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outline

the Large Hadron Collider - LHC

LHC performance so far

plan for next 10 years

LHC high-luminosity upgrade “HL-LHC”
beyond LHC

—higher-energy pp collider (“VHE-LHC,” “HE-
LHC”) & circular e*e" Higgs factory (“TLEP,”
“LEP3”) sharing the same infrastructure

—a long-term strategy for high-energy physics



sequence of CERN accelerators

* PS - Proton Synchrotron (1959-)

“first strong-focuSing proton ring”

+ ISR - Intersecting Storage Rings (1971-
1985) “first hadron collider”

»+ SPS - Super Proton Synchrotron (1976-)

first proton-antiproton collider”

* LEP - Large Electron-Positron storage ring
(1989-2001) highest energy e*e- collider

* LHC - Large Hadron Collider g2008- o
highest energy pp & AA collider
* next machine?!?



Accelerator chain of CERN (operating or approved projects)
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LHC: highest energy pp, AA, and pA collider

design parameters

c.m. energy = 14 TeV (p)
luminosity =1034 cm—=st

1.15x10 p/bunch
2808 bunches/beam

. Octantd S/

360 MJ/beam

.- ye=3.75 um

ALICE) ' p*=0.55m
%, X 0.,=285 prad
c,=7.55 cm

c*=16.6um



short LHC history

1983 LEP Note 440 - S. Myers and W. Schnell propose
twin-ring pp collider in LEP tunnel w 9-T dipoles

1991 CERN Council: LHC approval in principle

1992 Eol, Lol of experiments
1993 SSC termination

1994 CERN Council: LHC approval

1995-98 cooperation w.Japan,India,Russia,Canada,&U
2000 LEP completion

2006 last s.c. dipole delivered

2008 first beam

2010 first collisions at 3.5 TeV beam energy

2015 collisions at ~design energy (plan)
>30 years



1st cyclotron, ~1930
E.O. Lawrence
= 11-cm diameter

- 1.1 MeV protons

LHC, 2015
O-km diameter
[/ TeV protons

N\

Y after ~85 years

~107 X more energy
~10°x larger



L HC tunnel 2002







LHC s.c. dipole magnet —8.33 T

twin magnet concept had been
invented by R. Palmer for CBA




Cross section (mb)

luminosity R= &

reaction rate I!ﬁmlnosny

Cross section

C. Amsler et al., Physics Letters B667, 1 (2008)
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iIntegrated LHC luminosity in 2010
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2 40— 45pbt recorded :
— L _
m | ]
o 30 —
£ - at very low luminosity .
® 20— “rediscovered all known —
|2 = garticle physics” .
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Brief Hlstory of the Standard Model

Original
discovery

1974 1977 1983 1995

2006 Dec Jan F
2009 2010
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2012 Physics Run: Overall Availability

2012 Proton Run Efficiency Hubner factor
27.6% - H = 11.574 X Lpel /(D X Leeax)
o Hiecion oy = =k
D =200.5 days
. Lpeak = 7695 (ub.s)
13.8% Lpel = 23.269 fo-!
H2011 1p = 0.156
15.0% g p

-9.8% 8.3% -3.9% 0.1% 1.5% 3.9%

2.1% integrated luminosity =
5.0% Hubner factor
X peak luminosity
X physics run time scheduled

SB Time: 73.2 days Total Time: 200.5 days
Alick Macpherson 2012 Availability Compared to 2011 Production Rune



Delivered integrated luminosity (fb™")

integrated pp luminosity in 2011 & 2012

LHC 2011 RUN (3.5 TeV/beam) - LHC 2012 RUN (4 TeV/beam
? | | | T T T T T I I I | | T T T T T T
—e— ATLAS 5.626 fb™' —e— ATLAS 23.269 fb™!
6 H —#— CMS 6.136 fb™! ] in —— CMS 23.269 fb™!
—— LHCb 1.217 b~ £ 20 H—— LHCb 2,192 fb™' |
—— ALICE 4.877 pb“ 4? —0— ALICE 9.678 pb™'
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2011: >100 x 2010
2012: ~4x 2011 (for ATLAS & CMS)
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discovery of the “"Higgs"” boson

A new boson with mass ~ 126 GeV, and with SMS properties

. 1,2,3
o Example: H(126) —» ZZ — 4 leptonsin CMS and ATLAS [ ]
CMS Preliminary
>30-_' 1 3 2 35_"'_'| """"" ARSI 7
(CB : { Data Vs=7TeV:L=00fb" 7 S LEFTTT J-Ldt =005f"  Apr24, 2011 E
put - [Im =126 GeV . P
25__ DZ‘Y*'ZZ - § 25— . _—
g [ Bzx : : 22 e
aCJ 20F - 20 [T Signal (m, =125 GeV) 1
|.|>J - - £ I Background 2z
i 7 15 Il Background Z+jets, it
15_ —] C —4— Data ]
C N 10— —
10:— —: 5[ R
. e B
S5 - 3 1o -
- ] g o |
C . ] 8 I
%780 100 200 dm,=1258+05403Gev] £ .. [m 1243106404 GeV
11=0.917% p=1.5+0.4 (a1 1255 GeV)

e H(126) couples to the Z boson (important for ete colliders)

e All couplings compatible with those of the Standard Model Scalar

e Scalar hypothesis favoured over pseudo-scalar or spin-2 particle

e my known to ~ 400 MeV

e A factor 100 luminosity will bring the statistical uncertainty on 1 to a couple %.

. . [1] G. Gomez-Ceballos, “Study of SMS Production in bosonic decay channels with CMS”, talk given at the (Mar. 2013)
Patrick Janot, LAL Seminar,

[2] F. Hubaut, “Study of SMS production in bosonic decay channels with ATLAS”, talk given at tfle@ (Mar. 2013)
[31 B. Mansoulié, “Combination of SMS results with ATLAS”, talk given at the (Mar. 2013)
22 March 20132


https://indico.in2p3.fr/conferenceOtherViews.py?view=standard&confId=7411
https://indico.in2p3.fr/conferenceOtherViews.py?view=standard&confId=7411
https://indico.in2p3.fr/conferenceOtherViews.py?view=standard&confId=7411
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LHC also runs as ion collider (~4 weeks/yr)
integrated Pb-Pb & p-Pb luminosity

Delivered integrated luminosity (ub™")
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LHC 2011 HI RUN (3.5 Z TeV/beam)

—o— ATLAS 167.6 ub™
—#&— CMS 149.7 ub™"

—o— ALICE 143.6 ub™
PRELIMINARY
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LHC 2013 HI RUN (4.0 Z TeV/beam)

—e— ATLAS 31.20 nb™!
||-A— CMS 31.69 nb™!
—o— ALICE 31.94 nb™!

—— LHCb 2.12 nb™!
|| PRELIMINARY
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LHC actual versus design parameters
T esn  wne2oiz | comment

beam energy 7 TeV 4 TeV >1/2 design
transv. norm. emittance  3.75 um 2.4 um 0.7x design!
beta* 0.55m 0.6m ~ design for 7 TeV
IP beam size 16.7 um 19 um ~ design
bunch intensity 1.15x10%! 1.58x10%! 1.4xdesign!
luminosity / bunch 3.6x1030 cm-2s1 5.2x1030 cm-2s1 1.5x design
# colliding bunches 2808 1368 ~ % design
bunch spacing 25 ns 50 ns

beam current 0.582 A 0.390 A ~67% design
rms bunch length 7.55 cm 10 cm > design
crossing angle 285 prad 290 prad

“Piwinski angle” 0.64 0.79

luminosity 1034 cm2s? 7.1x1033 cm2s?t ~design at 7 TeV



Sourcell 90 keV (kinetic energy)
Linear accelerator I 50 MeV

Proton Synchrotron Booster I 1.4 GeV
Proton Synchrotron I 25 GeV

Super Proton Synchrotron I 450 GeV
Large Hadron Collider I 7 TeV

Duoplasmatron
LINAC2
PSBooster
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LHC
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Circular accelerator
(Synchrotron)

5 De Man 16052003 - proportions not to scale

LHC and its injector chain




25 ns vs. 50 ns Spacing in 2012

Operational performance from injectors :

Bunch

spacing

main limits:

150 Single batch 1.1 x 10% 1.6 5ctune shift
75 Single batch 1.2 x 104 2.0 g‘gg?s;&rm
50 Single batch 1.45x 102 3.5 & CBlin SPS
50 Double batch 1.7 x 10t 2.1 15
25 Double batch 1.15x 10** 2.8
2
L ~ frevk N R — frevyk N R
peak A A
o0, fd ]

at the same total beam currént’50 ns gives >2x more luminosity!
In 2011-12 LHC was operating with 50-ns beams



Injector iImprovements in 2012

new SPS optics (H. Bartosik
-y, from 22.8 (~ ed‘o 0\)9
O (W AN

\
é&&\\)\e‘e’ o %_?3 \\a‘d or 2.85 at

eV wc® W 'L op energy
Q@(b@g OQ‘ (N “?ltensity up to ~3x
N\
O oV
PS L G‘(\a‘\ ‘\’g\\o, S10N (S. Hancock, H. Damerau)

W

| ‘o Intensity for same final intensity
- 3. 00% gain In brightness



PS Batch Compression v. normal Triple Splitting
only bunch splitting =
batch Compressmg & bunch spllttlng

File View Option Control Help | File View Option Control Help |

Tomoscope

LHC_SU  pun 5 19:38:25 2012 Tomoscope . LHC_MD  Mar 14 15:33:04 2012

|
GeoE] —_—m P |
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4

OLD
IRRRRE 1l
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LHC time line — next ten years

SPS e-cloud mitigation, 200

,067\ i>°°~o\° MHz power upgrade
N + ‘@ . \00 '5\\0
o{\\ ob‘ Q;\(‘ ) PSB-PS transfer
‘bé\ . \Q‘??%Q 8& 1.4 GeV — 2 GeV

2019 2020 2021

] Injectors f
Physics @ 6.5/7 TeV commilssiansd
“Ultimate Physics”

|
NB: not yet fully approved HL-LH"

Ralph Steinhagen, ICHEP2012



2015:

25-ns bunch spacing (strong request
from ATLAS & CMS for pile up)

~design energy (after IC consolidation)

two uncertainties:

e electron cloud

e UFOs

both get more difficult at 25 ns &
at higher energy



electron cloud |
[F. Ruggiero]

| =

g, &= &
many pioneering studies of this effect at the
Argonne APS (K. Harkay, R. Rosenberg)

= 20 ns :-"‘5 m-"" 20 ns -"-IE ns:- time

schematic of e- cloud build up in LHC beam pipe,
due to photoemission and secondary emission

harmful consequences:
heat load (— SC magnet quenches), instabillities,
emittance growth, poor beam lifetime

effect much worse for 25 ns than for 50 ns



SEY conditioning by e- bombardment
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main strategy for LHC arcs: “scrubbing” at
injection energy

THE SECONDARY ELECTRON YIELD OF TECHNICAL MATERIALS AND ITS VARIATION WITH SURFACE

TREATMENTS V. Baglin, J. Bojko, O. Grobner, B. Henrist, N. Hilleret, C. Scheuerlein and M. Taborelli
https://cds.cern.ch/record/466534?In=it



https://cds.cern.ch/record/466534?ln=it

G. Rumolo, G. ladarola

arc SEY evolution during 25-ns scrubbing in 2011
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G. Rumolo, G. ladarola

arc SEY evolution during 25-ns scrubbing in 2012:
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arc heat load during trial energy ramp (12/2012)

O Enhanced heat load due to photoelectrons : 804 bunches at 4 TeV produce the
same heat load as 2748 bunches at 450 GeV

O Violent transient during the ramp (limiting #bunches)

O Not much evidence for additional scrubbing ...

804b
| | | |

I I
al4p -

HWHL\U_H i H(\

>we do not yet know whether.25-ns beams'can be
used for physics in 2015 (but this is the baseline)
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In 2012: 21 beam dumps due to
(Un)identified Falling Objects.
«2011: 18 dumps, 2010: 18 dumps.

15 dumps at 4TeV, 3 during ramp,
3 at 450GeV.

8 dumps by MKI UFOs,

4 by UFOs around collimators during
movement (TCL.5L5.B2,
TCSG.4L6.B2)

4 by ALICE Ufinos.

~ 17,000 candidate UFOs
below BLM thresholds found in

2012
2011: about 16,000 candidate UFOs.

T. Baer

locatio
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Spatial and temporal loss profile of

UFO at BSRT.B2 on 27.08.2012 at 4TeV.



finer temporal resolution UFO event
using new diamond detectors

[ Dump J\.

IlBOnﬂl

1 turn

S0us

Diamond BLM in IR7 T. Baer



UFO strength

distribution of signal strength

10° ! ! !
1/x distribution of UFO BLM signal strength
consistent with macro-particle ("dust”) size
Al _ distribution measuredinthelab |
R : :
ém_ By o 092
2 |
10° | . i ................
10_1 2 -1 ;{I 1
10 10 10 10

Signal RS 1 [Gy/s]

T. Baer
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arc UFQ rate

Il Arc UFOs (>cell 12)
I Dose (from RS6) > 2.0 xGy
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Number of arc UFOs/hour during stable beams
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Clear conditioning effect in 2011 and 2012. UFO rate =2.5
times higher in beginning of 2012 than in Oct. 2011. About
10 times increased UFO rate with 25ns. No UFQ in 17.5h

with 1374b at 1.38TeV (special lower-energy run).



UFO - Extrapolationto 7 TeV ::e

125 25

~a—Expected Number of Dumps by Arc UFOs

. Expected Number of Dumps by MKI UFOs
E e = -Signal/Threshold factor 20 2
E 23
2 arcUFOsat 7 TeV: L &b
o i . . g ™
z 4x peak energy deposition 3 &
o ., OXless quench margin 088
= - . £ 8
% — 20x signal/threshold E 3
£ . >100 beam dumps? 8=
é - |

0 PR—— "-"Ji:-:—:'.__—_ 0

0 1000 2000 3000 4000 5000 e000 7000

Flat top energy [GeV] _ _ _
Expected # UFO-related beam dumps & arc BLM signal/threshold ratio with energy

plan for 2015:raise BLM thresholds (2013 “guench test”),
& Improve BLM locations



LHC luminosity forecast

~30/fb at 3.5 & 4 TeV 2012 DONE
~300/fb at 6.5-7 TeV 2020 goal
~3000/fb at 7 TeV 2035 goal

question: how do we get 3000/fb by 20357
answer: with HL-LHC



HL-LHC — LHC modifications

IR upgrade
(detectors, low-f3 )
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high Iuminosity - event pile upp

i
— s | g = ciiliic
LT = - } fw_ﬂﬂf ﬁsuz e {
2 éé“'b—“@;ns slpeteln 2 events/drossmg 25 ns spacing
"
1 E
: fﬁm&f"\tﬁ :Am‘#"' -4 \p= J . e nat f: :;" .
19 events/ ossmg 25 ns spacing 100 events/crossing, 12.5 ns spacing
p,> 1 GeV/c cut, i.e. all soft tracks removed . Osborne

historical simulation



Z~> ud event from 2012 data with

78 reconstructed
vertices in event from
high-pileup run (CMS)

actual

HL-LHC requires leveling
data

for ATLAS & CMS




High-Luminosity LHC (HL-LHC)

luminosity goals:

leveled peak luminosity: L =5x103*cm>?s?
(upgraded detector pile up limit ~140)

“virtual peak luminosity”: L 2>20x103* cm=s
integrated luminosity: 200 - 300 fb™*/ yr

total integrated luminosity: ca. 3000 fb by
~2035



luminosity leveling at the HL-LHC

example: maximum pile up 140

L [1034 Cm-ZS-l] (G:ne~85 mbarn)
20
no leveling w peak 2x10°> cms!
15} _-
10 ¢ _
leveling at 5x10°* cm=s™!
5 _

- nominal

> 4 6 8§ 10 12 14

t [h]
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luminosity leveling at the HL-LHC

(1034 cm2s!]

example: maximum pile up 140

no leveling w peak’
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luminosity & integrated luminosity
during 30 h at the HL-LHC

example: maximum pile up 140

L[10% cm2s!]

O W B W N

integrated
L [15]

turn-
arounc

s 10 15 20 25 30 t[h]



luminosity reduction due to crossing angle
more pronounced at smaller 3*

“Piwinski angle”

luminosity reduction factor - 1 X
R, " ire?’ T 20,

nominal
LHC

O8 |

0,12
crab cavities x\

eff. beam size:
G*x,eff = GX*/ RG

06 |

04 |
HL-LHC

02}

> 1 6 s 1 ©71/P”



schematic of crab crossing

* RF crab cavity deflects head and tail in opposite direction so that
collision is effectively “head on” for luminosity and tune shift

e bunch centroids still cross at an angle (easy separation)

e 15t proposed in 1988, used in operation at KEKB since 2007



HL-LHC needs compact crab cavmes

only 19 cm beam separation, but long bunches

Final down-selected compact cavity designs for the LHC upgrade: 4-rod
cavity design by Cockcroft I. & JLAB (left), A/4 TEM cavity by BNL (centre),
and double-ridge A/2 TEM cavity by SLAC & ODU (right).

Prototype compact Nb-Ti crab cavities for the LHC: 4-rod cavity (Ieff)and
double-ridge cavity (right).



breaking news — PoP double-ridge cavity
achieved 7 MV deflecting voltage cw

1.0E+10 -
J. Delayen
. 20K S;( Dle Silva
etal-
fuo ooooo»fo » qng“..".. oDU,
: : ‘5{4‘:‘ SLAC,
- - [ ﬂ JLAB
| 1 o O )
" i : ¢ Niowave
([ J
Expected >1.0E+09 - .‘"0... : i 1
[ )
Qo = 6.7x10° 42K | e i
— AtR¢=22nQ ' i"' T Quench
— And R, =20 nQ i i
Achieved T I I
-LHC goal: ! '
_ 9 | 1
Qo =4.0x10 3.3 MV in operation | I
- : 1.0E+08 ! ’

Achieved fields 0 e 10 T 20 E; (MV/m)
- E;=18.6 MV/m 0.0 15 3.0 45 6.0 75 Vr (MV)
- Vr=7.0MV 0 20 40 60 80 Ep(MV/m)
— Ep=75MV/m 0 28 56 84 112 140 B, (mT)
— Bp=131mT

better than required! J. Delayen, LARP CM20



Recommendations from European Strategy Group, January 2013

Recommendation #1:

... 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 the initial design ...

Recommendation #2:

Europe needs to be in a position to propose an ambitious post-
LHC accelerator project at CERN by the time of the next Strategy
update [2017/18] when physics results from the LHC running at
14 TeV will be available

Recommendation #3:

There is a strong scientific case for an electron-positron collider,
complementary to the LHC, that can study the properties of the
Higgs boson and other particles with unprecedented precision
and whose energy can be upgraded



Source: Francois Le Diberder, Clermont Ferrand, March 2013



Paths towards the future : Precision Higgs Facto

o Several options for Higgs factories are being studied

Linear Circular e*e-
) Colliders Colliders
Studied for 3 LEPS This talk
decades ILC il
cLic e st Sas Super-
SLC-tvpe ; Lo e v ristan
T / FNAL
) Site-
Concepts filler
IHEP, +
SAPPHIRE,
v=y Colliders Muon COIIIde';’."ssFern:ilab
_ Not encouraged by
Smaller PhYSICS ete- coIIide.rs. have_ largest pojcential European Strategy
Potential as Precision Higgs Factories

Patrick Janot, LAL Seminar, 22 March 2013



Higgs production in e*e” collisions

e [ 1 o1 : 1
_5 250 —- I ................................. S I .......................................................................... Total L
3] - I | 5 5 5 = HZ |
R ST N B - T
o : : 5 ; ; - WW ->H
Need 100’s fb™! g 20{:} ...... ... I ............................... S R— .
I g H B : |
- |
150b—-b i e e)
I
-
"Inn —_.. I ...................................................................................................................................................................
S
I
50__ ...... I .........................................
-
- - 1 : 1 ! ! L ! 1 | 1 |
Bﬂﬂ 220 240 260 280 300 320 340 360

Centre-of-mass energy (GeV)

¢ Scan of HZ threshold : v/s = 210-240 GeV Spin

o Maximum of HZ cross section : v/s = 240-250 GeV  Mass, BRs,
Width, Decays

¢ Just below the tt threshold : /s ~ 340-350 GeV Width, CP

Patrick Janot, LAL Seminar, 22 March 2013



circular ete  Higgs factories: LEP3 & TLEP
option 1: installation in the LHC tunnel “LEP3”

+ inexpensive (<0.1xLC)

+ tunnel exists

+ reusing ATLAS and CMS detectors
+ reusing LHC cryoplants

- interference with LHC and HL-LHC

option 2: in new 80 or 100-km tunnel “TLEP”

+ higher energy reach, 5-10x higher luminosity
+ decoupled from LHC/HL-LHC operation & construction

+ tunnel can later serve for VHE-LHC (factor 3 in energy
from tunnel alone)

- more expensive (?)



k LEP3, TLEP
e arameters
yIO—

circumference 26.7 km 80 km

max beam energy 120 GeV 175 GeV

max no. of IPs 4 4

uminosity at 350 GeV c.m. - 0.7x103*cm2s?
uminosity at 240 GeV c.m. 10%*cmst 5x103% cm~2st

uminosity at 160 GeV c.m. 5x103*cm=s!  2.5x103°cmst
uminosity at 90 GeV c.m. 2x103>cm=s?!  10%°cmst

at the Z pole repeating LEP physics
programme in a few minutes...!



history repeating itself...?

When Lady Margaret Thatcher
visited CERN in the 1980s, she
asked the then CERN Director-
General Herwig Schopper how big
the next tunnel after LEP would be.
Dr. Schopper‘s answer was there
would be no bigger tunnel at
CERN.

Lady Thatcher replied that she had
obtained exactly the same answer
from Sir John Adams when the SPS
was built ~10 years earlier, and
therefore she didn‘t believe him.

maybe the Iron Lady was right!

Herwig Schopper, private communication, 2013

Margaret Thatcher,

Herwig Schopper
CERN DG 1981-88
built LEP

JohnAdams
CERN DG 1960-61 & 1971-75
built PS & SPS



80-km tunnel in Geneva area — “best” optlon

«Pre-Feasibility Study for an 80-km tunnel at CERN» o Y h - S
John Osborne and Caroline Waaijer, 5 A s
CERN, ARUP & GADZ, submitted to ESPG R i
% '”: Al
L ;, -:-.-

.!i-;:r' o #}
v .
£
" T Ly ,r_‘
w even better
; . 1100 km?
£, i £
# ?-‘ bt
'LEGEHII ‘
|
------ H‘E Lm:.mmm
potential shaft location




80-km Tunnel Cost Estimate (preliminary)

e (Costs

— Only the minimum civil requirements (tunnel, shafts and caverns) are

included
— 5.5% for external expert assistance
(underground works only)

e Excluded from costing

— Other services like cooling/ventilation/
electricity etc

— service caverns

— beam dumps

— radiological protection

— Surface structures

— Access roads

— In-house engineering etc etc

e Cost uncertainty = 50% (- cost of bare tunnel up to 4.5 BCHF)

CE works

Costs [BCHF]

Underground

Main tunnel (5.6m)

Bypass tunnel & inclined
tunnel access

Dewatering tunnel

Small caverns

Detector caverns

Shafts (9m)

Shafts (18m)

Consultancy (5.5%)

TOTAL

" AMBERG

ENGINEERING

* Next stage should include costing based on technical drawings

John Osborne & Caroline Waaijer (CERN) 21 February 2013




luminosity formulae & constraints

frevnlef (Nb> 1 1 1
L = = (frepnpNp)
4-7T0'x0'y frev b*'b e, | AT \/,Bxﬁy \/gy/gx

/ PSR/

(frevnbNb) — m
8.8575 x 10>

SR radiation
— E* power limit

GeV
& — $x2my (1 + ko) beam-beam limit
gx B Te
N, 30yr? >30 min beamstrahlung
0,0, Ogec X <1 lifetime (Telnov) > N, B3,

—minimize x=¢ /e, B, ~B,(e /¢e,) and respect B =c,



LEP3/TLEP parameters -1 ;007 0 eil

B,*=0.03 m, [3Y*-0 03 cm
__ [1EP2 |LHeC [LEP3 __ |TLEP-Z |TLEP-H |TLEP-t _

beam energy Eb [GeV] 104.5 60 45.5

circumference [km] 26.7 26.7 26.7 80 80 80
beam current [mA]
#bunches/beam 4 2808 4 2625 80 12
#e-/beam [1012] 2.3 56 4.0 2000 40.5

horizontal emittance [nm] 30.8
vertical emittance [nm] 0.25 2.5 0.10 0.15
bending radius [km]

partition number J, : :
neEN Rl Akl 185 8.1 1.0 1.0
SR power/beam [MW] 11 44 (50 ) 0
B* [m] 8 0.2 0.2 0.2 0.2
B*, [cm] i 0.1 0.1 0.1 0.1
o*, [um] 270 /30 71 78 43 63
(o [um] 3.5 16 0.32 0.38 0.22 0.32

hourglass F, 0.9 0.99 0.59 0/71 0.75 0.65
AESR _ /turn [GeV] 3. 0.44 6.99 0.04 2.1 9.3

KB:g /€, =0.25% even with 1/5 SR power (10 MW) still > L, !

loss

uperk



LEP3/TLEP parameters ) LEP2 was not beam-

beam limited
. |LEP2 |LHeC _

Vig o [GV] : : .0 12.0
8 rmax rr [%] . 5.7 4.0 9.4 4.9
§/1P : N/A 0.09 0.12 0.10 0.05
§,/IP : N/A 0.08 0.12 0.10 0.05
f [kHz] 1.6 0.65 2.19 1.29 0.44 0.43
E...[MV/m] 7.5 11.9 20 20 20 20
eff. RF length [m] 485 42 600 100 300 600
fer [MHZ] 352 721 700 700 700 700
&R [%] 0.22 0.12 0.23
oR z,rms [cm]
L/1P[1032cm~2s71]

number Of IPs 4 | /7 ___________/J __________/ ___________/

Rad.Bhabha b.lifetime [min] 360 N/A

Ygs [1074] . .
n,/collision 0.08 0.16 0.60 0.41 0.50 0.51
AdB3/collision [MeV] 0.1 0.02 31 3.6 42 61
AdBS__ [collision [MeV] 0.3 0.07 44 6.2 65 95

rms [

rms

LEP data for 94.5 - 101 GeV consistently suggest a beam-beam limit of ~0.115 (R.Assmann, K. C.)



Stuart’s Livingston ChartglLuminosity (/IP)
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Stuart Henderson, Higgs Factory Workshop, Nov. 14, 2012 # Fermilab




 EPD: beam lifetime

e beam lifetime ~ 6 h
 due to radiative Bhahba scattering (c~0.215 b)

TLEP:
e with L~5x103%* cm~2s~! at each of four IPs:

TheamTLep 16 Minutes from rad. Bhabha

SuperKEKB: T~6 minutes!
e additional lifetime limit due to beamstrahlung
(1) large momentum acceptance (0,,,, zr23%),
(2) flatter beams [smaller &, & larger B,
maintaining the same L & AQ,, constant], or

(3) fast replenishing
(Valery Telnov, Kaoru Yokoya, Marco Zanetti)



circular HFs — top-up injection

double ring with top-up injection
supports short lifetime & high luminosity

Accelerator ring

A. Blondel

Collider ring

top-up experience: PEP-II, KEKB, light sources



top-up injection: schematic cycle

. beam current in collider (15 min. beam lifetime)

_ I\l\r
99% o

almost constant current

energy of accelerator ring
120 GeV

>

injection into collider

injection into
accelerator

acceleration time=1.6s
10 s (assuming SPS ramp rate)




beamstrahlung lifetime

e simulation w 360M macroparticles
e Tt varies exponentially w energy acceptance n
e post-collision E tail - lifetime 1

beam lifetime versus acceptance o .. for 4 IPs:

"6‘“ 4 T | | | T | | |
$ 10 ? .................................................................................................... ................................................................................................................................................. .
o 10°E -
= =
= 10 %_ __________________ — e s s
1 %_ __________________ __________________________ _________________ __________________________ ______________ . TLEP@250 ___________
o T i
10-2 E_ o NSO SO SO S * TLEP@350 ___________ _E
103l SuperKEKB ______ 8 ______ /8 ________ <0 _____ 2500 ___________________________ __________________ _%

OI 0005 001 0015 002 0025 003 0035 004 0045 005
M. Zanetti momentum acceptance



circular HFs - momentum acceptance
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circular collider & SR experience

3'd generation light «

CESR 1992 EE?FI ’Frp' &
BEPC iggi \0%\\ ((\
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emittances in circular colliders &
modern light sources

5
10§ EEERERL

¥E i HEREE L]
. PER-I | | L EREE

CESR | 1 e

10 e A DAFNE {
; VEPP-2000 |

B

Su

o 1 Y.Funakoshi, KEK

1000

100 Futl.;lre coiIIi'dgé_rs'

: CO‘ LEP3

Bl rLep (240) @O
11 0y up 1!‘(‘3\‘ . ntg 9mo“zuce ﬂ ( )APS‘

nce [nn i F'E'LRAIII o ELETTRA

t%@ 913 a” M "\.f.mgLs ”5Pringaffsu§;rFKE§EEAR3

eM™ oAk spene & opafs

= ILC DR, ESRF

R.\“\(\“ 'uEJ | ®1usr+DR

Vertical Emittance [pm]

- * sLs ¢ ®ASP
CLIC DR

R. Bartolini,

I:IE T T T T
DIAMOND 0.001 0.01 0.1 1 10 100
H emittance (hm)




circular HFs: synchroton-

radiation heat load

PEPIl | SPEAR3 | LEP3 | TLEP-Z | TLEP-H | TLEP-t
E (GeV) 9 3 120 45.5 120 175
1 (A) 3 0.5] 0.0072 1.18| 0.0243| 0.0054
rho (m) 165 /.86 2625 9000 9000 9000
Linear Power (W/cm) 101.8 92.3 30.5 8.8 3.8 3.8

LEP3 and TLEP have 3-10 times less SR heat load per
meter than PEP-Il or SPEAR! (though higher photon

energy)

N. Kurita, U. Wienands, SLAC



synchrotron radiation - activation

NEUTRON PRODUCTION BY LEP SYNCHROTRON RADIATION USING EGS
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polarization

motivation: access to some physics (>50%) at

75

LEP had the highest-energy

(self-)polarized electron beams s

o _
PRI ST S VA WO S TR S (N OO SN TR SN NS WY AT | ]

60 70 80 90 100

Energy [GeV]

TLEP Polarization Time

polarization
time in TLEP

\\
‘___\.\

i

U.Wienands - minutes

.
T

40 60 80 100 120 140 160 40 60 80 100 120 140 160
E (GeV) E (GeV)

options: snakes & injection of polarized beams at Z pole, polarization wigglers,...



TLEP key components

" cryoplants
" magnets

" |njector ring
= detectors

tunnel is main cost
RF is main system



TLEP SC RF system

total collider ring voltage: 12 GV

cw RF gradient: 20 MV/m - 600 m eff. RF length (~LEP2)

RF frequency: 700-800 MHz (BNL eRHIC, ESS, SPL, SNS — high power)
total power throughput to beam: 100 MW

power / cavity: up to 200 kW

RF efficiency (wall>beam): 50%

“Super-power” klystrons at 700 MHz with 63-65% efficiency are
available from CPI, Toshiba and Thales

BNL 704 MHz 5-cell cavity High power RF coupler (ESS/SPL)



TLEP/LEP3 key issues

" SR handling and radiation shielding

= optics effect of energy sawtooth
[separate arcs?! (K. Oide)]

= beam-beam interaction for large Q.
and significant hourglass effect

" B,*=1 mm IR with large acceptance

" Tera-Z operation (impedance effects

& parasitic collisions)

-> Conceptual Design Study by 2014/15!



circular & linear HF:
peak luminosity vs energy
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“A circle is a round straight line
with a hole in the middle.”

Mark Twain,
in "English as She Is Taught”,
Century Magazine, May 1887




extrapolation from past experience

_ LEP2->TLEP-H | SLC-ILC 250

peak luminosity x400 x2500
energy x1.15 X2.5
vertical geom. emittance  x1/5 x1/400
vert. IP beam size x1/15 x1/150
e* production rate x1/2 X65

commissioning time <lyear—>"? >10 years -7



vertical rms IP spot sizes in nm

AN L EP2

achieved By*:
KEKB 940 5cm->
in italics:
design SLC 500 1mm
values
LEP3 320
TLEP-H 220
ATF2, FFTB 73(35),77 [P/
SuperKEKB from ATF2 &
SuperKEKB

ILC 5-8
CLIC 1-2



#Higgs bosons at 1/s = 240-250 GeV

ILC-250 LEP3-240 TLEP-240
Lumi/IP /5 years 250 fb~! 5oo fb1 2.5 ab~!
#IP 1 2-4 2-4
Lumi / 5 years 250 fb! 1-2ab! 5-10ab~!
Beam
0 0 — —
Polarization 80%, 30%
bo.02 86% 100% 100%
(beamstrahlung)
#Higgs 70,000 400,000 2,000,000

in a given amount of time, Higgs coupling precisions scale like
> 2% forILC: 1% for LEP3: 0.3% for TLEP

> 1 year of TLEP = 5 years of LEP3 = 15-30 years of ILC
(at 240 GeV)

Patrick Janot, LAL Seminar, 22 March 2013




comparing expected performance on Higgs coupling

Table 2.1: Expected performance on the Higgs boson couplings from the LHC and ¢'¢” colliders, as compiled from the Higgs Factory 2012 workshop.
Many studies are quite recent and still ongoing.

Accelerator > LHC HL-LHC ILC Full ILC 516 LEP3, 4 1P TLEP, 4 IP
300 fb ! fexpt | 3000 b fexpt | 250 GeV 250350+ P 240 GeV 240 GeV
Ph}’sicial Quantity 250 fb ™ 1000 GeV 315.3 g:\\; ((f.OSOaib_l)) 2ab " (*) § 10ab" 5yrs (%)
5 yrs 5yrs each 5 yrs 350 GeV
2.3 eagh 1.4ab™ 5 yrs (%)
10° ZH 7.5 < 10* ZH 2% 10°ZH
7 8 4 5
Na 1.7% 10 1.7% 10 62 I0°H 44, 10° B 4.7 « 10° Hvv il T
my (McV) 100 50 35 35 100 26 7
Al /Ty -- -- 10% 3% ongoing 4% 1.3%
Indirect Indirect :
Al / I (30%2) (10%?) 1.5% 1.0% ongoing 0.35% 0.15%
e 6.5— 5.1% 5.4-1.5% - 5% ongoing 3.4% 1.4%
ramr. 11— 5.7% 75— 2.9% 4.5% 2.5% < 3% 2.2% 0.7%
Atww / Sitww 5.7-27% 4.5 - 1.0% 43% 1% ~1% 1.5% 0.25%
Azt Sz 5.7-27% 4.5 - 1.0% 1.3% 1.5 0.2%
<30% o
Agun / s " (2 expts) " ~30% (~11%at 3 TeV) "
A/ T < 30% < 10% - - 10% 14%
Age: | Sre: 8.55.1% 5.4-2.0% 3.5% 2.5% 1.5%
ASice ! Srico = = 3.7% 2% 2% 2.0%
Aoy ! S 15— 6.9% 11 —2.7% 1.4% 1% o egeg (e 0.7%
Komeed D 14 - 8.7% 8.0 - 3.9% - 5%

(*) The total luminosity is the sum of the integrated luminosity at four IPs.

Report of the ICFA Beam Dynamics Workshop “Accelerators for a Higgs Factory: Linear vs. Circular”
(HF2012) by Alain Blondel, Alex Chao, Weiren Chou, Jie Gao, Daniel Schulte and Kaoru Yokoya, FERMILAB-

CONF-13-037-APC, IHEP-AC-2013-1, SLAC-PUB-15370, CERN-ATS-2013-032, arXiv:1302.3318 [physics.acc-ph]



High-Energy LHC

e HE-LHC
20-T dipole magnets
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20-T dipole magnet
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E. Todesco, L. Rossi, P.. McIntyre



VHE-LHC

c
VHE-LHC-LER
=TLEP!

(Lucio Rossi)



VHE-LHC + TLEP

(EE SR,

-"" (0.07 0

transmission line magnet

(B. Foster, . Pieks
|

‘ ' 20 mm thick
——— ) shield around
cable
Gaps: 2 x
V30xH60 mm

Cable:

AN Cryostat : 60 mm
inner core of 40 mm Cu (700 mm?2) “ .
+ outer core : 2 layers, 150 strands of "y ‘ He envelope :50 mm
MgB,, 1 kA each; Outer size 45 mm. e ,’" SC part: 2 |ayer5 Mg B2

120 kA =>120 k€/km !

'0."‘ (Bi2212)150x 1mm
Cu inner core 40 mm

Mu |t| p u rpose Yoy 2.5 A/mm? Cooling hole: 10 mm

For electrons: Cu water cooled,

For protons: 800 A/strands

t u n n e I 120 kA (for >2.1 T); central copper acts

as stabilizer



conclusions

LHC is running well & already made important
discoveries, Higgs boson being most prominent

detailed schedule until 2022

HL-LHC goal: 100x the present integrated
luminosity at design energy by 2035

focused R&D to be ready with proposal for future
machine by 2017/18

TLEP + VHE-LHC offer large synergies & prepare
>50 years e*e’, pp, ep/A highest-energy physics

SuperKEKB will be important TLEP demonstrator



Today’s situation

+ A (very) Standard Higgs boson
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+ No new physics all the way to several 100’s GeV (SUSY) or more
e Nextrun at 14 TeV will extend the coverage to ~500 GeV (SUSY) or more

= Very strong incentive to look for multi-TeV new Physics
= Linear Colliders with /s = o(TeV) do not cover this Physics case
What else, then ?

» precision measurements sensitive to multi-TeV New Physics (TLEP)
» direct search for New Physics in the 10-100 TeV range (VHE-LHC)




possible long-term strategy

TLEP (80-100 km,
e*e,up to
~350 GeV c.m.)

LEP3
(e*e, 240 GeV c.m.)
/

VHE-LHC

(pp, up to
100 TeV c.m.)

“same” detectors!

& e* (120 GeV) —-p (7, 16 & 50 TeV) collisions ([(V)HE-]TLHeC)
>50 years of e*e’, pp, ep/A physics at highest energies



tentative time line

1990 2000 2010 2020 2030 2040

Design :
LHC : . Constr. Physics
R&D Proto ysi

Design,

HL-LHC RED

Constr. Physics

TLEP Design, | constr. Physics
R&D

VHE-LHC | = & Constr. Physics
R&D



TLEP design study —preliminary structure
for discussion

e Steering grou
Institutional board | . & g p_
web site, mailing lists,

speakers board, etc..

M'“

. launch of international design study:

" are you interested in participating and/or like

1

)

> to be informed about progress & events?
> http://tlep.web.cern.ch/contribute-to-the-
;.

9

design-study

computing ‘

WITth LAL dana otner
machines ; global fits

. Elements of costing ‘
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Mikhail S. Gorbachev

If what you have done yesterday
still looks big to you,
you haven’t done much today.



Appendix

e example parameters for HL-LHC,
HE-LHC, VHE-LHC, TLHeC, VHE-
TLHeC

e Higgs-factory quality table



(V)HE-LHC parameters — 1

smaller?! (x1/4?)

preliminary

Parameter LHC HL-LHC HE-LPRC VHE-LHC
c.m. energy [TeV] 14 33 '\ 100
circumference C' [km] 26.7

dipole field [T] 8.33 20 N 20
dipole coil aperture [mm] 56 40 < 40
beam half aperture [cm] 2.2 (x), 1.8 (y) 1.3 < 1.3
injection energy [TeV] 0.45 >1.0 >3.0
no. of bunches 2808 2808 1404

bunch population [10'] 1.125 2.2 3.5 ) )
init. transv. norm. emit. [pm] 3.73, 2.5 3.0 1.07 1.70
initial longitudinal emit. [eVs] 2.5 ; ;
no. IPs contributing to tune shift 3 2 2 A 2
max. total beam-beam tune shift 0.01 0.021 0.028 0.01 0.01
beam circulating current [A] 0.584 1.12 0.089 0.412 0.401
RF voltage [MV] 16 16 22
rms bunch length [em] 7.55 . .

[P beta function |[m] 0.55 0.73 — 0.15 0.3 0.9
init. rms [P spot size [pm] 16.7 | 156 — 7.1 | 248 - 7.8

. Dominguez, L. Rossi, F.Z.




(V)HE-LHC parameters — 2 preliminary

Parameter o LHC HL-ILHC HE-LHC | VHE-LHC
full crossing angle [prad] 285 171 71
Piwinski angle 0.65 3.13 (0) 2.86 (0) 1.5 0.5
geometric luminosity loss 0.84 > 0.9 > 0.9 0.85

stored beam energy [MJ] 362 694 552

SR power per ring [kW] 3.6 6.9 5.5

arc SR heat load [W/m/aperture] 0.21 0.40 0.32

energy loss per turn [keV] 6.7

critical photon energy [eV] 44

photon flux [1017/m/4] 1.0 1.9 1.5

longit. SR, emit. damping time [h] 12.9

horiz. SR emit. damping time [h] 25.8

init. longit. IBS emit. rise time [h] 57 23.6 18.3

init. transv. IBS emit. rise time [h] 103 20.4 19.1

peak events per crossing (¢ = 85 mbarn) | 27 135 (lev.) | 135 (lev.)

peak luminosity [10% cm=2s71] 1.0 5.0 25

beam lifetime due to burn off [h] (6=100mb)| 45 172 2758 ;

optimum run time [h] 15.2 11.2 20.1 5.9 12:1

opt. av. int. luminosity / day [fb™1]

0.47

I A P I |

numbers for lifetime and average integrated luminosity need to
be updated for ~40% higher cross section at 100 TeV

O. Dominguez, L. Rossi, F.Z.



parameters for TLHeC & VHE-TLHeC (e at 120 GeV)

collider parameters TLHeC VHE-TLHeC

+ +

species e- p e- p
beam energy [GeV] 120 7000 120 50000
bunch spacing [us] 3 3 3 3
bunch intensity [10%}] 5 3.5 5 3.5
beam current [mA] 51.0 51.0
rms bunch length [cm] 0.17 4 0.17 2

rms emittance [nm] 10,2 0.40 10,2 0.06
B ,¥lem] 2,1 60,5 0.5,0.25 60,5

" L D
beam-beam parameter & 0.05, 0. 09 (803,0.0 0.07,0.10 C0.03,0.00D

hourglass reduction 0.63 0 42

CM energy [TeV]
luminosity [1034cm2s1]



parameters for TLHeC & VHE-TLHeC (e at 60 GeV)

collider parameters TLHeC VHE-TLHeC

+ +

species e- p e- p
beam energy [GeV] 60 7000 60 50000
bunch spacing [us] 0.2 0.2 0.2 0.2
bunch intensity [10%] 5 3.5 5 3.5
beam current [mA] 51.0 51.0
rms bunch length [cm] 0.18 4 0.18 2
rms emittance [nm] 10, 2 0.40 10, 2 0.06
B, *[cm] 2,1 60, 5 0.5,0.25 60,5
G, [um] 15, 4
beam-beam parameter E, 0 03,0. 01 -0 03,0.007
hourglass reduction 0 42

CM energy [TeV]
luminosity [1034cm2s1]



HF Accelerator Quality (My Opinion)

_ Linear C. |Circular C. |LHeC

maturity © ©O ®

size ® ® © 0O @
cost ® @ ® ©
power ® ® @) @ ©®
#1Ps 1 4 1 1 1
com.time 10yr 2 yr 2yr 10 vyr 5yr
H factor 0.2 s.e)  10.5 @szpepny |0.27  0.17 0.17

Higgs/IP/yr 7 k [10 k] |20-100 k

expanda-  1-3TeV
bility e*e, yy C.

5k 5k 10 k

100 TeVpp |yyC. 10TeV LC
LLLL later

inspired bv S. Henderson. FNAL
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