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Invisibles13	
  Workshop	
  
Durham,	
  UK	
  

	
  
July	
  15,	
  2013	
  

	
  
Joe	
  Incandela	
  

Santa	
  Barbara/CERN	
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§  Between	
  now	
  and	
  first	
  physics	
  results	
  ca.	
  2015	
  
1.  Harvesting	
  full	
  2011-­‐12	
  dataset	
  for	
  physics	
  	
  
2.  Lessons	
  learned	
  and	
  Run	
  2	
  preparations	
  
3.  LS1	
  consolidation,	
  early	
  upgrades	
  
4.  Phase	
  1	
  	
  Upgrades	
  2016-­‐19	
  
5.  Phase	
  2	
  Upgrades	
  2022?	
  

Major	
  challenges	
  on	
  5	
  different	
  fronts	
  	
  

2 
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A	
  bit	
  of	
  history…	
  

E.Rutherford	
  ~110	
  years	
  ago	
  

Well,	
  maybe	
  not	
  quite	
  this	
  far	
  back…	
  
3 
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2011	
  
§  Small	
  excesses	
  at	
  125	
  GeV	
  	
  
§  Could	
  not	
  celebrate	
  yet…	
  
§  Not	
  unprecedented	
  to	
  have	
  
coincidences	
  at	
  low	
  significance	
  

§  γγ	
  channel	
  the	
  main	
  contributor	
  
§  Critically	
  important	
  steps	
  taken	
  
for	
  the	
  2012	
  hunt	
  
§  Luminosity	
  increased	
  and	
  collision	
  
energy	
  increased	
  (3.5	
  TeV	
  to	
  4	
  TeV)	
  
   Sensitivity	
  to	
  110	
  GeV	
  	
  

§  Extended	
  run	
  by	
  ~2.5	
  months	
  
   To	
  characterize	
  it	
  if	
  we	
  found	
  it…	
  

§  ‘Blinding’	
  of	
  2012	
  data	
  
4 

Based on slide ca. 
May 2012 
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1.  Mtopvs.	
  MW	
  
§  Tevatron	
  MW	
  Tour	
  de	
  Force!!	
  
   mW	
  =	
  80385	
  ±	
  15	
  MeV	
  	
  

(	
  World	
  Ave	
  –	
  Mar	
  2012)	
  
	
  

2.  Colliders	
  leave	
  little	
  space	
  
	
  

March	
  2012	
  

Combined	
  precision	
  	
  
Electroweak	
  data	
   This	
  is	
  the	
  main	
  story	
  of	
  2011	
  

We	
  eliminated	
  	
  >450	
  GeV	
  of	
  
Higgs	
  mass	
  range.	
  	
  

5 Slide from spring 2012 
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40	
  reconstructed	
  vertices	
  
High	
  PU	
  run	
  October	
  25,	
  2011	
  

By	
  November	
  we	
  knew	
  that	
  our	
  software	
  would	
  not	
  be	
  
able	
  to	
  cope	
  with	
  the	
  luminosities	
  planned	
  for	
  2012!	
  

6	
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Reconstruction	
  Speed/Memory	
  Improvements	
  

High	
  PU	
  Run	
  
Oct.	
  2011	
  

§  Technical	
  Improvements	
  
§  Compiler,	
  ROOT,	
  JEMalloc	
  
§  Vectorization,	
  Devirtualization	
  

§  Algorithmic	
  (mainly	
  tracking)	
  
§  Seed	
  filtering	
  (extended	
  to	
  

pairs)	
  and	
  seed	
  combinations,	
  
Merging	
  strategies,	
  Loopers	
  
identification,	
  Strip	
  Template	
  &	
  
cluster	
  splitting,	
  K2Tree	
  
template	
  class	
  

7 

Slide from early 2012 
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Losing control: pileup studies Feb 2012 

2011A: ⟨NPU⟩=6.2 
2011B: ⟨NPU⟩=11.1 
2011: ⟨NPU⟩=9.4 

A 20
11

 
B

 

2012 

CMS	
  Simulation	
  

8 

Calorimeter	
  
Isolation	
  L	
  

Tracker	
  	
  
Isolation	
  J	
  

WW	
  γγ	



Jet	
  multiplicity	
  
b-­‐tag	
  multiplicity	
  L	
  

Data Data 
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9 

Regaining	
  control	
  

Endcap	
  Electrons	
  
MVA	
  ID	
  +	
  isolation	
  

Muon	
  isolation	
  

Particle	
  flow	
  ,	
  improved	
  ID…	
  

Pileup jet 

Typical jet 

ET
miss	
  :	
  PFlow	
  and	
  MVA	
  regression	
  

Muon	
  ID	
  

Ca. May-June 2012 
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  EWK	
  and	
  Top	
  cross	
  sections	
  >4	
  orders	
  
Electroweak	
  Measurements	
   σsingle	
  top	
  

σtt 

Good	
  understanding	
  of	
  the	
  detector	
  	
  
+	
  accurate	
  theory	
  predictions	
  
→ Precision	
  SM	
  measurements	
  
→ Excellent	
  control	
  of	
  backgrounds	
  

10 
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Differential	
  cross	
  sections,	
  precision	
  measurements	
  

Top	
  Mass	
  Measurements	
  
Tevatron	
  Combo	
   173.2	
  ±	
  0.87	
  

CMS	
  Comb0	
  (2011)	
   173.2	
  ±	
  0.6	
  ±	
  0.8	
  

ATLAS	
  L+jets	
  (2011)	
   172.31	
  ±	
  0.23	
  ±	
  	
  
0.27	
  (JES)	
  ±	
  0.67	
  (bJES)	
  ±	
  1.35	
  

11 

Constrain/tune/test	
  
generators	
  and	
  shower	
  
matching	
  MCs	
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→	
  July	
  4th	
  2012	
  	
  
‘Higgs-­‐like’	
  	
  

particle	
  found	
  

CERN	
  

Melbourne	
  

12	
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12 Data

Z+X

*,ZZaZ

=126 GeVHm

µ, 2e2µ7 TeV 4e, 4
µ, 2e2µ8 TeV 4e, 4

CMS Preliminary -1 = 8 TeV, L = 5.26 fbs ; -1 = 7 TeV, L = 5.05 fbs

 [GeV]4lm
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  §  48	
  years	
  	
  
§  Since	
  idea	
  was	
  hatched	
  

§  20	
  years	
  
§  To	
  design	
  and	
  build	
  

§  3	
  years	
  	
  
§  To	
  acquire	
  the	
  data	
  

§  A	
  generation	
  	
  
§  of	
  work	
  by	
  thousands	
  

13	
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CMS	
  H	
  →	
  ZZ*	
  →	
  4	
  lepton	
  candidate	
  

24 vertices 

14 

Results since July 4th 2012 
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ZZ→	
  eeµµ	
  	
  	
  candidate	
  

e 

e 

µ	



µ	



15	
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H→	
  ZZ*→	
  4	
  leptons	
  

6.7	
  σ	
  (7.1	
  σ	
  expected)	
  
Signal	
  strength	
  relative	
  	
  
to	
  the	
  Standard	
  Model:	
  

	
  µ=	
  0.92	
  ±	
  0.28	
  	
  
CMS	
  HIG-­‐13-­‐002	
  

6.6σ at 124.3 GeV (expect 4.4σ) 
mH = 124.3 ± 0.6

0.5 ± 0.5
0.3 GeV 

µ = 1.7 ± 0.5
0.4 

ATLAS-CONF-2013-013 
16 

~1	
  in	
  100	
  billion	
  per	
  
experiment	
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H → γγ candidate: Vector Boson Fusion (VBF) category  
(2 jets in forward-backward regions) 

17	
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mH	
  =	
  125.4	
  ±	
  0.5	
  (stat.)	
  ±	
  0.6	
  (syst.)	
  

 (GeV)Hm
110 115 120 125 130 135 140 145 150

Lo
ca

l p
-v

al
ue

-510

-410

-310

-210

-110

1

σ1

σ2

σ3

σ4

 obs.γγ→H
Exp. for SM H

 = 7 TeVs
 = 8 TeVs

-1 = 8 TeV, L = 19.6 fbs  -1 = 7 TeV, L = 5.1 fbsCMS  

CMS preliminary

With	
  additional	
  data,	
  the	
  significance	
  
decreased	
  relative	
  to	
  4th	
  of	
  July!!	
  

CMS	
  HIG-­‐13-­‐001	
  

H→ γγ	
  

7.4σ 

ATLAS-CONF-2013-021 

7.4σ (expect 4.1σ) 2.3σ from µ=1 

mH = 126.8 ± 0.2(stat) ± 0.7(syst) GeV 
µ = 1.65 ± 0.24(stat) ± 0.25

0.18(syst)    

18 

Moriond 2013 

CMS	
  3.2σ	
  (expect	
  4.2σ)	
  
mH	
  =	
  125.4	
  ±	
  0.5	
  (stat.)	
  ±	
  0.6	
  (syst.)	
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H→	
  ττ	



 [GeV]Hm
110 120 130 140

Lo
ca

l p
-v

al
ue

-810

-710

-610

-510

-410

-310

-210

-110

1

σ5

σ4

σ3

σ2

σ1

p-value observed

p-value expected

CMS -1, L=24.3 fbτ τ→ Preliminary, H

m	
  =	
  120+9
-­‐7	
  (stat+syst)	
  GeV	
  	
  

CMS	
  HIG-­‐13-­‐004	
  

~3	
  σ	


First	
  strong	
  
indication	
  of	
  
decay	
  to	
  spin	
  
½	
  particles	
  

                [GeV]ττm
0 100 200 300

 [1
/G

eV
]

ττ
S/

B 
W

ei
gh

te
d 

dN
/d

m

0

200

400

600

800

1000

Observed
SM Higgs (125 GeV)

ττ→Z
tt
electroweak
QCD

                [GeV]ττm
100 150

0

20

40
Data - Background
Bkg. Uncertainty
SM Higgs (125 GeV)

-1 = 7 - 8 TeV ,   L = 24.3 fbsCMS Preliminary,  

hτ-hτ,h
τ-µ,

h
τ,e-µe-

μτh,	
  eτh,	
  eμ,	
  τhτh,	
  μμ	
  

19 

Moriond 2013 
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K. Jakobs, Lepton-Photon,  24 June 2013 20 
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H→bb 

21 

CMS:	
  Mbb	
  comb.	
  all	
  categories	
  

2.1σ (expect	
  2.1σ)  

Z→bb ~7.5σ	
  

ATLAS:	
  μH	
  =	
  -­‐0.4	
  ±	
  0.7	
  (stat)	
  ±	
  0.8	
  (sys)	
  

Z→bb ~4σ	
  

CMS: µ = 1.0 ± 0.5   
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High	
  Mass	
  Higgs	
  Searches	
  
Sensitivity	
  to	
  ~	
  1	
  TeV	
  

ZZ→4l 

ZZ→2l2ν 

WW→2l2ν 

WW→lνjj Interpretation	
  of	
  data	
  in	
  
EW-­‐singlet	
  models	
  and	
  
LHC	
  XS	
  WG	
  benchmark	
  
models:	
  
CMS-­‐PAS-­‐HIG-­‐13-­‐008	
  
CMS-­‐PAS-­‐HIG-­‐13-­‐014	
  

22 
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More	
  …	
  ATLAS:	
  3.3σ	
  Evidence	
  for	
  VBF 

arXiv:	
  1307.1427	
   23 

bb:	
  VH	
  ⊕	
  	
  VBF	
  
WW:	
  ggF⊕	
  VH⊕	
  VBF	
  

CMS-­‐PAS-­‐HIG-­‐13-­‐005	
  

3.4 σ 

CMS:	
  3.4σ	
  Evidence	
  for	
  H→	
  ff 

mH = 125.7 
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CMS PAS HIG-13-005 

σ/σSM	
  	
  and	
  Mass	
  (γγ	
  ⊕	
  ZZ)	
  

µ=0.80±0.14 µ=1.30±0.20 

24 

m	
  =	
  125.7	
  ±	
  0.3(stat)	
  ±	
  0.3(syst)	
  GeV	
  	
   m	
  =	
  125.5	
  	
  ±	
  	
  0.2	
  +0.5-­‐0.6	
  GeV	
  

Spin	
  tests,	
  couplings	
  also	
  show	
  
consistency	
  with	
  Standard	
  Model	
  

CERN April 15, 2013 

ATLAS-CONF-2013-034 

HIG-13-012 



Ju
ly

 1
5,

 2
01

3 
   

   
   

  I
nv

is
ib

le
s1

3 
 W

or
ks

ho
p 

 D
ur

ha
m

, U
K

   
   

  J
. I

nc
an

de
la

   
   

   
    

U
C

S
B

/C
E

R
N

  

All	
  tests	
  favor	
  	
  0++	
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A	
  big	
  news	
  week!	
  

26 
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Stability	
  of	
  the	
  universe	
  in	
  the	
  Standard	
  Model	
  

A. Strumia, Moriond EWK 2013 27 
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Other	
  searches	
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  §  Using	
  monojets	
  and	
  mono-­‐photons	
  
§  Stringent	
  DM	
  limits	
  for	
  heavy	
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6 5 Background estimate from data

 [GeV] T
missE

200 300 400 500 600 700 800 900 1000

Ev
en

ts
 / 

25
 G

eV

1

10

210

310

410

510

610

710 νν→Z

νl→W

tt
t

QCD
-l+l→Z

 = 3δ= 2 TeV, DADD M

 = 1 GeVχ = 892 GeV, MΛDM 
 = 2 TeVUΛ=1.7, 

U
Unparticles d

Data

CMS Preliminary
 = 8 TeVs

-1L dt = 19.5 fb∫

 [GeV] T
missE

200 300 400 500 600 700 800 900 1000

Da
ta

 / 
M

C

0
0.5

1
1.5

2

Figure 2: Missing transverse momentum Emiss
T after all selection cuts for data and SM back-

grounds. Representative signal distributions for dark matter, ADD and Unparticles are also
overlaid. Events with Emiss

T > 1 TeV are included in the overflow bin.
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Figure 3: The dimuon invariant mass and dimuon pT distributions for data (black full points
with error bars) and simulation (histogram) for 60 < Mµµ < 120 GeV/c2. The MC prediction
has been normalized to the data yields. There is no significant non-Z background.

to Z+jets where the Z decays to muons. By treating the pair of muons as a pair of neutrinos, the
topology of the Z(nn) process is reproduced. The number of Z(nn) events can then be predicted
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Figure 7: Comparison of CMS 90% CL upper limits on the dark matter-nucleon cross section
versus dark matter mass for the vector operator with CDF [54], SIMPLE [55], CDMS [21],
COUPP [56], Super-K [26] and IceCube [25] and for the axial-vector operator with CDF [54],
XENON100 [18], CoGeNT [19] and CDMS [21, 22]
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Figure 8: CMS 90% CL upper limits on the dark matter-nucleon cross section versus dark matter
mass for the scalar operator. Also shown for comparison are the limits from the vector operator.

function of the number of extra dimensions and the production of Unparticles. These
constraints are an improvement over previous results.
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Figure 2: Missing transverse momentum Emiss
T after all selection cuts for data and SM back-

grounds. Representative signal distributions for dark matter, ADD and Unparticles are also
overlaid. Events with Emiss

T > 1 TeV are included in the overflow bin.
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Figure 3: The dimuon invariant mass and dimuon pT distributions for data (black full points
with error bars) and simulation (histogram) for 60 < Mµµ < 120 GeV/c2. The MC prediction
has been normalized to the data yields. There is no significant non-Z background.

to Z+jets where the Z decays to muons. By treating the pair of muons as a pair of neutrinos, the
topology of the Z(nn) process is reproduced. The number of Z(nn) events can then be predicted
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Figure 7: Comparison of CMS 90% CL upper limits on the dark matter-nucleon cross section
versus dark matter mass for the vector operator with CDF [54], SIMPLE [55], CDMS [21],
COUPP [56], Super-K [26] and IceCube [25] and for the axial-vector operator with CDF [54],
XENON100 [18], CoGeNT [19] and CDMS [21, 22]
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Figure 8: CMS 90% CL upper limits on the dark matter-nucleon cross section versus dark matter
mass for the scalar operator. Also shown for comparison are the limits from the vector operator.

function of the number of extra dimensions and the production of Unparticles. These
constraints are an improvement over previous results.

References

[1] M. Beltran et al., “Maverick dark matter at colliders”, JHEP 09 (2010) 037,
doi:10.1007/JHEP09(2010)037, arXiv:1002.4137.

CMS-­‐PAS-­‐EXO-­‐12-­‐048	
  
30 

Heavy  
Mediator 

Heavy  
Mediator 

14 References

]2 [GeV/cχM
1 10 210 310

]2
-N

uc
leo

n 
Cr

os
s S

ec
tio

n 
[cm

χ

-4610

-4410

-4210

-4010

-3810

-3610

-3410

-3210

-3010

-2810
-2710

CMS 2012 Axial Vector
CMS 2011 Axial Vector
CDF 2012
SIMPLE 2012
CDMSII 2011
COUPP 2012

 -W+Super-K W
-W+IceCube W

CMS Preliminary
 = 8 TeVs

-1L dt = 19.5 fb∫

Spin Dependent

2Λ

q)
5
γµγq)(χ

5
γ

µ
γχ(

]2 [GeV/cχM
1 10 210 310

]2
-N

uc
leo

n 
Cr

os
s S

ec
tio

n 
[cm

χ

-4610

-4410

-4210

-4010

-3810

-3610

-3410

-3210

-3010

-2810
-2710

CMS 2012 Vector
CMS 2011 Vector
CDF 2012
XENON100 2012 
COUPP 2012 
SIMPLE 2012 
CoGeNT 2011
CDMSII 2011 
CDMSII 2010

CMS Preliminary
 = 8 TeVs

Spin Independent

-1L dt = 19.5 fb∫

2Λ

q)µγq)(χ
µ

γχ(

Figure 7: Comparison of CMS 90% CL upper limits on the dark matter-nucleon cross section
versus dark matter mass for the vector operator with CDF [54], SIMPLE [55], CDMS [21],
COUPP [56], Super-K [26] and IceCube [25] and for the axial-vector operator with CDF [54],
XENON100 [18], CoGeNT [19] and CDMS [21, 22]

.

]2 [GeV/cχM
1 10 210 310

]2
-N

uc
le

on
 C

ro
ss

 S
ec

tio
n 

[c
m

χ

-4610

-4410

-4210

-4010

-3810

-3610

-3410

-3210

-3010

-2810
-2710

CMS 2012 Vector

CMS 2012 Scalar

CMS Preliminary
 = 8 TeVs

Spin Independent

-1L dt = 19.5 fb∫

2Λ

q)µγq)(χ
µ
γχ(

DM-quark coupling

3Λ4

2)
νµ

a(Gsαχχ DM-gluon coupling

Figure 8: CMS 90% CL upper limits on the dark matter-nucleon cross section versus dark matter
mass for the scalar operator. Also shown for comparison are the limits from the vector operator.

function of the number of extra dimensions and the production of Unparticles. These
constraints are an improvement over previous results.

References

[1] M. Beltran et al., “Maverick dark matter at colliders”, JHEP 09 (2010) 037,
doi:10.1007/JHEP09(2010)037, arXiv:1002.4137.

§  Also	
  sensitive	
  to	
  
DM-­‐gluon	
  couplings	
  

Heavy  
Mediator 



Ju
ly

 1
5,

 2
01

3 
   

   
   

  I
nv

is
ib

le
s1

3 
 W

or
ks

ho
p 

 D
ur

ha
m

, U
K

   
   

  J
. I

nc
an

de
la

   
   

   
    

U
C

S
B

/C
E

R
N

  

§  Using	
  monojets	
  and	
  mono-­‐photons	
  
§  Look	
  for	
  evidence	
  of	
  KK	
  Gravitons	
  
   ADD	
  Extra	
  Dimensions	
  	
  

Extra	
  dimensions	
  

31 
ATLAS-­‐CONF-­‐2012-­‐147	
   CMS-­‐PAS-­‐EXO-­‐12-­‐048	
  



Ju
ly

 1
5,

 2
01

3 
   

   
   

  I
nv

is
ib

le
s1

3 
 W

or
ks

ho
p 

 D
ur

ha
m

, U
K

   
   

  J
. I

nc
an

de
la

   
   

   
    

U
C

S
B

/C
E

R
N

  

Heavy	
  Resonances	
  

arXiv:1305.0125!
WZ/WW	
  resonances	
  

Z’	
  è	
  tt	
  (hadronic)	
  

Z’	
  è	
  bb 

2	
  fat	
  jets	
  140<	
  M	
  <	
  250	
  
Mz’	
  	
  >	
  1.6	
  (2.3)	
  TeV	
  for	
  1.2	
  (10)	
  %	
  width	
  
Mg(KK)	
  	
  >	
  1.8	
  TeV	
  	
  
	
  
	
  
	
  

	
  

32 



Ju
ly

 1
5,

 2
01

3 
   

   
   

  I
nv

is
ib

le
s1

3 
 W

or
ks

ho
p 

 D
ur

ha
m

, U
K

   
   

  J
. I

nc
an

de
la

   
   

   
    

U
C

S
B

/C
E

R
N

  

Z’	
  →	
  	
  ll	
  :	
  ca.	
  Moriond	
  2012	
  

Going,	
  going…	
  	
  

33 



Ju
ly

 1
5,

 2
01

3 
   

   
   

  I
nv

is
ib

le
s1

3 
 W

or
ks

ho
p 

 D
ur

ha
m

, U
K

   
   

  J
. I

nc
an

de
la

   
   

   
    

U
C

S
B

/C
E

R
N

  

Z’	
  →	
  	
  ll	
  :	
  ca.	
  Moriond	
  2013	
  

gone	
  

34 



Ju
ly

 1
5,

 2
01

3 
   

   
   

  I
nv

is
ib

le
s1

3 
 W

or
ks

ho
p 

 D
ur

ha
m

, U
K

   
   

  J
. I

nc
an

de
la

   
   

   
    

U
C

S
B

/C
E

R
N

  

35 



Ju
ly

 1
5,

 2
01

3 
   

   
   

  I
nv

is
ib

le
s1

3 
 W

or
ks

ho
p 

 D
ur

ha
m

, U
K

   
   

  J
. I

nc
an

de
la

   
   

   
    

U
C

S
B

/C
E

R
N

  

ATLAS EXOTICA 
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Magnetic monopoles (DY prod.) : highly ionizing tracks
Multi-charged particles (DY prod.) : highly ionizing tracks

jjmColor octet scalar : dijet resonance, ll
m), µµll)=1) : SS ee (→

L
±± (DY prod., BR(HL

±±H Zlm (type III seesaw) : Z-l resonance, ±Heavy lepton N
Major. neutr. (LRSM, no mixing) : 2-lep + jets

WZ
mll), νTechni-hadrons (LSTC) : WZ resonance (l

µµee/mTechni-hadrons (LSTC) : dilepton, 
γl

m resonance, γExcited leptons : l- WtmExcited b quark : W-t resonance, 
jjmExcited quarks : dijet resonance, jetγ

m-jet resonance, γExcited quarks : 
qνlmVector-like quark : CC, 

 Ht+X→Vector-like quark : TT
,missT

E SS dilepton + jets + →4th generation : b'b' 
 WbWb→ generation : t't'th4

jjντjj, ττ=1) : kin. vars. in βScalar LQ pair (
jjνµjj, µµ=1) : kin. vars. in βScalar LQ pair (
jjν=1) : kin. vars. in eejj, eβScalar LQ pair (
tb

m tb, LRSM) : → (RW'
tqm=1) : 

R
 tq, g→W' (

µT,e/mW' (SSM) : tt
m l+jets, → tZ' (leptophobic topcolor) : t

ττmZ' (SSM) : 
µµee/mZ' (SSM) : 

,missTEuutt CI : SS dilepton + jets + ll
m, µµqqll CI : ee & 

)
jj

m(χqqqq contact interaction : 
)jjm(

χ
Quantum black hole : dijet, F T

pΣ=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH ( tt

m l+jets, → t (BR=0.925) : tt t→
KK

RS g
lljjmBulk RS : ZZ resonance, 
νlν,lTmRS1 : WW resonance, 
llmRS1 : dilepton, 
llm ED : dilepton, 2/Z1S

,missTEUED : diphoton + 
 / llγγmLarge ED (ADD) : diphoton & dilepton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

mass862 GeV , 7 TeV [1207.6411]-1=2.0 fbL
mass (|q| = 4e)490 GeV , 7 TeV [1301.5272]-1=4.4 fbL

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

| = 0)
τ

| = 0.063, |V
µ

| = 0.055, |V
e

 mass (|V±N245 GeV , 8 TeV [ATLAS-CONF-2013-019]-1=5.8 fbL
) = 2 TeV)

R
(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T
ρ(m) = 1.1 

T
(am, Wm) + Tπ(m) = 

T
ρ(m mass (

T
ρ920 GeV , 8 TeV [ATLAS-CONF-2013-015]-1=13.0 fbL

)
W

) = MTπ(m) - Tω/T
ρ(m mass (Tω/T

ρ850 GeV , 7 TeV [1209.2535]-1=5.0 fbL

 = m(l*))Λl* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL
b* mass (left-handed coupling)870 GeV , 7 TeV [1301.1583]-1=4.7 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL
)Q/mν = qQκVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

T mass (isospin doublet)790 GeV , 8 TeV [ATLAS-CONF-2013-018]-1=14.3 fbL

b' mass720 GeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

t' mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL
 gen. LQ massrd3534 GeV , 7 TeV [1303.0526]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W' mass1.84 TeV , 8 TeV [ATLAS-CONF-2013-050]-1=14.3 fbL
W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.8 TeV , 8 TeV [ATLAS-CONF-2013-052]-1=14.3 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL
Z' mass2.86 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

 (C=1)Λ3.3 TeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

 (constructive int.)Λ13.9 TeV , 7 TeV [1211.1150]-1=5.0 fbL

Λ7.6 TeV , 7 TeV [1210.1718]-1=4.8 fbL
=6)δ (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)δ (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)δ (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 mass
KK

g2.07 TeV , 7 TeV [1305.2756]-1=4.7 fbL
 = 1.0)PlM/kGraviton mass (850 GeV , 8 TeV [ATLAS-CONF-2012-150]-1=7.2 fbL

 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (2.47 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=5.0 fbL

-1Compact. scale R1.40 TeV , 7 TeV [1209.0753]-1=4.8 fbL

=3, NLO)δ (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)δ (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)δ (DM4.37 TeV , 7 TeV [1210.4491]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = ( 1 - 20) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)
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MSUGRA/CMSSM  

§ MSUGRA/CMSSM  
§  Exclude squarks and gluinos > 1 TeV and > 1.8 TeV respectively 

§ But, only really probing a tiny part of a very large parameter SUSY space 

ATLAS CONF-2013-047 
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MSUGRA/CMSSM  

§ MSUGRA/CMSSM  
§  Exclude squarks and gluinos > 1 TeV and > 1.8 TeV respectively 

§ But, only really probing a tiny part of a very large parameter SUSY space 

ATLAS CONF-2013-047 
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Onto	
  more	
  general	
  SUSY	
  searches	
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CMS	
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Gluinos	
  decaying	
  to	
  stop	
  or	
  sbottom	
  
decaying	
  to	
  top	
  or	
  bottom	
  +	
  neutralino	
  

Eliminating	
  essentially	
  all	
  of	
  
the	
  regions	
  we	
  can	
  probe:	
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Direct	
  3rd	
  generation	
  production	
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Direct	
  3rd	
  generation	
  production	
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  depends	
  on	
  mass	
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SUSY	
  no	
  show	
  tables	
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RPV	
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Heavy	
  Ions	
  at	
  LHC	
  

44 

Suppression ordered 
by binding energy 
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1"

The search for Bs(d)! µ µ "

Predicted to be very rare in SM due to GIM & helicity 
suppression:!
!
Precise predictions in SM: !
•  B (Bs ! µ µ) "="3.5 ± 0.2 10-9!

•  B (Bd! µ µ) "="1.1 ± 0.2 10-10!

!
“Golden channel” for New Physics effects: large sensitivity to NP 
(e.g. in SUSY)!

With 2011+2012 data (2.1/fb) LHCb has 
the first evidence of !
Bs ! µ µ decay at ~ 3.5 σ"
"
"
"
in agreement with SM!
“Background only” p value ~ 5 10-4!
!
Also best limit on Bd ! µ µ "
"
!

Bs !

Bd !

PRL"110"(2013)"021801"
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Figure 8: B0
s � µ+µ�: observed distribution of selected dimuon events in the invariant

mass plane for the four BDT bins. The black dots are data, the light blue histogram shows
the contribution of the combinatorial background with its uncertainty (dashed area), the
green histogram shows the contribution of the B0

(s) � h+h� background and the red filled

histogram the contribution of B0
s � µ+µ� signal events according to the SM rate. The

uncertainty on data in the first bin is smaller than the size of the dots.

the background-only hypothesis.232

For the B0
s � µ+µ� decay, the distributions of expected CLs values are shown as233

dashed (black) lines in Fig. 10 under the hypotheses to observe background events only234

(left) or a combination of background plus SM events (right). The green areas cover the235

region of ±1� of compatible observations. The observed CLs as a function of the assumed236

branching ratio is shown as dotted (blue) lines on both plots.237

For the B0 � µ+µ� decay, the expected distributions of possible values of CLs is238

shown as dashed (black) lines in Fig. 11 under the hypothesis to observe background239

events only. The observed CLs as a function of the assumed branching ratio is shown as240

dotted (blue) line.241

The results for B0
s � µ+µ� and B0 � µ+µ� are shown in Table 5 and Table 6,242

respectively. In these tables the expected limits in the background-only hypothesis and243

the measured limits are shown for 90% and 95% C.L. For the B0
s � µ+µ� decay the244

expected limit computed allowing the presence of B0
s � µ+µ� events compatible with the245

13

LHCb: Bs→μμ?

!"

14.6.2011 18:57:08
Run 93593 Event 1179897868 bId 1140

13

New	
  results	
  with	
  full	
  dataset	
  from	
  both	
  
LHCb	
  and	
  CMS	
  this	
  Friday	
  at	
  EPS	
  !!	
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CPV	
  

If	
  φs	
  ≠	
  0,	
  New	
  
Physics	
  in	
  Bs	
  
oscillations	
  ?	
  

First	
  5σ	
  observation	
  of	
  CPV	
  in	
  
Bs→	
  Kπ	
  decays	
  (thanks	
  to	
  RICH)	
  

Raw	
  asymmetry	
  is	
  corrected	
  for	
  production	
  
and	
  detector	
  asymmetries	
  (small:	
  ~	
  1%)	
  

ACP	
  =	
  0.27	
  ±	
  0.04	
  ±	
  0.01	
  (1	
  y-­‐1)	
  

4th	
  particle	
  exhibiting	
  CP	
  violation	
  	
  
(K0

[1964],	
  B0
[2000],	
  B±[2012]	
  )	
  

Previous	
  evidence	
  for	
  CPV	
  in	
  
charm	
  D	
  →	
  ππ,	
  KK	
  decays	
  is	
  
not	
  confirmed	
  either	
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§  1st	
  meas.	
  of	
  Υ(nS)	
  polarization	
  at	
  the	
  LHC	
  
§  Now	
  extended	
  to	
  Ψ(2S)	
  polarization	
  

measurement	
  
§  No	
  evidence	
  for	
  large	
  polarizations	
  

§  An	
  issue	
  for	
  NRQCD	
  that	
  needs	
  to	
  be	
  resolved!	
  

Ψ/Υ	
  Polarization,	
  Λb	
  lifetime 	

 4
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FIG. 3. Values of the �# (top), �' (middle), and �#' (bottom) parameters for the ⌥(1S) (left), ⌥(2S) (middle), and ⌥(3S)
(right), in the HX frame, as a function of the ⌥ pT for |y| < 0.6. The error bars indicate the 68.3% CL interval when neglecting
the systematic uncertainties. The three bands represent the 68.3%, 95.5%, and 99.7% CL intervals of the total uncertainties.
The points are placed at the average pT of each bin.
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available in Ref. [25].

All the polarization parameters are compatible with
zero or small values in the three polarization frames, ex-
cluding that a significant polarization could remain unde-
tected because of smearing e↵ects induced by unfortunate
frame choices. The indication that the ⌥(nS) resonances
are produced as an unpolarized mixture might be related
to the fact that the measurements do not distinguish di-
rectly produced ⌥ mesons from those produced in the

decays of heavier (P-wave) bottomonium states.

In summary, the polarizations of the ⌥(nS) mesons
produced in pp collisions at

p
s = 7TeV have been de-

termined as a function of the ⌥ pT in two rapidity
ranges and in three di↵erent polarization frames, using
both frame-dependent and frame-independent parame-
ters. The results exclude large transverse or longitudi-
nal ⌥(nS) polarizations, beyond the pT and y ranges
probed by previous experiments, especially for the ⌥(3S)
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  110	
  (2013)	
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CMS-­‐PAS-­‐BPH-­‐13-­‐003	
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LHC Nobel Symposium,15 May ‘13

Guido Altarelli
Roma Tre/CERN

The Higgs: 
so simple yet so unnatural

Where	
  do	
  we	
  stand	
  now?	
  

*G. Altarelli: https://indico.cern.ch/conferenceDisplay.py?confId=239571  

mH ~ 126 GeV is compatible with the SM and also 
with the SUSY extensions of the SM

mH ~126 GeV is what you expect from a direct interpretation
of EW precision tests: no fancy conspiracy with new physics 
to fake a light Higgs while the real one is heavy 
(in fact no “conspirators” have been spotted: no new physics)

Strumia

Is it really the SM Higgs boson?

Precise measurement of couplings
Confirm JPC=0++

Heavier Higgs-like particles? 2HDM, MSSM?

The next challenge!

A malicious choice! mH = 125.6 ± 0.4 GeV

48 
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  §  126	
  GeV	
  Higgs	
  boson	
  	
  
§  Important	
  constraint	
  on	
  “simple”	
  SUSY	
  models	
  	
  
   Especially	
  if	
  we	
  require	
  “naturalness”	
  values	
  of	
  superpartner	
  masses	
  
­  i.e.	
  avoiding	
  non-­‐fine-­‐tuned	
  solution	
  to	
  the	
  hierarchy	
  problem	
  

	
  
“If	
  not,	
  we	
  would	
  be	
  giving	
  up	
  at	
  least	
  one	
  of	
  the	
  three	
  SUSY	
  ‘miracles’	
  ”	
  –	
  
Greg	
  Landsberg	
  (CMS	
  Physics	
  Coordinator)	
  

	
  
­  If	
  15%	
  higher,	
  we	
  might	
  have	
  stopped	
  considering	
  MSSM	
  scenarios…	
  

§  An	
  interesting	
  situation	
  also	
  in	
  regard	
  to	
  SM	
  
   Vacuum	
  stability	
  ⇒	
  new	
  physics	
  must	
  come	
  in	
  at	
  ~1011	
  GeV	
  
­  ~15%	
  higher,	
  the	
  SM	
  would	
  be	
  fine	
  to	
  the	
  Planck	
  scale	
  	
  

	
  

Implications	
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SUSY	
  still	
  fills	
  an	
  obvious	
  gap	
  !	
  

See talk by Nima Arkani-Hamed at Edinburgh Higgs Symposium, January 2013 50 
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�f = �HuHd

Two independent reasons to consider it:

NMSSM

1. Add an extra contribution to m2
hh = m2

Zc2
2� + �2

t + �2v2s2
2�

2. Alleviates fine tuning in v for       and moderate� � 1 tan�
dv2

dm2
Hu

|NMSSM � �

�3
cot 2� versus dv2

dm2
Hu

|MSSM � 4
g2

mt̃1 < 1.2 TeV

mg̃ < 3 TeV

Gherghetta et al 2012

green points have better than
5% “combined” fine-tuning and
�mess = 20 TeV in the scale
invariant NMSSM

Fayet 1975

thus allowing for lighter stops

What	
  seems	
  “so	
  simple”	
  may	
  just	
  be	
  more	
  complicated…	
  

*R. Barbieri:  https://indico.cern.ch/conferenceDisplay.py?confId=239571  

NMSSM	
  as	
  
an	
  example	
  
(Talk	
  by	
  R.	
  Barbieri*)	
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  §  Run	
  1	
  has	
  been	
  a	
  success	
  
§  But	
  the	
  LHC	
  is	
  in	
  its	
  childhood	
  

§  Run	
  2	
  and	
  beyond	
  
§  Extend	
  searches,	
  precision	
  
measurements	
  -­‐	
  significantly	
  

§  For	
  the	
  next	
  15+	
  years	
  the	
  LHC	
  
is	
  the	
  only	
  Higgs	
  (and	
  top,	
  W,	
  Z	
  
…)	
  factory	
  we	
  have!	
  

What	
  next?	
  

52 
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CERN	
  Plan	
  for	
  the	
  next	
  10	
  years	
  	
  
Shut	
  down	
  to	
  fix	
  
interconnects	
  and	
  
overcome	
  energy	
  
limitation	
  (LHC	
  
incident	
  of	
  Sept	
  
2008)	
  and	
  R2E	
   Shut	
  down	
  to	
  

overcome	
  
beam	
  
intensity	
  	
  
limitation	
  
(Injectors,	
  
collimation	
  
and	
  more…)	
  

HiLumi	
  
LHC	
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ARC12_TTAVG

ARC23_TTAVG

ARC34_TTAVG

ARC45_TTAVG

ARC56_TTAVG

ARC67_TTAVG

ARC78_TTAVG

ARC81_TTAVG

LHC_MAG_HeMass

P_Elec

LHC Warm-UP 2013	
  

CSCM@20K 

Few perturbations (EL, CV, controls), 
Few issues with HW (HX-Comp-Tu) 

nQPS 
@280K 

Done in 10 weeks !!! 

54 Courtesy F. Bordry 
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LS1	
  
16th Feb. 2013 – Dec. 2014 

16th Feb. 2013 

F M A M J	
   J	
   A S O N D J	
   F J	
   FM A M J	
   J	
   A S O N D
2014 2015 

M A

beam to beam 

Physics 
Beam commissioning 
ShutdownTests  

Available to be worked on 

2013 
15th July 

Courtesy	
  F.	
  Bordry	
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First	
  shunt	
  soldered	
  on	
  24.04.2013	
  

§ >160 IC in sector 56 (75% of one sector) are now equipped with 
shunts (almost 10% of the LHC, 2560 shunts) 

§ Started ahead of schedule, learning for critical activity 

56 Courtesy F. Bordry 

SMACC:	
  Installation	
  of	
  shunts	
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Run	
  2:	
  ca.	
  2015-­‐2018	
  

Illustrate	
  for	
  CMS,	
  
same	
  generally	
  
applies	
  to	
  ATLAS	
  

57 57 
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Pileup~50  at 25 ns and  L = 2x1034 cm-2s-1 
58 

Basically, life will not be easy… 

58 
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Looking	
  Ahead	
  to	
  Run	
  2:	
  Summary	
  of	
  	
  Challenges	
  	
  

§  CPU	
  for	
  2015	
  (25	
  ns	
  bunch	
  
spacing,	
  L=	
  1.5E34	
  cm-­‐2s-­‐1):	
  
§  x10	
  	
  CPU	
  required	
  in	
  2015.	
  

x2	
  or	
  more	
  from	
  trigger	
  rate;	
  	
  
x2.5	
  from	
  in-­‐time	
  pile	
  up;	
  	
  
x2	
  from	
  out	
  of	
  time	
  pileup	
  at	
  25	
  ns	
  
(worse	
  for	
  luminosity	
  leveling	
  at	
  50	
  ns)	
  

	
  
§  Improvements	
  are	
  crucial	
  

§  Faster	
  algorithms	
  needed:	
  
   A	
  first	
  example;	
  increase	
  tracking	
  

cluster	
  charge	
  thresholds	
  
	
  

§  A	
  real	
  challenge	
  
§  Requires	
  a	
  lot	
  of	
  expertise.	
  
   Work	
  for	
  	
  next	
  2	
  years	
  will	
  be	
  very	
  

challenging	
  	
  
7500	
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Off	
  the	
  chart:	
  
Start	
  of	
  record	
  fill	
  

59 



Ju
ly

 1
5,

 2
01

3 
   

   
   

  I
nv

is
ib

le
s1

3 
 W

or
ks

ho
p 

 D
ur

ha
m

, U
K

   
   

  J
. I

nc
an

de
la

   
   

   
    

U
C

S
B

/C
E

R
N

  



Ju
ly

 1
5,

 2
01

3 
   

   
   

  I
nv

is
ib

le
s1

3 
 W

or
ks

ho
p 

 D
ur

ha
m

, U
K

   
   

  J
. I

nc
an

de
la

   
   

   
    

U
C

S
B

/C
E

R
N

  



Ju
ly

 1
5,

 2
01

3 
   

   
   

  I
nv

is
ib

le
s1

3 
 W

or
ks

ho
p 

 D
ur

ha
m

, U
K

   
   

  J
. I

nc
an

de
la

   
   

   
    

U
C

S
B

/C
E

R
N

  

High	
  Luminosity	
  LHC	
  (HL-­‐LHC)	
  and	
  beyond	
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to
da

y 
2000	
  large	
  magnets	
  of	
  15-­‐20	
  T	
  
1500	
  tons	
  of	
  HEP	
  grade	
  Nb3Sn	
  
500	
  tons	
  of	
  HTS	
  for	
  magnets	
  
100	
  tons	
  of	
  SC	
  for	
  Sc	
  links	
  

63 Courtesy	
  L.	
  Rossi	
  

Europe’s top priority should be the exploitation of the full potential of the LHC, 
including the high-luminosity upgrade of the machine and detectors with a view to 
collecting ten times more data than in the initial design, by around 2030 	


- European strategy update document: Approved by CERN Council in May 
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New	
  CMS	
  Higgs	
  projections	
  for	
  300(0)	
  y-­‐1	
  

July 1, 2013 

Higgs Projections: 300(0) fb-1  

J. Olsen – Snowmass Energy Frontier Workshop 31 

300 fb-1 3000 fb-1 

L (fb-1)  V g b t 
300 [5, 7] [4, 5] [6, 8] [10, 13] [14, 15] [6, 8] 

3000 [2, 5] [2, 3] [3, 5] [4, 7] [7, 10] [2, 5] 

Goal: ultimate precision of ~5% or better 

Numbers in brackets are % uncertainties on coupling deviations for [scenario 2, scenario 1] 

(4 – 15)%  (2 – 10)%  

Bracket	
  precision	
  estimates	
  
1.  Systematics	
  unchanged	
  
2.  Theory	
  uncertainties	
  reduced	
  ½,	
  all	
  

other	
  systematics	
  ~	
  1/√(∫Ldt)	
  	
  
64 

Upgrades	
  target	
  precision	
  Higgs	
  
measurements	
  with	
  pileup	
  ~140!!	
  	
  	
  
(25	
  ns	
  and	
  	
  L	
  =	
  5x1034	
  cm-­‐2s-­‐1)	
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•  H	
  →	
  µµ	
  	
  
•  Low	
  rate	
  and	
  S/B	
  only	
  0.2%	
  
>	
  6σ	
  with	
  3000	
  y-­‐1	
  	
  

§  ttH,	
  H	
  →	
  µµ	
  	
  	
  
§  ~	
  30	
  events	
  at	
  3000	
  y-­‐1	
  	
  

⇒	
  top-­‐	
  and	
  µ-­‐Yukawa	
  couplings	
  with	
  a	
  
precision	
  on	
  total	
  signal	
  strength	
  of	
  25%	
  

ATLAS	
  Projections:	
  rare	
  decays,	
  self	
  couplings	
  

66 

§  Higgs	
  self-­‐couplings:	
  ~	
  3σ	
  from	
  	
  
§  HH	
  à	
  bbγγ	
  channel	
  with	
  3000	
  y-­‐1	
  	
  
   HHà	
  bbττ also	
  promising	
  

±30%	
  on	
  λ/λSM	
  may	
  be	
  achieved	
  	
  

~	
  λv	
  

	
  mH
2	
  =	
  2	
  λ	
  v2	
  	
  

Atlas-PHYS-PUB-2013-01 
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Further	
  into	
  the	
  Future…	
  

Well,	
  maybe	
  not	
  quite	
  this	
  far	
  forward…	
  
68 68 



even better 
100 km? 

16	
  T	
  ⇒	
  100	
  TeV	
  in	
  100	
  km	
  
20	
  T	
  ⇒	
  100	
  TeV	
  in	
  80	
  km	
  

69 

80-­‐km	
  tunnel	
  in	
  Geneva	
  area	
  –	
  VHE-­‐LHC	
  

Courtesy	
  L.	
  Rossi	
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  Advancing	
  on	
  5	
  fronts	
  
1. Run	
  1	
  Physics	
  	
  
2. LS1	
  consolidation	
  	
  
3. Phase	
  1	
  Upgrades	
  
4. Run	
  2	
  preparation	
  of	
  detector,	
  operations,	
  computing,	
  

offline,	
  trigger	
  and	
  simulations	
  for	
  physics	
  	
  	
  
5. Phase	
  2	
  simulation	
  studies	
  to	
  converge	
  on	
  cost,	
  scope,	
  

possible	
  baseline	
  scenario(s)	
  plus	
  (staged)	
  options	
  

Conclusion	
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