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Goal of HL-LHC upgrade project

The main objective of the HL-LHC is to determine and build a hardware

configuration and a set of beam parameters that will allow the LHC to reach
the following targets:

Prepare machine for operation beyond 2025 and up to 2040
Devise beam parameters and operational scenarios for:

# enabling at total integrated luminosity of 3000 fb!

# implying an integrated luminosity of 250 fb™! per year, \
# design oper. for g < 140 (= peak luminosity 5 x 1034 cm2s1) /

-> A challenge as well for the experiments!
Operation with levelled luminosity!
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) LHC/HL-LHC Plan

EU funded HiLumi
Design Study

Approval of

HL-LHC Project We are here
LHC

LS1 Ls2 136 Tev  IRAE 13.6 - 14 TeV
13 TeV . energy
Diodes Consolidation
splice consolidation limit LIU Installati .
7 TeV ﬂ button collimators icnr%:ac_)rlart?tlion - netatiation _ inner triplet ) HL LH?
R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
I e R i)
5to 7.5 x nominal Lumi_,
ATLAS - CMS 1
experiment upgrade phase 1 ATLAS - CMS H /
i nominal Lun ﬂnm ALICE - LHCb } X ninal | ol I i upgrade
I} hominal Lumi | / B upgrade
. luminosity L[ R
HL-LHQ TECHNICAL EQUIPMENT: Run3] operation

DESIGN STUDY

PROTOTYPES e CONSTRUCTION ‘ INSTALLATION & COMM. H] PHYSICS

Run3 (physics production) started in July 2022!

Long EYETS 2024-25
LS3 shifted by 1 year and extended to 3 years
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HL-LHC technology landmarks

CIVIL ENGINEERING “CRAB” CAVITIES
2 new 300-metre service 16 superconducting “crab”
tunnels and 2 shafts near to cavities for the ATLAS and
ATLAS and CMS. CMS experiments to tilt the
beams before collisions.

e

———L

e’

HL-LHC is an accelerator
upgrade project with
many challenging
novelties covering a
broad technology
spectrum

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for the ATLAS and CMS experiments,
designed to provide the final focusing

ATLAS ¢ y of the beams before collisions.

Technology intensive
project!

TR T AR MR A AW AT

[ {1118

SUPERCONDUCTING LINKS COLLIMATORS CRYSTAL COLLIMATORS
Electrical transmission lines based on a high- 15 to 20 additional collimators and New crystal collimators in the
temperature superconductor to carry the very replacement of 60 collimators with IR7 cleaning insertion to improve

high DC currents to the magnets from the improved performance to reinforce cleaning efficiency during
powering systems installed in the new service machine protection. operation with ion beams.
tunnels near ATLAS and CMS.

CERN February 2022
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Civil Engineering work for HL-LHC will be completed by end of 2022!
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Completion of the civil engineering works at Point 1
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Progress of surface buildings at P5
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HL-LHC civil engineering status (Point 1)

Sectional doors
Cranes

Cable trays & cabling
Lighting

Ventilation system
Primary water system
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Ceremony for completion of CE on

January 201" 2023
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Requires novel cold powering system to connect equipment in new UR galleries to tunnel

Joint KEK — CERN Committee, Dec 2022 Markus Zerlauth, CERN



New interaction region layout

= New insertion and final focusing magnets

= Main quadrupole magnets MQXFA (Q1, Q3) from AUP and MQXFB (Q2) from CERN
= Superconducting separation and recombination dipoles, D1 from Japan and D2 from ltaly
= Higher Order Corrector package (CP) and orbit correctors (MCBX) from Italy and Spain

Q1 Q2a Q2b Q3 DFB D1

=g LHC

Q: 200 T/m
MCBX:33T 15Tm
D1:18T 26Tm

MCBX
MCBX
| MCBX

T T T T 0 T T T
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distance to IP (m)
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Truly International Collaboration offering
exiting opportunities!

Connection to LHC (UL)
Service gallery (UR)
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Main Quadrupole Magnets — Q2
August 2022: Successful test of MQXFBP3 test @ SM18 MOQXFBP3

18
*  November-December 2022: Ongoing tests of MQXFB02 . o
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Main Quadrupole Magnets — Q1/Q3

Fitting of bottom SS shell and longitudinal welding
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Testing of D1 Prototype at KEK

= Lifting up the D1 magnet = Insertion into vertical cryostat

Looking forward to reception of magnet at CERN in March’23
for final preparations and integration in IT String

——

~ =
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Dipole Orbit and Higher Oder corrector magnets
N

R _
r\Z .\ /
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Nested dipole
orbit correctors
from Elytt in Spain

Ciemat
MINISTERIO
DE CIENCIA Cerero de investigccnes
E INNOVACION Enerpeticas, Medcanbenties
¥ Tecsoibgiaas

Canted Cosine Theta Corrector
production from IHEP/Bama in China

* Institute of High Energy Physics

Chinese Academy of Sciences

Higher Order Corrector INEN
Magnets from LASA in Italy :
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Flexible MgB, superconducting links

Sleeve, variant B (§ 3.4.7)

Quadrupole cable (QU. see

Demonstration of 2 x 20kA +

2 x 7kA in June’20 e
in MgB, @ 30K

in flexible cryostat e, s 3308

coaxial cables

Ove r 60 m [54 kA tOta I ] Insn::l::ieoi 1?1::5)(5% §3.4.10)

Separator (§ 3.4.5)

MgB, cable:
Tt 0530 ® ~30 mm
Itot| > 100 kA @ 25 K

(7K. see § 3.3.3)

Filler (§ 3.4.4)
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HL-LHC IT STRING: P5L
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The IT STRING Scope

IT string and hardware commissioning The scope of the IT STRING is to represent, as best as reasonably achievable in a

M. Bajko'* and M. Pojer'*

e —— surface building, the various operation modes to STUDY and VALIDATE the
o e i COLLECTIVE BEHAVIOUR of the different systems of the HL-LHC’s IT zone

161 e L LHC T g s (magnets, magnet protection, cryogenics of the magnets and of the

16.1.1 Introduction and goal of the HL-LHC IT string

e e e e superconducting link, magnet powering, vacuum, alignment, interconnections

individual magnet circuit will be powered through a SC link and its associated current leads up to the ultimate

. . .

operational current while cooled to 1.9 K in liquid helium_ The test stand will be installed in the building 2173 b t m t d t h d t | k t | f
(SM18) and will use magnets, superconducting (SC) link, current leads, power converters and protection e Ween agne s’ an e Supercon uc Ing In I Se .
equipment designed for the HL-LHC with their final design, and usable for the HL-LHC. The test bench will
allow a real size training for the installation and alignment, the validation of the electrical circuits, the
protection scheme of the magnets, and the SC link. At this occasion, all subsystem owners will be able to fine-
tume their set up and to complement or change when necessary, before they are finally installed into the HL-
LHC. The powering procedures will be written and validated during the tests. These tests will also improve
our knowledge of every single component and will give us the opportunity to optimize the installation and
‘hardware commussioning procedures.

16.1.2  Description of the HL-LHC IT string

The HL-LHC IT string will be composed of the eryo-magnet assemblies called Q1, Q2a, Q2b, Q3, CP and D1
(Figure 16-1). Intotal, 21 superconducting magnets using Nb-Ti or Nb:Sn technology will be required to set-
up the HL-LHC IT String.

In the IT string, as for the HL-LHC, the magnets will be powered via a SC link (DSH) by standard HL-
LHC power converters. The circuit will also include the current leads and the water-, air- cables or bus bars
‘between the power converter and the leads passing through the so called disconnector boxes (DCB).The DCBs
are placed in the vicinity of the power converters allowing the safe separation of the electrical circuits while
necessary. The SC link will be connected to the bus bars of the magnets via a dedicated equipment called DFX.

Cold diodes will provide decoupling between cold and warm parts of the circuit and limit the over-
currents in the superconducting bus bars and link conductors. The diode assembly will be located in between
D1 and the DFX. in order to be ible for mai and repl For this reason, a dedicated box,
as a part of the so-called D1-DFX Connection Module, operating at 1.9 K, will be installed into the IT string.

The IT STRING will deliver the first complete experience
of installing and operating the IT zone

| ml, Ref. HL-LHC IT STRING Scope https://edms.cern.ch/document/1693312/1
: ' Joint KEK — CERN Committee, Dec 2022 Markus Zerlauth, CERN
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WP16 — The String

LS2 YETS YETS EYETS EYETS LS3
2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029
Q1 Q2 @3 Q4 a1 Q2 Q3 Q4 a1 a1 a2 a3 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2

WP3: Last magnet delivery

'WP6A: Components ready for IT STRING Test

\WP6B: Components ready for the IT String Test

Rack installation

AC infrastructure

IT STRING 3
CV infrastructure

Mag| N ‘ ) )
T gt final preparations and cqld-tests !

ns
- Testhef:recodling
B cooine
_ Powering tests before TC
1 B - B

. Powering tests after TC

e -[:—l“' —':n;tins‘ta“'ation at — Magnet installation in Q3/23, following

WP16 - In Work schedule presented at PSM 20th October 2022

Warming

End of the IT String program

| Installation B Commissioning | Milestone [ Input

Joint KEK — CERN Committee, Dec 2022 Markus Zerlauth, CERN
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Other ongoing collaborations/exchanges with HL

Separation/recombination dipole D1 (WP3)

= New addendum is under preparation (Add #2) for additional material to be supplied by CERN but
paid by Hitachi (mainly laminations for QPH)

= Finalisation of welding qualifications being discussed this week
Beam Instrumentation (WP13)
= Halo monitoring important for HL-era due to higher beam intensity and (likely) overpopulated tails

= Coronagraph prototype developed and ready for installation in LHC, simulations show challenges
to reach expected performance down to 5.5 sigma

= Following LHC beam measurements, workshop planned in June 2023 to review results and explore
eventual other options

= For Electro Optical BPMs, there might still be an interest in the acquisition of a streak camera
Machine Protection (WP7)

= First delivery of capacitors for QHPS received and being used for IT String pre-series

= Recent proposal of full HL-LHC QHPS series to MEXT
Crab cavities (WP4)

= Encouraging discussions towards potential additional in-kind contributions to HL project for I0Ts
and power transmission chain for CCs. MS being launched in parallel in-line with master schedule

Joint KEK — CERN Committee, Dec 2022 Markus Zerlauth, CERN
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Conclusions

" HL-LHC project has entered full series-production phase

* Tunnel installation will start in 3 years from now, with IT String

as very important intermediate validation milestone starting

operation in Q4’24

= Excellent and very pro-active collaboration with KEK, with

promising discussions on further enlargement of within the

scope of HL project
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Thank you for your attention!
Question?
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Additional in-kind contributions under discussion

Additional contribution to the current program which is
a package of D1 and ATLAS upgrade

® Discussion at KEK with HEP community
» HL-LHC additional contribution endorsed as high priority project

June KEK to Quench RF D1-D2
® MEXT heater R RoLxce distributor | beam pipe Robet LTS/ epe
Budget request
from KEK to MEXT | MEXT
Jjudgement O O O O ne ne
MEXT to Request next fiscal year
N/A N/A
® August MOF y O or Supplemental Budget / /
Request VOF |
from MEXT to MOF | gecision | 7 /. ? ? N/A N/A
d I'l ™
® December - Budget size of RF source and distributor is too large to simply “add” to
Decision at MOF the current program
— Progress evaluation for the whole program next year.
® April next year With good assessment, MEXT will request to MOF
5 - Small hope for Supplemental Budget within this fiscal year
Start funding - 7

Ordinary Budget : Budget well planned for a fiscal year (April to March next year) < Baseline
Supplemental Budget : Irregular budget, for example, to recover from a disaster, to stimulate economy--- « Lucky addition

Joint KEK — CERN Committee, Dec 2022 Markus Zerlauth, CERN
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Crab cavity development

= Serving to mitigate the effect of the crossing angle at ——ﬁ— qd—

the IP Crab Cavity Crab Cavity

= Create an oscillating transverse electric field that kicks
head and tail of the bunches in opposite directions

Crab Cavity Crab Cavity

- -

Crabbing Voltage from Head-Tail Monitor
2018-05-23 17:02:39

= o 3
£ |

6 VCC:O MV Vcc“-‘~'l MV
~— R p— ‘? "-’ ~§~\1\"; f ’
LJ L‘l.‘ s il _ *E?
TR, : 4 e £ ’ o
. - E =
* > 4E
2
. 1 -1 0 1
Double %-wave (DQW) RF Dipole tns] tins]

Joint KEK — CERN Committee, Dec 2022 Markus Zerlauth, CERN



Completed RFD Cryo-Module
to be installed in SPS for final
beam validation in 2024

CavityStiiaggprior to Cleanroom
assembly

Joint KEK — CERN Committee, Dec 2022 Markus Zerlauth, CERN




Start of HL-LHC exploitation and performance ramp-up

Year  ppb Virtual lumi.  Days in 0 Bt ¢ CC Max.

end

[10""] [10**cm~2s~!] physics [urad] [cm] [cm] PU
2029 1.8 4.4 90 380 70 30 exp 116
2030 2.2 9.7 120 500 100 30 on 132
2031 2.2 11.3 160 500 100 25 on 132
2032 2.2 13.5 160 500 100 20 on 132
2033-34 Long shutdown 4
2035 2.2 13.5 140 500 100 20 on 132
2036 2.2 16.9 170 500 100 15 on 132
2036 2.2 16.9 200 500 100 15 on 200
. 3500
o 7 Sy
o0 3000 ‘5
E 6 =
< 2500 =
‘C 5 3
s 2000 £
> 4 £
(2] et
S 3 1500 =
E o 1000 g
E 500 £
a
0 ; 0

2028 2030 2032 2034 2036 2038 2040 2042

IiLuM] ’ Year
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TDR V1.0 - The last version of the TDR
Including the added scope - 2020

CERN Yellow Reports: CERN-2020-010
Monographs
ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

High-Luminosity
Large Hadron Collider (HL-LHC)

Technical design report

High-Luminosity Large Hadron Collider (HL-LHC) e
Technical Design Report V0.1 i
o - @
V0.1 Published in electronic version for the October >
2016 Cost & Schedule review
EDMS: 1723851 Updated Version V 1.0 published as

and as CERN Yellow Book in October 2017 CERN Yellow Book in December 2020

it : https://e-publishing.cern.ch/index.php/CYRM/issue/view/127

L-LH ROJECT

e
J
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Recall

Injector complex started again in 2021 following deployment of the LHC Injectors Upgrade in

LS2. Excellent progress since in achieving the HL-LHC beam characteristics.

LHC in 2021 - hardware commissioning and a long dipole magnet training campaign opening

the way to operation at 6.8 TeV (via 3 sector WU-CDs).

Booster
Ring 3 RB training quenches
-== LIU target RB.A78

_ 25 Mar. 2021 12 000 ¢ RB.A34

e Aug. 2021 RB.A45

= 4 2022 (old RCS / Without BBC) » RB.A12
- © 2071 4 2022 (New RCS / With BBC) L v RB.A23
o 5 -~ ® RB.AS6

0 e 11 500 .
N g 15 e ; RB.AG7
% £ f -~ . _ m RB.AS1
E =] L] L i#.p"" .<_‘:4
B 8 1.0 i .-¥ g

o] -2 —
MIE be .- 3

2 0.5 L

IH”
0.0 £~ : : .
0 100 200 300

Protons per bunch

Intensity [101° ppb]
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2022 — Q2

Started Beam Commissioning Friday 22 April
Week’s stop for LHCb VELO side A installation mid-May

LHC + exp. closed VP visit

Stable beams

Multi-bunch

TI2& TI8  Start Beam Allvalves open LHC tunnel Injectors VIP visit atinjection  peam injection

beam test Commissioning May Technical stop LHC tunnel Jun
Wk 14 15 16 17 18 19 20 21 22 23 24 25 26
Mo 4 11 | Easter |18 25 2 9 16 23 3p| Whitsun 6 13 20 27

Y
Tu LHCb VELO installatign
v =]  RF Low level setup ¥z
We Machine dheckout A S & Recovery 1st June :
RF conditionin ] v catibking
Th & + Ascension
_§ Scrubbing Scrubbing

Fr G. Fri. Y71 0 3
Sa Re-commissioning FMD 1 FMD 2 FMD 3
Su with be 1st May

<€

Re-commissioning with beam
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25t April - First beams at 6.8 TeV
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Fill: 7547 E: 6800 GeV 25-04-22 11:00:51

BEAM SETUP: FLAT TOP

Energy: 6800 GeV | B1: 8.34e+09 | B2: 6.57e+09

Beta* IP1: EECERul Beta™ |P5: EEECERGN Beta* |P2: [uReNdoEn] Beta™ |PS: PRy

FBCT Intensity and Beam Energy Updated: 11:00:51

BIS status and SMP flags Bl B2
amments (25-Apr-2022 10:58:30) Link Status of Beam Permits

Beam commissioning Global Beam Permit
Setup Beam true

Beam Presence true true

Flat top@ 6.8 TeV

Mowveable Devices Allowed In
+
T 3 d ayS Stable Beams
AFS: MD_MKI_13inj_both PM Status B1 ENABLED [dulie={ait-N ¥ ENABLED

No big deal on the day but on the back of a long training and powering test campaign



ommissioning progress

] LHC Pagel

[ LHC Pagel

E: 6800 GeV 26-05-22 11

BEAM SETUP: FLAT TOP

Energy: 6800 GeV 1B1: 1.08e+11 1B2: 05e+11
Beta* IP1: ESCENUN Beta™ [P5: [EEWCERN Beta* |P2: EEeNe) Beta* [PS: [padiy]

Inst. Lumi [(ub.s)™-1]

= FBCT Intensity and Beam Ener Updated: 09:58:07 flinstantaneous Luminosit Updated: 09:58:10
FBCT Intensity and Beam Energy Y v P P 000 Y p
4E11] 0.025]
- -
16114 Leooo 3.5E11- [ 6000 &
3E11 g %%
4 L G
@ Eirst inal intensit oo s o g Stable beams
2 ] 4
z Irst nominal Intensity L soo0 & gase L Hom
£ 3000 g E 26 E £ on at 900 Gev
£ r & £ F3000 5 G 0019
= bunches at 6.8 TeV g i3
o0 1E11 [ 2000 Sl
2E10+ L =1
1000 L
T SELO- 1000
/ [T T
11:00 14:00 17:00 20:00 23:00 02:00 05:00 08:00
10:00 10:15 10:30 10:45 11:00 11:15 11:30 11:45 E
10:00 14:00 18:00 22:00 0200 06:00 = AMAE AU = @5 1D

BIS status and SMP flags

Comments (26-May-2022 11:57:36) Link Status of Beam Permits

BIS status and SMP flags B1 B2
Comments (27-May-2022 09:53:58) Link Status of Beam Permits
) ) ) Global Beam Permit Global Beam Permit
First nominal bunch at 6.8 TeV in Run 3! Setup Beam ) Stable Beams! Setup Beam
Bunches in buckets 1 are blown u

Beam Presence Beam Presence
T + 35 d ayS Moveable Devices Allowed In Moveable Devices Allowed In
Stable Beams 0 Stable Beams

AFS: Single_42b_0_0_0_noHOnoLR PM Status B1 BR=[FA:IR=sERPM Status B2 ENABLED AFS: Single_4b_2_2_2 _nolLR PM Status B1 BR=[FA:IR=sERPM Status B2 ENABLED

Energy: 6800 GeV 2.05e+11 - 2.13e+11

Inst. Lumi [(ub.s)™-1] : . IP2:  0.20 IP8:  0.00

[FBCT Intensity and Beam Energy Updated: 10:11:12

7000

2E11 6000

> 1.5E11 5000%

£ 4000 £

]

£ 1

First collisionS}s§
SE10 at 6.8 TeV 2000

08:15 08:30 08:45 09:00 09:15 09:30 09:45 10:00

BIS status and SMP flags
Link Status of Beam Permits
Global Beam Permit

[Comments (31-May-2022 09:08:32)

Setup Beam
T + 40 days BeamFI;resence

Moveable Devices Allowed In
Stable Beams

AFS: Single_2b_1_1_1_pilot PM Status B1 M=\ IR=oMNPM Status B2 0L




Crab cavity development for the HL-LHC

F(b)
* Attempt to claw back the very 1
significant reduction in luminosity Ez :
from the large crossing angle 07
* Create an oscillating transverse Ez : effective cross sect

electric field that kicks head and tail of |
the bunches in opposite directions

ion

* Serving to mitigate the effect of the o oz 04 06 08 1

crossing angle at the IP

* Challenging space constraints: b Cavty G Gavi

=>» requires novel compact

cavity design Crab Caviy
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HL-LHC testing facilities in SM18 SRS
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Joint KEK — CERN Committee, Dec 2022 Markus Zerlauth, CERN




Operational Scenario for HL-LHC

L[10°* cm™s]
20

\ no leveling w peak 2x10* cms™!
15¢ Event pile-up in experiments >200

Levelling with
crab-cavity

10 ¢
leveling at 5x1034 cm2s™! /

N Nk by /

- nominal

1x1034 cm-2s?!

2 4 6 8 10 12 14 ¢[h]



LHC Injector Upgra UJ
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HL-LHC performance relies on more intense and brighter bunches from injector complex
(2.2E11p / 2um at SPS extraction wrt to LHC nominal of 1.15E11p / 3.4um)

25ns beam limited by space charge in PS, PSB, SPS; SPS RF power and SPS longitudinal

instabilities

50ns beam limited by PS longitudinal instabilities & SPS space charge and SPS TMCI



Peak luminosities of Hadron colliders

® pp,ep
A cie-

! KE%-BA' LHC

PEP-II
L

B 107" B A —Rroton / Anti-proton V. Shiltsev,
a¥ — Polarized Proton / Proton Physics Uspekhi 55
: A -~ Electron / Proton (2012) 965
10'2 | | 2 | 2 | | L ] | |
1960 1970 1980 1990 2000 2010 2020 2030

Year
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Introduction: LHC Performance Goals

B Collision energy: Higgs discovery requires E.,, > 1 TeV

p collisions => E . >5TeV =>» LHC:E=7TeV [3.5/4TeV; 6.5TeV; 6.8TeV]

B Instantaneous luminosity: rate of events in detector :LXSevem

rare events == L>103cm2Zsec! = L=10%%cm32sec! [2x10%**cmsec’]

I Integrated luminosity: total number of events L = OL(I)dt
300 fb! with 1barn = 1028m2and femto = 101 [220 fb?]

depends on the beam lifetime, the LHC cycle and
‘turn around’ time and overall accelerator efficiency
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