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1 In trodu ction

T h is  p a p e r  p re se n ts  th e  re su lts  of a  sea rch  fo r ev en ts  c o n ta in in g  a n  en e rg e tic  je t  an d  
la rg e  m issing  tra n sv e rse  m o m e n tu m  f>Tmiss (w ith  m a g n itu d e  ETpiss) in  a  d a ta  sam p le  co r
re sp o n d in g  to  a  to ta l  in te g ra te d  lu m in o sity  o f 36.1 fb - 1 . T h e  d a ta  w ere co llec ted  by  th e  
A T L A S  C o lla b o ra tio n  a t  th e  L a rg e  H a d ro n  C o llider (L H C ) from  p ro to n -p ro to n  collisions 
a t  a  cen tre -o f-m ass en e rg y  (^/5) o f 13 TeV. T h e  f in a l-s ta te  m o n o je t s ig n a tu re  o f a t  leas t 
one  en e rg e tic  je t ,  E ™ ss >  250 GeV, a n d  n o  le p to n s  (e o r  p )  c o n s titu te s  a  d is tin c tiv e
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s ig n a tu re  for new  physics bey o n d  th e  S ta n d a rd  M odel (SM ) a t  co lliders. T h e  m o n o je t 
s ig n a tu re  h as  b een  ex ten s iv e ly  s tu d ie d  a t  th e  L H C  in  th e  c o n te x t o f searches fo r la rge  
e x tr a  sp a tia l  d im en sio n s  (L E D ), su p e rsy m m e try  (S U S Y ), a n d  w eak ly  in te ra c tin g  m assive  
p a rtic le s  (W IM P s) as c a n d id a te s  fo r d a rk  m a t te r  (D M ) [1- 3]. T h e  re su lts  o f th e  a n a ly 
sis a re  th e re fo re  in te rp re te d  in  te rm s  o f each  o f th e se  m odels, w hich  a re  d e sc rib ed  in  th e  
fo llow ing p a ra g ra p h s .

A  ran g e  o f a s tro p h y s ic a l m e a su re m e n ts , such  as th e  ro ta tio n a l sp eed  o f s ta rs  in  ga lax ies 
a n d  g ra v ita tio n a l lensing , p o in t to  th e  ex is ten ce  o f a  n o n -b a ry o n ic  fo rm  o f m a t te r  [4- 6]. 
T h e  ex is ten ce  o f a  new , w eak ly  in te ra c tin g  m assive  p a r tic le  is o fte n  h y p o th es ized  [7] , as 
i t  leads to  th e  c o rre c t relic  d e n s ity  for n o n -re la tiv is tic  m a t te r  in  th e  e a rly  u n iv e rse  [8 ] as 
m easu red  from  d a ta  from  th e  P la n c k  [9] a n d  W M A P  [10] C o lla b o ra tio n s , if th e  m ass is 
b e tw een  a  few  GeV a n d  one  TeV a n d  if it  h as  e lec tro w eak -sca le  in te ra c tio n  cross sec tions. 
W IM P s  m ay  be p a ir-p ro d u c e d  a t  th e  L H C  a n d  w h en  acco m p an ied  by a  je t  o f p a rtic le s , for 
ex am p le  from  in it ia l- s ta te  ra d ia tio n  (IS R ), th e se  ev en ts  p ro d u c e  th e  s ig n a tu re  o f a  je t  an d  
m issing  tra n sv e rse  m o m e n tu m .

As w ith  th e  in itia l re su lts  o b ta in e d  in  th is  search  ch an n e l a t  y f s  =  13 TeV [1], s im plified  
m odels a re  used  to  in te rp re t  th e  re su lts , p ro v id in g  a  fram ew o rk  to  c h a ra c te r iz e  th e  new  
p a rtic le s  a c tin g  as m e d ia to rs  of th e  in te ra c tio n  b e tw een  th e  SM  a n d  th e  d a rk  se c to r  [11
13]. T h e  re su lts  from  sim plified  m odels invo lv ing  s -ch an n e l F e y n m a n  d ia g ra m s  such  as 
th e  one  show n in  figure 1 (a) a re  c o m p a ra b le  to  th o se  p rev io u sly  o b ta in e d  [14] by  u sin g  an  
e ffec tive-fie ld -theo ry  a p p ro a c h  [15] w h en  th e  m e d ia to r  m ass  co n sid e red  is above 10 TeV [16].

R e su lts  a re  p re se n te d  for D M  m odels w h ere  D irac  fe rm io n  W IM P s  (x )  a re  p a ir-  
p ro d u c e d  from  q u a rk s  v ia  s -ch an n e l ex ch an g e  o f a  sp in - 1  m e d ia to r  p a r tic le  (Z a )  w ith  
a x ia l-v ec to r  coup lings, a  sp in-1  m e d ia to r  p a r tic le  (Z v ) w ith  v e c to r  coup lin g s, o r a  sp in-0  

p se u d o sc a la r  (Z p ). T h ese  m odels a re  defined  by  fo u r free p a ra m e te rs : th e  W IM P  m ass 
(m x ); th e  m e d ia to r  m ass  (m ZA, m Zv o r m Z p , d e p e n d in g  on  th e  m odel); th e  flavour- 
u n iv e rsa l co u p lin g  to  q u a rk s  (g q), w h ere  a ll th re e  q u a rk  g e n e ra tio n s  a re  in c luded ; a n d  th e  
co u p lin g  of th e  m e d ia to r  to  W IM P s  (gx ). C oup lin g s to  o th e r  SM  p a rtic le s  a re  n o t co n sid 
e red . In  each  case, a  m in im a l m e d ia to r  w id th  is defined , as d e ta ile d  in  refs. [12, 13], w h ich  
in  th e  case  of th e  ax ia l-v ec to r  m e d ia to r  ta k e s  th e  form :

r(m zA )m in  =  gXm Z A ^X0 ( m z A  -  2 m x ) +  £  $ * ( m z A  -  2 m q) ,
q

w h ere  6 ( x )  d e n o te s  th e  H eav iside  s te p  fu n c tio n  a n d  =  \ J 1  — 4 m ^ /m " Z A is th e  velo c ity  

in  th e  m e d ia to r  re s t fram e  o f fe rm io n  f  (e ith e r  x  o r q) w ith  m ass m f . T h e  q u a rk  su m  ru n s  
over all flavours. T h e  m o n o je t s ig n a tu re  in  th is  m odel em erges from  in it ia l- s ta te  ra d ia tio n  
o f a  g lu o n  as show n in  figure 1 ( a ) .

R e su lts  a re  a lso  p re se n te d  fo r a  D M  m o d e l in  w hich  W IM P s  a re  p ro d u c e d  v ia  th e  
ex ch an g e  o f a  co lou red  sca la r  m e d ia to r , w h ich  is a ssu m ed  to  cou p le  as a  co lo u r- tr ip le t, 

SU (2) d o u b le t to  th e  le f t-h a n d e d  q u a rk s  [17- 19]. T h e  m odel c o n ta in s  a  v a rie ty  o f new  p ro 
d u c tio n  m ech an ism s such  as th e  p ro d u c tio n  of W IM P  p a irs  v ia  u - a n d  t-c h a n n e l d ia g ra m s 
w ith  d ire c t co u p lings of d a rk  m a t te r  a n d  SM  p a rtic le s  o r  even  s -ch an n e l ex ch an g e  o f tw o
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(e)

Figure 1 . (a) D iagram  for the  pair-production of weakly interacting massive particles x , w ith a 
m ediator Z a  w ith axial-vector couplings exchanged in the s-channel. (b )(c)(d) Exam ple of diagram s 
for the pair-production of weakly in teracting massive particles x  via a coloured scalar m ediator g. 
(e) A generic diagram  for the  pair-production  of squarks w ith the decay mode q ^  q +  x ?. The 
presence of a gluon from in itia l-sta te  rad iation  resulting in a je t is indicated for illustration  purposes.

mediators, leading to a different phenomenology. A set of representative diagrams relevant 
for a monojet final state are collected in figures 1(b)- 1(d). A model with simplified as
sumptions is defined by the following three parameters: mx, a single mediator mass (mn), 
and a flavour-universal coupling to quarks and WIMPs ( gqx = g). The mediator is also 
assumed to couple only to the first two generations of quarks, with minimal decay widths 
of the form:

r ( n)min =  16n m3 K  -  m2 -  mx) \ j ( m n -  (mq +  mx)2) ( m2 -  (mq -  mx)2) ,

where, to ensure that the DM particle is stable and the mediator width is always defined, 
m^ +  m2 < m"n and Am ^ / m ^ < (1 — m2/m2 +  m ^/m )̂2 are required.

Supersymmetry is a theory of physics beyond the SM which naturally solves the hier
archy problem and provides candidates for dark m atter [20- 28]. SUSY introduces a new 
supersymmetric partner (sparticle) for each particle in the SM. Specifically, a new scalar
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field is a sso c ia te d  w ith  each  left- o r  r ig h t-h a n d e d  q u a rk  s ta te . T w o  sq u a rk  m ass e ig e n s ta te s  
qi a n d  q2 re su lt from  th e  m ix in g  o f th e  sca la r  fields fo r a  p a r t ic u la r  flavour. N a tu ra ln e ss  
a rg u m e n ts  suggest t h a t  th e  th ird -g e n e ra tio n  sq u a rk s  sh o u ld  be  ligh t, w ith  m asses below  
a b o u t 1 TeV [29]. In  a d d itio n , m a n y  SU SY  scenario s have a  sign ifican t m ass  d ifference b e 
tw een  th e  tw o  e ig e n s ta te s  in  th e  b o tto m -s q u a rk  (sb o tto m ) a n d  to p -sq u a rk  (s to p ) sec to rs, 
w h ich  leads to  lig h t s b o tto m  b1 a n d  s to p  t 1 m asses. In  su p e rsy m m e tr ic  ex ten s io n s  o f th e  
SM  th a t  a ssu m e  R -p a r ity  c o n se rv a tio n  [30- 34], sp a rtic le s  a re  p ro d u c e d  in  p a irs  a n d  th e  
l ig h te s t su p e rsy m m e tr ic  p a r tic le  (L S P ) is s tab le . T h e  L S P  is a ssu m ed  to  be  th e  lig h te s t 
n e u tra lin o  x 1 .

T h e  re su lts  a re  in te rp re te d  in  te rm s  o f searches fo r sq u a rk  p ro d u c tio n  usin g  sim plified  
m odels in  scenario s for w hich  th e  m ass d ifference A m  =  m q  — m^o is sm all (com pressed - 
m ass  scen a rio ). F o u r such  scenario s w ith  co m p ressed  m ass s p e c tra  a re  co n sidered : s to p -p a ir  
p ro d u c tio n , w h ere  th e  s to p  decays in to  a  c h a rm  q u a rk  a n d  th e  L S P  ( q 1 ^  c +  x 1), s to p -p a ir  
p ro d u c tio n  in  th e  fo u r-b o d y  decay  m o d e  q 1 ^  b +  f f  +  x 1 , sb o tto m -p a ir  p ro d u c tio n  w ith  
b 1 ^  b +  x i, a n d  sq u a rk -p a ir  p ro d u c tio n  w ith  q ^  q +  x 1 (q =  u , d , c , s ) .  F o r re la tiv e ly  
sm all A m  ( <  25 G eV ), b o th  th e  tra n sv e rse  m o m e n ta  o f th e  q u a rk  je ts  a n d  th e  E m iss 
in  th e  fina l s ta te  a re  sm all, m ak in g  it  d ifficu lt to  fu lly  re c o n s tru c t th e  signal g iven  th e  
k in e m a tic  th re sh o ld s  for re c o n s tru c tio n . T h e  p resen ce  o f je ts  from  IS R  is th u s  u sed  to  
id en tify  signal ev en ts  (see figure  1 (e )) . In  th is  case, th e  sq u a rk -p a ir  sy s tem  is b o o sted , 
le ad in g  to  la rg e r E m iss.

T h e  final m odel co n sid e red  is t h a t  o f e x tr a  sp a tia l  d im en sio n s, th e  ex is ten ce  of w hich  
h as  b een  p o s tu la te d  to  e x p la in  th e  la rg e  d ifference b e tw een  th e  e lec tro w eak  u n ifica tio n  scale 
a t  O (1 0 2) GeV a n d  th e  P la n c k  scale M pi a t  O (1 0 19) GeV. In  th e  A rk an i-H am ed , D im o p o u - 
los, a n d  D vali (A D D ) m o d e l of L E D  [35], th e  p resen ce  of n  e x tra  sp a tia l  d im en sio n s of size 
R  leads to  a  fu n d a m e n ta l P la n c k  scale in  4 +  n  d im en sio n s g iven  by  M p i2 M d  2 + n R n , 
w h ere  M d  is th e  fu n d a m e n ta l scale o f th e  4 +  n -d im e n s io n a l th eo ry . M o tiv a tio n  for th e  
th e o ry  com es from  th e  p o ss ib ility  t h a t  M D is o f o rd e r  1 TeV, a  scale accessib le  a t  th e  L H C . 
In  th is  m odel, SM  p a rtic le s  a n d  g auge  in te ra c tio n s  a re  confined  to  th e  u su a l 3 + 1  sp ace 
tim e  d im en sio n s, w h ereas  g ra v ity  is free to  p ro p a g a te  th ro u g h  th e  e n tire  m u ltid im en s io n a l 
space, w hich  effectively  d ilu te s  its  p erce ived  s tre n g th . T h e  e x tra  sp a tia l  d im en sio n s  are  
co m p ac tified , re su ltin g  in  a  K a lu z a -K le in  to w er o f m assive  g ra v ito n  m o d es (K K  g ra v ito n ) . 
I f  p ro d u c e d  in  h ig h -en erg y  p ro to n -p ro to n  collisions, a  K K  g ra v ito n  escap in g  in to  th e  e x tra  

d im en sio n s  ca n  b e  in fe rred  from  E m iss, a n d  c a n  lead  to  a  m o n o je t ev en t s ig n a tu re .

T h e  p a p e r  is o rg an ized  as follows. T h e  A T L A S d e te c to r  is d esc rib ed  in  th e  n e x t sec
tio n . S ec tio n  3 p rov ides d e ta ils  of th e  M o n te  C a rlo  s im u la tio n s  used  in  th e  an a ly s is  for 
b a c k g ro u n d  a n d  signal p rocesses. S ec tion  4 d iscusses th e  re c o n s tru c tio n  a n d  id en tif ica tio n  
o f je ts ,  lep to n s , a n d  m issing  tra n sv e rse  m o m e n tu m , w hile  sec tio n  5 d esc rib es  th e  even t 
se lec tion . T h e  e s tim a tio n  o f b ack g ro u n d  c o n tr ib u tio n s  an d  th e  s tu d y  of sy s te m a tic  u n c e r

ta in t ie s  a re  d iscu ssed  in  sec tio n s 6  a n d  7 . T h e  re su lts  a re  p re se n te d  in  sec tio n  8  a n d  a re  
in te rp re te d  in  te rm s  o f lim its  in  m odels o f W IM P -p a ir  p ro d u c tio n , A D D , a n d  SU SY  in 
co m p ressed  scenario s. F ina lly , sec tio n  9 is d ev o ted  to  th e  conclusions.
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2 A TLA S d etector

T h e  A T L A S  d e te c to r  [36] covers a lm o s t th e  w hole  solid  an g le 1 a ro u n d  th e  co llision  p o in t 
w ith  layers o f tra c k in g  d e te c to rs , c a lo rim e te rs  a n d  m u o n  ch am b ers . T h e  A T L A S in n e r 

d e te c to r  covers th e  p se u d o ra p id ity  ran g e  |n | <  2.5. I t  co n sis ts  o f a  silicon p ixel d e te c to r , a 
silicon  m ic ro s tr ip  d e te c to r , a n d  a  s tra w - tu b e  tra c k e r  th a t  a lso  m easu res  t r a n s i t io n  ra d ia tio n  
fo r p a r tic le  id en tific a tio n , all im m ersed  in  a  2 T  ax ia l m a g n e tic  field p ro d u c e d  by  a  so lenoid . 
D u rin g  th e  firs t L H C  long  sh u td o w n , a  new  tra c k in g  layer, know n as th e  in se r ta b le  B- 
L ay er [37], w as ad d e d  ju s t  o u ts id e  a  n a rro w er b e a m  p ip e  a t  a  ra d iu s  o f 33 m m .

H ig h -g ra n u la r ity  le a d /liq u id -a rg o n  (L A r) e le c tro m a g n e tic  sam p lin g  ca lo rim e te rs  cover 
th e  p se u d o ra p id ity  ran g e  |n | <  3.2. H a d ro n ic  c a lo r im e try  in  th e  ran g e  |n| <  1.7 is p ro v id ed  
by a  s te e l/s c in ti l la to r - ti le  c a lo rim e te r, co n s is tin g  o f a  la rg e  b a rre l a n d  tw o  sm alle r e x te n d e d  
b a rre l cy lin d ers , one  on  e ith e r  side o f th e  c e n tra l  b a rre l. In  th e  e n d c a p s  ( |n | >  1.5), cop- 
p e r /L A r  a n d  tu n g s te n /L A r  h a d ro n ic  ca lo rim e te rs  m a tc h  th e  o u te r  |n | lim its  o f th e  e n d cap  
e le c tro m a g n e tic  ca lo rim e te rs . T h e  L A r fo rw ard  c a lo rim e te rs  p ro v id e  b o th  th e  e le c tro m a g 
n e tic  a n d  h a d ro n ic  en e rg y  m e asu rem en ts , a n d  e x te n d  th e  coverage  to  |n| <  4.9.

T h e  m u o n  sp e c tro m e te r  m easu res  th e  deflec tio n  o f m uo n s in  th e  m a g n e tic  field p ro v id ed  
by  la rg e  su p e rc o n d u c tin g  a ir-co re  to ro id a l m a g n e ts  in  th e  p se u d o ra p id ity  ran g e  |n | <  2.7, 
in s tru m e n te d  w ith  s e p a ra te  tr ig g e r  a n d  h ig h -p rec is io n  tra c k in g  ch am b ers . O ver m o st of th e  
n ran g e , a  m e a su re m e n t of th e  tra c k  c o o rd in a te s  in  th e  b e n d in g  d ire c tio n  o f th e  m a g n e tic  
field is p ro v id ed  by m o n ito re d  d r if t  tu b e s . C a th o d e  s tr ip  c h am b ers  w ith  h ig h e r g ra n u la r ity  
a re  used  in  th e  in n e rm o st p lan e  over 2.0  <  |n | <  2.7. T h e  m u o n  fa s t tr ig g e r  d e te c to rs  cover 
th e  p se u d o ra p id ity  ran g e  |n | <  2.4 a n d  p ro v id e  a  m e a su re m e n t o f th e  c o o rd in a te  in  th e  
n o n -b e n d in g  p lane .

T h e  d a ta  w ere co llec ted  u sin g  a n  o n line  tw o-level tr ig g e r  sy s tem  [38] t h a t  se lec ts  ev en ts  
o f in te re s t a n d  reduces th e  ev en t r a te  from  a n  average  o f 33 M H z to  a b o u t 1 kH z for 
reco rd in g  a n d  offline p rocessing .

3 M on te Carlo sim ulation

M o n te  C arlo  (M C ) s im u la te d  ev en t sam p les  a re  u sed  to  c o m p u te  d e te c to r  a c c e p tan c e  an d  
re c o n s tru c tio n  efficiencies, d e te rm in e  signal an d  b ack g ro u n d  c o n tr ib u tio n s , a n d  e s tim a te  
sy s te m a tic  u n c e r ta in tie s  in  th e  fina l re su lts . S am ples a re  p ro cessed  w ith  th e  fu ll A T L A S 
d e te c to r  s im u la tio n  [39] b ased  on  G e a n t 4 [40]. S im u la ted  ev en ts  a re  th e n  re c o n s tru c te d  
a n d  a n a ly sed  w ith  th e  sam e  an a ly s is  ch a in  as fo r th e  d a ta ,  u sin g  th e  sam e  tr ig g e r  an d  
ev en t se lec tio n  c r ite r ia . T h e  effects o f m u ltip le  p ro to n -p ro to n  in te ra c tio n s  in  th e  sam e 
o r n e ig h b o u rin g  b u n ch -cro ssin g s (p ile -up ) a re  ta k e n  in to  acco u n t by o verlay ing  s im u la ted  
m in im u m -b ia s  ev en ts  from  P y t h ia  8.205 [41] o n to  th e  h a rd -s c a tte r in g  p rocess, d is tr ib u te d  
a cco rd in g  to  th e  freq u en cy  in  d a ta .

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in 
the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre 
of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r, 0) are used in the transverse 
plane, 0 being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar 
angle 6  as n =  — ln tan (6 / 2 ).
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3.1 S ignal s im u la tion

W IM P  s -ch an n e l signal sam p les  a re  s im u la te d  in  P o w h e g - B o x  v2 [42- 44] (rev ision  3049) 
u sin g  tw o  im p le m e n ta tio n s  of s im plified  m odels, in tro d u c e d  in  ref. [45]. T h e  D M V  m o d e l of 
W IM P -p a ir  p ro d u c tio n  is u sed  for s -ch an n e l spin-1  ax ia l-v ec to r o r  v ec to r  m e d ia to r  exch an g e  
a t  n e x t- to - le a d in g  o rd e r  (N L O ) in  th e  s tro n g  cou p lin g , a n d  th e  D M S _tloop  m o d e l is used  for 
W IM P -p a ir  p ro d u c tio n  w ith  th e  s -ch an n e l sp in -0  p se u d o sc a la r  m e d ia to r  ex ch an g e  w ith  th e  
fu ll q u a rk -lo o p  c a lc u la tio n  a t  lead in g  o rd e r  (L O ) [46]. R e n o rm a liz a tio n  a n d  fa c to r iz a tio n  

scales a re  se t to  H T /2  on  a n  ev en t-b y -ev en t basis, w h ere  H T =  mXX +  p T j 1 +  P T ,j1 is 

defined  by  th e  in v a ria n t m ass  o f th e  W IM P  p a ir  (m xx ) a n d  th e  tra n sv e rse  m o m e n tu m  of 
th e  h ig h e s t-p T p a rto n -lev e l je t  (pT , j 1) . T h e  m e d ia to r  p ro p a g a to r  is d esc rib ed  by  a  B re it-  
W ig n e r d is tr ib u tio n . E v e n ts  a re  g e n e ra te d  u sin g  th e  N N P D F 3 0  [47] p a r to n  d is tr ib u tio n  
fu n c tio n s  (P D F s)  an d  in te rfaced  to  P y t h i a  8.205 w ith  th e  A 14 se t o f tu n e d  p a ra m e te rs  
(tu n e )  [48] for p a r to n  show ering , h a d ro n iz a tio n  a n d  th e  u n d e rly in g  ev en t. C oup lin g s o f th e  
m e d ia to r  to  W IM P  p a rtic le s  a n d  th o se  o f th e  SM  q u a rk s  a re  se t to  gx =  1 a n d  gq =  1 /4  
fo r th e  D M V  m odel w h ereas  b o th  co u p lings a re  se t to  one  in  th e  case  o f th e  D M S _tloop  
m odel. A  g rid  o f sam p les  is p ro d u c e d  fo r W IM P  m asses ra n g in g  from  1 GeV to  1 TeV an d  
m e d ia to r  m asses b e tw een  10 GeV a n d  10 TeV.

S am ples fo r D M  p ro d u c tio n  in  th e  co lo u red  sca la r  m e d ia to r  m odel a re  g e n e ra te d  
w ith  M G 5_aM C @ N L O  v2 .3 .3  [49] a t  L O  usin g  N N P D F 2 3 L O  [50] P D F s  a n d  in te rfaced  
to  P y t h i a  8.186 w ith  th e  A 14 tu n e  fo r m o d ellin g  o f p a r to n  show ering , h a d ro n iz a tio n  an d  

th e  u n d e rly in g  ev en t. T h e  g e n e ra tio n  of th e  d iffe ren t su b p ro cesses  is p e rfo rm ed  follow ing 
a  p ro c e d u re  o u tlin e d  in  ref. [18]. Specifically , th e  g e n e ra tio n  is sp lit b e tw een  D M  p ro d u c 
tio n  w ith  an  off-shell m e d ia to r  a n d  on -shell m e d ia to r  p ro d u c tio n  follow ed by decay, an d  
th e  a sso c ia ted  p ro d u c tio n  o f u p  to  tw o  p a r to n s  in  th e  final s ta te  is in c lu d ed . A s a lre a d y  
m en tio n ed , o n ly  d ia g ra m s  invo lv ing  th e  firs t tw o  q u a rk  g e n e ra tio n s  a re  co n sid e red  a n d  p ro 
cesses w ith  e lec tro w eak  b o so n s a re  su p p ressed . T h e  m a tc h in g  b e tw een  M a d G r a p h  an d  
P y t h i a  is p e rfo rm ed  follow ing th e  C K K W -L  p re sc r ip tio n  [51]. T h e  p a r to n  m a tc h in g  scale 

is se t to  m n/ 8 , w h ere  m n d en o te s  th e  m ass of th e  m e d ia to r , in  th e  case  o f m e d ia to r-p a ir  
p ro d u c tio n , a n d  to  30 GeV  o th e rw ise . T h is  p a r t ic u la r  choice o f m a tc h in g  scales o p tim izes  
th e  g e n e ra tio n  o f th e  sam p les  in  th e  fu ll p h ase  space , a n d  m in im izes th e  im p a c t from  scale 
v a r ia tio n s  o n  th e  sh a p e  o f th e  p re d ic te d  k in e m a tic  d is tr ib u tio n s . T h e  co u p lin g  is se t to  
g =  1, a n d  a  g rid  o f sam p les  is p ro d u c e d  fo r W IM P  m asses ran g in g  from  1 GeV to  1 TeV 
a n d  m e d ia to r  m asses b e tw een  100 GeV a n d  2.5 TeV.

SU SY  signals fo r s to p -p a ir  p ro d u c tio n  a re  g e n e ra te d  w ith  M G 5_aM C @ N L O  v2.2.3 
a n d  in te rfaced  to  P y t h i a  8.186 w ith  th e  A 14 tu n e  fo r m o d ellin g  o f th e  sq u a rk  decay, 
p a r to n  show ering , h a d ro n iz a tio n , a n d  th e  u n d e rly in g  ev en t. T h e  P D F  se t used  for th e  
g e n e ra tio n  is N N P D F 2 3 L O , a n d  th e  re n o rm a liz a tio n  a n d  fa c to r iz a tio n  scales a re  se t to  

p  =  ^ i ^ m ^  +  P t  i , w h ere  th e  sum  ru n s  over all f in a l-s ta te  p a rtic le s  from  th e  h a rd - s c a tte r  
p rocess. T h e  m a tr ix -e le m e n t c a lc u la tio n  is p e rfo rm ed  a t  tre e  level, a n d  inc ludes th e  em is

sion  o f u p  to  tw o  a d d itio n a l p a r to n s . M a tc h in g  to  p a rto n -sh o w e r c a lc u la tio n s  is accom 
p lish ed  by th e  C K K W -L  p re sc rip tio n , w ith  a  m a tc h in g  scale se t to  one  q u a r te r  o f th e  p a ir- 
p ro d u c e d  s u p e rp a r tn e r  m ass. S ignal cross sec tio n s a re  c a lc u la te d  a t  N L O  in  th e  s tro n g  co u 
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p lin g  c o n s ta n t, a d d in g  th e  re su m m a tio n  o f so ft-g lu o n  em ission  a t  n e x t- to - le a d in g -lo g a rith m  

(N L O + N L L ) a c c u ra cy  [52- 54]. T h e  n o m in a l cross sec tio n  a n d  its  u n c e r ta in ty  a re  ta k e n  
from  a n  envelope  o f c ro ss-sec tio n  p re d ic tio n s  u sin g  d iffe ren t P D F  se ts  a n d  fa c to r iz a tio n  
a n d  re n o rm a liz a tio n  scales, as d e sc rib ed  in  ref. [55]. S im u la ted  sam p les  a re  p ro d u c e d  w ith  
sq u a rk  m asses in  th e  ra n g e  b e tw een  250 GeV a n d  700 GeV, a n d  sq u a rk -n e u tra lin o  m ass 
d ifferences A m  v ary in g  b e tw een  5 GeV  a n d  25 GeV.

S im u la ted  sam p les  for th e  A D D  L E D  m odel w ith  d iffe ren t n u m b ers  o f e x tr a  d im e n 
sions in  th e  ra n g e  n  =  2 -6  a n d  a  fu n d a m e n ta l scale M d  in  th e  ran g e  3 .0 -5 .3  TeV a re  
g e n e ra te d  usin g  P y t h i a  8.205 w ith  N N P D F 2 3 L O  P D F s . T h e  re n o rm a liz a tio n  scale is se t 
to  th e  g eo m e tric  m ean  o f th e  sq u a red  tra n sv e rse  m asses o f th e  tw o  p ro d u c e d  p a rtic le s , 

\ J ( P t  g  +  m G )(pT  p +  m ^), w h ere  p T;G a n d  m G (pT ,P a n d  m p ) d en o te , respective ly , th e  

m ass a n d  th e  tra n sv e rse  m o m e n tu m  o f th e  K K  g ra v ito n  (p a r to n )  in  th e  final s ta te . T h e  

fa c to r iz a tio n  scale is se t to  th e  m in im u m  tra n sv e rse  m ass, pT +  m 2 , o f th e  K K  g ra v ito n
a n d  th e  p a r to n .

3.2 B ackgroun d  sim u la tion

A fte r  a p p ly in g  th e  se lec tio n  d esc rib ed  in  sec tio n  5 , th e  p r im a ry  SM  b ack g ro u n d  c o n tr ib u t
ing  to  m o n o je t ev en t s ig n a tu re s  is Z ( ^  v t ) + j e t s .  T h e re  a re  a lso  s ign ifican t c o n tr ib u tio n s  
from  W  + je ts  ev en ts , p rim a rily  from  W ( ^  t v ) + j e t s .  Sm all c o n tr ib u tio n s  a re  e x p e c te d  from  
Z / y * ( ^  ^+ ^- ) + je t s  (£  =  e , y , T ), m u ltije t, t t ,  s in g le -to p , a n d  d ib o so n  (W W , W Z , Z Z ) p ro 
cesses. C o n tr ib u tio n s  from  to p -q u a rk  p ro d u c tio n  a sso c ia ted  w ith  a d d itio n a l v e c to r  bosons 
( t t  +  W , t t  +  Z , o r  t  +  Z  +  q /b  p rocesses) a re  neg lig ib le  a n d  n o t co n sid e red  in  th is  analysis .

E v e n ts  c o n ta in in g  W  o r Z  b o so n s w ith  a sso c ia te d  je ts  a re  s im u la te d  u sin g  th e  
S h e r p a  2.2.1 [56] ev en t g e n e ra to r . M a tr ix  e lem en ts  (M E ) a re  c a lc u la te d  fo r u p  to  tw o 
p a r to n s  a t  N L O  a n d  fo u r p a r to n s  a t  L O  u sin g  O p en L o o p s [57] a n d  C o m ix  [58], a n d  m erged  
w ith  th e  S h e r p a  p a r to n  show er (P S ) [59] u sin g  th e  M E + P S @ N L O  p re sc r ip tio n  [60]. T h e  
N N P D F 3 .0 N N L O  [47] P D F  se t is used  in  c o n ju n c tio n  w ith  a  d e d ic a te d  p a rto n -sh o w e r tu n 
ing  dev e lo p ed  by  th e  a u th o rs  o f S h e r p a .  T h e  M C  p re d ic tio n s  a re  in itia lly  n o rm alized  to  
n e x t- to -n e x t- to - le a d in g -o rd e r  (N N L O ) p e r tu rb a tiv e  Q C D  (p Q C D ) p re d ic tio n s  acco rd in g  to  
D Y N N L O  [61 , 62] u sin g  th e  M S T W 2 0 0 8  90%  CL N N L O  P D F  se t [63].

T h e  W  + je ts  a n d  Z  + je ts  M C  p re d ic tio n s  a re  rew eig h ted  to  a cco u n t for h ig h e r-o rd e r 
Q C D  a n d  e lec tro w eak  co rrec tio n s  as d e sc rib ed  in  ref. [64], w h ere  p a rto n -lev e l p re d ic tio n s  for 
W /Z  + je ts  p ro d u c tio n , in c lu d in g  N L O  Q C D  co rrec tio n s  a n d  N L O  e lec tro w eak  co rrec tio n s  
su p p le m e n te d  by  S udakov  lo g a rith m s  a t  tw o  loops, a re  p ro v id ed  as a  fu n c tio n  of th e  vec to r- 
b o so n  p t , im p ro v in g  th e  d e sc r ip tio n  o f th e  m easu red  Z -b o so n  p T d is tr ib u tio n  [65]. T h e  
p re d ic tio n s  a re  p ro v id ed  se p a ra te ly  for th e  d iffe ren t W  + je ts  a n d  Z  + je ts  p rocesses to g e th e r  
w ith  th e  m ean s fo r a  p ro p e r  e s tim a tio n  o f th e o re tic a l u n c e r ta in tie s  a n d  th e ir  c o rre la tio n s  
(see sec tio n  7) . T h e  rew eig h tin g  p ro c e d u re  ta k e s  in to  acco u n t th e  d ifference b e tw een  th e  
Q C D  N L O  p re d ic tio n s  as in c lu d ed  a lre a d y  in  S h e r p a  a n d  as p ro v id ed  by  th e  p a rto n -lev e l 
c a lcu la tio n s .

F o r th e  g e n e ra tio n  of t t  a n d  sing le to p  q u a rk s  in  th e  W t-c h a n n e l a n d  s -ch an n e l, th e  
P o w h e g - B o x  v2 [6 6 ] ev en t g e n e ra to r  is used  w ith  C T 1 0  [67] P D F s . E lec tro w eak  t-c h a n n e l
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s in g le -to p -q u a rk  ev en ts  a re  g e n e ra te d  u sin g  th e  P o w h e g - B o x  v1 ev en t g e n e ra to r . T h is  

ev en t g e n e ra to r  uses th e  fo u r-flavour schem e to  c a lc u la te  N L O  m a tr ix  e lem en ts , w ith  th e  
C T 1 0  fo u r-flavour P D F  se t. T h e  p a r to n  show er, h a d ro n iz a tio n , a n d  u n d e rly in g  ev en t are  
s im u la te d  u sin g  P y t h i a  8.205 w ith  th e  A 14 tu n e . T h e  to p -q u a rk  m ass is se t to  172.5 GeV. 
T h e  E v tG e n  v1 .2 .0  p ro g ra m  [6 8 ] is u sed  to  m o d e l th e  decays o f th e  b o tto m  a n d  ch a rm  
h a d ro n s . A lte rn a tiv e  sam ples a re  g e n e ra te d  usin g  M ADGRA PH 5_aM C@ N LO  (v2 .2 .1) [49] 
in te rfaced  to  H e rw ig + +  (v2 .7 .1) [69] in  o rd e r  to  e s tim a te  th e  effects o f th e  choice o f m a tr ix -  
e lem en t ev en t g e n e ra to r  a n d  p a rto n -sh o w e r a lg o rith m .

D ib o so n  sam ples ( W W , W Z , a n d  Z Z  p ro d u c tio n )  a re  g e n e ra te d  usin g  e ith e r  

S h e r p a  2.2.1 o r  S h e r p a  2.1.1 w ith  N N P D F 3 .0 N N L O  o r C T 1 0 n lo  P D F s , respective ly , 
a n d  a re  n o rm a lized  to  N L O  p Q C D  p re d ic tio n s  [70]. D ib o so n  sam p les  a re  a lso  g e n e ra te d  
usin g  P o w h e g - B o x  [43] in te rfaced  to  P y t h ia  8 .186 a n d  u sin g  C T 1 0  P D F s  for s tu d ie s  of 
sy s te m a tic  u n c e rta in tie s .

4 E vent reconstruction

J e ts  a re  re c o n s tru c te d  from  en erg y  d e p o s its  in  th e  c a lo rim e te rs  u sin g  th e  a n ti-k t j e t  a l
g o rith m  [71 , 72] w ith  th e  ra d iu s  p a ra m e te r  (in  y - 0  space) se t to  0.4. T h e  m easu red  je t  
tra n sv e rse  m o m e n tu m  is c o rre c ted  for d e te c to r  effects by w eig h tin g  en e rg y  d e p o s its  a ris in g  
from  e le c tro m a g n e tic  a n d  h a d ro n ic  show ers d ifferen tly . In  a d d itio n , je ts  a re  co rre c ted  for 

c o n tr ib u tio n s  from  p ile -up , as d e sc rib ed  in  ref. [73]. J e ts  w ith  p T >  20 GeV a n d  |n | <  2.8 
a re  co n sid e red  in  th e  an a ly sis . T rack -b ased  v a riab le s  to  su p p re ss  p ile -u p  je ts  have been  
d ev e lo p ed , a n d  a  co m b in a tio n  of tw o  such  v ariab les , ca lled  th e  je t-v e r te x  ta g g e r  [74], is 
c o n s tru c te d . In  o rd e r  to  rem ove je ts  o r ig in a tin g  from  p ile -u p  collisions, fo r c e n tra l je ts  
( |n | <  2.4) w ith  p T <  50 GeV  a  sign ifican t f ra c tio n  o f th e  tra c k s  a sso c ia ted  w ith  each  je t  
m u s t have a n  o rig in  c o m p a tib le  w ith  th e  p r im a ry  v e rtex , as defined  by th e  je t-v e r te x  tag g e r.

J e ts  w ith  p T >  30 GeV a n d  |n| <  2.5 a re  iden tified  as b-je ts if ta g g e d  by a  m u ltiv a r ia te  
a lg o r ith m  w hich  uses in fo rm a tio n  a b o u t  th e  im p a c t p a ra m e te rs  of in n e r-d e te c to r  tra c k s  
m a tc h e d  to  th e  je t ,  th e  p resen ce  o f d isp laced  seco n d a ry  v ertices , a n d  th e  re c o n s tru c te d  
fligh t p a th s  of b- a n d  c -h ad ro n s  in side  th e  je t  [7 5 , 76]. A  60% efficient b -tag g in g  w ork ing  
p o in t, as d e te rm in e d  in  a  s im u la te d  sam p le  o f tb even ts , is chosen . T h is  co rre sp o n d s  to  a 
re jec tio n  fa c to r  o f a p p ro x im a te ly  1500, 35 a n d  180 for lig h t-q u a rk  a n d  g lu o n  je ts , c-je ts, 
a n d  T -lep tons d ecay in g  h ad ro n ica lly , respective ly .

T h e  p resen ce  of e lec tro n s  o r  m uo n s in  th e  final s ta te  is used  in  th e  an a ly s is  to  d e 
fine c o n tro l sam p les  a n d  to  re jec t b ack g ro u n d  c o n tr ib u tio n s  in  th e  signal reg ions (see sec
tio n s  5 an d  6 ) .

E le c tro n s  a re  fo u n d  by co m b in in g  en e rg y  d e p o s its  in  th e  c a lo r im e te r  w ith  tra c k s  found  
in  th e  in n e r d e te c to r , an d  a re  in itia lly  req u ired  to  have p T >  20 GeV a n d  |n | <  2.47, to  
sa tis fy  th e  ‘L o o se ’ e le c tro n  show er sh a p e  a n d  tra c k  se lec tio n  c r ite r ia  d esc rib ed  in  refs. [77], 
a n d  m u st a lso  be iso la ted . T h e  la t te r  uses tra c k -b a se d  iso la tio n  re q u ire m e n ts  w ith  an  
efficiency o f a b o u t 99% , as d e te rm in e d  usin g  Z / y * ( ^  e + e - ) d a ta .  O v erlap s be tw een  
iden tified  e lec tro n s  a n d  je ts  w ith  p T >  30 GeV in  th e  final s ta te  a re  reso lved . J e ts  are  
d isc a rd e d  if th e y  a re  n o t b -tagged  a n d  th e ir  se p a ra tio n  A R  =  \ J (A n ) 2 +  (A ^ ) 2 from  an
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iden tified  e le c tro n  is less th a n  0.2. O th e rw ise , th e  e le c tro n  is rem oved  as it m o st likely 
o rig in a te s  from  a  sem ilep to n ic  b -h ad ro n  decay. T h e  e lec tro n s  s e p a ra te d  by  A R  be tw een  
0.2 a n d  0.4 from  an y  re m a in in g  je t  a re  rem oved .

M u o n  c a n d id a te s  a re  fo rm ed  by  co m b in in g  in fo rm a tio n  from  th e  m u o n  sp e c tro m e te r  
a n d  in n e r  tra c k in g  d e te c to rs . T h e y  a re  req u ired  to  pass ‘M e d iu m ’ id en tif ic a tio n  re q u ire 
m en ts , as d esc rib ed  in  ref. [78], a n d  to  have p T >  10 GeV  a n d  |n | <  2.5. J e ts  w ith  
p T >  30 GeV a n d  few er th a n  th re e  tra c k s  w ith  p T >  0.5 GeV asso c ia te d  w ith  th e m  are  
d isc a rd e d  if th e ir  s e p a ra tio n  A R  from  a n  iden tified  m u o n  is less th a n  0.4. T h e  m u o n  is 
d isc a rd e d  if it is m a tc h e d  to  a  je t  w ith  p T >  30 GeV th a t  h as  a t  leas t th re e  tra c k s  a sso c ia ted  
w ith  it.

T h e  ETpiss v a lue  is re c o n s tru c te d  u sin g  a ll en e rg y  d e p o s its  in  th e  c a lo r im e te r  u p  to  
p se u d o ra p id ity  |n | =  4.9. C lu s te rs  a sso c ia te d  w ith  e ith e r  e lec tro n s , p h o to n s  o r  je ts  w ith  
p T >  20 GeV m ake use of th e  c o rre sp o n d in g  c a lib ra tio n s . S o fte r je ts  a n d  c lu s te rs  n o t 
a sso c ia te d  w ith  e lec tro n s, p h o to n s  o r  je ts  a re  c a lib ra te d  u sing  tra c k in g  in fo rm a tio n  [79]. 
A s d iscu ssed  below , in  th is  an a ly sis  th e  m issing  tra n sv e rse  m o m e n tu m  is n o t c o rre c ted  for 
th e  p resen ce  o f m uo n s in  th e  final s ta te .

5 E vent selection

T h e  d a ta  sam p le  co n sid e red  c o rre sp o n d s  to  a  to ta l  in te g ra te d  lu m in o sity  of 36.1 fb - 1 , an d  
w as co llec ted  in  2015 a n d  2016. T h e  u n c e r ta in ty  in  th e  co m b in ed  2 0 1 5 + 2 0 1 6  in te g ra te d  
lu m in o sity  is 3 .2% . I t  is de riv ed , fo llow ing a  m e th o d o lo g y  s im ila r to  t h a t  d e ta ile d  in  ref. [80], 
from  a  c a lib ra tio n  of th e  lu m in o sity  scale u sin g  x - y  b e a m -se p a ra tio n  scans p e rfo rm ed  in 

A u g u s t 2015 a n d  M ay  2016. T h e  d a ta  w ere co llec ted  using  a  tr ig g e r  th a t  se lec ts  ev en ts  
w ith  E ™ ss above 90 GeV, as c o m p u te d  from  c a lo r im e try  in fo rm a tio n  a t  th e  final s tag e  
o f th e  tw o-level tr ig g e r  sy stem . A fte r an a ly s is  se lec tions, th e  tr ig g e r  w as m easu red  to  be 
fu lly  efficient fo r ev en ts  w ith  E ™ ss >  250 GeV, as d e te rm in e d  u sin g  a  d a ta  sam p le  w ith  
m uo n s in  th e  final s ta te . E v e n ts  a re  req u ired  to  have a t  least one  re c o n s tru c te d  p r im a ry  
v e r te x  c o n s is te n t w ith  th e  b e a m sp o t envelope  a n d  th a t  c o n ta in s  a t  le a s t tw o  a sso c ia ted  
tra c k s  o f p t  >  0.4 GeV. W h e n  m ore  th a n  one  such  v e r te x  is fo und , th e  v e r te x  w ith  th e  
la rg e s t su m m ed  pT o f th e  a sso c ia te d  tra c k s  is chosen . E v e n ts  h av in g  iden tified  m uo n s w ith  
p T >  10 GeV o r e lec tro n s  w ith  p T >  20 GeV in th e  final s ta te  a re  v e to ed .

E v e n ts  a re  se lec ted  w ith  ETpiss >  250 GeV, a  lead in g  je t  w ith  p T j 1  >  250 GeV an d  
|n | <  2.4, a n d  a  m ax im u m  o f fou r je ts  w ith  p T >  30 GeV a n d  |n | <  2.8. S e p a ra tio n  in  
th e  a z im u th a l ang le  of A ^ ( je t ,p T niss) >  0.4 b e tw een  th e  m issing  tra n sv e rse  m o m e n tu m  
d ire c tio n  a n d  each  se lec ted  je t  is req u ired  to  red u ce  th e  m u ltije t b ack g ro u n d  c o n tr ib u tio n , 
w h ere  a  la rg e  E ™ ss c a n  o r ig in a te  from  je t  en e rg y  m ism easu rem en t.

J e t  q u a lity  c r ite r ia  [81] a re  im p o sed , w hich  involve se lec tio n s b ased  o n  q u a n tit ie s  such  
as th e  pu lse  sh a p e  of th e  en e rg y  d e p o s itio n s  in  th e  cells o f th e  ca lo rim e te rs , e le c tro m a g n e tic  
f ra c tio n  in  th e  ca lo rim e te r, c a lo r im e te r  sam p lin g  frac tio n , an d  th e  c h a rg e d -p a r tic le  frac- 

t io n . 2 L oose se lec tio n  c r ite r ia  a re  ap p lied  to  all je ts  w ith  p T >  30 GeV a n d  |n | <  2.8, w hich  
rem ove an o m a lo u s  en e rg y  d e p o s itio n s  d u e  to  co h e ren t no ise  a n d  e lec tro n ic  no ise  b u rs ts  in

2The charged-particle fraction is defined as f ch =  p T ack,jet/Pt*, where ^ p T ack’jet is the scalar sum
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Inclusive (IM ) IM1 IM 2 IM3 IM 4 IM 5 IM6 IM 7 IM 8 IM 9 IM10

E p 88 [GeV] >  250 >  300 >  350 >  400 >  500 >  600 >  700 >  800 >  900 >  1000

Exclusive (EM ) EM 1 EM 2 EM 3 EM 4 EM 5 EM 6 EM 7 EM 8 EM 9 EM 10

E mlss [GeV] 250-300 300-350 350-400 400-500 500-600 600-700 700-800 800-900 900-1000 >  1000

T a b le  1. Inclusive (IM 1-IM 10) and exclusive (EM 1-EM 10) signal regions w ith increasing Emiss 
thresholds from 250 GeV to  1000 GeV. In the case of IM10 and EM10, bo th  signal regions contain 
the same selected events in da ta . In the case of the  IM10 signal region, the  background predictions 
are com puted considering only d a ta  and sim ulated events w ith Eipiss >  1 TeV, whereas the  EM10 
background prediction is obtained from fitting the full Em iss shape in d a ta  and sim ulation, as 
described in section 6 .

th e  c a lo r im e te r  [82]. E v e n ts  w ith  an y  je t  n o t sa tis fy in g  th e  loose c r ite r ia , as d e sc rib ed  in 
ref. [81], a re  d isca rd ed .

N on-co llis ion  b ack g ro u n d s , fo r ex am p le  en e rg y  d e p o s itio n s  in  th e  c a lo rim e te rs  d u e  to  

m uo n s o f b e am -in d u ced  o r  co sm ic-ray  o rig in , a re  su p p ressed  by im p o sin g  tig h t  se lec tion  
c r ite r ia  on  th e  le ad in g  je t  a n d  th e  ra tio  o f th e  je t  c h a rg e d -p a rtic le  f ra c tio n  to  th e  c a lo rim e te r  
sam p lin g  f ra c tio n ,3  / ch //m ax , is req u ired  to  be  la rg e r th a n  0.1. T h e se  re q u ire m e n ts  have a 
neg lig ib le  effect o n  th e  signal efficiency.

T h e  an a ly s is  uses tw o  se ts  o f sig n a l reg ions, w ith  inc lusive  a n d  exclusive E m iss se
lec tions, w h ere  th e  reg ions a re  defined  w ith  in c reas in g  E m iss th re sh o ld s  from  250 GeV to  
1000 GeV ( ta b le  1) . T h e  inc lusive  se lec tions a re  used  for a  m o d e l-in d e p e n d e n t search  for 
new  physics, a n d  th e  exclusive  se lec tions a re  u sed  fo r th e  in te rp re ta t io n  of th e  re su lts  w ith in  
d iffe ren t m odels o f new  physics.

6 B ackground estim ation

T h e  W  + je ts ,  Z  + je ts ,  a n d  to p -q u a rk -re la te d  b ack g ro u n d s  a re  c o n s tra in e d  usin g  M C  even t 
sam p les  n o rm alized  w ith  d a ta  in  se lec ted  c o n tro l reg ions. B y  c o n s tru c tio n , th e re  is no  
o v erlap  b e tw een  ev en ts  in  th e  signal a n d  th e  d iffe ren t c o n tro l reg ions. T h e  c o n tro l reg ions 
a re  defined  u sin g  th e  sam e  re q u ire m e n ts  for E m iss, le ad in g -je t p T , ev en t to p o lo g ies , a n d  je t  
v e to es  as in  th e  signal reg ions, such  th a t  no  e x tra p o la t io n  in  E m iss o r je t  p T is n eed ed  from  
c o n tro l to  signal reg ions. T h e  n o rm a liz a tio n  fac to rs  a re  e x tra c te d  s im u lta n e o u s ly  u sin g  a 
g loba l fit th a t  in c ludes sy s te m a tic  u n c e rta in tie s , to  p ro p e rly  ta k e  in to  acco u n t co rre la tio n s .

D iffe ren t c o n tro l sam p les  a re  u sed  to  he lp  c o n s tra in  th e  y ields of th e  W  + je ts  an d  
Z  + je ts  b a c k g ro u n d  p rocesses in  th e  signal reg ions. T h is  in c ludes W ( ^  p v ) + je ts ,  W ( ^  
e v )+ je ts ,  a n d  Z / y * ( ^  p + p - ) + je t s  co n tro l sam ples, en rich ed  in  W ( ^  p v ) + je ts ,  W ( ^  
e v )+ je ts ,  a n d  Z / y * ( ^  p + p - ) + je ts  b a c k g ro u n d  p rocesses, respective ly . T h e  d o m in a n t 
Z ( ^  v b ) + je ts  a n d  W ( ^  T v )+ je ts  b ack g ro u n d  c o n tr ib u tio n s  a re  c o n s tra in e d  in  th e  fit 
by  u sin g  b o th  W  + je ts  c o n tro l reg ions a n d  th e  Z / y * ( ^  p + p - ) + je ts  co n tro l reg ion . As

of the transverse momenta of tracks associated with the primary vertex within a cone of radius A R  =  
0.4 around the jet axis, and p T  is the transverse momentum of the jet as determined from calorimetric 
measurements.

3The variable f max denotes the maximum fraction of the jet energy collected by a single calorimeter 
layer.
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d iscu ssed  in  sec tio n  6 .4 , th is  t r a n s la te s  in to  a  red u ced  u n c e r ta in ty  in  th e  e s tim a tio n  o f th e  
m a in  irred u c ib le  b a c k g ro u n d  c o n tr ib u tio n , d u e  to  a  p a r t ia l  can ce llin g  o u t o f sy s te m a tic  
u n c e r ta in tie s  an d  th e  su p e rio r  s ta t is t ic a l  pow er o f th e  W  + je ts  c o n tro l sam p le  in  d a ta , 
co m p a re d  to  th a t  of th e  Z /y * ( — ^ + ^ - ) + je t s  co n tro l sam ple . A  sm all Z /y * ( — e + e - ) + je ts  
a n d  Z / y *(—— t + t - ) + je t s  b a c k g ro u n d  c o n tr ib u tio n  is a lso  c o n s tra in e d  v ia  th e  W  + je ts  an d  

Z /y * ( — ^ + ^ - ) + je t s  c o n tro l sa m p le s . 4

F ina lly , a  to p  c o n tro l sam p le  c o n s tra in s  to p -q u a rk -re la te d  b a c k g ro u n d  p rocesses. T h e  
re m a in in g  SM  b ack g ro u n d s  from  d ib o so n  p rocesses a re  d e te rm in e d  usin g  M C  sim u la ted  
sam p les , w hile  th e  m u ltije t  b ack g ro u n d  c o n tr ib u tio n  is e x tra c te d  from  d a ta .  T h e  co n 
tr ib u tio n s  from  non-co llis ion  b ack g ro u n d s  a re  e s tim a te d  in  d a ta  u sin g  th e  b e am -in d u ced  
b a c k g ro u n d  id en tif ic a tio n  tech n iq u es  d esc rib ed  in  ref. [82].

In  th e  follow ing su b sec tio n s, d e ta ils  o f th e  d e fin itio n  of th e  W /Z  + je ts  a n d  to p  co n tro l 
reg ions, a n d  o f th e  d a ta -d r iv e n  d e te rm in a tio n  o f th e  m u ltije t a n d  b ea m -in d u c e d  b ack 
g ro u n d s  a re  given. T h is  is follow ed by  a  d e sc r ip tio n  o f th e  b a c k g ro u n d  fits.

6.1 C on tro l sam p les

A  W (— ^ v ) + je t s  c o n tro l sam p le  is se lec ted  by  re q u ir in g  a  m u o n  c o n s is te n t w ith  o rig in a tin g  
from  th e  p r im a ry  v e r te x  w ith  p t  >  10 GeV, an d  tra n sv e rse  m ass in  th e  ran g e  30 <  m T  <  

100 GeV. T h e  tra n sv e rse  m ass m T =  ^ 2 p T p T [1  — c o s ( ^  — 4>v)] is defined  by  th e  lep to n  
a n d  n e u tr in o  tra n sv e rse  m o m en ta , w h ere  th e  (x , y) co m p o n e n ts  o f th e  n e u tr in o  m o m e n tu m  
a re  ta k e n  to  be  th e  sam e as th e  co rre sp o n d in g  pTmiss c o m p o n en ts . E v e n ts  w ith  iden tified  
e lec tro n s  in  th e  final s ta te  a re  v e to ed . In  a d d itio n , ev en ts  w ith  a n  iden tified  6 -je t in  th e  final 
s ta te  a re  v e to e d  in  o rd e r  to  red u ce  th e  c o n ta m in a tio n  from  to p -q u a rk -re la te d  p rocesses. 
S im ilarly , a  Z / y *(— ^ + ^ - ) + je t s  c o n tro l sam p le  is se lec ted  by  re q u ir in g  th e  p resence  of 
tw o  m uo n s w ith  p T >  10 GeV a n d  in v a ria n t m ass  in  th e  ra n g e  6 6  <  m w  <  116 GeV. In  th e  
W (— ^ v ) + je t s  a n d  Z /y * ( — ^ + ^ - ) + je ts  c o n tro l reg ions, th e  Z ™ ss v alue  is n o t co rrec ted  
fo r th e  p resence  o f th e  m uo n s in  th e  fina l s ta te , m o tiv a te d  by  th e  fa c t t h a t  th e se  co n tro l 
reg ions a re  u sed  to  e s tim a te  th e  Z (— v z /)+ je ts , W (— ^ v ) + je t s  a n d  Z /y * ( — ^ + ^ - ) + je ts  
b ack g ro u n d s  in  th e  signal reg ions w ith  no  iden tified  m uons. T h e  Z ™ ss-b ased  o n line  tr ig g e r  
u sed  in  th e  an a ly s is  do es n o t in c lu d e  m u o n  in fo rm a tio n  in  th e  ETpiss ca lc u la tio n . T h is  
allow s th e  co llec tio n  of W (— ^ v ) + je t s  a n d  Z / y *(— ^ + ^ - ) + je t s  c o n tro l sam p les  w ith  th e  
sam e  tr ig g e r  as fo r th e  signal reg ions.

A  W (— e v )+ je ts -d o m in a te d  c o n tro l sam p le  w as co llec ted  u sin g  o n line  tr ig g e rs  th a t  
se lect ev en ts  w ith  a n  e le c tro n  in  th e  final s ta te . T h e  c o n tro l sam p le  is defined  w ith  an  
iso la ted  e le c tro n  c a n d id a te  w ith  p T >  30 GeV, 30 <  m T <  100 GeV, a n d  no  a d d itio n a l 
iden tified  le p to n s  in  th e  final s ta te . E le c tro n  c a n d id a te s  in  th e  tra n s i t io n  reg ion  be tw een  
th e  b a rre l a n d  e n d c a p s  o f th e  e le c tro m a g n e tic  ca lo rim e te r, 1.37 <  |n | <  1.52, a re  exc lu d ed . 
T h e  ETpiss value is c o rre c ted  by  s u b tra c tin g  th e  c o n tr ib u tio n  from  th e  e le c tro n  c lu s te r  in 
th e  ca lo rim e te r. In  th is  way, th e  m easu red  Z ™ ss in  th e  ev en t b e t te r  reflec ts th e  m a g n itu d e  
o f th e  W -b o so n  p t  in  th e  final s ta te , w h ich  is n ecessa ry  for a  p ro p e r  im p le m e n ta tio n  o f th e

4The use of an additional Z /y*(— e+e- )+jets control sample to help constrain the Z/Y*(— e+e- )+jets 
and Z (—— vp)+jets background contributions leads to an insignificant improvement in the background 
determination [1 ].
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W -b o so n  p T rew eig h tin g  p ro ced u re , as ex p la in ed  in  sec tio n  3 , th a t  a cco u n ts  for h ig h e r-o rd e r 

Q C D  a n d  e lec tro w eak  c o rrec tio n s . In  o rd e r  to  su p p ress  b ack g ro u n d s  from  m u lti je t  p rocesses 
w ith  je ts  fak in g  h ig h -p T e lec tro n s , th e  ev en ts  a re  req u ired  to  have  E m iss/ a / H t  >  5 G eV 1 / 2 , 
w h ere  in  th is  case  E Tmiss s till inc ludes th e  c o n tr ib u tio n  from  th e  e le c tro n  en e rg y  d e p o s its  
in  th e  c a lo r im e te r  an d  H t  d e n o te s  th e  sca la r  su m  o f th e  p t  o f th e  iden tified  je ts  in  th e  
final s ta te .

F ina lly , a  c o n tro l sam p le  en rich ed  in  t t  ev en ts  is c o n s tru c te d  u sin g  th e  sam e se lec tion  
c r ite r ia  as in  th e  case  o f th e  W ( ^  p v ) + je t s  b u t  req u ir in g  th a t  a t  le a s t one  o f th e  je ts  is 
b -tagged .

6.2  M u ltije t  background

T h e  m u ltije t  b ack g ro u n d  w ith  la rg e  E Tmiss m a in ly  o rig in a te s  from  th e  m is re c o n s tru c tio n  
o f th e  en e rg y  of a  je t  in  th e  c a lo r im e te r  a n d  to  a  lesser e x te n t is d u e  to  th e  p resence  of 
n e u tr in o s  in  th e  final s ta te  from  h eavy-flavou r h a d ro n  decays. In  th is  an a ly sis , th e  m u ltije t 

b a c k g ro u n d  is d e te rm in e d  from  d a ta ,  u sin g  th e  j e t  sm ea rin g  m e th o d  as d e sc rib ed  in  ref. [83], 
w h ich  relies on  th e  a s su m p tio n  th a t  th e  E Tmiss v alue  of m u lti je t  ev en ts  is d o m in a te d  by 
f lu c tu a tio n s  in  th e  je t  re sp o n se  in  th e  d e te c to r , w h ich  c a n  be m easu red  in  th e  d a ta .  F o r 
th e  IM 1 a n d  E M 1 se lec tions, th e  m u lti je t  b ack g ro u n d  c o n s titu te s  a b o u t 0.3%  a n d  0.4%  of 
th e  to ta l  b ack g ro u n d , respective ly , a n d  it  is neg lig ib le  for th e  o th e r  signal reg ions.

6.3  N o n -co llis io n  background

R e m a in in g  non-co llis ion  b ack g ro u n d  c o n tr ib u tio n s  in  th e  signal reg ions, m o s tly  from  m uons 
o r ig in a tin g  in  th e  p a r tic le  cascad es d u e  to  b e a m -h a lo  p ro to n s  in te rc e p tin g  th e  L H C  colli
m a to rs , a re  e s tim a te d  fo llow ing closely  th e  m e th o d s  se t o u t in  ref. [82]. In  p a r tic u la r , th e  
je t  tim in g , t j , c a lc u la te d  from  th e  en e rg y -w eig h ted  average  o f th e  t im e  o f th e  je t  en erg y  
d e p o s its , defined  w ith  re sp e c t to  th e  ev en t tim e  in  n o m in a l collisions, is used . A  d e d ic a te d  
reg ion  en h a n c e d  in  b e am -in d u ced  b ack g ro u n d , defined  by in v e rtin g  th e  t ig h t  je t-q u a lity  
se lec tio n  im p o sed  o n  th e  lead in g  je t ,  is used  to  e s tim a te  th e  a m o u n t o f non-co llis ion  b ack 
g ro u n d  from  th e  fra c tio n  o f ev en ts  w ith  a  lead in g -je t tim in g  |t j  | >  5 ns. T h e  re su lts  in d ic a te  
a n  a lm o s t neg lig ib le  c o n tr ib u tio n  from  non-co llis ion  b ack g ro u n d s  in  th e  sig n a l reg ions.

6 .4  B ackgroun d  fit

T h e  use o f c o n tro l reg ions to  c o n s tra in  th e  n o rm a liz a tio n  of th e  d o m in a n t b ack g ro u n d  
c o n tr ib u tio n s  red u ces th e  re la tiv e ly  large  th e o re tic a l a n d  e x p e rim e n ta l sy s te m a tic  u n c e r
ta in tie s , o f th e  o rd e r  o f 20% -40% , a sso c ia te d  w ith  p u re ly  s im u la tio n -b a se d  b ack g ro u n d  
p re d ic tio n s  in  th e  signal reg ions. A  c o m p le te  s tu d y  o f sy s te m a tic  u n c e r ta in tie s  is ca rr ied  
o u t, as d e ta ile d  in  sec tio n  7 . To d e te rm in e  th e  final u n c e r ta in ty  in  th e  to ta l  b ack g ro u n d , 
a ll sy s te m a tic  u n c e r ta in tie s  a re  tr e a te d  as G a u ss ia n -d is tr ib u te d  nu isan ce  p a ra m e te rs  in  a 
fit b ased  on  th e  profile  like lihood  m e th o d  [84], w hich  ta k e s  in to  acco u n t c o rre la tio n s  am o n g  
sy s te m a tic  v a ria tio n s . T h e  like lihood  a lso  ta k e s  in to  acco u n t c ro ss -c o n ta m in a tio n  b e tw een  
d iffe ren t b ack g ro u n d  sources in  th e  c o n tro l reg ions.

T h e  E m iss d is tr ib u tio n  is th e  o b se rv ab le  used . A  s im u lta n e o u s  b ack g ro u n d -o n ly  like
lih o o d  fit to  th e  E m iss d is tr ib u tio n s  in  th e  W ( ^  p v ) + je ts ,  W ( ^  e v )+ je ts ,  Z / y * ( ^
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^ + ^ - ) + je ts ,  a n d  to p  c o n tro l reg ions is p e rfo rm ed  to  n o rm alize  a n d  c o n s tra in  th e  b ack 
g ro u n d  e s tim a te s  in  th e  signal reg ions. In  th e  an a ly sis , tw o  d iffe ren t f i t t in g  s tra te g ie s  
a re  co n sid e red , p o te n tia lly  g iv ing  s lig h tly  d iffe ren t re su lts . A  b in n e d  like lihood  fit is p e r 
fo rm ed  using  s im u lta n e o u s ly  all th e  exclusive ETpiss reg ions E M 1 -E M 1 0 , as d e sc rib ed  in 
sec tio n  5 . T h e  fit in c lu d es a  single f lo a tin g  n o rm a liz a tio n  fa c to r  co m m o n  to  all W  + je ts  
a n d  Z  + je ts  p rocesses, an d  a  single flo a tin g  n o rm a liz a tio n  fa c to r  for to p -q u a rk -re la te d  p ro 
cesses. T h e  n u isan ce  p a ra m e te rs , im p le m e n tin g  th e  im p a c t o f sy s te m a tic  u n c e r ta in tie s , a re  
defined  b in -b y -b in  an d  c o rre la tio n s  across E ™ ss b in s  a re  ta k e n  in to  a cco u n t. A s a  re su lt, 
th e  fit ex p lo its  th e  in fo rm a tio n  o f th e  sh a p e  o f th e  ETpiss d is tr ib u tio n  in  c o n s tra in in g  th e  
n o rm a liz a tio n  o f W /Z  + je ts  a n d  to p -q u a rk -re la te d  b ack g ro u n d . In  a d d itio n , o n e -b in  likeli
h o o d  fits  a re  p e rfo rm ed  se p a ra te ly  fo r each  o f th e  inc lusive  reg ions IM 1-IM 10. In  th is  case, 

th e  tw o  n o rm a liz a tio n  fa c to rs  fo r W /Z  + je ts  an d  to p -q u a rk -re la te d  p rocesses, respective ly , 
a n d  th e  n u isan ce  p a ra m e te rs  re la te d  to  sy s te m a tic  u n c e r ta in tie s  refe r to  th e  g iven  E ™ ss 
inc lusive  reg ion .

T h e  re su lts  o f th e  b ack g ro u n d -o n ly  fit in  th e  co n tro l reg ions a re  p re se n te d  in  ta b le  2 
fo r th e  ETpiss >  250 GeV inclusive  se lec tion . T h e  W /Z + je ts  b a c k g ro u n d  p re d ic tio n s  receive 
a  m u ltip lic a tiv e  n o rm a liz a tio n  fa c to r  o f 1.27. S im ilarly , to p -q u a rk -re la te d  p rocesses receive 
a  n o rm a liz a tio n  fa c to r  o f 1.06. W h e n  th e  b in n ed  like lihood  fit is p e rfo rm ed  s im u ltan eo u sly  
over th e  d iffe ren t exclusive  E ™ ss reg ions, th u s  in c lu d in g  in fo rm a tio n  from  th e  sh a p e  of 
th e  m easu red  E ™ ss d is tr ib u tio n , th e  n o rm a liz a tio n  fa c to r  o f th e  W /Z  + je ts  b a ck g ro u n d  
p re d ic tio n s  rem a in s  e ssen tia lly  u n ch an g ed , d o m in a te d  by  th e  low-ETpiss reg ion , a n d  th a t  
o f th e  to p -q u a rk -re la te d  p rocesses becom es 1.31, c o rre la te d  w ith  a  less th a n  1ct pu ll of th e  
to p -q u a rk -re la te d  u n c e r ta in tie s  w ith in  th e  fit.

F ig u re s  2 a n d  3 show  th e  d is tr ib u tio n s  o f th e  E ™ ss a n d  th e  lead in g -je t p T in  d a ta  an d  
M C  s im u la tio n  in  th e  d iffe ren t c o n tro l reg ions. In  th is  case, th e  M C  p re d ic tio n s  in c lu d e  th e  
d a ta -d r iv e n  n o rm a liz a tio n  fa c to rs  as e x tra c te d  from  th e  b in n ed  like lihood  fit to  th e  d iffe ren t 

exclusive  E ™ ss b ins. A lto g e th e r, th e  M C  s im u la tio n  p rov ides a  go o d  d e sc rip tio n , w ith in  
u n c e rta in tie s , o f th e  sh a p e  o f th e  m e asu red  d is tr ib u tio n s  in  th e  d iffe ren t c o n tro l reg ions.

7 S ystem atic  un certa in ties

In  th is  sec tion , th e  sy s te m a tic  u n c e r ta in tie s  for b o th  th e  b a c k g ro u n d  a n d  signal m odels 
a re  p re sen ted . T h e  im p a c ts  o f th e  v a rio u s sources o f sy s te m a tic  u n c e r ta in ty  on  th e  to ta l  
b a c k g ro u n d  p re d ic tio n s  a re  d e te rm in e d  by  th e  like lihood  fits  d e sc rib ed  in  sec tio n  6 .4 . In 
clusive a n d  exclusive  E ™ ss se lec tio n s a re  co n sid e red  sep a ra te ly . F o r th e  la t te r ,  c o rre la tio n s  
o f sy s te m a tic  u n c e r ta in tie s  across E ™ ss b ins a re  ta k e n  in to  a cco u n t. T h e  im p a c t o f th e  
d iffe ren t sources of u n c e r ta in ty  in  re p re se n ta tiv e  inc lusive  E ™ ss b ins, as d e te rm in e d  using  
o n e-b in  like lihood  fits , is p re se n te d  below . E x p e r im e n ta l a n d  th e o re tic a l u n c e r ta in tie s  in  
th e  s igna l m o d e l p re d ic tio n s  a re  a lso  p re sen ted .

7.1 B ackgroun d  sy ste m a tic  u n certa in ties

U n c e rta in tie s  in  th e  a b so lu te  je t  a n d  E ™ ss en erg y  scales a n d  re so lu tio n s  [73] t r a n s la te  in to  
u n c e r ta in tie s  in  th e  to ta l  b a c k g ro u n d  w hich  v a ry  b e tw een  0.5%  for IM 1 a n d  5.3%  fo r IM 10.
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Figure 2 . The m easured (a ), (c),(e) Emlss and (b ),(d ),(f) leading-jet p T distributions in the 
W p v ) + j e t s ,  W e v ) + j e t s ,  and Z / y* ( ^  p + p - )+ je ts  control regions, for the ET?lss >  250 GeV 
inclusive selection, com pared to  the  background predictions. The la tte r include the global nor
m alization factors ex tracted  from the fit. The error bands in the ratios include the sta tistical and 
system atic uncertainties in the background predictions as determ ined by the binned-likelihood fit to  
the d a ta  in the  control regions. The last bin of the Eiplss and leading-jet p T d istributions contains 
overflows. The contributions from m ultijet and non-collision backgrounds are negligible and are not 
shown in the  figures.

- 14 -

JH
E

P
01(2018)126



E m iss >  2 5 0  G eV  C o n t r o l  R e g io n s W ( ^  pv) W ( ^  ev) Z /Y*(^  p+p ) Top
Observed events (36.1 fb- 1 ) 110938 68973 17372 9729
SM prediction (post-fit) 110810 ±  350 69030±260 17440 ±  130 9720± 130
W ( ^  ev) 7 ±  2 54500± 1000 - 0  2 + 0 '4 0.2- 0 .2

W ( ^  pv) 94940 ±  900 7 ± 7 32 ±  3 2160± 650
W ( ^  Tv) 5860 ±  160 4110± 140 3 ± 1 164 ±  40
Z /y * (^  e+e- ) - 5 ± 4 - -

Z /Y*(^  P+P- ) 1774 ±  75 0.4 ±  0.2 16360±160 59 ±  12

Z /Y*(^  t +t - ) 277 ±  21 212±15 1 6± 3 1 2  ±  2

Z ( ^  v t) 37 ±  3 1.8 ±  0.3 - 6  ±  1

tt, single top 4700 ±  790 8200± 1000 486 ±  64 7220± 820
Diboson 3220 ±  230 2020±160 540 ±  39 108 ±  38
SM prediction from simulation (pre-fit) 87500± 8700 56600±5600 14100± 1400 9200± 2000
W ( ^  ev) 5 ± 1 43300 ±  4700 - 0  1 5 + 0 '41 -0 .15
W ( ^  pv) 73700 ±  7900 5 ± 5 2 4 ± 3 1960± 580
W ( ^  Tv) 4600 ±  480 3260 ±  350 2.2 ±  0.5 148 ±  37
Z /7 * ( ^  e+e- ) - 6 ± 5 - -

Z /t *(^  p + p - ) 1420±160 0.5 ±  0.2 13100± 1400 53 ±  11

Z /Y*(^  t +t - ) 226 ±  29 175 ±  20 1 3± 3 1 0  ±  2

Z ( ^  v t) 30 ±  4 1.5 ±  0.3 - 5 ±  1
t t , single top 4300± 1200 7800± 2100 460 ±  120 6900± 1800
Diboson 3180 ±  230 2050± 170 541 ±  40 128 ±  44

T a b le  2. D ata  and background predictions in the  control regions before and after the  fit is per
formed for the  Emiss >  250 GeV inclusive selection. The background predictions include bo th  the 
sta tistical and system atic uncertainties. The individual uncertainties are correlated, and do not 
necessarily add in quadra tu re  to  the  to ta l background uncertainty. The dash denotes negligible 
background contributions.

U n c e rta in tie s  re la te d  to  je t  q u a lity  re q u ire m e n ts , p ile -u p  d e sc r ip tio n  a n d  co rrec tio n s  to  th e  
je t  p T a n d  E m iss in tro d u c e  a  0.9%  to  1.8%  u n c e r ta in ty  in  th e  b a c k g ro u n d  p red ic tio n s . 
U n c e rta in tie s  in  th e  6 - tag g in g  efficiency, re lev an t fo r th e  d e fin itio n  o f th e  W p v ) + j e t s  
a n d  t t  co n tro l reg ions, t r a n s la te  in to  a n  u n c e r ta in ty  in  th e  to ta l  b a c k g ro u n d  th a t  varies 
b e tw een  0.9%  fo r IM 1 a n d  0.5%  for IM 10. U n c e rta in tie s  in  soft c o n tr ib u tio n s  to  E ™ ss 
t r a n s la te  in to  a n  u n c e r ta in ty  in  th e  to ta l  b ack g ro u n d  y ie ld s t h a t  varies b e tw een  0 .4%  for 
IM 1 a n d  1.7%  for IM 10.

U n c e rta in tie s  in  th e  s im u la te d  le p to n  id en tif ica tio n  a n d  re c o n s tru c tio n  efficiencies, en 
e rg y /m o m e n tu m  scale  a n d  re so lu tio n  [78 , 8 5 , 8 6 ] t r a n s la te  in to  a n  u n c e r ta in ty  in  th e  to ta l  
b a c k g ro u n d  w h ich  varies b e tw een  0.2%  a n d  1.7%  fo r IM 1 a n d  b e tw een  0.3%  a n d  2.3%  for 
IM 10 se lection .

U n c e rta in tie s  in  W /Z + je ts  p re d ic tio n s  [6 5 , 87] re la te d  to  th e  m o d ellin g  o f p a r to n  show 

ers in  S h e r p a  a n d  th e  choice of P D F s  t r a n s la te  in to  a n  u n c e r ta in ty  in  th e  to ta l  b a ck g ro u n d  
th a t  varies b e tw een  0.8%  for IM 1 a n d  0.7%  fo r IM 10. U n c e rta in tie s  on  th e  im p le m e n ta 
tio n  o f h ig h e r-o rd e r Q C D  a n d  e lec tro w eak  p a rto n -lev e l c a lc u la tio n s  in  th e  M C  p red ic tio n s ,
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Figure 3 . The m easured (a) Emiss and (b) leading-jet p T distributions in the top control region, 
for the Emiss >  250 GeV inclusive selection, com pared to  the background predictions. The la tte r 
include the global norm alization factors ex tracted  from the fit. The error bands in the ratios 
include the sta tistical and system atic uncertainties in the background predictions as determ ined by 
the binned-likelihood fit to  the  d a ta  in the control regions. The last bin of the Em iss and leading-jet 
p T distributions contains overflows. The contributions from m ultijet and non-collision backgrounds 
are negligible and are not shown in the figures.

as described in ref. [64], include: uncertainties in the QCD renomalization/factorization 
scales, affecting both the normalization and the shape of the predicted boson-pT distribu
tion; uncertainties associated with the non-universality of QCD corrections across W +jets 
and Z +jets processes; uncertainties in electroweak corrections beyond NNLO, unknown 
electroweak NLO correction terms at very high boson-px, and limitations of the Sudakov 
approximation adopted in the calculation; uncertainties in the QCD and electroweak inter
ference terms; and uncertainties on the implementation of the higher-order QCD corrections 
in S h e r p a , affected by a limited MC statistics at large boson-px . Altogether, this trans
lates into an uncertainty in the total background tha t varies between 0.4% for IM1 and 2% 
for IM10.

Theoretical uncertainties in the predicted background yields for top-quark-related pro
cesses include variations in parton-shower parameters and the amount of initial- and final- 
state soft gluon radiation, and the difference between predictions from different MC event 
generators [88]. This introduces an uncertainty in the total background of about 0.3% for 
IM1, becoming negligible at very high ETplss.

Uncertainties in the diboson contribution are estimated as the difference between the 
yields of the S h e r p a  and P o w h e g  event generators [89], after taking into account the 
difference between the cross sections, which is then summed in quadrature with a 6% 
theory uncertainty in the NLO cross section. This translates into an uncertainty on the 
total background of about 0.2% for IM1 and about 0.8% for IM10.

Uncertainties in the estimation of multijet and non-collision backgrounds translate into 
a 0.5% uncertainty of the total background for IM1 and have a negligible impact on the total 
background predictions at larger Eiplss. Similarly, the 3.2% uncertainty in the integrated 
luminosity is included in the fit. It nearly cancels out in the data-driven determination
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o f th e  SM  b a c k g ro u n d  a n d  t ra n s la te s  in to  a n  u n c e r ta in ty  in  th e  to ta l  b ack g ro u n d  y ield  of 
a b o u t  0.1%  for IM 1.

7.2 S ignal sy ste m a tic  u n certa in ties

S ources o f sy s te m a tic  u n c e r ta in ty  in  th e  p re d ic te d  s igna l y ields a re  co n sid e red  se p a ra te ly  
fo r each  m o d e l o f new  ph y sics  u sin g  a  co m m o n  se t of p ro c e d u re s . T h e  p ro c e d u re s  a re  
d e sc rib ed  h e re , w hile  th e  n u m erica l u n c e r ta in tie s  a re  g iven  w ith  th e  a sso c ia te d  re su lts  for 
each  m odel in  sec tio n  8 . E x p e r im e n ta l u n c e r ta in tie s  in c lu d e  th o se  re la te d  to  th e  je t  an d  
£>miss re c o n s tru c tio n , en e rg y  scales a n d  re so lu tio n s , a n d  th e  in te g ra te d  lum inosity . O th e r  

u n c e r ta in tie s  re la te d  to  th e  je t  q u a lity  re q u ire m e n ts  a re  neglig ib le.
U n c e rta in tie s  affec ting  th e  sig n a l a c c e p tan c e  in  th e  g e n e ra tio n  o f signal sam ples in 

clude: u n c e r ta in tie s  in  th e  m o d ellin g  o f th e  in itia l-  a n d  f in a l-s ta te  g lu o n  ra d ia tio n , d e 
te rm in e d  usin g  s im u la te d  sam p les  w ith  m odified  p a rto n -sh o w e r p a ra m e te rs  (b y  fac to rs  of 
tw o  o r one  h a lf) ; u n c e r ta in tie s  d u e  to  P D F s  a n d  v a ria tio n s  o f th e  a s ( m Z ) v alue  em ployed , 
as c o m p u te d  from  th e  envelope  o f C T 10 , M M H T 2014  [90] a n d  N N P D F 3 0  e rro r  se ts; an d  
u n c e r ta in tie s  d u e  to  th e  choice o f re n o rm a liz a tio n  a n d  fa c to r iz a tio n  scales. In  a d d itio n , th e 
o re tic a l u n c e rta in tie s  in  th e  p re d ic te d  cross sec tions, in c lu d in g  P D F  a n d  re n o rm a liz a tio n - 
a n d  fa c to riz a tio n -sc a le  u n c e r ta in tie s , a re  assessed  se p a ra te ly  for th e  d iffe ren t m odels.

8 R esu lts  and in terpretation

T h e  n u m b e r o f ev en ts  in  th e  d a ta  a n d  th e  in d iv id u a l b ack g ro u n d  p re d ic tio n s  in  severa l 
inc lusive  a n d  exclusive  signal reg ions, as d e te rm in e d  u sin g  th e  b ack g ro u n d  e s tim a tio n  p ro 
ce d u re  d iscu ssed  in  sec tio n  6 .4 , a re  p re se n te d  in  ta b le s  3 a n d  4 . T h e  re su lts  fo r a ll th e  signal 
reg ions a re  su m m arized  in  ta b le  5 . G o o d  ag reem en t is o b serv ed  b e tw een  th e  d a ta  a n d  th e  
SM  p re d ic tio n s  in  each  case. T h e  SM  p re d ic tio n s  fo r th e  inc lusive  se lec tio n s a re  d e te rm in e d  
w ith  a  to ta l  u n c e r ta in ty  o f 2.4% , 2.7% , a n d  9.7%  for th e  IM 1, IM 5, a n d  IM 10 signa l reg ions, 
respective ly , w hich  in c lu d e  c o rre la tio n s  b e tw een  u n c e r ta in tie s  in  th e  in d iv id u a l b ack g ro u n d  
c o n tr ib u tio n s .

F ig u re  4 show s severa l m easu red  d is tr ib u tio n s  co m p a re d  to  th e  SM  p re d ic tio n s  in  th e  
reg ion  ETplss >  250 GeV, for w hich  th e  n o rm a liz a tio n  fa c to rs  ap p lied  to  th e  M C  p red ic tio n s , 
a n d  th e  re la te d  u n c e r ta in tie s , a re  d e te rm in e d  from  th e  g loba l fit c a rr ie d  o u t in  exclusive 

E m iss b ins. F o r i l lu s tra tio n  p u rp o ses , th e  d is tr ib u tio n s  in c lu d e  th e  im p a c t o f ex am p le  A D D , 
SU SY , a n d  W IM P  scenario s. In  g en era l, th e  SM  p re d ic tio n s  p ro v id e  a  go o d  d e sc rip tio n  
o f th e  m e asu red  d is tr ib u tio n s . T h e  differences o bserved  in  th e  je t  m u ltip lic ity  d is tr ib u tio n  
d o  n o t have a n  im p a c t in  th e  re su lts . S ta tis t ic a l  te s ts  u sin g  th e  b in n ed  profile  likelihood  
fit d esc rib ed  above, a n d  c o n sid e rin g  d iffe ren t scen ario s  fo r new  physics, give p -values fo r a 
b a c k g ro u n d -o n ly  h y p o th e s is  in  th e  ra n g e  0 .0 1 -0 .0 4 , co rre sp o n d in g  to  a g reem en t w ith  th e  

SM  p re d ic tio n s  w ith in  a p p ro x im a te ly  2 .1 a  to  1 .7a .
T h e  levels o f a g reem en t b e tw een  th e  d a ta  a n d  th e  SM  p re d ic tio n s  fo r th e  to ta l  n u m b e r  

o f ev en ts  in  inc lusive  a n d  exclusive signal reg ions a re  tra n s la te d  in to  u p p e r  lim its  fo r th e  
p resen ce  o f new  p h en o m en a , u sin g  a  s im u ltan eo u s  like lihood  fit in  b o th  th e  c o n tro l an d  
signal reg ions, a n d  th e  C L s m odified  f re q u e n tis t a p p ro a c h  [91]. T h e  inc lusive  reg ions are
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In c lu s iv e  S ig n a l  R e g io n

Observed events (36.1 fb-1 )
IM1

255486
IM3

76808
IM5

13680
IM7

2 1 2 2

IM10
245

SM prediction 245900± 5800 73000 ±  1900 12720± 340 2017±90 238 ±  23
W ( ^  ev) 20600± 620 4930± 220 682 ±  33 63 ±  8 7 ±  2
W ( ^  pv) 20860 ±  840 5380± 280 750 ±  44 115±13 17 ±  2
W ( ^  Tv) 50300±1500 12280± 520 1880±63 261 ±  13 24 ±  3

Z / Y *(^ e+e- ) 0.11 ±  0.03 0.03 ±  0.01 - - -

Z /Y*(^  P+P- ) 564 ±  32 107±9 1 0 ± 1 1.8 ±  0.5 0 . 2  ±  0 . 2

Z /Y*(^  T+T -) 812 ±  32 178±8 24± 1 3.5 ±  0.5 0.4 ±  0.1
Z ( ^  v t) 137800± 3900 45700 ±  1300 8580 ±  260 1458 ±  76 176 ±  18
t t ,  single top 8600± 1100 2 1 1 0  ±  280 269 ±  42 26 ±  1 0 0  ±  1

Diboson 5230 ±  400 2220± 170 507 ±  64 8 8  ±  19 13 ±  4
Multijet background 700 ±  700 51 ±  50 8 ± 8 1 ± 1 0 . 1  ±  0 . 1

Non-collision background 360 ±  360 51 ±  51 4 ± 4 - -

T a b le  3. D ata  and SM background predictions in the  signal region for several inclusive Emiss 
selections, as determ ined using separate one-bin likelihood fits in the control regions. For the SM 
prediction, bo th  the sta tistical and system atic uncertainties are included. In each signal region, 
the individual uncertainties for the different background processes can be correlated, and do not 
necessarily add in quadra tu re  to  the  to ta l background uncertainty. The dash denotes negligible 
background contributions.

E x c lu s iv e  S ig n a l R e g io n

Observed events (36.1 fb-1 )
EM2

67475
EM4

27843
EM6

2975
EM8

512
EM9
223

SM prediction 67100± 1400 27640± 610 2825± 78 463 ±  19 213 ±  9
W ( ^  ev) 5510± 140 1789 ±  59 147 ±  9 18±1 8  ±  1

W ( ^  pv) 6120± 200 2 0 2 1  ±  82 173±9 21 ±  5 1 1  ±  1

W ( ^  Tv) 13680 ±  310 4900± 110 397 ±  11 55 ±  5 29 ±  2

Z /Y *(^  e+e- ) 0 .03±0 0 . 0 2  ±  0 . 0 2 - - -

Z /Y*(^  P+P- ) 167±8 36 ±  2 2 . 0  ±  0 . 2 0.4 ±  0.1 0.5 ±  0.1

Z /Y*(^  T+T -) 185±6 6 8  ±  4 5.1 ±  0.3 0.3 ±  0.1 0.31 ±  0.04
Z ( ^  vP) 37600 ±  970 17070± 460 1933±57 337 ±  12 153 ±  7
t t ,  single top 2230± 200 848 ±  8 6 43 ±  6 4 ± 1 1.3 ±  0.4
Diboson 1327±90 874 ±  64 124±16 26 ±  5 1 0  ±  2

Multijet background 170±160 13±13 1 ± 1 1 ± 1 0 . 1  ±  0 . 1

Non-collision background 71 ±  71 18±18 - - -

T a b le  4. D ata  and SM background predictions in the signal region for several exclusive Emiss 
selections, as determ ined using a binned likelihood fit in the control regions. For the SM prediction, 
b o th  the sta tistical and system atic uncertainties are included. In each signal region, the  individual 
uncertainties for the  different background processes can be correlated, and do not necessarily add 
in quadra tu re  to  the to ta l background uncertainty. The dash “- ” denotes negligible background 
contributions.
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(c) (d)

Figure 4 . M easured distributions of the (a) Emlss, (b) leading-jet p T, (c) leading-jet |n|, and (d) 
je t m ultiplicity  for the Emlss >  250 GeV selection com pared to  the SM predictions. The la tte r 
are norm alized w ith norm alization factors as determ ined by the global fit th a t considers exclusive 
Em iss regions. For illustration purposes, the distributions of example ADD, SUSY, and W IM P 
scenarios are included. The error bands in the  ratios shown in the  lower panels include bo th  the 
sta tistical and system atic uncertainties in the  background predictions. The last bin of the ETjmlss and 
leading-jet p T d istributions contains overflows. The contributions from m ultijet and non-collision 
backgrounds are negligible and are only shown in the case of the  E?̂miss d istribution.

I n c l u s iv e  S ig n a l  R e g i o n E x c l u s i v e  S ig n a l  R e g i o n
Region Predicted Observed Region Predicted Observed
IM1 245900 ±  5800 255486 EM1 111100± 2300 111203
IM2 138000 ±  3400 144283 EM2 67100± 1400 67475
IM3 73000 ±  1900 76808 EM3 33820 ±  940 35285
IM4 39900± 1000 41523 EM4 27640±610 27843
IM5 12720 ±  340 13680 EM5 8360 ±  190 8583
IM6 4680± 160 5097 EM6 2825 ±  78 2975
IM7 2017± 90 2122 EM7 1094 ±  33 1142
IM8 908 ±  55 980 EM8 463 ±  19 512
IM9 4 6 4 ± 3 4 468 EM9 2 1 3 ± 9 223
IM10 238 ±  23 245 EM10 226 ±  16 245

Table 5 . D ata  and SM background predictions in the signal region for the  different selections. For 
the SM predictions bo th  the sta tistical and system atic uncertainties are included.
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S e le c t io n <c >0L  [fb] o 95 Sobs s 95Sexp
IM1 531 19135 11700+440011700-3300
IM2 330 11903 o o 0 1 

+ 
to t

o
o o

 
o o

IM3 188 6771 O O 0 1 
+

o 
o 

o 
o

IM4 93 3344 2 1 0 0 + 77 0  2100- 590
IM5 43 1546 0 1 

+ 
to 

to 
to 

GO 
o 

o

IM6 19 696 3601)000

IM7 7.7 276 204+57
IM8 4.9 178 126+35
IM9 2 . 2 79 76+2976-21
IM10 1 . 6 59 56+2156-16

T a b le  6 . Observed and expected 95% CL upper lim its on the num ber of signal events, S b  and 
SeXp> and on the  visible cross section, defined as the product of cross section, acceptance and 
efficiency, (a)9bs, for the  IM 1-IM 10 selections.

u sed  to  se t m o d e l-in d e p e n d e n t exc lusion  lim its , a n d  th e  exclusive reg ions a re  u sed  fo r th e  
in te rp re ta t io n  o f th e  re su lts  w ith in  d iffe ren t m odels o f new  physics. In  g en era l, th e  o bserved  
exc lu sio n  lim its  a re  w orse th a n  th e  e x p e c te d  se n s itiv ity  d u e  to  th e  sligh t excess o f even ts 
in  th e  d a ta  co m p a re d  to  th e  SM  p red ic tio n s , as show n in  ta b le  5 .

8.1 M o d e l-in d ep en d en t ex c lu sio n  lim its

A  likelihood  fit is p e rfo rm ed  se p a ra te ly  fo r each  of th e  inc lusive  reg ions IM 1 -IM 1 0 . A s a 
re su lt, m o d e l- in d e p e n d e n t o b served  a n d  e x p e c te d  95%  confidence  level (C L ) u p p e r  lim its  
o n  th e  v isib le  cross sec tio n , defined  as th e  p ro d u c t o f p ro d u c tio n  cross sec tio n , a cc e p tan c e  
a n d  efficiency a  x  A  x  e, a re  e x tra c te d  from  th e  ra t io  b e tw een  th e  95% C L u p p e r  lim it 
o n  th e  n u m b e r  o f signal ev en ts  a n d  th e  in te g ra te d  lum inosity , ta k in g  in to  c o n s id e ra tio n  

th e  sy s te m a tic  u n c e r ta in tie s  in  th e  SM  b ack g ro u n d s  a n d  th e  u n c e r ta in ty  in  th e  in te g ra te d  
lu m inosity . T h e  re su lts  a re  p re se n te d  in  ta b le  6 . V alues of a  x  A  x  e above 531 fb (for IM 1) 
a n d  above 1 .6 fb  (for IM 10) a re  ex c lu d ed  a t  95% CL.

8.2  W eak ly  in tera ctin g  m assive  p artic les

T h e  re su lts  a re  tra n s la te d  in to  exc lusion  lim its  o n  W IM P -p a ir  p ro d u c tio n . D iffe ren t s im 
plified  m odels a re  co n sid e red  w ith  th e  ex ch an g e  of an  ax ia l-v ec to r, v ec to r  o r a  p seu d o sca la r  
m e d ia to r  in  th e  s -ch an n e l. In  a d d itio n , a  m odel w ith  th e  ex ch an g e  of a  co lou red  sca la r 
m e d ia to r  is co n sid e red , as d esc rib ed  in  sec tio n  1 .

In  th e  case  o f th e  ex ch an g e  o f an  ax ia l-v ec to r  m e d ia to r , a n d  fo r W IM P -p a ir  p ro d u c tio n  

w ith  m z A >  2 m x , ty p ic a l A  x  e values for th e  signal m odels  w ith  a  1 TeV m e d ia to r  ran g e  
from  25% to  0.4%  for IM 1 a n d  IM 10 se lec tions, respective ly . V ery  s im ila r va lues are  

o b ta in e d  in  th e  case o f th e  v ec to r  m e d ia to r , w h ereas  A  x  e va lues in  th e  ra n g e  be tw een  
32%  a n d  1% a re  c o m p u te d  fo r th e  p se u d o sc a la r  m e d ia to r  m odel w ith  m Z p  =  1 TeV an d  
m x =  10 GeV. F ina lly , in  th e  case o f th e  co lou red  sca la r  m e d ia to r , A  x  e va lues in  th e  ran g e
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from  35%  to  0.7%  a re  o b ta in e d  fo r IM 1 a n d  IM 10 se lec tions, respective ly , for a  m e d ia to r  
m ass  o f 1 TeV a n d  m n »  m x .

T h e  e x p e rim e n ta l u n c e r ta in tie s  re la te d  to  th e  je t  a n d  ETplss scales a n d  re so lu tio n s  
in tro d u c e  s im ila r u n c e r ta in tie s  in  th e  signal y ie ld s fo r ax ia l-v ec to r, v ec to r  a n d  p seu d o sca la r  
m odels. T h e y  v a ry  b e tw een  2% a n d  7% fo r th e  IM 1 se lec tio n  a n d  b e tw een  3% a n d  9% 
for th e  IM 10 se lec tion , d e p e n d in g  on  th e  p a ra m e te rs  o f th e  m odel. In  th e  case  o f th e  
co lo u red  sca la r  m e d ia to r  m odel, th e se  u n c e rta in tie s  v a ry  b e tw een  2% a n d  6 % for IM 1 an d  
b e tw een  4% a n d  a b o u t  10% fo r IM 10. T h e  u n c e r ta in ty  re la te d  to  th e  m o d ellin g  of th e  
in itia l-  a n d  f in a l-s ta te  r a d ia tio n  t r a n s la te s  in to  a  2 0 % u n c e r ta in ty  in  th e  signal a ccep tan ce , 
co m m o n  to  a ll th e  s -ch an n e l m odels. In  th e  case o f th e  co lou red  sca la r  m e d ia to r  m odel, 
th is  u n c e r ta in ty  varies b e tw een  10% a n d  30% , d e p e n d in g  o n  th e  k in e m a tic  se lec tion . T h e  
choice of d iffe ren t P D F  se ts  re su lts  in  u p  to  a  20% u n c e r ta in ty  in  th e  a c c e p tan c e  a n d  u p  
to  a  10% u n c e r ta in ty  in  th e  cross sec tion , d e p e n d in g  o n  th e  m odel co n sid e red . V ary in g  
th e  re n o rm a liz a tio n  a n d  fa c to r iz a tio n  scales in tro d u c e s  u p  to  25% v a ria tio n s  o f th e  cross 
sec tio n  a n d  u p  to  10% ch an g e  in  th e  ac c e p tan c e , d e p e n d in g  o n  th e  m odel co n sid e red . In  
a d d itio n , th e  u n c e r ta in ty  in  th e  in te g ra te d  lu m in o sity  is in c luded .

A  s im u lta n e o u s  fit to  th e  signal a n d  c o n tro l reg ions in  th e  exclusive E ™ ss b in s is 
p e rfo rm ed , a n d  used  to  se t o bserved  a n d  e x p e c te d  95%  CL exc lusion  lim its  on  th e  p a ra m 
e te rs  o f th e  m odel. U n c e rta in tie s  in  th e  signal a c c e p tan c e  tim es  efficiency, th e  b a ck g ro u n d  
p re d ic tio n s , a n d  th e  lu m in o sity  a re  co n sid e red , a n d  c o rre la tio n s  b e tw een  sy s te m a tic  u n c e r
ta in t ie s  in  signal a n d  b ack g ro u n d  p re d ic tio n s  a re  ta k e n  in to  a cco u n t. T h e  fit acco u n ts  for 
th e  c o n ta m in a tio n  of th e  c o n tro l reg ions by  signal ev en ts  w h ich  a  p rio ri is e s tim a te d  to  be 
v e ry  sm all.

F ig u re  5 (a) show s th e  o b serv ed  a n d  e x p e c te d  95%  C L exc lusion  c o n to u rs  in  th e  m ZA-  
m x p a ra m e te r  p la n e  fo r a  sim plified  m odel w ith  a n  ax ia l-v ec to r  m e d ia to r , D ira c  W IM P s, 
a n d  co u p lin g s g q =  1 /4  a n d  g x  =  1. In  a d d itio n , o b serv ed  lim its  a re  show n usin g  ± 1 a  

th e o re tic a l u n c e r ta in tie s  in  th e  sig n a l cross sec tions. In  th e  on -shell reg im e, th e  m odels 
w ith  m e d ia to r  m asses u p  to  1.55 TeV a re  ex c lu d ed  fo r m x =  1 GeV. F o r m x <  1 GeV, 
th e  m o n o je t an a ly s is  m a in ta in s  its  se n s itiv ity  for ex c lu d in g  D M  m odels. T h is  analy sis  
loses se n s itiv ity  to  th e  m odels in  th e  off-shell reg im e, w h ere  cross sec tio n s a re  su p p ressed  
d u e  to  th e  v ir tu a l  p ro d u c tio n  of th e  m e d ia to r . P e r tu rb a t iv e  u n i ta r i ty  is v io la te d  in  th e  
p a ra m e te r  reg ion  defined  by  m x >  y /n / 2  m ZA [92]. T h e  m asses co rre sp o n d in g  to  th e  relic 
d e n s ity  [93] as d e te rm in e d  by  th e  P la n c k  a n d  W M A P  sa te llite s  [9 , 10], w ith in  th e  W IM P  
d a rk -m a tte r  m odel a n d  in  th e  ab sen ce  of an y  in te ra c tio n  o th e r  th a n  th e  one  con sid ered , 
a re  in d ic a te d  in  th e  figure as a  line t h a t  crosses th e  ex c lu d ed  reg ion  a t  m ZA ~  1200 GeV 
a n d  m x ~  440 GeV. T h e  reg ion  to w ard s  low er W IM P  m asses o r h ig h e r m e d ia to r  m asses 
c o rre sp o n d s  to  d a rk -m a tte r  o v e rp ro d u c tio n .

T h e  re su lts  a re  tr a n s la te d  in to  90% CL exc lu sio n  lim its  on  th e  sp in -d e p e n d e n t W IM P - 
p ro to n  s c a tte r in g  cross sec tio n  osd  as a  fu n c tio n  o f th e  W IM P  m ass, fo llow ing th e  p re 
sc rip tio n s  from  refs. [13, 93]. A m o n g  re su lts  from  d iffe ren t d ire c t-d e te c tio n  e x p e rim e n ts , in 

figure 5(b) th e  exc lusion  lim its  o b ta in e d  in  th is  an a ly sis  a re  co m p a re d  to  th e  m o st s tr in g e n t 
lim its  from  th e  P IC O  d ire c t-d e te c tio n  e x p e rim e n t [95]. T h e  lim it a t  th e  m ax im u m  value 
o f th e  W IM P -p ro to n  sc a tte r in g  cross sec tio n  d isp lay ed  co rre sp o n d s  to  th e  low est exc luded
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F ig u re  5. (a) Axial-vector 95% CL exclusion contours in the  m ZA - m x param eter plane. The 
solid (dashed) curve shows the observed (expected) lim it, while the bands indicate the  ± 1 <r theory  
uncertainties in the  observed lim it and ± 1 <r and ± 2 <r ranges of the  expected lim it in the absence 
of a signal. The red curve corresponds to  the  set of points for which the expected relic density 
is consistent w ith the W M A P m easurem ents (i.e. G h 2 =  0.12), as com puted w ith M ad D M  [94]. 
The region on the right of the  curve corresponds to  higher predicted relic abundance th an  these 
m easurem ents. The region excluded due to  perturbativ ity , defined by m x  > \ J n / 2  m Z A , is indicated 
by the  hatched area. The d o tted  line indicates the  kinem atic lim it for on-shell production m ZA =  
2 x m x . The cyan line indicates previous results a t 13 TeV [1] using 3.2 fb- 1 . (b) A com parison 
of the inferred lim its (black line) to  the constrain ts from direct detection experim ents (purple line) 
on the  spin-dependent W IM P-proton scattering cross section in the  context of the  simplified model 
w ith axial-vector couplings. Unlike in the m ZA - m x param eter plane, the lim its are shown a t 90% 
CL. The results from this analysis, excluding the region to  the  left of the  contour, are com pared 
w ith lim its from the PIC O  [95] experim ent. The com parison is m odel-dependent and solely valid 
in the  context of th is model, assum ing m inim al m ediator w idth and the coupling values gq =  1/4 
and gx  =  1 .

va lues m z A =  45 GeV an d  m x =  45 GeV  o f th e  m e d ia to r  a n d  d a rk  m a t te r  m asses d is
p layed  in  figure  5 (a ) . T h is  co m p ariso n  is m o d e l-d e p e n d e n t a n d  solely valid  in  th e  c o n te x t 
o f th is  p a r t ic u la r  m o d e l. In  th is  ca se , s tr in g e n t lim its  on  th e  s c a tte r in g  cross sec tio n  of th e  
o rd e r  o f 2.9 x  10 - 4 3  c m 2 (3.5 x  10 - 4 3  c m 2) for W IM P  m asses below  10 GeV  (100 GeV) are  
in fe rred  from  th is  a n a ly s is , a n d  co m p lem en t th e  re su lts  from  d ire c t-d e te c tio n  e x p e rim e n ts  
fo r m x <  10 GeV. T h e  k in e m a tic  loss o f m o d e l se n s itiv ity  is ex p ressed  by  th e  tu r n  o f th e  
W IM P  exc lu sio n  lin e , reach in g  b ack  to  low W IM P  m asses a n d  in te rc e p tin g  th e  exclusion  
lines from  th e  d ire c t-d e te c tio n  e x p e rim e n ts  a t  a ro u n d  m x =  200 GeV.

In  figure 6 , th e  re su lts  a re  tra n s la te d  in to  95%  CL exc lu sio n  c o n to u rs  in  th e  m Zv-  

m x p a ra m e te r  p la n e  fo r th e  sim plified  m odel w ith  a  v e c to r m e d ia to r , D irac  W IM P s, an d  
co u p lin g s g q =  1 /4  a n d  g x  =  1. T h e  re su lts  a re  o b ta in e d  from  th o se  fo r th e  ax ia l-v ec to r 
m odel, ta k in g  in to  acco u n t th e  c ro ss-sec tio n  d ifferences b e tw een  m odels, m o tiv a te d  by  th e
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F ig u re  6. Observed (solid line) and expected (dashed line) exclusions a t 95% CL on the vector 
m ediator models w ith g q =  1/4, gx  =  1.0 and m inim al m ediator w idth, as a function of the  assumed 
m ediator and DM masses. The regions w ithin the  draw n contours are excluded. The red curve 
corresponds to  the set of points for which the expected relic density  is consistent w ith the W M A P 
m easurem ents (i.e. H h 2 =  0.12), as com puted w ith M ad D M  [94]. The region on the right of the 
curve corresponds to  higher predicted relic abundance th an  these m easurem ents. The d o tted  line 
indicates the kinem atic lim it for on-shell production  m Zv = 2  x m x .

fa c t t h a t  th e  tw o  m odels p re se n t c o m p a tib le  p a rtic le -lev e l se lec tio n  a c cep tan ces . F o r very  
lig h t W IM P s, m e d ia to r  m asses below  a b o u t 1.55 TeV a re  ex c lu d ed . A s in  th e  case  of th e  
ax ia l-v ec to r  m e d ia to r  m odel, in  th e  reg im e m Zv <  2 m x , th e  se n s itiv ity  fo r exc lusion  is 
d ra s tic a lly  red u ced  to  low m ass d ifferences below  400 GeV in  m x .

T h e  sim plified  m odel w ith  a  p se u d o sc a la r  m e d ia to r  w as co n sid e red  w ith  co u p lin g s to  
q u a rk s  a n d  d a rk  m a t te r  e q u a l to  un ity . F o r W IM P  m asses in  th e  ran g e  0 -3 0 0  GeV an d  
m Zp in th e  ran g e  0 -7 0 0  GeV, th e  an a ly s is  does n o t y e t have  en o u g h  sen sitiv ity . A s an  
ex am p le , figure  7 p re se n ts  th e  an a ly sis  se n s itiv ity  in  te rm s  o f 95% CL lim its  on  th e  signal 
s tre n g th , ^  =  a 95% C L/ a ,  as a  fu n c tio n  o f m Z p , for very  lig h t W IM P s, a n d  as a  fu n c tio n  
o f m x , fo r m Zp =  10 GeV. F o r m e d ia to r  m asses below  300 GeV a n d  very  lig h t W IM P s, 
cross sec tio n s o f th e  o rd e r  o f 2 -to -3  tim es  la rg e r th a n  th a t  of th e  co rre sp o n d in g  signal are  
ex c lu d ed . F o r m e d ia to r  m asses above 300 GeV  o r la rg e r d a rk -m a tte r  m asses, th e  sen s itiv ity  
o f th e  an a ly s is  to  th is  p a r t ic u la r  m odel v an ishes rap id ly .

F ina lly , figure 8 p re se n ts  th e  o b serv ed  a n d  e x p e c te d  95% CL exc lusion  co n to u rs  in  
th e  m n- m x p a ra m e te r  p lan e  for th e  d a rk -m a tte r  p ro d u c tio n  m o d e l w ith  a  co lou red  sca la r 

m e d ia to r , D irac  W IM P s , a n d  co up lings se t to  g  =  1. M e d ia to r  m asses u p  to  a b o u t 1.67 TeV 
a re  ex c lu d ed  a t  95%  CL for lig h t d a rk -m a tte r  p a rtic le s . In  th e  case  o f m x =  m n , m asses 
u p  to  620 GeV a re  exc lu d ed .
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(a) (b)

Figure 7 . Observed and expected 95 % CL lim its on the signal streng th  p  =  a 95% CL/ a  as a 
function of (a) the  m ediator mass for a very light W IM P and (b) the W IM P m ass for m Zp =  10 GeV, 
in a model w ith spin-0 pseudoscalar m ediator and g q =  gx  =  1.0. The bands indicate the ± 1 a  theory  
uncertainties in the observed lim it and the ± 1 a  and ± 2 a  ranges of the  expected lim it in the  absence 
of a signal.

Figure 8 . Exclusion contours at 95% CL in the m n- m x param eter plane for the coloured scalar 
m ediator model, w ith m inim al w idth and coupling set to  g  = 1 .  The solid (dashed) curve shows the 
observed (expected) lim it, while the  bands indicate the  ± 1 a  theory  uncertainties in the observed 
lim it and ± 1 a  and ± 2 a  ranges of the expected lim it in the  absence of a signal. The red curve 
corresponds to  the  expected relic density, as com puted w ith M ad D M  [94]. The kinem atic lim it for 
the m ediator on-shell production m n =  m x , is indicated by the do tted  line.
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8.3  Squark-pair p rod u ction

D ifferen t m odels o f sq u a rk -p a ir  p ro d u c tio n  a re  co n sidered : s to p -p a ir  p ro d u c tio n  w ith  ^  
c +  x ? , s to p -p a ir  p ro d u c tio n  w ith  q? ^  b +  f f  +  x ? , sb o tto m -p a ir  p ro d u c tio n  w ith  b? ^  
b +  x 1, a n d  sq u a rk -p a ir  p ro d u c tio n  w ith  q ^  q +  x 1 (q  =  u , d , c , s ) .  In  each  case  sep a ra te ly , 
th e  re su lts  a re  tr a n s la te d  in to  exc lu sio n  lim its  as a  fu n c tio n  of th e  sq u a rk  m ass fo r d iffe ren t 
n e u tra lin o  m asses.

T h e  re su lts  a re  tra n s la te d  in to  exc lusion  lim its  on  th e  p a ir  p ro d u c tio n  cross sec tio n  of 
to p  sq u a rk s  w ith  q? ^  c +  x ?  (w ith  b ra n c h in g  f ra c tio n  B = 1 0 0 % ) as a  fu n c tio n  of th e  s to p  
m ass for d iffe ren t n e u tra lin o  m asses. T h e  ty p ic a l va lue  of A  x  e o f th e  se lec tio n  c r ite r ia  

varies, w ith  in c rea s in g  s to p  a n d  n e u tra lin o  m asses, b e tw een  0.7%  a n d  1.4%  fo r IM 1, an d  
b e tw een  0.04%  a n d  1.3%  for IM 10. O b serv ed  a n d  e x p e c te d  95% CL exc lu sio n  lim its  a re  
se t as in  th e  case o f th e  W IM P  m odels. In  a d d itio n , o bserved  lim its  a re  c o m p u te d  u sing  
± 1ct v a ria tio n s  of th e  th e o re tic a l p re d ic tio n s  for th e  SU SY  cross sec tions.

T h e  u n c e r ta in tie s  re la te d  to  th e  je t  a n d  ETpiss scales a n d  re so lu tio n s  in tro d u c e  u n c e r
ta in t ie s  in  th e  signal y ields w hich  v a ry  b e tw een  1% a n d  3% fo r d iffe ren t se lec tions an d  
sq u a rk  a n d  n e u tra lin o  m asses. In  a d d itio n , th e  u n c e r ta in ty  in  th e  in te g ra te d  lu m in o sity  is 
in c lu d ed . T h e  u n c e r ta in tie s  re la te d  to  th e  m o d ellin g  o f in itia l-  a n d  f in a l-s ta te  g lu o n  ra d i
a tio n  t r a n s la te  in to  a  7% to  17% u n c e r ta in ty  in  th e  s igna l y ie lds. T h e  u n c e r ta in tie s  d u e  
to  th e  P D F s  re su lt in  a  5% to  17% u n c e r ta in ty  in  th e  signal y ie lds. F in a lly , th e  v a ria tio n s  
o f th e  re n o rm a liz a tio n  a n d  fa c to r iz a tio n  scales in tro d u c e  a  4% to  13% u n c e r ta in ty  in  th e  
signal y ie lds.

F ig u re  9 (a) p re se n ts  th e  re su lts  in  th e  case  o f th e  q? ^  c +  x?  decays. T h e  p rev io u s 
lim its  from  th e  A T L A S  C o lla b o ra tio n  [1 ], co rre sp o n d in g  to  a  lu m in o sity  of 3.2 fb - 1 , a re  also  
show n. T h is  an a ly s is  h as  sig n ifican tly  h ig h e r se n s itiv ity  a t  very  low s to p -n e u tra lin o  m ass 
d ifference. In  th e  co m p ressed  scen ario  w ith  th e  s to p  a n d  n e u tra lin o  n e a rly  d e g e n e ra te  in 
m ass, th e  exc lusion  e x te n d s  u p  to  s to p  m asses o f 430 GeV. T h e  reg ion  w ith  s to p -n e u tra lin o  
m ass d ifferences below  5 GeV is n o t co n sid e red  in  th e  exc lu sio n  since in  th is  reg im e th e  s to p  
cou ld  b ecom e long-lived . F ig u re  9 (b ) show s th e  o b serv ed  a n d  e x p e c te d  95%  C L exclusion  
lim its  as a  fu n c tio n  o f th e  s to p  a n d  n e u tra lin o  m asses fo r th e  q? ^  b +  f f  +  x?  (B = 1 0 0 % ) 
decay  ch an n e l. F o r m ^  — m ^ o  ~  m b, s to p  m asses u p  to  390 GeV a re  ex c lu d ed  a t  95%  CL.

F ig u re  10 (a) p re se n ts  th e  o bserved  a n d  e x p e c te d  95%  C L exc lusion  lim its  as a  fu n c tio n  
o f th e  s b o tto m  a n d  n e u tra lin o  m asses for th e  b? ^  b +  x ?  (B = 1 0 0 % ) decay  ch an n e l. In  
th e  scen ario  w ith  m ^  — m ^ o  ~  m b, th is  an a ly s is  e x te n d s  th e  95% CL exc lusion  lim its  
u p  to  a  sb o tto m  m ass of 430 GeV. In  th e  case  of lig h t n e u tra lin o s  w ith  m ^ o  ~  1 GeV, 
s b o tto m  m asses u p  to  610 GeV a re  ex c lu d ed  a t  95%  CL. F in a lly , figure  10 (b ) p re se n ts  th e  
o b serv ed  a n d  e x p e c te d  95%  CL exc lusion  lim its  as a  fu n c tio n  o f th e  sq u a rk  m ass a n d  th e  
sq u a rk -n e u tra lin o  m ass d ifference for q ^  q +  x i (q =  u , d, c, s ) . In  th e  co m p ressed  scen ario  

w ith  s im ila r sq u a rk  an d  n e u tra lin o  m asses, sq u a rk  m asses below  710 GeV a re  ex c lu d ed  a t  
95%  CL. T h ese  re su lts  a re  a  s ign ifican t im p ro v em en t on  p rev io u s exc lusion  lim its  [1] , an d  
co m p lem en t inc lusive  SU SY  searches [96] in  such  m ass-co m p ressed  regim e.
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Figure 9 . Excluded regions a t the  95% CL in the (ti,X ?) mass plane for (a) the  decay channel 
t 1 ^  c +  Xi (B =  100%) and (b) the decay channel t 1 ^  b +  f f  +  Xi (B=100% ). The d o tted  lines 
around the observed lim its indicate the  range of observed lim its corresponding to  ±1<r variations 
of the  NLO SUSY cross-section predictions. The bands around the expected lim its indicate the 
expected ±1<r and ±2<r ranges of lim its in the  absence of a signal. The results from th is analysis 
are com pared to  previous results from the ATLAS C ollaboration a t a/s =  13 TeV [1] using 3.2 fb- 1 .

Figure 10 . (a) Exclusion plane a t 95% CL as a function of sbottom  and neutralino masses for the 
decay channel b1 ^  b +  Xi (B=100% ). (b) Exclusion region a t 95% CL as a function of squark mass 
and the squark-neutralino mass difference for q ^  q +  Xi (q =  u, d, c, s). The do tted  lines around 
the observed lim it indicate the range of observed lim its corresponding to  ±1<r variations of the NLO 
SUSY cross-section predictions. The bands around the expected lim it indicates the expected ±1<r 
and ±2<r ranges of lim its in the absence of a signal. The results from th is analysis are com pared to  
previous results from the ATLAS C ollaboration a t a/s =  13 TeV [1] using 3.2 fb- 1 .

- 26 -

JH
E

P
01(2018)126



Table 7 . The 95% CL observed and expected lower lim its on the fundam ental Planck scale in 
4 +  n  dimensions, M D , as a function of the  num ber of ex tra  dimensions n, considering nom inal LO 
signal cross sections. The im pact of the ± 1 a  theoretical uncertain ty  on the observed lim its and 
the expected ± 1 a  range of lim its in the  absence of a signal are also given. Finally, the 95% CL 
observed lim its after dam ping of the signal cross section for s > M ^  (see tex t) are quoted.

8.4  Large ex tra  sp a tia l d im en sion s

The level of agreement between the data and the SM predictions is also translated into limits 
on the parameters of the ADD model, as described in section 1. Only the signal regions 
with ETpiss > 400 GeV, where the SM background is moderate and the shape difference 
between signal and the SM background becomes apparent, have sufficient sensitivity to 
ADD signal. The typical value of A x e of the selection criteria varies, as the number of 
extra dimensions n increases from n =  2 to n =  6, between 13% and 17% for IM4 and 
between 0.8% and 1.4% for IM10.

The effect of experimental uncertainties related to jet and E™ss scales and resolutions 
is found to be similar to the effect in the WIMP models. The uncertainties related to 
the modelling of the initial- and final-state gluon radiation translate into uncertainties in 
the ADD signal acceptance which vary between 11% and 13% with increasing ETpiss and 
approximately independent of n. The uncertainties due to the PDFs, affecting the predicted 
signal yields, increase from 11% at n =  2 to 43% at n =  6. Similarly, the variations of the 
renormalization and factorization scales introduce a 23% to 36% uncertainty in the signal 
yields, with increasing n.

Observed and expected 95% CL exclusion limits are set as in the case of the WIMP 
and SUSY models. The —1a variations of the ADD theoretical cross sections result in 
about a 7% to 10% decrease in the nominal observed limits, depending on n. Figure 11 
and table 7 present the results. Values of M D below 7.7 TeV at n =  2 and below 4.8 TeV 
at n =  6 are excluded at 95% CL, which improve on the exclusion limits from previous 
results using 3.2 fb-1 of 13 TeV data [1].

As discussed in refs. [14, 97], the analysis partially probes the phase-space region with
s > MD , where V§ is the centre-of-mass energy of the hard interaction. This challenges 
the validity of the model implementation and the lower bounds on MD , as they depend 
on the unknown ultraviolet behaviour of the effective theory. The observed 95% CL limits 
are recomputed after suppressing, with a weighting factor M D/ s 2, the signal events with 
s > M D , here referred to as damping. This results in a negligible decrease of the quoted
95% CL lower limits on M D , as also shown in table 7.
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A D D  M o d e l  L i m i t s  o n  M D (95% CL)
Expected [TeV] Observed [TeV] Observed (damped) [TeV]

n  =  2 9.2-1 . o 7.7-0 . 5 7.7 
n  =  3 7.11-g; 5 6.2-0 ; \  6.2 
n  =  4 6 . 1 - 0 ; 3 5 . 5 - 0 ; 5 5 . 5  

n  =  5 5.51-0: 3 5.1-0 ; 5 5.1 
n  =  6 5.2-0 ; 2 4.8-0 . 5 4.8



Figure 11 . Observed and expected 95% CL lower lim its on the fundam ental Planck scale in 
4 +  n  dimensions, M D, as a function of the num ber of ex tra  dimensions. The bands indicate the 
±1<r theory  uncertainties in the  observed lim it and the  ± 1 a  and ± 2 a  ranges of the expected limit 
in the absence of a signal. The 95% CL lim its are com puted w ith no suppression of the events 
w ith s >  M D . The results from this analysis are com pared to  previous results from the ATLAS 
C ollaboration using 3.2fb-1 of =  13 TeV d a ta  [1].

9 C o n c lu s io n s

Results are reported from a search for new phenomena in events with an energetic jet and 
large missing transverse momentum in proton-proton collisions at y's =  13 TeV at the 
LHC, based on data corresponding to an integrated luminosity of 36.1 fb-1 collected by 
the ATLAS detector in 2015 and 2016. The measurements are in agreement with the SM 
predictions. The results are translated into model-independent 95% CL upper limits on 
a  x A x e in the range 531-1.6 fb, decreasing with increasing missing transverse momentum.

The results are translated into exclusion limits on WIMP-pair production. Different 
simplified models are considered with the exchange of an axial-vector, vector or a pseu
doscalar mediator in the s-channel, and with Dirac fermions as dark-matter candidates. In 
the case of axial-vector or vector mediator models, mediator masses below 1.55 TeV are ex
cluded at 95% CL for very light WIMPs (for coupling values gq =  1/4 and gx =  1), whereas 
the analysis does not have the sensitivity to exclude a pseudoscalar scenario. In the case of 
the axial-vector mediator model, the results are translated, in a model-dependent manner, 
into upper limits on spin-dependent contributions to the WIMP-nucleon elastic cross sec
tion as a function of the WIMP mass. WIMP-proton cross sections above 2.9 x 10-4 3 cm2 
(3.5 x 10-43 cm2) are excluded at 90% CL for WIMP masses below 10 GeV (100 GeV), 
complementing results from direct-detection experiments. In addition, a simplified model 
of dark-m atter production including a coloured scalar mediator is considered, for which 
mediator masses below 1.67 TeV are excluded at 95% CL for very light WIMPs (with 
coupling set to g =  1).

Similarly, the results are interpreted in terms of a search for squark-pair production 
in a compressed-mass supersymmetric scenario. In the case of stop- and sbottom-pair
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p ro d u c tio n  w ith  q? ^  c +  x ?  o r q? ^  b +  f f  +  x ?  a n d  b? ^  b +  x ? , respective ly , sq u a rk  
m asses below  a b o u t 430 GeV a re  ex c lu d ed  a t  95%  CL. In  th e  case o f sq u a rk -p a ir  p ro d u c tio n  
w ith  q ^  q +  x1 (q =  u , d, c, s ) , sq u a rk  m asses below  710 GeV a re  ex c luded .

F ina lly , th e  re su lts  a re  p re se n te d  in  te rm s  o f low er lim its  on  th e  fu n d a m e n ta l P la n c k  
scale  M d  in 4 +  n  d im en sio n s, versu s  th e  n u m b e r o f e x tra  sp a tia l  d im en sio n s  in  th e  A D D  
L E D  m odel. V alues o f M d  below  7.7 TeV a t  n  =  2 a n d  below  4.8 TeV a t  n  =  6  a re  ex c lu d ed  
a t  95% CL.
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5 L A P P , C N R S /IN 2 P 3  and U niversite Savoie M ont B lanc, A nnecy-le-V ieux, France
6 High E nergy P hysics D ivision, A rgonne N a tiona l Laboratory, A rgonne IL , United, S ta tes o f America,
7 D epartm ent o f Physics, U niversity o f A rizona, Tucson A Z , United S ta tes o f A m erica
8 D epartm ent o f Physics, The U niversity o f Texas at A rlington, A rling ton  T X , United S ta tes o f 

A m erica
9 P hysics D epartm ent, N ational and K apodistrian  U niversity o f A thens, A thens, Greece

10 P hysics D epartm ent, N ational Technical U niversity o f A thens, Zografou, Greece
11 D epartm ent o f Physics, The U niversity o f Texas at A ustin , A u s tin  T X , United S ta tes o f America,
12 In s titu te  o f Physics, A zerbaijan A cadem y o f Sciences, Baku, A zerbaijan
1 3 In s titu t de F isica d ’A ltes E nergies (IF A E ), The Barcelona In s titu te  o f Science and Technology, 

Barcelona, Spain
14 In s titu te  o f Physics, U niversity o f Belgrade, Belgrade, Serbia
15 D epartm ent fo r  P hysics and Technology, U niversity o f Bergen, Bergen, N orw ay
16 P hysics D ivision, Lawrence B erkeley N ational Laboratory and U niversity o f California, Berkeley  

CA, United S ta tes o f A m erica
1 7 D epartm ent o f Physics, H um boldt U niversity, B erlin , G erm any
18 A lbert E in s te in  C enter fo r  F undam enta l P hysics and Laboratory fo r  H igh E nergy Physics,

U niversity o f B ern, B ern, Sw itzerland
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19 School o f P hysics and A stronom y, U niversity o f B irm ingham , B irm ingham , United K ingdom
20 (a) D epartm en t o f Physics, Bogazici U niversity, Istanbul; (b) D epartm ent o f P hysics Engineering, 

G aziantep U niversity, G aziantep; (d) Istanbul B ilgi U niversity, Faculty o f Engineering  and N atural 
Sciences, Istanbul; (e) Bahcesehir U niversity, Faculty o f Engineering and N atural Sciences,
Istanbul, T urkey

21 C entro  de Investigaciones, U niversidad A n to n io  N arino, Bogota, C olom bia
22 (a) IN F N  Sezione di Bologna; (b) D ipartim ento  di F isica e A stronom ia , U niversita  di Bologna, 

Bologna, Ita ly
23 Physikalisches In s titu t, U niversity o f Bonn, Bonn, G erm any
24 D epartm ent o f Physics, B oston  U niversity, B oston  M A , United, S ta tes o f America,
25 D epartm ent o f Physics, B randeis U niversity, W altham  M A , United S ta tes  o f A m erica
26 (a) U niversidade Federal do R io  De Janeiro C O P P E /E E /IF , R io  de Janeiro; (b) Electrical Circuits 

D epartm ent, Federal U niversity o f Ju iz  de Fora (U F JF), Ju iz  de Fora; (c) Federal U niversity o f Sao  
Joao del R ei (U F SJ), Sao Joao del Rei; (d) In s titu to  de Fisica, Universidade de Sao  Paulo, Sao  
Paulo, Brazil

27 P hysics D epartm ent, Brookhaven N ational Laboratory, U pton N Y , United S ta tes o f A m erica
28 (a) Transilvania U niversity o f Brasov, Brasov; (b) H oria  H ulubei N ational In s titu te  o f P hysics and  

N uclear E ngineering, Bucharest; (c) D epartm ent o f Physics, A lexandru  Ioan Cuza U niversity o f  
Iasi, Iasi; (d) N ationa l In s titu te  fo r  Research and D evelopm ent o f Iso top ic  and M olecular 
Technologies, P hysics D epartm ent, C luj Napoca; (e) U niversity P olitehnica Bucharest, Bucharest;
(f ) W est U niversity in  Tim isoara, Tim isoara, R om ania

29 D epartam ento  de Fisica, U niversidad de B uenos A ires, B uenos A ires, A rgentina
30 C avendish Laboratory, U niversity o f Cambridge, Cambridge, United K ingdom
31 D epartm ent o f Physics, C arleton U niversity, O ttawa ON, Canada
32 C ER N , Geneva, Sw itzerland
3 3  E nrico  F erm i In s titu te , U niversity o f Chicago, Chicago IL , United S ta tes  o f America,
34 (a) D epartam ento  de Fisica, P on tific ia  U niversidad Catolica de Chile, Santiago; (b) D epartam ento  

de Fisica, Universidad Tecnica Federico S a n ta  M aria, Valparaiso, Chile
35 (a) In s titu te  o f H igh E nergy Physics, C hinese A cadem y o f Sciences, B eijing; (b) D epartm ent o f 

Physics, N an jing  U niversity, Jiangsu; (c) P hysics D epartm ent, Tsinghua U niversity, B eijing  
100084; (d) U niversity o f Chinese A cadem y o f Science (U C A S), Beijing, C hina

36 (a) D epartm en t o f M odern P hysics and S ta te  K ey  Laboratory o f P article D etection  and Electronics, 
U niversity o f Science and Technology o f China, A nhui; (b) School o f Physics, Shandong U niversity, 
Shandong; (c) D epartm ent o f P hysics and A stronom y, K ey  Laboratory fo r  P article Physics, 
A strophysics and, Cosmology, M in is try  o f Education; Shanghai K ey  Laboratory fo r  P article P hysics  
and, Cosmology, Shanghai Jiao Tong U niversity, Tsung-D ao Lee In s titu te , China

3 7  U niversite C lerm ont A uvergne, C N R S /IN 2 P 3 , L P C , C lerm ont-Ferrand, France
38 N evis Laboratory, Colum bia U niversity, Irv ing ton  N Y , United, S ta tes o f America,
39 N iels B ohr In s titu te , U niversity o f Copenhagen, K obenhavn, D enm ark
40 (a) IN F N  Gruppo Collegato di Cosenza, Laboratori N azionali di Frascati; (b) D ipartim ento  di 

Fisica, U niversita della Calabria, Rende, Ita ly
41 (a) A  G H  U niversity o f Science and Technology, Faculty o f P hysics and A pplied C om puter Science, 

Krakow; (b) M arian  Sm oluchow ski In s titu te  o f Physics, Jagiellonian U niversity, Krakow, Poland
42 In s titu te  o f N uclear P hysics Polish A cadem y o f Sciences, Krakow, Poland
43  P hysics D epartm ent, Sou thern  M ethodist U niversity, Dallas T X , United, S ta tes o f America,
44 P hysics D epartm ent, U niversity o f Texas at Dallas, R ichardson T X , United, S ta tes o f America,
45 D E S Y , H amburg and Zeuthen, G erm any
46 Lehrstuhl fu r  Ex,peri,m,en,telle P hysik  IV , Technische U niversitat D ortm und, D ortm und, G erm any
4 7  In s titu t fu r  K ern - und  Teilchenphysik, Technische U niversitat D resden, Dresden, G erm any
48 D epartm ent o f Physics, D uke U niversity, D urham  N C , United S ta tes  o f America,
49 SU PA  - School o f P hysics and A stronom y, U niversity o f Edinburgh, Edinburgh, United K ingdom
50 IN F N  e Laboratori N azionali di Frascati, Frascati, Ita ly
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51 Fakultat fu r  M athem atik  und  Physik, A lbert-Ludw igs-U niversitat, Freiburg, G erm any
52 D epartem ent de Physique Nucleaire et Corpusculaire, U niversite de Geneve, Geneva, Switzerland,
5 3 (a) IN F N  Sezione di Genova; D ipartim ento  di Fisica, U niversita di Genova, Genova, Ita ly
54 E. A ndronikashvili In s titu te  o f Physics, Iv. Javakhishvili Tbilisi S ta te  U niversity, Tbilisi;

H igh E nergy P hysics In s titu te , Tbilisi S ta te  U niversity, Tbilisi, Georgia
55 I I  Physikalisches In s titu t, Justus-L ieb ig-U niversita t Giessen, Giessen, G erm any
56 SU PA  - School o f P hysics and A stronom y, U niversity o f Glasgow, Glasgow, United Kingdom,
5 7  I I  Physikalisches In s titu t, G eorg-August-U niversitat, G ottingen, G erm any
58 Laboratoire de Physique Subatom ique et de Cosmologie, U niversite Grenoble-Alpes, C N R S /IN 2 P 3 , 

Grenoble, France
59 Laboratory fo r  P article P hysics and Cosmology, H arvard U niversity, Cambridge M A , United, S ta tes  

o f A m erica
60 K irchho ff-In stitu t fa r  Physik, R uprech t-K arls-U niversita t Heidelberg, Heidelberg;

P hysikalisches In s titu t, R uprech t-K arls-U niversita t Heidelberg, Heidelberg, G erm any
61 Faculty o f Applied In fo rm a tio n  Science, H iroshim a In s titu te  o f Technology, H iroshim a, Japan
62 D epartm en t o f Physics, The Chinese U niversity o f H ong K ong, Shatin , N .T ., H ong Kong;

D epartm ent o f Physics, The U niversity o f H ong K ong, Hong K ong; D epartm ent o f P hysics and 
In s titu te  fo r  Advanced S tudy, The H ong K ong U niversity o f Science and Technology, Clear W ater  
Bay, K owloon, H ong K ong, China

63 D epartm ent o f Physics, N ational Tsing H ua U niversity, Taiwan,, Taiwan
64 D epartm ent o f Physics, Ind iana  U niversity, B loom ington  IN , United S ta tes  o f America,
65 In s titu t fu r  A stro - und  Teilchenphysik, Leopold-Franzens-U niversitat, Innsbruck, A ustr ia
66 U niversity o f Iowa, Iow a C ity IA , United S ta tes o f A m erica
67 D epartm ent o f P hysics and A stronom y, Iow a S ta te  U niversity, A m es IA , United S ta tes  o f America,
68 Jo in t In s titu te  fo r  N uclear Research, J IN R  Dubna, Dubna, R ussia
69 K E K , High, E nergy A ccelerator Research Organization, Tsukuba, Japan
70 G raduate School o f Science, Kobe U niversity, Kobe, Japan
71  Faculty o f Science, K yo to  U niversity, K yoto , Japan
72 K yo to  U niversity o f Education, K yoto , Japan
7 3  Research C enter fo r  Advanced P article P hysics and D epartm ent o f Physics, K yushu  U niversity, 

Fukuoka, Japan
74 In s titu to  de F isica La Plata, U niversidad N acional de La P la ta  and C O N IC E T , La Plata, A rgentina
75 P hysics D epartm ent, L ancaster U niversity, Lancaster, United K ingdom
76 (a) IN F N  Sezione di Lecce; D ipartim ento  di M atem atica  e Fisica, U niversita del Salento, Lecce, 

Ita ly
7 7  Oliver Lodge Laboratory, U niversity o f Liverpool, Liverpool, United, K ingdom
78 D epartm ent o f E xperim enta l P article Physics, Jo ze f S te fa n  In s titu te  and D epartm ent o f Physics, 

U niversity o f Ljubljana, Ljubljana, S lovenia
79 School o f P hysics and A stronom y, Queen M ary U niversity o f London, London, United Kingdom,
80 D epartm ent o f Physics, Royal H olloway U niversity o f London, Surrey, United, K ingdom
81 D epartm ent o f P hysics and A stronom y, U niversity College London, London, United K ingdom
82 Louisiana Tech U niversity, R u sto n  L A , United S ta tes  o f A m erica
8 3 Laboratoire de Physique N ucleaire et de H autes Energies, U PM C  and U niversite P aris-D iderot and  

C N R S /IN 2 P 3 , Paris, France
84 F ysiska  institu tionen , L unds un iversitet, Lund, Sw eden
85 D epartam ento  de F isica Teorica C-15, U niversidad A u to n o m a  de M adrid, M adrid, Spain
86 In s titu t fa r  Physik, U niversitat M ainz, M ainz, G erm any
8 7  School o f P hysics and A stronom y, U niversity o f M anchester, M anchester, United K ingdom
88 CPPM , A ix-M arseille  U niversite and C N R S /IN 2 P 3 , M arseille, France
89 D epartm ent o f Physics, U niversity o f M assachusetts, A m h ers t M A , United S ta tes o f A m erica
90 D epartm ent o f Physics, M cG ill U niversity, M ontreal QC, Canada
91 School o f Physics, U niversity o f Melbourne, Victoria, A ustralia
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92 D epartm ent o f Physics, The U niversity o f M ichigan, A n n  Arbor M I, United S ta tes  o f A m erica
93 D epartm ent o f P hysics and A stronom y, M ichigan S ta te  U niversity, E ast Lansing M I, United S ta tes  

o f A m erica
94 (a) IN F N  Sezione di M ilano; (b) D ipartim ento  di Fisica, U niversita di M ilano, M ilano, Ita ly
95 B .I. S tepanov In s titu te  o f Physics, N ational A cadem y o f Sciences o f Belarus, M insk, Republic o f 

B elarus
96 Research In s titu te  fo r  N uclear Problem s o f B yelorussian  S ta te  U niversity, M insk, Republic o f 

B elarus
97 Group o f P article Physics, U niversity o f M ontreal, M ontreal QC, Canada
98 P .N . Lebedev Physical In s titu te  o f the Russian, A cadem y o f Sciences, Moscow, Russia,
99 In s titu te  fo r  Theoretical and E xperim enta l P hysics (IT E P ), Moscow, R ussia

100 N ational Research N uclear U niversity M E P hI, Moscow, R ussia
101 D .V . Skobeltsyn In s titu te  o f N uclear Physics, M .V . Lom onosov M oscow S ta te  U niversity, Moscow, 

R ussia
102 Fakultat fu r  Physik, Ludw ig-M axim ilians-U niversita t M unchen, M unchen, G erm any
103 M ax-P lanck-Institu t fu r  P hysik  (W erner-H eisenberg-Institu t), M unchen, G erm any
104 N agasaki In s titu te  o f A pplied Science, Nagasaki, Japan
105 G raduate School o f Science and K obayashi-M askaw a In s titu te , N agoya U niversity, Nagoya, Japan
106 (a) IN F N  Sezione di Napoli; (b) D ipartim ento  di Fisica, U niversita di Napoli, Napoli, Ita ly
107 D epartm ent o f P hysics and A stronom y, U niversity o f N ew  Mexico, Albuquerque N M , United, S ta tes

o f A m erica
108 In s titu te  fo r  M athem atics, A strophysics and P article Physics, Radboud U niversity 

N ijm egen /N ikhef, N ijm egen, N etherlands
109 N ikh e f N a tiona l In s titu te  fo r  Subatom ic P hysics and U niversity o f A m sterdam , A m sterdam , 

N etherlands
110 D epartm ent o f Physics, Northern, Illino is U niversity, D eKalb IL , United, S ta tes o f America,
111 B udker In s titu te  o f N uclear Physics, S B  R A S , Novosibirsk, R ussia
112 D epartm ent o f Physics, N ew  York U niversity, N ew  York N Y , United S ta tes o f A m erica
113 Ohio S ta te  U niversity, Columbus OH, United S ta tes  o f A m erica
114 Faculty o f Science, O kayam a U niversity, O kayama, Japan
115 H om er L. Dodge D epartm en t o f P hysics and A stronom y, U niversity o f Oklahoma, N orm an  OK, 

United S ta tes  o f A m erica
116 D epartm ent o f Physics, Oklahom a S ta te  U niversity, S tillw a ter OK, United S ta tes o f A m erica
117 Palacky U niversity, R C P T M , Olomouc, Czech Republic
118 C enter fo r  H igh E nergy Physics, U niversity o f Oregon, E ugene OR, United S ta tes o f A m erica
119 L A L , Univ. Paris-Sud, C N R S /IN 2 P 3 , U niversite Paris-Saclay, Orsay, France
120 G raduate School o f Science, Osaka U niversity, Osaka, Japan
121 D epartm ent o f Physics, U niversity o f Oslo, Oslo, N orw ay
122 D epartm ent o f Physics, Oxford U niversity, Oxford, United K ingdom
123 (a) IN F N  Sezione di Pavia; (b) D ipartim ento  di Fisica, U niversita di Pavia, Pavia, Ita ly
124 D epartm ent o f Physics, U niversity o f P ennsylvania, Philadelphia PA, United S ta tes  o f A m erica
125 N ational Research Centre “K urchatov In s titu te ” B .P .K o n sta n tin o v  Petersburg N uclear P hysics 

In s titu te , S t. Petersburg, R ussia
126 (a) IN F N  Sezione di Pisa; (b) D ipartim ento  di F isica E. Ferm i, U niversita  di Pisa, Pisa, Ita ly
127 D epartm ent o f P hysics and A stronom y, U niversity o f Pittsburgh, P ittsburgh PA, United S ta tes o f 

A m erica
128 (a) Laboratório de Ins trum en taęao  e Fesica E xperim enta l de Parteculas - L IP , Lisboa; (b) Faculdade 

de C iencias, Universidade de Lisboa, Lisboa; (c) D epartm ent o f Physics, U niversity o f Coimbra, 
Coimbra; (d) Centro de F isica N uclear da Universidade de Lisboa, Lisboa; (e) D epartam ento  de
Fisica, Universidade do M inho, Braga; (f) D epartam ento  de F isica Teorica y del Cosmos,
U niversidad de Granada, Granada; (g) Dep F isica and C E F IT E C  o f Faculdade de C iencias e 
Tecnologia, Universidade N ova  de Lisboa, Caparica, Portugal
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129 In s titu te  o f Physics, A cadem y o f Sciences o f the Czech Republic, Praha, Czech Republic
130 Czech Technical U niversity in  Prague, Praha, Czech Republic
131 Charles U niversity, Faculty o f M athem atics and Physics, Prague, Czech Republic
132 S ta te  Research C enter In s titu te  fo r  H igh E nergy  P hysics (P ro tv ino ), N R C  K I, R ussia
133 P article P hysics D epartm ent, R utherford  A pp le ton  Laboratory, Didcot, United K ingdom
134 (a) IN F N  Sezione di Rom a; (b) D ipartim ento  di Fisica, Sap ienza  U niversita  di Rom a, Rom a, Ita ly
135 (a) IN F N  Sezione di R om a Tor Vergata; (b) D ipartim ento  di Fisica, U niversita  di R om a Tor

Vergata, Rom a, Ita ly
136 (a) IN F N  Sezione di R om a Tre; (b) D ipartim ento  di M atem atica  e Fisica, U niversita R om a Tre, 

Rom a, Ita ly
137 (a) Faculte des Sciences A in  Chock, R eseau U niversitaire de Physique des H autes E nergies - 

U niversite H assan II, Casablanca; (b) Centre N ational de l ’Energie des Sciences Techniques 
Nucleaires, Rabat; (c) Faculte des Sciences Sem lalia, U niversite Cadi A yyad, LP H E A -M arrakech; 
(d) Faculte des Sciences, U niversite M oham ed P rem ier and L P T P M , Oujda; (e) Faculte des 
sciences, Universitee M oham m ed V, Rabat, Morocco

138 D S M /IR F U  (In s titu t de Recherches su r les Lois F ondam entales de l ’U nivers), CEA Saclay  
(C om m issaria t a l ’Energie A tom ique et aux Energies A lterna tives), G if-sur-Y vette , France

139 S an ta  Cruz In s titu te  fo r  P article Physics, U niversity o f California, S an ta  Cruz, S an ta  C ruz CA, 
United S ta tes  o f A m erica

140 D epartm ent o f Physics, U niversity o f W ashington, Seattle WA, United S ta tes o f A m erica
141 D epartm ent o f P hysics and A stronom y, U niversity o f Sheffield, Sheffield, United Kingdom,
142 D epartm ent o f Physics, Sh inshu  U niversity, Nagano, Japan
143 D epartm ent Physik, U niversitat Siegen, Siegen, G erm any
144 D epartm ent o f Physics, S im o n  Fraser U niversity, B urnaby B C , Canada,
145 S L A C  N ational A ccelerator Laboratory, S tan ford  CA, United S ta tes o f America,
146 (a) Faculty o f M athem atics, P hysics & In form atics, C om enius U niversity, Bratislava; (b) 

D epartm ent o f Subnuclear Physics, In s titu te  o f E xperim enta l P hysics o f the Slovak A cadem y o f 
Sciences, K osice, Slovak Republic

147 (a) D epartm en t o f Physics, U niversity o f Cape Town, Cape Town; (b) D epartm ent o f Physics, 
U niversity o f Johannesburg, Johannesburg; (c) School o f Physics, U niversity o f the W itwatersrand, 
Johannesburg, Sou th  A frica

148 (a) D epartm en t o f Physics, S tockholm  U niversity; (b) The O skar K le in  Centre, Stockholm , Sw eden
149 P hysics D epartm ent, Royal In s titu te  o f Technology, Stockholm , Sw eden
150 D epartm ents o f P hysics & A stro n o m y  and C hem istry, S to n y  Brook U niversity, S to n y  Brook N Y ,  

United S ta tes  o f A m erica
151 D epartm ent o f P hysics and A stronom y, U niversity o f Sussex, Brighton, United K ingdom
152 School o f Physics, U niversity o f Sydney, Sydney, Australia,
153 In s titu te  o f Physics, A cadem ia Sinica, Taipei, Taiwan
154 D epartm ent o f Physics, Technion: Israel In s titu te  o f Technology, Haifa, Israel
155 R aym ond  and B everly  Sackler School o f P hysics and A stronom y, Tel A v iv  U niversity, Tel Aviv, 

Israel
156 D epartm ent o f Physics, A ris to tle  U niversity o f Thessaloniki, Thessaloniki, Greece
157 In terna tiona l C enter fo r  E lem en tary  P article P hysics and D epartm ent o f Physics, The U niversity  

o f Tokyo, Tokyo, Japan
158 G raduate School o f Science and Technology, Tokyo M etropolitan U niversity, Tokyo, Japan
159 D epartm ent o f Physics, Tokyo In s titu te  o f Technology, Tokyo, Japan
160 Tom sk S ta te  U niversity, Tomsk, R ussia
161 D epartm ent o f Physics, U niversity o f Toronto, Toronto ON, Canada
162 (a) IN F N -T IF P A ;  (b) U niversity o f Trento, Trento, Ita ly
1 63 (a) TR IU M F , Vancouver BC; (b) D epartm ent o f P hysics and A stronom y, York U niversity, Toronto  

ON, Canada
164 Faculty o f Pure and A pplied Sciences, and C enter fo r  Integrated Research in  F undam ental Science
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and Engineering, U niversity o f Tsukuba, Tsukuba, Japan
165 D epartm ent o f P hysics and A stronom y, Tufts U niversity, M edford M A , United S ta tes o f A m erica
166 D epartm ent o f P hysics and A stronom y, U niversity o f C alifornia Irvine, Irv ine  CA, United S ta tes o f

A m erica
167 (“) IN F N  Gruppo Collegato di Udine, Sezione di Trieste, Udine; (b) IC T P , Trieste; (c)

D ipartim ento  di Chimica, F isica e A m bien te , U niversita di Udine, Udine, Ita ly
168 D epartm ent o f P hysics and A stronom y, U niversity o f Uppsala, Uppsala, Sw eden
169 D epartm ent o f Physics, U niversity o f Illinois, Urbana IL , United S ta tes o f A m erica
170 In s titu to  de F isica Corpuscular (IF IC ), Centro M ixto  U niversidad de Valencia - CSIC, Spain
171 D epartm ent o f Physics, U niversity o f B ritish  Columbia,, Vancouver BC, Canada
172 D epartm ent o f P hysics and A stronom y, U niversity o f V ictoria, V ictoria  BC, Canada
173 D epartm ent o f Physics, U niversity o f W arwick, C oventry, United, K ingdom
174 W aseda U niversity, Tokyo, Japan
175 D epartm ent o f P article Physics, The W eizm ann  In s titu te  o f Science, Rehovot, Israel
176 D epartm ent o f Physics, U niversity o f W isconsin, M adison WI, United S ta tes o f A m erica
177 Fakultat fu r  P hysik  und A stronom ie, Julius-M axim ilians-U niversita t, Wurzburg, G erm any
178 Fakultat fu r  M athem atik  und  N aturw issenschaften , Fachgruppe Physik, Bergische U niversitat 

W uppertal, W uppertal, G erm any
179 D epartm ent o f Physics, Yale U niversity, N ew  H aven CT, United S ta tes  o f A m erica
180 Yerevan P hysics In s titu te , Yerevan, Arm enia,
181 Centre de Calcul de l ’In s titu t N ational de Physique N ucleaire et de Physique des P articules 

(IN 2P 3), Villeurbanne, France
182 A cadem ia S in ica  Grid Com puting, In s titu te  o f Physics, A cadem ia Sinica, Taipei, Taiwan

a A lso  at D epartm ent o f Physics, K in g ’s College London, London, United K ingdom  
b A lso  at In s titu te  o f Physics, A zerbaijan  A cadem y o f Sciences, Baku, A zerbaijan  
c A lso  at N ovosib irsk S ta te  U niversity, Novosibirsk, R ussia  
d A lso  at T R IU M F , Vancouver BC , Canada
e A lso at D epartm ent o f P hysics & A stronom y, U niversity o f Louisville, Louisville, K Y , United 

S ta tes o f A m erica
f  A lso  at P hysics D epartm ent, A n -N a jah  N ational U niversity, Nablus, P alestine  
g A lso  at D epartm ent o f Physics, C alifornia S ta te  U niversity, Fresno CA, United S ta tes  o f A m erica  
h A lso  at D epartm ent o f Physics, U niversity o f Fribourg, Fribourg, Sw itzerland  
1 A lso  at I I  Physikalisches In s titu t, G eorg-August-U niversitat, G ottingen, G erm any  
j A lso  at D epartam ent de F isica de la U niversitat A u to n o m a  de Barcelona, Barcelona, Spain  
k A lso  at D epartam ento  de F isica e A stronom ia , Faculdade de C iencias, U niversidade do Porto, 

Portugal
1 A lso  at Tom sk S ta te  U niversity, Tomsk, and M oscow In s titu te  o f P hysics and Technology S ta te  

U niversity, Dolgoprudny, R ussia  
m A lso  at The Collaborative In n ova tion  C enter o f Q uantum  M a tter  (C IC Q M ), Beijing, China  
n A lso  at U niversita di N apoli Parthenope, Napoli, Ita ly
0 A lso  at In s titu te  o f P article P hysics (IP P ), Canada
p A lso  at H oria  H ulubei N ational In s titu te  o f P hysics and N uclear E ngineering, Bucharest, R om ania  
q A lso  at D epartm ent o f Physics, St. Petersburg S ta te  Polytechnical U niversity, S t. Petersburg,

R ussia
r A lso  at Borough o f M anha ttan  C om m unity  College, C ity U niversity o f N ew  York, N ew  York City, 

United S ta tes  o f A m erica  
s A lso  at D epartm ent o f F inancial and M anagem ent Engineering, U niversity o f the Aegean, Chios, 

Greece
1 A lso  at Centre fo r  H igh P erform ance Com puting, C SIR  Campus, Rosebank, Cape Town, South  

A frica
u A lso  at Louisiana  Tech U niversity, R u sto n  L A , United S ta tes o f A m erica
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v A lso  at In s tituc io  Catalana de Recerca i E stud is A vancats, IC R E A , Barcelona, Spain  
w A lso  at D epartm ent o f Physics, The U niversity o f M ichigan, A n n  A rbor M I, United S ta tes o f 

A m erica
x A lso  at G raduate School o f Science, Osaka U niversity, Osaka, Japan
y A lso  at Fakultat fu r  M athem atik  und Physik, A lbert-Ludw igs-U niversita t, Freiburg, G erm any  
z A lso  at In s titu te  fo r  M athem atics, A strophysics and P article Physics, Radboud U niversity  

N ijm egen /N ikhef, N ijm egen, N etherlands 
aa A lso  at D epartm ent o f Physics, The U niversity o f Texas at A ustin , A u s tin  T X , United S ta tes o f 

A m erica
ab A lso  at In s titu te  o f Theoretical Physics, Ilia  S ta te  U niversity, Tbilisi, Georgia 
ac A lso  at C ER N , Geneva, Sw itzerland
ad A lso  at Georgian Technical U niversity (G T U ),T b ilisi, Georgia 
ae A lso at O chadai A cadem ic Production, O chanom izu U niversity, Tokyo, Japan  
a f A lso  at M anha ttan  College, N ew  York N Y , United S ta tes o f A m erica  
ag A lso  at The C ity College o f N ew  York, N ew  York N Y , United S ta tes o f A m erica  
ah A lso  at D epartam ento  de F isica Teorica y  del Cosmos, U niversidad de Granada, Granada, P ortugal 
ai A lso  at D epartm ent o f Physics, C alifornia S ta te  U niversity, Sacram ento  CA, United S ta tes o f 

A m erica
aj A lso  at M oscow In s titu te  o f P hysics and Technology S ta te  U niversity, Dolgoprudny, R ussia  
ak A lso  at D epartem ent de Physique Nucleaire et Corpusculaire, U niversite de Geneve, Geneva, 

Sw itzerland
al A lso  at In s titu t de F isica d ’A ltes Energies (IFA E ), The Barcelona In s titu te  o f Science and  

Technology, Barcelona, Spain  
am A lso  at School o f Physics, S u n  Yat-sen  U niversity, Guangzhou, China
an A lso  at In s titu te  fo r  N uclear Research and N uclear E nergy (IN R N E ) o f the B ulgarian A cadem y o f 

Sciences, Sofia, Bulgaria  
ao A lso  at Faculty o f Physics, M .V .L om onosov M oscow S ta te  U niversity, Moscow, R ussia  
ap A lso  at N ational Research N uclear U niversity M E P hI, Moscow, R ussia  
aq A lso  at D epartm ent o f Physics, S tan ford  U niversity, S tan ford  CA, United S ta tes o f A m erica  
ar A lso  at In s titu te  fo r  P article and, N uclear Physics, W igner Research Centre fo r  Physics, Budapest, 

H ungary
as A lso  at G iresun U niversity, Faculty o f Engineering, Turkey 
at A lso  at C PPM , A ix-M arseille  U niversite and C N R S /IN 2 P 3 , M arseille, France 
au A lso  at D epartm ent o f Physics, N an jing  U niversity, Jiangsu, China  
av A lso  at In s titu te  o f Physics, A cadem ia Sinica, Taipei, Taiwan  
aw A lso  at U niversity o f Malaya, D epartm ent o f Physics, K uala  Lum pur, M alaysia  
ax A lso  at L A L , Univ. Paris-Sud, C N R S /IN 2 P 3 , U niversite Paris-Saclay, Orsay, France 

* Deceased
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