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Outline

® Results on semileptonic decays
» Non-parametric form-factors from DT — K*utv
» Measurement of DT — pOuTv

® Results from pentaquark searches
» Search for ®T — pK,
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FOCUS Experiment and Data Set

FOCUS took data in the Fermilab fixed-target run of 96/97

et

at ~ 300 GeV bremsstrahlung on lead target to create photon beam
Photons interact in segmented BeO targets

Charged particles tracked and momentum analyzed with silicon strips,
wire chambers, and two magnets
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Recent Semileptonic Results

Motivation

® SL decays provide an excellent environment for the study of hadronic
currents since

» proceed only through spectator diagrams
» Hadronic and Leptonic currents are factorizable

® The decay rates can be computed from Feynman diagrams using CKM
matrix elements:

# The hadronic complications are contained in the form factors (FF)
#» FF can be calculated through LQCD, HQET or quark models.

® Charm SL decays provide a high quality lattice calibration
# crucial in reducing systematic errors in the Unitarity Triangle

# technigques validated by charm decays can be applied to beauty
decays
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DT — K—ntu*v Decay

® Strongly dominated by K (892) resonance

® ... but a small scalar component (NR) is needed

® decay amplitude described in terms of helicity basis form-factors
essentially H4 (q?), Ho(q?), ho(g?)

FOCUS has published:

- Evidence for S-wave contribution PLB 535, 43 (2002)
-T(DT - K utv)/T(DT —» K-ntnt) PLB 541, 243 (2002)
- Measurement of FF ratios PLB 544, 89 (2002)

- K Lineshape fitand K (892) mass and width PLB 621, 72 (2005)
- Non-parametric approach to FF in DT — F*O;ﬁu PLB 633, 183 (2006)
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Dt — K—wntutyr Features

* Spin-0 D meson to 4-Body final state
— 5 independent variables:

dl’ = |[M|? ¢ppsdm g dg? d cos Oy d cos ; dx

* Scalar and vector amplitudes contributing to
JM © dropping terms m?
Mi = (1+cosb)sinf,eXH (q°)—
(1 — cos@y)sinbe " XH_(q*)—
2 sin 0, cos 6, H (g?)

M() — 2sin Hg Hg(q2)

* FF assumed to have a q2 dependence given
by pole dominance

FF(q%) = 1=z s

excellent description in D — P uv decays
FOCUS PLB 607, 233 (2005)

Carla Gobel |

MESONO6, June 09-13, Krakbw — p.7/42



dr’
dmg -

K Lineshape Fit

- /e|MgS—|—M1V|2¢p5dQ

= Foo|S|? + F11|V|? + 2F01 R(VS*)

e Fit Procedure:

- Unbinned Maximum Likelihood
- Includes PDf for Signal and Background

- Fit parameters:

K (892)° mass and width
ro from Blatt-Weisskopf factor

magnitudes for scalar, K (1680)°, K (1430)°

Mz gg2)0 (MeV)
'z (892)0 (MeV)

+0.35
895.41 £ 0.3277035

+1.32
47.79 £ 0.86 1 6

fs 5.30 + 0.7470999%
ro (Gev™1) 3.96 £ 0.547 5
& (1680) < 4.0% 90% CL
fﬁ}'} (1430) < 0.64% 90% CL
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K (892)° Massand Width

MEASUREMENTS OF K*(890) MASS

MEASUREMENTS OF K*(890) WIDTH

L0.06 -
- % M % 0.055 - %
- PDG  n e ] % PDG
B OCyYUs .
# % i T % } Fq;JQ 0.05 + % % T % . F0+f |
E Hl 0.045 - %
- CL=0,7% B 0.04 - @ LASS
@ LASS O others
. photoproduction -
| OOUherS 0.035;\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\
O 5 10 15 20 25 30 35 40 O 5 10 15 20 25 30 35 40
PDG dominated by LASS

Compared to PDG, measurements from FOCUS are:

~ 1 o below for mass
~ 2 o below for width
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Dt — K utv Form Factors

Non-Parametric Approach

[ (L cos0r) sin6,)2 |y (2)]? |sw]? )

|A|2d _ 9 —my 4 +((1 — COS 02) sin 9\/)2 |H— (q2)|2|BW|2 \
X=""3g +(2 sin 6, cos 6,)2 |Ho(q2) |2 |BW|2

| +8sin? 6, cos 6, Ho(q?)ho(g?)Re{Ae *9BW} )

Obs: For simplicity, terms proportional to mf /q2 were omitted above, which include also an explicit
dependence on Hy (qz) form factor. They are included in the analysis though.

MpK

Hyi(q®) = (MD+mKﬂ)A1<q2)q:2MD+mK V(d?),
Ho(q?) = ! (M3 —m%. —a*>)(Mp + mgrx)A1(d?) — 4 MpK* A2(q?)
2mK7‘r\/q2 T MD +mK7r

Each of the above terms contributes with a specific signature
when looking at {cos 6,, cos 0}

U

Projection Weighting Technique
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Proj ection Weighting Technique

® Foragiven qzbin “I” for data
Look at 25 cos 8, X cos 0y angular bins : D

® {my} = (M4, m_,myg) : number
of events present in the angular bins
when each term (Hy, H_, Hy) IS
turned on

i l I T B | I [ N I I | l L1

D; = 2\ _(g})ym_ ;) _' 5 s 3 b
f+(q;)my+f_(q;)m_+fo(q;)mo m vectors (angular bin)

M - Dy My -y Ty -_ g - 1ho fy(a?)
m_-D; |=| m_-my @m_-m_  m_ o F_(a2)
o - D mo-my  m™Mo-m_ o™

Tmo fo(a?)

)

fi(q)="P,-D;, f_(¢7) ="P_-D;, folq}) ="Po - D,

2
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Proj ection Weighting Technique

il =Py - Di = (e Py - M

= (Hy(g}))” = (,1—3)—4» 'Pp| Dy ="py Dy

—_

M ;: bin populations from MC, generated with a trial set
H?(¢%), H? (¢*), H3(q?)
from prolectlon weights ’P+ and projection-weighted MC distributions
(’P_|_ M, i) = weight vector *p
H? (q?), H? (¢*), H;(q*) obtained from the projection histograms
_iﬁ+ - D;

|
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Resultsfor MC

(a) HZ (¢?)
(b) HZ (¢?)
() H5(g?)
(d) ho(g®) x HE(g?)

abscissa. average generated q2for each
of the 6 evenly spaced measured q2

input FF from our previous analysis in-
cluding S-wave term PLB 544, 89 (2002)

MC with 9 times our data sample

error bars inflated 3 X

very good agreement between input and
output FF

T
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Resultsfor Data

Unconvolved Analysis:

abscissa: average generated g2 for
each of the 6 evenly spaced measured

g? - as determined from MC
horizontal error bars: r.m.s. g? reso-
lution
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Deconvolved Analysis:

sum of P, weights in a reconstructed
g? bin depend on Hi from all 6 true g2
bins

a deconvolution weighting technique
Is applied

can use only 4 g2 bins due to our level

of resolution
same features as unconvolved results

on a coarser scale
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Comparison with Cleo-c

Cleo-c has just submitted the same analysis for the electron mode,
DT — K*(892)'eTv
hep-ex/0606010

g? Resolution

Focus determines neutrino within a 2 ' CLEO-c determines neutrino by energy-
fold ambiguity from D line-of-flight. momentum balance wrt a w(3770)
~resonance near rest in lab.

D_
+ S
C % €
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Comparison with Cleo-c. Form-Factors

3110406-003
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0.003
0.0006 (b)
0.0002 0.001 .
0.0000 ooogl—— o Lo b 1
0. 00 02 04 06 08 1.0

0.01005
0.00755
o.oosof
0.00255
0.0000:
. . X . E 0.0
g? (GeV? /c*) g? (GeV? /c*)
- - — '31'104f06-'008 a— LA L R B
400 [~ ' ' ] 2000 | ]
o 1 1 o L }
LQ I I o - '
300 |- ! 1 2472 ] =1500 - 11397 | -
= : ! = : |
| | L
o [ | | events 2 1000 events ' _
T 200 — ~ C ‘
~ | | 1 2] 1
2 IRE : soof ' :
@ 100 [ | | _ ] - , .
> L vt '
L L I | ] 0 [ eyt bt '
0: I ng I I IR AR NP SR S
0.6 1.4 0.7 0.8 0.9 1.0 1.1

Carla Gobel

M(Km) GeV/c?

MESONO6, June 09-13, Krakow — p.16/42



Comparison with Cleo-c. S-wave interference

0.8 < M(Km) < 0.9 GeV/c? 0.9 < M(Km) < 1.0 GeV/c?
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Dt — p’uTr BR measurement

® Present PDG world average:

(Dt — putv)

— = 0.061 4+ 0.014
I'(D+ — K*(892)%u+v)

® Previous measurements (E653, E687, E791) with large statistical errors

® most theoretical predictions differ by at least 20 from the PDG value

o calculations based on Quark Model, LQCD, Sum Rules, ...
# values range from 0.020 —0.045
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Event Selection and Contributionsto rr Mass Spectrum

Invariant Mass (GeV) Particle ID Vertex
1.0 < M(mwmp) < 1.8 CLimu > 1% CLsec > 5%,1S02 < 1%
M(nw—wtut) — M(w—ut) > 0.2 Todd pionicity> O CL,r > 1%, inside target
Tsame pionicity> 5 L/oc > 15,00T > 1o

I
Charm semimuonic with 2 pions w | | i

e D — poutu . ] ImEL S+ N
e D" — K- ntutv (K/m misid) —_— e - -
o Dt — Ko,u'i'y . F L F e
e DF — n/(p°y)utv | L {
e Df - n(ntrn n)putv 2 L T
e Df » n/(rmTavy)uTv .
e D — ¢(pm)ptv F

Muon mis-id - ‘

Combinatoric Background

|
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Fit Technique

Binned maximum-likelihood fit of #7#— invariant mass

#bins s,
L = H > X penalty
S;!
=1 v

s; = number of events in bin 2 for data histogram
1n; = number of events in bin 2 for fit histogram :

n, =— YPOH,—l-ySpop,"‘V

+ECY g+t €(KTpp — ppv) Sk - ot
+Yrou+vSkouty + YoutvSepty + YpiSpr
+YcSc + Y Sm

® Binned, normalizes shapes S, from MC
e Yields Y, are fit parameters

e DT — K rmtutvis fixed
e penalty factor: loose constrainton Y,,,,+,,

|/
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Fit Results
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Result for BROT—pCuty)
BR(D+—K utv)

* The ratio of branching ratios is defined:

BR(D+ — p%utv) _ Youv/€ppv BR(Dt - K nwtutv)
BR(D+ —>K*OH,+I/) YKﬂ'p,u/eKwp,v BR(D+—>K*M+V)

XBR(K*O — K~ 7T)

* With 320 + 44 DT — p°utv events and 11372 + 161
DT — K—nTutv events, we find

BR(D" — p’utv)
BR(D+ — K pu+v)

— 0.041 = 0.006 (stat.) = 0.004 (syst.)

which gives:

I'(Dt — p°utrv) = (0.22 +0.03 £ 0.02 £ 0.01) x 10 s™!

|/ -
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Comparisons

This Result: 0.04140.007
Experiment BR_(i’é") BR_(i%”)
BR(K™ ™" uv) BR(K " ev)
E653 (1993) | 0.04470-0%2
E687 (1997) 0.07940.023
E791 (1997) 0.0514+0.017 0.04540.017
CLEO (2005) 0.03840.008
BR(DT —p%¢tyu
Authors BR((D+—>KP*02+3)
APE (LQCD) 1995 0.043+ 0.018
Jaus (QM) 1996 0.030
ISGW2 (QM) 1995 0.023
Yang—Hwang (SR) 1997 0.0184 0.005
O’Donnell-Turan (LF) 1997 0.025
Ligeti—Stewart—Wise 1998 0.044
Melikhov—Stech (QM) 2000 0.035
Wang—Wu-Zhong (LC) 2003 0.035+0.011
Fajfer—Kamenik 2005 0.045
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Other Interesting Comparisons...

Semileptonic Hadronic
X DT - Xpuv DT — Xnt
p(770) ~ 100% ~ 30%
scalar w7 not seen ~ 60%
K*(892) 95% 15%
scalar K7™ 5% 80—90%
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Pentagquarks...

* Jan(2003) — March (2004) => 10 independent pentaquark observations at
amass ~ 1540 GeV: OT (uudds)

Ot - nKT

Ot — ng
* Results have also appeared for doubly-strange pentaquark and charm
pentaquark

.. but
* Higher statistics and higher energy experiments have failed to find
supporting evidence

* FOCUS has published recently on the search for a charm pentaquark,
failing to find evidence for it PLB 622,229 (2005)

|/ o
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Search for O (wudds)— pKg

final results just released
hep-ex/0606014

® Search for ©(1540)"T — pK 2 and compare to K*(892)t — Kgnt
and 2(1385):|: — A% T similar decay topology

Reconstruct K@ — T~ and A —pm™ called vees

o

Use Cerenkov ID on fast track to separate K2 and A°

® Remaining good quality tracks must be consistent with one vertex
(CL>19%) suppressing charm decays and reinteractions

® Various minor clean up cuts applied to vees and charged tracks

e

Mass of KZ or A° candidate within 3.00 of nominal mass

°

Very stringent Cerenkov ID cut applied to proton in ng (misid ~0)
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Vee Samples

0 + . — 0 _
Kg— nhm A" — pm
S (A x 102
= 2s00f- Yield: 67877952 11430 = 15| Yicld: 8974462 £ 5679
~ : Y4 (en) —
g | JS/BE30)=89 > | [SIBB(#30)=143
& 5 | ‘
2000 5 30001
2500
1500
2000
1000 1500
1000
500
500
oL R o A O B SN PSR
1 3 ) 4__1_ 0 1 > 3 4 -4 -3 -2 —l_ 0 1 2 3 4
[M(TTTT) - M(Kg) ] / 0y, [M(pmt) -MA)] / oy,
~ 68 million events ~ 9 million events
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K*(892)T and £*(1385)* Fits

o x10 2
§ 7000i K*(892)i Signal: Mass = 890.89 + 0.02 MeV/c”
§ - 8986942 + 14170 Width = 45.14 + 0.08 MeV/c?
v 6000
N B
- 5000 T
= i
L%) 4000
30001 9 million events
2000}
1000};
O | ) | . . | . | . | | . . | !
0.7 0.8 0.9 1 N 1.1 1.2 1.3 5
M (KgTI.") GeV/c
%25000* Signal = 151424 + 2012 B Signal = 255368 + 3798
= Mass = 1380.55 + 0.15 MeV/c? i Mass = 1381.84 + 0.18 MeV/c?
5200007 Width = 31.4 + 0.5 MeV/c? i Width = 50.26 + 0.74 MeV/c?
i 0.4 million
| events
10000} -
5000 >(1385)* - 2(1385)
0==——7 ‘l‘.6“‘l.‘S““Z“‘Z‘,Z“‘Z‘A‘Z“l.‘4‘ l‘.6“‘1‘,8“‘é“‘Z‘.Z“‘Z‘A‘Z
M( /\T[+) GeV/c M( /\T[_) GeV/c
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0 :
pK ¢ Invariant Mass

E 7 9000} 7
o, 5000( ) 9000
o 8000} :
2 :
54000 o 8000}
6000 *
3000} 5000| f
; 7000
4000} I
2000} ; i
S000} 6000
f 2000f
1000 :
{1000 5000
! | ‘ ‘ i Fit to am” exp(cm + Hm” - em’ + fm") | |
0= 76 13 2 22 U716 13 2 22 145 15 155 16 165
M@K Gevi’ M@K  Gevr’ M (K2  Gevi’
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0 .
pK ¢ Invariant Mass

y :
% | 9000}
55000 -/ 9000/ !
o 8000} ! th
z i
2 4000 7000¢ so00l
6000 i
3000 5000} i
[ 7000
4000 I
2000[ i i
! 3000¢ 6000
! 2000}
1000 :
1000[ 5000
.| Fitoam explem+fim’frem’ #fm)
S 1.8 2 22 0715 1.8 2 22 145 15 155 16 165
M@K Gevi’ M@K  Gevr’ M (K2  Gevi’

No evidence for a pentaquark near 1540 MeV or at any mass less than
2200 MeV is observed
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Limit on ©1t — pK7y yield

® Fits to models with I'=0 and I' =15 MeV, convoluted with experimental
resolution

® Fit for signal in 1 MeV steps from 1470 to 2200 MeV

» Red region corresponds to =10 errors from A log £=0.5
» Lower limit is 95% CL from A log £=1.92

# Upper limit is 95% CL from integrating £ above 0

Of the 1462 fits, none of them finds a yield greater than 5o

no effect > 30 is found in the expected region of 1520-1555 MeV

L

M= 15 MeV/c?

I I | I I I | I I I | I I I
1.9 2 2.1 2.2

I I I I I I I | I
1.6 1.7 1.8

1.5
i e M (p Kg) GeV/c”
Carla Gobel [W MESONO6, June 09-13, Krakow — p.30/42



Converting to Production

® Ratio ©®(1540)% production to K*(892)1 & 3*(1385)= production
o(®T)-BR(OT—=pK2) a(@1)-BR(OT—pK2)
S(K~(892)7)  and ——(=+(1385)F)
® Need ratio of acceptance+efficiency — from MC
U(@+)-BR(@+—>ng) L Y(®+)‘BR(@+_*ng)'EK*(892)+
o(K*(892)1) _ e®_|__)ng Y(K*(892)1)

c(@1).BR(®@+tpKY)  Y(OT)BR(OT—pKZ)-€pu i385+
o(X*(1385)T) €Cot_pK Y (Z*(1385)%)

® Assume reasonable production model: ®(1540) ™ produced like
3(1385)T and 2*(1530)°

$ Use PYTHIA event generator to model production and FOCUS
simulation to account for acceptance and efficiency

® Also need to account for branching ratios

Decay B.R. Decay B.R.
K*(892)T = K%t 66.6% A’—pn— 63.9%
KQ—ntn— 68.6%  X(1385)T — A%t 88.0%
K°— K 50.0% ©(1540)T —pK°? 50.0%
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Relative Cross Sections

0
c(©7)-BR(OT—pK3g) o(©1)-BR(OT—pK?)
o(K*(892)T) o (X*(1385)1)+o(X*(1385))
12 25
1 20
0.8 15
S -]
S 06 S
S ik S 1
*02f . * s
S WAV 2 MW
o §—0.2% IR AR ! I ! e | 8k
1|2 3F 2 1< 60
O [=15MeV/c 4|«
o ¥ 25 D |in 50
ol° 2k 5 | b 40}
1.5 30}
1 20¢
0.5} 10f
OS5+ . ™ 1 . ._«f S S
5 16 17 18 19 2 21 22 5 16 17 18 19 2 2T 722
M(p K GeV/c’ M(p K GeV/c

® Shaded curve is statistical uncertainty with central value in middle
® Top curve shows 95% CL upper limit including systematic uncertainties
® Middle curve is 95% CL upper limit with statistical uncertainties only

|
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Relative Cross Sections

For p > 25 GeV : region of good FOCUS acceptance
— reduces systematics dramatically

oc(®1T).BR(OT—-pKY2) oc(®1T).BR(OT—-pKY2)
O'(K* (892)"‘) 0'(2*(1385)"‘)—|—0‘(§]*(1385)—)
o s : r=o
S s 3
—_ — 2
x i
5= >
= | 2 _1f
= & 8
°Mm+'a 6 2?
gk 2 o
o|¥ W2
ole- ° %
-8 P T
1.5 1.6 1.7 1.8 1.9 2 2.1 2.2
M(p K9 GeV/c®
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Pentaquark Search Summary

® FOCUS fails to find any evidence for a pentaquark decaying to ng
over a mass range extending to 2.2 GeV

® We set 95% CL upper limits on the yield of 1300 (I'=0) and 3000 events
(I'=15 MeV)

®» We set 95% CL upper limits on the relative cross section wrt to
K*(892)T — K%7t and £(1385)* — A7+

® Over entire mass range, we find

95% CL Upper Limit

Cross Section Ratio I'=0 I' =15 MeV
oc(®T).BR(OT—pKY2)
o (K*(892)7) 0.0013 0.0032
0.00012 0.00029

oc(®T).BR(OT—pK32)
o (Z* (1385)T)+o (=" (1385)) 0.025 0.062

0.0042 0.0099

blue: p > 25 GeV

| B
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Carla Gobel [

Pentaquark Search Summary

Very few observing experiments report results for
K*(892)t — K%nt and £(1385)* — A%x* yields

Comparing FOCUS to those:

K*(892)T — K%rt X(1385)* — A0x=

Yield Yield
CLAS ~ 1000
SVD ~ 125 ~ 100
FOCUS 9 million 0.4 million

Differences in production between experiments with observing results
and a high energy experiment as FOCUS prevent any definite
conclusions
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|sthis a convincing case?

Plots with errors and without fits (courtesy Pochodzall — hep-ex/0406077):

[ \ \ ‘ \ \ \ \ ‘ \ \ \ I \ \ ‘ \ \ \ \ ‘ \ \ \ I \ \ ‘ \ \ \ \ ‘ \ \ \ o
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|sthis a convincing case?

Plots with errors and without fits (courtesy Pochodzall — hep-ex/0406077):
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Summary of ®1 mass measurements

Lack of agreement on mass does not build confidence:

<M> = 1533.6 + 1.2 MeV/c*

15601 ,
i ! X /dof = 38.2/9
“o [ LEPS T  CL=1.6x10" (5.20 effect)
%1550— T
S i - SAPHIR |
] s _DIANA
_@540__ ® ® CLAS p I i
2 — =
1530 L CLAS—d T
I ITEP ¢ ZEUS
i 1 !
1520 SVD !
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Summary of ®* observations

°

10 observations, all at the ~ 4 o level
The measured masses disagree at the 5 o level (CL = 10°)

°

All observed widths are consistent with resolution
(1-20 MeV/c?)

Most results from N but also v N and pN production

Choice of cuts often not well motivated
Evolution of signal versus cuts rarely given

e

e o0 0

Finally, there exist many theories on how these peaks may be
artifacts
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Yield O Me Yield  Yield/103 Yield/103 Yield/103
Experiment ©(1540)t Mev/c? A(1520)° K K*t  3(1385)*
LEPS yn 19+ 3 18 25
DIANA K T Xe 29 3.3 25
CLAS ~vd 43 12 212
SAPHIR vp 63 + 13 12 630
Asratyan v IN 26 + 6 8.5 6
CLAS vp 41 £+ 10 12 1.4
HERMES ed 59 + 16 6 710 1
SVD pN 50 3 0.3 0.2
COSY-TOF pp ~60 10 1
ZEUS ep 221 + 48 2 ~2000 867
FOCUS vV < 695 2.8 65000 8300 238
ALEPH eTe™ < 140 4 2874 1200 100
BABAR eTe™ < 500 2 40000
BELLEeTe™ < 120 2 15519
CDF pp <154 2.6 8191 2300 52
E690 pp < 25 1.5 5000 15
HERA-B pIN < 30 3.9 5600 4900
HypercP X TN < 406 11 80
SPHINX pIN 10 25000 2.5

Carla Gobel
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Summary of =E3/,5(1862)~~ searches

Yield Yield 0(53/2(1862)__) .- BR
Experiment E3/2(1862)7~ =(1530)° o (£(1530)9)
NA49 pp ~ 45 ~ 150 ~ 20.00 %
FOCUS yIN < 114 59391 + 536 < 0.16 %
ALEPH eTe™ 322 + 33 < 8.00 %
BABAR eTe™ < 80 ~ 5000 < 0.50 %
CDF pp < 63 2182 4 92 < 4.00 %
E690 pp < 561 93728 + 422 < 0.40 %
HERA-B pIN 2300 < 2.70 %
HERMES ed <5 35+ 11 < 18.00 %
WA89 X—,w— IN 63000 < 1.40 %
ZEUS ep 192 + 30 < 19.00 %

® FOCUS has the best limit on the ratio of Z3 /2 (1862) ™~ production

relative to 2(1530)9 production
® All results in serious disagreement with NA49 observation
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Summary of charm pentaquark results

Experiment Y(®c) Y(D*_) Y(D_) U(@c—>D*—) U(@c—>D_)

o(D*~) o(D~)
H1 ep 50.61+11.2 ~3500 ~ 1%
FOCUS YN < 15 105000 137000 < 0.04 % < 0.04 %
ALEPH eTe™ ~4300 ~5400 < 0.31 % < 1.80 %
CDF pp < 27 537000
ZEUS ep ~60000 < 0.23 %

® FOCUS result is in serious disagreement with H1 observation for
©.— D™ p

® ZEUS has identical production and similar experiment; claims H1 signal
excluded at 9 o
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