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After LHC Run 1 (2010-2012):

n
 W

e have consolidated the S
tandard M

odel         
(a w

ealth of m
easurem

ents at 7-8 TeV
,  including the rare, 

and very sensitive to N
ew

 P
hysics, B

s  à
 µµ decay) 

 n
 W

e have com
pleted the S

tandard M
odel: 

discovery of the m
essenger of the B

E
H

-field, the 
H

iggs boson discovery 

n
 W

e have found interesting properties of the hot 
dense m

atter  

n
 W

e have NO
 evidence of New

 Physics, 
although tantalizing hints have survived 
scrutiny



 SM
@

LHC



 SM
@
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C
M

S and L
H

C
b B

0s,d →
�
�

 com
bination 

Sept 2014 
LH

C
b new

s 
9 

Fit to full run I data sets of both experim
ents, sharing param

eters 
 R

esult dem
onstrates pow

er of com
bing data from

 >1 experim
ent (an LH

C
 first!)  

projection of invariant m
ass in m

ost sensitive bins 



W
here we stand

n
 W

e have exhausted the num
ber of “known 

unknowns” within the current paradigm
.

n
 Although the SM

 enjoys an enviable state of 
health, we know it is incom

plete, because it 
cannot explain several outstanding questions, 
supported in m

ost cases by experim
ental 

observations.



Looking for “unknown unknowns” 
Needs a synergic use of:

n
 High-Energy colliders 

n
 neutrino experim

ents (solar, short/long baseline, 
reactors, 0νββ decays), 

n
 cosm

ic surveys (CM
B, Supernovae, BAO

, Dark E)
n
 gravitational waves

n
 dark m

atter direct and indirect detection
n
 precision m

easurem
ents of rare decays and 

phenom
ena

n
 dedicated searches (W

IM
PS, axions, dark-sector 

particles)
n
 …

..



From
 the Update of the European Strategy 

 for Particle Physics

The success of the LHC is proof of the effectiveness of 
the European organizational m

odel for particle physics, 
founded on the sustained long-term

 com
m

itm
ent of the 

CERN M
em

ber States and of the national institutes, 
laboratories and universities closely collaborating with 
CERN.
Europe should preserve this m

odel in order to keep 
its 

leading 
role, 

sustaining 
the 

success 
of 

particle 
physics and the benefits it brings to the wider society.

The scale of the facilities required by particle physics is 
resulting 

in 
the 

globalization 
of 

the 
field. 

The 
European Strategy takes into account the worldwide 
particle physics landscape and developm

ents in related 
fields and should continue to do so.



From
 the P5 report

Particle physics is global. 
The United States and m

ajor players in other regions 
can together address the full breadth of the field’s m

ost 
urgent scientific questions if each hosts a unique 
w

orld-class facility at hom
e and partners in high-

priority facilities hosted elsew
here. 

Strong foundations of international cooperation exist, 
with the Large Hadron Collider (LHC) at CERN serving 
as an exam

ple of a successful large international 
science project.
Reliable partnerships are essential for the success 
of international projects. Building further international 
cooperation is an im

portant them
e of this report, and 

this perspective is finding worldwide resonance in an 
intensely com

petitive field.



From
 Japan HEP Com

m
unity

The com
m

ittee m
akes the follow

ing recom
m

endations concerning large-scale 
projects, w

hich com
prise the core of future high energy physics research in Japan. 

 S
hould a new

 particle such as a H
iggs boson w

ith a m
ass below

 approxim
ately      

1 TeV
 be confirm

ed at LH
C

, Japan should take the leadership role in an early 
realization of an e+e- linear collider. 

In 
particular, 

if 
the 

particle 
is 

light, 
experim

ents at low
 collision energy should be started at the earliest possible tim

e. 
In parallel, continuous studies on new

 physics should be pursued for both LH
C

 and 
the upgraded LH

C
 version. S

hould the energy scale of new
 particles/physics be 

higher, accelerator R
&

D
 should be strengthened in order to realize the necessary 

collision energy. 
 S

hould the neutrino m
ixing angle θ

13  be confirm
ed as large, Japan should aim

 to 
realize a large-scale neutrino detector through international cooperation, 
accom

panied by the necessary reinforcem
ent of accelerator intensity, so allow

ing 
studies on C

P sym
m

etry through neutrino oscillations. 
This new

 large-scale neutrino detector should have sufficient sensitivity to allow
 the 

search for proton decays, w
hich w

ould be direct evidence of G
rand U

nified 
Theories. 



The LHC tim
eline

~100 fb
-1

~3000 fb
-1

7-8 TeV
13-14 TeV

~300 fb
-1

Splices 
fixed

Injectors
upgrade

New 
low-β*
quads

Run 1
Run 2

Run 3
HL-LHC



W
here is New

 Physics?

The question
n
 Is the m

ass scale beyond the LHC reach ?
n
 Is the m

ass scale w
ithin LHC’s reach, but final 

states are elusive ?

W
e should be prepared to exploit both scenarios, 

through:

n
 Precision

n
 Sensitivity (to elusive signatures)

n
 Extended energy/m

ass reach



Extending the reach…
n
 W

eak boson scattering
n
 Higgs properties

n
 Supersym

m
etry searches and m

easurem
ents

n
 Exotics

n
 t properties

n
 Rare decays

n
 CPV

n
 ..etc



13 TeV vs 8 TeV
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Run2 @
13 Tev in 2015

• 
Experim

ents in good shape (except for cryo problem
 with CM

S 
solenoid)

• 
~4 pb

-1 collected



SM
 Physics at 13 TeV



SM
 Physics at 13 TeV



The tantalizing diphotons: ATLAS



The tantalizing diphotons: ATLAS



…
and CM

S



…
and CM

S



O
nly tim

e will tell…



The HL-LHC Project• 
N

ew
 IR

-quads N
b

3 S
n 

(inner triplets) 
• 

N
ew

 11 T N
b

3 S
n 

(short) dipoles 
• 

C
ollim

ation upgrade 
• 

C
ryogenics upgrade 

• 
C

rab C
avities 

• 
C

old pow
ering 

• 
M

achine protection 
• 
…

 
M

ajor intervention on m
ore than 1.2 km

 of the LH
C

  
Project leadership: L. R

ossi and O
. B

rüning 



Higgs couplings fit at HL-LHC

C
M

S Projection 
A

ssum
ption N

O
 invisible/undetectable contribution to Γ

H : 
- S

cenario 1: system
./Theory err. unchanged w

.r.t. current analysis 
- S

cenario 2: system
atics scaled by 1/sqrt(L), theory errors scaled by ½ 

ü
 γγ loop at 2-5%

 level  
ü
 dow

n-type ferm
ion couplings at 2-10%

 level  
ü
 direct top coupling at 4-8%

 level  
ü
 gg loop at 3-8%

 level  

C
M

S 



Coupling Ratios Fit at  HL-LHC

n
 

Fit to coupling ratios: 
n
 No assum

ption BSM
 contributions to Γ

H
n
 Som

e theory system
atics cancels in the 

ratios
n
 

Loop-induced Couplings γγ and gg 
treated as independent param

eter
n
 

 κ
γ /κ

Z  tested at 2%
 

n
 gg loop (BSM

) κ
t /κ

g  at 7-12%
 

n
 2

nd  generation ferm
. κ

µ /κ
Z  at 8%

Δ
Γ

/Γ
 = 2 Δ

κ/κ

ATLA
S

 



Extending the reach…
.



Lum
inosity Levelling, a key to success

n
 High peak lum

inosity
n
 M

inim
ize pile-up in 

experim
ents and provide 

“constant” lum
inosity

• 
O

btain about 3 - 4 fb
-1/day 

(40%
 stable beam

s) 
• 

A
bout 250 to 300 fb

-1/year 



25 ns
50 ns

# Bunches
2808

1404
p/bunch [10

11]
2.0  (1.01 
A)

3.3 (0.83  
A)

εL  [eV.s]
2.5

2.5
σ

z [cm
]

7.5
7.5

σ
δp/p [10

-3]
0.1

0.1
γεx,y   [µm

]
2.5

3.0
β
� [cm

] (baseline)
15

15
X-angle [µrad]

590 (12.5 σ)
590 (11.4 σ)

Loss factor
0.30

0.33
Peak lum

i [10
34]

6.0
7.4

Virtual lum
i [10

34]
20.0

22.7
T

leveling  [h] @
 

5E34
7.8

6.8

#Pile up @
5E34

123
247

25 ns is the option  
H

ow
ever: 

50 ns should be kept as alive and 
possible because w

e D
O

 N
O

T have 
enough experience on the actual 
lim

it (e-clouds, Ibeam ) 

B
aseline param

eters of H
L for reaching 250 -300 fb

-1/year 

C
ourtesy O

liver B
rüning 

C
ontinuous global 

optim
isation w

ith LIU
 



The detectors challenge

7 – 11 orders of m
agnitude betw

een inelastic and “interesting” - 
“discovery” physics event rate 



The detectors challenge
In order to exploit the LHC potential, experim

ents have 
to m

aintain full sensitivity for discovery, while keeping 
their capabilities to perform

 precision m
easurem

ents at 
low p

T , in the presence of:
n
 Pileup

n
 <PU> ≈ 50 events per crossing by LS2

n
 <PU> ≈ 60 events per crossing by LS3

n
 <PU> ≈ 140 events per crossing by HL-LHC

n
 Radiation dam

age
n
 Requires work to m

aintain calibration
n
 Lim

its perform
ance-lifetim

e of the detectors
• Light loss (calorim

eters) 
• Increased leakage current (silicon detectors)



Try to visualize x5!



ATLAS Upgrade Roadm
ap



CM
S Phase II Upgrade



LHCb Upgrade



ALICE Upgrade



The data challenge



Data	M
anagem

ent	
W
here	is	LHC	in	Big	Data	Term

s?	

Business	em
ails	sent	

3000PB/year	
(Doesn’t	count;	not	m

anaged	as	
a	coherent	data	set)	

Google	search	
100PB	

Facebook	uploads	
180PB/year	

Kaiser	
Perm

anente	
30PB	

LHC	data	
15PB/yr	

YouTube	
15PB/yr	

U
S	

Census	

Lib	of	
Congress	

Clim
ate	

DB	

N
asdaq	

W
ired	4/2013	

In	2012:	2800	exabytes	
created	or	replicated	
1	Exabyte	=	1000	PB	
	

O
ctober	15,	2013	

Torre	W
enaus,	BN

L				CHEP	2013,	Am
sterdam
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Current	ATLAS	
data	set,	all	data	
products:	140	PB	

h\p://w
w
w
.w
ired.com

/m
agazine/2013/04/bigdata/		

Big	Data	in	2012	

~14x	grow
th	

expected	2012-2020		

From
:	Torre	W

enaus,	CHEP	2013	



C
onceptual D

esign R
eport and  

cost review
 for the next ESU

 (≥2018) 

100 km
 tunnel infrastructure in G

eneva area –            
design driven by pp-collider requirem

ents  
w

ith possibility of e+-e- (TLE
P

) and p-e (V
LH

eC
) 

15 T ⇒
 100 TeV in 100 km

 
20 T ⇒

 100 TeV in 80 km
 

FC
C

 D
esign S

tudy 
K

ick-off M
eeting: 

12-14. February 2014 
in G

eneva  
international 

collaboration 
established, 

design 
study 

proceeding fast 
  



FC
C

-hh: 100 TeV
 

q
 explore directly the 10-50 TeV

 E
-scale 

q
 provide conclusive exploration of E

W
S

B
 dynam

ics 
q
 study nature the H

iggs potential and E
W

 phase transition 
q
 say final w

ord about heavy W
IM

P dark m
atter  

q
 etc. 

FC
C

: physics reach in a nutshell  

FC
C

-ee: 90-350 G
eV

 
q
 indirect sensitivity to E

 scales up to O
(100 TeV

) by m
easuring m

ost H
iggs couplings to  

    O
(0.1%

), im
proving the precision of E

W
 param

eters m
easurem

ents by ~20-200,  
     Δ

M
W  < 1 M

eV, Δ
m

top ~ 10 M
eV, etc. 

q
 sensitivity to very-w

eakly coupled physics (e.g. light, w
eakly-coupled dark m

atter) 
q
 etc. 

M
achines are com

plem
entary and synergetic, e.g. from

 m
easurem

ent of  ttH
/ttZ ratio, and using 

ttZ coupling and H
 branching ratio from

 FC
C

-ee, FC
C

-hh can m
easure ttH

 to ~ 1%
 

FC
C

-ep: ~ 3.5 TeV
 

q
 unprecedented m

easurem
ents of P

D
F and α

s    
q
 new

 physics: leptoquarks, eeqq contact interactions, etc. 
q
 H

iggs couplings (e.g. H
bb to ~ 1%

) 
q
  etc. 



The challenge is not only the m
achine…

Detectors R&D :
  • 

U
ltra-light, ultra-fast, ultra-granular, rad-hard, low-power Si 

trackers 
• 

10
8 channel im

aging calorim
eters (power consum

ption and cooling 
at high-rate m

achines,..)  
• 

big-volum
e 5-6 T m

agnets (~2 x m
agnetic length and bore of 

A
TLA

S and CM
S, ~50 GJ stored energy) to reach m

om
entum 

resolutions of ~10%
 for p~20 TeV m

uons 

Theory:  
 • 

im
proved theoretical calculations (higher-order EW

 and Q
CD

 
corrections) needed  to m

atch present and future experim
ental 

precision on EW
 observables, H

iggs m
ass and  branching ratios.  

• 
W

ork together with experim
ents on m

odel-independent analyses  in 
the fram

ework of Effective Field Theory 



Various options,  
w

ith increasing  
am

ount of H
W

  
changes, technical  
challenges, cost,  
and physics reach 

16 TeV vs 14 TeV 

H
igher √s  in the LH

C
 tunnel ?  

W
G

 set up to explore technical feasibility of pushing LH
C

 energy to: 
1)  design value: 14 TeV

 
2)  ultim

ate value: 15 TeV
 (corresponding to m

ax dipole field of 9 T) 
3)  beyond (e.g. by replacing 1/3 of dipoles w

ith 11 T N
b

3 S
n m

agnets)   
à
  Identify open risks, needed tests and technical developm

ents, trade-off  
    betw

een energy and m
achine efficiency/availability 

à
  R

eport on 1) end 2016, 2) end 2017, 3) end 2018 (in tim
e for E

S
)  

H
E-LH

C
 (part of FC

C
 study): ~16 T m

agnets in LH
C

 tunnel (à
 √s~ 30 TeV

) 
q
 uses existing tunnel and infrastructure; can be built at fixed budget 

q
 strong physics case if new

 physics from
 LH

C
/H

L-LH
C

 
q
 pow

erful dem
onstration of the FC

C
-hh m

agnet technology 

28 TeV vs 14 TeV 

Fabiola G
ianotti, 

FC
C

 W
eek 2016 



LHeC, not only PDFs

Continuing activity on 
Physics
Detector
ERL

G
oal: L~10

34 cm
-2s

-1
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The	CLIC	project	
e+e-	linear	collider,		can	be	built	in	stages	
covering	from

	a	few
	hundred	GeV	to	3	TeV,	

operated	at	lum
inosiees	~1-5	10

34	cm
-2	s -1	

Key	challenges:		
• 

High	gradient	(energy/length)	
• 

Sm
all	beam

s	(lum
inosity)	

• 
Repeeeon	rates	and	bunch	spacing	
(experim

ental	condieons)	

C
A

LIC
E

 tungsten-D
H

C
A

L 
C

om
plete m

odule, P
E

Ts (above), A
cc. S

tructure (right) 



International Linear Collider (ILC) 

q
 Japan interested to host à

 decision ~2018 based also on ongoing international discussions 
     M

ature technology: 20 years of R&D
 experience worldwide  

     (e.g. European xFEL at D
ESY is 5%

 of ILC, gradient 24 M
V/m

, som
e cavities achieved 29.6 M

V/m
) 

à
 Construction could technically start ~2019, duration ~10 years à

 physics could start ~2030 
 

M
ain challenges: 

q
 ~ 15000 SCRF cavities (1700 cryom

odules), 31.5 M
V/m

 gradient 
q
 1 TeV m

achine requires extension of m
ain Linacs (50 km

) and 45 M
V/m

 
q
 Positron source; suppression of electron-cloud in positron dam

ping ring 
q
 Final focus: squeeze and collide nm

-size beam
s  

Total length: 31 km
 

√s=250 (initial), 500 (design), 1000 (upgrade) GeV   
L ~ 0.75-5 x 10

34 

(running at √s=90, 160, 350 GeV also envisaged) 

Technical D
esign  

Report released  
in June 2013   



Disruptive Technologies: W
akefield Acceleration
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A com
pelling scientific program

m
e beyond the LH

C
  

A
D

: A
ntiproton D

ecelerator for 
antim

atter studies  
C

A
ST, O

SQ
A

R
: axions 

C
LO

U
D

: im
pact of cosm

ic rays 
on aeorosols and clouds à

 
im

plications on clim
ate 

C
O

M
PA

SS
: hadron structure and 

spectroscopy   
ISO

LD
E

: radioactive nuclei facility 
N

A
61/Shine: ions and neutrino 

targets 
N

A
62: rare kaon decays 

N
A

63: radiation processes in 
strong E

M
 fields 

n-TO
F: n-induced cross-sections 

U
A

9: crystal collim
ation 

N
eutrino Platform

: collaborating 
w

ith experim
ents in U

S
 and 

Japan à
 see later  

~20 experim
ents > 1200 physicists  



C
E

R
N

 neutrino activities 

N
eutrino oscillations (e.g. !

µ à
 !

e ) established (since 1998) w
ith solar, atm

ospheric, reactor and  
accelerator neutrinos à

 im
ply neutrinos have m

asses and m
ix 

S
ince then: great progress in understanding ! properties at various facilities all over the w

orld 

N
evertheless, several open questions:  

q
 O

rigin of ! m
asses (e.g. w

hy so light com
pared to other ferm

ions ?) 
q
 M

ass hierarchy: norm
al (!

3  is heaviest) or inverted (!
3  is lightest) ? 

q
 W

hy m
ixing m

uch larger than for quarks ? 
q
 C

P violation (observed in quark sector): do ! and anti-! behave in the sam
e w

ay? 
q
 A

re there additional (sterile) ! (hints from
 observed anom

alies)? 

A
ccelerator experim

ents can address som
e of above questions studying !

µ à
 !

e oscillations 
µ à

 !
e oscillations 
e oscillations 

N
eed high-intensity p sources (> 1M

W
) and m

assive detectors, as ! are elusive particles  
and the searched-for effects tiny à

 N
ext-generation facilities planned in U

S
 and Japan.  

52 
E

uropean S
trategy 2013 



The C
E

R
N

 N
eutrino P

latform
 

S
outh D

akota 

D
U

N
E

 experim
ent: 

4x10 kt LA
r detectors  

~1.5 km
 underground 

Long B
aseline N

eutrino Facility (LB
N

F) at FN
A

L 

1.2 M
W

 p beam
, 60-120 G

eV
 (P

IP
-II) 

W
ide-band ! beam

 0.5-2.5 G
eV

  

IC
A

R
U

S
 T600 

(476 t) 
M

icroB
ooN

E
 (89 t) 

S
B

N
D

 (112 t) 

FN
A

L S
hort-B

aseline N
eutrino program

m
e 

N
eutrino beam

 from
 B

ooster 
S

tart ~2018 

Far site construction starts ~2017, 1
st detector installed ~2022, beam

 from
 FN

A
L ~ 2026 



A 25+ years Physics Program
O

n the beam
:

n
 Perform

 a com
prehensive investigation of neutrino oscillations 

to:n
 test CP violation in the lepton sector

n
 determ

ine the ordering of the neutrino m
asses

n
 test the three-neutrino paradigm

n
 Perform

 a broad set of neutrino scattering m
easurem

ents with 
the near detector

Exploit the large, high-resolution, underground far detector for non-
accelerator physics topics: 

n
 atm

ospheric neutrino m
easurem

ents
n
 searches for nucleon decay

n
 m

easurem
ent of astrophysical neutrinos (especially those from

 a 
core-collapse supernova). 



F. Gianotti, IPA
C2014, 20/6/2014 

H
yper-K

am
iokande, JPA

R
C

: construction could start ~2018 

~0.5 M
ton W

ater C
erenkov detector  

(~20 x S
uper-K

) 
~ 1 km

 underground 
~ 2.5

0 off-axis à
 narrow

-band beam
 

C
om

plem
entary to LB

N
E

: different detector technology, 
shorter baseline (à

 less sensitive to m
ass hierarchy),  

narrow
-band beam

 (à
 high statistics of ν/anti-ν at  

oscillation peak but lim
ited m

easurem
ent of oscillation  

spectrum
) 

H
K

 
JPA

R
C

 
300 km

 

0.38 à
 0.75 à

 > 1 M
W

 p source  
E

p  = 30 G
eV

 à
 E
ν ~ 0.6 G

eV
 

N
arrow

-band ν beam
  

à
 high intensity at oscillation peak 



C
E

R
N

 N
eutrino P

latform
 

M
ission: 

q
 P

rovide charged beam
s and test space to  

     neutrino com
m

unity à
 N

orth A
rea extension 

q
 S

upport E
uropean participation in accelerator 

     neutrino experim
ents in U

S
 and Japan: 

à
 R

&
D

 to dem
onstrate large-scale LA

r technology  
    (cryostats, cryogenics, detectors)  
à
 C

onstruction of one cryostat for D
U

N
E

 detector m
odules 

à
 C

onstruction of B
abyM

IN
D

 m
agnet: m

uon spectrom
eter for W

A
G

A
S

C
I experim

ent at JPA
R

C
  

C
onstruction and test of “full-scale” prototypes of  

D
U

N
E

 drift cells: ~ 6x6x6 m
3, ~ 700 tons  

R
efurbishm

ent of IC
A

R
U

S
 T600  

for short baseline program
m

e 
à

 ship to FN
A

L beg 2017  

single-phase 
double-phase 

ready for beam
  

tests in 2018  
(before LS

2) 
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Fabiola G

ianotti 
FA

LC
 m

eeting, K
E

K
, 24-2-2016 

FC
C

 m
agnet technology: learning from

 LH
C

/H
L-LH

C
 

D
ecem

ber 2015: short (1.8 m
)  

N
b

3 S
n tw

o-in-one dipole reached  
11.3 T (> nom

inal) w
ithout quenches 

M
arch 2016: short (1.5 m

) N
b

3 S
n quadrupole m

odel (final aperture =150 m
m

) reached current 18 kA  
(nom

inal: 16.5 kA
). C

E
R

N
-U

S
 LA

R
P C

ollaboration (2 coils from
 C

E
R

N
 + 2 coils from

 U
S

) 

“N
atural” continuation of LH

C
 and H

L-LH
C

 program
m

es. 
S

tep-w
ise approach à

 each step deployed and operated   
in a (big) accelerator: 
q
 LH

C
: 8.3 T à

 push to ultim
ate field of 9 T ?  

q
 H

L-LH
C

: N
b

3 S
n technology: 

     -- 11 T dipoles in dispersion suppression collim
ators 

     -- 12-13 T peak field low
-" quads for ATLA

S
 and C

M
S

 IR
’s 
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Future opportunities other than high-energy colliders 

A “P
hysics B

eyond C
olliders" S

tudy G
roup has been put in place 

q
 W

ill bring together accelerator scientists, experim
ental and theoretical physicists 

q
 K

ick-off m
eeting in S

um
m

er 2016 
q
 Final report end 2018 à

 in tim
e for E

uropean S
trategy  

M
andate 

E
xplore opportunities offered by C

E
R

N
 accelerator com

plex and infrastructure to address  
outstanding questions in particle physics through projects: 
 q
  com

plem
entary to future high-energy colliders (H

E
-LH

C
, C

LIC
, FC

C
) 

q
  exploiting unique capabilities of C

E
R

N
 accelerator com

plex and infrastructure 
q
  com

plem
entary to other efforts in the w

orld à
 optim

ise resources of the discipline globally  
E

xam
ples: searches for rare processes and very-w

eakly interacting particles, electric dipole m
om

ents, etc. 
 à

 E
nrich and diversify C

E
R

N
’s future scientific program

m
e  

O
ne of the goals is to involve interested w

orldw
ide com

m
unity, and to create synergies  

w
ith other laboratories and institutions in E

urope (and beyond) 



In sum
m

ary
An exciting period in front of us:
n
 W

e have finished the inventory of the “known 
unknown”…

n
 …

but we have a vast space to explore (and a 
few tantalizing hints to probe)

n
  W

e have a solid physics program
 for the next 15 

– 20 years
n
 In this tim

e period we have to prepare for the 
next steps, setting directions, technologies and 
political fram

es.
 



In sum
m

ary

Experim
ental results will be dictating the 

agenda of the field.
W

e will need:

n
 Flexibility

n
 Preparedness

n
 Visionary global policies 



THANK YO
U


