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LHC (Large Hadron CO"IdEJ |

proton + proton collision , Circumference of
AL, e e :::.', S e 27 km
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¥ Origin of mass : 2

- What is dark matter, dark energy?




Overview: LHC

e Large Hadron Collider
e Circumference: 26.7 km
 Proton Beam Injection Energy: 450 GeV
e p + p Collision Energy:
— 4+4TeV (2012)
— 7 +7 TeV (design)
Splice consolidation work in LS1
(2013-2014)
* Nominal Luminosity: 1 x 10 3 cm2 sec™
e Superconducting Technology and
Cryogenics
— 2in 1 main dipole at 8.3T: 1232

magnets

— Cooled at 1.9 K by 100 tons of
superfluid helium

— Total weight of cold mass: 35,000 ton

— Electrical power of 40 MW for
cryogenics plant

e Construction budget: > 5000 MCHF
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LHC and Injectors

CERN Proton Accelerator Chain

[0 LHC : 2x(0.45—-7) TeV —

HL-LHC Upgrade

4 SPS : 26 — 450 GeV \

e PS:1.4-26 GeV —_
e PSB:0.05-1.4 GeV

CERN Accelerators

(not to scale)

0.999999c by here

LHC:

ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy lon Ring

CNGS: Cern Neutrinos to Gran Sasso

LHC Injectors Upgrade (LIU)

neutrings 1o Gran 5asso (1) o/ Ao 0.87¢c by here

AD: Antiproton Decelerator

Kl_inac: 0-50 MeV —/ s

wdolf LEY, IS Diviseon, CLXN, 0209 96

Fevisesl wned mdugted by Astonella Del Rowo, ETT Div.,

46 collaboresson with B Destonses azd
Manglenki, P§ Div. CERN, 2)

Start the protons out here
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- ATLAS Online Luminosity -
251 —— 2010 pp Vs = 7 TeV i
[ == 2011pp\s=7TeV 7]
0L — 2012 pp Vs = 8 TeV

Present LHC Performance

1.15 x 10" protons per bunch

Beam current m 155

2 10/
F =1/\/1+ o) i3

7 oF de f3 . :
Geometric reduction factor ot——1— - :
Beam Size yao Bt 3w ock

Delivered Luminosity [fb B

Energy Month in Year
Best by 2012 Nominal
Energy [TeV] 4.0 7.0
B [m] IP1,5 0.6 0.55 Close to design
Bunch spacing [ns] 50 25 Pile up
n, Number of bunches 1374 2808

1368 collisions/IP1&5

¢,, Normalized

. ~2.5 start of fill 3.75 67% of nominal !!
emittance [mm.mrad]
Double batch
N,, Bunch intensity 1.6-1.7el1l 1.15e11 from booster
Stored energy [MJ] ~140/beam 362/beam
Peak luminosity [cm2s?] 7.73e33 1.0e34 77 % design Lumi.,

even at 4/7 energy!!
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High Luminosity LHC Upgrade (HL-LHC)
Target: 3000fb™*, 5x10°* cm™ sec* (along with LIU)
(Nominal LHC 300fb?, 1x103* cm?sec?!) 2022

| ‘ ) 18 Installation
| il ( ) e ) . HL-LHC
e o ] | riegrate =2
\ r—_ e Luminosity // (plan)
— / 14
Shut down to fix 100.0 | ” / Shut down
. = ‘ I
Interconnects & E— / o / > By to overcome
and overcome T v (V) E beam
energy § -1/ — 10 & intensity
Tl c i i c
!lm.ltatlon (LHC = 00  / | Halving Time /2/ limitation
incident of Sept 3 | e .
= — 8 & (Injectors
2008) and R2E 2 | S i
| © © collimation
& g and more...)
g 1 ___J \ |
- 1.0 y, :
0.1 ‘

Year

. : " e Gt o
Time evolution of “Integrated Luminosity” & “Halving time o . % o1
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Upgrading Scenario

Beam current

Geometric reduction factor

Achieving Higher Luminosity

* Increasing beam current

< — LHC Injectors Upgrade (LIU]
* while keeping small emittance...

< — Beam Dynamics >
Small §*

New optics & Layout

e Achromatic Telescopic Squeeze
 New crossing angle

Ope. Time (hour)
13.7.26
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o virtual 25ms7 ] — New IR magnets

v 20 '_ peak w/o 1

~n | luminosity leveling | < e Large aperture Qua@eam
§ 15 | | separation dipole

S = ( tioy <k 25 ns * strong corrector

> d i eveled o« Enhancement of collision efficiency
(7’ [ amm WEm  EmE TEm RS R R o= e —

o) 5 . —_ _ e, 0 — —
ISR ™ PP b T R U D B P Crab _EaZ't'es forlR
£ 4| —_L_ * Suppression of Pile-Up events

- 0 5 10 15 20

— Leveled by detuning of optics, CC.

P
=0
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HL-LHCT A I : WP &K

1 project — 1 structure: HL-LHC
FP7 HiLumi Design Study just covers part of it

—
WP1 Project Management WP7
and Technical Coordination Machine Protection
rem— WP8
WP2 Accelerator Physics Collider-Experiment Interface

H . L . and Performance

ILumi§ Kek A s
- i > — WP3 Magnets ryogenics
LHCIn 1 sy ati

for Insertion Regions

EC'FP7 %j]u Energy Depaosition & \l)\“('::? CERN

wpP4

Crab Cavities .
WP11
e 11-T Dipole Two-in-One for DS Internal
o WwWP12

Collimation v
‘faCUUMm

WP6 WP13

Cold Powering Beam Diagnostics
— WP14
WP16 Integration & (De-linstallation
High-Energy LHC - Studies L
WP15
WP17 FRESCAZ Hardware Commissioning

High-Field Magnets - R&D
@ 201 1EN DR RETEBALA
E— o RN+ F K B O E R S 9

$¢LIU (LHC Injectors Upgrade) ET1E] (& Bl #8 #5
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Budget Estimate (CERN)

————————— A —

Preliminary budget estimate

HL-LHC impr. cons + full performance

BEMcoons WPcons = Mperf 8P pert

20012 2013 2014 2005 2006 2017 2018 2019 2020 2001 2022 23

Improving Full Total HL-LHC US-LARP: SZOOM*EEEFE_

Consolidation performance
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Contribution of US-LARP

$60,000,000

$50,000,000 -

$40,000,000 -

$30,000,000

$20,000,000

$10,000,000

50

13.7.26

Budget Profile

Total US Spending

Other LARP

I i Feedback Project
il Feedback R&D

|
E B
. | { ¥ Crab Project
TN  ®CrabR&D
¥ Project Mgmt
Nl ® Quad Project
j " GAD
| &l '
j ' ] o
FY19

FY13 FY14 FY15 FY16 FY17 Fyis FY20 Fy21 FY22

* -
Joint LARP/HiLumi Meeting, Napa, CA a¢ Fermilab
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¢ PSBZTRDFTILERANDEZHZ
FT3LZE R : B A CRHFE L= BT R ZE R AT (FINEMET)
— PSBTOE—LEER
— LS1HR[ZJ-PARCE —LZE->TE —L BT
e CERNFRZ4—K/\wO+)-PARCERE—LTI4—KI74T—K
TREEREI T DHERT T DGR R

— FE{R(MOSFET)HPSBD i 5t R IR EAIZit 2 MV % )-PARCT
FREE (RRATELER)

LHC/ATLAS 7Y T L—F DI/ /NA—FELTHEEERT7UTDH
#(20AMPs X 2)ZHIME

«  PSTHEZTL\SLongitudinal Coupled Bunch Instability Xt
RO-ODLFIHZERDKE
- yrIUTIAVEBARISIVARAEM
— A —Z=RIZ&YInstabilityZH1 2 AT
e PSBOFT3LZERE. PSDAF 2/ \—2Z2 R 1B D LLRF(Low
Level RF : RFl| ) T O i3 7
— LEREERTOXRBEE—LDORYIKLY:J-PARC RCSTI1EL3

DJ‘J: —— -

N

FETHﬁ-Tﬁ&E#ﬁ%‘:ﬁE&@J-Pc MR

13.7.26 mLavr— RIS F30RIMEHESE 14



Ll U/\o) Erﬁﬁ l J Beam parameters at LHC injection [25 ns]
” — & 1135 icipa

JN:E 2% : Molodozhentsev | B —
Nominal
Eperformance

emittances [mm.mrad]
- N

o‘?’e‘se

| 5

H/V transverse

0.5 1

Bunch intensity within constant longitudinal emittance [x10'! p/b]
 Injectors®BrightnessA] £ A AE 11— 25/11/2011
For LHC injectors it is necessary to improve the
computational machine models to reproduce

main machine resonances, observed
— resonance compensation experimenta"y_

e PTC-ORBIT combined code (KEK-SNS)DEHFE > $FIZPSBD I Zal—i 3y

— Collaboration: KEK, SNS, LANL, CERN
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— space charge effects



HL-LHCA @) H#k: Beam-Beam Limit Study

“How high beam-beam parameter achieved in LHC?”
e The design value is 0.0034/I1P.
— Experiments shows >0.03/2IP

xRz : KR

e Effect of crossing angle
e Lower beta, large Piwinski angle

e Study parameters: 2IP, ye=2um, =0.55m, 0z=7.5cm, vx=64.31 vy=59.32,
Np=1.63x1011 or higher.

Weak-strong simulation Resonance analysis at £=0.06
e Simulation during 10° turn. 2-IP ® No crossing angle, no prominent resonance
® Calculate Luminosity decrement. (rev. time. | 0-7day)
. 1 3 2 !
1 :: 202 a:m Vy/2
3 : g Synchrotron motion is
£ essential
- e Vi . b
e u s or il o ® 0/2=143 prad crossing, 14-th order resonance limit luminosity.
fuen (x10 . . . .
= o higher order resonances are seen. Luminosity is degraded by
o = the resonance coupled to the longitudinal motion.
:‘ i (®) = d P Sr Effect f 0.660, - = ¥ NEREIveaats 4111131
g ek Very high E is possiblefor 8:0. g -0 ; 2 1 i ﬁ : '
5, =t 0= s .|  crossingangle N2 ™ & .
580 : it 1) -
HS: B emm = '
®0 o5 o1 o1 02 i 0; it P e SRV W
Vx/2
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IR Magnets, Layout

layouts

] D1
I | s St §
Q200 T/m LHC

o - MCBX:33T I5Tm
= = = D1 LR 26Tm

Phase |
(cancel)

’nX n-l_g?a é

HL LHC

Thick boxes are magnetic lengths

Thin boxes are cryostats
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ut for HL LHC from IP t -4

ATLASECMS O i 4 'JODIRODHj:E&
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C— L 5B A O R TUBRLE :D1 "

e OAJLNFE: 150 mm
o MinE: 35-40 Tm
o TEIRHEIZ: 52T @ 11kA
e O—RFZAULL: 70-75 % (B #RERE — 2 #355.9T)
 EIRRE: 1.9K (BiREIHe R AN)
o HBizEaAJ): 15mmEIEIAIL
— LHCEMIBH RSB/ IILANDTII—T )L
o HHEE: HIA—oho5—
— LHC-MQXA, J-PARC=a1—IJ /SCFM% B BE
o WISFRE(EHIE): <10* (SHE¥E50mm)
o MANE: 570 mm w21
o TREHE: %010 MGy, ~10%2 /m?, $10 W/m i

2.943
2.627
2.311
1.995

B Cu )

A000B0CAN

1BI (T)

6.105
5.789
5.473
5.157
4.840

1.679
1.362
1.046

HEE DY, Rt LOHIR
— KO > BHADOBEAERK, BEHRE o :
— NEBOHIR > I5/FREVEDSOHIBES . Bhlis
— MHOTRETHEN. HA DR EE Coll fayout I the ist quadrant

0 10 20 30 40 50 60 70 80 920
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FRY &R a1—)L (DIEREEDH)

GEIY)
[- BLSERET F2mET IV B ZATNE F (B84E. 5ER) ] EC-FP7”HiLumiLHC”
— HEARMEeEEAT ~2015
v ERREIONMATORUEME: )
- 17ArMAT+41 =Yk +H1ART > 621 =Vt
— A—H—THYE
- BIRHTHERAMe@E 4K RE
o« MELOSAFRAVFDESH
e 1ISKAETRDE(H
o« BREN)DLHAEZEZEEDT7YIIL—F HL-LHC Project
\_ o MEEREAUDLAREE (iR J/ 2016~2023 (proposal)
CEES
o WRBERZEZMEISAARIYFTHER
o IIAFAZYMEIEBIGEREE B TalbR
— AR ZE 2485 T:EER
- SEARESRIE
e« 2in1UTSAMARAVNERTE

— HA2ENEKBDITAFRAAYNIEEA
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Ao a— )L (D1EABEEDH)

JFY20164F JFY20174F JFY20184F JFY20194F JFY20204F JFY20214F JFY2022%

JFMAMJEJASEOND%JFMAMJJASONDJFMAMJ:JASONDJFMAMJJASONDJFMAMJ?JASONDJFMAMJJASONDJFMAMJEJASO
FAFREFER ! ! ; : ; :
t I

#

FAE ;

PDCR H

P1M1
P1M2
P1CR
P2M1
P2M2
P2CR
P3M1
P3M2
P3CR
PAM1
P4M2 i i
P4CR i i 28 %

PSMI1 i i
P5M2 i 3

P5CR
P6M1
P6M2
P6CR

EHRHER

Cryostat

HE g
PDM2 i

PDCR i

PIMI i

PiM2
PICR
PaM
PaM2
P2CR
PaM1
PaM2
PICR
PaMI
PaM2
PACR

P5M1 i i
P5M2 i i

P5CR
P6M1
P6M2
P6CR
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FH7 (INE2%RHE

E£E 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 1051EE
(FM)
LHCY &R 126,000 121,600 446,080 386,720 716,960 656,960 357,960 307,640 269,480 18,000 3,407,400
PSBZER7 T 6,000 6,000 48,000 48,000 24,000 0 0 0 0 0 132,000
9572 ME(HL-LHC) 12,000 12,000 12,000 12,000 12,000 12,000 12,000 12,000 12,000 12,000 120,000
InEES/NET 144,000 139600 506080 446720 752960 668960 369960 319640 281,480 30,000 3,659,400
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IR 3R U487 45 1995~2004

SR ) N\ FURILADIEZ
W M P
N | As : CERN
(Fermilab®
R—F)

MOXAREB DFFINEFE (45) . &
E(2+196@KZ) . BIREER,
\@milab«@iﬁﬁ% KEKDFTE

DIAF AV (EZERZS. HellZAZ 35, AEELE .
BEI—ILK E—LINNAT T34 *A 0. 8D
RiED XTIt CERNEDEFRZELLE) : Fermilab



L S\ FURILADIEEZ
N [ TSAA
N REVAT
' /s, : CERN
(Fermilab® %
R—F)

DIAF A2y (EER R, Hell B i, MAECE.
A —IVR  E—LR(T T4V AVE BES |
AEFXIIG . CERNEDFAEZLE) :Fermilab OEFR e a 25



HWEANE (DIEAREEDH)

e [&%#] LHCHITMQXA LT (1996~2004) SCKEKB-QCSH$H &4

— BEEREIFtE 22—

« IELUR—FK.WAK(P). LE(P). FEA) . KF(A). FAR(A). KE(E).
EREH(E). Ad(E). RARIx1

— NMERZFAEIEER
« KA(A)

—- It 3— ETIIVHAFRAERE. SBREEHRK
o FB(E). TB(E). E(E)

¢ LHCERELT7YFYL—FRaIDIEAKYISAF R4V (2013~2023)
- BEREEEIFtS—
o FBEVI—F. BAR(P). R(A). BP(E), HHE(E) +T7Ir/—R
> ANBEHEEINERBICHE: KT (AP)., BEE(A). RAF X1, more...
- BHIPt 2— ETIIVHEAFARHE. SBREEMRH
e JIX (E)+T7IrI—R
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FEDH

o SHLELEBEDT-OHL-LHCT YT L—F (250-300 fbl/y, 3000fb ) Z & E
— 2022 [hoRILALVRAR—=ILIA B EE
— KEBHRIE. IR1/50)Low-Beta InsertionD EH . FILLE —LFEE(ATS)
— SC Crab Cavities|[Z kK AEEDTEL, LRYLT
— KE—L/\J—xK, BEHR*E., mIEEE B

e WPL-15TRETBAZE. R&AD > HfiTEZEIEZIEH(2015) > EEFRDFIET(2016?)
— EC-FP7 HiLumi-LHC
— CERN
— US-LARP

— KEK(LIU, E—L A%, BiEBALE)

o IEFTOER
— 2023F Tl EE36EMRAETE

http://hilumilhc.web.cern.ch/HiLumiLHC/
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