Theor. Exp. Phys. 2022

o Statistical precision of angular analysis ~2%

 Branching ratios precision up to 6(10~°)

- Full Run 2 dataset:
BDY - utu™) <3.1x107° (90 % CL)
RB(D*(2007)° — pu*p~) <2.6 % 107° (90 % CL)

- Partial Run 2 dataset:

BDt - 7tutu™) <6.7x107° (90 % CL)
BDt - Ktutu™) <5.4x107° (90 % CL)

BDF — ntutu™) <18 x107° (90 % CL)
BDF — Ktutu~) <14x107° (90 % CL)
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RBDP - rtrutu™) =(9.64+0.48 +1.10) x 107’
RBD’ - KK utu™) =(1.54+027+0.18) x 10~/

BDT - xtete™) <160 x 107° (90 % CL)
B(DT — Ktete™) < 85x107° (90 % CL)

BDF — ntete™) <550%x 107° (90 % CL)
B(DF — Ktete™) <490 x 107° (90 % CL)

+17 more


https://pdg.lbl.gov/2023/html/authors_2023.html

The not so far future



Things to do

« DY — 77" fully exploit the Run 2 dataset with updates of existing measurement and new analyses

« DY mth~IT~ possibility to intensify efforts with dielectron final state

B(D° — K- ntu~ut) = (4.17 £0.12 £ 0.40) x 107 BD° - K- nte e™) = (4.0+£05+02+0.1)x 107

Phys. Lett. B757 (2016) 558 Phys.Rev.Lett. 122 (2019) 8, 081802 (BaBar)

RBD - KK~ utu™)=(1.54+0.27+0.18) x 107’ BDP - KTK eTe™) =7
BDY = atautu) = (9.64 £0.48 = 1.10) X 10~ RBD' - ntr7eTe™) =7

Phys. Rev. Lett. 119, 181805 (2017)
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Lepton Flavour Universality

 Charm can provide a complementary test of LFU:

dq2

Gy ABD° — h*h™p*u”)
I i dq?

g2, dAB(DY — hth-ete™)
J i dq?

R, =
dqg?

* Any observation of LFU violation, apart from phase space effects,
would immediately hint to new physics
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The Future




Upgrade | (2022+)

LHCb-TDR-12
« LHCDb is an all-purpose spectrometer /,./”;._-'------'
placed at the LHC optimised to study b- D 1

/ﬂ Cherenkov detector |

.-""/// /f
 Tracking stations ﬁ

Magnet SciFi
- Tracker

and c-hadrons

 Completely new Tracker and Vertex
Locator for a better vertex resolution,
tracking resolution

d [RIC Hﬁ

« Particle identification with calorimeter, ... Ut d
muon stations and Cherenkov detectors
(RICH)

« Capable of a higher read out rate, up to
40 MHZ!

i Vertexing
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Upgrade | (2022+)

LHCb-TDR-12

* LHCDb is an all-purpose spectrometer
. . _ VA —
gLagi?h%tdtrT)?\ IS_HC optimised to study b J Cherenkov detector “

Calorimeter |

Trac klng statlons ﬁ ' ,

Magnet Smh
Tracker

 Completely new Tracker and Vertex
Locator for a better vertex resolution,
tracking resolution

e Particle identification with calorimeter,
muon stations and Cherenkov detectors - PSSR 1 i %
(RICH) ~ o= Detector performance still under evaluation;

! ‘ see Giulia’s talk this afternoon!

r_;J
Vertex /= i ¢
[Locator

« Capable of a higher read out rate, up to
40 MHZ!

* Vertexing
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https://indico.tp.nt.uni-siegen.de/event/1/contributions/90/

Expected LHCb schedule

LHCb-TDR-23

» Goal is to collect about 50fb~! of data until LS4, with an increased trigger efficiency for charm

* Potentially increasing this number by a factor of ~5 after LS4

2021 2022 2023 2024 2025 2026 2027 2028 2029

J|FIMAM 3|3|Als|ON[D] 3| FIMAM] 3| 3|A[S|ONID| 3| FIM[AIM| 3| 3 |A[S|OIN|D[ 3| FIMIAIM| 3|3 J|FIMAM|1[3 NID{J|FIMAM| 3|3 |AlS|OIN|D| 3| F|M|AM| 3| 3|AlS|OIN|Df 3| FIM[AM| 3] 3| AlS|O|N|D] 3| FIMIAIM| 3| 3

i Run 3 Long Shutdown 3 (LS3)
~ 50fb~!

2030 2031 2032 | 2033 2034 2035 2036 2037 2038

J|FMAM|1{] N[D{J|FIMAM|J|]|AlS|O FIMAM J{J J|FIMIAM 1| 3|A[S|ON[D] 3|FIMIAIM| 3|3 |A[S|ONID{ 3| FIMAM| J|FMAM|1[J

Run 4 \ H LS4
2041
O‘N‘iJ}FlMlAIMlJ J[AS[ON | Shutdown/Technical stop
rrotons physics
—1 - ons

Run 6 ~ 250fb Commissioning with beam
_- Hardware commissioning

Last update: April 2023
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Future Sensitivity

LHCB-TDR-023

* Potential new limits on branching ratios™ Upgrade 1, 2022-2030, and Upgrade 2, 2030+:

Mode Runl-2 (1-9 fb~') Upgradel (50fb~ ") Upgrade2 (300fb ')
D" — 't 620" 3.1 x 107° 4.2 x 10710 1.3 x 10710

DY s atuty~  6.7x10°° 107 3 x 107

Df - Ktputpy~ 2.6x107° 10°° 3x 107

AT = putpm 9.6 x 1078 1.1 x 1078 4.4 x 107

D' — =t 1.3 x 1078 107 4.1 x107°

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

o Statistical precision* on asymmetries:

Mode Runl-2 (1-9 fb~ 1) Upgradel (50fb~') Upgrade2 (300fb 1)
DY - atutu~ 0.2 % 0.08 %

D’ - ntn—utpy- B38% 2% 1 % 0.4 %

D’ — K ntutp 0.3 % 0.13 %

D" — Kt putp~ 12 % 5 %

D’ - KYK—ptpy~ 1%~ 6% 4 % 1.7 %

A.Contu - Towards ultimate precision in Flavour Physics, Durham (2-4 April 2019)
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*scaled by luminosity


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

Conclusion and prospects

* This presentation summarised the most recent results of rare (semi)leptonic charm decays
at LHCDb

» Reaching a precision on the branching ratios of ©(10~") and a statistical precision on
angular observables of 6( %)

* All measurements are statistical limited. New measurements, using complete Run 2
dataset, are on the way!

* Increased read out rate and improved trigger selection in Run 3
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Conclusion and prospects

* This presentation summarised the most recent results of rare (semi)leptonic charm decays
at LHCDb

» Reaching a precision on the branching ratios of ©(10~") and a statistical precision on

angular observables of O( % ) St
ay tu

* All measurements are statisticarm..Z ned fo r -~ ~~mnlete Run 2
dataset, are on the way! ew resy lts)

* Increased read out rate and improved trigger selection in Run 3
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Angular Analysis of D° — 7tz utu~and D° > KtK u*u-

Phys. Rev. Lett. 128, 221801 (2022)

LHCb Z 0.5
9 fb~! 4

D'—-K*K u*u-

+

-+

o
C

e Red marked observables are clean null
tests

B
-9

—t
p
'

——
B

N R AN ANSSEEASNSEN

;_.+ 35??5 Y

500 1000 * 500 1000 * 600 800 200 600 800
m(u*u-) [MeV/c?] m(u*u”) [MeV/c?]
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Weighted candidates / 10 MeV

e Y I Y BN e )
o O O O O
oS O

Weighted candidates / 10 MeV/c?
O

Phys. Rev. Lett. 128, 221801 (2022) _
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First observation of D’ — KKuu and D° — zzuu

Phys. Rev. Lett. 119, 181805 (2017)

Phys. Rev. Lett. 119, 181805 (2017)

DY — nmtoe—utu

m(put ™) region [ MeV/c? B [10~°]

Low mass < 929 7.8x1.940.5x0.8
0 525565 < 2.4(2.8)

00/ 565-950  40.6 4 3.3 + 2.1+ 4.1
& 050-1100 45.4+2.9+2.5+4.5
High mass > 1100 < 2.8(3.3)

D’ — KTK—utu™

m(utp) region  [MeV/c?] B [10~8]

Low mass < 525 20+1.2x02=x03
0 525565 < 0.7(0.8)

pO/w > 000 12023 £0.7x1.2




