MeToabl n3ydyeHmna Mmmkpomumpa.

!'_ YcKkoputenm.

B.W. TenbHOB

HoBocnbupckmin flocynapCTBEHHbLIN YHUBEPCUTET



[1naH

MeToabl U3y4eHUss MUKPOMUPA;

Tunbl, OCHOBHbIE MPUHLMMbI, U XapaKTEPUCTUKN
COBPEMEHHbIX U MNaHNPYEMbIX YCKOPUTENEN;

NMPOTOH-MPOTOHHbLIE, MPOTOH-AHTUTNPOTOHHDLIE
HaKOIMAUTEJN,

ANNTEKTPOH-MNO3UTPOHHbIE HAKOIMNMUTEIN,

NMHEeUHble ete-, ye, Yy Konnanaepsl,
MIOOHHbIE Komnnanaepesl;

HOBblE MEeTO bl YCKOPEHUS,
BblBEEHHbIE MYYKWU;

KOCMUYeCKmne 4aCcTuubl.



[1Ns Yyero Hy>XHbl YCKOpUTENN?

dyHpameHnTanpHas Gu3nkKa h h he ,
N3yuenue CTpyKTyphl HaCTHI] AX ~—~—~ - q = ( P —p )2
g p E
e / 2.107"
>O Ax ~ ,cm
> E[T3B]

\ B CUCTEME I1.M.

Hanpumep, Ha ep-konnanaepe HERA (Fambypr, 3akpbIiT B )

-16
27.5B 920 =B (3kBuBan. 160x160 3B) Ax <10 cMm
e 22 p

y -17
Ecnun n3mepsaTb € XOpoLen TOYHOCTbIO, TO Ax <10 cm



Po)xaeHne HOBbIX YacTuu

M
E >O< E M=2E, -BcTpeuHbIe ITyuKkH (OAMHAKOBAsI SHEPTHSA)
M?2~4E, E, BcTpeuHble mydkH (pa3Hasi SHEpIrHs)
E HenoaBuxHast MUILIIEHB:
my - )O M? = (E;+m,)* — p* = 2E;my+m;*+m,’~2E,m,
o YT06bl pOANTL YACTULLY C TOM XXE MaCcCoM (c=1)
2
2F
L ~E, .
m,

BcTpeyHble NyYKku Aa0T 04eHb 60/bLION BbIMIPbIl Npu E>>m.
BcTpeyHble 3n1eKTPOH-NMO3UTPOHHbIE NyYKM 1X1 3B 3KBMBANEHTHLI
4x103 B No3nTPOHbLI Ha HENOABWMXXHbBIX S1EKTPOHAX.

[epBble BCTpeyHble Ny4ykn: e e  B3ll-1, Stanford, ~1965
ete BIrM-2, 1966



Electron-electron collider VEP-1

===
—l
g | kgl sy
1. Storage rings
2. Compensating systems R -
Im 3. Synchrotron B-2S 2
VEP-1
to-day as a monument
2E = 90 MeV - 320 MeV, Exps 1965-1967 : oAbt

— electron-electron elastic scattering
(in parallel to Princeton-Stanford Rings);

First electron-electron colliding beam experiments — 1965




[narpamma JINBUHICTOHA
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YEAR OF COMPLETION

E.. = 2E, Ans a3nekTpoHoB;
E.w~ (1/6) 2E, nna ToyeuHbix 06bEKTOB (KBApKOB W FI00HOB) B MPOTOHE.



Tunbl yckoputenen

1 DJEKTPOCTATUYECKUE

(Ban-/e-I'pad,1931), no ~10 M»>B
m 2. Iuxnorpon (Jloypenc, 1931)
U=4 cosO! T ] JI71s1 HepeNnATUBUCTCKUX YacTUI] (TPOTOHOB M MOHOB
\—/ P Huskoit SHEPIHUH).
mv®> eBv 27R  2mmc
= =T = =

R c v  eB

T e 3aBucut ot dHepruu npu B=const, T.e. npu ©_,= const, B=const Oyxer
YCKOPATHCS, MOXKHO UMETh HENIPEPBIBHBIN TOK. He ronurcs s
PENATUBUCTCKUX cKopoctel ( ymv?/R = eBv/c).

(Pa30TpOH. Kak nuxinorpon, B=const, HO ® MEHIETCS ¢ SDHEPTHUEH,
paboTaeT npu PEIITUBUCTCKUX CKOPOCTSIX. Y CKOPSIET KOPOTKHUE CTYCTKH,
T.K. ® MeHsercs. Jlyona, 1949, nporonst 1o 700 M»aB.



Huxiaorpon Jloypenca, 1938

The magnetic field

The deflecting
electrode

The duant

The duant

¥ ¥ Y4 4 4 4

The target 1y, a4ig frequency oscillator

The cyclotron. The positive ions created inside

the machine are repeatedly accelerated bhetween
the duants - they make bigger and bigger circles
perpendicular with the respect to the field direction.

' ” -"-]I
- Ll
i 4




Tunbl yckoputenen (NpoaomkeHne)

N30XpOHHBIN [IUKIOTPOH — HUKIOTPOH, ® = const, a rosie B 3aBucut
oT R, 3T0 KOMIIEHCUPYET PENATUBUCTCKUE F(PDEKTHI,

E_..~115B, MoxeT 1aBaTh HENPEPBIBHBIN TOK (T.K. BCE€ MapaMeTPhl

max

HC 3aBUCAT OT BPCMCHHU.

CI/IHXpO(l)aBOTpOH. YacTuus! IBUXKYTCA 110 JOPOXKKE C HOCTOSTHHBIM
paauycom, B u @ mensitorcsa ¢ E (kak Ha10).

bpykxenBeH 1958 33158 p

LHEPH 1960 |23 P

CepnyxoB 1967 |76 p
=T eos ot T barasus, FNAL | 1972 | 400 -1000 | p-aaTH-p
’ [IEPH 1976 | 400-600 |p-aHTH-p

[IEPH 2008 | 14000 | pp




Tunbl yckoputenen (Mpoao/mHKEHNE)

MuxkpotpoH. [l 3J1eKTpOHOB.  3a o6opor AE~mc?.

2
z27z(mc +AE)=,uTc . AT=27Z-AE=VT

eBc . eBc “
AE ~mc’v/(u—v)=(ecB/2xT, W E =AE(u/v+n-1)

c64

I

1=2v=1 — byHnamentanpHas Moga => AE = mc’

\/\/\/\/\/\ { Hy:xuo AE~mc?
U =

MoskeT paboTaTh B HEIIPEPHIBHOM PEKUME:
(B=const, m=const)



Tunbl yckoputenen (Mpoao/mHKEHNE)

CHHXPOTPOH - YaCTHBIN CIIydaill CUHXPO(a30TpOHA AJIs
3JIEKTPOHOB, V/c — 1.
o, =const, R= const, B nponopunonaisHo E.

E . VIS DJEKTPOHOB OIPaHUYECHA ITOTEPSIMU Ha

CUHXPOTPOHOE H3JIyUYCHUE.
beraTtpoH. Hapacraroiee Bo

BPEMEHHU MATHUTHOE TI0JIE
VHAYLUPYET DJIEKTPUUYECKOE NoJIE E o

EoR=-19P. ¢o_Bs. rR=P°
c ot eB

R=const mpu B(t)= %B_(t)

E ~ 20-50 M5B 11 Me IMIIUHBI,
oueHs npocteie! E_ ~ 300 MaB



JINHENHbIE yCKOpUTENN

+ b
_ _ ‘ =

JI71s1 IpOTOHOB (HEPEIATUBUCKUX YacThll) JIst 2JIEeKTpOHOB (peJIsT. 4acT)

)
()

BHyTpu TpyOOK MOJISl HET, MEXKTY Jluadgparmsl nenatot (pa3zoByro
TpyOOK IOMaaeT B yCKOPSIOIIYI0 ¢hazy  CKOPOCTh paBHOU CKOPOCTH
3JIEKTPOHOB (~C).

[Ipu yCKOpeHUH BII0JIb CKOPOCTH U3JIYUYEHUE OYEHBb Majo!

(ITpn nBM>KEHMU B KOJIBIIAX, YCKOPEHUE TIEPIEHAUKYISIPHO CKOPOCTH U

dE/dt ~ y2).



YCKOpUTENN Ha BbICOKYIO 3HEPIUIO

R=PC _33EUDB)
eB B(xlc)

B ~50-100 kI'c =5-10 T, R ~ 5 km (2nR=27 kM, CERN),
2E ..= 14 T»B (LHC- bonbpmon Anponnsii Komnanaep , Hagaio
padotsl 2009 roa). EcTe miaHbl B OyaylieM yABOUTh YHEPTHUIO.
J1o 2009 r makc. sHeprus O0wu1a y kosutanaepa Tevatron (2E=2 TeV),
FNAL).
2 2, 4 4

= DJICKTPOHBI-TIO3UTPOHEI A — dre” By . E

M3Ty4aroT 3a 000pOT N R R

s [IporoHsl

ITpu R=5 kM u E=100 I'3B, AE ~ 2 I'3B, P/nydok ~ 20 MBT,
(ot cetu > 200 MBT). D10 npenen (LEP-II, 3akonuunin padboty
B 2000 r., 2E=210 I'3B).
[InarupyeTcs co3gaHue TUHENHBIX e+e- KOJUIanaepOB Ha DHEPTUIO
500-3000 I'>B



ABTOMA3NPOBKA (npononbHoe aABxeHeE)

AIIPsIZKCHUC HAa pC30HATOPC U ITOJIOKCHUC YaCTHUIbI

Ycronunuso nipu 0T/0E > 0, (cM. puc)

Ycronuuo nipu 0T/0E <0, Ha 1eBom

CKJIOHC
Bo3nukarot «CHUHXPOTOHHHBIC KoJIeOaHus HpOI[OJ'IBHOﬁ KOOPpAWHATBI YaCTHUIIbI B ITYYKC 1 €C

OHCPIrU OTHOCHUTCIILHO paBHOBGCHOﬁ OHCPIUH.

[TontepeuHas (poKycHUpoBKa
CﬂlgﬁSaﬂ (hOKyCHpOBKa IMTOBOPOTHBIMU MarHUTaMH

IENN
o/




CunbHasa MOKYCUPOBKaA

Kpome moBOpOTHBIX MAarHUTOB B KOJIBIIE €CTh CIEHMUATIbHBIEC KBAAPYIOJIHBIE
JIMH3bI, KOTOPBIE I10 OJHOW KOOpJAHUHATE (POKYCHUPYIOT, MO JAPYroi — 1e(OKyCUPYIOT.
Pe3ynbpTaT COBMECTHOTO JICMCTBUS (IIPU OMPEICIICHHOM PACCTOSTHUN MEXKTY JTUH3aMU) —
cuiibHas (POKyCHPOBKA.

A Y _/4\

\

Cna6as: lyoHna, 10 I'=B, 1957 rox, Bec 36000 ToHH!

CunbHas: bpykxerniBen, 33 [9B, 1958, sec 3000 ToHH
I (ecau Obl OblTIa ciabasi, To 1 MJIH.TOHH).

KBazpymnosbHas JIMH3a.

B,=-cx, F,~x

BX:-Cy9 Fy ~ _y




Konnanaepbl
E.,.N, E.N, WZ2=4EE,

N1N2
4ro .0,

/

- @ N cob/cek =Lc L=

G — CCYCHHE PEAKIINH, G, G, — MONCPEUHBIC Pa3MephI IyYKOB.
®a30BbIli 00bEM (IMHUTTAHC) MyYKa

e,= 6,0, = mornepeuHslil pa3Mep * Ha YTIIOBOM.
[Ipu yckopenuu ot E, o E, &,=¢,E/E,.

B mecTe BcTpeun

3nech PB- (6ara-pynkiws Gpok. cuctemsr) ~G, (AJIMHA MTy4YKa).

J_—[HH IMOJIYUYCHUI BBICOKON CBETUMOCTH HYJKHBI ITYYKHU C MaJIbIMHA
pasMecpaMu, JJIA 5TOIO HCO6XOZ[HMO I10JIY4aThb ITYYKHU C MaJIbIMHA
OMUTTAHCAMU



OxnaxaeHue ny4ykos

PannanuoHHoe 3aTyxaHue
Ha € € HaKOIUTEIISIX.
C /\ /11py n3nydennn TepseTcs Kak IoIepeYHbIH,
/ TaK ¥ MPOJOJIbHbINA UMITYJIbCHI.
[IponoabHBIN UMITYJIBC KOMIIEHCUPYETCS

CBUY (ycKOpsIOIUM PEe30HATOPOM).

W
e e ee+ PaBHOBECHBIN pa3zMep: 3a CUET PIyKTyaIyi
> y Yyyclia UCOYyIIEHHBIX (DOTOHOB.
U +
€ YR - [Tony4yeHne MO3UTPOHOB
%

POXJICHUE map

g; g 4 TOPMO3HOC U3JIYUCHHUC



[Tony4yeHne n oxnaxxaeHme nNnpoToHOB U
AHTUNPOTOHOB

[TosmmyyeHne aHTU-TIPOTOHOB

P Ié D, AHTHAD ... ptp=p +p+p+p

—p
DJeKTpoHHOE oxnaxaeHue npotoHoB (I'.byakep, 1966)

B e
P\ B - B
T

SN

[IpOTOHBI OXJIAXKIAKOTCS IO TEMIIEPATYPbI JICKTPOHOB.

[IpogoapHOE MarHUTHOE MOJI€ TaeT 3PHEKT «3aMarHH4YUBaHUS», IOCKOJIBKY
JIapMOpOBCKUI painyC 3JIEKTPOHA MEHBIIIE XapaKTEPHBIX MPULIETbHBIX
apaMeTPoOB U MPOTOH YYBCTBYET CPEHIOIO KOOPJIMHATY 3JIEKTPOHA.

DTO CYIIECTBEHHO NOHUKAET A3(PPHEKTUBHYIO TEMIIEPATYPY JICKTPOHOB.
Bpewms oxnaxnenus ymenbmaercs ¢ 1 cex no 10-cek, T, ~ 1 K!

Cc



CToxacTunyeckoe oxnaXkaeHue rnpoToHOB.

s Merona Ban-/lep-Meliepa

N3mMmepsieTcs moa0KeHue [eHTpa
TSHKECTH ITy4YKa U 110 XOPJe
ITOCBIJIAETCSI CUTHAJI, YTOOBI
yIAAPUTh 10 MYYKY B HY>KHYIO
amplifier cropony. IIponecc 3anumaer
MHOTI'O YacCOB.

Peanu3oBaH Ha p-aHTHU-P
kosutaiiepe SPS (CERN), rie B
1980 r. otkpein W u Z-

0030HbI (HoOeneBckas npemus)



i MyTH K BbICOKMM 3HEPTUSM

Ways to high energies:

1. Proton colliders.

Now: TEVATRON (FNAL, US), 2E =2 TeV.
Future: LHC(CERN), ~ 2007, 2FE = 14 TeV.
Far future: VLHC, 2F ~ 100 TeV

2. ete~ colliders

e Storage rings

the last (due to synch. rad.) LEP(CERN),
2F = 200 GeV, 27R = 27 km, synch. rad
power about 20 MW, AC power ~ 100 MW.

e Linear Colliders

SLC(SLAC) (1989-1999), 2FEg = 90 GeV.
The next generation of LC:

Collider Leader 2E Zero Techn.
(TeVv) Des.Rep. Des.Rep.

VLEFPF BINP 0.5 -1 terminated

NLC SLAC 0.5-1 1996

JLC KEK 0.5—-1 1997

TESLA DESY 0.5-0.8 1997 2001

CLIC CERN 0.5-5 2007

ILC Japan 0.25-1 2007 2013

3. Muon colliders.
> 2040 7 (Snowmass 2001)

Why LC is necessary?

LHC(pp) 2E = 14 TeV 2007

LC(ete™) 2E = 0.5-1 TeV ~ 2012

o 1. E ;¢(pp) ~ g x 2Ep E.;p(ete™) = 2E.
p = 3q + gluons

— difference in energies is not big

e 2. Historically

pp(pp) discovered c, b,t quarks, W, Z - bosons

ete discovered e-quark, T lepton, ¢ gluon.

With pp it is easier to reach higher energy

But, main results on ¢,b, W, Z,+ have been ob-
tained and the SM has been tested with a very
high precision at ete~ collidres

Because in ete~ collisions

a) simpler initial state

b) much lower backgrounds (no strong interactions)
c) much higher accuracy

LHC - search for signatures of new phenomena

LC - gives physics answer to the new phenomena



=k Dusnueckas nporpamma

Qutline of LC physics program

Supersymmetry
(between fermions and bosons)

e(1/2),u(1/2),...9(1/2), W(s=1)
Higgs boson, My ~ 115 — 200 GeV (LEP data ~ -
99 & ( ) §(0), 7(0), ... 4(1/2), W(1/2)
ete- - ZH, ete- - Huv, vy = H Supersymmetry is needed to cancel divergences
in theories.

Measurement of H-branchings with a high accu- Supersymmetic particles are primary candidates

racy to test Ay ox my for dark matter in Universe (pdark ~ 2Pbarionic)

Expected mass spectrum of SUSY particles in
TeV region
mSUGRA GMSHB AMSB

Origin of mass, structure of vacuum
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SM Higgs Branching Ratio
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iy

10° 200

ir
i i it
A

All these particles can be detected and precisely
studed at LC

100 110 120 130 140 150 160
M, (GeV)

Ha LHC B 7.2012 OTKpbINN XUITCOBCKUM Great physics !

6030H ¢ maccoi 125 I'3B! Ha LHC aToro noka He BUaaT



CtaHpapTHasa Moaernb




JInHenHble Konnanaepobl

JlocTomHCTBA:

(IOYTH) HET U3IIYUYCHUS IIPH YCKOPEHUH, YHEPTHS 110 CPABHESHHIO C
KOJIBIIEBBIMU HAKOMUTEIISIMU MOXKET ObITh BO MHOTO pa3 00JbliIe
(peabHO HA MOPSJIOK).

[IpoOJieMsir:
TpeOyeTrcs BEICOKHI TEMIT YCKOPEHUS;
Ouenp manbie pazMmepsl mydkoB (0.1 mxMm x 0.001 MxMm);
N3nyyeHue npu CTOJIKHOBEHUH ITYYKOB.
Pa3pabaTpiBanuchk Tpu mpoekTa Ha 3Hepruro 500-1000 I'B:
TESLA (Europe), JLC (Japan), NLC(USA)

B 9.2004 6b110 pelieHo CTpOUTh OAUH MEXKTYHAPOTHBIM
cBexmpoBoasaimui komnanaep (kak TESLA) nHa sHepruto 2E=0.5-1
T»B, ILC (International Linear Collider). Hauano ctpoutenscTBa
~201..? Bece 3aBucut ot pesyibratoB ¢ LHC (Hanuuue HoBOM

buzukn). Cneayromnuii Bo3MoxxHbIM mpoekT Ha 3000 I'3B: CLIC
(CERN)



ﬂ JINHenHble ete

TESLA

Konnanaepb! (MPOeKThI)
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Linear colliders

time

History
ILC —
CLIC —
TESLA
SBLC
JLC(GLC)
NLC
SLC
VLEPP
I I I I
1980 1990 2000 2010
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ILC superconducting cavities, v=1.3 GHz




ILC TDR ILC TDR Layout
6.2013

Damping Rings Polarised electron
source

e+ Main Linac

(including —
bunch compressors) AN

e- Main Linac

Parameters Value

C.M. Energy 500 GeV
L=31 km Peak luminosity 1.8 x103* cm2s?
2E=500 GeV

Beam Rep. rate 5 Hz

Pulse duration 0.73 ms

Average current 5.8 mA (in pulse)

ILC Scheme | © wwtoem-cna.de E gradient in SCRF 31.5 MV/m +/-20%
acc. cavity Q,=1E10

2E=250-500 GeV, upgradable to 1000 GeV



ILC, since LCWS 2017

At t Japan consider ILC with 2E=250 GeV, without any words about
Thus the cost was reduced by 40%

compared to 500 GeV.

Staging

ILC 500GeV

Elsc — > | mcmatastemmess

—a_
Lo g P
25 >)>)))))>))>))))))\,)))))) /G/ =

~31km

Cost reduction by compact ILC

10

This energy is OK for e+e-—ZH (no tt) and for yy—H as well



2 Detector Concepts:Detailed Baseline Design
ILD SID |

* Large R with TPC tracker * High B with Si strip tracker
— 32 countries, — 18 countries,
— 151 institutions, — 77 institutions,
— ~700 members — ~240 members

— B=3.5T, TPC + Si trackers — B=5T, Si only tracker

— ECal: R=1.8m — ECal:R=1.27m




Japan is interested to host
-decision ~2018-77?7?7
-construction ~2019 (~10 years
-physics ~2030

)

[LC Site Candidate I ocation in Japan: Kitakami Area

Establish a site-specific Civil I:n gineering Design - map the {S‘Lte mdependent} TDR _
baseline onto the preferred site - 1';-1|mmg “Kitakami” as a primary ra‘nd datp |

O e m % RN
é: w\f B ?MQ‘"“-* . ‘.’&m.
JI - Proposed by ]'HEPoonmmmty
- T\
E b

WiEs

e T P A

HER

Tm:

| Sendai

i s

i

wn
2 # MNeed to finalize:

e _] = | - ,! | B | ! -IF' / Linac orientation and length
s S o 'c\;»,h ey v __.'.I.jh_,_.-- e -Access points and IR infrastructure
S = T w=r B -Conventional Facilities and Siting (GFS)
Pl Bt =t Scnn\_n-o'_::-z'-\--:-.- Crikabe Gronfie - _
= DS, DR, DH P

preparation 250GeV 2706
e e

2018 2028 2034
construction

©¢/500GeV High Luminosity
D

2040

1TeV = several TeV, upgrade

SR, - S ————

preparation

construction, operation, upgrade * * °

2.2022 — pelieHne 0 CTPOUTESIbCTBE HE NPUHATO (ANOHCKOE NPaBUTESNBLCTBO ...)



Known physics, ILC stages

= 2E=250 GeV  Higgs boson

350 top quark

500 ZHH —Higgs self coupling
500 and higher ttH - top Yukawa coupling
1000 and higher Beyond



ompact Linear Collider (CLIC)

i ferences
326 Klystrons cireum 326 klystrons
delay loop 72.4 m
B3MW, 130us | | | CR1 144.8m |1 | 3BMW 139us
drive beam accelerator 2.38 GeV, 1.0 GHz CRZ 434.3 m

drive beam accelerator 2.38 GeV, 1.0 GHz

1 km
Drive Beam delay loop » o ° 4 delay loop
Generatlon complex decelerator, 24 sectors of 876 m

G, ~ 100 MV/m
a
BC2
BDS - BDS
~375 km 2.75 km o .
a
T radivs = 120 m & main linac, 12 GHz, 100 MV/m, 21.02 km e* main linac Th radivs = 120 m - %— -('uwe Pouer. g
El

transfer g, i: [fcctf:en (i‘!?fs
N\ [ }
48.3k m
Main Beam
o lbooster linac, 9 GeV Generation Complex

TA  tumnaround

DR  damping ring

PDR predamping ring

BC  bunch compressor e~ injector, 2.4 GeV
BDS beam delivery system

IP interaction point

1§ Legend
2
e injector, 2.4 GeV = CERN existing LHC

Potential underground siting :

CLIC 500 Gev
CLIC1.5TeV
CLIC 3 TeV

Jura Mountains

e+e- 500 - 3000 GeV

x-band accelerator technology

2-beam acceleration

0.5 TeV: 8,300 MCHF (£ ~ 1.4x10%)

@~ 2-6x1034




11.994 GHz X-band

100 MV/m

Input power =50 MW
Pulse length =200 ns
Repetition rate 50 Hz

HOM damping
waveguide

Inside

i‘i""\' w' H'HHIH

25cm 6 mm diameter
CLIC Project Review, 1 March 2016 beam aperture Walter Wuensch, CERN



As usually, rich new physics

C L I C p rOJ e Ct S is expe7ted

‘ — T T —
2 HvgV, e S 10° ! SUSY model I
" gt = — Higgs
X 10° 3 .5 E N —
L S 5 10°| =
E — charginos
i o f
= W 3 9 ! — squarks
© ] 2 10F SM
@ : — SMt
S 1 = 9 - o o~
= I i E O Ir s
l — - F — neutralinos
w T wHz 10 ,
10‘2 | i L i i | i i i i | i i i | 10_2 " o : . [K.I
. LU e GSO\?“ 0O 1000 2000 3000
lae] Vs [GeV]

The feasibility of the CLIC scheme has been established.
CLIC proposes a staged approach to reach 3 TeV:

Stages with 500fb-1 at <500 GeV, 1500fb-1 at 1-2 TeV, 2000 fb-1 at 3 TeV;
L=2.3x10% cm=2 s' at 500 GeV

Preparation stage: ~5 years

Construction could start in 2024-25; commissioning in ~2033.
2.2022 — peLlieHns o CTPOUTENLCTBE MNoKa HeT



ILC and CLIC parameters

upgrage to (3-4)1034

- is foreseen
unit ILC // CLIC

2Ey GeV 250 500 Kmeﬁ 250 500 3000
Luo 10%em—2s~ 49 | 137 23 59
Lgeom 10*cm™2s~! | 037 075 261 | 0.82 142 429
No. Higgs/yr(107s) | 1000 23 49 — 34 44 446
Length km 21 31 48 13.2  13.2 483
P (wall) MW 128 162 301 225 272 589
Pol. e /Pol. e % 80/30 80/30  80/30 | 80/0  80/0  80/0
Accel. gradient MV/m 31.5 31.5 31.5/45 | 40 80 100
N per bunch 1010 2 2 1.74 | 034 0.68 0.372
Bunches per pulse 1312 1312 2450 842 354 312
Bunch distance ns 554 554 366 0.5 0.5 0.5
Rep. rate Hz S S 4 50 50 50
Norm. emit. & mm-mrad 10 10 10 0.66 2.4 0.66
Norm. emit. g, , mm-mrad 0.035 0.035 0.03 |0.025 0.025 0.02
B, at IP mm 13 11 11 8 8 Z
B, at IP mm 0.41 0.48 0.23 0.1 0.1 0.07
o, at IP nm 729 474 335 150 200 40
oy, at IP nm 7.66 5.9 2.7 3.2 2.3 1
o, at IP mm 0.3 0.3 0.225 | 0.072 0.072 0.044
Ener. loss. SE/E | % 095 45 10.5 1.5 7 28




DOTOHHbIW KONNanaep

Scheme of ~~, ~ve collider

(T.B.U., 1981) Electron to Photon

s (~5], =1 ps, A=1um) Conversion

alectron s
bunch /\f\)'\f\
' o Spectrum of the Compton scattered photons

ie)
=AW 7 ;
- _1 dog '.:
g | Ocdy X=4.8 "
b 0
5 i
2hPe T
a|-1 !
4 b| O "
a) el 1 o

crab crossing

o 01 02 0.3 04 05 06 0.7 0.8 08

T 4 FEpw, E w y =/t
Wi = Ey, = o 0215.3[ 0 ] [—O}
o | m2c4 TeV] leV
Eo =250 GeV, wg = 1.17 eV (A = 1.06 um) = = = 4.5 and Ae — electron longitudinal polarization

W = 0.82Ey = 205 GeV P. — helicity of laser photons



dusmyeckas nporpaMMa MOTOHHbIX KOManaepoB

Cross sections of the Higgs boson production ir

}\-',},-:r —h = L“I‘“"r

Higgs boson

~~ and eTe™ collisions

T T
0, pb

O-;)-”—}H
(&=-7)

__ Teter[300) — zH

_______________

"n,

...N.E_g::'[JOOJ — Hup ! e,
" " oy
[ .
., )
100 120 140 18 180 200 220 240
My, GeV

o ALy My 47Ty (1 4 M)
dW, L ME

Charged pair production in ete

and v
collisions.

(S (scalars), F (fermions), W (W-bosons);

o= (ma” /M=) (), beams unpolarized)

014 oy Hoo 1 8 Huoo gy —ww
0.12 0.6 ’
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5
0.08 0.4 -y — P .
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0.04 0z 2
0.02 0.1 - a1 1
o p L TRTro-co- D
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Cross sections for charged scalars, 2E5 =

1 TeV

a pb
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oW G-Eff
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du3.nporpaMma yy, ye Konnanaepos

Gold-plated processes at photon

colliders

Reaction

Remarks

ry — ho — bbb
pry — hop — WW’(W’W: *)
vy — hp — ZZ(ZZ")

SM (or MSSAM ) Higags, My, < 160GeV
SAM Higgs, 140GeV < M, < 120GeV
SA Higgs, 180GeV < My, < 350GeV

vy — H, A — bk
vy — ff, X7, HYH-

vy — Sl

MSES M heavy Higgs, for intermediate tan 3
large cross sections, possible observ. of FCNC
it stoponium

ve — &7 ] Mz < 09 x 2Ep — M

vy — WTW ™ anomalous W interact., extra dimen.

veT — W e anomalous W couplings

vy — WW +WW(ZZ) strong WW scatt., quartic anom. W, Z coupl.
ry — anomalous top quark interactions

e~ — thu, anomalous Witb coupling

vy — hadrons

reT — e” X and reX
g — gd, cc

vy — T I

total ~~ cross section
structure functions (pol. and unpol.)
gluon distribution in the photon
QCD Pomeron




i MIOOHHBIV KOnnanzep

Collider

EscEr

~—— Pion capture

solenoid

' gY muon accelerator

Arc with
supercondu
~ magr




MioOHHbIM Konnanaep(npoa.)

16 Gev/e 51 No.
1 5 102-2 P’S il'l MI
X Praton —-
protons / year Accelerator Intense K
Physics

~al— T Production

Target P | Byt |

Pion Decay
Channal =~ 701V

E
= Muon
B Coolinz
' g Channel
E
E
E 100 MeVic  _,, |Stopped/Low
15 x 1021 muons Hinergy M
muons / year Muon
Accelerators NeutrinosT
eutrinos from
10 GeY —jo~ | muon storage
muons rings
High Intense High—
Energy — Energy Muon &
muons Neutrino Beams

W

—»- Higps, tt, WW, ..

Muon Collider




MIOOHHbIE KONanaeps!,
nporpamMma, npobsiembl

MtooHbl B 200 pas Tskerniee aneKkTpoHOB, MO3TOMY Masio U3ny4yaroT npu
CTONIKHOBEHUM NY4KOB. OHN HECTaAbUIbHbI, HO, €CNnK N3 ObICTPO OXNaanUTb
N pa3orHaTb, TO 3a BPEMS XKU3HU (YBENMYEHHOW B raMMa pas) OHU ycrewT
CTONKHYTbCS B KOJbLieBOM Hakonutesie okosio 1000 pas.

Xurcocum 6030H ByaeT poxaaTbCs Kak OYEHb Y3KUN pe3oHaHC (Ha e+e
ceyeHune pesoHaHcHoro poxaeHus B 40000 pa3 MeHblUe, 3a CHET KOHCTAHTbI
CBSA3M ~m?).

OcHoBHaga npobnema — oxnaxgeHne mMooHoB. MoOXXHO oxnagnTb 3a cHeT
NOHN3ALMOHHbIX NOTEPb (M3Ny4YeHME N SAepPHOE B3aUMMOLAENCTBUS Marbl U

He MeLlatoT).

MioOHHbIE KONNangepbl NOABATCS He CKOPO (XOTs paboTa BeaeTcsl akTUBHO),

HO €eCTb NMPOMEXYTOYHada domnamdeckas nporpamma: U3yyeHue pacnaga MHOHa C
HapyLeHNeM JTIeNTOHHOIO Yncra; HEUTPUHHbBIE MYYKN OYEHb BbICOKOW
NHTEHCUBHOCTW.



CpaBHeHHE pa3MepoB KoJLIalIepoB
MI0OHHBIN KOJUIAUAEP UMeeT MEHbIIINI pa3Mep (MMPHU TeX ’Ke IHEPrusx)

LHC
PP
(1.5 TeV)

ILC e+€_(.5 TEV)

CLIC eTe™ (3TeV)

P
s S

FNAL site - ~,
o (E) 5 Mu-Mu (4 TeV)
m N—7

LY #
L4




OpnHa u3 «3a0aBHBIX» IIPOOJIEM MIOOHHOTO KOJIaiaepa — 3TO
(bOH, KOTOPBIN CO3/1a0T HEUTPHUHO Ha IMTOBEPXHOCTH 3EMIIH.
3akanbIBaHUE ITyOOKO 1101 36MJIKO HE ITOMOTaeT.

o
N6

B3
R 7 Ring Earth

e




Higgs factory colliders
Linear e+e- collider:

> ILC

> CLIC

» X-band klystron based
Circular e+e- collider:
> LEP3
> TLEP
» SuperTRISTAN
» Fermilab site-filler
» China Higgs Factory (CHF)
» SLAC/LBNL big ring
Muon collider
» Low luminosity
» High luminosity
1y collider:
» |ILC-based
» CLIC-based
» Recircul. linac-based SAPPHIRE + HERA,Tevatron rings
» SLC-type



cross section (tb)

e+e-: Higgs measurement at 2E,=240 GeV

o Withete”— ZH — e*e™X and pu*u X events
+ Measure HZ cross section in a model independent way
e Find m, peak from the leptons and E,p conservation
e Determine spin with three-point threshold scan
= 10 fb~1/ point suffice

e Determine 0, and g,,,, coupling at 240 GeV e, n
= 3% (1.5%) precision on O, (g,,;7)With 250 fb~!

e Good tracker needed, but details mildly depend on the actual performance
= Plots below with ILD@ILC and CMS@LEP3 e’, u’

[9,10,11]

e'e - ZH — ere X and pru X

& 140 Bi- g MS Simulation
i ete” > ZH — H+M_)$ e 120 ete” > ZH — pru X _ é o — ok s B
15 e | ; o Sig+Bkg : E 1600? ﬁ :zllba:kgmundl
< 100 — Sig 3 514005_ A
:’j 80 — Fit to Sig+Bkg 1200 (=
L Y A ey S 1 S Fit to Bkg 1000~
60 - 800
40 Ap/p ~0.2% | 3 600 Ap/p ~2%
> 20 E 400
] — - 2001
i = PR bt e Wi = c
T A M S 130 140 150 % 60 70 80 90 100 110 120 130 140 150
210 220 230 240 251 M...i (GeV) Higgs mass (GeV)
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Higgs physics at muon collider

Regonance H production:
o(ptu—H)=40000 o(e'e- —H)=70 pb

e The Higgs width is about 4 MeV, the
muon collider with dE/E=0.003% can
measure the Higgs width directly with an
accuracy 5% (comparable that in e+e-).

e The Higgs mass can be measured with
an accuracy 0.1 MeV, 100 times better than

in e+e-.

e Coupling H—p*u* can be measured with

1.5% accuracy.

Teir(s) (pb)

707\“““““““““‘

 HTpoh ..
60 -
Breit—Wigner
i iT,=421MeV

)\ R=0.003 %

L x
’
g e/
- R=0.01% 7" /¢
, ey

Cd

~,
- So
——— S,

-,
[ Q *
0’ | | | |

Vs (GeV)

The number of Higgs boson is about 2500/year at expected L~1031
(small L due to transverse-longitudinal emittance exchange for obtaining a

high monochromaticity).

125.97 12598 125.99 126 126.01 126.02 126.03



Higgs at photon colliders

|
Higgs boson o 0
H i i th 2 1600
YW\/\/ (is considered for PLC since 1980™) 3
H Very sensitive to heavy charge ?_ 1200
§ 1000
'Y particles in the loop. E 800
WW a.; 600
Cross sections of the Higgs boson in vy and ete™ collisions 5
10:\“‘\“‘“‘\“‘\“‘\“‘\“‘\‘: Ez(m
O, pb z
; T.V.1.,17999 0
. AL~ Mp 42Ty~ (1 4 A1
1 Ny i = Lyyx—2 2 Rl 3+ o)
d"L Yy Lﬂ;/ vy ]\/[H
______ qe‘e'(SOO) — 7H At ILC
! 7_. ---- 566(5001—>H7;’; s E ]X(’T’Y — H) ~1—10
'_"'"'"“"'-"-"-“---,.-,_:.::};‘ _____ £'¢(500) > 7H | N(e e — H+ X)
----- g.e‘ei ) — Hwy ‘\ ..""--.,_........ o
..... ! we.]  For M,=115-250 GeV
,2 -------- N ) ) ) ‘ ) ) “\ ) ) ) ) ) ) )
WC‘)O‘ ‘ ‘1£O‘ ‘ ‘140‘ ‘ H‘SO 180 250 2£O 24‘10
My, GeV

At nominal luminosities the number of Higgs
in yy will be similar to that in e+e-

~ | Higgs signal
M, = 120 GeV
Background:
[ ‘ B bbg)
B celg)
B uonddss
B
T resolved

Total L, = 410 b

. (T, AR e
80 100 120 140

160
W__[GeV]

corr



TLEP (Triple LEP) — e+e- konbueBoU—FCC-ee

Beyond HE-LHC : new tunnels in Geneve area, 2rtR=100 km

e+e- (2E=350-400 GeV), pp (2E=100 TeV)

lohn Osborne (CERN). Caroline-Waaijer (CERN)

Figure 9. Two possible location, upon geological study, of the 80 km ring for a Super HE-LHC (option at
left is strongly preferred)
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Circular Higgs factories at CERN & beyond

FCC-ee (100 km,
e*e’, up to
~400 GeV c.m.)

PSB pgS (0.6 km)
LHC (26.7 km)

LEP3
(ete’, 240 GeV c.m.)

VHE-LHC

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

also: e* (200 GeV) — p (7 & 50 TeV) collisions
a long-term strategy for HEP!

50



Higgs physics in e+e- collisions

P(e, €*)=(-0.8, 0.3), M =125 GeV

7o) it i — — g1
2 | L amalfn ] =, F V ]
300k —WW fusion ] é 3 /""ff_,,.,,————— E
— 27 fusi - ]

5 usion IT 10 i y

S200f 1 92 L "z

n ‘G'J’ 1 -3

(/)] © E 3

@ :

§100f 10 f
O- rurtll (VIR 1 1 P 10—2-I ‘- I R I T R S N R SR R S I_
200 250 300 350 400 450 500 0 1000 2000 3000

\'s (GeV) /s [GeV]

Tagging Z in e+e-—ZH one can measure all Br(H), even invisible decays width.
One can measure the Higgs total width:
I'(H) ~ o(ete—ZH)/Br(H—Z2) and (H) ~ o(WW—-H)/Br(H->WW)

At linear colliders L ~ 1034, N, ~ 20000/year or 10° for life of the experiment;
At circular collider with C~100 km and several IP one can have N,~106°.



ircular Higgs e+e-factories

Beginning:

1.
2.
3. V.Telnov, Restriction on the energy and luminosity of e+e- storage

A.Blondel and F.Zimmermann, A High Luminosity e+e- Collider in the
LHC tunnel to study the Higgs Boson, arXiv:1112.2518 (Dec. 2011)
K.Oide, Super-Tristan, talk at KEK, Feb.2012 (crab-waist scheme)

rings due to beamstrahlung, arXiv:1203.6563 (March 2012), PRL
110,114801 (2013).

A. Blondel...V.Telnov.., LEP3: A High Luminosity e+e- Collider to study
the Higgs Boson, arXiv:1208.0504 (Aug.2012) (Triple-LEP (TLEP) with
C=80 km is discussed)

HF2012-First Higgs factory workshop (November, 2012, FNAL) —

already 7-8 proposals of Circular e+e- Higgs factories around the
world on the energy 2E=230(H)-370(tt) GeV.
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A Jd ®) UNK Higgs
' FENAL site filler, NG Factory, 2012
West Coast ' Q?&i‘z}o e j
design, 2012~ s aif W' "y
v 2’0‘ [ G{f' LEP3 on Ll, ' " O J ;D |
p.™y 2012 ' ¥ ' 1 SuperTristan
LEP3 in Texas, A * Chinese Higgs 2012

2012 7N Factory, 2042 (

.

Many ete™ circular Higgs factories

are being studied around the world




Circular ete- Collider as a Higgs Factory

j 16 km (Fermilab site-filler) USA

e 21 km (Protvino) Russia (free tunnel)
November * 27 km (LEP3)
2012 e 40 km (SuperTRISTAN-40)- Japan

50 km (CHF-1)- China

e 70 km (CHF-2)- China

e 80 km (TLEP, SuperTRISTAN-80)- Swiss, Japan

e 233 km (VLLC)- USA

At present: two projects are very seriously considered

FCC-ee, FCC-hh (CERN) C=100km, 2E,,, =90-400 GeV, 2E, =100 TeV
CEPC, SppC  (China) C~54—100km, 2E,,, = 240 GeV, 2E, =70—100 TeV

FCC (ee, hh) — Future Circular Collider
CEPC — Circular Electron Positron Collider 54
SppC — Super proton proton Collider 54



Main arguments for circular e+e- colliders

During last 25 years linear colliders were considered as best
candidates for the next collider for precision study below 1-3 TeV,
why ring e+e-colliders again?

Advantages

1) No new physics is found up to now by LHC for exception of low mass
Higgs boson. The energy 2E=230 GeV needed for study H in e+e- collision
can be reached by circular e+e- colliders.

2) Ring colliders are easier and luminosity can be higher than at linear
colliders at 2E=230 GeV (and much higher at Z), can provide higher
accuracy needed for observation of new physics (in Higgs and Z decays).
Top threshold 2E=350 GeV can be reached.

3) Ring tunnels (C~100 km) can be used further for highest energy pp (or
muon) colliders. It is a very attractive long-term strategy.

Disadvantage: Presence of new physics in the region 2E=350-3000 is still
not excluded, this region can be covered only by linear colliders



Beam lifetime due to beamstrahlung

The electron loses the beam after emission of beamstrahlung photon with
an energy greater than the threshold energy E,=nE,, where a ring energy
acceptance n~0.01-0.02.

The beam lifetime due to beamstrahlung (V. Telnov)

. 27 R /61 r€7u3/261°225“
T ~ 6.
c a?no,
e 5
U = , «a=¢€"/hc
nSfyrgN /

The requirement of the lifetime 30 min imposes
a new restriction on the beam parameters

N o
< 0.1n

020, 3VTe

2




Kick-off meeting 12-15 Feb. 2014
o FCC project (CERN)

FCC-hh hadron collider with
100TeV proton cms energy

~16 T = 100 TeV pp in 100 km
~20 T =100 TeV ppin 80 km

‘
- hs
FCC-ee a lepton collider as a . 5
! ! ! |
potential intermediate step . ’
: |
] Schematic of an
FCC-eh lepton hadron option § 80-100 km s
¢ long tunnel 1
International collaboration 5 o
X 4

Site studies for Geneva area

CDR for EU strategy update
in 2018

'0
4



tentative time line and milestones
F. Zimmermann, IPAC14

1990 2000 2010 2020 2030 2040

Design, .
LHC R&D Proto. Constr. Physics

Continued physics
Feciony program
R&D

ee .
Design, .

HL-LHC Constr. Physics




7/ FCC-hh baseline parameters ((’ FCE .‘))

~/_~
- HL-LHC | FCC-hh

c.m. energy [TeV]

dipole magnet field [T] 8.33 16 (20)
circumference [km] 26.7 100 (83)
luminosity [103* cm2s!] 1 5 5[=>207]
bunch spacing [ns] 25 25 {5}
events / bunch crossing 27 135 170 {34}
bunch population [1011] 1.15 2.2 1{0.2}
norm. transverse emitt. [um] 3.75 2.5 2.2 {0.44}
IP beta-function [m] 0.55 0.15 1.1

IP beam size [um] 16.7 7.1 6.8 {3}
synchrotron rad. [W/m/aperture] 0.17 0.33 28 (44)
critical energy [keV] 0.044 4.3 (5.5)
total syn.rad. power [MW] 0.0072 0.0146 4.8 (5.8)
longitudinal damping time [h] 12.9 0.54 (0.32)

Ph. Lebrun FCC-ee Workshop Paris Oct 2014 4



cCC

' we=r=_4 Hadron collider FCC-hh parameters

. Energy <100 TeV c.m>

= Circumference ~ 100 km (baseline) [80 km option]

* Dipole field (50 TeV) ~ 16 T (baseline) [20 T option]

« Dipole field (3 TeV inject.) ~1 T (baseline) [1.2 T option]

« Bunch spacing 25 ns [5 ns option] Available from
»  Bunch population (25 ns)  1x10" p SPS/LHC today

>3 TeV injector

« Emittance normalised 2.15x10°m, normal. baseline for FCC-hh
= #bunches 10500

- Stored beam energy 8.2 GJ/beam

# Interaction Points 2 main experiments

- p* 1.1 eline]
« Luminosity x1034 cm-2s-TYbaseline]

« Synchroton radiation arc ~30 W/m/aperture (fill. fact. ~78% in arc)

\ Future Circular Collider Study
) Michael Benedikt
S~y




2 tons of TNT

energy per proton beam

LHC: 0.4 GJ — FCC-hh: 8 GJ (20x more !)

— kinetic energy of Airbus A380 at 720 km/h
— can melt 12 tons of copper, or drill a 300-m long hole




Cross sections vs /s

8 TeV 14 TeV 33 TeV 100 TeV
9 LHC LHC HE LHC VLHC 9
10 : - : : 10
Process | 0 (100 TeV)/0 (14 TeV)
Total pp 1.25
W ~7
L ~7
o) WW ~10
— L ~10
© tt ~30
H ~15 (ttH ~60)
HH ~40
stop ~103
(m=1TeV)
Snowmass report: \'s [TeV]

arXiv:1310.5189

> With 10000/fb at /s=100 TeV expect: 10!2 top, 10'° Higgs bosons, 108 m=1 TeV stop pairs, ...



Ph. Lebrun

FCC-ee baseline parameters

parameter

Ebeam [GEV]
circumference [km]

current [mA]

Psg ot [MW]

no. bunches

N, [10™]

&x [nm]

gy [pm]

P [m]

B*y [mm]

c”y [nm]

Gzsr [MmM]

Oz 1ot [MM] (W beamstr.)
hourglass factor F,,

L/IP[10%* cm2s1]

Theam [ITI in]

LEP2

104
26.7
3.0
22
4
4.2
22
250
1.2
a0
3500
11.5
11.5
0.99
0.01
434

Y4
45
100

1450

100

16700

1.8
29
60
0.5
1
250
1.64
2.56
0.64
28
298

((FcDH)

FCC-ee

Z (c.w.) w H t
45 80 120 175
100 100 100 100
1431 152 30 6.6
100 100 100 100
29791 4490 1360 98
1.0 0.7 0.46 1.4

0.14 3.3 0.94 2

1 1 2 2
0.5 0.5 0.5 1.0

1 1 1 1
32 84 44 45
2.7 1.01 0.81 1.16
5.9 1.49 197 1.49
0.94 0.79 0.80 0.73
212 12 6 1.7
39 \ 73 29 21

10°Z per sec 6

FCC-ee Workshop Paris Oct 2014
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The luminosity at the Higgs energy 2E=250 GeV
at FCC-ee is higher than at the ILC by one order of magnitude



CEPC-SppC Kuraii

is an eV Circular Electron Positron Collider, proposed to carry out hig
CEPC is an 240 GeV Circular El Positron Collid d high
precision study on Higgs bosons, which can be upgraded to a 70 TeV or higher pp

collider SPPC, to study the new physics beyond the Standard Model.

SppC LE Booster

P4 1Pz

50 km in circumference

SppC Collider Ring 21

IIpoexT HenpepbiBHO M3MeHsieTcs B ctopony FCC (100 km, 100 T>B)



CepC/SppC study (CAS-IHEP), CepC CDR end
of 2014 e*e' coII|S|ons ~2028 pp CO||ISIOns ~2042

LY 'éasy access
OO km from Beijing

3 h by car

1 h by train
““Chinese Toscana”

'Jrﬁ

"




CEPC-SppC Project Timeline (dream)

(Vo] o (7o) o N
- N N [xr] ™
o o o o o
N N N N N
1 R&D =
Pre-studies Construction

Engineering Design

(2013-2415) (2016-2020)

(2021-2027)

1st Milestone: pre-CDR (by the end of 2014) — R&D funding request to Chinese government in 2015
(China’s 13t Five-Year Plan 2016-2020)

SppC

2020
2030
2040

R&D Engineering Design Construction
(2014-2030) (2030-2035) (2035-2042)

(2.2022) PelueHne 0 CTPOUTESILCTBE NOKa He MPUHATO




Muon collider as a Higgs factory
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Parameters of 126 GeV u+u- Higgs factory
unit LowL | HighL
2E) GeV 126 126
Luminosity per IP 10**em=2s~! | 0.001 0.01
Number of IPs 2 2
No. Higgs/yr(107s) per IP | 1000 5 50
Circumference km 0.3 0.3
P (wall) MW 100 125
Pol. u~ and u™* % 10 10-20
N per bunch 1010 200 500
Bunches per beam 1 1
Norm. emit. &, mm-mrad 400 200
Norm. emit. g, mm-mrad 400 200
Bx at IP mm 60 40
B, at IP mm 60 40
oy at IP um 200 120
o, at IP um 200 120
o, at IP mm 60 40
og/E % 0.003 0.003

The luminosity is 2-3 orders of magnitude smaller than at e+e- colliders,
but the Higgs production cross section is 200 times larger
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COOLING -- Principle is straightforward...

|
9 Transverse:

Practical realization is not!

< 11} i -

MICE cooling channel (4D cooling)

Longitudinal:

Fath length difference

Dispersion in magnet \
m magnet
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6D candidate cooling lattices
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* New, 2021 |

Twin e+e- LC with energy recovery
(ERLC)




The proposed LC scheme

‘ V.Telnov, LCWS21
. . arXiv:i2105.11015
Twin LC with the energy recovery JINST 16 (2021) 12, P12025
~head-on coll. acceleration linac(dE) compressor
[ —] —| et e 1 |
] | [ L
| I I O O O T N T T O T N |
— I | |
</\W deceleration decompressor
e E~5 GeV
—=
- e+ J\/\/\/\_/ beam dump
\e+ e_// wiggler(-dE~0.025 GeV)
from DRs

1) LC consists of two parallel SC linac connected with each other with rf-coulpers,
so that the fields are equal at any time. One line is for acceleration, the other for
deceleration.

2) Damping is provided by wigglers (no damping rings) at the “return” energy
about E~5 GeV. The energy loss per turn dE/E~1/200. Damping is needed to
reduce the energy spread arising from collision of beams.

3) In the presence of a return path, e + and e- are always correctly focused by their

own FF.

4) The duration of one cycle (several seconds) is determined by the refrigeration

system (rise of temperature on ~0.1 K at 1.8 K).
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Possible luminosities vs power

[ 2E,=250 GeV o a3 O i
- 0— € NbsSn -
: fRF=0.65 GHz // / :
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L Nb // -
- / -
- / m
I —— duty cycle
I continuous |
| ] ] 1 | ] ] ] 1 ] | ] ] ] 1 1
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0.4

0.2

[ L/10%°cm™2s ! far=0.65 GHz

_ Nb3Sn fRF=1.3 GHz __
NbsSn
- 2E,=500 GeV / 4 fer=0.65 GHz
i Nb /]
_ / _
R / i
_ // _
_ ’ _
i fRF=1.3 GHz
_ Nb _
- —— duty cycle 1
: ————— continuous:
1 ] 1 ! ] ] ] ] | ] ] ] ] ] ] ] 1 ] ]
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Ptot, MW



2E=250 GeV

Table 2. Parameters of ete™ linear colliders ERLC and TILC, 2Ey = 250 GeV.

unit ERLC ERLC ERLC ERLC ILC
pulsed pulsed contin. contin.
Nb Nb Nb3 Sn Nb3 Sn Nb
1.8 K 1.8 K 45K 45K 1.§ K
1.3 GHz 0.65GHz 13GHz 0.65GHz 1.3 GHz
Energy 2E GeV 250 250 250 250 250
Luminosity L, 10 em™2s71  0.39 0.75 0.83 1.6 0.0135
P (wall) (collider) MW 120 120 120 120 129(tot.)
Duty cycle, DC 0.19 0.37 1 1 n/a
Accel. gradient, G MV/m 20 20 20 20 318
Cavity quality, @ 10! 3 12 3 12 1
Length L,ot/Liot  km 12.5/30  12.5/30 12.5/30  12.5/30 8/20
N per bunch 10° 1.13 2.26 0.46 1.77 20
Bunch distance m 0.23 0.46 0.23 0.46 166
Rep. rate, f Hz 2.47-10% 2.37-10% 1.3.10° 6.5-10° 6560
€x,nl€y, n 107 m 10/0.035 10/0.035 10/0.035 10/0.035 5/0.035
B/By atIP cm 2.7/0.031 10.8/0.031 0.46/0.031 6.8/0.031 1.3/0.04
oy at IP Mam 1.05 2.1 0.43 1.66 052
oy at IP nm 6.2 6.2 6.2 6.2 1.7
o, atIP cm 0.03 0.03 0.03 0.03 0.03
(0 /Eg)ps atIP % 0.2 0.2 0.2 0.2 ~ 1

goal
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HoBble MeToAbl YCKOPEHUS

YckopeHue B njia3Me

KOPOTKUMN CTYCTOK 3apsXXeHHbIX YacTuu (HanpumMmep 3NeKTPOHOB) ABUrasicb B Nnnasme
pacTankmBaeT B CTOPOHbI 3NIeKTPOHbI Nfla3Mbl, cO34aBas B nriasme NpoaosibHbIe
anekTpuyeckue nonfa. Bropon ny4yok, creayrowmmn 3a nepBbIM Ha onpegenieHHOM
paccTosiHuM byaeT HaxoAUTLCA B YCKOpSOLWEeM norsie, 3abupas aHepruto nonsi. MeHsasn
NMUANPYIOLLMA NYYOK MOXHO pa3orHaTb BTOPOM MYYOK A0 BbICOKUX IHEPrnum ¢ 0O4YeHb
BbICOKMM TeMMNoM yckopeHus, nopsaka 0.1-1 N3B/cm un Bbliwe.

B kayecTBe nuaupyroLwero nyyka McnonbUyrT TaKKe fa3epHbIU Ny4YOK, HO 34eCb
ecTb npobnema ¢ ancpakUMOHHOU PacXxoAUMOCTLIO.

NMoka 3To HaxoAUTCA Ha cTaaum pa3padboTok. Bo3MOXHble 06f1acT NPUMEHEHUs . . .

* Space charge of drive beam displaces plasma electrons

>

electron
beam

» Plasma ions exert restoring force => Space charge oscillations

» Wake Phase Velocity = Beam Velocity (like wake on a boat)

2
- Wake amplitude |o< Nb/GZ




‘L KocMuyeckme yacTuLbl

dN
P dE
muons 20

atmosphere 2 E_~10 eV

/\ N

E
!J' 1
1 GeV

Bue atMocdepsl: p, o, aapa = 93:6:1

Ha ypoBHE MOpsI: B OCHOBHOM MIOOHBI CO CpenHen 3Heprueu 2 [3B,
wp=100:3 mpu 1 I'3B, 100:0.3 npu 10 I'3B,
takxke ectb <10% e, n.

[ToTok: MrooHOB ~0.025 mIT./cex/cM?, HEUTPUHO COTHEUHBIX 5Xx101°,

HEHUTPUHO PENMMKTOBBIX 1012 mr./cex/cm? (ele He 3aperucTpUPOBAHb).



COSMIC RAY FLUX (m’s sr GeV)™"

KocMunyeckme yactuubl
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LINAC (400 MeV
TEVATRON,(;!,Q;Z-ZO ‘ pre-ace
DEBUNCHER (8 GeV)
S 600“6 ACCUMULATOR (8 Ge BOOSTER (8 GeV)
@\‘“ A TEVATRON extraction for
L S fixed target experime
=2 \l 0
% 50 0 C% A0
[ \>7 TeV EXTRACTION \SWITCHYARI
COLLIDER ABORTS
FO RE F DETECTORbE®
150 GeV p INJ LOW BETA
150 GeV p INJ
& RECYCLER w
(8 GeV) p e
EO ~—7
B (1 TeV) Eo

First EColing achieved — at recycler!
J Poar FECY p ABORT

P ABORT 50 DETECTOR
| _ | (& LOW BETA
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@ H1-Experiment

. ZEUS - Experiment
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0,1
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10"
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Abstand in Metern

HERA @ DESY

(1991-2006)
p {1 TeV) - e- (e+) {30 GeV}
collider

The most important achievements:

*The first big super-conducting accelerator ().
*The first e-(e+) — p collider.

*Detailed study of parton distribution functions
in very wide g2 range.



LEP highlights:
« Ultimate cyclic e+e- collider,

» “Three generation” proof !

* Detailed study of high energy
range of Standard Model.

» Strong rise of Higgs mass limit.

CERN from the AIR  (LEP = LHC 1)
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Assembly welding of LHC magnets in the tunnel Hauano pa6otsl 2009 .




CERN Accelerator Complex (not to scale)

CMS
e O E
LHC
. North Area
ALICE ; LHC-b
SPS V |
Ti2
LRIV
AN ATLAS CNGS
West Area -8 towards
AD — Gran Sasso
iy TT60
4 _ P
p
BOOSTER ’ISOLDE E st A
A -ToF V7
* LINAC 277, |
i 4 CTF3
LINAC 3 . y--pe====y, i
ons 7§, LEIR
. a Pb*

p protons b antiprotons AD Antiproton Decelerator LHC Large Hadron Collider
p ions P electrons PS Proton Synchrotron n-ToF Neutron Time of Flight

p neutrons p neutrinos SPS Super Proton Synchrotron  CNGS CERN Neutrinos Gran Sasso CTF3 CLIC Test Facility 3



LHC

$1 -
) ?;% 1 Present: long shutdown 2
rstrumantaton TR seam dumo 2019-2020 —2021

' goals —upgrade of the LHC injectors
- preparation for E=7 TeV

Betatron
collimation

Cooldown started in Oct.2020
several short circuit etc, requiring warm-up,
delay > 4 month

Momentum
collimation

Training to 7 TeV takes time,
there is risk, 6.8 as target is discussed

The start of Run 3 March 2022



Peak Luminosity [10* cm2s7]
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Run 2 summary

performance in 2011-2018
L ox=2 X1034 (design 1x1034)

oy
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\'E =7-8 TeV
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2011 2012 2013 2014 2015 2016 2017 2018

Integrated Luminosity [fb]
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Total integrated luminosity
30fb-1 Run 1, E=3.5-4 TeV
160 fb-1 Run 2, E=6.5TeV

N

E_ Run 1 Run 2

- 5=7- s =13TeV
-/ L

T o T N ST T R T A A B IR ok s | |

2011 2012 2013 2014 2015 2016 2017 2018

more stability, B*=25 cm, optimized crossing angle




LHC
Run 3 -plans

N=1.15x10"" — N=2x10""

€ =3.5 um — €=2.1um

L (10%) ~2 45

peak

The luminosity is too high (pile up), will be lavelled dynamically:

1) offset (2011)

2) crossing angle (2017)

3) B*(at the IP) C

In Run 3 levelled L=2%x1034 up to 12 hours

In 2022 JLdt ~ 30-40 fb! (reduced length 2022 run)
2022-2024 70-80 fb-'/year
Total 2022-2024 160-200 fb-' —doubled (Run-1+Run-2)



| HL-LHC

Long Shutdown 2

Run 3 Runs 4-5-6
| |
Cryo-limit on
Injector upgrades luminosity HL-LHC installation
6.8/7 TeV ‘ 7 TeV
__
Radiation
damage
jL:160fb‘1 IL23OOfb‘1 [£=3000f"
.~ _1 . Conventional crossing
Goal: ~230 fb-'/year in ATLAS and CMS S
3000 fb-? ~2038-2040 e
NH ~2x 1 08 Crab crossing
cC CcC

= ’@
Methods: e

N, B*, € + crab crossing

CcC CcC



P pp, B-Physics,

CP Violation

rach
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LHC : 27 km long [ imiaisy

100m underground S =

2 General Purpose,

pp, heavy ions
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L I
Stk ETH Institute for
' Particle Physics
! ~t 3

Muon Spectrometer ( [n|<2.7)
et e agjr-core toroids with muon chambers

Status of

Machine
Detectors
Startup of
Detectors
First Physics
Phys. Reach
Tracking ( |n|<2.5, B=2T)
= Si pixels and strips
* TRD (e/n separation)
Terkui : Diameter 25m
Tartarelli <
e ?aEllar_lr:betrX (Inl<5) Barrel toroid length 26 m
Hallr wsidl End-cap end-wall chamber span 46 m
Gossens = HAD : Fe/scintillator (central), Overall weight 7000 tons

Cu/W-Lar (fwd)

25.7.05 G. Dissertori - LHC expectations 7




.

Superconducting

&2 CMS

Introduction Coil’ 4 Tes]a

Status of

( ETH Institute for
Particle Physics

CALORIMETERS

ECAL HCAL
76k scintillating Plastic scintillator/brass

58 PbWO4 crystals  sandwich
Detectors
Startup of
Machine IRON YOKE
Detectors
First Physics
Phys. Reach
TRACKER
Pixels .
Silicon Microstrips :
o 210 m?2 of silicon sensors - &’
Klein 9.6M channels [
Hernandez \ L,
Varela ,
: MUON
: MUON BARREL y &
Total weight 12500 t ENDCAPS
Overall diameter 15 m Drift Tube Resistive Plate =
Overall length  21.6 m Chambers (DT) Chambers (RPC) Cathode Strip Chambers (CSC)
: Resistive Plate Chambers (RPC)

25.7.05

G. Dissertori - LHC expectations 11
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SLAC/LBL/LLNL
SLAC-Based B Factory:
PEP-I1 and BABAR
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KEK-B
Factory

Ha pexoHcTpyKUIMM:
factory—superfactory



d = b Heavy
| Q1 flavours !
A=sin(0,) = 0.2256 +0.0014
/Vud Vus VUD 4 1-A\2 A A K3(p'—i )\
VCKM = Vcd Vcs Vcb = —7\~ 1— 7‘~2/2 A 7\,2
Kvtd Vis thj \_AM(1- p-in) | -AA? 1 J
+ O(A%)
n 2 * * * *
;/T“b @, Vt; Vubvud + thth + Vcb\/cd — O
o), AVe
\Y /b3 B/d¢




Some of the experiments

L

__ ) ; T ete” — y”(3770)
A5 . 15 CLEO-c DATA

Ilmmiﬁl‘ llIniﬁEanﬂM\b

pp
\s=1.96 TeV




Nearest future: round beams VEPP-2000 Collider

Statgs: assembling

CMD
Cryogenic Magnetic
Detector

SND
Scintillator Neutral

S — two pairs of strong field solenoids particles Detector
(inner coils Ni;Sn, outer — Ni;Ti)



3. Convertor
5. Synchrotron
(350 MeV)

| ROKK-IM'| petector KEDR




BEPCII: a high luminosity double-ring collider

Pa6oTtaeT B HacToswee Bpemsa L=1033(c,t padpuka)




SuperBelle

Crab cavities

+

|\ More RF cavities =~ : Prf
8 GeV '

ra s
E 3.5 GeV
Positron beam S— T - Electron beam
4.1 A r‘ 94 A

Energy exchange
Damping ring
e )3
@

4
Super B Factory at KEK

Positron source
<
— L =4x103%°/cm?/sec

- New beam pipe
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charm-t —factory
ete-, 2E,~2-5 GeV
3 I -+

VEPP-4M

VEPP-2000 Injection
complex

=
"-.‘

<t O
BEP

Charm/Tau Factory, paspabotaHa B UAD n nnaHmpoBanocb CTPOUTESNLCTBO,
odHako B HacTogdulee BpeMms (2.2022) (MoYTH) NPUHATO peLUeHNe CTPOUTL ee
okoso r. CapoB (HOBbIN LEHTP (PU3UKN-MATEMATUKN MPU AOEPHOM LEHTPE)
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VLEPP (Novosibirsk)!

| (Published proposal 1978)

S T | s
S |4 —i—— -
S
o : 4
| ! :
S R
e (pab. 1990-2000) g C

The general lay-out of the VLEPP facility:
I —initial injector; 2—intermediate accelerator; 3—debuncher-monochroma-
lizer; 4—storage ring; 5—buncher; 6—accelerating sections; 7—RF-genera-
tors; 8—pulse deflector; 9—focusing lenses; 10—collision points; 11 —spec-
trometer; 12—helical ondulator; 13—the beam of y-quanta; 14—conversion
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SC acceleration structure
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International Linear Collider (ILC)
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For higher energies — possibly, CLIC.

ol CLIC Complex at 3-5 TeV
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