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22 P h y s ik a lisc h e s  In s t i tu t ,  U n iv e r s ita t B o n n , B o n n , G e rm an y  

23 P h y s ik a lisc h e s  In s t i tu t ,  U n iv e rs ita t F reiburg, F reiburg, G e rm an y  

24 I n s t i tu t  f ü r  P h y s ik , U n iv e r s ita t M a in z , M a in z , G e rm a n y  

25L u dw ig -M a x im ilia n s -U n iv e r s itä t  M ün ch en , M ü n ch en , G e rm a n y

26 Fachbere ich  P h y s ik , U n iv e rs ity  o f  W upperta l, W upperta l, G e rm an y
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27 P an ja b  U n ivers ity , C hand iga rh , In d ia  

28 D e lh i U n iv e rs ity , D e lh i, In d ia  

29 T a ta  In s t i tu te  o f  F u n d am en ta l R esearch , M um ba i, In d ia  

30 U n iv e rs ity  College D ub lin , D ub lin , Ir e la n d  

31 K o rea  D e te c to r  Labo ra to ry , K o rea  U n iv e rs ity , Seou l, K o rea  

32 S u n g K y u n K w a n  U n iv e rs ity , S uw on , K o rea  

33 C IN V E S T A V , M ex ico  C ity , M ex ic o  

34F O M -In s t i tu te  N IK H E F  a nd  U n iv e rs ity  o f  A m s te r d a m /N IK H E F , A m s te rd am , T h e  N e th e r la n d s  

35 R adboud  U n iv e rs ity  N i jm e g e n /N IK H E F , N ijm eg en , T h e  N e th e r la n d s  

36 J o in t  I n s t i tu te  f o r  N u c le a r  R esearch , D ubna , R u s s ia  

37 I n s t i tu te  f o r  Th eo re tica l a n d  E xp e r im e n ta l P h y s ic s , M oscow , R u s s ia  

38 M o scow  S ta te  U n iv ers ity , M oscow , R u ss ia  

39 I n s t i tu te  f o r  H ig h  E n e rg y  P h y s ic s , P ro tv in o , R u s s ia  

40 P e te rsb u rg  N u c lea r  P h y s ic s  In s t i tu te ,  S t. P e te rsbu rg , R u s s ia  

41 L u n d  U n iv ers ity , L u n d , Sw eden , R o ya l I n s t i tu te  o f  Technology a nd  S to c k h o lm  U n iv ers ity , S to ckh o lm , Sw eden , and

U ppsa la  U n iv e rs ity , Uppsala, Sw ed en  

42 P h y s ik  I n s t i t u t  d e r  U n iv e rs itä t Z ü r ich , Z ü r ich , S w itz e r la n d  

43L a n ca s te r  U n iv e rs ity , L an ca s te r , U nited  K in g d om  

44Im p e r ia l  College, L o ndon , U nited  K in g d om  

45 U n iv e rs ity  o f  M an ch e s te r , M an ch e s te r , U n ited  K in g d om  

46 U n iv e r s ity  o f  A r izo n a , Tu cso n , A r iz o n a  85721 , USA  

47Law rence  B e rk e le y  N a tio n a l  L abo ra to ry  a n d  U n iv e rs ity  o f  C a lifo rn ia , B e rke le y , C a lifo rn ia  94720 , USA

48 C a lifo rn ia  S ta te  U n iv e rs ity , F resno , C a lifo rn ia  93740 , USA

49 U n iv e r s ity  o f  C alifornia,, R iv e r s id e , C a lifo rn ia  92521 , USA  

50F lo r id a  S ta te  U n iv ers ity , Ta llahassee, F lo r id a  32306 , USA

51 Ferm i, N a tio n a l A cce le ra to r  L abo ra tory , B a ta v ia , I l l in o is  60510 , USA  

52 U n iv e rs ity  o f  I l l in o is  a t C hicago , C hicago, I l l in o is  60607 , USA  

53N o r th e rn  I l l in o is  U n iv ers ity , D eK a lb , I l l in o is  60115 , USA  

54N o r th w e s te r n  U n iv ers ity , E v a n s to n , I l l in o is  60208 , U SA  

55In d ia n a  U n iv e rs ity , B lo om in g to n , In d ia n a  47405 , USA  

56 U n iv e r s ity  o f  N o tre  D am e , N o tre  D am e , I n d ia n a  46556 , USA  

57P u rd u e  U n iv e rs ity  C a lum e t, H am m o n d , I n d ia n a  46323 , USA  

58Iow a  S ta te  U n iv e rs ity , A m e s , Iow a  50011, USA  

59 U n iv e r s ity  o f  K a n sa s , Law rence , K a n sa s  66045 , USA

60 K a n sa s  S ta te  U n ive rs ity , M a n h a tta n , K a n sa s  66506, USA

61 L o u is ia n a  Tech  U n iv e rs ity , R u s to n , L o u is ia n a  71272 , USA  

62 U n iv e rs ity  o f  M a ry la nd , College P a rk , M a ry la n d  20742 , USA

63 B o s to n  U n iv ers ity , B o s to n , M a ssa ch u se tts  02215 , USA  

64 N o r th e a s te rn  U n ivers ity , B o s to n , M a ssa c h u se tts  02115, USA  

65 U n iv e rs ity  o f  M ic h ig an , A n n  A rbo r, M ich ig a n  48109 , USA  

66M ich ig a n  S ta te  U n iv e rs ity , E a s t  L a n s in g , M ic h ig a n  48824 , USA  

67 U n iv e r s ity  o f  M iss is s ip p i, U n iv e rs ity , M is s is s ip p i 38677, USA  

68 U n iv e r s ity  o f  N ebraska , L in co ln , N eb ra ska  68588 , USA  

69 P r in c e to n  U n iv e rs ity , P r in c e to n , N ew  J e r se y  08544 , USA  

70S ta te  U n iv e rs ity  o f  N ew  York, B u ffa lo , N ew  Y o rk  14260 , USA  

71 C o lum b ia  U n iv e rs ity , N ew  York, N ew  Y o rk  10027 , USA  

72 U n iv e rs ity  o f  R o ch es te r , R o ch es te r , N ew  Y o rk  14627 , USA  

73S ta te  U n iv e rs ity  o f  N ew  York, S to n y  B rook , N ew  Y o rk  11794 , USA  

74 B ro o kh a ven  N a tio n a l L abora tory , U pton , N ew  Y o rk  11973, USA  

75 L a n g s to n  U n iv e rs ity , L a ng s to n , O k la hom a  73050 , USA  

76 U n iv e rs ity  o f  O k la hom a, N o rm a n , O k la hom a  73019 , USA  

77 O k la hom a  S ta te  U n iv ers ity , S ti llw a te r , O k la hom a  74078, USA  

78 B row n  U n iv ers ity , P ro v id ence , R hod e  I s la n d  02912 , USA  

79 U n iv e rs ity  o f  Texas, A r lin g to n , Texa s 76019 , USA  

80 S o u th e rn  M e th o d is t  U n iv e rs ity , D alla s, Texa s 75275 , USA  

81 R ic e  U n iv e rs ity , H o u s to n , Texa s 77005 , U SA

82 U n iv e rs ity  o f  V irg in ia , C ha r lo tte sv il le , V irg in ia  22901 , USA

83 U n iv e rs ity  o f  W a sh in g to n , S ea tt le , W a sh in g to n  98195, USA

(D a ted : M ay  3, 2006)

W e p re se n t a  sea rch  for su p e rs y m m e try  in  th e  R -p a r ity  v io la tin g  re so n a n t p ro d u c tio n  a n d  decay  

o f sm u o n s a n d  m u o n -sn e u tr in o s  in  th e  ch an n e ls  ß  ^  x 1  ß , ß  ^  X 2,3,4 ß , a n d  ^  x ± 2 ß- W e 

an a ly zed  0.38 fb -1  o f in te g ra te d  lu m in o s ity  co llec ted  b e tw een  A p ril 2002 a n d  A u g u s t 2004 w ith  th e
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DO d e te c to r  a t  th e  F e rm ilab  T e v a tro n  C ollider. T h e  o b se rv ed  n u m b e r  o f ev en ts  is in  ag re e m e n t w ith  

th e  s ta n d a rd  m o d e l e x p e c ta tio n , a n d  w e c a lc u la te  95%  C .L . lim its  o n  th e  s le p to n  p ro d u c tio n  cross 

se c tio n  tim e s  b ra n c h in g  fra c tio n  to  g au g in o  p lu s  m u o n , as a  fu n c tio n  o f s le p to n  a n d  g au g in o  m asses. 

I n  th e  fram ew o rk  o f m in im a l su p e rg ra v ity , w e se t lim its  o n  th e  co u p lin g  p a ra m e te r  X'211, e x te n d in g  

s ig n ifican tly  p rev io u s  re su lts  o b ta in e d  in  R u n  I o f th e  T e v a tro n  a n d  a t  th e  C E R N  L E P  collider.

P A C S  n u m b e rs : 1 1 .3 0 .P b , 0 4 .6 5 .+ e , 1 2 .6 0 .Jv

S u p e r s y m m e t r y  (S U S Y ) p r e d ic t s  t h e  e x is te n c e  o f  a  

n e w  p a r t i c l e  fo r  e v e ry  s t a n d a r d  m o d e l  (S M ) p a r t ic le ,  d if 

f e r in g  b y  h a l f  a  u n i t  in  s p in . T h e  q u a n tu m  n u m b e r  R - 

p a r i t y  [1], d e f in e d  a s  R  =  ( — 1 )3B + L+ 2S , w h e re  B ,  L  a n d  

S  a r e  t h e  b a r y o n ,  l e p to n  a n d  s p in  q u a n tu m  n u m b e r s ,  is 

+  1 fo r  S M  a n d  —1 fo r  S U S Y  p a r t ic le s .  O f te n  R - p a r i t y  is 

a s s u m e d  t o  b e  c o n s e rv e d ,  w h ic h  le a v e s  t h e  l ig h te s t  s u p e r -  

s y m m e tr ic  p a r t i c l e  (L S P )  s ta b le .  H o w e v e r , S U S Y  d o e s  

n o t  r e q u i r e  R - p a r i t y  c o n s e r v a t io n .

I f  R - p a r i t y  v io la t io n  ( R p ) is  a llo w e d , t h e  fo llo w in g  tr i -  

l in e a r  a n d  b i l in e a r  t e r m s  a p p e a r  in  t h e  s u p e r p o t e n t i a l  [2]:

=  \ x i j k L f L ^ E k +  ) ^ j k L f Q ^ D k

( i )

w h e re  L  a n d  Q  a r e  t h e  l e p to n  a n d  q u a r k  S U (2 )  d o u b le t  

s u p e r f ie ld s  a n d  E ,  U , D  d e n o te  t h e  s in g le t  f ie ld s . T h e  in 

d ic e s  h a v e  t h e  fo llo w in g  m e a n in g :  i ,  j ,  k  =  1, 2, 3 =  fa m ily  

in d e x ;  a ,  f t  =  1, 2 =  w e a k  is o s p in  in d e x ;  £, ^ ,  Z =  1, 2, 3 

=  c o lo r  in d e x . T h e  c o u p l in g  s t r e n g th s  a r e  g iv e n  b y  th e  

Y u k a w a  c o u p l in g  c o n s t a n t s  A, A ' a n d  A ". T h e  l a s t  t e r m , 

yU jL jffi, m ix e s  t h e  le p to n  a n d  t h e  H ig g s  s u p e r f ie ld s .  T h e  

A a n d  A' c o u p l in g s  g iv e  r is e  t o  f in a l  s t a t e s  w i th  m u l t ip le  

le p to n s ,  w h ic h  p ro v id e  e x c e l le n t  s ig n a tu r e s  a t  t h e  T ev a - 

t r o n .

In  t h e  fo llo w in g  w e a s s u m e  t h a t  o n ly  A211 c a n  b e  

n o n -z e ro . T h is  im p lie s  (m u o n )  le p to n  n u m b e r  v io la 

t io n .  T h e  R p c o u p l in g  c o n s t a n t s  a r e  a l r e a d y  c o n s t r a in e d  

b y  lo w -e n e rg y  e x p e r im e n ts ,  in  p a r t i c u l a r  A211 <  0 .0 5 9  ■ 

m q /1 0 0  G e V  [3]. F o r  t h e  s q u a r k  m a s s e s  m q  k in e m a t ic a l ly  

a c c e s s ib le  a t  t h e  T e v a t r o n ,  t h i s  l im i t  o n  A211 is  s ig n if i 

c a n t l y  im p r o v e d  b y  t h e  p r e s e n t  a n a ly s is .

T h e  D 0  C o l l a b o r a t io n  s e a r c h e d  fo r  r e s o n a n t  s le p to n  

p r o d u c t io n  in  R u n  I [4]. T h e  H 1  e x p e r im e n t  a t  D E S Y  

s e a r c h e d  fo r  r e s o n a n t  s q u a r k  p r o d u c t io n  [5] in  t h e  f r a m e 

w o rk  o f  R - p a r i t y  v io la t in g  s u p e r s y m m e t r y  a n d  p u b l i s h e d  

l im i t s  o n  t h e  c o u p lin g s  A1jfc. T h e  c o m b in e d  l im i t s  f ro m  

t h e  L E P  c o l l id e r  a t  C E R N  [6], a s s u m in g  R - p a r i t y  v io 

l a t in g  d e c a y  v ia  L Q D - c o u p l in g s ,  a r e  m ( x 0) >  39  G e V , 

m ( X ± ) >  10 3  G e V , m (z /M) >  78  G e V  a n d  m ( / ) >  90  G e V .

A t  p p  c o l l id e r s ,  a n  in i t i a l  qq  p a i r  c a n  p r o d u c e  a  s in 

g le  s m u o n  o r  m u o n - s n e u t r in o  a s s u m in g  a  n o n - z e r o  A211 

c o u p lin g .  T h e  s - c h a n n e l  p r o d u c t i o n  is  d o m in a n t  a n d  d e 

p e n d s  o n  t h e  v a lu e  o f  t h i s  c o u p lin g .  T h e  c o n t r ib u t io n s  

o f  t h e  t  a n d  u  c h a n n e ls  a r e  n e g l ig ib le  c o m p a r e d  t o  th e  

r e s o n a n t  s c h a n n e l  [7].

T h e  s l e p to n  c a n  t h e n  d e c a y  in to  a  l e p to n  a n d  a  g a u g -  

in o  w i th o u t  v io la t in g  R - p a r i ty .  T h e  A211 c o u p l in g  a llo w s

n e u t r a l in o  d e c a y s  v ia  v i r t u a l  s p a r t ic le s  ( s u c h  a s  m u o n -  

s n e u t r in o s ,  s m u o n s  a n d  s q u a r k s )  in to  tw o  1st g e n e r a t io n  

q u a r k s  a n d  o n e  2 nd g e n e r a t io n  le p to n .  T h e  X 0 d e c a y  

b r a n c h in g  f r a c t io n s  a s  p r e d ic te d  b y  m S U G R A , w i th  th e  

r a t i o  o f  t h e  H ig g s  e x p e c ta t io n  v a lu e s  t a n  f t  =  5, t h e  s ig n  

o f  t h e  H ig g s in o  m a s s  p a r a m e te r  / <  0 , a n d  t h e  c o m m o n  

t r i l i n e a r  s c a la r  c o u p l in g  A 0 =  0 , a r e  a s s u m e d , l e a d in g  to  

B R ( X i  ^  / q 1 qr1) ~  B R ( x 1  ^  vMq 1q 1). I n  th i s  a n a ly s is ,  

t h e  v a lu e  o f  A211 is  a lw a y s  la r g e r  t h a n  0 .0 3 , th e r e f o r e  th e  

c o r r e s p o n d in g  d e c a y  l e n g th  is  n e g lig ib le .  T h e  d o m in a n t  

s le p to n  i n te r m e d ia t e  d e c a y s  a s  w e ll a s  t h e  c o r r e s p o n d in g  

f in a l  s t a t e s  a r e  in d ic a te d  in  T a b le  I .

1 d ecay  ch an n e l D o m in a n t fina l s ta te s

A ^  x 0 m 2 a ,  2 je ts

A ^  x ±  vM 1 a ,  E t , 4 je ts

^  X° 1 a ,  E T , 2 je ts
2 a ,  4 je ts

T A B L E  I: S m u o n  a n d  m u o n -sn e u tr in o  d ecay  chan n els : th e  

fin a l s ta te s  co rre sp o n d  to  X i ^  AQi 9i a n d  x ±  ^  Qq'Xi-

B e c a u s e  o f  t h e  c h a l le n g in g  m u l t i - j e t  Q C D  e n v i r o n m e n t  

a n d  t h e  a d v a n ta g e  o f  t h e  a b i l i t y  t o  r e c o n s t r u c t  t h e  n e u -  

t r a l i n o  a n d  s m u o n  m a s s e s , a t  l e a s t  tw o  m u o n s  w e re  r e 

q u i r e d  in  t h e  f in a l  s t a t e .  T h is  le a v e s  t h e  th r e e  c h a n n e ls

(i)  A ^  X? M  (ii) A ^  X2,3,4 M  a n d  (i i i ) ^  X ±2 M 
w h ic h  a r e  a n a ly z e d  in d e p e n d e n t ly .  T h e  a n a ly s is  is in s e n 

s i t iv e  t o  e v e n ts  w h e re  t h e  X 2 d e c a y s  in to  a n d  w h e re  

n o  s e c o n d  m u o n  is  c r e a te d  in  t h e  c a s c a d e .

T h e  d a t a  fo r  th i s  a n a ly s is  w e re  r e c o r d e d  b y  t h e  D 0 

d e te c to r  b e tw e e n  A p r i l  2 0 0 2  a n d  A u g u s t  2 0 0 4  a t  a  c e n te r -  

o f -m a s s  e n e r g y  o f  1 .9 6  T e V . T h e  in t e g r a t e d  lu m in o s i ty  

c o r r e s p o n d s  t o  3 8 0  ±  25  p b - ?.

T h e  D 0  d e t e c to r  [8] h a s  a  c e n t r a l  t r a c k in g  s y s te m  

c o n s is t in g  o f  a  s i l ic o n  m ic r o s t r ip  t r a c k e r  a n d  a  c e n t r a l  

f ib e r  t r a c k e r ,  b o t h  lo c a te d  w i th in  a  2 T  s u p e r c o n d u c t in g  

s o le n o id a l  m a g n e t ,  w i th  d e s ig n s  o p t im iz e d  fo r  t r a c k in g  

a n d  v e r te x in g  a t  p s e u d o r a p id i t i e s  |n | <  3 a n d  |n | <  2 .5 , 

r e s p e c t iv e ly . A  l iq u id - a r g o n  a n d  u r a n iu m  c a lo r im e te r  h a s  

a  c e n t r a l  s e c t io n  c o v e r in g  p s e u d o r a p id i t i e s  |n | <  1 .1 , a n d  

tw o  e n d  c a lo r im e te r s  t h a t  e x te n d  c o v e ra g e  t o  |n | «  4 .2 . 

T h e  m u o n  s y s te m  c o v e r in g  |n | <  2 .0  c o n s is ts  o f  a  la y e r  

o f  t r a c k in g  d e t e c to r s  a n d  s c in t i l l a t io n  t r ig g e r  c o u n te r s  in  

f r o n t  o f  1 .8  T  i r o n  to r o id s ,  fo llo w e d  b y  tw o  s im i la r  la y e rs  

b e h in d  t h e  to r o id s .  T h e  f i r s t  le v e l o f  t h e  t r ig g e r  ( lev e l 1) 

is  b a s e d  o n  f a s t  in f o r m a t io n  f ro m  th e  t r a c k in g ,  c a lo r im e 

t r y ,  a n d  m u o n  s y s te m s .  A t  t h e  n e x t  t r ig g e r  s ta g e  ( lev e l
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F IG . 1: In v a r ia n t d i-m u o n  m ass  in  th e  tw o -m u o n  sam p le  (a) a n d  re c o n s tru c te d  4 -b o d y  m ass  o f tw o  m u o n s  a n d  tw o je ts  (b). 

T h e  ca scad e  d ecay s in  ch an n e ls  (ii) a n d  (iii) le ad  to  less en e rg y  p e r  p a r tic le , th u s  low er in v a r ia n t m asses. T h e  s ig n a l e x p e c ta tio n  

fo r th e  p o in t w ith  =  260 G eV  a n d  m ^o =  100 G eV  is sca led  in  p lo t (a) by  a  fa c to r  o f 100 a n d  in  p lo t (b) b y  a  fa c to r  o f 5. 

T h e  d o m in a n t SM  b a c k g ro u n d  is Z / 7* ^  o th e r  SM  b a c k g ro u n d s  a re  Z / 7* ^  t t ; W W , W Z ,  Z Z ,  t t  a n d  Y p ro d u c tio n . 

T h e  to ta l  SM  u n c e r ta in ty  is sh o w n  as a  d a sh e d  b lack  line. T h e  d a ta  is in  go o d  ag re e m e n t w ith  th e  SM  e x p e c ta tio n .

2 ) , t h e  r a t e  is  r e d u c e d  f u r th e r .  T h e s e  f i r s t  tw o  le v e ls  o f  

t r ig g e r in g  r e ly  m a in ly  o n  h a r d w a r e  a n d  f irm w a re . T h e  

f in a l  le v e l o f  t h e  t r ig g e r ,  le v e l 3, w i th  a c c e s s  t o  t h e  fu ll 

e v e n t  in f o r m a t io n ,  u s e s  s o f tw a re  a lg o r i th m s  t o  r e d u c e  th e  

r a t e  t o  t a p e  t o  50  H z.

T h e  s ig n a l  w a s  s im u la te d  w i th  S U S Y G E N  [9]. T h e  

le a d in g - o r d e r  S U S Y G E N  s ig n a l  c ro s s  s e c t io n s  h a v e  b e e n  

m u l t ip l ie d  b y  h ig h e r  o r d e r ,  s le p to n - m a s s  d e p e n d e n t  

Q C D - c o r r e c t io n  f a c to r s  [10] o f  s iz e  1 .4  — 1 .5  c a lc u la te d  

w i th  t h e  C T E Q 6 M  [11] p a r t o n  d i s t r i b u t i o n  fu n c t io n s  

( P D F s ) .  T h e  in f lu e n c e  o f  t h e  P D F  u n c e r t a in ty  o n  th e  

c ro s s  s e c t io n  is  3 % —6% , e s t im a t e d  f ro m  th e  C T E Q 6 M  e r 

r o r  fu n c t io n s .  T h e  in f lu e n c e  o f  t h e  r e n o r m a l i z a t i o n  s c a le  

a n d  t h e  f a c to r i z a t io n  s c a le  ^,p  is  le s s  t h a n  5%  fo r  a ll  s le p 

t o n  m a s s e s  b e lo w  5 0 0  G e V , i f  m ( 1 ) /2  <  ^ p  <  2• m ( / )  [12].

T h e  d o m in a n t  b a c k g r o u n d  is  in c lu s iv e  p r o d u c t io n  o f  

Z /7 *  ^  yUyU,. I t  w a s  s im u la te d  w i th  t h e  P Y T H IA  [13] 

M o n te  C a r lo  (M C ) g e n e r a to r  a n d  n o r m a l iz e d  u s in g  th e  

p r e d ic te d  n e x t - t o - n e x t - t o  le a d in g  o r d e r  c ro s s  s e c t io n  [14], 

c a lc u la t e d  w i th  t h e  C T E Q 6  P D F s .  A ll o th e r  S M  p r o 

c e s se s  c o n t r i b u t e  o n ly  s l ig h t ly  t o  t h e  t o t a l  b a c k g r o u n d  

a s  s e e n  in  F ig .  1 . T h e s e  c o n t r ib u t io n s  w e re  s im u la te d  

u s in g  t h e  P Y T H IA  a n d  A L P G E N  g e n e r a to r s  a n d  n o r m a l 

iz e d  u s in g  n e x t - t o  le a d in g  o r d e r  c ro s s  s e c t io n  p r e d ic t io n s  

c a lc u la t e d  u s in g  C T E Q 6 M  P D F s .  A ll M C  e v e n ts  w e re  

p a s s e d  t h r o u g h  a  d e ta i l e d  d e te c to r  s im u la t io n  b a s e d  o n  

G E A N T  [15], fo llo w e d  b y  t h e  r e c o n s t r u c t io n  p r o g r a m  u s e d  

fo r  d a t a .

E v e n ts  w e re  c o l le c te d  w i th  d i - m u o n  t r ig g e r s  r e q u ir in g  

a t  l e a s t  tw o  m u o n s  a t  le v e l 1. A t  le v e l 3 a t  l e a s t  o n e  

t r a c k  o r  o n e  m u o n  w i th  a  v a r y in g  t r a n s v e r s e  m o m e n 

t u m  p T th r e s h o ld  o f  ty p ic a l ly  5 — 15 G e V  w a s  r e q u ir e d .  

T o  a c c o u n t  fo r  t h e  t r ig g e r  e ffe c ts , s im u la te d  e v e n ts  w e re  

w e ig h te d  u s in g  e ff ic ie n c ie s  d e te r m in e d  f ro m  th e  d a t a .

A ll e v e n ts  w e re  r e q u i r e d  t o  c o n ta in  tw o  m u o n s . O n e  o f  

t h e  m u o n s  w a s  r e q u i r e d  t o  h a v e  p T >  15 G e V , a n d  th e  

s e c o n d  m u o n  w a s  r e q u i r e d  t o  h a v e  p T >  8 G e V . A  c e n t r a l  

t r a c k  m a tc h  w a s  r e q u i r e d  fo r b o t h  m u o n s . T h e  m u o n s  in  

t h e  s ig n a l  a r e  e x p e c te d  t o  b e  i s o la te d .  W e  d e f in e  m u o n s  

a s  “lo o s e ” ( “t i g h t ” ) i s o la te d ,  i f  t h e  s u m  o f  t h e  p T  o f  th e  

t r a c k s  in  a  c o n e  w i th  r a d iu s  R cone =  \ J  A (p2 +  A  i f  =  0 .5 , 

w h e re  i] =  — In  t a n  f  is  t h e  p s e u d o r a p id i ty  a n d  9  is  

t h e  a z im u th a l  a n g le , a r o u n d  t h e  m u o n  d i r e c t io n  is  le ss  

t h a n  10 G e V  (2 .5  G e V ) , a n d  t h e  s u m  o f  t h e  t r a n s 

v e rs e  e n e rg ie s  o f  t h e  c a lo r im e te r  c e lls  in  a  h o llo w  c o n e  

(0 .1  <  R cone <  0 .4 ) )  is  le ss  t h a n  10 G e V  (2 .5  G e V ) . B o th  

s e le c te d  m u o n s  w e re  r e q u i r e d  t o  p a s s  t h e  t i g h t  i s o la t io n  

r e q u i r e m e n t .  T h e  in v a r i a n t  d i - m u o n  m a s s  d i s t r i b u t i o n  o f  

t h i s  d i - m u o n  s a m p le  is  s h o w n  in  F ig . 1 a . A t  l e a s t  tw o  

j e t s  w i th  t r a n s v e r s e  m o m e n tu m  p T >  15 G e V  a n d  r e c o n 

s t r u c t e d  w i th  a  c o n e  a lg o r i th m  ( R cone =  0 .5 )  [16] w e re  

r e q u i r e d .  O n ly  j e t s  w i th in  |n | <  2 .0  w e re  u s e d . T h e  r e 

c o n s t r u c te d  s l e p to n  m a s s  w i th  tw o  m u o n s  a n d  tw o  j e t s  is  

s h o w n  in  F ig . 1 b . T h e  e v e n t  s e le c t io n  is  s u m m a r iz e d  in  

T a b le  I I .

B a c k g r o u n d  f ro m  m u l t i - j e t  Q C D  e v e n ts  w a s  e x t r a c t e d  

f ro m  d a t a  u s in g  lo o s e  m u o n  i s o la t io n  r e q u i r e m e n ts .  T h is  

Q C D  e n r ic h e d  d a t a  s a m p le  w a s  s c a le d  t o  m a t c h  t h e  d a t a  

in  a  s ig n a l  fre e  re g io n . A t  le a s t  o n e  i s o la t io n  c r i t e r io n  

w i th  r e s p e c t  t o  o th e r  e n e r g y  d e p o s i t io n s  in  t h e  c a lo r im e 

t e r  o r  t o  o th e r  t r a c k s  m u s t  n o t  b e  t i g h t  fo r a t  l e a s t  o n e  

m u o n  t o  s e p a r a t e  Q C D  a n d  t h e  d a t a  s a m p le .
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M ass(Ÿ ï) [GeV] M a s s ( \ i i)  [GoV] M a s s ( \ j  ) [GoV]

F IG . 2: 95%  C .L . lim it o n  s le p to n  p ro d u c tio n  cro ss sec tio n  tim e s  b ra n c h in g  fra c tio n  to  g au g in o  p lu s  m u o n  for th e  ch an n e ls  

(i) A ^  X i  A  (a ), (ii) A ^  X234  A  (b ) a n d  (iii) ^  x ± 2 A (c) as a  fu n c tio n  o f s le p to n  a n d  g au g in o  m asses. T h e  d a rk e s t reg io n  
c o rre sp o n d s  to  a  cross sec tio n  o f less th a t  2 p b . Successively  lig h te r  reg io n s h av e  successiv ely  h ig h e r lim its.

n su inn 1511 21111 2511 31111 3511

M a s s (v ï)  [GeV]

F IG . 3: 95%  C .L . ex c lu sio n  c o n to u r  o n  A 2u co u p lin g s w ith in  

th e  m S U G R A  fram ew o rk  fo r t a n  3  =  5 a n d  a  <  0. T h e  arro w s 
in d ic a te  lim its  o n  th e  s le p to n  m ass  l, for a  g iven  co u p lin g  A 2n.

T w o - d im e n s io n a l  s e le c t io n  r e q u i r e m e n ts  in  p la n e s  

s p a n n e d  b y  t h e  r e c o n s t r u c t e d  l a n d  X c a n d id a t e  m a s s e s , 

t h e  in v a r i a n t  d i - m u o n  a n d  d i - je t  m a s s e s ,  a n d  t h e  s u m s

C u t D a ta SM  e x p e c ta tio n S ig nal eff.

2 ^  se lec tio n 23206 22700 ±  70 ±  2900 5.5%, ±  0.7%,

p T j e t i  >  15 G eV 3852 3760 ±  40 ±  560 4.8%  ±  0.6%

Pt  j e t 2 >  15 G eV 475 430 ±  10 ±  80 2.4%  ±  0.3%

T A B L E  II: E x p e c te d  a n d  o b se rv ed  ev en ts  a t  d if fe ren t stag es 

o f th e  ev en t se lec tion . T h e  s ig n a l efficiency is g iv en  for th e  

p o in t w ith  m i  =  260 G eV  a n d  m ^o =  100 G eV  w ith  re sp e c t 

to  th e  to ta l  s le p to n  p ro d u c tio n . T h e  firs t u n c e r ta in ty  o n  th e  

SM  e x p e c ta tio n  is s ta t is t ic a l ,  th e  seco n d  is d u e  to  sy s tem a tic s .

o f  m u o n  m o m e n ta  a n d  j e t  m o m e n ta  w e re  u s e d  t o  s e p a 

r a t e  t h e  s ig n a l  s f ro m  S M  b a c k g r o u n d s  b. T h e  s e le c t io n  

r e q u i r e m e n ts  w e re  c h o s e n  so  t h a t  t h e  s ig n a l  e f f i c i e n c y  x  

s ig n a l  p u r i t y  oc o f  a  s p e c if ic  c u t ,  a p p l ie d  o n  a  t r a i n 

in g  s a m p le ,  w a s  m a x im iz e d .  T h e  s e le c t io n  r e q u i r e m e n ts  

w e re  o p t im iz e d  fo r  e a c h  ( s le p to n  m a s s , g a u g in o  m a s s )  

c o m b in a t io n  (1 1 7  in  t o t a l ) .

In  t h e  /  ^  X1 /  a n a ly s is  ( i) , t h e  s l e p to n  m a s s  w as  

r e c o n s t r u c te d  w i th  t h e  tw o  le a d in g  m u o n s  a n d  t h e  tw o  

j e t s .  I n  t h e  s ig n a l  M C , t h e  le a d in g  m u o n  u s u a l ly  o r ig 

i n a te s  f ro m  th e  s l e p to n  d e c a y  v e r te x .  T h e  n e u t r a l in o  

m a s s  w a s  th e r e f o r e  r e c o n s t r u c te d  w i th  b o t h  j e t s  a n d  th e  

n e x t - to - l e a d in g  m u o n .

H a d r o n ic  d e c a y s  o f  v e c to r  b o s o n s  f ro m  th e  g a u g in o  c a s 

c a d e  t o  x 1  c a n  le a d  t o  a d d i t io n a l  j e t s  in  c h a n n e ls  (ii)  a n d  

( iii) . A  s im p le  l ik e l ih o o d  w a s  c a lc u la t e d  fo r  e a c h  c o m b i 

n a t i o n  t o  r e c o n s t r u c t  a  v e c to r  b o s o n  a n d  t h e  n e u t r a l in o  

c a n d id a t e  m a s s . T h e  s le p to n  m a s s  w a s  r e c o n s t r u c te d  

f ro m  a ll j e t s  w i th  E T >  15 G e V  a n d  t h e  tw o  le a d in g  

m u o n s .

A f te r  t h e  o p t im iz a t io n ,  fo r  t h e  p o in t  w i th  m q =  

2 6 0  G e V  a n d  m ^o  =  10 0  G e V , w e  f in d  1 4 / 2 8 / 8  e v e n ts  in  

t h e  d a t a  w h ile  1 1 .9 ± 2 .1 -1 .6  /  2 5 .4 ± 3 .2 -4 .2  /  6 .5 ± 1 .6 + 1 .2

e v e n ts  a r e  e x p e c te d  f ro m  S M  b a c k g r o u n d s  fo r  t h e  th r e e  

c h a n n e ls ,  r e s p e c t iv e ly , w i th  a  ty p ic a l  s ig n a l  e f f ic ie n c y  o f  

u p  t o  2 % . F o r  a l l  1 17  m a s s  c o m b in a t io n s ,  t h e  d a t a  is 

in  a g r e e m e n t  w i th  t h e  S M  e x p e c ta t io n  t h r o u g h o u t  th e  

e n t i r e  e v e n t  s e le c t io n  r a n g e .

T h e  s y s t e m a t i c  u n c e r t a in t i e s  f ro m  d if f e r e n t  s o u rc e s  

w e re  a d d e d  in  q u a d r a tu r e .  F o r  t h e  l im i t  c a lc u la t io n ,  th e  

t o t a l  s y s te m a t i c  u n c e r t a in t i e s  o f  t h e  b a c k g r o u n d  a n d  s ig 

n a l  s a m p le s  w e re  t a k e n  t o  b e  10 0 %  c o r r e la te d .  A  s u m 

m a r y  o f  t h e  u n c e r t a in t i e s  is  g iv e n  in  T a b le  I I I  w i th  th e i r  

c o n t r ib u t io n s  t o  t h e  tw o  m u o n  a n d  tw o  j e t  s a m p le .

In  t h e  a b s e n c e  o f  a n  e x c e ss  in  t h e  d a t a ,  w e s e t  c ro s s  

s e c t io n  l im i t s  o n  r e s o n a n t  s l e p to n  p r o d u c t io n .  T o  b e  a s  

m o d e l  in d e p e n d e n t  a s  p o s s ib le ,  w e  c a lc u la te d  9 5 %  C .L . 

l im i t s  w i th  r e s p e c t  t o  t h e  s le p to n  p r o d u c t i o n  c ro s s  sec-
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LTncertain ty B ack g ro u n d Signal

J e t  en e rg y  scale 13.7%, 2 -  26%,

M u o n  ID 7.8% 8 -1 4 %

L u m in o s ity  (does n o t a p p ly  to  Q C D ) 5.5% 6.5%

T rig g er efficiency 5.2% %-4

M C  a ,  K -fa c to r , P D F 3.7% 5%
Q C D  b a c k g ro u n d  e s tim a tio n 3.1% —

M C  s ta tis t ic s 2.2% 3 -  24%

T A B L E  III: E ffec t o f th e  sy s te m a tic  u n c e r ta in tie s  in  th e  tw o  

m u o n  a n d  tw o  je t  sam p le  o n  b a c k g ro u n d  a n d  s ig n a l cross sec 

tio n s . T h e  m u o n  ID  c o n tr ib u tio n  co m p rises  th e  u n c e r ta in 

tie s  d u e  to  m u o n  re c o n s tru c tio n , iso la tio n , tr a c k  find in g  a n d  

m a tc h in g , a n d  re so lu tio n  for th e  tw o  m u o n s. T h e  sy s te m a tic  

u n c e r ta in tie s  o n  th e  s ig n a l s tro n g ly  d e p e n d  o n  th e  n e u tra lin o  

m ass, so a  ty p ic a l ran g e  is given.

t i o n  t im e s  b r a n c h in g  f r a c t io n  t o  g a u g in o  p lu s  m u o n  u s 

in g  t h e  C L s m e th o d  [17]. T h e  l im i t  is  t h e n  g iv e n  in  

t h e  s le p to n - m a s s  a n d  g a u g in o - m a s s  p la n e ,  a s  s h o w n  in  

F ig .  2 . I n  a d d i t io n ,  o u r  r e s u l t s  a r e  s h o w n  in  F ig .  3 a s  

A211 e x c lu s io n  c o n to u r s  i n t e r p r e t e d  w i th in  t h e  m S U G R A  

f r a m e w o rk , w i th  t a n  f t  =  5, /  <  0 , a n d  A 0 =  0 . T h e  

s le p to n - m a s s  a n d  g a u g in o - m a s s  p a i r  d e f in e  t h e  u n iv e r s a l  

s c a la r  a n d  f e rm io n  m a s s e s  m 0 a n d  m 1/ 2 . A ll t h r e e  c h a n 

n e ls  w e re  c o m b in e d  t o  fo rm  o n e  l im i t  fo r  qq  ^  l , w i th  

/ =  /  , VM.

A  lo w e r  l im i t  o n  t h e  s l e p to n  m a s s  fo r a  g iv e n  L Q D -  

c o u p l in g  A211 c a n  b e  e x t r a c t e d  f ro m  F ig . 3 . T h e s e  l im i ts  

d o  n o t  d e p e n d  o n  o th e r  m a s s e s .  T h e y  a r e  in d ic a te d  b y  

a r ro w s  a n d  s u m m a r iz e d  in  T a b le  I V . S im ila r ly , t h e  e x 

c lu s io n  c o n to u r  c a n  b e  t r a n s l a t e d  w i th in  m S U G R A  in to  

c o n s t r a in t s  o n  o th e r  m a s s e s  a n d  p a r a m e te r s .

E x c lu d e d  s le p to n  m ass  ran g e C o u p lin g  s t r e n g th

m (V) <  210 G eV for A'211 >  0.04

m ( l )  <  340 G eV for A2h  >  0.06

rn { l) <  363 G eV for X'2u  >  0.10

T A B L E  IV : L im its  o n  th e  s le p to n  m ass  I fo r a  g iven  L Q D -  

co u p lin g  X '211 a n d  t a n  ft =  5, ^  <  0 fro m  F ig . 3.

In  s u m m a r y ,  w e  h a v e  s e a r c h e d  fo r R - p a r i t y  v io la t in g  

s u p e r s y m m e t r y  v ia  a  n o n -z e ro  L Q D - c o u p l in g  A211 in  fi

n a l  s t a t e s  w i th  a t  l e a s t  tw o  m u o n s  a n d  tw o  j e t s .  N o  e x c e ss  

in  c o m p a r i s o n  w i th  S M  e x p e c ta t io n  w a s  fo u n d  a n d  w e s e t  

m o d e l  in d e p e n d e n t  c ro s s  s e c t io n  l im i ts ,  im p r o v e d  c o m 

p a r e d  t o  D 0  R u n  I b y  o n e  o r d e r  o f  m a g n i tu d e .  T h e  l im 

i t s  a r e  i n t e r p r e t e d  w i th in  t h e  m S U G R A  f r a m e w o rk  a n d  

t r a n s l a t e d  in to  t h e  b e s t  c o n s t r a in t s  t o  d a t e  o n  t h e  c o u 

p l in g  s t r e n g t h  A211. D 0  R u n  I e x c lu d e d  s le p to n  m a s s e s  

u p  t o  2 8 0  G e V  fo r  A211 =  0 .0 9  a n d  m (X 1 ) =  2 0 0  G e V . 

N o w , s le p to n  m a s s e s  u p  t o  3 5 8  G e V  c a n  b e  e x c lu d e d ,  fo r

A 2 n  =  0 .0 9  i n d e p e n d e n t  o f  o th e r  m a s s e s .

W e  t h a n k  t h e  s ta f f s  a t  F e r m i la b  a n d  c o l l a b o r a t in g  in 

s t i t u t i o n s ,  a n d  a c k n o w le d g e  s u p p o r t  f ro m  th e  D O E  a n d  

N S F  (U S A ); C E A  a n d  C N R S / I N 2 P 3  (F ra n c e ) ;  F A S I, 
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