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•  The	  first	  period	  of	  data	  taking	  at	  LHC	  
•  Standard	  Model	  

–  Higgs	  boson	  discovery	  
– W	  and	  Z	  boson	  physics	  	  
–  Top	  quark	  physics	  
–  Heavy	  Flavours:	  b	  and	  c	  physics	  
–  QCD	  highlights	  

•  Conclusions	  and	  prospec&ves	  

    Outline	  

SM results at LHC Outline C. Biino – STARS 2015 
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14 Dec 2010 S.L.Linn -  Miami 2010 

• Diameter 8.5 km 
• Beam energy: 7 TeV 
• Luminosity: 1034   
• Protons/bunch: 1.15x1011  

• Bunches: 2808 
• Bunch spacing: 25 ns 
• Machine current: 0.5 A 
• Beam Stored energy: 362 MJ   
• Operating temperature: 1.9 K  
• Number of magnets: ~9300  
• Magnet Stored Energy 8800 MJ  
• Power consumption: ~120 MW 
• Cost: 9.0x109 $ 

	  	  	  	  The	  Large	  Hadron	  Collider	  	  

SM results at LHC Introduction C. Biino – STARS 2015 

The	  Large	  Hadron	  Collider	  is	  a	  	  
27	  km	  long	  pp	  collider	  ring	  
housed	  in	  a	  tunnel	  about	  100	  m	  	  
underground	  near	  Geneva	  
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4     The	  LHC	  collider	  

SM results at LHC Introduction C. Biino – STARS 2015 

     The Large Hadron Collider (LHC), one of  the 
largest and truly global scientific projects ever 

4 Two	  general	  purpose	  
detectors,	  	  designed	  
to	  search	  for	  the	  
Higgs	  Boson	  
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SM results at LHC Introduction 

       CMS 
	  	  	  	  The	  CMS	  Detector	  

C. Biino – STARS 2015 

5 http://cms.web.cern.ch/

JINST 3 (2008) S08004 
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	  	  	  	  The	  CMS	  collabora8on	  	   •  42	  Countries	  
•  190	  Ins8tu8ons	  
•  2200	  Scien8fic	  Authors	  
•  800	  PhD	  Students	  
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43 meters, 7000 tons 

24
 m

et
er

s 

Muon detectors 

Hadronic Tile calorimeter Electromagnetic 
Liquid Argon calorimeters 

Toroid Magnets 
Solenoid Magnet Tracker & pixel Hadronic FCAL 

100 millions channels, 
3000 physicists 

	  	  

SM results at LHC Introduction C. Biino – STARS 2015 

 ATLAS 
	  	  	  	  The	  ATLAS	  detector	  7 http://atlas.web.cern.ch/

JINST 3 (2008) S08003 
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SM results at LHC Introduction C. Biino – STARS 2015 

	  	  	  	  The	  ATLAS	  collabora8on	  	   •  38	  Countries	  
•  177	  Ins8tu8ons	  
•  3000	  Scien8fic	  Authors	  
•  1000	  PhD	  Students	  
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	  	  	  	  Three	  very	  successful	  years	  

	  	  

	  	  

SM results at LHC Introduction 

	  	  
	  	  

CMS	  Integrated	  Luminosity	  per	  Day	  -‐	  pp	  

CMS	  Peak	  Luminosity	  per	  Day	  -‐	  pp	  

Fantastic LHC performance!  

C. Biino – STARS 2015 
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	  	  Three	  very	  successful	  years	  

	  	  

	  	  
From	  the	  first	  π0→γγ reconstructed	  with	  the	  first	  LHC	  interac8ons,	  
to	  precision	  SM	  measurements,	  to	  the	  first	  discovery…	  

SM results at LHC Introduction 

within	  the	  first	  5	  min	  

C. Biino – STARS 2015 



	  	  	  	  Run1	  pp	  data	  taking	  

Excellent	  detectors	  performance:	  
ü  Opera8onal	  efficiency	  	  ~	  96%	  
ü  High	  reconstruc8on	  efficiency	  also	  in	  presence	  of	  large	  pileup	  

SM results at LHC Introduction 

Data-taking 
efficiency 93.5% 

	  Total	  Lint(pp) ~ 30 fb-1 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  @7	  TeV	  ~ 5 fb-1 

	  	  	  	  	  	  	  	  	  	  	  	  @8	  TeV	  ~ 22 fb-1 
 

C. Biino – STARS 2015 
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Z	  →	  μμ	  event	  with	  25	  reconstructed	  ver8ces	  

	  	  	  	  Pileup	  challenge	  

Mean Number of Interactions per Crossing
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SM results at LHC Introduction 

Experiment’s	  design	  value	  

In 2012 Pileup levels of ~35 were routine at starts of fills 

Average PU  2011   RUNA       5 
Average PU  2011   RUNB       8 
Average PU  2012     all         21 
@ 50 ns bunch crossing  

C. Biino – STARS 2015 
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SM results at LHC Introduction 

	  	  	  	  From	  Standard	  Model	  “rediscovery”…	  

C. Biino – STARS 2015 
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	  	  	  	  …	  to	  Higgs	  Boson	  discovery…	  	  

SM results at LHC Introduction C. Biino – STARS 2015 

•  48	  years	  	  
–  Since	  idea	  was	  

hatched	  

•  20	  years	  
–  To	  design	  and	  

build	  

•  3	  years	  	  
–  To	  acquire	  the	  

data	  

•  A	  genera8on	  	  

1
4

17,000	  	  
news	  ar8cles	  

in	  

108	  
countries	  in	  

2	  
days	  

>	  1	  billion	  
people	  saw	  TV	  

footage	  

1,034	  
TV	  sta8ons	  

5,016	  
Broadcasts	   14	  

July	  4rth	  2012	  @	  CERN	  
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Premio	  Nobel	  per	  la	  Fisica	  2013	  

15	  

	  	  	  	  …and	  2013	  Nobel	  Prize	  in	  Physics	  	  15 



16 	  	  	  	  The	  Standard	  Model	  of	  Par8cle	  Physics	  

Measurement Fit |O
meas

!O
fit
|/"

meas

0 1 2 3

0 1 2 3

#$had(mZ)#$
(5)

0.02758 ± 0.00035 0.02768

mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874

%Z [GeV]%Z [GeV] 2.4952 ± 0.0023 2.4959

"had [nb]"
0

41.540 ± 0.037 41.479

RlRl 20.767 ± 0.025 20.742

AfbA
0,l

0.01714 ± 0.00095 0.01645

Al(P&
)Al(P&
) 0.1465 ± 0.0032 0.1481

RbRb 0.21629 ± 0.00066 0.21579

RcRc 0.1721 ± 0.0030 0.1723

AfbA
0,b

0.0992 ± 0.0016 0.1038

AfbA
0,c

0.0707 ± 0.0035 0.0742

AbAb 0.923 ± 0.020 0.935

AcAc 0.670 ± 0.027 0.668

Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481

sin
2
'effsin

2
'

lept
(Qfb) 0.2324 ± 0.0012 0.2314

mW [GeV]mW [GeV] 80.399 ± 0.023 80.379

%W [GeV]%W [GeV] 2.085 ± 0.042 2.092

mt [GeV]mt [GeV] 173.3 ± 1.1 173.4

July 2010

(i)	  	  Cons&tuents	  of	  macer:	  quarks	  and	  leptons	  
(ii)  Four	  fundamental	  forces	  	  
	  	  	  	  	  	  	  	  	  (described	  by	  quantum	  field	  theories,	  	  
	  	  	  	  	  	  	  	  	  except	  gravita&on)	  
(iii)	  	  The	  Higgs	  field	  	  	  

Unifica&on	  of	  forces	  

SM results at LHC Introduction C. Biino – STARS 2015 

A	  sort	  of	  periodic	  table	  of	  fundamental	  par&cles:	  	  

16 
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	  	  	  	  The	  Standard	  Model	  of	  Par8cle	  Physics	  17 



	  	  

	  	   	  	  

18 
	  	  	  	  proton-‐proton	  cross	  sec8ons	   q/g q/g 

q/g q/g 

•  Hard scattering processes represent 
only a tiny fraction of the total inelastic 
pp cross section  σ=o(100mb) 

•  b production cross section "
   " " " σ=o(100µb) 
•  Z production cross section "
    " " "σ=o(10nb) 
•  ttbar production cross section "

" " "σ=o(100pb) 
•  SM Higgs production cross section 

" " "σ=o(10pb) 
"
"
 i.e. σ(pp → W+X) ~ 150 nb ~ 2・10-6 σtot(pp) 

SM results at LHC Introduction C. Biino – STARS 2015 

LHC	  @	  7-‐8	  TeV;	  	  
13	  TeV	  

18 



	  	   	  	  

	  	  

Higgs	  Boson	  

2011	  



	  	  

	  	   	  	  

20 



	  	  

	  	   	  	  

21 

 ATLAS: Higgs à ZZ à eeee  event	  



	  	  

	  	   	  	  

	  	  	  	  Higgs	  produc8on	  and	  decay	  

Most sensitive 
channels:  
H à ZZ* à 4l 
H à γγ	

H à WW à 2l2ν	

H à ττ	

H à bb	


for mH=125 GeV 

for mH=125 GeV 

SM results at LHC Higgs Boson C. Biino – STARS 2015 
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	  	  	  	  	  	  Higgs	  à	  γγ  results	  

	  	  	  	  

23 

mH	  =	  126.0	  ±	  0.5	  GeV	  
Significance	  =	  5.2	  (expected	  4.6)	  σ	

µ = σ BR/σSM	  BRSM=	  1.17	  ±	  0.27	  
ΓH	  <	  5.0	  GeV	  @	  95%	  CL	  

mH	  =	  124.7	  ±	  0.4	  GeV	  
Significance	  =	  5.7	  (expected	  5.2)	  σ	

µ = σ BR/σSM	  BRSM=	  1.14	  +	  0.26	  –	  0.23	  
ΓH	  <	  3.4	  GeV	  @	  95%	  CL	  

SM results at LHC Higgs Boson C. Biino – STARS 2015 

PhysRevD 90 (2014) 052004 EPJC 74 (2014) 3076 



	  	  
	  	  	  	  

mH	  =	  124.5	  ±	  0.5	  GeV	  
Significance	  =	  8.2	  (expected	  5.8)	  σ	

µ = σ BR/σSM	  BRSM=	  1.7	  ±	  0.4	  
ΓH	  <	  2.6	  GeV	  @	  95%	  CL	  

mH	  =	  125.6	  ±	  0.4	  GeV	  
Significance	  =	  6.7	  (expected	  7.2)	  σ	

µ	  =	  σ BR/σSM	  BRSM=	  0.9	  ± 0.3	  
ΓH	  <	  3.4	  GeV	  @	  95%	  CL	  

SM results at LHC Higgs Boson C. Biino – STARS 2015 

 PhysRevD 89 (2014) 092007 

	  	  	  	  Higgs	  à	  ZZ*	  à	  4l results	  

PhysRevD 90 (2014) 052004 

24 
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SM results at LHC Higgs Boson C. Biino – STARS 2015 

	  	  	  	  Higgs	  results	  combina8on:	  mH	  

	  	   	  	  

ATLAS&CMS: 
arXiv:1503.07589 
LHC combination 

NEW 
25 

Becer	  than	  0.3%	  precision	  



	  	  
26 

SM results at LHC Higgs Boson C. Biino – STARS 2015 

	  	  	  	  Higgs	  results	  and	  Vacuum	  stability	  

	  	   	  	  

JHEP 08 98 (2012) 

Vacuum	  stability	  depends	  strongly	  on	  mHiggs	  and	  on	  mtop	  .	  

Our	  current	  results	  are	  in	  the	  Meta-‐stability	  zone:	  	  
Mtop	  	  	  =	  173.	  Gev	  ;	  MHiggs=	  125	  GeV	  	  	  	  

but	  s8ll	  compa8ble	  with	  stable	  and	  with	  unstable	  

26 



Higgs Boson 

	  	  	  	  Limits	  on	  total	  Higgs	  width	  

	  	  

	  	  
27 

	   	  From	  direct	  measurements	  are	  dominated	  by	  instrumental	  resolu8on:	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  CMS 	   	   	   	  	  	  	  	  	  	  ATLAS	  

	  	  	  	  	  	  	  	  	  	  Hàγγ	  	  	  	  	  	  	  	  	  	  ΓH	  <	  2.4	  GeV	  @95%	  CL 	  Hàγγ 	  	  	  	  	  	  	  	  	  ΓH	  <	  5.0	  GeV	  @	  95%	  CL	  	  
	  	  	  	  	  	  	  	  	  	  HàZZà4l	  	  ΓH	  <	  3.4	  GeV	  	  	  	  	  “	  “ 	  HàZZà4l	  	  ΓH	  <	  2.6	  GeV	  	  	  	  	  	  “	  “	  	  

but	  SM	  expecta8ons	  is:	  	  	  ΓSM	  =	  4.15	  MeV!	  	  	  

� 

	  	  

Phys.Lett. B 736(2014) 64 arXiv:1503.01060 

CMS:	  	  	  
ΓH	  <	  22	  MeV	  <	  5.4	  ΓSM	  
	  
ATLAS:	  
ΓH	  <	  22.7	  MeV	  <	  5.5	  ΓSM	  	  

	  	  	  Indirect	  measurements	  based	  on	  comparison	  of	  on-‐shell	  and	  off-‐shell	  	  	  	  	  
	  	  	  H*àZZ.	  	  Off-‐shell	  to	  on-‐shell	  ra8o	  is	  ~propor8onal	  to	  ΓH	  
	  	  	  	  	  	  	  	  	  *Should	  consider	  nega8ve	  interference	  with	  box	  diagram	  
	  	  	  	  	  	  	  	  	  	  *Assume	  that	  gg	  is	  the	  dominant	  produc8on	  mechanism	  

� 



	  	  

	  	   	  	  

arXiv:1412.2641 
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JHEP01(2014)096 

	  	  	  	  Higgs	  à	  WW*	  à	  lνlν	  	  results	  
28 

@mH	  =	  125.6	  GeV	  
Significance	  =	  4.3	  (expected	  5.8)	  σ	

µ = σ BR/σSM	  BRSM=	  0.72	  ± 0.19	  

@mH	  =	  125.4	  GeV	  
Significance	  =	  6.1	  (expected	  5.8)	  σ	

µ = σ BR/σSM	  BRSM=	  1.1	  ± 0.2	  

SM results at LHC Higgs Boson C. Biino – STARS 2015 



	  	  

	  	   	  	  

arXiv:1401.5041 or JHEP05(2014)104 

	  	  	  	  Higgs	  à	  ττ	  	  	  	  results	  
29 

@mH	  =	  125	  GeV	  
Significance	  =	  3.2	  (expected	  3.7)	  σ	

µ = σ/σSM=	  0.78	  ± 0.27	  

@mH	  =	  125.4	  GeV	  
Significance	  =	  4.5	  (expected	  3.4)	  σ	

µ = σ/σSM=	  1.4	  ± 0.4	  

SM results at LHC Higgs Boson C. Biino – STARS 2015 

arxiv:1501.04943 



	  	  

	  	   	  	  

ATLAS-CONF-2013-079 arXiv:1310.3687v2 

	  	  	  	  pp	  à	  VH	  ;	  Higgs	  à	  bb	  	  	  	  results	  
30 

@mH	  =	  125	  GeV	  
Significance	  =	  2.1	  (expected	  2.0)	  σ	

µ  = σ/σSM=	  1.0	  ± 0.5	  	  	  	  x	  VB	  
µ = σ/σSM=	  0.9	  ±	  1.9	  	  	  	  x	  VBF	  Hàbb	  
	  

@mH	  =	  125.4	  GeV	  
Significance	  =	  1.4	  (expected	  2.6)	  σ	

µ = σ/σSM=	  0.5	  ± 0.4	  

SM results at LHC Higgs Boson C. Biino – STARS 2015 

Very	  challenging	  at	  a	  hadron	  collider	  



	  	  

	  	   	  	  

arXiv:1412.8662 ATLAS-CONF-2015-007 

µ  = σ BR/σSM	  BRSM=	  1.00	  ±	  0.09(stat)	  ±	  0.07(syst)	  ±	  0.08(theor)	  	  	  	  CMS	  
µ  = σ BR/σSM	  BRSM=	  1.18	  ±	  0.10(stat)	  ±	  0.09(syst)	  ±	  0.10(theor)	  	  	  ATLAS*	  

	  	  	  	  Main	  5	  channels:	  couplings	  and	  SM	  compa8bility	

31 

SM results at LHC Higgs Boson C. Biino – STARS 2015 

*w
ithout	  m

ost	  recent	  results	  	  



	  	  

	  	   	  	  

	  	  	  	  Spin	  parity	  test/analysis	

32 

	  	  	  	  Use	  ZZ(mZ1,mZ2,	  5	  angles),	  WW(Mll,ΔφLL)	  and	  γγ(cosθ*)	  decays:	  	  
•  the	  par8cle	  is	  a	  Boson	  
•  Spin	  1	  is	  excluded	  because	  of	  	  Hà	  γγ	  [Landau-‐Yang	  theorem]	  
•  JP	  =	  0+(SM),	  0-‐,	  2+,2-‐	  

SM results at LHC Higgs Boson C. Biino – STARS 2015 

PhysLett B 726 (2013)120 

arXiv: 1411.3441 

Both experiments consistent with SM 
JP = 0+ . Several hypotheses 
considered excluded @ 99%CL 

ATLAS:	  



	  	   	  	  

	  	  

W	  and	  Z	  bosons	  

LO (Drell-Yan) + NLO 

W	  à	  eν	


Z	  à	  e+e-‐	




Inclusive Precise	  measurements	  already	  with	  ~	  10	  pb-‐1	  

Vector	  boson	  produc8on	  is	  an	  
important	  benchmark	  for	  QCD.	  
EWK	  Devia8ons	  from	  SM	  would	  
indicate	  New	  Physics.	  

34	  

	  	  	  	  	  	  W	  and	  Z	  produc8ons	  vs.	  √s	  

SM results at LHC W & Z Bosons physics C. Biino – STARS 2015 

LO (Drell-Yan) + NLO 

8TeV	  

8TeV	  
CMS-‐SMP-‐12-‐011	  
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	  	  	  	  Di-‐Boson	  produc8on	  at	  LHC	  35 

Standard	  di-‐boson	  produc&on:	  
γγ,	  Wγ,	  Zγ,	  WW,	  WZ,	  ZZ	  
is	  compe&ng	  with	  Higgs	  produc&on	  

Cross	  sec8on	  measurements	  of	  mul8-‐
boson	  produc8on:	  	  	  
•  Fundamental	  test	  of	  the	  Standard	  

Model	  (SM)	  at	  the	  TeV	  scale	  
•  Probe	  vector-‐boson	  self-‐interac8on.	  

Anomalous	  Triple	  (TGC)	  and	  Quar8c	  
Gauge	  Couplings	  (QGC)	  are	  probes	  of	  
new	  physics.	  	  	  

•  Irreducible	  background	  for	  Higgs	  boson	  
studies	  and	  many	  beyond	  SM	  searches	  

SM results at LHC Di-Bosons physics C. Biino – STARS 2015 



	  	   	  	  

36	  

	  	  	  	  	  	  	  Summary	  of	  W	  &	  Z	  cross	  sec8ons	  

SM results at LHC W & Z Bosons physics C. Biino – STARS 2015 

ATLAS	  and	  CMS	  have	  measured	  the	  diboson	  produc8on	  cross	  sec8ons	  
of	  Wγ,	  Zγ,	  WW,	  WZ	  and	  ZZ	  at	   √s	  =	  7	  and	  8	  TeV	  
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	  	  	  	  	  	  	  	  SM	  cross	  sec8on	  –	  Di-‐Boson	  summary	  37 

SM results at LHC Dibosons physics C. Biino – STARS 2015 



	  	   	  	  

	  	  
Single  
bosons 

Dibosons 

Multi 
bosons 

Top 
quark 

Higgs 

	  	  	  	  	  	  	  	  	  	  SM	  produc8on	  cross	  sec8on	  -‐	  summary	  
38 https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined 
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	  	  	  	  	  Heavy	  Flavour	  	  
	  	  	  	  	  Physics	  –	  Top	  quark	  	  
	  	  	  	  	  

	  	   	  	  

40	  

	  	  

	  LHC	  is	  a	  top	  factory!	  	  
	  



	  	  	  	  	  	  	  Top	  pair	  produc8on	  

     Top-quark physics 

-‐	  Top	  is	  the	  heaviest	  quark	  
-‐	  Large	  mass,	  coupling	  to	  the	  Higgs	  ~1	  à	  no	  hadroniza8on	  
-‐	  �bar	  and	  single	  top	  processes	  are	  significant	  backgrounds	  to	  	  	  
	  	  Higgs	  and	  for	  many	  BSM	  searches	  

	  	  
	  

BR(μ,e)~6%	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  BR(μ,e)~34%	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  BR~46%	  
Bg:	  Z+jets 	   	  Bg:	  W+jets	  	   	  Bg:	  QCD	  

�	  produc8on	  dominated	  by	  
gluon	  fusion	  at	  LHC	  (~90%)	  

In	  SM:	  
BR(t	  à	  W+b)	  ~100%	  	  
à	  W	  decay	  modes	  
define	  top	  states	  

7	  TeV	  

	  	  

8	  TeV	  

41 



	  	   	  	  

	  	  	  	  	  	  	  Top	  pair	  cross	  sec8on	  

SM results at LHC Top-quark physics C. Biino – STARS 2015 

– Cross-check using different final channels and reconstruction techniques 

CMS:	  JHEP	  02	  (2014);	  	  
JHEP	  11	  (2012)	  067	  

ATLAS:	  EPJ	  C74	  (2014)	  3109	  

ATLAS and CMS 7/8 TeV results are compatible between them and in agreement with 
theoretical predictions (approx. NNLO): !tt̄ (8TeV) = 241.5 ± 8.5 pb    tt̄ (8TeV) = 241.5 ± 8.5 pb    

Measurements are dominated by systematic uncertainties 

42 

ATLAS:	  new	  results	  in	  	  
arXiv:1504.04251	  



	  	  	  	  	  Top	  quark	  mass:	  two	  most	  precise	  	  measurements	  

SM results at LHC Top-quark physics C. Biino – STARS 2015 

	  	  

	  	  

mt = 172.08 ± 0.36stat ±  0.83syst GeV 

	  	  

mt = 172.04 ± 0.19stat ±  0.75syst GeV 

Lepton+Jets	   Hadronic	  

CMS-‐TOP-‐14-‐001	   CMS-‐TOP-‐14-‐002	  
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	  	  	  	  	  	  	  	  	  Top	  quark	  mass	  

SM results at LHC Top-quark physics C. Biino – STARS 2015 

	  	  

	  	  

	  	  

	  	  

mt = 173.34 ± 0.27stat ±  0.67syst GeV 

arXiv:	  1403.4427	  

CMS-‐PAS-‐TOP-‐14-‐015	  arXiv:1503.05427 

Exploit	  dependence	  of	  produc-‐
8on	  cross	  sec8on	  on	  top	  mass	  	  

EPJC74(2014)3109 

44 



	  	  
45	  	  	  	  	  	  Single	  Top	  produc8on	  

	  	  

t-‐channel	  	   s-‐channel	  	   Wt-‐channel	  	  

-  Cross-sections for each channel (σt, σs, and σWt)  
-  Matrix Element / Couplings (Vtb) 

22.2%±1.5  

87.2%+3.4
-2.4 

8	  TeV	  

5.55%±0.22  

15.6%±1.2  

65.9%+2.6
-1.8 

10.1%+0.19
-0.18 

7	  TeV	  

SM results at LHC Top-quark physics C. Biino – STARS 2015 
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1974 
Nobel 76 

1977 1983 
Nobel 84 

	  	  	  
	  	  	  	  	  Heavy	  Flavour	  	  
	  	  	  	  	  Physics	  –	  b	  &	  c	  quarks	  	  
	  	  	  	  	  

Y(1,2,3S) 

hKps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH	  

hKps://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults	  



	  	   	  	  

	  	  

µ- 

µ+ 

	  	  	  	  	  	  	  Observa8on	  of	  Bs	  à	  µ+µ-	  

SM results at LHC Heavy Flavour physics C. Biino – STARS 2015 
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	  	  	  	  	  	  	  	  	  Search	  for	  Bs,d	  à	  µ+µ-	  

•  Decay	  suppressed:	  forbidden	  at	  tree	  level,	  	  	  
	  	  	  	  bà	  s(d)	  FCNC	  transi8on	  through	  penguin	  	  	  	  	  
	  	  	  	  or	  box	  diagrams	  
•  SM	  predic8ons:	  	  	  BR(Bsàµµ)=(3.65	  ±	  0.23)	  10-‐9	  

      BR(B0àµµ)=(1.07	  ±	  0.10)	  10-‐10	  

SM results at LHC Heavy Flavour physics C. Biino – STARS 2015 

PRL111 (2013) 101804 

BR(Bsàµµ)=(3.0	  +0.9	  stat	  +0.6	  syst)	  10-‐9	  	  	  ;	  	  	  	  4.3 σ (expected	  4.8	  σ)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐0.8	  	  	  	  	  	  	  	  	  -0.4	  
	  
BR(B0àµµ)=(3.5	  +2.1 stat&syst)	  10-‐10	  	  	  ;    2 σ	


	
              -1.8	  
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	  	  	  	  	  	  	  	  	  Combined	  CMS	  and	  LHCb	  analysis	  

BR(Bsàµµ)=(2.8	  +0.7	  –	  0.6)	  10-‐9	  	  	  	  	  	  (6.2	  σ) stat.	  signif.	  
BR(B0àµµ)=(3.9	  +	  1.6	  -‐1.4)	  10-‐10	  	  	  	  	  	  	  	  (3.2	  σ)	  
	  

SM results at LHC Heavy Flavour physics C. Biino – STARS 2015 

arXiv: 1411.4413 
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•  Consider	  here	  the	  decay	  	  
	  B0sàJ/ψ	  φ	  

•  Interference	  between	  mixing	  and	  
decay	  gives	  rise	  to	  a	  	  CPV	  phase:	  	  

	  ϕs	  =	  ϕm	  -‐	  2ϕd	  
•  Mixing	  phase	  ϕm	  from	  ΔB=2	  box	  

diagram	  à	  sensi8ve	  to	  NP	  

	  	  	  	  	  	  Mixing	  Induced	  CPV	  	  	  

CMS-PAS-BPH-13-012; 
PRD 90 (2014) 052007 

B0
sàJ/ψ	  φ	  

SM results at LHC Heavy Flavour physics C. Biino – STARS 2015 

OS	  tagging	  
calibra8on	  on	  	  
B+àJ/psi	  K+	  

Fit	  projec8on	  on	  m(Bs)	  

Likelihood	  fit	  projec8on	  
on	  decay	  8me	  

J/ψ	  K	  K	  
inv.	  mass	  

50 
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Result	  in	  agreement	  with	  SM	  
within	  current	  uncertain8es	  

	  	  	  	  	  	  Mixing	  Induced	  CPV	  	  	  
B0

sàJ/ψ	  φ	  

SM results at LHC Heavy Flavour physics C. Biino – STARS 2015 

	  	  

Likelihood	  fit	  
projec8on	  on	  
decay	  8me	  (no	  
selec8on	  on	  decay	  
8me	  in	  this	  
analysis)	  

Results	  for ΔΓs vs. Φs	


SM	  predic8ons	  

*ATLAS result with full 
statistics expected soon * * 
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σ(B+
c)BR(B+

càJ/Ψ π+)/σ(B+)BR(B+àJ/Ψ K+)=(0.48±0.05 (stat)±0.03 (syst) ±0.05 (τBc))%  

BR(B+
càJ/Ψ π+π+π+)/BR(B+àJ/Ψ π+)=(2.55±0.80 (stat)±0.33 (syst) +0.04/-0.01 (τBc))%  

	  	  	  	  	  	  	  	  Observa8on	  of	  Bc	  decay	  and	  excited	  Bc(2S)	  	  	  
B+

càJ/Ψ π+ 

PRL 113 (2014) 212004 

JHEP 01 (2015) 063 

- Excited state of the B±
c meson 

observed in the its hadronic 
transition to the ground state  
B±

c→J/ψπ±.  
- 5.2 σ significance  
- Mass of the observed state is 
6842±4±5    MeV, consistent with 
expectations for B±

c(2S) meson.  
SM results at LHC Heavy Flavour physics C. Biino – STARS 2015 

B+ 
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CMS-BPH-13-009 
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	  	  	  	  	  	  	  Observa8on	  of	  B±àψ(2S)Φ	  K±	  	  	  

•  About	  144	  candidates	  	  
•  From	  B±	  →	  J/ψ	  Φ	  K±	  decays	  study	  à	  first	  observa8on	  

of	  the	  B±	  →	  ψ(2S)	  Φ	  K±	  rare	  decay.	  	  
•  BR	  measurement	  on	  going.	  

	  	  

NEW 
53 



	  	   	  	  

	  	  

QCD	  Highlights	  



	  	  

	  	   	  	   Agreement 
with NLO QCD 
predictions 
over many or-
ders of magni-
tude and  up to 
2 TeV in jet pT 

PRD 87 (2013) 112002 
CMS-PAS-SMP-12-012 
CMS-PAS-FSQ-12-031 
arXiv:1410.8857  

SM results at LHC QCD highlights C. Biino – STARS 2015 

	  	  	  	  	  Inclusive	  Jet	  produc8on	  55 

Very	  important	  	  
for	  PDF	  
constraints.	  



	  	  
	  

	  	  

	  	  	  

	  	  	  	  	  The	  strong	  coupling	  αS	  

3-‐jet	  to	  2-‐jet	  cross	  sec8on	  ra8o	  is	  sensi8ve	  to	  the	  
strong	  coupling	  constant	  and	  mostly	  insensi8ve	  to	  
many	  theor.	  and	  exp.	  systema8c	  uncertain8es	  
–	  avoids	  direct	  dependence	  on	  PDFs	  
–	  eliminates	  dependence	  from	  luminosity	  normaliza8on	  

SM results at LHC QCD highlights C. Biino – STARS 2015 

ATLAS-CONF-2013-041 

CMS:	  7	  TeV;	  5	  �-‐1	  

 arXiv:1412.1633; CERN-PH-EP-2014-28; EPJC soon 

56 



	  	  

•  With	  the	  discovery	  of	  the	  Higgs	  
boson	  the	  SM	  is	  now	  complete.	  	  

•  The	  SM	  provides	  an	  accurate	  de-‐
scrip8on	  of	  experiments.	  

•  Standard	  Model	  processes	  holding	  
up	  remarkably	  well	  to	  scru8ny	  from	  
up	  to	  √s	  =	  8	  TeV	  over	  several	  orders	  
of	  magnitude	  in	  produc8on	  cross	  
sec8ons	  but	  we	  are	  just	  at	  the	  begin-‐
ning	  of	  the	  “TeV”	  scale	  explora8on.	  	  

 	  Conclusions	  (1)	  

SM results at LHC Conclusions C. Biino – STARS 2015 

•  Three	  exci8ng	  years:	  from	  the	  
first	  π0→γγ reconstructed	  with	  
the	  first	  LHC	  interac8ons,	  to	  
precision	  SM	  measurements,	  	  

	  	  	  	  	  	  to	  the	  first	  big	  discovery…	  
•  From	  search	  to	  discovery	  to	  

measurement	  and,	  so	  far,	  all	  
measurements	  of	  the	  125	  GeV	  
Higgs	  boson	  agree	  with	  SM	  
predic8ons.	  	  

•  The	  Higgs	  is	  already	  being	  used	  
to	  search	  for	  exo8ca.	  	  

The	  LHC	  and	  the	  LHC	  detectors	  have	  performed	  	  
extremely	  well,	  even	  above	  expecta8ons.	  

ATLAS	  &	  CMS:	  
from	  Run	  1	  
several	  

hundreds	  of	  
publica8ons	  	  



	  	   	  Conclusions	  (2)	  

SM results at LHC Conclusions C. Biino – STARS 2015 

The	  study	  of	  the	  Standard	  Model	  at	  13	  TeV	  will	  be	  
one	  of	  the	  first	  points	  to	  tackle	  at	  the	  new	  energy.	  
The	  first	  QCD	  and	  Electroweak	  Studies	  will	  be	  
done	  with	  much	  less	  than	  a	  �-‐1	  

The	  LHC	  has	  so	  far	  produced	  only	  1%	  of	  its	  
ul8mate	  data	  sample.	  	  	  	  	  	  	  
Furthermore,	  the	  opera8on	  at	  full	  energy	  
(13	  TeV)	  and	  high	  luminosity	  will	  increase	  
the	  power	  of	  searches	  by	  a	  factor	  ten….	  we	  
will	  again	  explore	  new	  fron8ers.	  	    [GeV] HM
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We have exploited the Run1 
data: the majority of searches 
and analysis are published. 	  

We	  are	  now	  concentra8ng	  on	  the	  prepara8on	  for	  
Run2	  that	  will	  start	  in	  one	  month….	  



 	  2015	  -‐	  Fist	  beams	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  in	  LHC	  	  

	  	  

	  	  

	  	  
	  

CMS 
EXPERIMENT 

Splashes	  events:	  	  
LHC	  beam	  on	  
collimators.	  

	  
First	  synchronous	  
signals	  of	  2015!	  	  

Ge�ng	  ready	  for	  RUN2	  



	  	  

	  	  

	  	  

Thank	  you	  
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LHC can check VERY precisely the 
SM as it has the potential to measure 
the fundamental masses of the SM: 
Top, Higgs, W. The Mw is the biggest 
challenge 

•  Biggest three obstacles to surmount: 

•  PDFs: sea quarks play a much stronger role 
than at the Tevatron.  Need at least 2X better 
PDFs. 

•  Momentum scale 
•  Recoil model/MET 

	  	  	  	  	  The	  W	  mass:	  the	  next	  step	  62 



	  	  	  	  	  	  Higgs	  à	  γγ  results	  

	  	  

63 

SM results at LHC Higgs Boson C. Biino – STARS 2015 

	  	  	  

EPJ C 74 (2014) 3076 
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SM results at LHC Higgs Boson C. Biino – STARS 2015 

	  	  	  	  Higgs	  à	  ZZ	  à	  4l results	  

CMS:   Expected:  6.7σ   
Observed: 6.8σ 
→ µ = 0.93+0.29

-0.24 
 

Significance is well over 
6 standard deviations 
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SM results at LHC Higgs Boson C. Biino – STARS 2015 

	  	  	  	  SM	  Higgs	  events	  yield	  (per	  experiment)	  



	  	   	  	  

	  	  

Higgs	  Boson	  
•  Introduc8on	  
•  Observa8on	  in	  the	  five	  main	  decay	  channels	  

(HàZZà4l,	  Hàγγ,	  HàWW-‐>2l2n,Hàττ,	  Hàbb)	  

•  Searches	  for	  rare	  decay	  (Hàµµ,	  Zγ)/produc8on	  
(ppà�H)	  modes	  

•  Proper8es	  of	  the	  H(125)	  boson	  (couplings,	  spin-‐
parity	  proper8es,	  limits	  on	  width,	  differen8al	  cross	  sec8on)	  



	  	   	  	  

67	  

	  	  
	  	  	  	  	  Wγ	  and	  Zγ	  produc8on	  

Wγ→ lνγ	
 Zγ→ llγ	


Wγ→ lνγ	


Zγ→ llγ	


Analyses	  of	  lνγ, llγ, and ννγ final	  states	  
•  Inclusive	  Wγ	  cross	  sec8ons	  above	  theory	  

(MCFM	  NLO)	  
•  Fair	  agreement	  for	  Zγ	


CMS-‐PAS-‐EWK-‐11-‐009	  

ATLAS	  arXiv:1302.1283	  

NEW 

67 
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•  Measurement	  of	  diphoton	  produc8on	  @	  7	  TeV,	  5	  �-‐1	  
•  Major	  background	  for	  H-‐>γγ	  and	  BSM	  searches	  
•  Main	  background	  from	  jets	  misiden8fied	  as	  photons	  
•  CMS	  probing	  a	  phase	  space	  with	  asymmetric	  pT	  

selec8on	  to	  enhance	  sensi8vity	  to	  the	  higher	  order	  
diagrams:	   two isolated photons,  

pT,γ1 > 40 GeV,  
pT,γ2 > 25 GeV, 

 |ηγ| < 1.44  
or 1.57 < |ηγ| < 2.5,  
ΔR(γ1, γ2) > 0.45)    

CMS	  result	  :	  	  
σ(ppàγγ+X)	  =	  	  
17.2	  ±	  0.2(stat.)	  ±	  1.9(syst.)	  ±	  0.4(lum.)	  pb	  
σ(2γNNLO)	  =	  16.2-‐1.3+1.5	  (scale)	  pb	  
ATLAS	  result	  (different	  pT	  ,	  η, ΔR selecYons):	  	  
44+3.2/-‐4.2	  pb	  ;	  2γNNLO=	  44+6/-‐5	  pb	  
	  

	  	  	  	  Di-‐photon	  produc8on	  

CMS-PAS-SMP-13-001  
Eur. Phys. J. C 74 (2014) 3129 

ATLAS: JHEP01 (2013) 086 
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•  Measurement	  of	  diphoton	  produc8on	  @	  7	  TeV,	  5	  �-‐1	  
•  Major	  background	  for	  H-‐>γγ	  and	  BSM	  searches	  
•  Main	  background	  from	  jets	  misiden8fied	  as	  photons	  
•  Probing	  a	  phase	  space	  with	  asymmetric	  pT	  selec8on	  to	  

enhance	  sensi8vity	  to	  the	  higher	  order	  diagrams:	  

two isolated photons,  
pT,γ1 > 40 GeV,  
pT,γ2 > 25 GeV, 

 |ηγ| < 1.44  
or 1.57 < |ηγ| < 2.5,  
ΔR(γ1, γ2) > 0.45)    CMS	  result	  :	  	  

σ(ppàγγ+X)	  =	  	  
17.2	  ±	  0.2(stat.)	  ±	  1.9(syst.)	  ±	  0.4(lum.)	  pb	  
σ(2γNNLO)	  =	  16.2-‐1.3+1.5	  (scale)	  pb	  

	  	  	  	  Di-‐photon	  produc8on	  

CMS-PAS-SMP-13-001  
Eur. Phys. J. C 74 (2014) 3129 

ATLAS: JHEP01 (2013) 086 
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	  	  σ(NLO)	  =	  2100	  ±	  120	  �	  	  	  (MCFM)	  
σ(NNLO)	  =	  2241	  ±	  22	  �	  	  (M.	  Grazzini	  et	  al.	  

arXiv:1309.7000.)	  	  

	  	  

	  	   	  	  

•  Measurement	  of	  the	  Zγ	  produc8on	  cross	  sec8on	  in	  electron	  and	  muon	  channels,	  with	  19.5	  �-‐1	  at	  8	  TeV	  
•  Kinema8c	  range:	  pTl	  >	  20	  GeV,	  Mll	  >	  50	  GeV,	  ETγ	  >	  15	  GeV,	  ΔR(l,γ)	  >	  0.7,	  lept.	  and	  photon	  in	  fiducial	  area	  
•  The	  dominant	  background	  is	  DY+jets:	  non-‐prompt	  photons	  from	  π0	  or	  η	  decays	  or	  misiden8fied	  hadrons	  

	  	  	  	  Zγ	  produc8on	  and	  aTGC	  	  70 

CMS:	  	  σ(incl)	  =	  2063	  ±	  19	  (stat.)	  ±	  98	  (syst.)	  ±	  54	  (lumi.)	  �	  

Uncertain8es	  dominated	  by	  template	  sta8s8cs	  and	  FSR	  	  
contamina8on.	  Best	  agreement	  with	  NNLO	  and	  SHERPA	  at	  high	  pTγ	


arXiv: 1502.05664 
accepted by JHEP 

Extrac&on	  on	  the	  limits	  (95%CL)	  on	  the	  
strenght	  of	  ZZγ	  and	  Zγγ	  	  aTGC.	  	  
Improvement	  by	  a	  factor	  3	  with	  respect	  
to	  previous	  results.	  	  
Good	  agreement	  with	  SM	  expecta&ons	  

ZZγ coupling Zγγ coupling 

NEW 
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	  	  	  	  	  	  WW+WZ	  produc8on	  and	  aTGC	  71 

	  	   	  	   Template	  fit	  used	  
to	  extract σ. 	

Measured	  cross	  
sec8on	  consistent	  
with	  SM	  predic-‐
8on.	  	  
Systema8c	  uncer-‐
tainty	  ~30%. 	  

Final	  state	  :	  WW+WZ	  à	  lν	  qq	  (e/µ	  ETmiss	  two	  jets)	  

JHEP 01 (2015) 049 

NEW 

ATLAS:	  	  σ	  =	  68	  ±	  7	  (stat.)	  ±	  19	  (syst.)	  pb	  

NLO	  SM	  predic8on:	  σ	  =	  61.1	  ±	  2.2)	  pb	  

SM results at LHC Dibosons physics C. Biino – STARS 2015 



	  	  	  	  	  	  WW	  cross	  sec8on	  72 
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NLO*	  SM	  predic8on	  @7	  TeV:	  	  	  	  	  	  σ	  =	  47.0	  ±	  2.0)	  pb	  
NLO*	  SM	  predic8on	  @8	  TeV:	  	  	  	  	  	  σ	  =	  59.8	  ±	  2.2)	  pb 

CMS@7	  TeV:	  	  σ	  =	  52.4	  ±	  2.0	  (stat.)	  ±	  4.5	  	  (syst.)	  ±	  1.2	  (lum.)	  	  pb	  
CMS@8	  TeV:	  	  σ	  =	  60.1	  ±	  3.2	  (stat.)	  ±	  3.1	  	  (syst.)	  ±	  1.6	  (lum.)	  	  pb	  
	  
ATLAS@7TeV:	  	  σ	  =	  71.4	  +1.2	  (stat.)	  +5.0	  	  (syst.)	  +2.2	  (lum.)	  	  pb	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  

-‐1.2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐4.4	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐2.1	  

	  	   	  	  
	  	  	  	  	  	  	  90.6%	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2.4%	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  7%	  

ATLAS-CONF-2014-033; Phys.Lett.B721(2013) 190; CMS-PAS-SMP-14-016  

ATLAS	  result	  about	  2	  σ	  higher	  than	  SM	  predic8on.	  
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	  	  	  	  	  ZZ	  à	  4l	  	  cross	  sec8on	  73 

•  Inclusive	  and	  differen8al	  ZZ-‐>lll’l’	  cross	  sec8ons	  (l	  =	  e,	  μ;	  l’	  =	  e,	  μ,	  τ)	  
•  Mutually	  exclusive	  sets	  of	  4e,	  4μ,	  2e2μ	  and	  llττ,	  with	  60	  <	  mZ	  <120	  GeV	  	  
•  Simultaneous	  fit	  to	  include	  all	  final	  states	  in	  cross	  sec8on	  calcula8on	  
•  Differen8al	  cross	  sec8on	  measured,	  4e,	  4μ,	  2e2μ	  decays	  combined	  	  
•  Good	  agreement	  with	  the	  SM	  

Phys. Lett. B 740 (2015) 250; ATLAS-CONF-2013-020  

  σ(pp à ZZ) @ 8 TeV 
CMS	  	  	  	  =	  7.7	  ±	  0.5	  (stat.)	  +0.5-‐0.4	  (syst.)	  ±0.4	  (theo.)	  ±0.2	  (lum.)	  pb	  
ATLAS	  =	  7.1	  +0.5-‐0.4	  (stat.)	  ±0.3(syst.)	  ±0.2	  (lum.)	  pb	  	  

Theore8cal	  value	  of	  7.7	  ±	  0.6	  pb	  

NEW 

NB	  Different	  defini8ons:	  CMS	  has	  Higgs	  subtracted,	  for	  ATLAS	  its	  part	  of	  measurement.	  



	  	  

	  	  

	  	  

	  	  	  	  	  ZZ	  à	  2l2ν	  	  produc8on	  74 

CMS@7TeV:	  	  
σ	  =	  5.2	  +1.5-‐1.4	  (stat)	  +1.4-‐1.1(syst.)	  ±0.2	  (lum.)	  pb	  
CMS@8TeV:	  	  
σ  =	  6.9	  ±0.8	  (stat)	  +1.8-‐1.4(syst.)	  ±0.3	  (lum.)	  pb	  	  

Theore8cal	  value@7(8)TeV	  	  
6.2	  +0.3-‐0.2	  (7.6+0.4-‐0.3)pb	  

NEW 

•  Inclusive	  cross-‐sec8on	  measurement,	  7TeV	  
(4.9�-‐1)	  and	  8TeV	  (19.6�-‐1)	  

•  BR	  is	  6x	  larger	  than	  ZZà4l,	  large	  background	  
yields	  (DY,	  WW	  and	  top)	  

•  MET	  reconstruc8on	  is	  crucial,	  dis8nc8ve	  w.r.p.	  
to	  DY	  process.	  

arXiv.1503.05467; CERN-PH-EP-2015-029 
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	  	  	  	  	  	  	  	  	  	  	  	  	  SM	  produc8on	  cross	  sec8on	  -‐	  summary	  75 

hKps://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults#Summary_plots	  



	  	  	  	  	  	  	  Top	  quark	  mass	  

SM results at LHC Top-quark physics C. Biino – STARS 2015 

	  	  

	  	  

	  	  CMS	  -‐	  top	  an8-‐top	  mass	  difference:	  
Δmt = -272 ± 196stat ±  122syst MeV 

	  	  

mt = 173.34 ± 0.27stat ±  0.67syst GeV 

arXiv:	  1403.4427	  

76 



	  	  	  	  	  Top	  quark	  pair	  differen8al	  cross	  sec8on	  

SM results at LHC Top-quark physics C. Biino – STARS 2015 

No	  significant	  devia8on	  from	  SM	  observed	  

	  1	  dσ	  (xi	  )	  
	  σ	  	  	  dxi	  
	  

ATLAS:	  arXiv:	  1502.05923	  

CMS:	  EPJ	  C	  73	  (2013)	  	  2339	  

77 



	  	   	  	  	  	  

	  	  	  	  	  	  	  Top	  pair	  charge	  asymmetry	  

        N(Δ|y| > 0) - N(Δ|y| < 0) 
AC =          N(Δ|y| > 0) + N(Δ|y| < 0) 
 
 
Δ| y | = | yt | - | yt | 

JHEP 02 (2014) 107 
SM results at LHC Top-quark physics C. Biino – STARS 2015 

JHEP04(2014)191 
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NEW	  arXiv:1501.07383	  



	  	  	  	  	  	  	  J/psi	  +	  Z	  associate	  produc8on	  

	  	   	  	  

Produc8on	  model	  for	  quarkonia	  may	  require	  a	  q-‐qbar	  state	  
produced	  as	  color-‐singlet	  in	  the	  lowest	  order	  Feynman	  dia-‐
gram	  (Color	  Singlet	  Model),	  or	  may	  ask	  a	  q-‐qbar	  pair	  being	  
produced	  in	  any	  color,	  subsequently	  removed	  with	  so�	  
gluon	  irradia8on.	  	  	  

In	  associated	  produc8on	  J/psi	  +	  W/Z,	  
the	  lowest	  order	  diagrams	  suggest	  
that	  a	  be�er	  discrimina8on	  between	  
the	  models	  may	  be	  possible.	  Requir-‐
ing	  the	  forma8on	  of	  W/Z	  sets	  a	  high	  
energy	  scale	  for	  the	  sca�ering	  
process	  that	  improves	  the	  pertur-‐
ba8ve	  calcula8on	  convergence.	  	  

•  First	  observa8on	  of:	  	  
	  	  	  	  	  	  Z	  +	  prompt	  J/psi	  (significance	  5σ)	  	  	  and	  	  
     Z	  +	  non-‐prompt	  J/psi	  (significance	  9σ)	  
•  Observed	  produc8on	  ratehigher	  than	  

predic8ons	  by	  one	  order	  of	  magnitude.	  	  

SM results at LHC Heavy Flavour physics C. Biino – STARS 2015 

arXiv: 1412.6428  

NEW 

J/psi+W: JHEP 04 (2014) 172 
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80 	  	  	  	  The	  Standard	  Model	  of	  Par8cle	  Physics	  

(i)	  	  Cons&tuents	  of	  macer:	  quarks	  and	  leptons	  
(ii)  Four	  fundamental	  forces	  	  
	  	  	  	  	  	  	  	  	  (described	  by	  quantum	  field	  theories,	  	  
	  	  	  	  	  	  	  	  	  except	  gravita&on)	  
(iii)	  	  The	  Higgs	  field	  	  	  

Unifica&on	  of	  forces	  

SM results at LHC Introduction C. Biino – STARS 2015 

A	  sort	  of	  periodic	  table	  of	  fundamental	  par&cles:	  	  

80 


