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C o nt e nt fr o m t his  w or k  m a y b e us e d u n d er t h e t er ms of t h e Cr e ati v e  C o m m o ns  Attri b uti o n 3. 0 li c e n c e .  A n y f urt h er distri b uti o n
of t his  w or k  m ust  m ai nt ai n attri b uti o n t o t h e a ut h or(s) a n d t h e titl e of t h e  w or k, j o ur n al cit ati o n a n d  D OI.
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S e a r c h f o r d a r k m att e r a n d s u p e rs y m m et r y i n t h e v e ct o r 
b os o n f usi o n t o p ol o g y i n p r ot o n- p r ot o n c ollisi o ns at C M S 

A C eli k 1, 2 a n d A M C H e r n a n d e z 3     O n B e h alf of t h e C M S C oll a b o r ati o n 
1 T e x a s A & M U ni v ersit y, C oll e g e St ati o n, T X, U S A  
2  F er mi N ati o n al A c c el er at or L a b or at or y, I L, U S A 
3  T e x as A & M U ni v ersit y at Q at ar, D o h a, Q at ar 
E m ail: ali c eli k @ p h y si cs.t a m u. e d u 

A bst r a ct :	A s e ar c h f or p air pr o d u cti o n of d ar k m att er c a n di d at es a n d s u p ers y m m etr y ( S U S Y) 
pr o d u cti o n wit h t w o j ets i n v e ct or- b os o n f usi o n ( V B F) t o p ol o g y is pr es e nt e d usi n g d at a c oll e ct e d 
b y t h e C o m p a ct M u o n S ol e n oi d ( C M S) d et e ct or i n pr ot o n- pr ot o n c olli si o ns at t h e L ar g e H a dr o n 
C olli d er  ( L H C).  Fi n al  st at es  wit h  n o  l e pt o n s  ar e  e x p e ct e d  i n  p air  pr o d u cti o n  of  d ar k  m att er 
p arti cl es or s c al ar q u ar ks i n S U S Y c o m pr ess e d m ass-s p e ctr a s c e n ari os. Fi n al st at es wit h l o w-
e n er g y l e pt o ns ar e e x p e ct e d i n t h e pr o d u cti o n of c h ar gi n o s a n d n e utr ali n o s i n S U S Y c o m pr ess e d 
m ass-s p e ctr a s c e n ari os. R es ults f or b ot h z er o a n d t w o l e pt o n fi n al st at es at 8 T e V ar e pr es e nt e d 
wit h bri ef pr os p e cts at 1 3 T e V. 	

1. I nt r o d u cti o n
U n d erst a n di n g t h e  n at ur e  of  d ar k  m att er ( D M)  i n t h e U ni v ers e  w o ul d  r a n k  a m o n g t h e bi g g est l e a ps
f or w ar d i n t h e pr o gr es s of f u n d a m e nt al p h y si cs. S u p ers y m m etr y r e m ai ns p er h a p s t h e b est m oti v at e d of
p ossi bl e t h e ori es t o si m ult a n e o usl y d es cri b e t h e n at ur e of D M a n d s ol v e t h e g a u g e hi er ar c h y pr o bl e m
i n t h e St a n d ar d M o d el ( S M).  T h e li g ht est n e utr ali n o ( ) i n S U S Y c o ul d b e t h e li g ht est s u p ers y m m etri c 
p arti cl e ( L S P) a n d st a bl e a s t h e D M c a n di d at e. H o w e v er, f or all of its attr a cti v e f e at ur es, t h er e ar e n o 
e x p eri m e nt al si g ns y et of its e xist e n c e. C urr e nt S U S Y li mit s n o w r e a c h a s hi g h as ar o u n d 1. 7 T e V f or 
gl ui n os  i n  c ert ai n  s c e n ari o s  [ 1].  It  c o ul d  b e  b e c a us e  S U S Y  h as  a  m or e  c h all e n gi n g  n at ur e.  S U S Y 
s c e n ari os wit h c o m pr ess e d m ass-s p e ctr a ar e of gr e at i nt er est. T hi s m oti v at es t o c o n d u ct s e ar c h es wit h 
v e ct or- b os o n f usi o n ( V B F) t y p e e v e nts. I n t his p a p e r, r es ult s fr o m V B F s e ar c h e s i n R u n- 1 al o n g wit h 
pr o s p e cts i n R u n- 2 ar e pr e s e nt e d.  

T h e s e ar c h str at e g y usi n g e v e nts wit h dij et i n t h e V B F t o p ol o g y at t h e L H C h as b e e n s u g g est e d i n 
R efs. [ 2- 4]. T w o a n al y s e s r e p ort e d h er e ar e t h e firs t s e ar c h es f or S U S Y a n d D M wit h t w o j ets i n t h e 
V B F t o p ol o g y at t h e L H C: (i) t w o l e pt o ns wit h V B F d ij et t o s e ar c h f or c h ar gi n os a n d n e utr ali n os i n t h e 
Mi ni m al S u p ers y m m etri c St a n d ar d M o d el ( M S S M) [ 5];  (ii) l ar g e m o m e nt u m i m b al a n c e wit h V B F dij et 
t o t e st D M- g a u g e b o s o n c o u pli n gs i n a fr a m e w or k of a n eff e cti v e fi el d t h e or y ( E F T) a n d als o t est S U S Y 
i n c o m pr es s e d m a ss- s p e ctr u m s c e n ari o [ 6]. B el o w ar e bri ef s u m m ari es of e a c h a n al y sis. 

2. S e a r c h f o r c h a r gi n o s/ n e ut r ali n os usi n g t h e V B F p r o c ess es
Fi g ur e  1  s h o ws  o n e  of  r e pr es e nt ati v e  F e y n m a n  di a gr a ms  f or  p air  pr o d u cti o n  of  c h ar gi n os  a n d
n e utr ali n os i n V B F pr o c ess es. Fi g ur e 2 (l eft) s h o ws t h e i n v ari a nt m ass di stri b uti o ns of t w o j ets ( ) i n

V B F t o p ol o g y f or e v e nts wit h t w o l e pt o n s, c o m p ar i n g b et w e e n t h e d at a a n d t h e S M e x p e ct ati o n [ 5].
U p p er li mit s ar e s et o n t h e cr oss s e cti o ns f or p air  pr o d u cti o n of c h ar gi n os a n d n e utr ali n o s wit h t w o

F E R MI L A B- P U B- 1 7- 5 5 3- C M S

T his d o c u m e nt w as pr e p ar e d b y C M S c oll a b or ati o n usi n g t h e r es o ur c es of t h e F er mi N ati o n al A c c el er at or L a b or at or y 
( F er mil a b), a U. S. D e p art m e nt of E n er g y, Offi c e of S ci e n c e, H E P Us er F a cilit y. F er mil a b is m a n a g e d b y F er mi R es e ar c h 
Alli a n c e, L L C ( F R A), a cti n g u n d er C o ntr a ct N o. D E- A C 0 2- 0 7 C H 1 1 3 5 9.
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ass o ci at e d j et s, ass u mi n g t h e s u p er s y m m etri c p art n er of t h e  l e pt o n t o b e t h e li g ht est sl e pt o n a n d t o b e 
li g ht er t h a n t h e li g ht er c h ar gi n o. T h e d at a s a m pl e c orr es p o n ds t o a n i nt e gr at e d l u mi n osit y of 1 9. 7 f b  
at 8 T e V r e c or d e d b y t h e C M S d et e ct or [ 7]. Fi g ur e 2 (ri g ht) s h o w s t h e o b s er v e d li mit o n cr oss s e cti o ns 
f or t w o s c e n ari os. F or a c o m pr ess e d m a ss-s p e ctr u m s ce n ari o i n w hi c h t h e m a s s diff er e n c e b et w e e n t h e 

 a n d t h e n e xt li g ht est, m ass- d e g e n er at e, g a u gi n o p arti cl e s  a n d  i s 5 0 G e V, l o w er m a ss li mit of 

1 7 0  G e V  is  s et  f or     a n d .  T his  s c e n ari o  w as  n ot  e x cl u d e d  b y  t h e  l at e st  C M S  a n al y s es  i n  t h e 
tril e pt o n  c h a n n el  [ 8].  T h e  V B F  t o p ol o g y  h as  b e e n  d e m o nstr at e d  t o  b e  c o m pl e m e nt ar y  t o a  st a n d ar d 
S U S Y s e ar c h i n tril e pt o n  c h a n n el at t h e L H C. 

 

Fi g u r e  1.   A  r e pr es e nt ati v e 
F e y n m a n  di a gr a m  of  p air 
pr o d u cti o n of c h ar gi n os a n d 
n e utr ali n o s  i n  t h e  V B F 
pr o c ess es [ 5]. 

Fi g u r e  2.  ( L eft)  Dij et  i n v ari a nt  m a ss  distri b uti o n  f or  t h e 
c o m bi n ati o n of all dil e pt o n c h a n n els i n mi ssi n g tr a ns v er s e e n er g y 
+ V B F e v e nts, c o m p ari n g d at a a n d t h e S M e x p e ct ati o n [ 5]. ( Ri g ht) 
9 5 %  C. L.  u p p er  li mits  o n  t h e  cr oss  s e cti o n  as  a  f u n cti o n  of 

	   f or  t h e  s c e n ari o  w h er e ̃

5	 G e V   i n  t w o  diff er e nt   d efi niti o n s: 

5 0  G e V ( c o m pr e ss e d  m a s s  s p e ctr a)  a n d 0	 G e V   (l ar g e 
m as s g a p) [ 5]. 

3.  D M a n d C o m p r ess e d M ass- S p e ct r a S U S Y 
E v e nts wit h tr a ns v ers e m o m e nt u m i m b al a n c e a n d t w o j ets i n V B F t o p ol o g y is us e d f or t h e first ti m e t o 
s e ar c h f or p air pr o d u cti o n of (i) D M c a n di d at es (fi g ur e 3 t o p) a n d (ii) c o m pr es s e d m a ss-s p e ctr a s q u ar ks 
(fi g ur e 3 b ott o m). T h e d at a s a m pl e c orr e s p on ds t o a n i nt e gr at e d l u mi n o sit y of 1 8. 5 f b  of p p c olli si o n 
at 8 T e V r e c or d e d b y t h e C M S d et e ct or. T h e o bs er v e d dij et m a ss s p e ctr u m i s c o nsist e nt wit h t h e S M 
e x p e ct ati o n (fi g ur e 4).  

T h e r es ults ar e us e d t o t est D M- g a u g e b o s o n c o u pli n g ( ) i n a n E F T fr a m e w or k. D M m as s es ( ) 

ar e e x pl or e d a s a f u n cti o n of c o nt a ct i nt er a cti o n str e n gt h ( Ʌ ) (fi g ur e 5 l eft). T h e E F T a p pr o a c h i s d efi n e d 
t o b e v ali d f or e a c h p ar a m et er p oi nt of  a n d Ʌ  if t h e fr a cti o n of M C si g n al e v e nts (R ) cl assifi e d as 

n ot h a vi n g l ar g e m o m e nt u m tr a nsf er is 8 0 % or m or e. H er e t h e M C si g n al e v e nt is c o nsi d er e d as h a vi n g 
l ar g e m o m e nt u m tr a n sf er if t h e c e nt er- of- m a ss e n er g y of t h e D M p air ( ) is l ar g er t h a n t h e m e di at or 

m a ss p ar a m et er of t h e E F T, M  = Ʌ  . Tr u n c at e d li mits ar e c al c ul at e d b y a d di n g t h e r e q uir e m e nt  
< Ʌ   t o t h e si g n al a c c e pt a n c e, f oll o wi n g R ef s. [ 9, 1 0]. M or e si g n al e v e nts ar e r e m o v e d i n hi g h er D M 
m a ss r e gi o ns w h er e R  c ur v e s t e n d t o g o u p a n d tr u n c at e d li mits g o d o w n. T h e c ur v e of t h e D M r eli c 
a b u n d a n c e Ω = 0. 1 2 is c al c ul at e d usi n g t h e M a d D M pr o gr a m [ 1 1], ass u mi n g t h at D M p airs a n ni hil at e 
t o el e ctr o w e a k g a u g e b os o n p airs. T h e D M is m or e a b u n d a nt t h a n o bs er v e d i n t h e r e gi o ns a b o v e a n d 
l eft fr o m t h e Ω = 0. 1 2 li n e. 
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T h e r es ults ar e als o us e d t o s et t h e m o st stri n g e nt li mit o n t hir d- g e n er ati o n s q u ar k pr o d u cti o n m a ss 
b el o w 3 1 5 G e V is f o u n d (fi g ur e 5 ri g ht), ass u mi n g a 5 G e V m ass diff er e n c e wit h r es p e ct t o t h e li g ht est 
n e utr ali n o. T h e r es ult c a n b e c o m p ar e d t o t h e " m o n oj et " s e ar c h e s wit h a m a ss li mit of 2 5 0 G e V i n a 
c o m pr ess e d s c e n ari o of b ott o m s q u ar k a n d t o p s q u ar k  [ 1 2]. It i s d e m o n str at e d a s a p o w erf ul t o ol f or 
D M a n d S U S Y s e ar c h es at t h e L H C. 

 

 

 

Fi g u r e 3.  F e y n m a n di a gr a ms f or d ar k m att er p air 
pr o d u cti o n i n a V B F pr o c e ss (t o p) a n d f or b ott o m 
s q u ar k  p air  pr o d u cti o n  ( b ott o m)  [ 6].  Gi v e n  a 
n e arl y d e g e n er at e b ott o m s q u ar k a n d t h e li g ht e st 
n e utr ali n o ( L S P), t h e fi n al st at e b - q u ar k s ar e t o o 
s oft t o b e o b s er v e d. 

Fi g u r e  4.   Dij et  m a ss  distri b uti o n  of  t h e  d at a 
( d ot s),  esti m at e d  b a c k gr o u n d  (st a c k e d 
hist o gr a ms),  a n d  si g n al  s a m pl es  ( d as h e d  li n es) 
aft er t h e e v e nt s el e cti o n. T h e l ast bi n i n cl u d es all 
e v e nts  a b o v e  2 2 5 0  G e V.  T h e  r ati o  pl ot  ( b el o w) 
s h o ws  t h e  yi el ds  i n  d at a  di vi d e d  b y  pr e di ct e d 
yi el d s  f or  e a c h  bi n.  T h e  s h a d e d  b a n d  i n cl u d e s 
s y st e m ati c  a n d  st ati sti c al  u n c ert ai nti e s  i n  t h e 
b a c k gr o u n d pr e di cti o n [ 6]. 

 

Fi g u r e 5.  (l eft) C o nt a ct i nt er a cti o n s c al e (Ʌ ) li mit at 9 5 % C. L. as a f u n cti o n of t h e D M m as s ( ). 

V al u es of ( , Ʌ ) b el o w t h e c ur v e ar e e x cl u d e d. T h e v ali dit y of t h e eff e cti v e fi el d t h e or y is q u a ntifi e d 

b y (i) R  = 8 0 % c o nt o urs a n d (ii) tr u n c at e d li mits f or diff er e nt v al u es of t h e eff e cti v e c o u pli n g ( ). 
T h e D M r eli c a b u n d a n c e Ω = 0. 1 2 is c al c ul at e d a s d e s cri b e d i n t h e t e xt [ 6]. (ri g ht) B ott o m s q u ar k 
p air pr o d u cti o n 9 5 % C. L. u p p er cr os s s e cti o n li mit as  a f u n cti o n of t h e b ott o m s q u ar k m ass a n d t h e 
m a s s diff er e n c e b et w e e n t h e b ott o m s q u ar k a n d t h e L S P. T h e o bs er v e d ( e x p e ct e d) cr oss s e cti o n li mit 
i n cl u d e s o n e st a n d ar d d e vi ati o n b a n ds f or t h e t h e or eti c al ( e x p eri m e nt al) u n c ert ai nt y [ 6]. 
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4.  S u m m a r y 
T h e s e ar c h es f or e v e nts wit h 0 a n d 2 l e pt o n s pl us t w o j ets i n t h e V B F t o p ol o g y at 8 T e V ar e pr e s e nt e d, 
usi n g t h e d at a of 8- T e V p p  c ollisi o ns r e c or d e d b y t h e C M S d et e ct or. T h e dij et m a ss distri b uti o ns ar e 
c o nsist e nt wit h t h e S M e x p e ct ati o ns, t esti n g t h e D M- g a u g e b os o n c o u pli n g f or t h e first ti m e a n d s etti n g 
t h e  stri n g e nt  li mit s  o n  s q u ar k  m a ss  i n  c o m pr ess e d  m as s-s p e ctr a  s c e n ari os.  It  d e m o nstr at e s  a  n e w 
a p pr o a c h usi n g V B F f or S U S Y a n d D M s e ar c h e s at t h e L H C. 

I n R u n 2 of t h e L H C, t h e C M S e x p eri m e nt r e c or d e d s o f ar ( 2 0 1 5, 2 0 1 6) a d at a s a m pl e c orr es p o n d 
t o  a n  i nt e gr at e d  l u mi n osit y  of  a b o ut  4 0 f b .  T his  d at a s et  will  all o w  t o  s u bst a nti all y  e xt e n d  t h e 
s e nsiti vit y of a n al y s es wit h e v e nts c o nt ai ni n g 0, 1 or 2 l e pt o ns a n d t w o j et s i n t h e V B F t o p ol o g y i n 
c o m pr e ss e d m a s s- s p e ctr a s c e n ari o. 
 
A c k n o wl e d g e m e nt s  
A. C. w as s u p p ort e d b y F er mil a b L P C Gr a d u at e S c h ol ar pr o gr a m, R e p u bli c of T ur k e y Mi nistr y of 

N ati o n al E d u c ati o n a n d U S D e p art m e nt of E n er g y ( gr a nt D E- S C 0 0 1 0 8 1 3); a n d A. M. C. H. b y t h e 

Q at ar N ati o n al R es e ar c h F u n d ( gr a nt N P R P 9- 3 2 8- 1- 0 6 6).  
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