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Wither	
  New	
  Physics?	
  
•  Standard	
  Model	
  takes	
  a	
  victory	
  lap	
  in	
  
2012.	
  
–  BEH	
  Boson	
  shows	
  up	
  where	
  predicted	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
by	
  EWK	
  asymmetries,	
  top	
  quark	
  mass.	
  

	
  

•  But	
  new	
  physics?	
  	
  
New	
  physics	
  may	
  well	
  be	
  hiding	
  in	
  	
  
some	
  yet-­‐to-­‐be	
  studied	
  signatures.	
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New	
  ways	
  to	
  think	
  about	
  new	
  physics	
  needed	
  
	
  



Large	
  Extra	
  Dimensions	
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Large	
  Extra	
  Dimensions	
  

•  Arkani-­‐Hamed,	
  Dimipolous,	
  Dvali	
  (1998):	
  SM	
  
confined	
  to	
  4-­‐D	
  space-­‐Ame,	
  gravity	
  free	
  to	
  
propagate	
  to	
  4+	
  Ned	
  dimensions	
  
–  	
  Solves	
  problem	
  of	
  gravity	
  being	
  weak	
  
– Solves	
  hierarchy	
  problem	
  	
  

•  One	
  manifestaAon:	
  	
  Infinite	
  tower	
  of	
  Kaluza-­‐
Klein	
  towers.	
  	
  	
  
– Leading	
  order	
  controlled	
  by	
  single	
  parameter:	
  ΛT	
  

•  Giudice,	
  RaHazzi,	
  Wells	
  (GRW)	
  convenAon	
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Large	
  Extra	
  Dimension	
  in	
  Dileptons	
  

•  LED	
  shows	
  up	
  in	
  the	
  dilepton	
  mass	
  spectrum.	
  
– Search	
  similar	
  to	
  that	
  for	
  Zprimes.	
  

•  CMS	
  searches	
  in	
  dimuon	
  and	
  dielectron.	
  
– Muons,	
  pt	
  >	
  45	
  GeV	
  
– Electrons,	
  ET	
  >	
  35	
  GeV	
  

•  Drell-­‐Yan	
  generated	
  with	
  POWHEG+PYTHIA.	
  
•  Zgamma*,	
  H,	
  Zàditau,	
  ZZ	
  etc.	
  esAmated	
  from	
  
e-­‐mu	
  data.	
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Large	
  Extra	
  Dimensions	
  (Dileptons)	
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Extra	
  Dimension	
  in	
  Leptons	
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EXTRA DIMENSIONS IN DILEPTONS
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MS+(ADD)!at!LO Lumi. δ=3 δ=3 δ=6 δ=6 ΛT!(GRW)
95%!CL!limits [C&1] Exp.!

[TeV]
Obs.!
[TeV]

Exp.!
[TeV]

Obs.!
[TeV]

[TeV]!
(GRW)CMS!dimuon 20.6 4.34 4.33 3.07 3.06 3.64

CMS!dielectron 19.6 4.62 4.64 3.27 3.28 3.90
Combined: 20.6+19.6 4.76 4.77 3.37 3.37 4.01

Combined%limits%in%HLZ%
convenAon%at%NLO%(K=1.3)

Combined	
  limits	
  in	
  	
  Han,	
  Lykken,	
  Zhang	
  
(HLZ)	
  convenAon.	
  
	
  
Limits	
  in	
  the	
  3-­‐4	
  TeV	
  range	
  even	
  for	
  high	
  
Ned.	
  

CMS-­‐EXO-­‐12-­‐027,	
  031	
  



Large	
  Extra	
  Dimensions	
  (Monojet)	
  

•  ProducAon	
  of	
  gravitons	
  enhanced	
  by	
  extra	
  phase-­‐
space	
  available	
  to	
  in	
  the	
  ED.	
  
– Once	
  produced,	
  gravitons	
  escape	
  to	
  ED	
  è	
  	
  MET	
  
signatures.	
  

	
  
•  Monojets	
  in	
  detector:	
  
–  Leading	
  Jet	
  >	
  110	
  GeV,	
  |η|<2.4	
  
– Allow	
  2nd	
  jet	
  (not	
  back-­‐to-­‐back),	
  Δφ	
  <	
  2.5	
  
– No	
  isolated	
  leptons	
  
– Measure	
  Z	
  à	
  µµ	
  +	
  jets,	
  	
  	
  predict	
  Zàνν	
  +jets	
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Large	
  Extra	
  Dimensons	
  (monojet)	
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  Dimension	
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LARGE EXTRA DIMENSIONS FROM MONOJETS

Large!Extra!Dimensions:!Arkani"
Hamed,!Dimopoulos,!Dvali!(ADD)
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Monojet	
  Candidate	
  Event	
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ADD AND DARK MATTER FROM MONOJETS

• Pair"produced!Dark!Mader!or!Extra!Dimensions
– Search!for!missing!energy!and!radiated!jet
– Similar!searches!in!monophoton!and!other!channels

• Monojet!SelecHon:
– Leading!jet!pT!>!110!GeV,!|η|!<!2.4
– allow!a!second!jet!if!not!back"to"back;!Δϕ(j1,j2)<2.5
– veto!isolated!leptons

• Backgrounds!from!Data"Driven!and!MC!
– Measure!Z(μμ)!+!jets!"">!predict!Z(νν)!+!jets
– Measure!W(μμ)!+!jets!"">!predict!W(lν)!+!jets
– smaller!backgrounds!from!top,!QCD,!non"collision

• Missing!Energy!(ETmiss)!to!disHnguish!signal

8

4

q
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

[CMS EXO-12-048]

Monojets	
  as	
  Dark	
  MaHer	
  Signature	
  

•  We	
  know	
  Dark	
  MaHer	
  
exists	
  

•  WIMP	
  miracle:	
  
– TeV	
  scale	
  DM	
  parAcle	
  with	
  
weak	
  coupling	
  produced	
  at	
  
just	
  the	
  right	
  density.	
  

– LHC	
  can	
  produce	
  DM.	
  
– Search	
  with	
  ISR	
  jet/photon	
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11 May 07 Feng    3

THE “WIMP MIRACLE”

(1) Assume a new (heavy) 
particle F�is initially in 
thermal equilibrium: 

FF ļC f f

(2) Universe cools:

FF C f f

(3) Fs “freeze out”:

FF f f

(1)

(2)

(3)ĺĸ/

ĺĸ//

Kolb, Turner



Dark	
  MaHer	
  with	
  monojets	
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Dark	
  MaHer	
  with	
  monojets	
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CMS-­‐EXO-­‐12-­‐048	
  

Be	
  Careful	
  about	
  systema0cs:	
  
AcousAc	
  Expts:	
  	
  Sys	
  uncs	
  include	
  DM	
  relic	
  density,	
  relaAve	
  velocity	
  
LHC	
  Expts:	
  Sys	
  uncs	
  include	
  beam	
  energy,	
  QCD	
  coupling	
  constants	
  	
  



Other	
  invisibles	
  with	
  monojets	
  
(unparAcles)	
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Black	
  Holes	
  
"END	
  OF	
  THE	
  WORLD"	
  LHC	
  LAWSUIT	
  TOSSED	
  OUT	
  
Andy	
  Chalk	
  |	
  31	
  August	
  2010	
  12:31	
  pm	
  
	
  

A	
  lawsuit	
  against	
  the	
  Large	
  Hadron	
  Collider	
  has	
  
been	
  dismissed	
  because,	
  according	
  to	
  the	
  judge,	
  it	
  
won't	
  be	
  the	
  Americans'	
  fault	
  if	
  the	
  French	
  and	
  the	
  
Swiss	
  suck	
  the	
  world	
  into	
  a	
  black	
  hole.	
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Black	
  Holes	
  

•  Microscopic	
  black	
  holes	
  	
  
•  If	
  created	
  would	
  decay	
  to	
  
mulAple	
  objects.	
  
–  Jets,	
  leptons,	
  photons…	
  

•  	
  Look	
  at	
  ST	
  (pT	
  sum	
  of	
  
objects	
  with	
  pT	
  >	
  50	
  GeV)	
  

•  Extrapolate	
  from	
  low	
  
object	
  mulAplicity.	
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Microscopic	
  Black	
  Holes	
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ST	
  for	
  Control	
  regions,	
  N=2,3	
  



Microscopic	
  Black	
  Holes	
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ST	
  for	
  object	
  mulAplicity	
  of	
  6,7,8	
  or	
  more.	
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Black	
  Holes	
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10	
  jet	
  candidate	
  event,	
  ST=2.7	
  

13	
  jet	
  candidate	
  event,	
  ST=4.5	
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Black	
  Holes	
  

May	
  25,	
  2013	
   Amitabh	
  Lath	
   22	
  

CMS-­‐EXO-­‐12-­‐009	
  

 (TeV)DM
1.5 2 2.5 3 3.5 4 4.5 5

 (T
eV

)
 m

in
BH

Ex
cl

ud
ed

 M

4

4.5

5

5.5

6

BlackMax
Nonrotating
Rotating
Rotating (mass and angular momentum loss)

-1 = 8 TeV         L = 12.1 fbsCMS 

n = 2

n = 4

n = 6

 (TeV)DM
1.5 2 2.5 3 3.5 4 4.5

 (T
eV

)
 m

in
BH

Ex
cl

ud
ed

 M

4.4

4.6

4.8

5

5.2

5.4

5.6

5.8

6

6.2

Charybdis
Rotating
Nonrotating
Rotating (Yoshino-Rychkov loss)
Rotating, low multiplicity regime
Boiling remnant (Yoshino-Rychkov loss)
Stable remnant (Yoshino-Rychkov loss)

-1 = 8 TeV         L = 12.1 fbsCMS 

n = 4

Model	
  dependent	
  limits	
  on	
  BH	
  producAon	
  



ST	
  vs	
  Object	
  MulAplicity	
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Limits	
  on	
  excess	
  ST	
  (ie	
  new	
  physics)	
  for	
  various	
  object	
  mulApliciAes.	
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Jet	
  ExAncAon	
  
•  If	
  black	
  holes	
  (or	
  generally,	
  some	
  non-­‐linear	
  
quantum	
  gravity	
  phenomenon)	
  exists,	
  it	
  may	
  not	
  
decay	
  to	
  isolated	
  energy	
  “objects”.	
  
– We	
  may	
  not	
  even	
  trigger	
  on	
  such	
  events	
  

•  However,	
  once	
  the	
  threshold	
  is	
  crossed,	
  SM	
  
processes	
  are	
  highly	
  suppressed.	
  	
  	
  
–  Including	
  jet	
  producAon	
  
–  	
   arXiv:1207.3525	
  [hep-­‐ph]	
  (Kilic,	
  Thomas)	
  
–  Look	
  for	
  exAncAon	
  of	
  inclusive	
  jet	
  producAon.	
  

•  Why	
  inclusive	
  jets?	
  	
  Because	
  it’s	
  the	
  biggest	
  xscn	
  there	
  is.	
  
– Use	
  jets	
  with	
  pT	
  >	
  592	
  and	
  |η|<1.5	
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Analysis	
  driven	
  by	
  PDF	
  and	
  Jet	
  scale	
  systemaAcs	
  

PDF	
  SYSTEMATICS	
  

JET	
  ENERGY	
  SYSTEMATICS	
  



Jet	
  ExAncAon	
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Model	
  Independent	
  search	
  for	
  anything	
  that	
  suppresses	
  SM	
  
Limit	
  Ms	
  >	
  3.3	
  TeV.	
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Summary	
  

•  New	
  physics	
  will	
  need	
  to	
  be	
  rooted	
  out.	
  
–  It	
  does	
  not	
  appear	
  to	
  be	
  “easy”	
  at	
  8	
  TeV.	
  
	
  

•  New	
  models	
  of	
  physics	
  are	
  needed!	
  
– Have	
  presented	
  a	
  few,	
  many	
  analyses	
  sAll	
  going	
  
–  Shown	
  very	
  good	
  understanding	
  of	
  MET/	
  jet	
  spectra,	
  
leptons,	
  etc.	
  	
  

•  CollaboraAon	
  between	
  theorists	
  and	
  
experimentalists	
  very	
  important	
  
–  Especially	
  now.	
  	
  2015	
  is	
  just	
  around	
  the	
  corner.	
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