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UL Rare and Forbidden Decays of the D° Meson

Outline of the Talk

Motivation

The BABAR Experiment

Observation of DY — K~ ntete™ PRL 122 081802 (2019)

Search for forbidden D° — A~h~IT1" and D® — A~ A1~  PRL 124 071802 (2020)

Search for 7 Lepton Flavor Violating modes D? — XY%e*u™ PRD 101 112003 (2020)

Charge conjugation implied throughout
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Motivation: Search for New Physics evidenced via rare
decays

~ —
Most of us are familiar with the storied association W

of lepton number conservation with Beta decay: n—->p+te +1u,
Likewise, lepton flavor conservation is familiar U~ — ey
e”

from the most common form of muon decay:

These conservation rules are well-supported by data.

The Standard Model only allows violation through complicated Feynman
diagrams; at best, such processes should be extremely suppressed. Some NP
theories, however, allow SM-suppressed processes that should be within
experimental reach.
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UL Motivation: Search for New Physics evidenced via rare
~ decays

Neutrino oscillation demonstrates lepton flavor violation
(LFV) readily...among neutrinos.

Observation of LFV among other particles or of YM ';
lepton number violation (LNV) could provide @ "
: vé e

insights into New Physics
T+

Even for modes that do not explicitly violate any conservation rules, there is a

tension between dominant long-distance contributions, e.qg. DY > XV = Xt~
and suppressed short-distance contributions such as loop and box diagrams.

()«
New virtual particles could substantially alter the relative importance of short- DO W%%(' -

distance effects and with them, the overall decay rate. @< .
J
\'
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UL New Physics in the charm sector

Multiple NP theories give rise to previously undiscovered particles that could
contribute to bringing rates for many of these rare decay modes into reach of

current experiments. ﬁw““<

r Do | K
Littlest Higgs with T-parity (LHT) % @ ,
w

PRD 83, 114006 (2011) .

Example diagrams

Warped Extra Dimensions N
PRD 90, 014035 (2014)

Minimal Supersymmetric Standard Model (MSSM) ~N

PRD 76, 074010 (2007), PRD 64 114009 (2001) Majorana Neutrinos

_ S Chin Phys C 39 013101 (2015)
MSSM with R-parity Violation Leptoquarks
PRD 66, 014009 (2002) PRD 93 074001 (2016)

Not an exhaustive list!
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The BABAR Detector

/- Primarily designed for study of A
CP-violation in B meson decays
e Quality and general-purpose
design make it suitable for
\_ a large variety of studies )
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The BABAR Running Era
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This analysis uses 468 fb! of data

100 e
i *  First collisions with BABAR
- 1999
0 XWTHT * Final data taken 12:43 p.m.,
S April 7,2008
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UL NP and B-factories

~ 1.3 nb

O-e+e——>c5

B-factories are also charm factories N.:~ 1.3 nbx 468 fb~! ~ 6 x 10° events

Ensure pure sample of DY by requiring DY candidates from D%,
ie. D'F - D™

« Constrain DY mass to nominal value
* Require DY candidate and pion form vertex at interaction point
« Invariant mass of D" and pion consistent with D* mass
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Modes Searched For

All BABAR searches presented here use 468 fb~! e*e™ data

DO — h™h /_l+l/+ (+ charge conjugates) DO —h"h /+l+l/_ (+ charge conjugates)

B uru” eFu® — ete” iy~ eu”
KK OK OK LFV
s

LNV LNV LNV

T LNV LNV LNV ) OK OK LFV
I LNV LNV LNV K rn* OK OK LFV
Also necessarily LFV T
0 LHCD first to discover
Discovery of D” — K~ nte™e™ by BABAR DY = K—atu*u-
PRL 122 081802 (2019) PLB 757 558 (2016);

DO — K+K_/,t+lu_
Search for LNV and LFV modes by BABAR D° — atnptu”
PRL 124 071802 (2020) PRL 119 181805 (2017)
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Modes Searched For

DO N h—h'—l+l’+ (+ charge conjugates) DO N h—h/+l+l’— (+ charge conjugates)

etet pru® etu” _ ete” P e u*
K K OK OK LFV
s

LNV LNV LNV
T LNV LNV LNV . OK OK LFV
% 18 LNV LNV LNV K¥r* OK OK LFV

Also necessarily LFV

And the manifestly LFV: D? — X%*uF
Where X" can be any of 7°, K9, K™, po, ¢, w, or n

PRD 101 112003 (2020)
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Observation of D —» Kz ete”

%20:_ BABAR f Data
. ] C — Total
* Require at least 5 charged tracks in event §1s:- ----- Signal k
v F w Background
* Correct electron energy using Bremsstrahlung algorithm 2 10F ]
=:
o » ]
i %k s F 4.
- Require p* > 2.4 GeV/c SRR . o s
1.82 1.84 1.86 1.88 1.9
. 0 k4 m(K m*e*e”) [GeV/c?]
* Require D" from D — o T TS
L [ BABAR
%20:_ ¢ Data
- Normalize against D — K~z7z"z~ mode EISE ..... S
S; E w Background E
« Fit invariant mass and Am = my. — my, independently 2 10F ]
S r ]
35 S g
ey s . — . =) £
« Fitin different m(e*e™) ranges to test long- vs short-distance & & 7L ]

1 Mt et PR R SRAPUAAIRN NSRS T i P
0.143 0.144 0.145 0.1I46 0.147 0.148
Am [GeV/c?]
Fits for 0.675 < m(e*e™) < 0.875 GeV/c?
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UL Observation of D —» Kz ete”

For 0.675 < m(e*e™) < 0.875 GeV/c?, dominated
by long-distance effects, we find:

| BABAR 7 e 0 b

BD > K ntete)=(4.0+£05+02+0.1)x107°

[\®]
(=]
AL L
]

For the continuum region, dominated by short-distance 10}

effects, we find no significant signal and set an upper limit:

Entries / (10.00 MeV/c?)

i TIEE
oﬁﬁw&%@jthgﬁw

m(ete ) [GeV/c?]

BD° - K~ntete™) <3.1x107° 90% CL Upper Limit

The continuum region is defined as the ranges in m(e*e™)
shown on the graph, excluding the color bands.
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Search for forbidden D — hh'll’ decays

Sf_BAa'BAR i I‘ i?g::l ' __BAOBAR )

* Require at least 5 charged tracks with particle ID G HT osen L E
i ”' T L

* Bremsstrahlung energy recovery algorithm for electrons WU L L AT L U 1l
3 :_BA.BAR ' . . __ BA;.'?AR .

. _::_Doak"ﬂ:*et/lI

. Requwepl’)ko > 2.4 GeV/c i 4 : |
4: e
2: | %h e ‘_“-

« Require D from D%

Entries / (0.32 MeV/c?) Entries / (0.32 MeV/c?) Entries / (0.32 MeV/c?) Entries / (0.32 MeV/c?)

i D' rrutut % _
* Fisher discriminant in 9 variables to reduce backgrounds 4 Il\l ;
2 3 -
K . "l‘::o- | t + 1
* Normalize against D’ 5z xtatn, D - K ntntrn, Biba 2 _
0 — + +_ - I5F D> raetu* D’— mrtetut ]
and D — K~ K" z" 7~ modes o+ 1]
sk + + ] l + . ﬁ
 Two-dimensional fit to invariant mass and Am = mp. — mp, %%4 TR ATE T T
Am [GeV/c} Am [GeV/c?]

Projections of 2D fit onto Am axis
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UL

Search for forbidden D — hh'll’ decays

No significant signals found.

Much tighter upper limits than previously determined

-

SR

S o

Entries / (232 MeV/c)  Entries / (2.32 MeV/c?)
o

F BABAR § Daa BuBar
L DY s KK etet Lol D’— KK put
o ==== Signal

....... Background

b Dy by iy

B4ABAR BABAR
D’— KK ety* + 3

0.16 0.18 * 0.16 0.18
Am [GeV/c?] Am [GeV/c?]

B 90% U.L. (x1077)

Decay mode D° — N, (candidates) €sg (%) B (x1077) BABAR Previom

rretet 0.22 +3.15+0.54 438 + 0.05 0.27 + 3.90 + 0.67 9.1 1120 | PDG 2018 listings
S TaTas 6.69 £+ 4.88 £+ 0.80 491 4+ 0.05 7.40 +5.40 £0.91 15.2 290

ettt 12.42 +5.30+1.45 4.38 £ 0.05 15.41 +£6.59 + 1.85 30.6 790

aatetu’ 1.37 £6.15 £ 1.28 4.79 4+ 0.06 1.554+6.97 £ 1.45 17.1 150

K netet —-0.23 £097£1.28 3.19 £ 0.05 —0.38 £1.60 £ 2.11 5.0 28 [21] <—PRD 99, 112002 (2019)
K utut —0.03 +2.10 £ 0.40 3.30+ 0.05 —0.05£3.34 £0.64 53 3900

K etut 3.87 £3.96 +2.36 3.48 +£0.04 5.84 +597 +£3.56 21.0 2180

K nte*uT 2.52+4.60+ 1.35 3.65 + 0.05 3.62+6.61 £1.95 19.0 5530

K K etet 0.30 £ 1.08 £ 0.41 3.25+£0.04 0.43 +1.54 +0.58 34 1520

K K ptu® —1.09 + 1.29 +0.42 6.21 £ 0.06 —0.81 £ 0.96 +0.32 1.0 940

K K etut 1.93 £1.92 £0.83 4.63 +0.05 1.93+1.93 +£0.84 5.8 570

K-K*etu® 4.09 +3.00 £+ 1.59 4.83 +£0.05 3.934+2.89 £+ 1.45 10.0 1800
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Search for forbidden D — X"u*e™ decays

“— _.BABAI; . . . .BABARI
% 0FD’— 7letu* D’— Kjetu .
Require at least 3 or 5 charged tracks with particle ID Z
Bremsstrahlung energy recovery algorithm for electrons ;J il l 4
. Ng 10FD? s K07 +p° 0,4, /7 A
Requwep;)ko > 2.4 GeV/c N o
g 5k 1 _ i Data
H O *i E - } u l e | — Total
Require D" from D st 3 T e
5 NE rt A A :00 0: oo ignal
. L . , RN L | 1 o Background
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% 5k 4 1
: . _ _ _ _ £ . l ‘ |
Normalize against D —» 7=zt ztn~, D° - K~ ntntn~, = | ey :Mm: i
— — IR BABAR BABAR
and DO — K K+7Z'+7T modes % WFD’ 5 n(—yy)eut TD'— n(—rn*nn’)et u* 1
=
Perform maximum likelihood fit to Am = mp. — my, 3 5' ~ I i 4 4
g bl 1o ¢ ¢ ¢
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UMl Search for forbidden DY - XYu*e™ decays

No significant signals found

Improve 90% CL upper limits by 1 to 2 orders of magnitude

B 90% U.L. (x1077)

Decay mode N, (candidates) €sig (%) B (x1077) BABAR Previous
D° — e y* ~0.3+2.0+0.9 2.15 +0.03 ~0.6+ 4.8 +£2.2 8.0 860
D° — K9etyu* 0.7+ 1.740.7 3.01 £0.04 19+4.6+ 1.9 8.7 500
D° — KVe*y¥ 0.8+ 1.8+0.8 2.31 +0.03 2.8+6.1+26 12.5 830
D — pletpF ~0.7+ 1.7 0.4 2.10 +0.03 ~1.8+44 £ 1.0 5.0 490
D’ — petu 0.0+ 1.4+0.3 3.43 £ 0.04 0.1+38+09 5.1 340
D’ — we*y 0.4£23£05 1.46 £ 0.03 1.8+£9.5+1.9 17.1 1200
D — netu* 6.1+£9.7+23 22.5 1000
with 7 = 7y 1.6 £2.3+0.5 2.96 £ 0.04 7.0+ 105 +2.4 24.0

with 7 — 7" 72" 0.0 £2.8+0.7 2.46 + 0.04 0.4+25.8+6.0 \ 43.0 Y,
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Conclusions

. Study of rare and forbidden D° decay modes with BABAR
- First observation of DY — K*z~ete™
e« BDP > K ntete)=(4.0+£0.5+02=+0.1)x 107 “long-distance”
e BDP > K ntrete™) < 3.1 x 107% 90% CL upper limit “short-distance”
. Search for D° — hh'll’ - upper limits tightened by 1-3 orders of magnitude

. Search for D? — Xoei/ﬁ - upper limits tightened by 1-2 orders of magnitude
 All consistent with the Standard Model

» 13 years after end of data taking, BABAR continues to produce important results
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Thank you!
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