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Rare decays in Charm & Strange

@ Similarities:
e Transitions that are highly suppressed or forbidden by SM, mostly
FCNCs (also LFV).
e BSM scenarios could contribute at tree & loop level.

o Usually involve leptonic final states — from an experimental point of
view, muon signatures are usually easier to detect.

@ Differences:

o Different quarks involved (up & down-type — complementary).
o Strange decays are quite detached from PV, not charm.

@ Latest developments

Charm Strange
_ D® — hth—utp~ KQ — utp~
Published s sTTHH
[PRL 128 (2022) 221801] [PRL 125 (2020) 231801]
- D% — ptp~ | KQ— phtpptp
Preliminary
[LHCb-PAPER-2022-029] [LHCb-PAPER-2022-035]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.221801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.231801

Rare charm decays at LHCb
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v h+h7,u+,uf [PRL 128 (2022) 221801]

[PRL 128 (2022) 221801]

@ Sensitive to FCNCs.

1000 -
@ Final state observed by LHCb with 2012 zzz
data — Compatible with SM. [PRL 119 (2017) 2 ol
181805] 2200}
o First full angular analysis in a rare charm gm
decay. (Run 1 + 2) : Sroetied
o Five kinematic variables: g% = m?(u*p™), * Lo
p*> = m*(hth™), 0,, On, ¢. e

o Differential decay rate:

d5T 1<
S = 5o ili
dq2dp2dQ ~ 2r i;c

c1—9 — angular basis
h_9 — angular coefficients
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.221801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.181805
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.181805
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.221801

DO — h+h7,u+,uf [PRL 128 (2022) 221801]

o Coefficients measured integrating out the hadronic system.

@ The analysis measures the normalized observables (h_g).

o Experimentally, they are computed as the decay-rate asymmetries of
the data split by angular tags, for example:

() = %(r(y cos0,,| > 0.5) — [(| cosf,| < 0.5))

o Measured separately for D° and D°.
o Flavor average and CP asymmetries:

(5)=3(N£{)  + - CP ewen
— 4 CP odd
(A)) = %(</,.> = (1) I(7:) = coefficient for DY(D°)

o CP asymmetry of the decay angular integrated rate:
[(D° — hthptp=) — T(D° — hth—ptp)

ACP = —0
[(D° = h+h—ptp=) + F(D° — h+hptp-)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.221801

D° — h™h~ 11~ Results

If only SM contributions: (Ss_7) =0
(Aa—9), Acp — Expected to be below current sensitivity.

[PRL 128 (2022) 221801]

[PRL 128 (2022) 221801]

Results: SM null tests consistent with zero within ~ 1%.
Global p-value ~ 79% for D — w7~ p=(0.30)
Global p-value ~ 0.8% for D° — K*K~pu*tu=(2.70)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.221801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.221801

D® — it~ Overview  [LHcb-PAPER-2022-029]

@ FCNC + helicity suppression

o Current world-best limit (1fb~1): B(D® — putp~) < 6.2 x 107°
(90% C.L.) [PLB 725 (2013) 15]

@ Short distance contribution [PRD 66 (2002) 4 t
014009

o Perturbatively calculable amplitudes

e Cannot proceed at tree level.

o B4 (D° — ptp~)~ 10718 ¢ s
@ Long distance contribution [PRD 66 (2002) 014009]:

e Single-particle intermediate state

e Two-photon intermediate state. Upper limit would be

BON(D® — ptp~) <23 x 1071
@ Leptoquark models explainig B anomalies contribute at tree level for
D [PRD 79 (2009) 114030]
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https://www.sciencedirect.com/science/article/pii/S0370269313005121
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.66.014009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.66.014009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.66.014009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.114030

[LHCb-PAPER-2022-029]

o Full Run 1 + 2 analysis (9fb™1).
e DO coming from D** — DOxt (B ~ 68%).
e Blind analysis — Normalization mode (D° — h—7t)

B(DO - /’L+ILL_): aND°~>,u,+,u,*a « N

L B(DO—h—mt) epop—pt

DO —sh— 7t

€p0 b pum

~2x10"1

o Npo_,p—+ determined via a fit to Am = m(D*+) — m(D°)

19°F LHCb
6fb!

Candidates / (0.1 MeV/c?)

E Preliminary

10k THCh

100k 61!

Candidates / (0.1 MeV/c?)
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[ Preliminary
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150
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@ Selection strategy chosen to minimise the combinatorial + misID
backgrounds: BDT + PID
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1~ Fit model & Results [tHcb-PaPER2

o Signal yield measured from a 2D unbinned ML fit to m(D°) and Am.

@ Simultaneous to 3 BDT bins per Run.

e No significant D® — ;7 contribution — peak is mostly

D% — 77~ misIDs.

@ Main systematic uncertainty comes from normalization mode trigger.
I i‘:z‘i R LHCb —ra
ORI Commial 1 3 F e s e S
S [ osesporsio z,,:f’,'r R [ osssnoT<10 N gu:;i:; ]
< 0 Preliminary 7 S "Preliminary E
g oy E 1005 E
'g soft ¥t 4 3 ;f 50é
5 E i Q'W;ﬂhmkwwﬁwg;wﬁwg E Epnd

0 IX'UU ]9‘(](' ZI;YU ZIJ(XY © 0 ltlil) 1? l.%“
m(u-u*) [MeV/e?] Am [MeV/c?]

@ Preliminary result: New upper limit set (improvement of more than a
factor two),

B(D° — p ™) < 2.9(3.3) x 1072 at 90(95)% C.L.
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Rare Charm Future Prospects

== LHCb Upgrade | ====3» = LHCb Upgrade II=>
=== HL-LHC >
2025 2027 2031 2032

beyond

L =4x10%cm?s™!
9fb~!

Z=2x10%cm?s™!
50 fb~!

Z=15x10%cm?s™!
300 fb!

@ Expectations for the Upgrade:
o Upgrade | (50 fb™!): B(D® — putp~) < 4.2 x 10710
o Upgrade Il (300 fb™1): B(D® — putp~) < 1.3 x 10710
o New studies are expected for Run 2 data

o Update the current search measurements (AY — pu*p=, D — hll,...)
o Dielectron modes will follow soon.

o Radiative decays should be possible too, though background rejection
is non-trivial.
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Rare strange decays at LHCb
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Strange decays at LHCb

o LHCb was originally optimised for b physics. 5 -
@ Huge production of strange hadrons at the é
LHC. £ 10'
e Around 22% of the K¢ decay inside the g K, K
VELO. & 104 A
o This translates into O(10'3)K/fb~* < 2
Z10-14
£ 10 n
magnet T stations D
TT T track 10725
VELO
upstream track
X long track 10-34
VELO track B
downstream track 10—44 B 2
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K — utp

[PRL 125 (2020) 231801]

@ Flagship of rare strange decays at

LHCb.

@ Last publication uses full Run 2
data sample combined with Run 1.

@ It improved over an order of

magnitude with respect to the
previous limit. [PRL 125 (2020) 231801]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.231801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.231801

Kg(l_) — wp” T~ Overview  [LHCb-PAPER 20220

@ SM prediction [Eur. Phys. J. C 73 (2013) 2678]:
B(Kquy = wu ptpm) ~ 10714(1071)

107 F

° Kf_) escapes the detector acceptance. 3 251070
@ No existing measurements. g
&
@ Highly constrained by phase space, very g ol
low background. 8
0
@ Dark photons models like U(1)y + S can & w2} .
. . = icti s
enhance the SM branching fraction 5 [F——
prediction up to two orders of magnitude. :g L )
S
[arXiV:2201.07805]: 5

SM prediction for K§ — 4y
10—”_ o

B(KQ — p T pTpu™)~22x10712

10-15L

BK. = ptp ptp™) ~25x 10710
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https://link.springer.com/article/10.1140/epjc/s10052-013-2678-1
https://arxiv.org/abs/2201.07805

KSO(L) — Tt Strategy  [LHCb-PAPER-2022-035]

@ 2016 — 2018 data (5.1 fb™1). g L

s1fp*

° K S(L) coming from PV.

@ Blind analysis — Control mode
(K — nrn™)

550 600
My e (Mevicd)

B(KO—HT T ) Enorm

Nnorm Esig

~ 2 x 10712

B(Kguy = whuntpm)= alNsg, a~

® Nporm easily obtained after soft selection (no fit required).
@ Background contributions (combinatorial + inelastic collisions with
material) minimized through BDT training.
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— uwp~ T~ Fit & Results  [tHeb-paPER2022.035]

@ BDT classifier removes most of the background

@ Main source of systematic uncertainty comes from

trigger. o
@ Both K? and K? decays are independently studied,
. S L . . Measured limit for K — 4u
assuming negligible contributions from the other. | 23x10"
107 T

@ No significant signal observed.

25x1071°
@ Preliminary results: first upper limits set for both decays Y )
at 90% C.L.: |
0 +,— —12 - |
B(K§ = pp~p p~)<5.1x10 10 i

Measured limit for K — 4u /

BK) = ptpuptp™) <23x107°

S
h

10~

B(Kg(,_) — 4y) (measurements at 90% C.L.)

2x10712

o4 T T SM prediction for K — 4u x
5
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Rare Strange Future prospects

@ Expect to gain an order of magnitude in
B(KO(L) — uTp~pt ) after Upgrade | (also Kg — ut ).

Log scale NS Log scale KL NS
-
10 - so%cL - so%cL
« 10 band for 90% CL « 1o band for 90% CL
SM 10~ sM
""""""""""" Dark Photons U(1)g +S Dark Photons U(1)g+ S

10

BKPwp*pp*u)

BKSsuupt )

0 50 100 150 200 250 300 o 50 100 150 200 250 300
£lfo™) £

@ Interesting channels:
o K¢ — mtm~ T u™— highly constrained by phase space
o KQ — mtm~eTe™— very low electron efficiencies. Key to explore
KQ — ptp~ete~and K¢ — ete~ete”
o A — pu~ 7, (in progress)
o K¢ — ep, KT — mep— Lepton flavor violation
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Conclusions

@ Rare charm and strange decays are unique places to look for new
physics.

@ LHCb is giving major contributions in the charm rare sector, rare
strange is not falling behind.

@ More analysis to come from Run 2 data, including dielectron modes
on both charm and strange.

@ Upgrades of existing measurements are to be expected as the LHCb
continues to take data (Run 3 + 4).

@ The rare charm & strange physics program kept and even expanded
with new topologies and decay channels thanks to the upgraded
trigger, any further ideas to explore?

Miguel Ferndndez Gémez (USC) Rare Charm and Strange Decays in LHCb LHCb Implications Workshop 18 /19



Thank you for your attention!
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Backup
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The LHCb detector

y \
- Particle ID
— 1 HCAL )
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BDT Input variables

D° — ptpm | K§uy = wrpptp

1 cost VeloMatterVeto
log(1 — cosy) min(ulIP)
D° DOCA K2 1P
DO 1Py KIFDT
min(uIPx?) KIDOCA

min(upT) min(log(1 — cos §j;))
D° Vertex x?
D* DTF %2
D% cos 6
DO FDy?2
TPT
DTF D° pr
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D® — u* = Fit components

)

)

N

L o250 — Tow ERES E — Tow E
% E Ll—!(‘:b —Il)”—l>,u',u’ i > 250; LH‘Cb —;“l—lurw E
2 ol 6 fb (':)m\hm:{mr’ml 3 3 200E 6 fb (vgmbimmml E
[ Foes<BpT<10 T ;;‘,:; ,:r ] =+ F oes<spT<10 7 5“:?’; 3
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g 10 1 7 wof 3
2 s - i
= £ T 4 = = = —
EOE SN ?w;w’mki#%wéﬁ%mg 2 » ;%m A E
180( 1900 2000 2100 © 140 - 145 150
m(uut) [MeV/e?] Am [MeV/e?]
Component m(D°) PDF Am PDF
Signal Crystal Ball + 2 Gaussian  Johnson SU + 2 Gaussian
Untagged signal Crystall Ball 4+ 2 Gaussian RooDstDOBG
Combinatorial Cheby RooDstDOBG
7w mislD Crystal Ball Johnson + Gaussian
Untagged 7w misID Crystal Ball RooDstDOBG
Km misID Johnson 3 Gaussian
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Prospects for charm measure

Upgrade 11 (300 fb™1)

Mode Upgrade (50 fb~1)
D% — ptpu~ 4.2 x 10710 1.3 x 10710
Dt — ntputu~ 10-8 3x 1079
Limits on BFs D — Ktutu~ 10-8 3x107°
NF — putu~ 1.1 x 1078 4.4 %1079
D° — ep 1079 41x107°
Dt — wtptu~ 0.2% 0.08%
DO — rtrptp~ 1% 0.4%
Stat. precision on asymmetries | D — 7t K~ putpu~ 0.3% 0.13%
D® — Kt putu~ 12% 5%
D — KYK—ptu~ 4% 1.7%
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DO — h+h7,u+,uf [PRL 128 (2022) 221801]
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