Particle Physics Programme in Europe

Eckhard Elsen

Director Research and Computing

CERN

Asian Linear Collider Workshop 2018, Fukuoka, May 28 - June 1, 2018



There must be more than the Standard Model...
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L HC Physics Programme in a broader context



| HC and its injector chain
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Goals of LHC

|[dentify the Physics beyond the Standard Model
+  EXplore an energy regime that has not been chartered before

+ have entered 13 TeV regime In production mode

- 14 TeV after LS2 and possibly 15 TeV (study group)

+ Look for small deviations (small couplings) from the Standard Model

+ Precision measurements of (rare) processes



| HC schedule

LHC

Run 1 ‘ ‘ Run 2

LS1 EYETS LS2

‘ Run 3

14 TeV
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Event Pile-Up and Luminosity Levelling at LHC (2017)

400—_|III|IIIIIIIIIlIIIlIlIIIlIIIIIIIII
- ATLAS Online, Ys=13 TeV det=93 fo

350
2 2015: <u>=13.5
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~  ATLAS Online Luminosity  /s=13TeV ]

60 - LHC Delivered —

- Peak L ~ 2x1034 cm-2s-1

n ATLAS Recorded 300 2016: <u>=24.9
50— - 2017: <u> = 38.3
- Total Delivered: 50.4 fb 250 Total: <u> = 31.9

40~ Total Recorded: 47.1 fb”

- ATLAS and CMS prefer

Total Integrated Luminosity [fb]
Delivered Luminosity [pb/0.1]

— : 2001

30F = -
L < 1.5x1034cm—=sT and : | g 180F
. 0 E 100F- :
longer fills (slow beam 101 E
- A T - AT T :
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- Initially separate the
beams transversely anad
slowly Increase overlap .

Levelling Lleads to cleaner events
and only swmall degradation of =
integrated luminosity. I
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Plle-up affects physics

+ For low pile-up: 2 separate vertices

Z = py ATLAS

EXPERIMENT

1 hard interaction and many

Run Number: 338220, Event Number: 2718372349

minimum-pias interactions )
o
2 a\Le
o ' . avd’SO
for high pile-up e

+ possibly more than 1 hard
interaction + min-bias
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| HC Configuration 2018

- More bunches

Optics 2017 ATS
Beam type BCMS (25ns)
also good for LHCDb o
Bunch intensity 1.15-1.3 x 10" p/bunch
| #bunches per train 144
’ Leveued p”e_up ~6Oa bunCh Total number of bunches 2556
luminosity similar to 2018 Initialibaseline B* 30 om
Final B* (by leveling) (*) 27/25 cm
° \ﬂ’[FOdUCtIOﬂ Of B*_anti_ Y52 xing angles(*™) 160/200/160/-250
levelling down to 25 cm oS bump emm

* Use of B* levelling initially at end of fills to make it operational,

’ as
o\‘awavw’uoauﬁ LM:,&@'WW of requiring closing of TCTs in IR1 and IRS by an additional o wrt to
’ ‘ W Y
e density v 2017
?Wm Leavw ovevrLap ** same ATLAS Xing angle polarity as in 2017, continuous crossing

angle anti-leveling



Exploiting the fills — maintain high luminosity for extended periods

Continuous crossing angle

Fill 6639, 2319b

reduction (anti-levelling) — e w7003 countesy & SAWIK N e
-160 Urad — -4 80 Urad ] : | crossing angle step B* rjduction
during fill (as the bunch o TINNR ._
charge decreases the In- 2 \\ “
and OUthing bUﬂCheS g 1.0 A m R T T T T \ @
interfere less) ] xing angle reduction o——

* ; : lL e e #7_?‘*‘*::* AAAAA E
3*-anti-levelling A T T T |
30cm — 27 cm — 25 cm
(nominal LHC value: 55 cm) cew O
poth Sonewes ave
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Great start in 2018

Luminosity goal for 2018
o0 flo-

a month of PbPb running
towards the end of the year

special runs

Total cross section at
lower energy etc.

Delivered integ. luminosity [fb-1]

17.5

15

12.5

10

7.5

2.5

Delivered Luminosity 2018

Preliminary

« ATLAS : 15.70 fb-1
- CMS : 15.40 fb-1

= LHCD : 0.528 fb-1

-+ ALICE : 0.00384 fb-1

- -_J__L--.--vr*

30. 14. May

Date
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Vector boson and theoretical understanding

-+ Rate of interaction, I.e. the
Cross section for pp-
collisions varies dramatically

*high mass cross sections
are of very low rate

*requires very high
selectivity (trigger, event
selection)

June 2016

CMS Preliminary

CMS measurements

vs. NNLO (NLO) theory

7 TeV CMS measurement (stat,stat+sys) +—

[ [ @)

8 TeV CMS measurement (stat,stat+sys) +——

13 TeV CMS measurement (stat,stat+sys)— .
Y | | 1.06 £ 0.01+0.12 5.0 fb™
Wy, (NLO th.) = o = 1.16 = 0.03 + 0.13 5.0 fb™
Zy, (NLO th.) o 0.98 + 0.01+0.05 5.0 b
Zy, (NLO th.) — — 0.98 = 0.01+0.05 19.51fb
WW+WZ : — 1.01+0.13 £ 0.14 4.91fb"
WW —t—o—t——t 1.07 +0.04 = 0.09 4.9 fb™
WW ro—— 1.00 = 0.02 = 0.08 19.4 fb™
WW o« 0.96 + 0.05 + 0.08 2.3 fb”
W7 R 1.08 £ 0.07 £ 0.06 4.9 b
WZ ey 1.04 + 0.03 = 0.07 19.6 fb
WZ 0.82 + 0.07 + 0.07 2.3 b
-7 o 0.97 +0.13 £ 0.07 4.9 b
77 o 0.97 = 0.06 = 0.08 19.6 b’
77 | | O.8€|3 +0.11+0.04 2.6fb"
Al resits at: 1Production Cross Seé?ion Ratio: o..,./o0O °

http://cern.ch/go/pNj7 ] exp theo
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Higgs Boson at 7 and 8 TeV (Run 1)

ATLAS and CMS have

combined their Run 1 data to
extract precise measurement

of HIggs coupling

Higgs (125 GeV) compatible

with SM

ZH WH VBF

ttH

Y

2z|
ww |

™

1l

ZZ

ww |

T
1Y

ww [

™

bb |

7Y

ww |
™

ATLAS and CMS
LHC Run 1

-o- Observed +1o
w0 Th. uncert.

CMS and ATLAS combined 7 and 8 TeV
results Run 1 legacy papers:

Mass: Phys. Rev. Lett. 114, 191803
Rates and couplings: arXiv:1606.02266

— Mass has been measured to
0.2% precision
my=125.09+0.24 GeV

— Angular distributions
consistent with spin 0 and
even parity

— All couplings are consistent
with SM within 2.5¢

Coupling strengths
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Higgs Production at 13 TeV (Run 2)

o | i > B R R R R R R R R g L A Do R o scecey ]
Overall significance of D 35| ATLAS Preliminary (&, % gy | 3 100 ATHASPEIMInay o o mmer
. . . LO :_H 775 s 4 -ZZ.* H —: b% 80__ s comb. data syst. unc. mm Tot. uncert. (scale ® PDF+a.,) | R
HIggs production: & 30 -t | _
"E B 7, Uncertainty ]
~10 0 2 25¢ :
20 o -
- _: i Is=7TeV, 45"
’ G(pp - H+X): IF . 0:— 32:?3?:\’/,21053?51 (77), 14.8 fo! (Z2Z*) —
" - 7 8 9 10 11 12 13
: 44 . ] Vs [TeV]
59.0*5) (stat.) *3< (syst.) pb 4 N G
ot Lo Yt ATLAS and WS o ATLAS.ONS
b 80 90 100 110 120 130 140 150 160 170 DI
+2.4 B = —*lo
555735 pb  SM m,, [GeV] o e T
HZZ _E-.-_
—+—
H—DbDb, I.e. the dominant decay e
S an experimental challenge P
T __:_'—
TR I T N R

Parameter value



Observation of ttH coupling

Higgs bOSOﬂ COUp‘eS .tO maSS g’\ E"ICN'IS' | ””1||9.7 fb'l(ISITﬁ}{)+|5.|11155“$Z Te\l/)E CMSs.1 fb1(7TeV)+19.7fb1(82§§§;§;:;;ew
& 1 - t EHOWW B — +20 (stat ® syst)
g | W -
. - ) : = | [=68%cCL tHEz) | =
decay to virtual top-quarks is S0tk ol
prevalent (explains the yy- ) o) e
rate) e~
1 0_3 (M, g) fit _: 7+8 TeV ] —-—-—
=68%CL | - 13 Tev —o—
. , , —95%CL | | | |
Direct observation IS 104 ] oemwnes) T

1 1 1 111 llIIlIIII IIIIIIIII 1
0.1 1 10 100 1 0 1 2 3 4 5 6 7

Chal eﬂgiﬂg aﬂd requires Particle mass (GeV) "

combination of various top e e s

520 ems o
decay channels D

o ]
] e 4 Al B
A , i

20§ 4.20

- CMS combined 7 TeV, 8 TeV o o LHCT R Ry
and 2016-part of 13 leV onferentt | | _




Top Production

Top cross section
and mass
measurement are
key ingredients In
oredictions for
Physics beyond SM

NNLO + NNLL
calculations give
excellent
description of O

Inclusive tt cross section [pb]

Inclusive tt cross-section [pb]
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|

1

l | | L] l ] . | ' L | 1
v Tovatron combined 196 TeV (L <88

e CMSan" 502Tavl =gsm‘)
a CMSeu7TeViL «51)

0 CMS lejots 7TeV(L=23P"
vy CMSal-ets 7TevV(L=354m")
o CMSeuB8TeViL«137Mm")
CMS l+jots B ToV (L = 196 ")
CMS al-ets 8TevV(L=1841D )
CMS ou 13 TeV (L= 43p0 ", 50 ns)
CMSon* 13ToV(L=22R)

CMS I+jets® 13 TeV (L =42 pb . 50 ns)
s CMS lsots® 13TeV (L2331
al-ots* 13 TeV (L =253 )

¢ 9D O

S NNLO+NNLL (pp)
B NNLO+NNLL (pp)

|
CMS Preliminary

l ] I . ]
Aug 2016

F EfTect of he Doam eneryy
uncertanty: 12 po
1000 (sct melsced i the Figure)

| Ll Ll ll)

Boo;_.mpoc:‘o W]
:.CTN DA&M::‘ -1

LA llllll

B ATLASeu Vs=8TeV, 20.3 fb™

A ATLASeu \s=7TeV, 4.6fb"

= NNLO+NNLL (pp)

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
m,,, = 172.5 GeV, PDF @ o uncertainties according to PDF4LHC

Czakon, Fiecller, Mitov, PRL 110 (2013) 252004 19 VS [TeV] -
NNPDF3.0.m _ = 1725 GeV, a,(M,) =0.118 2 0.001 [a (M_)=0.113] 3
L A l L A L l A A A l L A A l A ' ' l A L A -
2 4 6 8 10 12 14
Vs [TeV]
I | I I I 1 I | I
® ATLASeu V\s=13TeV, 3.21b™" ATLAS

|

8 10

14
\s [TeV]

.12.

MSTWO8 approx. NNLO
DO o(tt), 1.96 TeV

DO Note 6453-CONF (2015)
MSTWO8 NNLO

DO o(tD), 1.96 TeV

arXiv:1605.06168 (2016)
MSTWO8 NNLO

. 172.80 ¥338 , ., GeV |

Top-quark pole mass measurements July 2016
DO o(tD), 1.96 TeV
PLB 78@ (2011) 422 e 167.50 *220 , 5 GeV

169.50 ¥ , ., GeV

ATLAS o(tt), 7+8 TeV
EPJC 74 (2014) 3109

ATLAS tt+] shape, 7 TeV
JHEP 10 (2015) 121

. +250
L) 172.% -2.m

. 17370 ¥228 , .. GeV

GeV

CMS o(tt), 7+8 TeV
arXiv:1603.02303 (2016)

CMS tt+] shape, 8 TeV

TOP-13-006 (2016)

CMS o(th, 13 TeV
TOP-16-006 (2016)

173.80 *1-70 _ o, GeV

17230 +2.70 -230 GeV

World combination
ATLAS, CDF, CMS, DO

arxXiv.1403.4427. standard measurements

s 2

173.34 ¥0-76 . GeV

150 160 E

70

180
m, [GeV]
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Search for Supersymmetry

+ Limits extended Iinto
the TeV mass range
for specific channels

pp =80, g —tiX  icHerzoms

5‘ : | | | | I | | I | 1 I 1 | 1 1 1 1 | 1 I :
{E 2000-CMS Preliminary 13 TeV -
+ huge step from O, F —sus1801, 0lep (), 12087 o
L - —SUS-16-015, O<lep (M), 12.9 fb" pected
£ 1600 —SUS-16-018, C-lep (ay), 12.9 b — Observed

Run 1 analyses

- =alS-16-019, 1-lep (A¢). 129107
1400 ¢ —SUS-16-020, =2-kep (55]). 12.9 10"
- = SUS-16-022, =3-kep, 12.9 1b

= BUS-16-030, (-lep (top tag), 12.9

12':"':';_ - SUS-15-002, O-lep (HY ), 2.3 1 E
1000F ——— E
anok- i i ':."-'::Z:-._ '-__: ) | _:
60O | HE ]
400, \ } 1
200 — . ]I ': | : E
|:|: I [N T N N N T 1'.. i |||| II | I!_E - -.':.. . :
go0 1000 1200 1400 1600 1800 2000

600

500

400

300

200

2015+2016

U

— I+

rad!

N o

- ATLAS Preliminary
:—f Ldt =133fb", {s=13 TeV

Run-1
exclusion

---- Expected limit (+15,,)

= 3| ATLAS 8 TeV

---------

SUsYy
eo

)

5
<

_—
_—__—-——

——

200

400

600

800

m. [GeV]

1000 120
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From limit to measurement for BO — pu

The rare decay was
kKnown to be particularly
sensitive for new physics.

25 years of experimental
research to reach SM
sensitivity.

Compatible with SM —
new physics not hiding
here’?

Limit (90% CL) or BF measurement

1074

107°

107°

1077

—h
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— \ 4 v
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B v S

?* ______________________________________________________________________________________

= | X CLEO /\ Belle

— | % ARGUS BaBar

— | VV UAt1 B LHCDb

= | Yk CDF ¢ ¢ cms
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Measurement of BR(Bs—up) and search for Ba—=pu

ﬁ"OmL

Candidates / ( 50 MeV/c?)

Re-an

First s

precis

alyse

ngle-experiment observation of

|ON as Previous

Run 1 data with improved selection (background halved) and add 1.4 fb-
of Run 2 data

3

R has same

Bs— UY Mode; measurement of

Run 1 LHCb-CMS combined analysis [NATURE 522 (2015) 68].

B(B? — ™) = (3.0

+ 0.6 (stat) 753 (syst)) x 1077

35 Hf l —T()tull . g 0.9

LHCb — =Bl ptu 0 4+ — —10 — 0.8 E

30 B e B(B” — pu p) < 3.4x10 ©959% C.L. =. E

BDT > 0.5 | 0.7 -

75 E = Combinatorial T ]

! "« Boh b - 0.6 E

2002 I =een B?s)e mE)uv, 6 0.5E E

------- B ' e A : ]

15 0 _ M (04F 3

= Ab_>p H Vu E E

10 + | ‘ s B Ty ity 0.3 E

S 02f -

> ‘]’ | ’ + + 0.1 -
N SR e o S i ok %10~

5000 5500 6000
m -y MeV/c?] BF(B! — u'1)



First measurement of effective lifetime of Bs—pp

- Start to measure new observables for

[LHCb-PAPER-2017-001]

ultra-rare decay: effective lifetime

- e.g. first measurement of the effective
Ifetime, which with more data will become

a powerful probe of New Physics models

LHCDb

BY — p*u” candidates / (1 ps)
S = N W RE YN a0 \O

< IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIII

10
Decay time [ps]

- 0.44 (Stat) -

- 0.05 (syst) ps
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Measurement of Rk

Expect pu and ee-branchings to be the LHCb-Paper-2017-013
same — apart from well understood mass

contributions
So far a ~2.5 o effect
o BB Kty B(B%— K*¢te)
K27 B(BY— Kk (= ptu))/ B(B'— K®Jh)(— ete)) ¢
v, Z Y
2.0_.... e I ] I LA L B B B B e wt
*K ; 1.0 __ .......................................................... P PGS _— b f,C, U S
S 5[ T - = LS B° K
0.8 . d d
loE | 0.6 L ] )
B i - ® LHCb . £F 4
= 1 + = - I BIP ] / //
23 - 0.4 v CDHMV ] ) Y
0.5 ® LHChH - B EOS ) 5 Wl oo W
5 " BaBar A 0.2 - ® flav.io ™ - - -
oob—— v 0.0_"""""""""""""""_ d d
0 5 10 15 20 0 1 2 3 4 5 6 g
¢ [GeVZ/c'] ¢ [GeVZ/c']
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Other B-Anomalies

+  Eagerly awaiting significant result
of single experiment to shed light
on the question of lepton flavour

anomalies still this year
025

universa”ty 7~ I T T T T [ T T T T ' T T T T ' T T T T l _
%05 BaBar, PRL109,101802(2012) ) s

e Belle, PRD92,072014(2015) Ay~ = 1.0 contours -

o LHCb, PRL115,111803(2015) L -

0.45 Belle, PRD94 072007(2016) e==== SM Predictions =

' Belle, PRL118.211801(2017) R(D)=0.300(8) HPQCD (2015) -

———— LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) -}

04 ) Average R(D*)=0.252(3) S. Fajfer et al. (2012) ]

ExpenmewtaL u.polates O SOMLE 3
0.3 \\‘: 20‘ -;

0.2

o= T § HFLAV

0.2 03 0.4 0.5 0.6
R(D)
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Pb-Pb: J/P suppression at 5 TeV

Nnuclear modification

faCtOr RAA: D:<1'4 i| OI IALICEJ/F:Vb_;t:l \Mf 5.02TeV,25<y <4,p_<8GeVic _ D:<1'4;_ ‘Incri:\éeEtl/:jb:’:\/%on-/;;i::Ii;}-/5<y <4
- gl m ALICE, Pb—Pb |5, =276 TeV,2.5< y < 4p <8 GeVic . 12F O AL|CE,Pb—libm=f.76Tev,2.5<y<4
R N(J/w)AA _L;.ju O PHENIX, Au-Au |5, = 0.2 TeV, 1.2 <lyl < 22p >0 GeV/c * : m PHENIX, Au-Au |5, = 0.2 TeV, 1.2 <lyl <2.2 ‘
= L
<Nbin>N(‘]/w)pp q:';ui_l: . o.sf—H _ :
00} HEM@“ gl @ o6 % 0 @
very different behaviour  *} LI . I W2 ey B
2 w E 02rm m &
petween LHC and RHIC  afecoooiicreerreoomiod b o
(VS bO’[h Cen’[ra”ty and p—l—) 0 50 100 150 200 250 300 350 <litloo> 0 > 4 6 8
most straightforward New and precise 5 eV data
explanation: c-cbar support even further increase

recombination at LHC



|dentified particle production in Pb-Pb collisions at /snn=5.02 TeV

* Precision tracking and particle identitfication over a wide range in pr

‘;\107 T [ | | | [ | Tl | [ Ig ";\10751 I [ | | | [ | [ I L Ig ‘;\1072( Il [ | | | L | [ | [ Ig
2 - 1 O F + - 3 O F — :
> 108 T+ T . > 0% K"+ K - > 100 P+P .
3 $105%x2°  [91510%x2 - o $105%x2°  [91510%x2° - o $705%x2°  [#1510%x2° -
= 10° ¢ 110-20% x 2 20-30% x 2°  _ = 10° +110-20% x 27 20-30% x2° = 105 ¢ 110-20% x 27 20-30% x 2°  _
~ . 30-40% x2° & 140-50% x 2* = ~ = 30-40% x2° & 40-50%x 2 = ~ = 30-40% x 2° [ 140-50% x 2' =
%‘ A 9 150-60% x2° [#]60-70%x2° = %‘ A ~9150-60%x2° [®160-70%x2° % - 9 50-60%x2° [#]60-70%x2° =
—10% X F8]70-80% x2'  [®]80-90% —10%E A F8170-80%x2'  [®]80-90% —10* f\ F8]70-80% x2'  [®]80-90%
Q ..... . . - Q - 0... . . 3 Q - A :... . . 3
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10 :.':“0 +*:+:+ E 10¢ ® % “e E‘E:E'E E 10 N.o %, - D:n > E
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Strangeness production in high-energy pp

Strangeness
INncreases In high-
multiplicity pp-
collisions

Evidence for
Quark-Gluon
plasma in pp
collisions

Ratio of yields to (7" + 77)

1073

107

ALICE

® pp5=7TeV
O p-Pb, Y5y = 5.02 TeV

[] Pb-Pb,ysyy =276 TeV
—— PYTHIAS

| |
102 103
<chh/d77>|,,| <05

pp
INEL > O

(h/m)/(h/7)

2.0

e
U

o

@
..
*
@
0.5 I
L 4

i ALICE
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High Luminosity LHC



High-Luminosity LHC (HL-LHC)

- 5x1034 cm—=2s-1 levelled;
.e. factor 5 over design

- to yield 3 ab1 by ~2035
* requires
- focussing B*=15 cm

+crab crossing

“CRAB” CAVITIES &

16 superconducting ,crab* -2.?.
cavities for each of the ATLAS .

and CMS experiments to tilt the

beams before collisions.

CIVIL ENGINEERING

2 new 300-metre service tunnels and
2 shafts near to ATLAS and CMS.

FOCUSING MAGNETS

12 more powerful guadrupole magnets
for each of the ATLAS and CMS
experiments, designed to increase the
concentration of the beams before

collisions.

SUPERCONDUCTING LINKS
Electrical transmission lines based on a
high-temperature superconductor to carry
current to the magnets from the new service
tunnels near ATLAS and CMS.

BENDING MAGNETS

4 pairs of shorter and more
powerful dipole bending magnets
to free up space for the new
collimators. 29

COLLIMATORS

15 to 20 new collimators and 60 replacement
collimators to reinforce machine protection.



Linac 4 taken into operation

- Commissioning started
2014

+ protons have been
accelerated to
160 MeV

* using TI-mode
structures PIMS for
high energy
acceleration

Inawguration 9.5.2017
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HL-LHC schedule

LHC

Run 1 ‘ Run 2

LS1 Mald 13.5-14 TeV

13 TeV
Iﬂlﬂ consolidation
B TeV button colllmato
i TeV i F ra II\

2011 2012 2013 2014 2015

TB%
ol hl'l'l FIH
LT et

Run3
LS3 14 TeV
energy
ﬁxj?ﬂ
m
HL-LHC Rrsinosity
installation =

2024 2025 2026

experiment

LS2 (2019-2020):
J LHC Injectors Upgrade (LIU)

1 Civil engineering for HL-LHC equipment P1,P5
d First 11 T dipoles P7; cryogenics in P4

1 Phase-1 upgrade of LHC experiments

upgrade phase 2

LS3 (2024-2026):
d HL-LHC installation
1 Phase-2 upgrade of ATLAS and CMS

Schedule driven by radiation damage
to LV\/V\zer tVL'PLet (COLZ 20;2.3) 31



Just a few physics example for HL-LHC

measurement of Higgs couplings bl
deviations may be at the few %-level Wi;
h ___< D)
. : 2My
access to second generation couplings H—pp ,
CMS Phase Il Simulation = 300/fb

20-30% larger discovery potential (8 TeV)

Mass reach [TeV]

porecision measurements

= I S " T " = T o I ) T |

| I I P
£
&
11+
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Highest energy

From European Strategy of Particle Physics

CERN should undertake design studies for accelerator projects in a global context, with emphasis on proton-
proton and electron-positron high-energy frontier machines. These design studies should be coupled to a
vigorous accelerator R&D programme, including high-field magnets and high-gradient accelerating structures, in
collaboration with national institutes, laboratories and universities worldwide.
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Future Circular Collider FCC

- Study for a 100 km ring providing collisions at 100 TeV cms

- employs injector chain of CERN
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Highest energy with hadron colliders

35



High-field magnets

-+ Key to high energies
- FCC and
- HE-LHC = use of high field magnets in existing LHC ring
Technology
NbszSn allows ~16 T magnets that need to be developed (size, cost, industry...)
HL-LHC magnets provide a ~1.2 km test of the technology (11 T magnets)

an insert of HIS may increase field to 20 T (requires much research)
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FCC Conceptual Design Report by end 2018

- pp-Collider (FCC-hh) - sets the boundary conditions
100 km ring, {/s=100 TeV, L~2x1035

HE-LHC is included (~28 TeV)

ete -Collider as a possible first step

- Js=90 - 350 GeV,
[ ~1.3x1084 at high

Schematic of an
80 - 100 km
long tunnel

eh-Collider as an option

. Js=3.5TeV, L~1034
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FCC-hh Parameters

parameter

collision energy cms [TeV] 100 27 14 14
dipole field [T] 16 16 8.33 8.33
circumference [km] 97.75 26.7 26.7 26.7
beam current [A] 0.5 1.1 1.1 0.58
bunch intensity [1011] 1 1 2.2 2.2 1.15
bunch spacing [ns] 25 25 25 25 25
synchr. rad. power / ring [kW] 2400 101 7.3 3.6
SR power / length [W/m/ap.] 28.4 4.6 0.33 0.17
long. emit. damping time [h] 0.54 1.8 12.9 12.9
beta* [m] 1.1 0.3 0.25 0.15 (min.) 0.55
normalized emittance [um] 2.2 2.5 2.5 3.75
peak luminosity [1034 cm-2s-1] 5 30 28 5 (lev.) 1
events/bunch crossing 170 1000 800 132 27
stored energy/beam [GJ] 8.4 1.3 0.7 0.36




HE-LHC Integration aspects

Minimum civil engineering around the LHC 13800

- Similar geometry and layout as LHC machine &
experiments

- Maximum magnet cryostat diameter ~1200 mm

- Maximum QRL diameter ~830 mm

Integration Strategy

Development of optimized 16 T magnet,
compatible with both HE-LHC and FCC-hh

+ New cryogenic layout to limit QRL dimension
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10 | Dipole Design Evolution

esciption ____[Dinmm_

Coil optimization and margin 18 > 14% Iron yoke - 600

Inter-beam distance 250 2> 204 mm Aluminium shrinking 600 740
Stray-field < 0.1 T at cryostat 0.8 [Fringe field — x axis [T] - -
i Stainless steel He tight [ 760

Al radiation shield 934 940
Vacuum vessel 1120 1220

0.7

Cosine-theta (baseline) 0.6

0.5

- cold mass 40t
total mass 62t

- 0320340360380400

0.4

Block-type coils 0.3

0.2
0.06 T at cryostat edge 600 mm radius
0.1
Common-coils ROXIE 102 u Bl
0 — T
_IIII|IIII|IIIIlIIIlIIIIIIIIIlIIIIIII
mm distance from yoke

o

100 200 300 400 500 600 700

2015 2017



FCC Footprint

Geology

B Quaternary B  Molasse

e Wildflysch Limestone

. - 1100.0
P  Molasse Subalpin B Prealps
F £

Shafts: A, B, C, ... 1000.0
—+ 900.0
-+ 800.0

-+ 700.0
— 600.0
— 500.0
400.0

Lake Geneva

300.0
200.0
100.0
0.0

oy
o

00

©
o
o

00l
0'GlL
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062
00€
0°GE
0°0v
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009 ¢
069
004
0°GL ¢
008
068
0°G6
JAVAS)

- Following geological review of the most challenging areas a new baseline position was
established considering:

- Lowest risk for construction
- Fastest and cheapest construction

- Feasible positions for large span caverns (the most challenging structures)
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FCC-ee



FCC-ee Operations Model —a 14 years plan

working point luminosity/IP total luminosity (2 IPs)/ yr physics goal |run time
[1034 cm-2s-1] [years]

Z first 2 years 100 26 ab-1/year 150 ab-! 4

Z later 200 52 ab-1/year

W 25 7 ab-1/year 10 ab-1 1

H 7.0 1.8 ab-1/year 5 ab-1 3

machine modification for RF installation & rearrangement: 1 year

top 1st year (350 GeV) 0.8 0.2 ab-1/year 0.2 ab-1 1

top later (365 GeV) 1.4 0.36 ab-1/year 1.5 ab-1 4



Technically driven schedule for the FCC-hh/ee and HE-LHC options

SC Magnets

FCC-hh

FCC-ee

HE-LHC

‘ Technical Design Phase b

1 1 1 | 1
Strategy Update 2026 — assumed project decision

Dipole short models

Dipole long models

16 T dipole indust. prototypes

6 T dipoles preseries

16 T magnets

16 T series production

Civil Engineering FCC-hh ring

CE TL to LHC

FCC-hh

LHC Modification

Installation + test FCC-hh

CE FCC-ee ring + injector

__*__

Injector

Installation + test FCC-ee

I
FCC-ee

LHC Removal

Installation HE-LHC
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Highest energy with lepton colliders



Compact Linear Collider CLIC

e+e- collider 1-3 eV

819 klystrons 819 klystrons

15MW,142ps | | | circumferences | | | 15 MW, 142 pis
delay loop 73 m
drive beam accelerator CR1293m drive beam accelerator

— =1 € SN LT — CR2439m R 2 < M EA 1< 1 S—

2.5km g h 2.5 km

currently only option for the eV
region

Drive Beam

2.75 km- 2.75km
IP

380 GeV study has been completed T Y
both for 2-beam and klystrons
approach; 250 GeV for ESPP

decisive input to next update of - CDR 2013

European Strateqgy for Particle - CTF3 has provided key results

- experimental programme ended 2016

- ready for a demonstrator; interest for
FELs "

Physics



e+e- collider

+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. The Technical Design Report of the International Linear Collider
(ILC) has been completed, with large European participation. The initiative from

the Japanese particle physics community to host the ILC in Japan is most
welcome, and European groups are eager to participate.

Europe looks forward to a proposal from Japan to discuss a possible
participation.
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International Linear Collider ILC

e+e collider /s = 0.5 TeV
(upgradeable to 1 TeV)

staged version for /s = 0.25 TeV
Now considered baseline

2km

porecision Higgs programme; later
Top and beyond

Ministry MEXT continues to - Project is mature (TDR 2012)
evaluate the implications of - hosting evaluated by Japanese government
hosting ILC in Japan w.r.t. cost - International project (without host laboratory)

manpower (skills)
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V-PNYSICS

From European Strategy of Particle Physics
Europe should explore the possibility of major participation in leading long-baseline neutrino projects in the US
and Japan.
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Short baseline programme at Fermilab

+Jo resolve experimental
iInconsistencies in the
measured v-spectrum

- SBND (near detector) />3

-

- - .
s o
—

=

[

o
"4
"

+ MicroBooNE -
(operating)
- MiniBooNE ST
L= 1 h;ir:-iB:oNE MicroBooNE —all e
shed ICARUS at i ‘. (operating) | = _ _--—"
’ refu rbIShed ‘CARUS at TV (relocated) i Y e--

FNAL since 2017
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L.ong baseline neutrino programmes

- Fermilab iIs planning a
long baseline neutrino facility
(LBNF), a wide band neutrino
beam to the DUNE experiment
(LArTPC) In South Dakota

Sanford

Tokyo Is considering Hyper-K
(water Cherenkov detector) at
Kamioka

L=295km OA=2.5deg

- (Goals: neutrino-oscillation
parameters, mass hierarchy and
CP-violation

Lol: The Hyper-Kamiokande Experiment arXiv:1109.3262v1




Neutrino Platform at CERN
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Towards 2020 Update of European Strategy for Particle Physics
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Physics

Physics Beyond Collider Study #Bcyond

“Colliders

- Kickoff meeting held in September 2016 N L i —

of the Dark Sector in the few GeV domain

Exploits the unique high-E/ high-1 SPS features

HNL coupling b SM U

idden Sector
decay volume

078D, >1076 1, >10%0 y
2x1020 pot (in 5 years)

- Study of fixed target programme

1 1 ol
HNL mass (GeV)

AD

Spectrometer
-, Particle ID
Search for Hidden Sector

particles (decays in the
decay volume)

Similar layout as NA62,
with larger acceptance to

reach the c / b mass range

Emulsion

: 2 spectrometer
ctive muon shield P

Beam Dump Facility
already under study
at CERN

C. Vallée, SPC 299, Sept. 13th 2016 Physics Beyond Colliders 12

Search for DM (scattering on atoms)
v, physics (specific event topology)

- even with LHC beams

Dark sector search complementary to SHiP:
invisible decays from missing energy

First implementation in 2016 by NA64 on an electron test beam
Wish to extend the method tou /n/K/p beams
(+ possibly higher intensity e’s with AWAKE techno)

I Source of A”s: Invisible decay of invisible state! -

MU3

Mu2

SMOG

level <101 2.7 O-9/e_ vacuum vessel

magnet

S.Andreas et al., arXiv: 1312.3309
S.G., PRD(2014)

Physics Beyond Colliders 13




Physics

Physics Beyond Collider Study cont’d -*Beyond

“Colliders
Study of an all-electric storage ring 10 Storage ring
e 1077 :: v
Q0 ~~ oo for proton EDM:
— = ~~ current limits = CP violation test
- \ gt m $:p ! tong % . ;‘_J.,ﬂ\‘% @ 10—21 L e
\\k kg k1 k2 K1 kg k/”/. G\‘ﬁ‘ 1028 “ G I
s, M 4 1 ,,/ L E 2<o <) ——— . Goa exp._gt
kg : 1027—— susY e <F COSY (10*e cm)
P o L 10°
oY = k3 k4/, 102 " S — Goal dedicated
S - _— : -29
p o : i X ring (10“°e cm)
- ® Design sensitivity: 4x102° e-cm ' .
I ky : _ k4 "\
.. Requires: )
. K3 3 3 .
- ., - ¢€lectrostatic deflector SMV/m | -
{kz -- magnetic shielding ko %ute,,
., - high precision SQUID BPMs to

| K monitor the total radial magnetic ., -
«  fleld by vertical beam position u\;
s separation between CW/CCV\L"?' AL

g e n Sewnsttivity of 1029 e-cm corresponds to
” " 3 X ’
,/k“/k? I p? 100 TeV for new phystes scale
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High-Energy Options

27 eV

HE—LHC*
FCC—hh+ 100 TeV

T HL-LHC

\ ¢

\ ¢

Y sHec l>

lllllllSppCllll>
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| epton Collider Options for Higgs and beyond...

_lLCq
S HL - L HC s FCC—eeﬁ
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Clarification on ILC essential for ESPP update

Is Japan prepared to host [LC as an international project with the typical host contribution for such
porojects?

- YES IV\,\/LQDYWCLV\,@ for
the field

- CERN focus on LHC and its upgrades

—uropean involvement in ILC to enter a constructive phase after consideration with Funding
agencies

—xample from ongoing strategy albelt at a smaller scale: Neutrino Programme
- NO

» broad discussion on role of lepton colliders as precision tools vis a vis energy frontier machines



European Strat\eg)
Update

European Particle Physics Strategy Update

DRI

Jan.2018
Call for proposals

for venues for Open
Symposium and
Strategy Drafting

Session
(deadline May 15, 2018)

organisation &
Input preparation
by community

Febr.2018

@,
QD

for scientific input

March.2018
Call for nominations of

PPG & ESG members

June.2018
Council decision on
venues and dates

Sept.2018
Council to launch the

Strategy Update process &
establish the PPG and ESG

Dec.2018 2nd half of Jan.2020
Closing submission Strategy Update

community input Drafting Session
(deadline Dec 18, 2018)

one week
2nd half of May.2019
Open Symposium
March.2020
4 days

Strategy Update
submitted to Council

Sept.2019

Physics Briefing
Book available

consultation &
consensus building

vkl ibeatt May.2020
Physics results appearing : C |t
after May 2019 will be taken QLN ) =l plplrehis

into account in the process | Strategy Update
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Summary

- Experimental Programme of LHC extremely rich; long range experimental
programme guarantees physics return

+ by exploring the highest energies
+ by searching for violations of the SM In (highly sensitive) rare decays

- Preparing Update of the European Strategy for Particle Physics

+ LHC and HL-LHC 201 (ewd): reports oW ’Phgslos
2019: oommuwi‘cg dilscussion

+ Energy Frontier 2020: Update publicly released

- Vibrant physics programme beyond colliders
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