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Prelude


FCC, LHeC, and EIC
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Two hundred thousand dollars is a lot of money. We’re gonna have to earn it. -Blondie

http://bnl.gov


-hadron colliders: [Brüning et al. FPhy(2022)]

•Ultimate tool for high-precision QCD studies

•Ultimate microscope for probing internal structure of hadrons

•  is an ideal probe of proton structure due to unmatched precision of QED


➡ Clean environment (no color interactions)


➡ Kinematics uniquely determined by  beam, scattered lepton, or hadronic final state

•Hadron-Elektron-Ringanlage (HERA@DESY, Germany) was the only  collider ever operated (1991-2007). 

•It will take at least 30 years for design+construction of Future Circular Collider (FCC@CERN, Switzerland).

•Large Hadron-electron Collider (LHeC@CERN, Switzerland) is awaiting approval.

•Construction of Electron-Ion Collider (EIC@BNL, NY) will start in 2024.
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Future Circular Collider
A next-gen electron-hadron collider [Abada et al. EPJC79(2019)474]

time

today 20502010 2013

European studies of

post-LHC circular 


energy-frontier 
accelerators

first complete 

draft of 


conceptual 

design

giving 

this talk

completion of

design and construction
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2014

efforts combined

into the 


FCC study

2019
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Large Hadron-electron Collider
A next-gen electron-hadron collider [Fernandez et al. 1206.2913]

time

today 20321984 2005 2011

idea of an  collider

in the LEP-LHC tunnel


discussed for the first time

e−p found feasible to

simultaneously operate


 in the LHC and  

in the new machine 


termed LHeC

pp e−p

first complete 

draft of 


conceptual 

design

giving 

this talk

earliest realistic

operational period

HERA approved
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Electron-Ion Collider

time

today 20402012

proposal of 
developing and 

building

an electron-ion 

collider

official 

announcement

of construction 


at BNL by DOE

giving 

this talk

completion of

construction
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2015

officially named

EIC by DOE

2020
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A next-gen electron-hadron collider [Accardi et al. 1212.1701]
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Observables of interest
At the FCC-eh and LHeC:

 : un(polarized) NC  DIS cross section with only one beam polarized(Δ)σ±
NC e−H

unpolarized 

PV asymmetry

<latexit sha1_base64="GmEPfN4bLlHVBAp4dayXfewZLts="></latexit>

APV =
�+
NC � ��

NC

�+
NC + ��

NC

<latexit sha1_base64="hv+hN1zMXy3zbwmTv3Hr5dvNWg0="></latexit>

�APV =
��0

NC

�0
NC

polarized 

PV asymmetry

 : un(polarized) NC  DIS cross section with no beams polarized(Δ)σ0
NC e−H

 : unpolarized NC  DIS cross section with only lepton beam polarizedσ±
NC e−H

At the EIC:
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Data analysis
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Kinematic coverage Im
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EIC, s = 74 GeV
EIC, s = 140 GeV
LHeC, s = 490 GeV
LHeC, s = 1.3 TeV
FCCeh, s = 3.5 TeV
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Cuts:








x ≤ 0.5

Q > 10 GeV

0.1 ≤ y ≤ 0.9

to avoid uncertainties from 
nonperturbative QCD

and nuclear dynamics

good bins⇒
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Error budget
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bin

LHeC3: 60 GeV 7000 GeV e- p, Pℓ  +80 %, ℒ  30 fb-1

σNC σNC,stat σNC,ueff σNC,sys σNC,pdf

Systematics dominate.

LHeC
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bin

P4: 10 GeV 275 GeV e- p, Pℓ  0, ℒ  100 fb-1

APV δ APV,stat δ APV,sys δ APV,pol δ APV,pdf

Statistical uncertainties 
dominate.

EIC
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bin

FCCeh1: 60 GeV 50000 GeV e- p, Pℓ  -80 %, ℒ  2 ab-1

σNC σNC,stat σNC,sys σNC,pdf

Systematics dominate.

FCC-eh
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What is SMEFT?


Model-independent extension of the SM Lagrangian with higher-dimensional 
operators, , built up of SM fields at an energy scale  that is heaver than all SM 
fields and accessible collider energy, introducing Wilson coefficients, , as effective 
couplings:

O(n)
k Λ

C(n)
k

BSM framework: Standard Model Effective Field Theory

<latexit sha1_base64="mxm9mj1Z2v1Yy+Oc7R1mj2f7+8A="></latexit>

L = LSM +
X

n>4

1

⇤n�4

X

k

C
(n)
k O

(n)
k

Why SMEFT?


There has been no conclusive evidence for particles beyond the SM. 
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Case of dimension 6 relevant to our study:

BSM framework: Standard Model Effective Field Theory

SMEFT Lagrangian obeys the symmetries of the SM Lagrangian, i.e. SM couplings are 
shifted in a gauge invariant manner.

<latexit sha1_base64="Q6L6Barz3kWrfV8Bu0a2y6RgfeI="></latexit>

L = LSM +
1

⇤2

17X

k=1

CkOk

10 operators

here

7 operators

here
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Observables, unpolarized cross section and un(polarized) PV asymmetries, are linearized 
w.r.t. :Ck

Fitting procedure:

where pseudodata is generated by smearing uncertainties around the SM predictions with 
a Gaussian profile.

<latexit sha1_base64="t6AoGaJJo7o/+vWPW9tPHSRcYok="></latexit>

Q = QSM +
X

k

Ck �Qk

<latexit sha1_base64="494QAyll70HpoxZgL+V00S9abWI="></latexit>

�
2 = (Q�Qpseudodata)

>
H(Q�Qpseudodata)

Fitting procedure

<latexit sha1_base64="CUaDnnTLlaR7l84xaCD4nNiCGrQ="></latexit>

Q = �NC, (�)APV
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Fit results
Marginalized effective UV scales that can be probed for BSM searches:
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34-parameter EW, diboson, 
Higgs, and top data fit is adapted 
from [Ellis et al. 2012.02779].
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CφD CφWB Cφq
(1) Cφq

(3) Cφu Cφd Cφℓ
(1) Cφℓ
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Effective UV scales [TeV ] at 95% CL

EIC LHeC FCC-eh EW, Higgs, diboson, and top
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Fit results
Marginalized confidence ellipses:
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34-parameter EW, 
diboson, Higgs, 
and top data fit is 
adapted from 
[Ellis et al. 
2012.02779].
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Coda
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Conclusion

•FCC-eh, LHeC, and EIC will offer distinct correlations, showing complementarity.


•FCC-eh will be superior to LHeC and EIC in constraining BSM parameters, therefore 
in probing deeper energy levels, thanks to higher energy reach.


•All promise to resolve blind spots in more extensive fits with electroweak pole 
measurements, diboson, Higgs, and top quark data. 


All three are designed as EW and QCD machines but seem promising as useful probes of 
new physics. Therefore, the taxpayers’ money is wisely spent.

Im
ag

e 
cr

ed
it:

 b
nl
.g
ov

Im
ag

e 
cr

ed
it:

 w
as

si
ly
ka

nd
in
sk

y.
ne

t

18

http://bnl.gov

