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LHC data agree amazingly well with SM

predictions

Standard Model Total Production Cross Section Measurements
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Status: October 2023
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The LHC is a precision
measurement machine!



Why are there so many kinds of particles?
What is dark matter?

What is dark energy?

Why is there matter and no antimatter?
Why is CP Violation absent in QCD?
Are there extra dimensions?

Do the forces unify?

What is the nature of neutrinos?
What stabilizes the Higgs mass?
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The Higgs Boson is special

The recently discovered Higgs boson is a form of matter never
before observed, and it is mysterious. What principles determine its
effects on other particles”? How does it interact with neutrinos or
with dark matter? Is there one Higgs particle or many? Is the new
particle really fundamental, or is it composed of others? 2145 repor
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The Higgs Boson as a tool for discovery

Precision Higgs measurements are key for BSM physics
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Typical mass scale probed by precision Higgs coupling measurements

Size of Higgs ~ 1%
Coupling deviations? oMsm
~ .1%
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Higgs couplings in the phenomenological MSSM

Higgs coupling measurements sensitive to models with masses up to ten’s of TeV

pMSSM scan: 0.09-25 TeV for non-colored sparticles and 0.2-50 TeV for sparticles with color
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Pattern of Higgs coupling deviations are model dependent

2HDM Type-lI Extra Higgs singlet
my = 600 GeV, tanf =7 my = 2.8 TeV, max allowed mixing
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Higgs self-coupling

Important to measure shape of the Higgs potential
V(D) = 2| P|? + A|D|4/2

Higgs mass is directly related to dynamics of Higgs sector
Ann = 3V2 AV =3m2N2 Vv Appnn = 3A = 3m;2/2v2

Triple Higgs coupling provides evidence of vacuum condensation
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Higgs coupling measurements @LHC

A great achievement!
Provides first portrait of EWSB
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Direct searches for BSM

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary
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ATLAS SUSY Searches* - 95% CL Lower Limits
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Overview of CMS EXO results
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Effective Field Theories: Global fits to new physics

Model independent description of new physics
Wilson expansion, in powers of the cut-off scale and new physics encoded in the Wilson coefficients
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HL-LHC is around the corner!

|dentified as a highest priority in 2013 European Expected number of events produced

1.E+12

Particle Physics Strategy update and 2014 PS5 . | R HL-AHC

report & oo
The HL-LHC has a compelling and comprehensive program that sero
includes essential measurements of the Higgs properties veos
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Expectations for Higgs Coupling Measurements @HL-LHC

Powerful tool to further explore the Higgs sector
(Pile-up a challenge)

« Bosonic Higgs couplings to ~<2%

« Fermionic Higgs couplings to ~2-4%

« Theory is largest contribution to uncertainties

Tri-linear coupling a science driver
 Observe pp — HH @ 3.40
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EFT sensitivity

10}
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0.1

95% CL bounds
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Next step: a precision Higgs Factory

* An electron-positron Higgs factory is the highest priority next collider. For the longer
term, the European particle physics community has the ambition to operate a

proton proton collider at the highest achievable energy. Accomplishing these goals
will require innovation and cutting edge technology.

-

« Construct a portfolio of major projects that collectively study nearly all fundamental
constituents of our universe.

* An offshore Higgs factory, realized in collaboration with international partners, in order to reveal
the secrets of the Higgs boson. The current designs of FCC-ee and ILC meet our scientific
requirements. The US should actively engage in feasibility and design studies. Once a specific
project is deemed feasible and well-defined, the US should aim for a contribution at funding levels

commensurate to that of the US involvement in the LHC and HL-LHC, while maintaining a healthy
US onshore program in particle physics.

17



Design features of e*e- Higgs Factories

Linear Colliders: ILC/C3/CLIC Circular Colliders: FCC-ee/CEPC

PF
Betatron &
momentum
PG (Experiment site) collimation

PH
Collider RF

Energy can reach to TeV Beams circulate after collisions
Longitudinal polarization “easy” Highest lumi at Z/\WW/ZH
Energy limited to < 400 GeV

Less energy efficient

Low radiation

Energy efficient

18



e*e- machine comparison: Physics potential

[ ) RIC)U g h Iy eq u aI n u m b.e r Of 109 E | Lepton colliderls (<1TeV).ITF Snowmlass 2022 N ‘1/yr
Higgs produced for circular vs ; \ \
linear run plans ReLic

1036 - 110 ab~"/yr

« Circular option enables
precision EW Z and WW
physics program

* Linear option enables
extension to higher energies
for Higgs self-coupling

1072 3 11ab™/yr

L (cm_23_1)

10345_ 1100 fb ' /yr

1033 110 fbo =" /yr

100 200 500 1000

Which is best? Eeyy(GeV)

arXiv:2208.06030

k? 19
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e*e- machine comparison: Physics potential

* Roughly equal number of
Higgs produced for circular vs
linear run plans

« Circular option enables
precision EW Z and WW
physics program

« Linear option enables
extension to higher energies
for Direct Higgs self-coupling

Which is best? Whichever one
we can get built!

1037 i

y[oind

L (cm_23_1)

1034}

10%¢

Lepton colliders ( < 1 TeV). ITF Snowmass 2022

10%°¢

. r 100 ab " /yr
\ 2x105h/yr 1000 hh/yr
ReliC
\

110 ab~"/yr

&1 ab™"/yr

CLIC

1100 fb ' /yr

105 ttbar/yr

110 fbo =" /yr

100 200 500 1000

Ecm(GeV) arXiv:2208.06030
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Design features of e*e- Higgs Factories

Linear Colliders: ILC/C3/CLIC

Energy can reach to TeV

Longitudinal polarization “easy’

Low radiation

Energy efficient

Circular Colliders: FCC-ee/CEPC

PH o

i B ron
Collider RF ss8=1i400m] etatron &
momentum
iment site) collimation

Beams circulate after collisions
Highest lumi at Z/\WW/ZH
Energy limited to < 400 GeV

Less energy efficient

21
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Recoll mass technique

e+e- > Z + Anything

« ‘Anything’ corresponds to a system
recomn? against the Z, tagged by
leptons/jets

» The mass of this system is determined
solely by kinematics and conservation of
energy

« Peak in Recoil Mass corresponds to 125
GeV Higgs!

Allows for:

« Amy, ~ 15-31 MeV (depending on Lumi)

* Model independent measurement of o,
and Higgs couplings

« Advantage of e*e" collisions: initial
quantum state is fully known

Events

FCC-ee simulation s =240 GeV, 10 ab -
3000 T T T T T T T 1T [ [ T l_
B — Z(wp)H i
2500 I [ lww
- B zz i
T 7y - pw v 1
2000 B | | Rare(e(e)Z,yy — piu, 1t |
1500 |- :
1000 ]
500 snlPorit lk A A
[ Lo v b | I e e T PR PR

My (GeV)

| | | | 1 | | | 1 L1 1 | f——i
920 122 124 126 128 130 132 134 136 138 140
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Precision Higgs measurements at future colliders

Ax/x_SM [%]

0.01 -
K_hXX

Sub-1% measurement of most couplings
H charm coupling measured to %-level

0 i
W HL-LHC
W ILC/C3-250 + HL-LHC
i  CEPC240 + HL-LHC
W CLIC 380 + HL-LHC
G I FCC-ee 240/360 + HL-LHC
hzz hww hbb htt hgg hce hyy hyZ hup htt

@ Dawson etal, 2209.07510 23



Feasible 15t generation Higgs coupling measurement?

Run at Vs = 125 GeV >< . M

Require very small beam energy spread ~ 4 MeV Wz | e W,z

Large background signal | background = e
1.30 significance /IP/yr, combing all Higgs final states ><

30

= ) % e* Yukawa limits. e'e— H, Vs = 125 GeV
o Significance. e'e’— H, /s = 125 GeV =
= 20 =
3 5
5 o
® 10 .
8 3
“olg "OL
6 sv
5
4
a 8y, <05y,
2 Sye < 0.25 Y,
1 1 L 1 111 |
1 2 3 4567 10 20 30 100 _%00 11 2 3 4567 10 20 30 100 %00
ZLine (@b™) ZLine (@ab7)

k? Enterria etal, 2107.02686

24



] E ete— ZH FCC-ee Simulation (Delphes)
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Expected precision on effective couplings

Higgs couplings

Vff couplings Higgs couplings

Vff couplings

precision reach on effective coupllngs from SMEFT global fit

B HL-LHC S2 + LEP/SLD Bl CEPC Z,0,/WW/240GeVs, I CLIC 380GeV, W VUC 3TeV,  wFCC-ee
(combined in all lepton collider scenarios) | [ll CEPC +360GeV4 || |LC +350GeV0 »+500GeV, | M CLIC +1.5TeV,5 W MuC 10TeV 4o
Free H Width ! WILC +1TeVy wiGiga-Z | Il CLIC +3TeV5 W MuC 1256eV0_02+10TeV10
no H exotic decay Il FCC-ee +365GeV 5 subscripts denote luminosity in ab~', Z & WW denote Z—pole & WW threshold
107 —
1072 — E
1073 — —3
107 7z WW vy zy 5 &K A
e 69} o9y 69y 91,z v z
107 E
1072 = —
10_3 T - &gce bb - SqT ST or
(cleys 9H (oo 9H o9 H

1072 — BE
1073
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10~ ;1 imposed U(2) in 1&2 gen quarks] 10" <
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F o

3L =
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_ 10—3
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0.5

0.0

~ [TeV™']

N
M;

-0.5

95% CL limits on the (3,1)% and (§,S)§ leptoquark model

LHC (Dashed: HL-LHC)
CEPCy49 (Dashed: FCC-eep40)

8 ILCyso (Dashed: Gigaz)
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n i
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Example of the power of this
approach

Limits on leptoquark
coupling/mass
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Rare Higgs decays

Decay mode F;

Decay Topologies l Decay mode F; Decay Topologies |
h—2 h—Er h3 2334
h—+2-53 h=~y+ET
h —» (bB) +Er
{< h > (j3) +Br —
h—= (577 ) +Er
h = (yy) +£1
h— (£2)4ET
h=>238-4 h — (bb) +E1
h = (jj) +Er
h= (t577)+ Pt
{<< h = (yy) +£1
B> (€°4) +Er
h—(up)+Er l
h—2-(1+3) h < bb + Er

S *(bff)"(’ff’;’) Green boxes denote
h—» (bb) (u* ) HL-LHC strength
h= () (rFr)
h=(rtr ) (utp)
h - (53)(37) Rest covered by FCC-ee
h = (77)(vy)
h— (79)(n*
h— (£X6-)(£HE)
h— (€4 ) (utp)
h— (ptu)(utum)
h = (vy)(rvy)

=7y +ET

h>24-6 [ho (EL)(E0)+E7]

h— ('8 )+Br+ X

h = jj+Er
hor8r 4+ Er
{é h = vy +Er h—>2-6
h— €0 +Er

Z. liu et al. arXiv:1312.4992 ; arXiv:1612.09284

h— ¢+ 60~ + B
h—aete 4B+ X 95% C.L. upper limit limit on BR( H = exotics)

10‘1E

Based on
1612.092

_ b

7 (bb)*MEr oj)"MET (”)+M57 bb*MEr e, g, (bb)(bb) (CC)(cc) ) (bb)(,,) (r) ry Uy (v Nyy)
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Precision EW run plan

tt, Tera-Z

e 5-6 Trillion Z-
bosons

'
) ) ) ) ) ) ) ) ) JDIDIEDED - Reduced stat

uncertainty by factor

W H

]

1 Yr shutdown

ZH maximum /s ~240GeV 3 years 105 ete = ZH of ~500

tt threshold Vs ~365GeV  gyears 106 efe” — tt WW Threshold

Z peak Vs~ 91GeV  4years 5Xx102 ete — Z « 200M WW pairs
WW threshold+ +1/s>161GeV 2years >10%® e‘e” = W*W- . 1000 x LEP
[s-channel H Vs=125GeV 5?years ~5000 e‘e” — H,.] statistics

W mass to 0.4 MeV

Enables spectacular EW precision observable science program

I Full LEP1 data set accumulated every minute!
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Observable present FCC-ee FCC-ee Comment and

value + error Stat. Syst. leading error
mz (keV) 91186700 + 2200 4 100 B};‘;c:;nei el;g; i};i‘éfaifﬁﬁ E n a b I e S S p e C‘t a C u I a r EVV
T'z (keV) 2495200 + 2300 4 25 From Z line sha-pe scan . . .
precision observable science
sin?6% (x10°) 231480 + 160 2 2.4 From ALY at Z peak

Beam energy calibration
1/aqep(m%)(x10%) 128952 £+ 14 3 small From A% off peak p rog ral I l

QED&EW errors dominate

. 1

RZ (x10%) 20767 + 25 0.06 0.2-1 Ratio of hadrons to leptons
Acceptance for leptons H H
Requires theory calculations at next
as(m2) (x10%) 1196 + 30 0.1 0.4-1.6 From RZ d h h I
op.q (x10%) (nb) 41541 + 37 0.1 4 Peak hadronic cross-section or er’ or Ig er:
Luminosity measurement
N, (x10%) 2996 + 7 0.005 1 Z peak cross-sections
Luminosity measurement
Ry, (x10°) 216290 + 660 0.3 < 60 Ratio of bb to hadrons Obllque parameters
Stat. extrapol. from SLD v v v v v
4
ABL,0 (x10%) 992 + 16 0.02 1-3  b-quark asymmetry at thole ! 2-0 region i
Fr jet -
O Jer charee 0.10 [ (EWPO: stat. unc. only) )
ARSLT (x10%) 1498 £ 49 0.15 <2 T pola,rizatio(;l a.sym?et.ry I @ HL-LHC
7 deca; sics
y Py [ @ HL +CLICg
7 lifetime (fs) 2903 £ 0.5 0.001 0.04 Radial alignment 0.05F @ HL +ILC
. 250
7 mass (MeV) 1776.86 £+  0.12 0.004 0.04 Momentum scale : @ HL + FCC,,
7 leptonic (uv,v,) B.R. (%) 17.38 + 0.04 0.0001 0.003 e/n/hadron separation '
mw (MeV) 80350 + 15 0.25 0.3 From WW threshold scan " 0.00 |
Beam energy calibration - |
I'w (MeV) 2085 + 42 1.2 0.3 From WW threshold scan '
Beam energy calibration i
d
as(m%,)(x10%) 1010 + 270 3 small From R}V -0.05p
4
N, (x10%) 2920 £ 50 0.8 small Ratio of invis. to leptonic ! :
in radiative Z returns g mﬁt
myop (MeV) 172740 £+ 500 17 small From tt threshold scan -0.10 : L PRELIMINARY
QCD errors dominate - | - November 2019
Tiop (MeV) 1410 £+ 190 45 small From tt threshold scan i . . . - =
QCD errors dominate
-0.10 -0.05 0.00 0.05 0.10
)\top/)\tsg\g 1.2 + 0.3 0.10 small From tt threshold scan T
CD errors dominate
Q Blondel etal, 2106.13885
ttZ couplings + 30% 0.5 —1.5 % small From +/s = 365 GeV run




Top-quark physics

Top-quark mass important input to

numerous observables/quantities, including

vaccum stability

Vary s to perform scan at top-quark threshold
for precision top mass measurement of 20-70
MeV, factor of 10 improvement over HL-LHC

—
\CHEEN

—

I]llllIIIIII||III|III

oss section [pb]

S 0.8
0.6
0.4

0.2

arXiv:2203.06520

February 2022

C -I T T T T I T T T

__tt threshold - m;° 171.5 GeV _
- —QQbar_Threshold NNNLO —FCC-ee 350 LS only -
— —ISR only —FCC-ee 350 LS+ISR

91 km ring circumference

ag Y,

v

implementation of corrections
based on EPJ C73, 2530 (2013)

III]IIIllIIlIIIIIIlIIIlI

I 1 1 1 1 | Il 1 1 I

340 345 350
/s [GeV]

10!

10 TeV, c= 1ﬁ

1U

1073

EFT constraints on top-quark couplings

B HL-LHC

BN HL-LHC + CEPC

HL-LHC + FCC W HL-LHC + ILC

| 1l Iﬂ I

HL-LHC + CLIC

FIT
HEPIif

Ct¢

Ciw

Cq)t

(3)
CCPO

Coo Cz Cop Cav Ceo Cin Cf Cet

Operator Coefficients

Shaded bars are global fit

Ce  Ci

Belloni etal, 2209.08078 3C




Detector Requirements

Challenges at FCC-ee

*At the Z pole, high beam currents with bunch spacing 20 ns
= Almost continuous beam has implications on power management/cooling, density, readout,...

*»Extremely high luminosities L ~ 1.8 x 103%/cm?s at Z-pole
= Require absolute luminosity measurements to 10 to achieve desired physics sensitivity
= Online/Offline handling of high data rates/total volume.

**Physics interaction rate at Z pole ~ 100 kHz
* |Implications on detector response time, event size, FE electronics and timing

+*Beam dynamics
= 30 mrad crossing angle sets constraints on the solenoid field to 2 T - larger tracker volume

= Backgrounds from incoherent pair production (IPC) and synchrotron radiation (SR) to a lesser extent
(tungsten masks significantly reduces SR toward IP)

*High Luminosities
= High statistical precision: Requires control of systematics down to 10-¢ — 10- level.
= Online and Offline data handling O(1013) events
= Physics events up to 100 kHz imposes requirements on detector response time, FE electronics and DAQ.

5/16/2024 DPF-PHENO 2024 6
S. Rajagopalan



Several strawdog FCC-ee detector benchmarks

CLD

12m

- 106m >

Design (ILC/CLIC/Calice)
» All silicon tracker (pixels + strips)
Si-W EM calorimeter
o 22Xy, 40 long. layers.
Steel-Scintillator hadronic calo.
o SiPM readout
Solenoid outside calorimeter

RPC based Muon system
https://arxiv.org/pdf/1911.12230.pdf

IDEA

- 13m >

* MAPS based vertex detector (1% X,)
* High-precision low-mass drift
chamber with surrounding Si
microstrip (ty< 400 ns).
e pre-shower with MPGD readout
* Lead-Fiber dual readout calorimeter
* Sensitive to both Sci/Cerenkov
o Hybrid with crystal EM?
* large p-Rwell muon chambers
https://inspirehep.net/files/49ec726758

c422bc454e270a71f6e59f

Includes a highly granular noble
liquid calorimeter

Possible design being explored
are lead/steel absorbers (RM ~4
cm), stacked azimuthally inclined
at 50° wrt radial axis with LAr as
the active medium.

Other considerations include
Tungsten absorbers and/or
Liquid Krypton.
https://arxiv.org/pdf/2109.00391.pdf



FCC-ee Next Steps

| Start of FCC-ee physics run |

Feasibility study — Launched in 2021 BB

. _ _ Start accelerator commissioning B o Start detector commissioning
- Consolidation of science program and | | B
detector technologies, administrative and End o HLAHC o % Sar detectornstaliaton
financial issues, and significant work on ltacwsorisialetion - s
territorial feasibility, including: geological, iy o
environmental impact, infrastructures, and T e g ] <
civil engineering s
] Start of ground-breaking and CE at IPs 2032 - 2032
CERN Council recently launched next | | T
. . End of HL-LHC upgrade: more ATS nel available - - End of HL-LHC upgrade: more detector experts available
European Particle Physics Strategy Ao S fpotnpigua -  fomaton,clfo C8s clsborsonfornig
d t ;ggg: . European Strategy Update: FCC Recommendation
u p a e FCC Feasibility Study Report 7 - Detector Eol submission by the community

—

.
* Process to begin soon —
1800m —Eukatemary
—lake
ey FCC-ee Accelerator FCC-ee Detectors
_Molasse subalpine
1400m g __Molasse
g o Limestone
200m 8 3 3 _Shaft
Eiono & g 2 Alignment
] o ° c
Zsoom % e 2
13 < o«
s00m
A
o p—— e Sy |
I 20m
om
Okm 10km 20km 30km 60km T0km 80km 90km

40km 50km
~' Distance along ring clockwise from CERN (km)
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U.S. statement of intent

Joint Statement of Intent between the US and CERN concerns future planning
for large research infrastructures, advanced scientific computing and open
science signed in Washington DC April 2024

Concerning the proposed Future Circular
Collider, FCC-ee, the text states:

“Should the CERN Member States determine
the FCC-ee is likely to be CERN'’s next world-
leading research facility following the high-
luminosity Large Hadron Collider, the United
States intends to collaborate on its
construction and physics exploitation, subject
to appropriate domestic approvals.”

D. Mulligan, OSTP and F. Gianotti, CERN
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U.S. Higgs Factory Coordination Consortium

U.S. Department of Energy
and the

National Science Foundation

Provide strategic direction for the U.S.
community to engage, shape, and thereby
advance the development of the physics, S 5 s ton ot
experiment, and detector program for a

The 2023 report of the Particle Physics Project Prioritization Panel (P5), developed under the
u . auspices of the High Energy Physics Advisory Panel (HEPAP), laid out a compelling scientific
Ote n tl a I fu tu re H I S fa Cto r program that recommended world-leading facilities with exciting new capabilities, as well as a
robust scientific research program. As part of the efforts to implement the P5 recommendations,
the Government of the United States and CERN jointly signed a Statement of Intent (SOI) in April
2024 concerning future planning of large research infrastructures, advanced scientific computing,
and open science. Among the topics, the SOI expresses our intention to collaborate in an off-shore
internationally driven Higgs factory, where decisions to proceed are subject to appropriate
DOE-NSF Higgs Factory approvals in the U.S. and at CERN including those that are taken following the next update of the
Joint Oversight Group (JOG) European Strategy for Particle Physics. The U.S. is also engaged in feasibility and design studies
towards a next-generation future collider. To that end, the U.S. Department of Energy (DOE) and
the National Science Foundation (NSF) are hereby forming a nationally coordinated U.S. Higgs
Lab Coordination Group (LCG) Factory (_Ioordination Consortium (HFCC) to provide strategic direction and legdership f(_)r the U.S.
- — — =4 Labs: ANL, BNL, FNAL, JLAB, LBNL, ORNL, and SLAC community to engage, shape, and thereby advance the development of the physics, experiment, and
DOE and NSF Program Managers (Ex-Officio) detector (PED) program for a potential future Higgs factory; and to ensure cooperation with our
partners in the international program.

Higgs Factory Steering
Diversity and Outreach Coordinator }— Committee (HFSC)

External Partners
™ = = = " Includes: CPAD Rept ive, CERN Repi X
ECFA Representative, and Other Major Stakeholders

The U.S. HFCC is to coordinate efforts in the following areas:

(1) Physics and technical feasibility studies, including any associated design and R&D efforts,
to advance various experiment detector concepts at a future Higgs factory;

(2) Prioritization and stewardship of the national R&D efforts should funds be identified by
DOE and/or NSF;

(3) Development of the pre-project detector R&D scope that will be required prior to DOE
and/or NSF initiating any detector project at a future e'e” collider;

Gaseous e . Readout . Simulation Software (4) Conceptualization of the software and computing framework that will be needed to
Detectors Stlicon Tracker Calorimeter Electronics Trigger/DAQ and Physics Support advance physics studies and R&D efforts; and to collect, store, and analyze the large
volumes of physics data at future collider experiments;

(5) In consultation with DOE and NSF program managers, develop various funding models
that will be required to support the R&D efforts described in items (3) and (4) above; and

(6) Ensure collaborations by the U.S. with our partners are cost-effectively carried out to
advance the future Higgs factory initiatives. Such partner efforts include, but are not
limited to, those being undertaken by a) the U.S. Coordinating Panel for Advanced
Detectors (CPAD); b) the CERN-hosted Detector R&D (DRD) initiative; c) the European

H F S C : S . Raj ag O pa I a n , Ch a i r, R . P atte rSO n ) CO— Committee for Future Accelerators (ECFA); and d) other major stakeholders.

The 2023 PS5 strategic plan also recommended that once a specific off-shore Higgs factory project

C h a I r, M . D e m a rtea u y S . E n O has been deemed feasible, DOE and NSF are to convene a targeted panel to consider the nature and




CERN FCC Timeline

ONCNO

Feasibility Study
(geology, R&D on accelerator,
detector and computing
technologies, administrative
procedures with the Host States,
environmental impact, financial
feasibility, etc.)

Project approval by
CERN Council

(or alternative project selected)

Construction starts

[ ]
HL-LHC
ends

Operation of FCC-ge

(15 years physics exploitation)

Operation of FCC-hh

(~ 20 years of physics exploitation)

36



US-Europe Collider Timeline

Y9 Pe

® ®
Feasibility Stud Project Ib LAHe
easibility Study roject approval by :
Gclis RED br scsairane CERN Council Construction starts ends

detector and computing
technologies, administrative
procedures with the Host States,
environmental impact, financial
feasibility, etc.)

(or alternative project selected)

0Q

Operation of FCC-ge

(15 years physics exploitation) (~ 20 years of physics exploitation)

Operation of FCC-hh

EIC Construction

2030
LHC & HL-LHC Operatic. s

RHIC Operations
—— 2020

EIC Ope ‘ions
2040

FCC-ee Construction

U.S.

FCC-ee Operations [RECUSSE
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Relativistic Heavy lon Collider

24 Continuous years of operation
Only operating collider in the U.S.
Will shut down in 2025

RHIC energies, species combinations and luminosities (Run-1 to 23)

W W VA W

fleld Obsewed In Faraday mnduction and
Q ua rk- G | uon Coulomb effect
Plasma with

B = 1018 BEarth v <0

7R

1111117,

Coulomb effect

Colossal magnetic E =

1
Faraday induction and A

8 9 12 15 17 20 23 27 39 54 56 62 130193200410500510
Center-of-mass energy \/sNN [GeV] (scale not linear) ‘ Q ]

¢ STAR, arXiv: 2304.03430, PRX 14, 011028 (2024)

Hall effect
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Compelling EIC Science nghllghted by NAS Report

How do quarks, gluons,
and orbital angular
momentum contribute to
proton spin?

Spin: a fundamental
property of matter

All elementary particles,
but the Higgs carry spin

Spin cannot be explained
by a static picture, rather
the interplay between the
properties and interactions
of quarks and gluons inside
the proton

Does the mass of
visible matter emerge
from quark-gluon
interactions?

Atom: Binding/Mass =
0.00000001

Nucleus: Binding/Mass =
0.01

Proton: Binding/Mass =
100

The EIC will determine an
important term
contributing to the proton
mass, the so-called “QCD
trace anomaly.

How can we
understand the QCD
dynamics and the
relation to
Confinement?

EIC will image
quarks and gluons in
3D in space and
momentum inside the
nucleon & nuclei
Uncover how the
nucleon properties
emerge from quarks
and gluons and their
interactions.

How do the quark-
gluon interactions
create nuclear
binding?

Is the structure of a
free and bound
nucleon the same?
How do quarks and
gluons, interact with
a nuclear medium?
How do the confined
hadronic states
emerge from these
quarks and gluons?

Does gluon density in
nuclei saturate at high
energy?

How many gluons can fit
in a proton?

How does a dense
nuclear environment
affect the quarks and
gluons, their correlations
and interactions?

Ik

gluon gluon
splitting recombination
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Facility Requirements

EIC Facility Performance Goals

» High Luminosity: L= 1033 — 10%*cm~?sec, 10 — 100 fb-'/year
 Highly Polarized Beams: 70%

» Large Center of Mass Energy Range: E_,, = 20 — 140 GeV

» Large lon Species Range: protons — Uranium

 Large Detector Acceptance and Good Background Conditions

* Ability to Accommodate a Complementary Second Interaction
Region (IR) and Detector

Conceptual design scope and expected performance satisfy
the U.S. Nuclear Science Advisory Committee (NSAC) Long
Range Plans (2015 & 2023) and the requirements endorsed by
the U.S. National Academy of Sciences (2018).

™SS Existing: RHIC Blue Ring
removed. One sector (1/6) will
Existing: RHIC Yellow Ring _ be repurposed for lowest
Reused for EIC Hadron L gy (41 GeV) EIC operation,
Storage Ring (HSR).

New: EIC Rapid

Cycling Synchrotron
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Project status

i _ The EIC scientific community is rapidly growing
Schedule: CD-3B = March 2025 with more than 1,529 members from 294
CD2/3 = End of 2025, CD-4 = 2034 institutions and 40 countries.
Cost: CD-1 cost range of $1 ./-2.8B SOUTHAMERICA. 3%\ /OCEANIA 1% BNL-TJNAF partnership
Funding: $397M provided from FY20-FY24 " W\ ———

$100M New York State Grant for EIC e e T e

Buildi Nngs Awarded Februa ry 2024 ‘\'/ 2. Brookhaven National Laboratory

U K comm ItS £58 | n- k| N d Institutions 3. Fermi National Accelerator

27%

Laboratory
4. Lawrence Berkeley National
Dual-radiator - E Laboratory
superconuceng ] ][ 1 e B Forvard Eectromagnet 5. Los Alamos National Laboratory
.. 6. Oak Ridge National Laboratory
Calorimeter Detectors
7. SLAC National Accelerator
* 2 A Z
!.! : — I I EE Laboratory
R4 = H] (cEn)
\ &) 8. Thomas Jefferson National
Backward A . Accelerator Facility
_—— . / rmecrrione | [ [ US Universiti
| = ; Lo e o
EIC Accelerator Collaboration o o == Over 80 US universities are
_ _ : Calorimeter oaaacausiion | @ | [l I} participating in the EICUG.
~ Kick-Off Meeting at IPAC24
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Slide from F. Zimmerman

Brookhave

() circiiar US Electron lon Collider (EIC) premm

COLLIDER

US EIC Electron Storage Ring similar to, but

more challenging than, FCC-ee

beam parameters almost identical, but twice the maximum
electron beam current, or half the bunch spacing, and lower
beam energy

>10 areas of common interest identified by _ N\
the FCC and EIC design teams, addressed through 3-83 k.m double ring, fuII—engrgy e 1nj.,
joint EIC-FCC working groups, still evolving Injection rate 1 Hz, every 2 min into same bucket

EIC will start beam operation about a ez e e 19 (i A0
. Bunch population [10'!] 1.7 2.1
decade prior to FCC-ee - 1o ’e
The EIC will provide another invaluable Rms bunch length [mm] 7 5.6 (SR)
opportunity to train next generation of accelerator Beam current [A] 2.5(0.23) 1.27
physicists on an operating collider, to test RF frequency [MHz] >91 400
SR power/beam/meter [W/m] 3000 650

hardware prototypes, beam control schemes, etc. —
Critical photon energy [keV] 6.2 (36) 20 (106)



2.0 7
d Hadrons i &4 Electrons
€ o 1 4 <
u 8% ¢
1.54 25 o R&D section
= ynergies
p xit window.

» SRF cavities, electron gun (high current, high brightness beams)
» Beam instrumentation: SR monitors, BLM, BPMs, Beam feedback systems,

x (m)

« crab angle measurements

* Vacuum systems

* IR region magnets, prototypes, production
« MDI, IR shielding
» Collimation

Clip-on cryopump
.~ (aC coated copper)
-

« Beam-beam interactions, beam-gas interactions
» Impedance model, instabilities, HOM, ion instability

« AC-LGAD Technology 36 X 80 mme 4
aperture

. LAPPD Photon sensors i

. MAPS

« |TS3 sensor technology
«  Streaming readout
«  Common software and tools

W MAPS Barrel + Disks

(\ EIC provides accelerator & detector R&D opportunities for FCC- ee = P e + 43

¢

B AC-LGAD based ToF



FCC-ee has outstanding science potential

/ Higgs \ / Flavor \ / Sl \ /feebly inteBrascI:'ilng parti@

factory ‘boosted” B/D/t factory: most precise SM test
m.., o, r.H CKM matrix Heavy N(el-lljlt\:fl) Leptons
self-coupling CPV measurements EELEN s [
H— bb, cc, ss, gg Charged LFV
H—inv Lepton Universality sin’6,, ,RY /R, R
ee—H T properties (lifetime, BRs..) v Ceabaac Dark Photons Z
H—bs, .. A>C , T pol.
B -1V : : :
To B 5D K a. Axion Like Particles (ALPs)
p s S, s
B = K'rr -
Bo K*vvV o Exotic Higgs decays
Mtop, [top, ttZ, FCNCs B.o>@Vv... w W
S

(U A A A 4
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There 1s much work

KEEP to do and it will take
CALM

time

AND

BUILD
COLLIDERS

....Discoveries awalit!!




