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Crab waist collision scheme

Crab waistiR.Raimondi2006):

Key element of afuture
ACollisionat largePiwinskiangle%o — O A(T—) factories:
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‘An electron-positron Higgs factory is the highest-priority next collider.
Frorp the Eurppean Studyon £y the longer term, the European particle physics community has the
Particle Physics ambition to operate a proton-proton collider at the highest achievable
energy.”
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¢ \What are the couplings of this particle to other known elementary parti-
cles? Is its coupling to each particle proportional to that particles mass, -
as required by the BEH mechanism? o 5,13 e parameter

— SM prediction

e What are the mass, total width, spin and CP properties of this particle? e
Are there additional sources of CP violation in the Higgs sector?

b
Leptons Quarks

T
¢
e Lo ] [
Force carriers  Higgs boson

. : : . . : .
e What is the yalue of the particles self cou.pllng. Is thls consistent with N C 1> e
the expectation from the symmetry-breaking potential? S ———

e Is this particle a single, fundamental scalar as in the SM, or is it part ‘1 H ii ;
of a larger structure? Is it part of a model with additional scalar P Y A SV A
singlets/doublets/ldots? Partice mass (e

Or, could it be a composite state, bound by new interactions?
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e*e” Higgs Factories

Linear: Circular:
l Lc 'umv. e Detacton Twiree sournr
Electrons ‘ Positrons
3 i — G B N @
;': J ~ B0 orhary YRS
11 et 18
pa Y ] s, TLT SR | W R
LTRSS AT $ N, PR
“"' °@ S %=
s P - Ty Foc=en
g ESE
£ S
B~ = o
A stote t"‘c' Higgs (2) factory
CI_lC ‘ Ring length ~ 100 km
. - Higher luminosity: can also do Z, WW, top
C- Cool Copper Collidet. s =

Provides ring for future FCC-hh

Can go to higher energy — di-Higgs, with limited precision

Polarization improves some precision measurements
significantly

5/10/23 Pheno 2023 - Visions - J. Butler 38

PHYSICS PROSPECTS ATEBHHEDERS

Ivan Logashenko (BINP)

15



FCGre

(CEPC s

similar)

Ivan Logashenko (BINP)

AN = 0%

PHYSICS PROSPECTS ATEBHHEDERS

3 years 5 years
2x108H 2 x 108 tt pairs

Parameter Z ww H (ZH) ttbar
' beam energy [GeV] 45 80 120 182.5
beam current [mA] 1280 135 26.7 5.0

' number bunches/beam 10000 880 248 36
“bunch intensity [10"] 243 291 2.04 264
SR energy loss / turn [GeV] 0.0391 0.37 1.869 10.0
total RF voltage 400/800 MHz [GV] 0.120/0 1.0/0 2.08/0 4.0/7.25
long. damping time [turns] 1170 216 64.5 18.5
 horizontal beta* [m] 0.1 0.2 0.3 1
| vertical beta* [mm] 0.8 1 1 1.6
horizontal geometric emittance [nm] 0.71 217 0.64 1.49
' vertical geom. emittance [pm] 1.42 434 1.29 298
" horizontal rms IP spot size [um] 8 21 14 39
vertical rms IP spot size [nm] 34 66 36 69
luminosity per IP [10%¢ cms-] 182 194 7.3 1.33
total integrated luminosity / year [ab'yr] 4 IPs 35 0.65
beam lifetime (rad Bhabha + BS+lattice) 6 10

y - Operation: Z mass, WW,
/. ZH, t-tbar (and others)

16
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* A laboratory for physics with the heaviest particles in the SM: W, Z, H, t

o Precision measurements

¢ F T D rmam :
o Rare processes E B + LoD upraden ]
o Direct and indirect BSM searches 3 " §_ Gm_;
» Baseline run plan (assuming 2 IPs): - -
E e e e _
o With 4 IPs, # events below would 3" = omon
increase by factor of 1.7 N : [ ]
100 750 250 300 350 200
Vs [GeV]
# events (2 IPs) Ecmerrors:
Z peak Eqn: 91GeV  4dyrs | 5 10'2|e+e-> Z LEP x 105 <100 keV
WW threshold E., >161GeV 2yrs | >10® |e+te->WW LEPx2.103 <300 keV
ZH maximum E_,:240GeV 3yrs | >10° |[e+e-> ZH  Neverdone 1MeV
s-channelH  E_, :my (3yrs?) |O(5000)|e+e- 2 H Never done <<1MeV
tt Ecm:2350GeV 5yrs 105 | e+e- > tt Never done 2 MeV
5
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Production of H

Vs=13TeV * From iHixs

LO* I : ;vlllll:,e;lK Gaillard, D.V. Nanopoulos, C.T . Sachrajda E 1 977 - 1 980 Unpclarized cross sections
H. Georgi, S. Glashow, M. Machacek, D.V. Nanopoulos :
T. Rizzo N é‘
i : 3 20—
N €D | i 1991-1905 | 3°°f
M. Spira, A. Djouadi, D. Graudenz, P.M. Zerwas : E I
; > 200
NNLO+NNLL QCD - NLO EW | ] 2002 - 2012 N
S.Catani, D. de Florian, M. Grazzini and P. Nason : -
i. Passarino, C. Sturm, S. Uccirati ' 150—
lgore; Anastasiou, Melnikov : I~
ith, van Neerven : :
N’LO - NLO EW -
C. Anastasiou et al. ! 201 6 100 __ i
ATLAS Collaboration Run2 i il .
Nature 607, 52-59 (2022) ' 2022 - -
CMS Collaboration Run2 ~ —— - i - -
Predictions for m, =125 Gey ~ Nature 607, 60-68 (2022) ' 800 220 240 260 280 300 320 340 360
o oy oy by by o by by ¥ [fse] arXiv:1308.6176
10 20 30 40 50 60

0ggF (PP - H+X) [pb]
P70 @Dum e ,(QQ © 09 D¢ TR

HL-LHC: ~180M H FCcee ~2M H
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Higgs physics at FEE

: 10% = 100 ab~"/yr
/" Higgs |\ é
factory [
0%} 10 ab~"/yr
m,, o, I'_l_|
self-coupling _
H— bb, cc, ss, gg o 10%¢ 1ab~"fyr
H—inv £
ee—H =
H—bs, .. P4 e | 100 fb =" fyr
TOp 1033 3 gg 10 b~ /yr
Mitop, rtop, ttZ, FCNCs (=

\ / Ecm(GeV)
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79 > * v ~
a h ¢ 8 h a t h o m
< < < s % T
Higgs Physics ( YFcc
Collider HL-LHC | FCC-eegq0365 | FCC-ee | FCC-INT | FCC-INT
* Expected precision in + HL-LHC + HL-LHC
Higgs couplings = Int. Lumi (ab™") 3 5+ 02+ 1.5 - 30 -
, o Years 10 3+1+4 — 25 _
* FCC-ee outstanding precision g2z (%) 15 R 017 017 016
for coupling to Z, W, b, c, and I ', guww (%) 1.7 0.44 0.41 0.20 0.19
grwn (%) 5.1 0.69 0.64 0.48 0.48
» Strong complementarity 9Hee (70) SM_] 1.3 1.3 0.96 0.96
btw FCC-ee and HL-LHC / FCC-hh  9tes (%) 2.5 1.0 0.89 0.52 0.5
gurr (%) 1.9 0.74 0.66 0.49 0.46
g (%) 4.4 8.9 3.9 0.43 0.43
gi (%) 1.8 3.9 1.3 0.32 0.32
guzey (%) 11. - 10. 0.71 0.7
gue (%) 3.4 I 3.1 1.0 0.95
gunn (%) 50. 44, 33. 34 34
Ty (%) [ SMm | 1.1 1.1 0.91 0.91

Ivan Logashenko (BINP)
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» Higgs self-coupling at 3-4 ¢ (2-4 IPs) 04
level possible w/ FCC-ee + HL-LHC FCchh
by combining ete™ - HZ
and ete” — T, v, H cross section
measurements at different \/E

o
o

FCC-ee, from EFT global fit _arxiv:2

09hhh / Qihﬁh

—  Sjab at 240 GeV -0.2
02 = gamamcy]
----- 350 GaV alons
----- 385 G\ Ao
0.01+ af=1 ] -0.4
P TR W T T YN TN TR NN (NN TR WY TN TN (N S T T 1
8 ooo| =T -0.1 0 0.1 0.2
SM
—0.01 09ztrtL /thLtL FCGee
-0.02/ FCG@eeinput is crucial foiQ
2 Z2 0 2 3 measurement at FGRh
".sle
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» Hadron colliders: measure cross-section ratios only, e.g. 3§IWW / gézz
interpretation is not model independent

e’ Z

0.4

* Lepton colliders: fully inclusive Higgs sample via recoil mass
in HZ production with reconstructed Z boson

o
(S
T

SM

e'e = ZH — p'u + X [ Other Backgrounds

w
E
° Absolute measurement of g, with e QN} o
0.05% statistical precision at FCC-ee andiv:2106.15438 FCC-00 Simulation (Delphes) s
. . z L L L I L A L B N
o Allows to translate crosg-sechon ratios from 8 1o0f 15 - 200 Gev —c D o2l
HL-LHC (FCC-hh later) into s L=5ab” L
£
8

model-independent coupling measurements il eie res prg cgaauy
.04 -02 0 0.2 0.4

Ogntt/ 9y

o Assuming total uncertainty = 0.15%, implies
BSM scale Aggy 2 7 TeV in HZZ coupling

‘Q @FCeeis needed
for'Q @FCehh

% 160
Mracoi [GeV]
6
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« Electron Yukawa coupling via s-channel e'e™ — H under study [unique at FCC-e€]

» Exciting challenges/requirements: .
° Higgs mass omy ~ 3 MeV - p—
_ ’ With o, - & MeV
o Beam monochromatization to reduce & Ne = L]
Zo
© Continuous adjustment of \/E y
o Huge integrated luminosity uﬂ — =
o Extremely sensitive event selection ' | ' _ _
(e.g. H— ggand H— WW* — £u + 2 jets) monochromatization:
. + R - .
SM with separate ¢™ and e~ rings, one can distribute
* Expecty, 5 1.6y, 100 (30)x HL-LHC (FCC-hh) low and high energies in opposite way (in x, z, time)
o Assuming 6\/; =7 MeV and 16 ab-! (2 years w/ 4 IPs) . CaE . ‘

° Agsm 2 110 TeV in Higgs-electron coupling

i B A NON-zero horizontal
BERE dispersion
[2E+AE 2E AF

2E420E Hpoar 8

E+AE

Ivan Logashenko (BINP)
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Precision EW physics at F€eC

/ QCD - EWK \ 10% 100 ab ™" /yr
most precise SM test [
10%} 110 ab~"/yr
mZ L I g I_inv e
v 10} 11ab~"/yr
. 2 Z | L
SIn<0. R, R, R §
aad
AFBb,C : T pOI 1034 _ 102 2@1yr 1100 b _1/yr
GS ;
10%F 10 o~ yr
M T ,
L 1000

& 4

Ivan Logashenko (BINP)
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Precision EW physics at F€eC

Observable Present FCC-ee FCC-ee Source and
value + error  (statistical) (systematic) dominant experimental error
mz (keV/c?) 91186700 + 2200 5 100 Z line shape scan
Beam energy calibration
I'z (keV) 2495200 + 2300 8 100 Z line shape scan
Beam energy calibration
R7 (x10?%) 20767 + 25 0.06 1 Ratio of hadrons to leptons
Acceptance for leptons
a,(mz) (x10%) 1196 + 30 0.1 1.6 RZ above
R, (x10°) 216290 + 660 0.3 <60 Ratio of bb to hadrons
Stat. extrapol. from SLD [7]
ol . (x10%) (nb) 41541 + 37 0.1 4 Peak hadronic cross-section
Luminosity measurement
N, (x10%) 2991 + 7 0.005 1 Z peak cross-sections
Luminosity measurement
sin26< (x 109) 231480 + 160 3 2-5 AL at Z peak
Beam energy calibration
1/aqep(mz)(x10%) 128952 + 14 4 Small AL% off peak
AR (x10%) 992 + 16 0.02 <1 b quark asymmetry at Z pole
Jet charge

Ivan Logashenko (BINP) PHYSICS PROSPECTS ACEBHHDERS 25




Precision EW physics at F€eC

Observable Present FCC-ee FCC-ee Source and
value + error  (statistical) (systematic) dominant experimental error

AE‘]’;’T (x10%) 1498 + 49 0.15 <2 7 polar. and charge asymm.
7 decay physics

myw (keV/c?) 803 500 + 15000 600 300 WW threshold scan §
Beam energy calibration

I'w (keV) 208 500 + 42000 1500 300 WW threshold scan E
Beam energy calibration

o (my) (x10%) 1170 + 420 3 Small R}

N, (x10%) 2920 + 50 0.8 Small Ratio of invis. to leptonic
in radiative Z returns

my,, (MeV /c?) 172740  + 500 20 Small tt threshold scan
QCD errors dominate

Ciop (MeV/c?) 1410 + 190 40 Small tt threshold scan
QCD errors dominate

Atop/ An m=12 + 0.3 0.08 Small tt threshold scan
QCD errors dominate

ttZ couplings + 30% <2% Small Ecum = 365 GeV run

80.38

80.37

80.36

80.35

80.34

80.33

Ivan Logashenko (BINP)
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- [ fitter |

:_ —— FCC-ee (Z pole)

C —— FCC-ee (Direct)

- ---- LHC (Future)

B ---= LHC (Now)

- Z pole (now) + m|,

w —— Standard Model

= 1 l 1 1 1 I 1 1 1 I 1 1 I 1 1 1 I 1 1 1
170 172 174 176 178

Miop (GeV)
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SMEFT

60
[ EW fit (Today)
I FCC-ee (Z-pole only)
. L. FCC-ee (WW only)
Possibladeviations from SM S0 B FCC-ee 50
predictionsto be fit within SMEFT .
extension of the SM by 6 dim. E """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
operators —%
g ...........................................................................................................................

E
s o=kttt b el

c® . cl®
Lsmerr = LsME + Z ﬁoi( ) 4 Z ﬁ(?j(s) + ...
! J O ow 03 00U 00U 0® 00U 00U O
22 o1 [ Pe oq 8q Py P u
" m Tt~ F 'He h S "o FC@e h o o

7Y h* 7T -e . g o0cC h  toho

27
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Flavor physics at F@e€

107 —— , 100 ab~"/yr
/ Flavor \
“boosted” B/D/t factory: 1 N N Y P .
10% ;=g 10ab~"/yr
CKM matrix
CPV measurements P
Charged LFV ' 1031 1ab~/yr
g . 3
. . 1 1
Lepton Universality £
T properties (lifetime, BRs..) O
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Yields of heavy-flavoured particles produced at FCC-ee for 5 x 10'2 Z9 decays. Ecm(GeV)
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o ~20x (10x) Belle II for bb (cc) + access to B , B and A, s w

2 oo

Particle production (10%) BD/EU B*/B~ BY /ﬁﬂ Br/B. M/Ay cc Tttt & a0

Belle II 50 ab- 27.5 27.5 n/a n/a n/a 65 45 wof

FCC-ee 620 620 150 4 130 600 170 QE

o B anomalies motivate deeper look into violation
of lepton-flavor universality (LFU), suggesting Aggy = 35 TeV —> FCC-hh

o Unique sensitivity to B° or B, — 7,
about 1K events in B — K 7z, allowing study of angular distribution

° Rpe anomalies motivate study of BBY — uv) | BB — 1), not possible at hadron collider

° Test LFU with T —> pvvand 1 —> evv: dgp ~ 0.2 % @LEP —> 6 stat. 10> @FCC-ee
T lifetime

° Lepton flavor violation test in Z — eu, et, ut improves by up to 1000x w.r.t HL-LHC

° LFV testin 7 — ppuu improves by 3x w.r.t Belle II

14

o Broad set of CP violation, mixing, and CKM measurements
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ZUNK

Parameter LEP FCC-ee | CEPC | ZUNK Z ~*h = ~ toee 7 " " 0
Circumference (km) 26.7 91.1 100 20.8 | &x D hoo

Beam current (mA) 2.6 1280 803 232

Bunch No 12 10000 11951 332 , - —,
Bunch intensity (101) 1.8 2.43 1.4 3 € o < ' « 210-20%¢ 'H-Ckeese © € L t < E
SR energy loss/turn (MeV) 120 39.1 37 216 - e

RF voltage (MV) 240 120 120 250 ﬁ_ E m = s

Bunch length (mm) 8.6 12 8.7 11 " i ',' HENT

Horizontal beta” (m) 2 0.1 0.13 0.15 U 9 L~) -

Vertical beta” (mm) 50 0.8 0.9 1 ‘O T z

Horizontal emittance (nm) 20 0.71 0.27 4 s

Vertical emittance (pm) 400 1.42 1.4 40

Horizontal spot size” (um) 224 8 6 24.4 N o >

Vertical spot size” (um) 4.5 0.034 0.035 0.2 p Tt | ot

Long.damping time (turns) 371 1170 340 211 ™ Cra U o g,}’g

Beam-beam parameter 0.044 0.12 0.127 0.06 C TE | 3 g"gx Y

Luminosity/IP (10** cm™s™) 0.002 152 115 11.5 .
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Super KER Bellell

To cope with the higher luminosity, a new detector is needed

Interaction g o
(\n:zeegic;no Belle 1l detector Design concept similar to the B-Factory detectors Belle and BaBar

—TSmTpe

electron / positron
linear injector

Posirons (4 Gev)

Needs to cope e.g. with 20 times larger beam backgrounds, many technological challenges
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Existence of C~V/ phase established in 2001 by BaBar & Belle
+ Picture still holds 15 years later, constrained with remarkable precision
+ But: still leaves room for new physics contributions
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Existence of C~V/ phase established in 2001 by BaBar & Belle
+ Picture still holds 15 years later, constrained with remarkable precision
+ But: still leaves room for new physics contributions
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STCFA natural and feasible extensiorproject of BEPCII/ BESIII in the near _
future, / K A yref@r@d mediumterm strategy in particle physics Alth fiveyears plan
| . (20212025):
S, e S g e, Conceptual desigand
Eap o - & R&D of Key technolagy
5 years, 0.42 B CNY
A15th fiveyears plan
(2026:2030):
Constructiorb years,
4.5 B CNY
i AOperating for 10 years,
AE.=27GeV ~ 0.5 10%cm2s-! upgrade for 3 years,
A Potential for upgrade tdncrease luminosityand realizepolarized beam operating again for
ASite: 1knd,| STSA Q& "Fitdzo RighSGiénge City" another 8 years
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