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Future proposed ep-colliders: LHeC & FCC-eh
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Electron ring Center-of-mass energies

« Energy recovery linac: E, = 60 GeV  LHeC: Vs ~ 1.3 TeV

« Polarisation up to P, ~ 80% - FCC-eh: Vs~3.5TeV

« Similar concept for LHeC & FCC-eh « Upto 1 abintegrated luminosity
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Deep-inelastic electron-proton scattering

Neutral current scattering Charged current scattering
ep - e'X ep - v X
e'(k') oK)
e(k) e(k)
V/Z(q)  W(q)
p(p) : p(p) .

R-D. Heuer

"The point-like electron "probes" the interior of the proton via the electroweak force,
while acting as a neutral observer with regard to the strong force."

-> FCC-eh: Electroweak (EW) and QCD physics are equally important
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Electroweak effects at HERA

Inclusive DIS as a function of Q2 H1 and ZEUS
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» NC significantly larger than CC F B - & [ HERANG :]’ “—Z m
. CC is mediated only by massive W-boson = e
 NC: e+p and e-p are identical for photon T e .
= F g 3
exchange i + }%} &
Around EW unification scale 10°E CC o -~ L i E
« NC and CC of similar size i (Q*+m;,) ]
o Q2 ~ M,2 ~ 8000 GeV?2 10_5§ ® HERA CCep 04! ]
E  ® HERACCep0s5fh! ?E
W and Z-exchange: e+p and e-p differ [ e MEEARDEZ 6 CEuh \4
« NC: y/Z-interference differ for e+ and e- N \

« For CC e+ I i
Helicity factor (1-y)2 applies to d-quarks

FCC physics workshop, Jan 2018 Daniel Britzger — EW at FCC-eh



Electroweak effects at FCC-eh

H1+ZEUS, Eur.Phys.J.C75 (2015) 12
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EW at FCC-eh in comparison to HERA e e
« CC Large increase of kinematic range Q*/ GeV?
« CC Largely improved experimental precision
« NC y/Z-interference and ZZ effects will become important (higher Qz2)
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Electroweak effects in NC DIS

Cross section expressed by dohe _2md
generalised structure functions  dQ°dx  x
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Quark-parton model EW scheme
F,,FY* F5|=x) |e’,2e v, ,v:+a’|(q+q) |e2  2ev n_ Q Gpmy
[ 2, 2] q[ q2<€qVq>Vyq q] Sa5 2/ K, (Q7) Qe 2V2ma (1+Ar)
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NC DIS cross sections: yy, yZ, ZZ exchange
» axial-vector & vector couplings (a,v): parity violation if both are present

CC DIS: purely weak cross sections (Gg,m,,)

[ 3 independent variables at born-level in DIS, e.g OMS: (a, m , m_, Ar) }
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Simulated data sets

Simulated neutral and charged current cross sections
» Pseudo-data applicable for both: EW and QCD studies

Correlated and uncorrelated syst. and stat. errors
* Numerical treatment of errors

source of uncertainty error on the source or cross section
scattered electron energy scale AE!/E’ 0.1 %

scattered electron polar angle 0.1 mrad

hadronic energy scale AE},/Ey, 0.5%

calorimeter noise (only y < 0.01) 1-3%

radiative corrections 0.5%
photoproduction background (only y > 0.5) 1%

global efficiency error 0.7 %

« Assumptions gauged with H1 (best achieved values)

» Total cross section errors typically: 0.8% at low-x, and 2% at high-x
« Simulated data have full systematic error

« Luminosity measurement ~1% (0.5% may be reachable)
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Reduced NC ep scattermg Cross sections

Reduced cross sections

d’onc  2ma?Y,

dzdQ? ~  Q%z

Huge Z exchange effects
 starting around EW scale

Q2> 1000 GeV?

* Interference effects

« Z-exchange

Cross section raises for high-x

due to EW effects

« Contrary to HERA:

x ~ 0.2 'scaling’

x > 0.2 gluon bremsstrahlung

*Or, NC
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NC DIS Polarisation asymmetry

Polarisation asymmetry Polarisation asymmetry at FCC-eh
« Z-exchange as a function of Q2 « Atlarge x:
. 9 ot (PE) — ot (PE) A+ measures d,/u, ratio of valence quarks
A* = = E = T 1
L ode o\ g iR) 0g ¢ FCCsimulated data
« Parity violation effects in NC EW interactions T e i;gng 3{‘2‘1 z
H1+ZEUS E 0.4 — v |
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1 E : ettt : e : S— . .
10° 10° Differences btw. left- and right-handed

- Q* (GeV?) z .
Cross section asymmetry as a function of Q2 NC DIS are expressed by F,** and F’
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Polarised Charged Current DIS

V %«10°° FCC-eh preliminary
e il
) 161 Q2 = 3000 GeV?

| d%cZ . (P,) —(1+P )dzacc lab?! y 005
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CC depends on longitudinal polarisation
» W-boson couples to left-handed particles
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do o / dQPAX / Sgye, [PD/GEV]

FCC-eh
« Huge cross section due to Vs
» For fixed (Qz2,y), increase due lower x values
-> Gluon induced processes 0.2
-> Helicity effects important at high-x (only) 0
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Most data: electrons with P~-80%
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Methodology - Study of EW parameters

Determination of EW parameters from PDF+EW-fit 2ce also talk by
‘combined fit: PDF+EW' * PDF fit in NNLO precision about PDF studies
 account for correlations with PDF * ZM-VFNS using QCDNUM
uncertainties « 13 free PDF parameters

] * details of PDF fit only of minor importance
Simulated NC&CC DIS data

e e- +80%, -80%

. ot unnolarised EW calculations
unp . « 1-loop EW corrections

« FCC: low-Vs unpolarised electron-data _ See also talk by

_ _ - — 5 - —1 ° On'She” paramEterS are: Bryan Webber for
NC/CC | E¢ [GeV] | E, [TeV] | P(e) | charge | lumi. [fb™"] ith combined QCD+EW
NC 60 (60) | 50 (7) | —0.8| —1 1000 (A, Mz, My, Ar) wit
ccC 60 (60) 50 (7) | —0.8 | -1 1000 Ar:Ar(qem,mW’mz’m“mH’__.)
NC 60 (60) | 50 (7) | +0.8| -1 300
CC b{] (60) JU (7) +0.8 -1 300 .
NC 0(60) | 50(7) | 0 | +1 100 « m, and m, enter through loop-corrections (Ar)
SE‘ 33 EEEB 070((17)) 3 +1 183 « sin20, and g, are calculated quantities
NC ' — ]
co 20 (60) | 7 (1) 0 1 100 * More _general, also vector and axial-vector

* second and third columns show FCC-eh (LHeC) error assumptions: COU Iln S are Ifreel parameters

elec. scale: 0.1%; hadr. scale 0.5%
radcor: 0.3%; yp at high y: 1%
uncorrelated extra eff. 0.5%
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Z-boson mass

Z-boson mass from EW+PDF fit
« all other masses expected to be known
» PDFs are determined as well

Z-boson mass

« HERA (56)exp(25)ppr MeV
« LHeC (16)cxp(10)ppr MeV
« FCC (11)exp(3)PDF MeV

* PDF uncertainties beome negligibly small
(outer errors)

Precision of Z-boson mass not limited by
PDFs

* Though: combined QCD+EW corrections
may become important -> to be studied...

T v
Z-boson mass

expected uncertainites

HERA

LHeC

FCC

LHeC & FCC

PDG [2016]

preliminary

| IlIlIIIIJI |l|
9115 912 91.25

m, [GeV]
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et (ol W-boson mass

preliminary
AN BAEBERE
W-boson mass from NC&CC DIS data W-boson mass
« All other masses expected to be known SXpoctec uncananiios
« HERA  +£63,,,29:0y MeV
« LHeC  #14,,)10p0r MeV [‘HERS‘ = -
e ot
High precision for W-boson mass
« CC kinematics constraint by IS + FS A Rl A
measurements
C PDG [2016] —o—
-> no missing E; needed e e
-> |S photon tagging would be crucial 80.3 80.35 80.4 8([)G4§v
« PDF (QCD) uncertainties are small e

W-boson mass at high precision
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Simultaneous determination of boson masses

W- and Z-boson masses: Most important input parameters to EW calculation

e e —91.35 | |
= 98 = =
3, [F]H1 (H1-prelim-16-041) ; o | [Z]LHec mw,mzPDF-it
EN D FCC-ep / LHeC EN 91.3[- |:| FCC-ep (mW,mZ,PDF-fit)
i —+ PDG LHeC + FCC-ep :
91.25- —+- PDG ]
FCC-eh .
LHeC 91.2- y
91.15 :
Yy -sirf0, =0220 ] [ . skt
Ly __sirf@,, = 0.225 91.1 e z;:zg: > g:gggg ]
i prellmlnary i s'"o =¥ T - preliminary Sin°e,, = 0.2220
E T L i A | |
80 82 & 5 8025 803 8035 804  80.45
my, [GeV]

my [GeV]

HERA Benefit from incredibly high ti
» Simultaneous determination not (quite) enetit irom incredibly nigh cross sec |29ns
possible (H1prelim-16-041) « m,,-m, correlation reduced (prop to sinz0,)
EFCccC-eh » PDFs will not be the limiting factor for EW physics

« Greatly improved w.r.t. HERA * ‘global’ fit becomes possible
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W-boson and top-mass

Top mass and W-boson mass

m,~-m, determinations

» sizeable correlation (as expected)
* significant improvement over LEP
experiments

Am = £3.2 (exp) = 2.1 (PDF) GeV

» FCC-eh exceeds precision of LEP+SLD
combination
* PDF uncertainties will not be limiting factors

Mind: only inclusive DIS studied here
-> additional direct measurements will
provide significant improvements

— 80.6 —
= [ ¥ FCC-ep preliminary
(2.80 55:_ .. FCC-ep (w/o PDF unc.)
EB S5 LHeC (w/ PDF unc.)
- —*— FCC-ep (PDF,m)
80.5 t FCC-ep(PDF,m )
S LEP1+SLD
gpasl —#— FLG
goa- 000 AT
80.35[
80.3F 68% C.L.
_IIIIIIIIIIIIIIIIIIIIII|III1IIIIIIIIIIIIIII
155 160 165 170 175 180 185 190 19
m, [GeV]

AmH = +38exp) * 25 ror) GeV
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Weak neutral couplings

Axial and vector-axial couplings of quarks Effective higher-order corrections

* Couplings of ferminos to Z-boson  Form factors p & kK
e_{ ¢ Ve=P7 P71 =2 QK7 K; ,5in"0, )
A a,=05 4 Prq Lo
a vq o Attree-level:p=k=1
g5 ig * EW corrections yield non-zero form factors.
e on-shell scheme
b S e 9 5 9

Pz~ 1+p, Kz,q~1+pt/tan 0,

using p,~ Gpmg

« Dominating effects of many SM extensions
can be described by p'and k'
Here:
Pzu Pza Pz Kz.q
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Weak neutral couplings: form factors

Effective higher-order corrections Corrections to sinz0
w
e« SM:p'=1 o e« SM:Kk'=1
» Expected uncertainties Ax;, ,~0.0036 Ar,=0.0025 A(5in’6')=£0.00021
A p’Z,uN 0.0023 Ap’z,d~00034 Apz’l~00018 A K’Z INOOOZO Ak,=0.0036 A(Sinzﬁsﬁ):io.()lﬁ
~ ’
Ap, ~0.0017 : L ' '
Pz.q —~ « Simultaneous determination: p' and k
Ap’, ,~0.0008
Pz w” 088 T T6s3 555'93 %L 5 |
. . 1.01-
References mainly testing Py, i bl
Apy, ~0.000115 : 5 |
Apy P ~0.00037 T e
LEP+SLD _ See also talk by 0.25 .
ApZ’S’M ) 0.0005 Roberto Tenchini - 1
,theo f U, T, b, 0.991-
Apz, " ~0.00001 QFcCes ; A, ,~0.0044 | [ @ s
ApLEESP - 0.0105 e e e
Apy T ~0.0105 ¢ )
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Light quark couplings at LHeC and FCC-eh

Axial and vector-axial couplings of quarks

up-type quarks ;= Q
ESES T E R 3

» Couplings of quarks to Z-boson - 06— T
preIJmlr@ry

>

........
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e
0.4
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: 0.1 ] LHeC

[ FCC-ep

[O¥7] H1 (H1-prelim-16-041

H1 & ZEUS data (PR D93 (2016) 092002)

---- LEP & SLD (Phys.Rept. 427 (2006) 257).

------------- DO (PR D84 (2011) 012007), Ay? = 4.72
* Standard model
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0.2 0.4 0.6

LHeC and FCC-ep
« Polarisation of lepton beam (P, ~ £80%) improves precision
» Very precise measurements of weak light-quark couplings feasible
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=
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Weak neutral couplings: quarks, electrons

d-type quarks

T T T T T T T T
== LHeC l :
[ FCC-ep
[0 H1 (H1-prelim-16-041
H1 & ZEUS data (PR D93 (2016) 092002)
---- LEP & SLD (Phys.Rept. 427 (2006) 257).
e DO (PR D84 (2011) 012007), Ay = 4.72
* Standard model

o
n
I

; [68% C.L.

T | T T T
preliminary ]

|I|ﬂl||ll

06 0& - 82 0

Weak neutral quark couplings

» u- and d-quark couplings determined

simultaneously

» Very precise measurements feasible

High precision test of electroweak sector of Standard Model

[[II]][[[Illl[[II[II]]f[!ll]][[lll]][[ll]l

u-type quarks
Ers o e

1 | 1 1
preliminary

[_]LHeC

[ ] FCC-ep

[ H1 (H1-prelim-16-041

H1 & ZEUS data (PR D93 (2016) 092002)

---- LEP & SLD (Phys.Rept. 427 (2006) 257).

-~ DO (PR D84 (2011) 012007), Ay® = 4.72
* Standard model

llIIJJlllll]llIIllllIJ[lIIIJJllIIIJJllIIJ!

1 I 1
0.2

0.4 0.6
a
a, = 0.5 +/- 0.003
a, = -0.5 +/- 0.005
v, = 0.20 +/- 0.002
v, = -0.35 +/- 0.005

Electrons
T | T I T | T
- [ ]LHeC preliminary -
~0.0af- [_]FCC-ep .
- |~ FCC-ep, PDF uncertainties excluded

«0.035
>

_0.045/- —— LEP+SLD, parametric uncertainties |

~0.05
0055 , . -« s
e
[ b
~0.06[ -+ (,/ -
[i L | | L | 1 i
-0.51 ~0.505 05 0.495 0.4
ae

Electron couplings
» High precision
* Though:
LEP with 'ulitmate’ precision

Complementary test
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Weak mixing angle

Weak mixing angle ) Z Tt

T I T T
. i
« on-shell scheme: sin?f. =1— m,, & el UHIsEs i Py el
No scale dependence w m? @ | ||A FCC-ep (sin"®, (on-shell)
. || * PDG

.. 0.224_—
Weak mixing angle

» Expected precision (very preliminary) .% %% %; Ya# %4 vk % +

LHeC +0.0003(exp) 0.0002(PDF) i
FCC  +0.0002(exp) 0.00008(PDF)

k 4

_>..

==
._:—

0.221— —
« Inclusive data will be competitive to I Ty =IBRILS WER mlprelllmllnlalr}/l e e
direct measurements at the Z-pole over a wide range 102 10°

u[GeV]

Inclusive DIS data from LHeC and FCC-ep probes scale dependence of EW theory in
impressive range from 10 GeV up to TeV scale
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Scale dependence of EW theory

0.245 T lllll'I'I'I T ||||||'|'| T ||||||'|'| T ||||l'|'|" T ||||||'|'| T ||||||'|'| L

"’; 2
@
+ -
PDG+FCC-eh prospects / c-u% 0.996
0.240 Qu(P) IQW(") i {N“Tev
2 1B / 0.224
mso h Q,,(APV) eDIS'\ /
£ \
5 \ /
\ 0.222
TevatroNLEP1 ILHC
0.230
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Tests of scale dependence of EW theory possible
-> calculations currently missing

"
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k14
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Summary

Studies of EW parameters using simulated inclusive DIS data
e LHeC or FCC-eh will greatly improve HERA results
« Competitive with LEP+SLD results in case of indirect determinations

Neutral currents
» Often complementary measurements to e+e- (with high precision):
unique measurements for (light-)quark sector

Charged currents
» Highest precision with CC interactions -> \W-boson mass
-> pecause CC kinematics can be fully reconstructed

Unique test of scale dependence of EW interactions
« High accuracy in the range from 10 GeV up to the TeV regime

The two SM sectors: QCD - EW
* PDFs and QCD corrections are not the limiting factor for EW physics
 EW corrections are irrelevant for many QCD studies (at lower scales)

All conclusions hold with similar precision also for the LHeC

{ _hh e he :
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Strong coupling at FCC-eh
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Strong coupling constant a_(m )

_ P ~ PDG 2016
Strong coupling a,(m,) , | o 2
« Least known SM parameter ~ ABM = . en b 2
« Crucial for precision physics =~ ABMP —e—i swreview | |7 ] B >
b Ma’nly llmlted by theory BBG } ® | HPQCD (wilson loops) |.H.|
L HPQCD (e-c correlators)
\J R : » Maltmann (wilson loops) H:.H g
D I S NNPDF ' ® i PACS-CS (5F scheme) : %"
ETM (ghost-gluon vert, ex) m
» Highest precision feasible MMHT BBCPSV et ol
[snowmass13] A S8
. H1 : relim-17- o i |._._} . r:"\ c
« N3LO almost available % E L e e koL l%HJn' - 89
MMHT t—o-H 2 ™
HERA | . Wopmpr=—— EEAEE
FCC-Eh prospeCts DIS NSLO/LHGC [Snowmass13] —— &Pglé:ﬁ ; !_L-._:| 3
 Highest precision expected FCC-eh . Disetoricy ok &
. [Tisi: I I & ?
incl. PDF uncert. own | | | S o
* Prospects depend World average [2016] —— Getrn.fr——] 3
on assumptions L e L &
made for PDF 0.11 0.115 0.12 e = et
as (M ) (ttcros.sser_lmr'\]_r_:‘.—. ! . collider .
z 0.1 0.115 012 0.125 0.13
\\\7 P J April 2016 as(Mi)
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Running of strong coupling

FCC eh prospects

Running of strong coupling constant —_
- Important test of SU(3) structure of QCD = | &= World average 2016
mpor an esto ( ) structure O Q ~ 0 35 A H1 jetS INNLO, H1pr Im1?031|
= m tdecays [PDG][N'LO] :

I * JADE 3-jet rate (NNLO+NLLA+K]
TOdayS Status + ALEPH y_ (Dissertori, et al) [NNLO] |
= OPALY % (NNLO]

EW fit pfio)

PDG 2016 0.30}

o 2 v Tdecays (N3LO) |
(Q%) & DIS jets (NLO) 0.25 + CMS inclusive jets 8TeV [NLO]
2 Heavy Quarkonia (NLO) ' A D@ inclusive jets [NLO] B

03l o e'¢ jets & shapes (res. NNLO) p
® e.w. precision fits (NLO) = FCC-eh (exp. uncert -
v Pp —= jets (NLO) 0 20 ( ( - ) 7
v Pp => L (NNLO) - -

02t

0.15] *\i,ﬁ%

il . .' BpEna = = g ] T¥ . E
— QCDC(‘,(M )=0.1181 £ 0.0011 et 0.10 : FCC—eh oreliminary Mﬁs‘“““\
: 100 1000 — } e —

Q [GeV]

. 0.125| n
FCC-eh prospects N £ 0.12|

* High exerimental precision - 0.115 BEXE .

« ~0.1%for2<Q <100 GeV S 011

e ~ 1% for Q~1TeV ' o o .
» Precision clearly limited by PDFs and theory (0.5 - 1% ) 1 234 10 20 100 300 1000
» Large kinematical range accessible in a single process FCC-eh: exp. uncertainties only u, [GeV]
« Jet measurements will further improve precision Precision will be limited by PDFs and theory (not shown)

FCC physics workshop, Jan 2018 Daniel Britzger — EW at FCC-eh 26



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24

