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What is Rare?

(A Definition)

Suppressed or Forbidden by SM:

* Flavor Changing Neutral Currents
— (c=2u)
* GIM suppressed:
— D+->m+ete-
— D>Xy
« Lepton Flavor Violation & Lepton Number Violation — If
seen may indicate majorana nature of neutrino:
— D+->T1-etet,
— D+>m+e+p-
* Will not cover Radiative Decays, as the long distance

contributions are not easily separated from short
distance contributions



From: Flavor Physics in the Quark Sector:
hep-ph/0907.53862008:

* It is clear that due to the relatively little
experimental progress in this area within
the last decade and the large data sets
from the flavor factories, that there is a
several orders of magnitude in precision to
be gained from re-reanalyzing these
measurements with meaningful limits to be
derived which may have the potential to
constrain parameter space for many new
physics models.
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Channel N e (% Nexp Nobs C(Nobs|Nexp) B

DY —rnTete 4.76 x 10° 339 5.7 9 0.3 <50x10°
DY — " ete? 4.76 x 10° 13.5 1.3 0 2.3 <1.1x107°
DY — Ktete 1.76 x 10° 23.1 4.9 2 3.2 <30x10°°
DY — K etet 1.76 x 10° 35.3 1.2 3 5.8 <35x%x10°°
DT — x%¢(eTe) 1.76 x 10° 46.2 0.3 4 (1.7755 =0.1) x 107°

7.9 <37x10°°
D — wtete 1.10 x 10° 24.3 6.7 6 5.6 <22x10°°
D; — T e e 1.10 % 10® 334 2.2 4 6 < 18x%x 107°
Dif — K*eTe 1.10 x 10° 17.3 3.0 7 9.3 <52x107°
Df — K eTe™ 1.10 x 10° 277 4. < 1.7x 1073
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k=
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o
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D} — xto(ete 1.10 x 10° 33.9 0.7 (06705 £0.1) x 107"

6.2 < 1.8x107°




X.~2hll — Control Modes

=l Before unblinding, checked [ 5oree 1 oo
@ procedure using ¢ resonance ¢ © BABAR |
- Reverse /' mass cut: 5. ¢ preliminary
0.995<m(e'¢)<1.030 GeV/c! *
1.005<m(u'u)<1.030 GeVic: | b
» Significant signal seen in 3
3 of 4 modes ="l o
* Yield is about as expected i+
+ 1.50 low in Dy —md, d—e'e MZ; %
R R - R S ¥ ST 2

M(r'e‘e’) [GeV/c?]

M(m i) [Gercz]

Decay mode Yield (events)

Efficiency (%)

Expected yield (events)

DY S ¥t 21.8L£58+L15 5.65 222 %11
DY 5wt - 75+34+14 BABAR 1.11 45+04
DF = 7t @t e 62.8 +9.94+3.0 T 6.46 79+3
DY 5> 7%¢,+,- 127+ 43£26 preliminary 1.07 133 2 1.2




X.~2hll
Comparisons to Previous Limits

 Most channels improve upon previous limits

 Many modes by more than order of magnitude
* Dimuon modes have the worst limits (lowest efficiency)

BF UL BF UL
(10~%) (107%)

Decay mode 920% CL Decay mode 90% CL

DF sniete L1 59 CLEO- D* - n~etet 1.9 11 CLEO-c
“I — WII-':',”__ 6.5 39 DO Dt 5 putut 2.0 48 FOCUS
DY = ntetp 2.9 34  E791 Dt 5 x—ptet 20 50 E791
D: — ﬂ:;.fjr_‘ 3.6 34 E791 D} - n~ete? 11 18 CLEO-c
”‘1 — W+r-'+r B 1{4 22 CLEO-c Df = a~ptpt 14 29  FOCUS
Dy = n"p"p 43 26 FOCUS DF s s utet 84 730 E791
Dy = wtetp” 12 610 E791 Dt - K- etet 09 35 CLEO-c
DY = mtpte” 20 610 E791 Dt —» K—p*tu* 10 13 FOCUS
DY — K*e'e” 1.0 30 CLEO-c Dt 5 K- ptet 1.9 130 EGB87
DY — hﬁ;aﬂu— 1.3 92 FOCUS DY - K~ ete? 52 17  CLEO-c
DY KVetp~ 1.2 68  E791 Df = K—utut 13 13  FOCUS
DY = K*tute™ 2.8 68 E791 DY — K ute® 6.1 680 E791
D =+ Ktete™ 3.7 52  CLEO-c Ar = petet 2.7
Dy > Ktputp~ 21 36 FOCUS AF = putpt 9.4
Df - Ktetu~ 14 630 E791 AY 5 putet 16
DY - K*tute 9.7 630 E791
.1:.+r — pete” 5.5 340 EB53
A = pptp 44
AFY = petpu~ 9.9 BABAR

AF = ppte 1t preliminary




Motivation

FCNC of D mesons
FCNC of uplike (c¢) quarks;
= complementary short distance, B~10-18
constraints to B

¢ s
(and K) rare decays; .. e - < e .ﬂ I
[ ¢~

NP: enhancement of long distance, B~few 10-13
B(D? —u*ur), B(D? —e'e),
by orders of magnitude; G. Burdman et al., PRD66, 014009 (2002)
possibility of LFVB(D? —e*ir);

example K SUSY:

B(D% — 1t 1r)~4-106
B(D? —e*e’)~10-10
B(D% —e*1)~10



D / / ygEH Spmi BB Dex'n B Conbintoria

T e e signal |
Belle, PRD81, 091102 (2010), 660 fb- g i ML window
Results = |
" : .‘“ ‘ |
0 —)/-l_f- y|e|d % :; : 152 L34 LEé L?:EI 1.':
5 SfeTe™

. 1= |

0_, 0_, 0_, Bl signal @ 1
channel DY —uu DY —ee DY —eu 90% C.L. U.L.: s { | |
N 2 0 3 B comb. backg.; ¢ TR

L5 L4 LEd L&& Ly

Ny 3.1£01  1.720.2  2.6%0.2 B D° 1t -
backg.;

U.L.’s calculated from N and N, e [Jobserved;
iIncluding systematic uncertainties

L5 L4 L4 L&& Ly

(negligible) M[GeVid]
UL’s @90% C.L. i m——

E(D°—> u'u)<1.4-10 mrt = |

E(D°—>e'e)<0.8-107"

E(D’—>e'u)<26-10 e e



DOy

* FCNC Decay Short Distance
* Forbidden at the tree-level g 7 8 ¥
* 1-loop GIM suppressed % g 2 §
5 6 u o 5 i

* Dominated by long distance effects [1]
* Short-range (2-loop dominate):

B(D%-> yy ) = 3 X 101 Where "A)T AN
* Long-range (VMD contribution - L i
dominates): ‘,{ﬁ; ) IR
B(D%>yy )= 3.5X 10% -

* However, possible 102 enhancement from Long Distance

new physics (gluino-exchange of MSSM) [2] v

* Within the range of BaBar sensitivity. Vo ‘\J\NN

* Excellent (but difficult) mode to search for e -

new physics D° g

[1] Burdman et al. hep-ph/0112235v2 1 Mar 2002 v
[2] S. Prelovsek and D. Wyler, hep-ph/0012116v1 11 Dec 2000



DOy

o = T T L L LI — T [ r r °t o [ - T© T© T
~ mmBG_dsta = 135£3 ;
w ¥ data - Systematics
':5," BABAR oo data =-5.91 15
@ 30 .. pumPil data = 140127
'iﬂ prel I m I nary - _ Systematic o(DY — ¥y) (%) of D — 79%%) (%)
E 25K I'-'Ill? = 1--152-; Tracking (K2) and Vertexing 0.96 0.96
.=' = . Photon Reconstruction 0.60 3.00
- I " Veto 1.80 -
- - D*t Fragmentation 0.02 0.03
% 15 Signal Shape * 0.20
Q - .. Background Shape - 0.80
U?J = s S . i Cut selection e 2.50
E e + e, - D" — K% Signal Shape 0.53 0.17
5 + + + _i D® — K°z° Background Shape 0.01 0.63
C / ,.}1 D — K920 Cut selection 0.76 0.76
[ 1 L 1 L I L 1 1 1 I 1 1 L 1 I 1 L 1 1 I 1 1 1 L I L 1 1 1 N Qyrat o N ’ o
T_?- 175 18 185 1.0 105 Total Systematic Effect B 4.23

D“ Mass {G‘E‘UI‘E : [¥] Near-zero relative errors are ill-defined and is accounted for using toy MC simulation

*D%->yy
*B(D%->vyy) <2.51 X 10°
* About factor of 10 improvement on previous CLEO

measurement .



State of flux

« searching for FCNC, LFV, or LNV modes in the
charm sector is a relatively inviting place to
investigate new physics in the SM.

« Similar arguments hold for rare decays in the K
and B sector. However, the charm system is
unique in that it couples an up-type quark to new
physics.

* more recently measurements are starting to
confine the allowed parameter space of R-parity
violating super-symmetric models.

11



f(Ds)

In the standard model the leptonic decays of the D,
meson provide a clean way to measure the decay
constant fy:

s 2 2 > \2
B0, =)= [0 G 1 1-

(D, —all) 8 M,

k)

ATV

12



From CKMO8 More data

— required to see if
experiment and

theory are
; : ; significantly
agl'ee & i Belle inconsistent
1 PRL 100:241801 (2008)
® BABAR
PRL 98, 141801 (2007)
e = CLEO<
206(9) 2 68(9) | 0806.2112 subm to PRD
PRL 100, 161801 (2008)
/ 3 exptl) O PRL 99, 071802 (2007)
ﬂpﬂ
g HPQCD HISQ u,d.s sea
207(4) 34 1(3) 0706.1726[hep-lat]
ENALMILC u.d.s sea
LATOS prelim.
— @ ETMC u.d sea
LATOS prelim, X

200 225 M 250 275 300 NO S In sea as yet



Many Averages, eg:

Previously 3.8 O disagreement.
Phys.Rev.Lett.100:241802,2008.

& Many Explanations:

This discrepancy could be the result of new physics:

. %
Charged Higgs boson ﬂt} § ?fq: W

4/_/
<—|\(—‘\

Leptoquarks

ﬂlbﬂ-

14



[Phys. Rev. D RC 82, 091103 (2010) ]

f(Ds) Analysis Strategy

Event reconstruction :

ee'éccéDKXD = 2>2DKXyr~v
_D 7/

* A normalization sample is created by D,
D Tagging using the recoil mass:
K4 2= [p., + +p. + Dy + D)2
Ds - pe+ pe- (pD pK pX py)]

. D,~>u v, e'v events can be can be detected
D, v by calculating the mass of the neutrino:

: M2 = [Per +Pe - (Pp + P + Px + P+ P)I°
1

*D,~>1v events are counted using the
" ' distribution of extra energy in the EMC
@ which should peak towards 0.

X = reconstructed pions
15



[Phys. Rev. D RC 82, 091103 (2010) ]

f(Ds) The Denominator

)+ The yield of Ds mesons is determined using a 2-D fit to:
Mass recoiling against the DKX ¥ system

n,R, the reconstructed number of pions in the fragmentation

system.
7 We obtain n(D,) = 67,200 + 1500.
= . . . sll]l:.'ll}
x 1000 é‘ 5 5eo 1 §
l‘:‘b“ T T T T T T E . X E p
= 301 7 g | g+
= & 8 2
@2{_‘._ — 188 19 195 2 10F 21 0 LES 19 158 2 ans 2,
E :rnrl:DKXﬂ (Gevic) m,{l:-"lixﬂ (G Vic™)
210 13 $ g
m 2 i nk=1 J-\_...rf
P 3
07185 19 195 2 205 21 2 E
m(DKXy)  (GeVic?)

185 1% 195 2 105 21 185 18 18 2 205 1.]!
m (DKXy)  (GeVic') m (CKXy) ~ (GeVic")



qrt_)
e
-
S
Ly
=
]
—
|+
d—
=
L
-
=l

D, = v reconstruction

A muon | candidate is identified, using standard
particle identification techniques.

The mass of the D, candidate is constrained to the
mass provided by the Particle Data Group.

We require Eg,,, . <1GeV.
A kinematic fit to the whole event is performed.

A binned maximum likelihood fit to the mass

squared recoiling against the DKX 7 |, system, m,_2,

is performed.

100

-0.5

Iﬂ We obtain events 274 + 17,
which yields
B(D,2> 1 V)= (6.02+0.37 £

WM% 0.33) X 103
e

0 DI_S | 1j5 2 [Phys. Rev. D RC 82, 091103 (2010) ]
m2(DKXyn) (GeVZ/ch

17



Comparison to CLEOc and BELLE
7>

Lo

BALLE
PRL 100, 241801 (2008)

FHIJdIVCAL KL

“{, 16000
S 14000
g 12000 /s
10000
8000
6000
4000
2000
0

(548 o)

-
T,

ight-slgn (RS) 4

entries / 6

M o (DKX 7) / GeVIc?

(548 fb)

entries /0.072 GeV/c'

M 2. (DKX yu) 7 GeV 2rct

Events / ( 0.01 GeV?)

Events / { 0,002 GeV?)

PHYSICAL REVIEW D 79, 052001 (2009)

1631108032

16000 [T
14000 E—
12000 E—
10000 f

8000 |-

2000 |

6000 |- M
Lo -

4000 -7

:\II|HI|IH|III|II4'T.I'HLJ

3.6 3.7 38 39 4 4.1 4.2
MM*2 (GeV?)

1631108041

80
(a)
60
40

20}

Yield=235

-
_____

-0.05 0 0.05 04 015 0.2

MM® (GeVE)

[Phys. Rev. D RC 82, 091103 (2010) ]

Entries/6 MeV

300001

zswl;gield — () 71

20000

15000

10000

520 T6)

2 205 2.1
m,(DKXY) (GeV/c®)

Residuals
LT

Ll

Events / ( 0.05 GeV?)

&

120

100

=]
=]

=)
[=]

20

(520 fb-1)
Yield=275

23
M2 (GeV?)

18




[Phys. Rev. D RC 82, 091103 (2010) ]

D.= T V reconstruction

T>1v impossible

We measure the final states due to backgrounds

T2eV V
P
T2UVV first measurement since LEP

Particle identification procedure remains the same
as for D,2eV and D,2 UL V as appropriate.

ForD2>T V ; T2 UV V we require m_2>0.3
GeV?Zc4 to remove backgrounds from D> 1 V
events,

For D, T V decays we perform a binned

maximum likelihood fit to S

19



[Phys. Rev. D RC 82, 091103 (2010) ]

D.= T V reconstruction

Left: T eV V

2
2

30

Right: T2 vV V

Events /0.05 GeV
Ln
S

Events /0.05 GeV

E’exiu (GeV) E‘ehi (GeV) ’

| Mode | Yield | Branching fraction
D2TV ;T DeVV 408 * 42 (4.91 £ 0.50 £ 0.66) x 102
D2TV;T2UV YV 340 £ 32 (5.07 £ 0.48 + 0.54) x 102
Combined (5.00 £ 0.35 £ 0.49) X 10-2

20



* Due to the nature of the reconstruction, most of
the systematic uncertainties cancel out exactly

* Remaining dominant systematic uncertainties
arise from signal and background models

Values for f,, are obtained using the formula:

1 8T B(DF — tv)

fﬂ"‘ - \/
s 2 M+
G pmy (1 — %—) |’[{,:5| D TS
: +
DE
D> u v (6.02 + 0.37 £ 0.33) x 103 (265.7 £ 8.4 £ 7.9) MeV

DTV ; T>eVV (4.91 + 0.50 + 0.66) x 102 (247 £ 13 £ 17) MeV
DTV ; TO2UV YV (5.07 £ 0.48 + 0.54) x 102 (243 £ 12 * 14) MeV

Combined (258.6 + 6.4 £ 7.5) MeV

[Phys. Rev. D RC 82, 091103 (2010) ]

21



Reconstruct recoil mass against
DKXy to tag D, events

Require an additional electron
taggingt—=> e vv

Peaking backgrounds remaining
are estimated.

Similarly, create separate sample
which is tagged as D, 2> KK~

Signal yields: 448+36 for D> tv
and 333 * 28 for K.K.

Entriesi).006 GeV/c®

Relative Measurement of
D, = v vusing D, 2>K.K-

[ arXiv: 1003.3063 |

L
My (GeVich)

22



f(Dg) Comparison to Other

BELLE 2007

CLEOC 2009

World average

HFAG-charm | R B B

CHARM 2010

N ST () T T N T
05 055 0.6 065 0.7 0.75

B(D,~wv) (%)

0.644 + 0.076 = 0.057 %

0.565 = 0.045 = 0.017 %

0.602 + 0.038 + 0.034 %

0.590 = 0.033 %

experiments

HFAG-Charm ITITIIII rrrrprrrrprerm

CHARM 2010

CLEOC 2009 t—n }‘—’—’{
CLEOC 2009 t—e }"—‘—4'{
CLEOC 2009 t—p H—'—q

World average }—‘—{

LIIIIIIIIIIIIIIlIJIIIIIIlIlIIIIIIII_l

4 45 5 55 6 65 17
B(D,—1v) (%)

642+081=0.18 %

5300472022 %

552057021 %

491047 =054 %

454053049 %

5.07 £0.52 = 0.68 %

529028 %
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Theory vs. Experiment
(new LQCD calculation)

|
— BELLE

1)

CLEOc

V)

gABAR

V)

CLEOc

(T—evv)

Experiment< LEOc

T—= V)

CLEOC

BABAR
BABAR
- BARBAR
Theory LQCD .

200 210 220 230 240 250 260 270 280 290 300
f, (MeV)

HFAG(2011) = 257.3 +- 5.3 } A= 16
LQCD(2010) = 248.0 +- 2.5

B(D_—uv) : i ‘
1

2524 = 67+ 18

B(D —tv)

H 2573
World average

| PEWEY PRV FRETE FEEEE PR PR AT PR
235 240 245 250 255 260 265 270 275

f, (MeV)

LQCD value
changed with
their new energy
scale calibration.

[PRD 82, 114504 (2010)]

+ 5.3 MeV
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Summary

Recent results on Rare decays have been presented
— Improved upper limits
— Starting to eat into the parameter space of new physics

— Many results have not been updated in over a decade (E791,
FOCUS, etc...)

— Existing Data sets from Flavor Factories could provide much
iInsight on Rare Decays
BABAR’s recent absolute measurements use a D.-
tagging technique (similar to the technique BELLE used)
which reduces the systematic uncertainties. These
measurements significantly improved the uncertainty on
the world average value of f(D,)

The current difference between theory and experiment
for f(D.) is only about 1.6c after the shift upwards in the
new LQCD calculations.

— A real difference would indicate contributions from
Non-SM particles contributing in the decays.

25



A simulated signal event in the BABAR cc>DOK- XD+
i 1 TN

BABAR

s, A1 Rlights Ressr

Knn® mrnn (nfv)y

", " 4
(e
y |
Y

—




f(DS) nXT unfolding

While the 2-D fit is being performed the n,'

distribution is unfolded

7 A weights model for each value

of n,'=j is constructed:

wRS

(j —a)e™

I Y h=olk —a)Pe7*

This weights model accounts for data-Monte Carlo

differences

The parameters are

floated in the 2-D fit

Efficiencies are

calculated after n}(T

unfolding.

028

E
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Rare Decays

relatively little experimental
progress in this area within
the last decade

Figure 1: Standard model short-distance contributions to the ¢ — wf¢~ transition.

90% confidence limits on Flavor-changing neutral current, (FCNC], lepton family-number (LFV) violat-

. e s . . . .. N 00% confidence limits on flavor-changing neutral currant (FCNC), lepton family-number (LFV) violating,
ing, or lepton-number (LV) violating decay modes of the Dt (left) and the DY (right) [285]. e ) e =AY =

ar lepton-number (LV) viclating decay modes of the DY [285].

Process Decay tvpe Upper limit Referenca — Process Decay type Upper limit Reference Process Decay type Upper limit Reference
o ete—  FONC = 74 %10-% [851] Process Decay type Upper limit Reference oy FCNC o« 27 x10-% [857] K0yt N/A® <24 x10-5 [860]

o o at ete— fAe = 27 -4 o -5 T o < —1
o+ ptg=  FONG < 39 x10-5 551 7t ete N/A - 2.7 x10~4 [855] ete FCNC - 12 %10 6[353] "ri wtp F\.nfc =81 x10 _.[353]

s ) ot ptu=  NjAS < 2.6 %1075 [854] e FONC < 1.3 x10-5 [358] et uF LFV <81 x10-7 [85§]
ptutu=  FCNC < 5.6 x107* [859] Kt ete-  FONC < 16 x10- [855] 0 ete=  FONC = 45 x10-5 [850] 70 ot F LFV <86 =105 [859]
K+ etem NjA® < 6.2 x10—% [851] - s . 70t FCNC < 1.8 x10-4[859] net uF LFV < 1.0 =10—4 [850]
Kt b NjAS < 9.2 x10-5 854] K+ ptp= FCONC < 8.6 1077 [554] nete= FCNC < L1 x10-4[859] atr= et u¥ LEV < 1.5 %1075 [360]

i K*= ptu- FCNC < 1.4 %109 [853] et FONC  « 53 x107% [850] et 7 LFV <49 %1075 [850]
ot et yF  LFV < 3.4 %1075 [88E]

- at ef yF LFV < 8.1 x10—4 [855] rtr—ete= FONC < 373 x10-4 [860] wet uF LFV < 1.2 =104 [850]

Kt ety LFV < 6.8 %1075 [855] K+ ot ¥ 6.3 x10-4 [855] Pete= FONC < 10 x10-1[850] K=K+ et puF LFV <18 x10-1 [860]

LF .
7= et et IV < A6 xlUF h h DR G éﬁo < 3.0 x10-5 [B60] det uF LEV 234 x10-5 [359]
mwew -uwakldvor Phys ms inthe@QuarkSector: ol 5. e
2.0 %x10~° [854] wete™ FOUNC < 18 %1074 [859] K~ ot et uF LFV < 553 10 [850]

Con o eehep-ph/0d07.5386 f R E
p T3 w10—4 [855] wpt FCNC < B3 1077 [850] K9 eT p¥ LFV < 8.3 1077 [860]

ppt ut IV < 5.6 x10~4 [853]

i KVK— ete= FONC < 3.15 x10-4 [360 a7 m et et tee IV <112 %10~ [560

. K- et et IV < 6.3 %10~1 [855) (3601 [Fen)

K- et et 1V < 4.5 x107° [851] K P 1.8 105 854 pete— FCNC < 5.2 x10-5 [850] o= = pt pt +ce IV < 2.0 x10~5 [860]

T HT R ' < La =107 KHK— - FONC = 88 x10-5 [860 K- 7 et ot W < 2.06 x10-4 [860)

K= ptpt WV < 1.3 %1075 [354] , wha x107* [360] =&t et teo - 2.06 107 [860]

K- ot ut IV 1.3 x10-4 [356] K- et put LV < 6.8 %10~ [855) autyu FCNC < 3.1 x107% [860] E-n ptut +cclV < 3.9 =107 [860]

—etpu ! < 1.3 x10- o s ) -4 e . . —4

, ) Ko ot ot v < 1.4 x10~° [853] K? ete N/A < 11 %1074 [850] K™K~ etet fce LV < 1.52 %107 [360]

Kot et IV < 8.5 x107% [853] B ptu—  NjA® < 26 x10-4 (853 K- K- ptpt +celv <04 x10-F [860]

. The e an ol for FONG K- xtetem FCNC = 385 x10-4 [360] a7 et pt tee WV <70 %1075 [860]

=e macles are not a usaful test tor ) R0 ete=  NjA® < 47 x10-5 [360] K= 7= et pt +ee IV < 218 x10-4 [360]
because both quarks must change flavor. ! -

K+ xt ptp= FONC = 350 x10-4 [860] K= K= et pt +cc IV < 57 x10-5 [860]

* These modes are not a useful test for FCNC,
because both quarks must change flavor.



D 9 h I I arXiv:hep-ex/0607051

Anything more
updated?

D"—rtete
D =
D" —mre'n-
D" —mue
Di—n'ete
[ TR T
Di—mre'p-
Di—m'*e
D" =K e"e
D =K u*u
D —K e
D =K e
Di—K e"e
Di—K u*u
Di—K e
Di—=K n*e
Aj—prete
Ag—pTprw
Aj—pretps
Aj—pTpre

BaBar
CLEO-c
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