Semileptonic & Rare
Charm Decays

Will E. Johns
Vanderbilt University
FPCP 2003, June 4



Rare Charm Decays

Potential FCNC Decays are Suppressed
Box: anel Penguin Diagrams are Smallish for Clharm

No Top Quuarkin the loog

N\

Short Distance

10-19 <:> BR(D? > ,u+ u)
10-16 {=>  BR(D® -»yy)

10-8 <:> BR(DT 5> 2z utu)



Rare Charm Decays

Enhancement from Long Distance Effects

Long Distance

oot D R0 )

- 108 {T—>  BR(D° >y

% 10-6 <:> BR(DT >z uTu)

Even More room for decays:
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New Result from CDF D° S

Use D* tagged D°’s
99 (cut~+2.50,,) 2

Use Similar Normalization Mode :

Very Similar Kinematics ol
Keep cuts “same”’
Need Anyway: )
- Background from Normalization 25

~(MISID)? = (0.013)? or (1/5 ev.)

0_..|..

CDF Run Il Preliminary

- \F\ Normalization mode:
1371+ 53 D'

in the mass search window
[ Ldt=69pb"
CMU fiducial

i

-
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%. Al Mool

18 1.85 1. 1.95

BR(DO _)lu-|-lu—)S NRARE effNORM BR(DO —)7Z'+7Z'_) < M__(GeV)

N vorve el rare
“Blind™ omima/':S«l.sw@
seareh -~ mr,+ K&,

Sideband + (MISID)?

The “MISID ZONE”

Back of the Envelope:

1.5E-3 (2.2/1371) = 2.4E-6




New Result from CDF D° S

CDF Run Il Preliminary

*Expected background

— 1.7£0.7 events

Fake: 0.22+0.2
Combinatorial: 1.5+0.7 2 |-

OpentieBoy —>

events/MaV

*New best limit
Br<2.4x10%at90% CL

D% Search

0 events in the +2a search window

Br<3.1x10%at95% CL

Previous Bests:

4.1 x 10 at 90% CL (BEATRICE)
4.2 x 106 at 90% CL (E771)

minary
~kground:
its scale to
ted bkg.
0 A ' I TN VN B I B
1.8 1.85 1.9 1.95
MW(GEV) ‘
%9 1.95 2 2.05
M,, (GeV)

Background Sideband
(Combinatorial Estimate)



New Result from CLEO D° -

"Form D° mass from 2 photons (62802318(D° 50 s)Ij
(Cuts optimized on D® — 7z°#z?) | sw0F———r——— 2 7_TT_CVENISiss1102.00

' | I I I
(a) 0, 0_0,_+
Mass must be within 2.50,, of M(D?) | 250 ® Diwa)n Data 4
- 200 - — Dﬂ(nﬂnﬂ)ﬂ:"' MC
Veto candidate when extra — Fitto Data
o)
photons form mass: M (7~ )+30, _150| -
(reduces 77 bkgnd from 4 to 1) =100f 13.8 fb"! B
o 50} .
Find soft pion consistent with D % 0 o e ETe T T e T
momentum cuts and Particle ID 2 (b) L 0 e
—MD*_I_ MDO - 50| e D (??)J‘E Data _
___Form O=M(D ")-M(D") 2 40l — D(yy)s" MC Bkg _
Fit data to Gaussian © ol — Fitio Dala i
and threshold function o0 + + I'
Gaussian width and center 0 ¢ i -'!-.Pr"’ o Rl
fixed from Monte Carlo nd | |

I | | I 1 | | | I 1 | | | 1 | | | | | 1
0 0.005 0.010 0.015 0.020 0.025

Q (GeV)
I19.2 +9.3 (DY > yy events )I ﬁ




New Result from CLEO D° -

0
BRID = 77)  _ Nuare vors _ 0194 +0,0094

BR(D° - z°7?) N vorve €l rare

(stat)

Systematic error 13.1% from finding efficiencies, fits, MC stats, D selection,
Event selection (added in quadrature with stat error for upper limit estimate)

g ) 0.033 £ Y
0 : explanation
BRD_21) < 0.033@90% C.L. | =

BR(D’ — n°7?)
\ J

90% of

Using BR(D® - 7°7%)=(8.4+£2.2)x10™* Probability|is
above 0.0194

BR(D" = y7)<2.9x10” @90% C.L. }

0.01 TZ 0.03 0.04\0.05 0.06 0.07

Phys. Rev. Lett. 90:101801, 2003 0.0194 Sigmais total error
hep-ex/0212045



Final Results from FOCUS

Look for 3 bodies with 2 muons [ D(JS“) — (7, ]Qi ,U+ ,U+J
Cut Grid, based on vertexing, Particle ID

@) Oy
L/o — vary from >5-21 %;4\ L

ISO1 - CL DK’s in prim
(vary <0.1 —0.001) = =4 =<

DCL — CL of DK vertex (>1 -- 4%)
MuCL — CL for Muon ID (>1 - 10%)

Cuts on P(u) for u’s, Cerenkov for 7’s and K’s

| KK
Y 60000 | D' Normalization Mode 15000 | D} Mormalization Mode
s
E 40000 10000
=
20000 5000 Loosest Cuts
K (1] n L 5 -

=
=1

1Tightest cuts

GeVic

1.8 19 2 2.1 17 1.8 1.9
NLass GeVic Nlass



Final Results from FOCUS
Use Duzall Boeolsirap

Events/0.008 GeV/c®
JEEEE

Evenis.008 GeVic:

Events/0.008 GeVic:

oL

[

[ ]

D(S )

- Second Bootstrap calculates quoted Sensitivity and Branching Ratio

_I_
D Kr'r*

- D' Yield =90727 + 331

17 18 19 2 21
Nlass Gevic:
K+].l+].l
Sideband = 20
Signal=4
=35 /
17 18 19 2 21
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+ 4 -
E
Sideband = 19
Signal=2
=75
e %
’/
o En
17 18 19 2 21
Mass GeVic

Systematic Check
uses a single cut

(makes better plots') il

Evenis0.007 GeVic

Events/0.008 GeV/c®

D" Rare Decay Modes
from the single cut check

Signal

Excluded

4 Slde\ d=2
3 Slgnﬁ% »
=235 \(
, 7 X
S| A
0 " L | HI . .
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Mass GeVict
?E_”+”+
1 Sideband =8
Ll Dol
, 28
2 / <5
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0 AL |
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Mass Gevic

.a-

Events/.008 GeV/ic
[}

Events/0.008 GeV/ic
[}

D+

S K'Kr

- DY Yiekl 9868 + 158

Events0.004 GeVic®

Events/0.008 GeV/c

D} Rare Decay Modes
from the single cut check

1\-].1+“+
N Sideband =1
3 Signal =0
T=3.0 7
2 /
- /
AL
19 195 2 205 21
Mass GeVict
-4+
Tyt
4 Sideband =10




Final Results from FOCUS

Dominated by PDG rate to normalizing mode

D, — (K utpt

Decay Dual Sensitivity | Sys. Result Single
Mode Bootstrap Error | W/sys Cut(w/sys)
D* K*u*p- 19.1x10% | 7.5x10 7.5% [9.2x10° | 12x10-®
D* ©K-pu*u* | 13x10° | 4.8x10° 7.5% |13x10° |12x10°

D* on*u*u- | 8.8x10° | 7.6x10° 7.5% |8.8x10° |7.4x10°
D* omprut 14.9x10° | 5.6x10° 7.5% |4.8x10° |5.2x10°
D jf oK*u*p- | 3.3x10° | 3.3x10° | 27.5% | 3.6x10° | 3.8x10~°

D jf oKpfu* | 1.3x10° | 2.1x10° | 27.5% | 1.3x10° | 2.0x10-
D f oy | 2.4x10° | 3.1x10° | 27.5% | 2.6x10° | 1.8x10°
D Sf omuru* | 2.6x10° |2.3x10° %7T5‘VT 2.9x10° | 2.2x10°




Rare Decay Round-Up  §jill Room fior
d . s 4 New Physics

¢ A
0 e °* ¢
L]
_ﬁ, .
( * [Close to Long Distance F’redlctlons

i Sets MSSM constraint | —) vy n1sl

5 - R R S T T |
— :i‘_ 1 i =1 3 = 3 g
S8 8w e e o o | ISSM Consirain
g 3 A% AT AT AT AT AT AT
'y = Tz SO SR S S st o5
" Iff' F: }.:;-‘ *.L:,- ;“1.'; ‘ all g;_.l: rlw: .¢=‘ - e ~
| = } wperimaenial 90 Percent CL Upper Li . :
o = ;]\G i 3} & Previous Limiis CIOSlng |n On
s L & L . . -
ot - e ¥ R-—Paority MSSM—1 (hep—ph/0112235)
" * R-—Parily MSSM~=2 (hep-ph/0012118v1)c 1> uy Long range
E_Ots of Room } B SM-1 (hep—ph/0112235) SM predictions
I SM-2 (hep—ph/0106333)
" At the bottom! & SM-3 (hep—ph/0104236) - j




Semileptonic Charm Decavs

— More than just CKM measurement tools...
‘DY — (K 7z+),u+v (Interference) )

r(pt >k utv)y T 5 guty)
(D" > K z7z") T(D > ¢x™)
_|_

D — E*O/ﬁv (Form Factors) .

AT > A%Tv (Form Factors, M, ,.)

AL 5 ATV (CP Asymmetry)

Sjijmwljeg) Emw_a_l[_lijwm:j (D decay, No form factors, V decays to spin O particles)

, Neutrino is left handed V products spinless
dT ] :
oc {(1+c0sB,)°’T’ +(1-cosd,)’T }sin’ 6, +4sin’ 6, cos’ 6,T,
d cos 6,d cos 0, T -
Prefers W spin along muon,e Prefer L=0

Scalar Resonance? Baryons (spin %2)
Form Factors -



FOCUS saw discrepancies in the data

0.8 < M(Kw) < 0.9 GeV/c® 0.9 < M(Km) < 1.0 GeV/c®

n L LA L B I I LR R 20— T
{.,J,_Eﬁﬂﬂ_—{ n E .
) 1760 - 'i_:

1600 |- —!—‘ -
1260 F .

R5-WS events
- i)
[#]] [}
=} [
[} [
P
e =
=i
[
o)
HeH
| |
|
v
|

r | ] ¥ ]

— ! ' | 1000F ,—‘ : -

1000~ (a) _‘1_| g * ] (b) = e a1 ]

1. L. L — P B

—1.0 -0.5 0.0 0.5 1.0 —-1.0 -0.5 0.0 0.5 1.0
cos(fy) cos(fy)
DT > K" ,u+v
(Did NOT obey)
r . 2)
sin @, (1+cos8,)e”B .H (q”)
d’T -

oc 5 |—sin G, (1—cos Hg)e_""BK*OH_(qz) S
—2c0s 0, sin0,B,.H,(q")

dm, _dq’d cos8,d cos 0,dy

Phys.Lett.B535:43-51, 2002
hep-ex/0203031



FOCUS added a term, things got better

mm;)@ Clean Kmuv signal dSF
- L DL L L d:
e dm,_dq’d cos0,d cos0,dy
2 3000 -
o - . 7))
3 2000f (1+cosd,)sin QVel"BK*OH+ (q°)
E 1000 |- _ . .
bl 1 A|—(—cos,)sinGe B H (¢°)]| ¢
The data °® ik, o : 2
(error bars) § o siiin 2smn 6, (cos 6, B, ., H,(q")
preferred the = .., 1 L=0 ansatz ’
L=0 ansatz ¥ ,,; ]
(solid) over fa0o ] © oo lX (a)-
noextraterm:z : E N
| N [ [ ] 1—| %
(dashed) 0.80 u.asmxﬂ;:f.a;ewcg.% 1.00 O 600k
T&"_ R L R D D “\“\“'« I
R e Anel the » 400 |

o~ |

—100}

: | distributions ||

. f ] v

g 200 | Were reacly S
8 b L] o -1.0 -0.5 0.0 o5 / 10
® 00 o2 o 06 o8 10 ﬁ@)ﬁj ﬁﬁﬁﬁﬂ[ﬁ]@ cos 6, Bkgnd

q°, Gev®/ct



FOCUS BR Measurements - ”D K T g

LK Y IO ¢t

Cuts similar to rare search:

ISO1™ |SO2 — No unused tracks consistent with charm vertex (CL < 0.1%)
OoM — Charm vertex outside of target and silicon by 36,

MK ztut ) -MEK  utiv))>0.18GeV /¢ (cuts D — D'zt

D' 5K v Includes S-wave interference Phys.Lett.B540:25-32, 2002
b T bt >kstrt  hep-ex/0206013
NG T T T e —*0 h
o, 1*™F —Fitted | F(D+ —> K ﬂ+V)
= signal > 4 =
= Y Fitted S —
Emoo — right sign | background % F(D+ —> K 7Z-+7Z-+)
E © wrong sign ER 11 0.602£0.010(stat)=0.021(sys)
v et I e X \ %
‘BM(KN) 1.(éev/c21.2 1.4 07 08 M(Kﬂu),g Gev/l‘::a 1.1 1.2 1.7 1.8 M(Km.r) G V/ 2.0
D+—>¢u v . ID;"I—>¢7I:" .
Systematic errors : o () = (@
< — data E
1 % — signal region
expressed as a fraction of o, : NP I gnal region|
~ background -~ sideband

-4 100

for DT (D) =
Vary Cuts = 0.71, (1.06)

event

4 sop

i 0
0.98

(add in if > 1) | Splitting Samples = 1.57, (1.12) e §
(D - gu™v)
Vary fit (Bk, ff) = 1.57, (0.94) " 22 -
Total (quadratur e) = 2.2, (1.5) (D5 > ¢ )

0.54£0.033(stat) £0.048(sys)



FOCUS Form Factors p"—k u'v

H,(¢g*)=(M,+m, )A(qg*>)F2 MpR V(g®) H,(g*) has m, factor,set =0 <——
p TMg, Tried in fit,
1 M2K?> no sensitivity
Hy(q*) = - {(Mé—miﬁ—qz)(MD+mKﬂ)A1(q2)—4 P Az(qz)} (E7917)
mKﬂ\/; p T Mg,
4,(0) 2 2 V(0) 2
A(q*) = ’ (M, =25GeV/ V = (M, =2.1GeV/
z(q ) l—qz/Mj ( A e c ) (q ) l—qz/M; ( 14 e c )
Fitto |7 = 40 v, = 40 and S —wave parameters,[ A4 and o6 ]
4,(0) 4,(0)

'[r@wh “i “e_lu (common — vary generated parameters in Montecarlo
JJJJ.IJJ@IJ‘JJIJ by using agreement with distributions and data)
) Pioneered by D.M. Schmidt for E691 K*ev analysis: NIM A 328 (1993)

It iind S-waue with RDG 1S,

3binsin cosé,,,31n cosd,,3in y and4inm,
S-wave term and

thenfitior ¥'s ﬁ S-wave term r's essentially

Breaks symmetry decouple

5binsin cosé,, S1n cosd,,31n ‘ ;(‘ and3inq’/q.  +~—



FOCUS Form Factors p"—k u'v

Cuts similar to previous, some change to get uniform acceptance, one extra

OoM — Charm vertex outside of target and silicon by 1o,

Cuton g2 < 0.2 GeV?/c?

B
=
=
=

eventz / 10 GeV/c®

right sign -

wrang sign |

I
1.2

Charm -

Background

1
0.6

0%/ Q% max

<== r’s are flat, feeling m“?

Goodness of fit issue

Results:

Systematic Checks
S-wave — varied cuts
35 fits — Sample Variance

Form Factor (3 sources) [A —0330+0.022 + 0.015}
1) Varied Cuts
2) Split sample 5=0.68+0.07+0.05

+ (stat) £ (sys)

P, DD mKﬁ(O9GeV/c)

3) Vary MC input
Charm Backgrounds [FV

4,0) _
4 (0)

=1.504+£0.057%0.039
r2=0.875%£0.049 £0.064

—2<—==

Phys.Lett.B544:89-96, 2002
hep-ex/0207049



CLEO Form Factors and CP At » A%y

Spin 72 A\ baryon adds a new wrinkle... 0120501009

L D0 &) - 1-1) |- 1o0)

e+
Korner and Kramer use supplementary
definitions for X and the lepton angle 8,
d‘r .
dgq’d cos8,d cos 0, dy w*
2 i + 2 1
{|H;1>\ (0 ﬁOS@W) (I+a,cosf,)+ 2

|H-;_1> > G(1Fcosb,) (1-a, cosb,)+ \ j -
>|2 2sin’ 6, (1+a, cos,)+ AC —> ANe'v
One pole mass describes the decay

| H

¥
2

|H|, [} 3sin’6,(1-a, cosd,)+ e

= _ S Guw)

‘ > * . . 3 f(q2)_ 1—q2 /1\/]1\42 (l_q]%/[ax/M}%ole)2
Re(H, H >)aA cos ysin G, sinb, -~ (1£cos b, )+ Pole

,l0>
2

Re(H10>H*11> )a, cos ysin @, sin 0, ﬂ% (1¥cosb,)}

3
2

Helicty H's made from 2 form factors:
expect | £i(¢7)|>| £2(¢”)|
Integrate over variables and look at asymmetries: spin is sticky (Ay = A, f,=0)

(other choices d ZF
possible) >
dgq-dcosf,

o« (l4a, a,cosb,)

(no sign change for particle and anti-particle)



CLEO Form Factors and CP At » A%y

13.4 fb-! from CLEO Il and I1.5 Rj@s uJ"lsJu (To be sent to PRL)
Look for Ae* pairs where A—p 11 - J J
P(v)="? Find P(A ) direction T

- Event thrust axis for direction
- Try to close kinematics:

PAC (P +P +P)

(use fragmentation to break ambg) ap

Eﬁemmmw@} g (@gain the Schmidt meth)

2,30

KK

210} B N
4-0 rand pole mass _ R
2-D asynunetry i
. N '
Systematics: N S R A R
-Background Normalizations ~0.50 —0.40 -0.30 -0.20 -0.10
-Kinematic Closing
-Fitting simulation R=f,/f =-0.31£0.05(stat) £0.04(sys)
_"Efficiencies )| M, =2.13%0.07(stat) £0.10(sys) GeV / ¢*




CLEO Form Factors and CP At » A%y

Mikhail Dubrovin CLEO

4 N
FF & Search for CPV in A7 — Ae*v, (cont.)

e Distributions of four kinematic variables

and (unbinned) fit projections = 1000 — 1000 e I
e Integrating the dif. rate over y and cosﬁ'wﬂ ] 0
— N L |

o

dI . 9 - o i B 7
et | -
e Extract from the fit < g | ]
the decay asymmetry parameter: H “ero

@ < g* >= 067 (Gev/c)? g coﬂsm 1
for world average oy — 0.642 = 0.013

1000 —TTT T T 1000
Search for CPV I ]

e Split statistics for two
charge conjugate states:
Qprvp = —0.561 £ 10.02655;
o g = —0.535 £ 0.024,5¢ [ e e,

Eventsg/ 0.25
(=]
Al
+
|
Events / 45
2
T T 1 I T T T T
}+ _
1 1 1 I 1 1 1 1

e CP asymmetria ) 0—1 coé.ﬂw 1 L'JIEI 1?%:-3 I 360
Ay = ﬁ 0.01 £ 0.03g¢¢ =+ 0.01gys; & 0.024,

XX XVIITth Rencontres de WMoriond March 22—29. 2003



Semileptonic Round- up

D'

_*0

—>K,u

Inteerence effects o

w@w

ﬂle@EE‘SJUIIJ%]J
riora i there. |

Branching ratio: (F(}( l ‘\ leudes effeut {jt 5L11’ll‘ mterterente)Lowers by 5.5%

0.8

0.6

0.4

2.5

)

- m (D %E uv}:x: 1.05/T(D' =K ')
- m (D =K "ev)/T(D's=K 't i 0.62+
: E 0.02
o { i u i
i 1 | | | | | | | |
E6OT  E653 ARGUS OMEGA E687 CLEO CLEO CLEO FOCUS  Avg
Form factors: (FOCUS includes effect of scalar interference)
T, = VIO/A (0) r, = A,(0)/A (0)
[ | D =Ky II}—*vhu. I %
T B D=Kev+K' ny } i i $
. 6ot| .83+
' 0.05| ] 0.05
1 3 - m DK w ® D %E\ eV
— E B D K evtK le
UF m
EE!'SI] EE!53 EﬁIS.T E'I'!'Ell Eea{'ril:e FD&'US A‘I'.’g : Ea9l EI5|53 EE!S'? E'?|91 Eea{rice FDé'US A!fg

(From K. Stenson’s APS review)



Semileptonic Round-up

AL 5 AeTy

F(D;r—>¢u+1/) T T T T T
F(D;_—)¢7Z'+) VVE dil SCCIT LU dyicC:

No Surprises!

[ No CP violation}

eeeeeeeeeeeeeeeee

5 + * ] | 1,/ fl[close to expected}

., [ Expect ~-1 from HQET}

3
0.5 55
FOCUS CLEOI E687 ARCUS  CLEO [

Good agreement
in the Distributions




. J - 1
| didn't miss ‘em!
Q. —>Q ¢ +U£ BELLE (Ruslan Chistov will cover in Spectroscopy)
D' 5K Te"v CLEO (Too prelininary)
Q% — Qe v, CLEO (Too preliminary)
DY - nfv CLEO (Too prelininary)
Would be nice to measure:
D' >zYe v, ,D" >K e v,
DT SK ,u+v Interference effects confirmed

D— Plv/D —Viv
Rare Decays from CDF, BELLE and BARBAR
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