HL-LHC performance:
Update for HE-LHC and light ions

John Jowett
CERN

In this version of the slides, the section on
performance with light ions has been improved
since the presentation on 18/6/2018.
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BASELINE HL-LHC PROGRAMME

For full details see
presentation in October workshop



https://indico.cern.ch/event/647676/contributions/2721134/

HL-LHC Heavy lon Status: Pb-Pb and p-Pb

Quantity “design” achieved upgrade
Year (2004) (2011) | 2010 2011  2012-13 2015 2016 >2021
Weeks in physics - - B 3.5 3 2.5 1.2 -
Fill no. 1541 2351 3544 4720 5562 -
Species Pb-Pb  p-Pb | Pb—Pb Pb-Pb p—Pb Pb—Pb p—Pb Pb—Pb
Beam energy E[Z TeV] 7 3.5 4 6.37 4,6.5 7

Pb beam energy E [ATeV] 2.76 1.38 1.58 2.51 1.58,2.56 2.76
Collision energy +/sw [TeV] 5.52 8.79 2.51 5.02 502 5.028.16 5.52
Bunch intensity N, [10%] 0.7 1.22 1.07 1.2 2.0 2.1 1.8
No, of bunches k;, 592 137 338 358 518 540 1232
Pb norm. emittance ey [pum]| 1.5 2. 2.0 2. 2.1 1.6 1.65
Pb bunch length 0. m 0.08 0.07-0.1 0.08
[ m] 0.5 3.5 1.0 0.8 0.8 10, 0.6 0.5
Pb stored energy MJ/beam 3.8 2.3 0.65 1.9 2.77 8.6 9.7 21
Peak lumi. Lxa [1027cm=2s7] 1 150 0.03 0.5 116 3.6 850 6
NN lumi. Ly [10%cm™2s7!] 43 31 1.3 22. 24 156 177 260
Integrated lumi./expt. [ ub™'] 1000 10° 9 160 32000 650  1.9x10° 10*
Int. NN lumi./expt. [nb~!] 43000 21000 380 6700 6650 28000 40000 | 4.3 x10°

“10-year goals”

ATLAS/CMS luminosities

* Proton-lead was not in 2004 LHC Design Report.
e “HL-LHC” for heavy-ions arguably started in 2015, with 3.5 x design luminosity.
* Luminosity limit in p-Pb not yet encountered. Can expect 500-1000 pb1/(1 month run)

J.M. Jowett, HI-HE-LHC Physics Workshop, 18/6/2018
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Major injector improvements since 2015
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Figure 1: Comparison of operationally achieved intensities

through the LHC injector chain in 2015 and 2016. Improvements in upstream injectors
allowed re-introduction of bunch-splitting in
PS to stay below single-bunch limit in SPS

H. Bartosik et al., “The LHC Injectors Upgrade (LIU) Project (which remains the main intensity

at CERN: Ton Injector Chain,” Proc. 8th Int. Purticle Ac- bottleneck).

celerator Conf. (IPAC’17), Copenhagen, Denmark, paper

TUPVAO020, pp. 2089-2092. NB we will take advantage of these gains in

Pb-Pb for the first time in 2018.
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Baseline Pb-Pb and p-Pb for Runs 3-4

Injector upgrades (major efforts in LIU project)

— Single Pb bunch parameters already achieved with 100 ns
bunch spacing, probably 75 nsin 2018

— Last step: reduction to 50 ns by slip-stacking in SPS, to be
implemented in 2021

LHC upgrades

— Mostly done for 2018, mitigation of losses from IPs and
collimation with TCLD collimators, 11 T dipoles in LS2

Expected to give ~ 3 nb1/0.5 pbt in Pb-Pb/p-Pb in
future 1 month runs.

— Baseline plan should fulfil ALICE 2012 Lol goals, also for
ATLAS/CMS. Can include LHCb at ~10% level.

Possible to vary present baseline plan by switching
runs between Pb-Pb and p-Pb.



LIGHTER IONS IN HL-LHC

This section has been improved since the presentation on 18/6/2018.

J.M. Jowett, HI-HE-LHC Physics Workshop, 18/6/2018



Xe-Xe collisions in LHC, 13 October 2017

Table 1: Beam parameters at start of Stable Beams, fill 6295.
Sets of three values correspond to the interaction points
of ATLAS/CMS, ALICE, LHCb. Luminosity values are
calculated from beam parameters.

Parameter Fill 6295
Beam energy [Z TeV] 6.5 Papers at IPAC2018
No. of bunches colliding (8,16, 8) T
& [m] (03, 10. 3) https://ipacl8.org
Bunch intensity [10® ions] 2.87+0.14 http;//ipacZO]_S_ers_de/
Normalized emittance (H, V) [um] (~1.5/~1.0)
Bunch length [em] 9.1+0.2
E.lglil(]iosity [10%7 cm 257! L (0.2(89, g.(it;,gO).OM MOPMF039 First Xenon-
ad. damping time (-, Ty y 2D, 18, oA g
IBS growth time (r.. 72 [h] (6.7.13.1) Xenon Collisions in the LHC
MOPMF038 Cleaning
3.5[ell S , o 8000 Performance of the
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— —_ eam
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Figure 1: Evolution of the beam intensity and energy throughout the Xe—Xe run. Instability Studies in LEIR

With Xenon
Future interest in lighter species?


https://ipac18.org/
http://ipac2018.vrws.de/

Xe lifetime analysis

Table 2: Beam-beam equivalence classes with their respec-
tive colour code used throughout the paper. In addition, the
sum of inverse-£* and the intensity lifetimes during Stable
Beams of fill 6295 are displayed. The intensity lifetime of
the non-colliding class (class 0) is obtained via linear fit of
the loss rates (see Fig. 4).

Class IPs Y, ﬁl [m™'] 7 [h]

0 - 0 87.8+59
le 2 0.10 79.2+4.6
2 2/8 0.43 72.1+3.8
3e 1/2/5 6.77 17.5+0.8
40 1/2/5/8 7.10 16.3+1.1
_ x10°
£ o03f
= 028F
Z 02
2 024fF
2 02f
= 02fF
0.18E . . . . . :
1 2 3 5 6
t [h]

Figure 3: Bunch-intensity evolution of Beam 1 during fill
6295 after declaration of Stable Beams. The colour of each
class is listed in Table 2.
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Figure 4: Relative loss rates versus > jp 1/, during Stable
Beams of fill 6295. Triangles indicate Beam 1 and circles
Beam 2. The dashed lines are linear fits to obtain the non-
colliding intensity lifetime.

Shows that beam intensity decay was dominated by luminosity
burn-off (other effects on 100 h time scale).
Luminosity lifetime ~agrees with p=0.75 value (later in this talk).

Analysis by Marc Jebramcik, Michaela Schaumann. See IPAC2018
paper.



Bunch intensity at SPS extraction for various species

* Experience with other
S p e C i e S i n L H C i nj e Ct O rS Proceedings of IPAC2016, Busan, Korea TUPMRO027
fo r fi Xe d ta r get CERN'S FIXED TARGET PRIMARY ION PROGRAMME

D. Manglunki, M.E. Angoletta, J. Axensalva, G. Bellodi, A. Blas, M. Bodendorfer,
T Rahl @ CattanrMava K Carnalic H Namaran T Ffthuminnon lac A Fahich

— Less stringent
req u | reme ntS on Table 1: Charge States and Typical Intensites

. . Species Ar Xe Pb
be am q ua | Ity (e m Itta n Ce) Charge state in Linac3 Arlt Xe™ Pb¥+
Postulate simple form for bunch intensity dependence ;if;;;igﬁ;;‘““t after 30 27 =
on species charge only Y Charge state Q in LEIR/PS  Ar'*  Xe'™ Pb¥#+
N,(Z,A)=N,(82,208) (8—22] lons/bunch in LEIR 3x10°  4.3x10°  2x10®
Ions/bunch in PS 2x107  2.6x10%  1.2x108

1.9 fixed target experience

where p={0.75 Xe run vs best Pb Charge state Z in SPS Arl®  Xe Pb*

Tons at injection in SPS 7x10°  8.1x10%  4x10°

Ions at extraction in SPS 5%10°  6x%108 3x108

Use this highly simplified scaling to project future
luminosity performance as a function of p.

Assume that other quantities (like geometric beam
size), filling scheme, other loss rates, etc, are equal.

Treat results only as tentative and indicative only!

J.M. Jowett, HI-HE-LHC Physics Workshop, 18/6/2018 9



UPC cross sections determining intensity burn-off

danN N
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A-2)Z?
Oy =~ (3.42 |.1b)%log(2y2 -1),

Oemp = 1.95 o, (total for all EMD channels)

Coer = Z'(Alog(2y* 1) + B)

Pb is worse in this respect
because of high BFPP and EMD
cross-sections.

Makes short fills, more time
spend refilling, ramping, etc.

xn ¢

List of species are examples that are of interest.

Some species (e.g., Cu) are difficult to produce

in the ECR heavy ion source.

Noble gases are particularly favourable.

Cross section scalings from papers by G. Baur et al, S. Klein, I.

Pshenichnoy, ....

j Cgwp /b Tgrpp /b Chad /b Ttot/ b
18 8- 3800. @.874 B .0068624 1.4 1.5
2 pnis- 3460 1.2 B.006% 2.6 3.8
“¥Ca’ 3800. 1.6 @.014 2.6 4.2
TR 38 3500. 12. @.88 4.1 17.
K- 3200. 13. @.88 4.3 18.
129y g5 3166. 52. 15. 5.7 73.
PhE 3000. 220. 280. 7.8 51@.




Initial luminosity gain wrt Pb-Pb

Species 2 vs species 1:

Beam size at IP: Gft = @
o VAZ,

-1+2p

Initial luminosity ﬁ = A1Zlﬁ
Ll /422Z27 P

-1+2p

Initial NN luminosity L—2 = AZZ#
Ll /412Z2_ P

This assumes no luminosity
levelling.

Formulas for integrated luminosity
gains are much messier.
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Laa{AAYLaA(Pb-Pb)

40 20+ 36+ 36+ 129 / 8
1608-1-JI 40Ar18+, .,Ca_., JI78|‘<rdt) JI84Krdo , _2_.)(854-1-JI Pb(‘_‘ﬁz-v-

104

1000

100

Lyn(AAY Lyn{Pb-Pb)

Initial nucleus-
nucleus
luminosity gain
factor wrt Pb-Pb

0.8 1.0 1.2 1.4 1.6 1.8 2.0

Intensity scaling parameter p

40 ~_ 20+ 36+ 36+ 129 / 8
1608-1-’ 40Ar18*, Oca?%, ?SKrdo , 84Krdo , '2"X654+, Pbaz+

Initial nucleon-
nucleon
luminosity gain
factor wrt Pb-Pb

LNN = AZLAA

0.8 1.0 1.2 14 1.6 1.8

Intensity scaling parameter p

2.0
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Higher nucleon-nucleon luminosity with lighter ions

Extrapolations of present experience to possible future
fully-prepared “one-month run” conditions with lighter
species.

Preliminary estimates for a range of the scaling factor
p. p=1.5seems reasonable.
Detailed operational cycles to be worked out.

Longer fills from smaller UPC cross-sections. Plus:
more luminosity events are hadronic.

Possible limits from collimation losses, radio-protection
in Linac3/LEIR (lightest species), etc, are still to be
properly analysed on species-by-species basis.



Time-averaged nucleon-nucleon luminosity wrt Pb-Pb

Simplified scenario: )
1608_} '_OAI'18+_, —JC

704 2 G+ 24 6+ g LA+
20 }?SKrBO JS KrSo 12 Xe 208Pb82+

’ !

d

Fill lengths optimized for 2.5 h turn-
around (dump to next Stable Beams).

Analytical estimates assuming beam
losses dominated by luminosity burn-off
(no simulations of other physics as for
canonical Pb-Pb projections).

Assume 3 experiments taking full ol == i . . ; ; .
luminosity - no levelling of any v 10 12 14 16 18 20
experiment' Intensity scaling parameter p

Overall operational efficiency factor 50%
(standard HL-LHC assumption).

Gives reasonable indication of potential
increase in integrated NN-luminosity
from lighter species.

J.M. Jowett, HI-HE-LHC Physics Workshop, 18/6/2018



Pessimistic “no-gain” scaling (p=1)

L&-DH- ﬂ.H',:,lr.,lﬁ- - -'{r‘ a1a Bl K a1a 175 .3‘”:' 1 ;ijhpbi-,_'
¥ 3760 3390. 3768. 3478. 3220. 3158. 2960.
S /TeV 7. 6.3 7. 6.46 &. 5.86 5.52
Chag /b 1.41 2.6 2.6 4.86 4.76 5.67 7.8
Gt /D 1.48 3.85 4.18 17.1 18.3 72.5 568.
Ny, 1.95x18" 8.66x168° 7.79x18° 4.33x10° 4.33x186"° 2.89x18° 1.9x16°
g/ LM 2. 1.8 2. 1.85 1.71 1.67 1.58
fres/ (M HZ) 8.8207 8.8419 8.8517 0.886 8.8798 8.117 8.167
Wy, /M3 21.5 21.5 21.5 21.5 21.5 21.5 21.5
Lysg /CM 2571 1.43 %18 2.82x18" 2.29 %18 7.086x18°" 7.86x18°" 3.14 x18°° 1.36x18°"
Loga /CM 2571 3.66x18° 4.52x18°" 3.66x18° 4.3x18% 4.,98x18°" 5.22 %18 5.88x18°
Paepp /W 0.000362 9.8392 0.8738 2.51 2.51 28.6 350.
Pewpn /W 0.485 3.63 4.12 17.8 19.2 58.5 141.
T,g/h 52.4 45.4 46.5 20.4 19.1 7.23 1.57
Tope /N 16.2 15.1 15.2 16.1 9.78 6.01 2.8
Lag »/cm “s7t 1.87 x18™ 2.88 16" 1.69 %18 4.54x18% 4.48x18" 1.57 %18 3.8x18%
Ly ) /cm™ 4571 2.74 x 187" 3.33x18°" 2.7 =18 2.76x18°" 3.16x18" 2.6x18" 1.64x18°"
o Lag dt/nb™? 1390. 269. 219. 58.8 58.1 20.3 4.92
| L dE/pb? 356. 431. 358. 358. 41@. 338. 213.
Risq / KHZ 2020. 734. 595, 286. 3e1. 178. 166.
L 8.16 0.8583 8.8472 0.8227 6.8239 8.8141 0.00842

Stored energy in beam W, is identical in this case = Collimation risks ~ comparable.
fgs indicates strength of IBS emittance growth — all cases better than Pb.

Overestimates integrated luminosity for Pb-Pb wrt official values (since no levelling, etc).

Initial event rates are high! Much longer fills.
J.M. Jowett, HI-HE-LHC Physics Workshop, 18/6/2018
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Plausible scaling (p=1.5)

L&DH- -wj,_-”.,:lhi- B2 -'{r,.- B <I‘"'_ '._.::{e-i iE.l?:-Pb?:-i
¥ 3768 3308. 1766. 3478. 3228. 3158. 2068.
Sy /TEV 7. 6.3 7. 6.46 6. 5.86 5.52
Chag/ b 1.41 2.6 2.6 4.86 4.26 5.67 7.8
Gy /B 1.48 3.85 4.18 17.1 18.3 72.5 S@s8.
N, 6.24 18" 1.85x18” 1.58x18" 6.53x18° 6.53x18" 3.56x 18" 1.9:x16"°
/LM 2. 1.8 2. 1.85 1.71 1.67 1.58
fies/ (M HZ) 8.8662 6.88904 8.185 8.13 8.12 8.144 8.167
Wy, /M3 68.0 45.9 43.6 32.5 32.5 26.5 21.5
Lysg /Cm 571 1.46 18" 1.29x18™ 9.38x18" 1.61x18" 1.61x18" 4.76x18°" 1.36x18"
Lyga /CM 571 3.75x18" 2.86x18" 1.5x18" 9.70x18°" 1.14 18" 7.93x18™ S.88x18"
Pgepp /W 8.06831 8.179 8.303 5.72 5.72 43.4 350.
Pepn /W 4.08 16.5 16.9 48.5 43.7 76.7 141.
Te/h 16.4 21.3 23. 13.5 12.7 5.87 1.57
T/ 9.04 18.3 16.7 8.23 7.96 5.42 2.8
Lys b /em™ 257t 8.00x18™ 8.34x 18" 6.17 x 18~ 9.46 %18 9.32x18" 2.23x18" 3.8x18%
Ly ' /cm ™57t 2.3x18" 1.33x18> 9.87 x18°" 5.76x18°" 6.57x18°" 3.71x18™ 1.64 =18
|y Lan dE/nb™ 11768. 1888. 799. 123. 121. 28.9 4.92
L dt/pb™? 2088. 1738. 1288. 746. 852. 481, 213.
Ry / kHZ 28760 . 3348. 2448. 653. 686. 278. 186.
L 1.64 8.266 @.104 8.8518 8.8544 8.8215 @.88342

Stored energy in beam W, increased in this case = Collimation risks higher
fgs indicates strength of IBS emittance growth — still better than Pb.
NB still no luminosity levelling, etc. High event rates! Some pileup p ~1. Fills still longer.

J.M. Jowett, HI-HE-LHC Physics Workshop, 18/6/2018
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Optimistic scaling (p=1.9)

ot Wt “Ca” K ol e “Epps
¥ 3768 3308. 3768. 3478. 3228. 3158 2068.
S /TEV 7. 6.3 7. 6.46 &. 5.86 5.52
Ghag/ b 1.41 2.6 2.6 4.86 4.26 5.67 7.8
Cepe /B 1.48 3.85 4.18 17.1 18.3 72.5 5es.
Ny, 1.58x18" 3.39x18" 2.77 x18" 9.88x18"° 9.88x16° 4.2x18"° 1.9x16°
g/ LM 2. 1.8 2. 1.85 1.71 1.67 1.58
fies/ (M HZ) 8.168 8.164 0.184 8.18 8.167 8.17 8.167
Wy /M3 175. 84.3 76.6 45.2 45.2 31.4 21.5
Lysa /Cm 2571 9.43 18" 4,33x18" 2.9x18™ 3.11x18" 3.11x18" 6.66 18" 1.36x18°"
Lyga /CM 2571 2.41x18* 6.93x18" 4,64 18~ 1.80x18° 2.19x18" 1.11 =18 5.88x18°"
Paepp /W 8.8199 8.601 ©.935 11. 11. 608.6 350.
Pepy /W 32. G5.6 52.2 78.3 84.4 187. 141.
Ta/h 6.45 11.6 13.1 9.74 9.12 4.96 1.57
Tope /B 5.68 7.62 8.08 £.98 6.75 4.98 2.8
Las s /em st 4.54 18" 2.45 168" 1.69x18™ 1.68 16" 1.66x18% 2.05x18°° 3.8x18
Loy /cm #s7t 1.16x18°" 3.93x168° 2.71x18" 1.82 16 1.17 =168~ 4.91x18" 1.64x16°"
| e Laa dt/nb™ SR060. 3188. 2198. 218. 215. 38.2 4.92
L dt/pb 15160. 5890 . 3510. 1336. 151e. 636. 213,
Rpq/ kHzZ 133808. 11268. 7548. 1266. 1328. 378. 1686.
L 18.6 @.803 8.598 8.1 @.1@5 @.83 8.088842

Stored energy in beam W, several times Pb = Collimation risks higher, needs new solutions
fgs indicates strength of IBS emittance growth — comparable to Pb.
NB still no luminosity levelling, etc. High event rates! Some pileup p ~1. Fills still longer.

J.M. Jowett, HI-HE-LHC Physics Workshop, 18/6/2018
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Caveats about lighter species

e Collimation is more complicated, needs careful study

— See first measurements with Xe vs. Pb in MOPMFO038 paper
in IPAC2018

— Simulations done for Ar, Xe (by Pascal Hermes) have not yet
included effects of DS collimators in IR7.

— May need new hardware in LHC

— Crystal collimation (also tested with Xe) may be a solution for
the future (Pb also)

— |t takes time to change species in the injector chain,
therefore it is hard to gain experience.

— The dramatic improvements in transmitted intensity in 2015-
16 were the result of many detailed studies and
improvements.



Conclusions

It has been possible to rapidly recommission the LHC in
multiple new configurations very efficiently.

The baseline performance goals for Pb-Pb integrated
luminosity from the ALICE Lol of 2012 appear to be within
reach

— Most of them already available for 2018 Pb-Pb run

— Greatest remaining uncertainties: collimation in LHC, slip-stacking

in SPS.

We can go further with p-Pb luminosity than we did in
2016.

The feasibility of runs with lighter species has been
demonstrated with Xe-Xe in 2017.

— There is very good hope for substantially higher integrated
nucleon-nucleon luminosity than with Pb-Pb but further studies
(and resources) are certainly required.

Not discussed: it is easy to switch from Pb to O so short p-O runs (for cosmic ray physics,
etc) should be feasible (using the model of p-Pb in 2012, Xe-Xe in 2017).



HE-LHC
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CERN Michael Benedikt
4th ECC Week, Amsterdam, 9 April 2018
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Summary

* We take a first look at the performance of the HE-LHC
as a heavy-ion collider, based on the beams foreseen
to be available during the high-luminosity heavy-ion
phase of the LHC that will start in 2021.

e Like the FCC, the HE-LHC benefits from the faster
radiation damping of heavy ions but beam losses due
to collimation and ultraperipheral collisions at the
interactions points have different consequences.

So far, zero FTEs have been available to work on heavy ions at HE-LHC.
Little participation in HE-LHC working groups.

This is just a first look, based on experience with LHC and the studies for FCC.

See talk on FCC as a nucleus-nucleus collider given at FCC Week 2018.



https://indico.cern.ch/event/656491/contributions/2939104/

Assumptions for first look at Pb-Pb operation
e Similar Pb beam as projected for HL-LHC

 Simplified scenario - see talks by JMJ and H Bartosik at LHC
Performance Workshop, Chamonix 2017

https://indico.cern.ch/event/580313/contributions/2359517/
https://indico.cern.ch/event/580313/contributions/2359507/

— All bunches are equal (consider single bunch pair simulation)

— Initial bunch intensity (start of stable beams, slightly improved over HL-
LHC)
(N,)=2x10°
— Initial emittance (start of stable beams)
£, =1.5x 10°m

— Other bunch parameters as LHC nominal, scaled with HE-LHC energy

Centre-of-mass energy for nucleon pairs in collision
E~pc= 13.5Z2TeV =532ATeV
— — JSyw = 10.64 TeV
Energy per charge, Energy per nucleon NN

relation to proton energy

e Simulation with Collider-Time-Evolution (CTE) program


https://indico.cern.ch/event/580313/contributions/2359517/
https://indico.cern.ch/event/580313/contributions/2359507/

Filling scheme for HL-LHC Pb-Pb (LIU TDR baseline)

ooooooooooooooooooooooooooo 56 bunch SPS train
after slip-stacking in SPS

T S A S Two beams are identical, maximal
- filling with quadrant symmetry
aad B4 o A A T
3117
1782 I NENE (NN N EE 0NN S O S () N (N S D O S N S N S0 (I S
:': THIN] NN TN T N AN NI EE NP (T W VT NN T W e TN N NN TN e

“0 [T W ININT TN BTN DT ST O WO DY N TN W DN O ST D ST (N N (T S
1 1 1 1

3T

1782 HIENT i OENi (N D T i SN DN i NI ST NN DN SN (N DD D D i i T
= Wil Wi e NN il i AN il NN BNl NI N SN D N D DN T N .

=0 HIENT i OENi (N D T i SN DN i NI ST NN DN SN (N DD D D i i T
. 1 .

u

~EN 20 JE
SR

n i 1000 1500 =110
u S (L) S AL LU S

23 injections of 56-bunch trains give total of 1232 in each beam.
1232 bunch pairs collide in ATLAS CMS, 1168 in ALICE, O in LHCb.

J.M. Jowett, HI-HE-LHC Physics Workshop, 18/6/2018



Beam parameter evolution in simulated Pb-Pb fill

Horizontal emittance
14 15
1.2
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£ E
508 N =
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_ Vertical emittance

= 25cm, | exp.
50cm, 1 exp.
Im, 1 exp.

25cm, 2 exp.
50cm, 2 exp.

T=-~--___ higherB*.

Ny, [ions]

2.0x10°

1.5x10°

1.0x108

5.0x 107

Im, 1 exp.

lm, 2 exp.

25¢m, 1 exp. |
50cm, 1 exp.

25¢m, 2 exp.
50cm, 2 exp.

Consider optics as in V0.2
physics configuration but also
some additional cases with

10

Michaela Schaumann
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Emittance growth time from IBS and radiation damping

zero IBS coupling, 2 experiments and 25cm beta*

Regime of balance between
particle losses, radiation damping
and intra-beam scattering.

IBS evaluated in simulation with

Emittance radiation damping time

CTE program (includes non-
Gaussian longitudinal
distribution).

J.M. Jowett, HI-HE-LHC Physics Workshop, 18/6/2018
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Luminosity evolution in a fill

. Luminosity

30_ — lm, 1 eXp
- ‘ = = 1m, 2 exp.
£ + Y
P_U 20‘ “ LY
‘S ‘e
< ® - *

iy
N \
L2
s':.,,
":‘f:".‘_- -y
0 - R L R R T
0 - ! : 8
time [h]
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Consider optics as in V0.2
physics configuration but also
some additional cases with
higher B*.

Michaela Schaumann
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Integrated luminosity in a fill compared with Pb-Pb at HL-LHC

Integrated Luminosity

£7=(0.5,0.5,0.5)m
400! | == 25cm, 1 exp. 1 ‘
= 50cm, 1 exp. 0.4
= 1m, 1 exp.
= 25cm, 2 exp.
3007 | = 50cm, 2 exp. 0.3 _ﬁITIISn]ES
— = 1m,2exp. _ CMS
2 4 s —Ultimate
= 200! e £02 HL-LHC projection
< - - - 5
100 0.17
0.0- : :
% 5 i 5 g 0 0 2 4 6 8 10
time [h] t/hour
Ultimate luminosity to share per fill The gain in integrated luminosity over HL-LHC is fairly small and is strongly
kN, affected by turn-around time — not surprising since we are assuming
— c . . .
Lt max = - essentially the same injected beam.
c

HL-LHC projections are for 3.85 nb™! per one-month run
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Physics optics in IR1, V0.2

IR1DS
T T = LI G P T = T T = H H
25000| Comom moon 33 838 22 2 3 S 3 % 2o 20 2220 i conoE | Weaker focussing in
w i g = g - ui arcs and DS than LHC.
=
g

20000

Higher D, and also
different matching

| IE[['[@
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Aperture available

C. Garion, FCC Week 2016 . Bellafont, EuroCirCol meeting Oct. 2017
D HE-LHC Review Meeting Dec 11, 2017 12

J.M. Jowett, HI-HE-LHC Physics Workshop, 18/6/2018
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y-y and y-A processes in Pb-Pb collisions

Nuclei are surrounded by intense EM fields: collisions of almost-real photons in
Fermi-Weizsacker-Williams picture.

Ultra-peripheral electromagnetic interactions dominate the total cross-section
during Pb-Pb collisions.

BFPP].: 208Pb82+ +208 Pb82+ 208 Pb82+ +208 Pb81+ + e+
sound-Free 5 =294b, &5=0.01235

Production BFPP2; 208pps2+ 208 pps2r _ 2%% ppys2+ | 208 ppys0+ | oot
oc~10 mb, ¢ =0.02500

EMD1: 208pp82+ 4208 pps2+ 208 Ph82+ 4207 pp82+ 4

Electro- c=200b, &=-0.00485

magnetic 208

Dissociation EMDZ: 208Pb82+ +208 Pb82+ P b82+ +206 Pb82+ + 2n ,
of nucleus c=35b, 6=-0.00970

Each of these makes a secondary beam emerging from the IP.

rigidity change:
l+am/mg,

C 1+AQ/0Q

Effects now familiar in Pb-Pb at LHC .
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Secondary beams from IP in Pb-Pb
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Consequences of small beam
pipe and weaker focussing:

Impact point of BFPP beam is
not near the missing magnet
slot in the DS and the
solutions adopted for LHC will
not work.

May help with EMD1 beam.

Can the matching be
changed?

Secondary beam has few 100
W power.

Can the first 3 dipole magnets be moved closer to the IP to make a space for collimators?
Scheme used for earlier proposal for DS collimators in LHC —would not need >22 T dipoles ... talk by JMJ at

2009 LHC Collimation Review https://indico.cern.ch/event/55195/

Another solution is to only collide nuclei with low enough Z. Acceptable for the physics programme ?

J.M. Jowett, HI-HE-LHC Physics Workshop, 18/6/2018
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Conclusions for HE-LHC

e Afirst look at Pb-Pb collisions in HE-LHC suggests that
integrated luminosity can be somewhat more than at HL-
LHC (assuming similar injected beams)

— Fills short, cycling and turn-around times are critical
— Physics interest should come mainly from energy

 BFPP and EMD losses from IP may be unmanageable
because of small beam pipe and weak focussing

— Alternative layouts for the dispersion suppressors to install
collimators under study.

— Otherwise, limit colliding species to lighter nuclei, eg, Xe ?

* Heavy-ion operation of HE-LHC requires serious study:
— BFPP and EMD losses from IPs, mitigations, solutions
— Collimation and cleaning inefficiency
— Best choice of colliding species for physics and machine ?
— Injection, operational cycle
— Hybrid proton-nucleus collisions, p-Pb, etc.
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Integrated nucleon-nucleon luminosity in Run 1 + 2015

Expect to achieve LHC “first 10-year”
baseline Pb-Pb luminosity goal of

1 AA nbt=43 NN pb?!

in Run 2 (=2015+2018)

Goal of the first p-Pb run was to match
the integrated nucleon-nucleon
luminosity for the preceding Pb-Pb
runs but it already provided reference
data at 2015 energy.

JSw =5.02 TeV

{6.372 TeV in Pb-Pb
= E, =

4 Z TeV  in p-Pb

But annual 1-month runs are getting
shorter and more complicated ... 2015
included p-p reference data and
included LHCb.

J.M. Jowett, HI-HE-LHC Physics Workshop, 18/6/2018

L 1
Integrated nueleon—pair luminosity [ph™" ]

2015 Pb—Pb ATLAS

2015 Pb—Pb ALICE

2011 Pb—Pb ATLAS/CMS

2011 Pb—Pt ALICE

2013 p-BEBEIEL 1 1oy

WOHTR A OE

Time [wesks in physics]

2012 pilot p-Pb run not shown
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Proton-nucleus programme status

Feasibility and first p-Pb run at 4z
TeVin 2012/13.

Complex 2016 run plan
determined after Chamonix 2016:

Minimum bias run at 4 Z TeV
mainly for ALICE

High luminosity run for all
experiments (+LHCf) at 6.5 Z TeV,

with beam reversal p-Pb and Pb-p.

le, 2 new optics and 3 setups with
full qualifications in 1 month.

Asymmetric beams, unequal
frequency ramp, cogging for
collisions off-momentum, etc.

Many filling schemes used for
luminosity sharing.

J.M. Jowett, HI-HE-LHC Physics Workshop, 18/6/2018

Integrated proton—nucleus luminosity [nb™']

200

—_—
(&)
o

100 - Original design goal

Minimum
bias at 5 TeV Beam rever
in 2016 and LHCfr

CMS 2016
ATLAS 2016

-

A J

50} .
ALICE 2016
HCb 2016
ATLAS/ CMS/ ALICE 20,‘
0 = .....LHCb2013
0 1 2 3 4

Time [weeks from start physics]
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Requested luminosity after LS2, adapted from 2012 ALICE Lol
e Possible running scenario after upgrade:

— 2021 - Pb-Pb 2.85 nb!

— 2022 - Pb-Pb 2.85 nb!

— 2023 - pp reference run

— 2024,2025.6 - LS3

— 2027 - Pb-Pb 2.85 nb!

— 2028 - % Pb-Pb 1.5 nb* + % p-Pb 50 nbt«—

— 2029 - Pb-Pb 2.85 nb!

— 2030 LS4

Easy modifications:
exchange Pb-Pb for p-Pb or p-p ref, most years

Requiring more preparation:
exchange Pb-Pb for other species, like Ar-Ar

N.B. In general, it takes ~few months to change species in the heavy-ion injectors.



LHC heavy-ion runs, past & approved future

+ species choices according to ALICE 2012 Lol (some variations possible)

LHC will have done 12 ~one month
heavy ion runs between 2010 and
2030 (LS4). 5/12 done already.

J|F[M

Run1
p-p &
Pb-Pb p-Pb Xe-Xe Pb-Pb
| | | |
2015 2016 2017
J[FIMIATM] 3T aTA[S]OTWID] 2 TF[MIATM] 3T aTA[S]OTWID] 2 TF[MIATM] 3T3TA[S AIMII[IA J|F[M]A[M][J|I|A|S|O(N

EYETS

Shutdown/Technical stop
Protons physics
Commissioning

Ions

2024 2025 2026 2030 2031 2032

J|F|M]A[M|]|J]A|S|O[N|D]J|F[M|AM|]|][A|S|O|N[D]J|F|M]A[M|]|]]|A|S|O[N|D]]|F[M|AIM|]|]I|A|S|OM|D]I|F|M]A[M[]|]]|A|S|OW D] ]|F|M[AIM]|]|]|A|[S|O|NID] ] [F|M|A|M[]|]|A|S|O|N|D]I|F|M|[AIM]|]|]|A[S|O|N|D]I|F|M

LS3 LS4

J|F|M
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