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Deep-inelastic electron-proton scattering

Neutral current scattering Charged current scattering
ep - e'X ep - v, X
e'(k) (k)
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Deep-inelastic electron-proton scattering
mediated in spacelike regime, by vy, yZ, Z or W-boson exchange

Direct probe the structure of the proton - bound together by QCD dynamics

-> Ideal QCD and Electroweak laboratory



Energy-recovery linac
electron ring
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FCC-eh

* Dedicated electron-ring
attached to FCC-hh s— i I —

* Energy recovery linac:
E. =60 GeV
« Longitudinal beam s
polarisation of ~ £80% o

e Three-turn configuration B e
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[ FCC STRUCTURES
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ep-collision data
* Vs ~3.5TeV
* More than 1 ab- integrated luminosity

* Mainly e- data
e+ data with O(10fb-2)




Proposal for the 2030s - LHeC

LHeC - ep data in 2030s
* ERL electron ring attached to HL-LHC

* Similar concept than FCC-eh
but realisable much earlier

« E, =60 GeV (or 50 GeV)

LHeC

* Vs~ 1.3TeV

» Electron and positron data

* Upto 1 abt integrated luminosity

» Detector may possibly be shared with ALICE3

(novel 2-Interaction-region design: A, ,,~1.8m)

Relocatable

e electron-accelerator can be relocated from HL-LHC
to FCC-hh




Kinematic plane

P LHeC & FCC-eh

% Eggohe ﬁ:igg - * Rich physics program at all scales
1 HERA Vs =0.3TeV A BSM » Higgs, Top, BSM, precision QCD, Heavy ion..
1 EIC ; See talks by:
D EEA%MS — : * U. Klein
—] SLAC = * M. Kumar
/ » C. Gwenlan
precision 7~ * O. Fischer
* A. Stasto

e Ch. Schwanenberger
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non-linear QCD

o

EW physics
* high Q2 is important
A e * high luminosity is important
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Electroweak physics at high scales

e+e- annihilation At high scales
* Foundation of precision EW physics « Away from Z-pole:

* Precision EW measurements at Z-pole no precision EW measurements available
... and above di-boson threshold * W-boson mass prediction +8MeV
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Highest precision from combination of  How did nature realise EW interactions at TeV scales?
ALEPH + DELPHI + L3 + OPAL + SLD Is GSW theory valid up to TeV scale and beyond?




Electroweak physics in inclusive DIS

Future e:p DIS experiments (-channe)

_ _ Polllerizled .e..l.o.lcro.s.s section « neutral- and charged-current exchange
= 102 —NC —CC LHeC * measurements up to TeV scale and beyond
0, = ~-NC --CCEIC . it s . .
] 10E00N NG -GG FGG-sh Lumlnosr[.y 1000 times higher than HERA
= {£ N +NC +CC HERA-H1 pg  CC: mediated by W-boson
g 10'E : « NC: Z-exchange important at high scales
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Electroweak physics in inclusive DIS

Inclusive DIS (neutral-current) (*)

Po™C(eFp)  2ma®

drdQ?  zQ*
Ff = Fy— (gg,ipeg;)szgz_Jr (959 + 959%) £ 2P.g} 94] #5 FY

Vo E (0, Q) F Y- a B (2.Q%) - R (2,QY)|

B FTFE| = 2y (@2 2Quat glal + ghel] {a+ @)

q
9 m2 r
On-shell scheme sin“fy =1 — —
Mg
Z-exchange normalisation (Q?) @’ !
- o — . v
g 7 Q% + m?% 4sin*Oyy cos? Oy
. 3
NC couplings gh = oncr L,

glf/ = \/PNC,f (If,f —2Q¢ Ky sinzﬂw)
(*) M.Klein and T. Riemann,
Z.Phys.C 24 (1984) 151

Independent SM paramters: Oz,_mz, mwy + PDFs Our good memories go to Tord
whom we lost early this month,

DIS21
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Methodology | — simulated data

Simulated NC and CC DIS data: LHeC or FCC-eh

—

° About 1200 CI’OSS Section data pOIntS do_/szdX ;l 107L_| \-I\IHI‘ IR I R B AR IR R T T TTTTIT T HHQ
_ _ 8 - Simulated FCC-eh data
° -1 L - coun
Luminosity of 1 ab o 10°L * NC ep60GeV x50 TeV Pt
* Full set of systematic uncertainties C 0 CCePBOGEY X50TeV o ve wems
10°E 6 o0 oo
Source of uncertainty Size of uncertainty  Uncertainty on cross section - . 2: : :2 ::w ]
Se__oox 100 o555 3
Scattered electron energy scale AE!/E! 0.1 % 01-17% - - 660 6 06 & 06 ]
Scattered electron polar angle 0.1 mrad 01-07% - 1 03 = ® 00 & 00 & @ —
Hadronic energy scale AEL/FEj, 0.5% 01-4% 1.0 -86% g ¢e & o0 o e @ E
Calorimeter noise (only y < 0.01) 0.0-1.1% included above 1 02 B : 22 : 2: 2 29 ]
Radiative corrections 0.3% - - S =
Photoproduction background (y > 0.5) 1% 0.0or 1.0% - B ¢ o5 o 505 o o0 7
Uncorrelated uncertainty (efficiency) 0.5% 0.5% 10 3 e : : : : : : : * E
Luminosity uncertainty (normalization) 1.0% 1.0% - e 66 © 86 o o6 7
1 | \I\IHI‘ L \\IHHl 1 \\Hllll | IHI\Ill | \III\Hl L \IIHHl 11 LI
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« Simulated datasets for 107 10~ 10° 10" 10™° 10™ 10
Xo:
» NC and CC DIS o)

electron and positron runs
different electron beam polarisations
low-E, run
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Methodology Il - 'fitting' the simulated

Fitting methodology
* QCD (PDF-) fit in NNLO precision using ZM-VFNS from QCDNUM
- 13 free PDF parameters
-~ Uncertainties on EW parameters include PDF uncertainties

* Plus: fit EW parameter of interest

EW calculations
e Calculations are performed in on-mass shell scheme:
(a..,, m,, my, Ar) with Ar=Ar(a,,,,my,m,,m,m,,...)
* Dependence on m, and m through loop-corrections (Ar)
e sin20, and G; are calculated quantities and thus no free parameters
* More general, also vector and axial-vector couplings are 'free' parameters

DIS21
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Expectations: m  + PDF

Determine W-boson mass together with proton-PDFs

| | |
W-boson mass

Direct measurements

/

LEP2 °
Tevatron —
ATLAS °
5

Indirect determinations
LHeC-50 —
LHeC-60 —e—
FCC-eh e
FCC-eh + LHeC-60 S
PDG [2020] — o —

| | | l l | | l

80.35 80.4

m,, [GeV]

* LHeC with L ~ 1ab+
 LHeC (E.=50GeV):
 LHeC (E.=60GeV):

Am,, = 8 MeV
Am,, =+ 6 MeV

. = +

« FCC-ehwith L~ 1abs 2Mw =45 MeV
(includes PDF uncertainty of about £3.6 MeV)

e FCC-eh + LHeC: Am,, = = 3.6 MeV

 Indirect determination of m,,

 Complementary to 'direct' measurements
— Consistency test of EW Standard Model
* Smallest uncertainties from a single experiment

DIS21
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The weak mixing angle

sin’oy,,
LEP+SLD —
Tevatron P
LHC
LHeC-50 —x—
LHeC-60 ——
FCC-eh ——
FCC-eh + LHeC ——
Standard Model ‘[PDG20] ‘+ |
0.231 0.2315ﬁ 0.232
. 2
sin 83\”

Asin20 (FCC-eh) = +0.00011

= #0.00010,,, +0.00004

PDF)

%

Weak mixing angle
» sin20,, in neutral-current vector couplings (only)

g{, = A PNC.f (Iﬂ,f — QQf K g 5i1‘12é'w)

sin20,, + PDF fit
« Comparison to Z-pole data
» At future DIS facilities:
Most precise single measurement possible
* Note: need theory to map sin20,, to effective
leptonic weak mixing angle

Ve

- Asin?0_ (LHeC-50) = +0.00021

Asin2g  (LHeC-60) = 20.00015
~ Asin?g (FCC-eh+LHeC) = +0.000086
\\\7 //,/‘
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Running of the weak mixing angle

Scale-dependence of weak mixing angle EW studies in on-shell scheme
» Fit 14 values of sin20,, + proton PDFs
i sinlzev\', o |':| Fcl)C-lel; B | * sin20,, single parameter in OS
0.06 []LHeC-50 . * Per mille uncertainties in
> [ LHeC-60 20 < Q < 2000 GeV in spacelike regime
c L - SM
_.(E = i
o 0.04 N Running of sin?0 in MSbar scheme:
5 » small correction factors needed...
2
?U‘ i i 0.2455
o 0.021- » FCC-eh
- . accessible
| i 0.24 % range
10 'ig 0.235 \ gm»
( FCC-eh: precision EW physics | 0.225\ : : :

107 10° 102 107 1 10 10? 10° 10*

from 20 GeV to 2 TeV
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Top-quark mass through EW correction

Higher order EW corrections

e Dominant term p, in EW-HO corrections
proportional to m23/m?,,

e Same relation as in Z-pole physics

FCC-eh

 Significantly better than LEP+SLD
combination

* Higher sensitivity than 'global EW fit'

(GFitter, EPJ C78 (2018) 675, fit w/o direct m,& m,, measurements)

Top-mass determination with external W-mass

™\
\

Amt (LHeC'60) —~ ill GeV (incl. PDF uncert., not incl. Am,,)
Amt (FCC'eh) - 1810 |\/|eV (incl. PDF uncert.,but not incl. Am,)

A ,,/

Higgs mass from m _+PDF fit: Am, (FCC-eh) ~ *1%5_ GeV
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Anomalous form factors

Generically parameterise new physics by modified EW-couplings

 Introduce anomalous form factors p' and k

’ 01’_ All fermions InSM: p'and k' =1
I [JFCC-eh |
" -LHeC—60 9‘_{1 = \/r()i\l(?,prC,fIE,f:
i BLHGC-50 - [Pcppnes (I 5 — 2Q K] ks sin®Oy)

» Parameters may be Q2 dependent
(similar to running weak mixing angle)
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Light quark NC couplings

4 coupling parameters are determined together PDFs

| T T T T T T T T ‘ T T T T T T T T T T T T
" ] FCC-eh ) 68C.L. ] - 1 FCC-eh ) 68C.L. -
L. 1LHeC-50a ] 0[] LHeC-50a 7
0.4 E3H1 ] - Em H1 e
- LEP & SLD ] - ----LEP &SLD ‘i
L DO - q — D 0

* LHeC already improves by more than an order of magnitude
* FCC-eh with per-mille precision
* u-type and d-type can be separated — no sign ambiguity as in Z-pole data due to yZ terms

DIS21 Daniel Britzger — EW physics at LHeC and FCC-eh 16



STU parameters from inclusive DIS

S, T, U parameters are non-SM contributions to Z & W-boson self-energies

» Studied here: 2-parameter fits incl. PDF fit

* Scheme dependence: Modified on-shell (MOMS)

* With inclusive NC&CC DIS: Possible to disentangle S, T and U
— Complementary to Z-pole

I T T T | T T T T T
68 C.L

0.5/ [|FCC-eh 0.5 ~ [JFcc-en 0.5/ [ ]FCC-eh -

| |LHeC-60 [ |LHeG-60 | |LHeC-60

- | |LHeC-50 [ JtHeC-50 - [ |LHeC-50
= 0F O O I
05 o) | 0S| sm) RS i T o) -

| E ' i i | I I I | : X u| T I T | 1 1 1 |
05 0.5 0.5 0 0.5 0.5 0 0.5
T S
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Charged current

Study charged current cross sections in DIS

— X ! 2 ! 2
Wy = =z ((fOCC,EQpCC,eq) U+ (ﬂ(?fl,eqﬂcc,eq) E |
, r— . t 2 i ! 27y hS
Wy = o ((f'}(?(l,eqﬂcﬁfz,eq) U — (ﬁflfl,eqﬂcc,eq) D)
L L R L 1-037| i T T T T
[ JFCC-eh i | |FCC-eh ¢ H1 data
MLHeC-60 - 1 oo/ H LHeC-50 - SM ]
[ ]LHeC-50 " I LHeC-60
[ JHA1 r
+ SM L B
| N i [ T T T N \68\O/G|C\.LI|7 098 :| A | | I L1 1 ]
0.99 1 1.01 1.02 10 100 1000
Co.en /Q? [GeV]

Charged current couplings not well studied experimentally — unique to DIS

~

e ‘
Charged-current (CC)

DIS21
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(The) global electroweak fit — with FCC-eh

Global electroweak fit
* Many precision observables fitted together

» Fit w/o my,, & m, compared on slide 16
« Full fit with m, & m,, where p, defines correlation

; | 68% and 95% probability contours
8 o50 | || []Fit without M, m|, and m,
= | [[__I] Fit without M, and m,

=3 | [T Fun Fit

|:|:|:| Experimental measurements

200

150 *

80.3 80.4
HEPfit, JHEP 12 (2016) 135

see also: M W [G eV]

GFitter, EPJ C78 (2018) 675
PDG20, PTEP 2020 (2020) 083C01
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(The) global electroweak fit — with FCC-eh

Global electroweak fit
* Many precision observables fitted together
Fit w/o m,, & m, compared on slide 16

« Full fit with m, & m,, where p, defines correlation

Global electroweak fit with FCC-eh
* simplified setup: drop all observables that do

not contribute significantly to m,,—m, result
* Add FCC-eh inclusive DIS data;

: T —
- fit also proton-P ¢ [ Global EW fit plus FCC-eh
—_— [ ] Global EW fit (simplifi
> " 68% and 95% probability contours — 7 T and m,|(PDG20)
Q o550 [ ]]Fit without M,y, m|, gnd m, B Global EW fi ; | FCC-eh _
(.2. Fit without M,,, and 1 80.45 _- oba i p us € 2 = |
L D:I:l W rll e U . e O,
£ | [T Fun it —»>- [ | Global EW fit (simplified) E
i [[_T] Experimental measurements i - My, and m, (PDGZ D)
| : 80.38|
; A Y sdecpoganpanaa L
200 - 8 80.4 178 1735 174 174.5
i ,_g, m, [GeV]
B £ [T A " T
| 80.35 *
fit r
[ | 1 I | 1 | 1 ! 1 | 1 1 _‘680{0 (9?O/O)ICLI | ‘ | ‘ |
HEPfit, JHEP 12 (2016) 13?0'3 A 170 172 174
see also:
GFitter, EPJ C78 (2018) 675 Mw [GeV] m, [GeV]
PDG20, PTEP 2020 (2020) 083C01
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The impact of LHeC on HL-LHC

W-mass measurements in pp Effective weak mixing angle in pp
e Major uncertainty from PDFs e Large uncertainty from PDFs
S 20¢ L : ATLAS Simulation Preliminary
é 18 ;*g‘;ﬁi TSéf\D]:Jl(ﬂJI)OI’; Zre“mmary- Stat. ® PDF 200 b'1€ LEP-1 and SLD: Z-pole average _' T ]
£ 16Fm. f 8o 4 ' i LEP-1 and SLD: Aly —_—
= My from My & pr, I < [ stat. @ PDF 1 b 7 oLD: A - —
14 % - PDF i Teva;troln N e e o
125 E LHCb: 7+8 TeV B . o
10F = CMS: 8 TeV - . ]
8L = ATLAS: 7 TeV _ . ]
6 - B ATLAS Preliminary: 8 TeV N —_— T
. - HL-LHC ATLAS CT14: 14 TeV T o
4 B HL-LHC ATLAS PDF4LHC15,, i 14 TeV [ )
2 - HL-LHC ATLAS PDFLHeC: 14 TeV T . | | )
0= CTio CT14 MMHT2014 HLLHC  LHeG 023 0231 0.232
sin’!
* Reduction of PDF uncertainty  HL-LHC—PDF reduces uncertainty by 10-25%
only feasible with LHeC PDFs  LHeC—-PDFs reduces PDF uncertainties by an
(Am,,PoF~2MeV) additional factor of 5

DIS21 Daniel Britzger — EW physics at LHeC and FCC-eh 21



Summary

Future DIS experiments at CERN: FCC-eh and LHeC
« LHeC: 60 GeV electron times 7TeV proton (Vs=1.3TeV), sync. with HL-LHC
 FCC-eh: 60 GeV electron times 50TeV proton (Vs=3.5TeV), sync. with FCC-hh

Electroweak physics at LHeC and FCC-eh

Fundamental EW parameters: competitive with present data

Complementary to Z-pole data — different aspects of GSW theory are measured:
several unique measurements possible

Simultaneous determination of PDFs, a,, and EW parameters is possible

EW physics at future hadron-collider needs also precision PDFs (from DIS experiment)
Direct Z- or W-boson production give access to aTGC's (not studied)

References

* Update on LHeC CDR: arXiv:2007.14491 (LHeC&FCC-eh study group, to be publ. by JPhysG)
* Electroweak physics at LHeC: Eur. Phys. J. C 80 (2020) 831 [arXiv: 2007.11799]
» Updated FCC-eh studies (prepared for FCC-physics week 2020)
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