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We 91ve a deta11ed ana1y515 0fthe react10n e+e - ~ 3,~ 1fthe 5neutr1n0 15 the 119hte5t 5uper5ym- 
metr1c part1c1e, detect1n9 a 51n91e ph0t0n p1u5 m1551n9 ener9y pr0v1de5 an exce11ent t001 f0r e1ther 
d15c0ver1n9 new phy51c5 0r f0r 5ett1n91ntere5t1n9 60und5 0n the ma55e5 0fthe 5neutr1n0 and the w1n0. 

1. 1 n t r 0 d u c t 1 0 n  

E5ta6115h1n9 5uper5ymmetry  (5U5Y)  exper1menta11y 15 06v10u51y an endeav0ur  

0f  p a r a m 0 u n t  1mp0rtance.  E4ua11y 1mp0rtant  h0wever  15 t0 e5ta6115h the a65ence 

0f  5 U 5 Y  at every 5ta9e 0f  exper1menta11y acce55161e ener91e5. 1ndeed,  1t 15 very 

u5efu1 f0r  m0de1 6u11d1n9 tha t  the exc1u510n - 0r eventua1 d15c0very, 0f  c0ur5e - 0f  

5uper5ymmetr1c 519na15 15 carr1ed 0ut  th0r0u9h1y and  5y5temat1ca11y, 1n 5uch a way 

that  0ne can 6e rea50na61y certa1n 0f  n0t  hav1n9 m155ed a p051t1ve 519na1 and thu5, 

5uch that  (10wer) 60und5 0n 5 U 5 Y  ma55e5 and m1x1n9 parameter5  can 6e re11a61y 

5et. U p  t0 n0w n0 c0nc1u51ve ev1dence f0r  5 U 5 Y  ha5 emer9ed f r0m acce1erat0r da ta  

e1ther 1n e+e 1nteract10n5 0r 1n p~ 1nteract10n5, 6ut  a1ready u5efu1 11m1t5 0n 

5uper5ymmetr1c part1c1e ma55e5 have 6een  91ven f r0m the ana1y515 0f  the d1fferent 

ex15t1n9 exper1ment5. A p0werfu1 me th0d  that  ha5 6een  u5ed 1n e+e - c0111510n5 - e.9. 

t0 5et the 6e5t 11m1t5 0n the 5e1ectr0n ma55 [1] - 15 t0 100k f0r  51n91e ph0t0n5 1n the 

f1na1 5tate w1th n0 0 ther  part1c1e 6e1n9 de tec ted  [2-4] .  1n the pr0ce55 5ta61e neutra1 

part1c1e5 mu5t 6e p r0duced .  7 h e y  m19ht 6e neutr1n05. 1n fact,  th15 15 a we11-kn0wn 

techn14ue f0r  c0unt1n9 neutr1n0 5pec1e5. 8u t  they m19ht 6e m0re ex0t1c part1c1e5 

11ke ph0t1n05 0r 5neutr1n05. Var10u5 5 U 5 Y  m0de15 pred1ct the 5neutr1n0 t0 6e the 

119hte5t 5 U 5 Y  part1c1e (L5P)  and  thu5 6e 5ta6e [5-7] .  1n th15 ca5e the me th0d  ju5t 

ment10ned 5h0u1d pr0v1de u5efu1 1nf0rmat10n c0ncern1n9 5uper5ymmetry.  1n fact,  

the me th0d  5h0u1d 6e a61e t0 d15cr1m1nate 6e tween  the 5 tandard  3-fam11y c0ntr16u- 

t10n and any add1t10na1 c0ntr16ut10n due  t0 5uper5ymmetr1c part1c1e5.1t wa5 actua11y 

* w0rk part1a11y 5upp0rted 6y re5earch pr0ject5 CA1CY7. 
1 MARK J C011a60rat10n. 0n 1eave 0f a65ence fr0m the La60rat0r1 de Ff51ca d~A1te5 Ener91e5, 8e11aterra, 

8arce10na, 5pa1n. 
2 0n 1eave 0f a65ence fr0m the Facu1tat de veter1nf1r1a de 1a Un1ver51tat Aut6n0ma de 8arce10na, 5pa1n. 
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U5ed-PEP data Were U5ed- t0  5et 11m1t5 0n 5neUtr1n0 ma55e5 W1th1n a C1a55 0f 

5Uper9raV1ty m0de15 [8]. 
1n the pre5ent paper We reexam1ne the pr0Ce55 e+e - ~ yff9 m0re th0r0U9h1y, f0r 

tW0 rea50n5. F1r5t1y, 6eCaU5e the eX15t1n9 11teratUre 0n the 5U6jeCt d1ffer5 numer1Ca11y 

6y (r0U9h1Y) a fact0r 0f tW0 1n the re910n 0f PEP and PE7RA ener91e5 [2, 8]. 7h15 

5h0U1d 6e C1ar1f1ed f0r 06V10U5 rea50n5.7he 5eC0nd rea50n 15 that We W15h t0 91Ve 

a m0re C0mp1ete 5UrVey 0f the pr0Ce55 a5 re4U1red 6y the ana1y515 0f recent and 
fUtUre exper1ment5. 

1n part1CU1ar We Want t0 U5e the recent 51n91e ph0t0n data [9] fr0m the A5P 

C011a60rat10n at the PEP mach1ne Wh1Ch Were pre5ented 6y M.J. J0nker at the DE5Y 

W0rk5h0p 1a5t 0Ct06er. 
1n the next 5eCt10n (5eCt. 2) We 91Ve the nece55ary frameW0rk and the amp11tude5 

f0r the pr0Ce55 e+e ~ y27~ We C0nC1Ude W1th 5eCt. 3, Wh1Ch 15 deV0ted t0 the 

d15CU5510n 0f the numer1Ca1 re5U1t5. 

2. Framew0rk and amp11tude5 

1n 9enera1, ma55 e19en5tate5 0f 5U5Y part1c1e5 are n0t weak e19en5tate5. 7he 

5ca1ar partner5 0f 1eft-handed and r19ht-handed 4uark5 (and 1ept0n5) are m1xed 

am0n9 each 0ther. 50 are the partner5 0f 9au9e 6050n5 and H1995 6050n5. 1ndeed, 
the ma55 e19en5tate5 f0r 5U5Y ferm10n5 are m1xture5 0f h19951n05 - the partner5 0f 

H1995 6050n5 - and w1n05 and 21n05 - the partner5 0f 9au9e 6050n5 - w1th m1x1n9 

an91e5 wh1ch depend 0n the re1at1ve 5tren9th 0f the d1fferent 5uper5ymmetry and 

5U(2) x U(1) 6reak1n9 parameter5 [10]. 
1n a m0de1 w1th n0 r19ht-handed neutr1n05, h0wever, the partner 0fthe 1eft-handed 

neutr1n0, the 5neutr1n0 ~71~, 15 a ma55 e19en5tate. Furtherm0re, 1n m0de15 where the 

neutr1n0 15 the L5P, 0ne end5 up w1th a 119ht char91n0 5tate (char9ed 9au9e 5U5Y 
ferm10n) wh1ch 15 a1m05t a weak e19en5tate - a w1n0 - and a char9ed heavy char91n0 

(an a1m05t pure h19951n0 5tate). 7h15 1a5t 0ne dec0up1e5 f0r any pract1ca1 purp05e 

fr0m e1ectr0n 1nteract10n5 [7, 8, 10]. 0n1y the 119ht w1n0 w111 p1ay a r01e 1n 0ur pr0ce55. 
7he amp11tude5 that part1c1pate 1n the pr0ce55 e•e - -~ ,/~J~ are d15p1ayed 1n f19. 1. 

7he f1r5t three amp11tude5 1nv01ve, apart fr0m the e1ectr0ma9net1c vertex, the 1nterac- 

t10n [7]. 
<~LP= 19 c05 4, eL 1~1/c/~L-1- h.C. , (1) 

where 17¢ 15 the (119ht) w1n0 f1e1d and 4, 15 the m1x1n9 an91e, wh1ch we 5ha11 take 

fr0m n0w 0n 5uch that c05 4• = 1. 
7he 1a5t tw0 amp11tude5 1n f19. 1 1nv01ve the 2ff~ vertex [7] 

2e•- 1 ~  ,;~,,.,;L2" (2) 
2 c05 0w 

and the fam111ar 5tandard m0de1 c0up11n95 t0 e1ectr0n5. 
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Fig. 1. Diagrams contributing to e+e- + yi% 

It is now straightforward to write down the explicit formulae for the five ampli- 

tudes. They read, 

(34 

(3b) 

(3c) 

T4 = 
ieg* 

2 cos2 f& 
[Z+b)E (PX-Pl)(P4-P55)(C,“&+ CPWe-(P2)l 

x[(P3-P1)2--~l-‘[(P4+P5)2--~+ i&l-‘, (34 
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1e9 2 
7"5 2 c052 0~ [e+(P1)(~4--P5)(CLPL + CRPR)(P2-ff3)  1~ e - (p2) ]  

x [ ( P 2 - P 3 )  2 -  m~]-1[(p4+p5)  2 -  M 24-1e] -1 , (3e) 

where PRL----~(1+e5) , L • Ce = 51n 2 0w - 1 ,  CR=51n 2 0w, e"  15 the p01ar12at10n vect0r  

0f  the ph0 t0n  and e -= M2F2.  

Hav1n9 5tated the amp11tude5 we can n0w turn t0 the cr055 5ect10n5. 

3. Re5u1t5 

We have u5ed the R E D U C E  p r09 ramme  t0 54uare the amp11tude5 and the 

adaptat1ve mu1t1d1men510na11nte9rat10n a190r1thm V E 6 A 5  [11] t0 pe r f0 rm the pha5e 

5pace 1nte9ra15.70 c0mp1y w1th exper1menta1 re4u1rement5 we app11ed the f0110w1n9 

c u t 5 . 7 h e  ph0 t0n  an91e 0v t0 the 6eam ax15 15 c0n5tra1ned t0 11e 6e tween 20 ° < 0v < 

160 ° and  1t5 tran5ver5e m 0 m e n t u m  px 15 60und  t0 6e 1ar9er than  0.1x/5. 

7he5e cut5 are u5efu1, n0t  0n1y f0r exper1menta1 purp05e5, 6ut  a150 6ecau5e they 

are pe r f0 rmed  0n 5u1ta61e 1a60rat0ry var1a61e5 wh1ch are c0n5tra1ned t0 vary 1n a 

re910n where  unnece55ary peak1n9 effect5 are  av01ded. And  1n fact, we have rechecked  

0ur  pha5e 5pace 1nte9ra15 u51n9 an 0rd1nary 9au551an r0ut1ne and  we 06ta1ned the 

5ame re5u1t5. 

F19. 2 5h0w5 the t0ta1 cr055 5ect10n f0r e+e--~ y2;~ (5ummed 0ver 3 fam111e5) a5 

a funct10n 0f  the c.m. ener9y x/5. A150 5h0wn 0n f19. 2 are the cr055 5ect10n5 f0r 

ph0t1n0 pr0duct10n ee ~ y ~  and f0r the 5 tandard  m0de1 pr0ce55 ee ~ yuf,  (3 9ener-  

at10n5). 7he  5e1ectr0n ma55 15 taken t0 6e 30 6 e V  and the w1n0 ma55 25 6eV.  80 th  

va1ue5 c0rre5p0nd r0u9h1y t0 the m1n1mum ma55e5 a110wed 6y exper1ment.  We 5ee 

that  the pr0ce55 under  5crut1ny ha5 the 1ar9e5t cr055 5ect10n 0ver a ran9e 0f  ener91e5 

that  extend up t0 appr0x1mate1y the 2 ° 6050n ma55 .7he  pr0ce55 1nv01v1n9 ph0t1n05 

15 a1m05t f1at 0ver the ent1re ran9e 0f  ener91e5 51nce there 15 n0 2 ° exchan9e 

c0ntr16ut1n9. 7he  0ther  tw0 pr0ce55e5 - neutr1n0 and  5neutr1n0 pr0duct10n - 5h0w 

the typ1ca1 r15e a550c1ated t0 5-channe1 2 ° exchan9e.  1f we c0mpare  the curve f0r 

~(e+e -~ y~7,) w1th the  c0rre5p0nd1n9 curve 1n ref. [8] we 5ee that,  a5 a1ready 

ment10ned 1n the 1ntr0duct10n, 0ur  re5u1t5 are m0re than  a fact0r  0f  tw0 5ma11er 1n 

the PEP and  P E 7 R A  ener9y d0ma1n (a r0und  30 and 40 6eV,  re5pect1ve1y). 

7he  curve5 5h0wn 1n f19. 2 have 6een 06ta1ned c0n51der1n9 the ph0t1n0 and the 

5neutr1n0 t0 6e ma551e55. We may  n0w 5ee the effect 0f  a n0n2er0 ma55 f0r the 

5neutr1n0.F195.3-5 5h0w the cr055 5ect10n t r (e+e--~  y ~ )  a5 a funct10n 0f  5neutr1n0 

ma55 f0r ~/5 = 44 6 e V  ( P E 7 R A ) ,  x/5 = 93 6 e V  (at the 2 ° p01e; LEP) and  x/5 = 160 6 e V  

(LEP 11), re5pect1ve1y. 7he  w1n0 ma55 ha5 6een taken t0 6e 25, 40 and 90 6eV,  

re5pect1ve1y, 1.e. a1way5 1ar9er than  the c0rre5p0nd1n9 ran9e 0f  ma55e5 perm1tted t0 

the 5neutr1n0 (L5P).  

We may  f1x the ma55 0f  the 5neutr1n0 t0 6e 2er0 and  vary the ma55 0f  the w1n0. 

7h15 we d15p1ay 1n f195. 6-8 where  the cr055 5ect10n f0r  e+e--~ y9F, 15 91ven at the 

three ener91e5 44 6eV,  93 6 e V  and  160 6 e V  a5 a funct10n 0f  M~v. 
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F19. 2. Cr055 5ect10n5 f0r (a )  e+e  - --> 71;~ (fu1111ne), (6)  e•e - ~ 3~7~ (da5h-d0tted 11ne) and (c)  e+e  - ~ yJ,~ 

(da5hed 11ne) a5 a funct10n 0f ~/5. M 5 = 30 6 e V ,  M4~ = 25 6 e V ,  M• = M ;  = 0. 

70 a55e55 the detect10n p05516111t1e5 0f th15 pr0ce55 and t0 he1p put 11m1t5 0n 
5 U 5 Y  ma55e5 we p10t 0n the M¢v- M~ p1ane tw0 pa1r5 0f curve5 (5ee f19.9). Curve5 
(a) and (6) have 6een 06ta1ned 6y ju5t app1y1n9 the 5ame k1nemat1c cut5 than th05e 
perf0rmed 0n the af0rement10ned recent data fr0m the A5P c011a60rat10n [9], 1.e., 
the ph0t0n an91e 15 c0n5tra1ned t0 11e 6etween 2 0 <  0 , <  160 a5 6ef0re, 6ut 1t5 
tran5ver5e m0mentum 15 re4u1red t0 6e 1ar9er than 1 6 e V  (~/5 = 29 6 e V  at PEP). 
7he  1nner re910n de11m1tated 6y curve (a) and the axe5 c0rre5p0nd5 t0 rate5 0f y~F, 
pr0duct10n that exceed 1 event f0r an 1nte9rated 1um1n051ty 0f 100 p6 -1, 1.e., a11 
pa1r5 0f ma55e5 (M¢v, M~) 1n51de the area 60und 6y th15 curve 5h0u1d 6e exc1uded 
at the 1 event /100p6  -] 1eve1. 51m11ar1y the 1nner d0ma1n def1ned 6y curve (6) 
c0rre5p0nd5 t0 rate5 0f y77ff pr0duct10n that exceed 3 event5 f0r the very 5ame 
1nte9rated 1um1n051ty. W1th th15 5ec0nd curve we acc0unt f0r the (M¢v, M~) 60und5 
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F19. 9. 7he W4¢- M~ p1ane. A11 pa1r5 1n51de the area5 60und 6y the curve5 and the axe5 c0rre5p0nd t0 
rate5 0f 7~{~ pr0duct10n that exceed 1 (curve5 (a), (c)) 0r 3 (curve5 (6), (d)) event5 f0r an 1nte9rated 

1um1n051ty 0f 100 p6 1 and f1tt1n9 w1th certa1n k1nemat1c cut5 exp1a1ned 1n the text. 

at the 95% c.1. 0f  the P01550n d15tr16ut10n, 1.e., n0 rea50na61e p05516111ty 15 1eft 1n 

th15 ca5e t0 5tat15t1ca1 f1uctuat10n5. F1na11y, curve5 (c) and  (d) have a 51m11ar 

1nterpretat10n a5 the tw0 prev10u5 0ne5 6ut  they c0rre5p0nd t0 the ran9e that  c0u1d 

6e (0pt1m15t1ca11y) c0vered  6y P E 7 R A .  7he  cut  0n the ph0 t0n  an91e 15 a9a1n the 

5ame a5 6ef0re  6ut  1t5 tran5ver5e m 0 m e n t u m  15 60und  t0 6e 1ar9er than  4.4 6 e V  

(=0.1 ~/5). 

7he  ana1y515 6y the auth0r5 0f ref .  [9] wa5 carr1ed 0ut 0ver an 1nte9rated 1um1n051ty 

0f  68.7 p6 1, wh1ch wa5 c011ected a11 a10n9 th15 year.  1t then f0110w5 fr0m 0ur  

ca1cu1at10n5 that  1f n0 c1ear 51n91e ph0 t0n  cand1date 15 065erved 6y A 5 P  when 1t 

500n w111 6e reach1n9 100 p6 ~, then we 5ha11 6e a61e t0 exc1ude a 900d 61t 0f  the 

M ~ -  M2 p1ane (f19.9). 1n part1cu1ar, 1f M~ = 0 then we w0u1d 1nfer f r0m curve (6) 
that  M~v~>65 6 e V  at the 95% c.1. 

We c0nc1ude w1th a few w0rd5 0n 6ack9r0und .  7he  519nature f0r  the pr0ce55 15 

4u1te c1ear, a 51n91e ph0 t0n  p1u5 m1551n9 ener9y. Event5 w1th add1t10na1 char9ed 

part1c1e5 mu5t 6e vet0ed.  H0wever ,  a 4~r c0vera9e 0f  the 1nteract10n v01ume 15 

1mp055161e 1n pract1ce. 7here f0 re ,  1n add1t10n t0 the 9enu1ne ph0t0n+1nv15161e 

ener9y 6ack9 r0und  pr0ce55e5, 11ke e+e --) yu~ 0r e+e ---> 7Y~ 0ne ha5 t0 c0pe w1th 

0ther  c0mpet1n9 pr0ce55e5, 11ke 6 e a m - 6 e a m  6rem55trah1un9 ( 8 8 8 )  0r e + e - - > 3 y  

where  the extra  part1c1e5 are m155ed 6y the detect0r5 (e.9., they may  e5cape a10n9 

the 6eam p1pe). 7he  4ue5t10n 0f  6ack9 r0und  t0 the 5tandard pr0ce55 (e+e -) yu~) 

ha5 6een 5tud1ed carefu11y 1n the 11terature [12]. 7he  m05t 5er10u5 0ne 15 6 e a m - 6 e a m  

6rem55trah1un9. 1t 5h0u1d n0t  6e a pr061em 1n 0ur  ca5e f0r, 1n the PEP and P E 7 R A  

ener9y ran9e,  the cr055 5ect10n f0r e+e - ~ y ~  15 a1m05t tw0 0rder5 0f  ma9n1tude 

1ar9er than  the 0ne f0r  e + e - ~  yu~ and,  1n the  h19h ener9y re910n (a60ve the 2 ° 

p01e) 1t wa5 a1ready 5h0wn 1n 0ur  prev10u5 ana1y515 that  8 8 8  c0u1d 6e kept  under  

c0ntr01 (the pre5ent numer1ca1 re5u1t5 a9ree w1th th05e 1n ref. [2]). 1n any ca5e the 
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a65ence  0 f  519na1 at the  eXpeCted ra te  W111 pr0V1de Un4Ue5t10na61e - 1ndependen t  0 f  

6aCk9r0Und - 60Und5 0n 5 U 5 Y  parameter5 .  

7 w 0  0 f  u5 ( M . M .  and  J .5.)  w0u1d 11ke t0 ackn0w1ed9e ,  re5pect1ve1y, the  5pan15h 

J u n t a  de  E n e r 9 f a  Nuc1ear  a n d  the  M1n15ter10 de  Educac16n  y C1enc1a f0r  f1nanc1a1 

5upp0r t .  We  w0u1d a150 t h a n k  pr0fe550r  R.D.  Pecce1 f0r  draw1n9 0u r  at tent10n t0 

the  n e w  A 5 P  da ta  a n d  f0r  var10u5 u5efu1 5u99e5t10n5 t0 0ur  0r191na1 manu5cr1pt .  

N0te added 1n pr00f 

Af te r  5end1n9 0u r  manu5cr1pt  t0 the  Ed1t0r5, we 6 e c a m e  aware  tha t  an  M 1 7  rep0r t ,  

6y  J. 8 e r d u 9 0  et a1., wa5 1n prepara t10n  a n d  w h e r e  a c0mprehen51ve  5tudy 0 f  5evera1 

5uper5ymmetr1c  pr0ce55e5 1n e+e - c0111510n5 15 pre5ented .  We  have  c h e c k e d  tha t  0u r  

re5u1t5 a9ree  w1th the1r5. 

Reference5 

[1] E. Fern~1nde2 et a1., Phy5. Rev. Lett. 54 (1985) 1118 
[2] J.A. 6r1f015, X. M0r-Mur and J. 501h, Phy5. Lett. 1148 (1982) 35 
[3] P. Fayet, Phy5. Lett. 1178 (1982) 460 
[4] J. E1115 and J.5. Ha9e11n, Phy5. Lett. 1228 (1982) 303 
[5] J. Ha9e11n, 6.L. Kane and 5. Ra6y, Nuc1. Phy5. 8241 (1984) 638 
[6] L. 16f1f1e2, F7-UAM-83-28 (1983) 
[7] R. Arn0w1tt, A.H. Cham5edd1ne and P. Nath, Phy5. Rev. Lett. 49 (1982) 970; 50 (1983) 232 
[8] J.D. Ware and M.E. Machacek, Phy5. Lett. 1478 (1984) 415 
[9] M.J. J0nker, ta1k 91ven at the DE5Y W0rk5h0p (0ct06er 1985) 

[10] H.E. Ha6er and 6.L. Kane, Phy5. Rep0rt5 117C (1985) 75 
[11] 6.P. Lapa9e, J. C0mput. Phy5. 27 (1978) 192 
[12] 6. 8ar61e111n1, 8. R1chter and J.L. 51e9r15t, Phy5. Lett. 1068 (1981) 414 


