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Deep-inelastic electron-proton scattering

Neutral current scattering Charged current scattering
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"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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PDFs at FCC-hh and FCC-eh

FCC-eh cross section
« Convolution with only one PDF

0= Zi:q,q,g fi/p® Oeris x

FCC-hh cross section
 Convolution of two parton density functions f,

O-:Z,-’j:q,q,g fi/p®fj/p®6'i,j->X

Parton density functions (PDFs)
« at LO QCD : probability of finding a parton
of a given flavour that carries a fraction x
of the total proton's momentum

 PDFs cannot be calculated
only their evolution with the scale is predicted

* Their x-shapes have to be determined data

Precise knowledge of PDFs is mandatory for
precision SM measurements and a number of
searches for BSM signals

» Cleanest way to determine PDFs
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FCC-eh - kinematic range
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FCC-eh:

Provide QCD constraints for FCC-hh
* PDFs
» strong coupling
» Monte Carlo optimizations

Comprehensive physics programme
» Higgs physics
» Top-Quark (properties, top-PDFs)
» Heavy-quarks (s,c,b-quarks)
* low-x physics (non-linear QCD?), also e-lon
» Precision QCD physics (strong coupling, PDFSs)
 Electroweak physics...

Huge increase of kinematical reach over previous DIS experiments
Coverage of previous kinematic range
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Methodology: simulated FCC-eh data

New simulated data for latest FCC-eh running scenarios

« Energy recovery linac: E, = 60 GeV  Upto 1 ab! integrated luminosity
 Polarisation up to P, ~ 80% e Inclusive polarized NC & CC DIS
« FCC-eh: Vs~35TeV « Low-E, run
NG/OC B, [GoV] T, [V [ Pe) Td T T x10® _Charged current
AW, e (& | (& (& charge I, ) ¥ 16 -
NC 60 60) | 50(7) | 08| —1 1000 3 F Q*=3000 GeV*
cC 60 (60) | 50 (7) | —0.8| -1 1000 g 14r¢ y ~ 0.25
NC 60 (60) | 50 (7) | +0.8 | —1 300 8 1o E1abN\Srccen ! Sugra ~ 30
CC 60 (60) 50 (7) | +0.8 | -1 300 S F
NC 60 (60) | 50 (7) 0 +1 100 = 1F
CcC 60 (60) | 50 (7) 0 +1 100 G g8l
NC 20 (60) 7 (1) 0 —1 100 > F
CC 20 (60) 7 (1) 0 —1 100 g 06
* second and third columns show FCC-eh (LHeC) error assumptions: 04
elec. scale: 0.1%; hadr. scale 0.5% C
(M-Klein) radcor: 0.3%; yp at high y: 1% o2 e NL.-- _|
uncorrelated extra eff. 0.5% L~ niLdala__.-z==-o7 . ]
FCC-eh PDF oS B ek = F T N P T
« Data is input to a PDF-fit -> 'FCC-eh PDF' ~100-80-60-40-20 0 20 40 60 80 10

Lepton polarisation [%]
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PDFs with FCC-eh
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High-x: valence quarks

High-x valence quarks: important for high-mass searches
« Currently unconstraint at high-x
« High luminosity of FCC-eh allows to constrain high-x PDFs

xu(x,Q), comparison xu(x,Q), comparison
1.2 e e L e s R R R WS R Rl R R
- E e FCC-eh E
115 115 -
C - Q = 1.00e+03 GeV .
L g L3 ER
o1.05F : o105 q 8
g = E = & g
» : E i H 3
0.95F-u-quark density % 0.95F- U-quark density q 3
E NNPDFSl & 0 9;_ FCC'eh PDF _E 8
“FQ=1Tev : o 5
OB 5 65 04 05 06 07 08 08 1 OB 3 05 04 05 06 07 06 09 1
X X
« Today: PDFs are 'evolved' up to O(TeV)  FCC-eh: PDFs are 'measured’ up to O(TeV)

With FCC-eh (or LHeC) PDFs are under control with < 1% accuracy up to O(10 TeV)
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Gluon PDF with FCC-eh data

Gluon PDF
« Most important parton for most SM and BSM 5 . 5
scenarios i) W= vy
- O 1.4; today
» Precise knowledge at all scales and x-values ol B today+LHeC
is imminent e today+FCCeh
Low-x N 1-2'@ LHeC |HERA i
« Important for boosted topologies at FCC-eh = S |
« Currently no data at x<10- )i - T— y
« Uncertainty only from ‘extrapolation’ but | e ¥
// \
High-x : :
+ poor traint b f limited statisti 08 |
poorly constraint because of limited statistics | Unknown regime:
1 HERA data
FCC-eh 0.6l at x<10* :
« Explore region of x down to x~10-7 [ SEOCNOWISCEIE Kfitter
° Sma”_x phenomenology: _*Fl'ﬂ'll—l_l—l'l'l’l]]]—l_l_ﬂ'lT[‘% i = = _4| ||||u,|]_3| ||||u,|]_2| |||||_||I_1| e |
BFKL or saturation effects may show up 10r -l A0 A0 10 a0~ 308

-> Physics topics on their own
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PDF uncertainties at FCC-hh

Quark-Antiquark, luminosity

Quark-Antiquark, luminosity

. £i - = 1.15 T T e e 1151 T .
M,: final-state invariant mass B 1oriroFs C B FGGeeh ]
e Vs =100TeV 1.1 Ty ISR 115 {S=1.006405 GeV
g i £
. g . : 5 1.05— 5
Three distinct regions M B
 High-x, high-M, A i s SR : e ———— §
. . H -
new particle mass frontier g-gbar : - g-gbar :
0.85 NNPDF3.1 ¢ 085~ FCC-eh PDF g
: : - ~ Vs =100TeV
« Medium-x, medium-M, " .....{.)QVS. e AR b Bt SR TR
.. . 1 104 ¥ 10
precision SM physics (EW,H,t) My 19V : My 19V
Gluon-Gluon, luminosity Gluon-Gluon, luminosity
1.156 = e . e R 1.15_ T T | L B L L | L |
e Low-x, low-M, b o0k [ Focen :
novel QCD / Unitarity 1.1 VS = 1.00e+05 GeV 11 VS = 1.00e+05 GeV =
: g i
g 1.05_— - 5
FCC-eh PDFs g 1§
.. . % L - | 2
* 0.5% precision in bulk region § I— ———y :
> H-couplings, etc... gluon-gluon I o gluon-gluon ER
« Low- and high-x also well pig NNPDF3.1 p FCC-eh PO :
constraint " s = 10le e el e b
102 M (497 10* 10° My [A&V) 18
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research

top-quark PDF
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PDFs at FCC-eh

New research fields open up at FCC-eh
» The high precision and high center-of-mass energy of a new ep experiments opens up a new

photon PDF

g
107 u

EW PDFs

100 TeV PP CERN-TH-2017-067
sl [1703.08562]

o k -
g up quar § 0.3}¢ — Wtd
é - &Zl__. — W u
= 3 9 02f j”/
— Zu
10—1 sl papsl 0] 9 4
10° 10 107 5 102 10" _—,’//
1.06, ] — s : . : : : :
105 :3:)“0'1 NF=6 vs NF=5 1 s 0 10 20 30 40 50 60
T 1.04 e DS = g(TeV)
S E . . _
=™ Q=10Tev : photon-PDF: At higher scales =~ EW PDFs: important for precision
L significant yy cross sections measurements and searches (Z)
. N
G CERN-TH-2016-112 e .
- [arXiv:1607.01831] 3 top-quark factorisation: significant impact also on gluon
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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.|
\J R } o HPQCD (e-c correlators) |-|.1 |
Maltmann (wilson loops) | p=j@— 2",.
DIS NNPDF —e— PACS-CS (5F scheme) —e =
. o . MMHT ETM (ghost-gluan vert ex) e m
» Highest precision feasible BBGPSY et ol
[snowmass13] A o 2
. H1 Jets wwo, Hipreiim-17-031] ==} - A i : = s
e N3LO almost available i o eor| | THRUEIRE =8
MMHT et o o
HERA | . Mequur-—~ S EAEEYC
FCC-Eh prospeCts DIS NSLO/LHGC [Snowmass13] —— &Pglé:ﬁ ; !_L-._:| 3
 Highest precision expected ECC-eh i Disertcrcy  — o &
incl. PDF uncert. own ek &
* Prospects depend World average [2016] —e— e T I %
on assumptions . T B o I
11 i recision fits
made for PDF 0.11 0.115 0.& 2(M ) === | : ?iiﬁ’élit
S i L s— L i 1
z 0.1 0.115 0.12 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
® c.w. precision fits (vLO) | - |
v PP —> jets (NLO) 0 20 e FCC-eh (BXp' Uncert') .
v Pp => WL (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)
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EW physics with
Inclusive DIS data at FCC-eh
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Electroweak effects at HERA

H1 and ZEUS
. . . 6’1-\ = I =0 T 1T ] T I =TT | I T =
(unpolarised) inclusive DIS > e 1 =
as a function of Q2 S 105 NC E o HERANCe+p0.4tb-l :
= = - O HERANCep05fb .
l:?’ E mmmm HERAPDF2.0 NC ep =
NC & C_C DI S_ =, - mmsm HERAPDF2.0NCe'p
* NC is mediated by massless photon % 107" = 5
 CCis 'suppressed' due to W-boson mass = S .
3 3
Around EW unification scale 10°L viz
« NC and CC of similar size FCC | ——— E
é_ (Q +mw) 3:
e*p and e-p differ due to W or Z-exchange 10_5; i .
« NC: y/Z-interference e LoD m_?
« CC: Helicity factor (1-y)2 applies to d- [ L 0Chen
quarks for e+ = msss HERAPDF2.0 CC e'p
10'7 i | T I [ (| I | 1 | [ 5 |

10° 10°
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Polarised NC DIS: from HERA to FCC-eh

Polarisation asymmetry at HERA Polarisation asymmetry at FCC-eh
« Z-exchange as a function of Q2 « Accessible range up to Q2 ~ 107
" 9 ot (PE) — 0% (PE) * 'pure’ Z-exchange becomes significant at FCC-eh
Py —Pg ok (Pp)+o%(PR) :
« Parity violation effects in NC EW interactions osL ¢ FCC ;imuéa;ed data
— v,y Zan
H1+ZEUS, [H1prelim-06-142, ZEUS-prel-06-022] (ol R v* and y*Z
e E 04fF . o
il H1+ZEUS Combined (prel.) 2 % 02
0.6 - e @ .
0.4 ; et . 5 0 "E'“
02 | . *g‘ -0.2
Yl | ; 2 i
: JL*J JL : s 04rp
zi F e R X #_ E £ -0.6 - "
i B — [ ] E :_ £l
0.6 F S A e i - preliminar
C —— H1 2000 PDF ] Cod vl 3 sviue EETIT B ETTT BTSRRI SRRt
=R s ZEUS-JETS PDF = ol
S Y - 1610 10 19 1o g
10 10 QZ (GeVZ) QE [GeV]
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Weak-boson masses

Weak-boson masses from 'EW+PDF fit' to inclusive NC&CC DIS data
 PDFs are determined simultaneously

Z-boson mass Pe™"av| |[\W.poson mass Preimnay
expected uncertainites expected uncertainites
Z-mass errors [MeV]
HERA +56(exp) 25(PDF)
HERA t ® t HERA t —®— t LHeC ilG(exp) lO(PDF)
LHeC +—o—+ LHeC o+ FCC-eh +11(exp) 3(PDF)
FCC & FCC G W-mass errors [MeV]
HERA + 63(exp) 29(PDF)
LHeC & FCC o LHeC & FCC o LHeC + 14(exp) 10(PDF)
FCC-eh + 9(exp) 4(PDF)
PDG [2016] ° PDG [2016] —e—
I|II|III-|||||-| |||||II'Il|IIII|J
91.1 91.15 912 91.25 . . . : HERA prospects (1987)
21 B33 8335 834 Bpdn A

-> EW measurements are not limited by PDFs
-> high precision for W-boson mass, due to full kinematic reconstruction of CC DIS
-> direct measurements will further improve these direct determinations
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Tests of EW sector

Simultaneous determination of two mass parameters together with PDFs

m; [GeV]

—91.35 =
= | | T ]
S [=] LHeC (mW.mz,PDF-it Bl [W—mass & top-quark mass}
[W—mass & Z-mass} & 91.31 [] FCC-ep (mW,mz,PDF-fy 4 < 80.61
Y LHeC + FCC @ r [ FCC-ep 68% C.L.
e . O, . [ FCC-ep (w/o PDF unc.)
B B0 28035 ™ LHeC (w/ PDF unc,)
2 | E L —— FcCep (PDFm)
Aliar g 80.5- t FCC-ep(PDF,m )
Fo-mee LEP1+SLD
o  91.151 = 80.45_— —+— PDG
sinfe,=0.2240 ] E
91.1F —sirfe, = 0. ] r
, e 804
8025 803 8035 804 8048 - i
my, [GeV] 80.35- g
ot . ::ﬁg::gzig B 80.3:_ e
| ; | I | ISinzc')‘r=0.2?0 |_: _IIIIIII|IIII|II|IIIIII|IIII|IIII|IIIIIIIII
L L L L L 155 160 165 170 175 180 185 190 19
GeV GeV
sl top-mass & W-mass e
» W- and Z-boson masses with reasonable e better than LEP

» top-mass constraints only indirectly here !
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Light-quark couplings

Vector and axial-vector couplings of quarks to Z-boson

>'D C =1 L L = eay, [ i S | [ e E | ] >3 0_6: T |. | ; . I
- [CLHeC ] 3
0.4 CFoce i ey
- ¥ H1 (H1-prelim-16-041 o E ) *
i H1 & ZEUS data (PR D93 (2016) 092002) § o A
0.2k ---- LEP & SLD (Phys.Rept. 427 (2006) 257). i S
[ e DO (PR D84 (2011) 012007), Ax® = 4.72 i - z
L % Standard model ] 0.3 =
or Bl . M :
I § 0.2F 3
! © 68% C.L. ' :
a 0.1 LHeC \%, i
i : % FCC-ep //””//////////////////// ]
4 OF [ H1 (H1-prelim-16-041 -
1 8 H1 & ZEUS data (PR D93 (2016) 092002) 1
| ~0.1F ---- LEP & SLD (Phys.Rept. 427 (2006) 257). =
- e DO (PR D84 (2011) 012007), Ax? = 4.72 -
| | | I i ] _02F * Standard model E
Toe T 04 02 0 0.2 e e
ay a,

» Simultaneous determination of PDFs & up- & down-type couplings from simulated data
» Very precise measurements of light-quark's weak couplings

High precision test of electroweak sector of Standard Model
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Weak mixing angle

S MS-bar definition on- sheII deflnltlon
b LU [T UL U UL UL L U UL AL = T L
i) - ‘? LHeC {sm2® (on shell)} .
70226 |4 FcC-ep (sin°®,, (on-shell) g
0.240 Q. (p) {Qw(e} gl | || % PDG il
= W 0.224| -
= Q,,(APV) 1 i b 1 ]
:0235 W eDIS -'% %'. %#‘%“ %%%++ +++fllhlllk_
£ K _ ]
0.2221- =
Tevatron B &
e I Am,, ~10-15 MeV .
- over a wide range 7
0.221 —
i FCC eh accessible range 3 preliminary :
L4 1 aauu L1 111l L1 11111l L 110 Ll L1l L4 11l L1 Ll | II| 1 1 | IIIII| | L | IIIII| (]
0,0001 0,601 0,:)1 OI,1 !I 1“]0 160 10IOU 10000 10 102 103

u [GeV] u [GeV]

 Inclusive data will be competitive to direct measurements at the Z-pole
« Tests of EW theory over large kinematic range

Precise tests of scale dependence of EW theory from 10 GeV up to few TeV
Inclusive DIS: complementary to s-channel extractions
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Conclusions

Studies with simulated inclusive DIS data for FCC-eh were presented

PDFs
» PDF uncertainty for FCC-hh will be reduced to below 0.5% from EW scale up to few TeV
» New research topics open up (EW-PDFs, top-PDFs, etc...) and low-x physics will be explored

Strong coupling a,
» FCC-eh detector is a precision QCD experiment
» Strong coupling constant determined up to 0.1%
« Test running of ag over 3 orders of magnitude with highest precision

Electroweak physics
« FCC-eh provides high accuracy from 10 GeV up to few TeV regime (e.qg. sinz6,)
» Competitive with LEP+SLD results in case of indirect determinations
* 'ultimate' measurement of weak couplings of light-quarks
» Competitive measurements to LHC of the \WW-boson mass

Important final remarks
» precision EW physics in ep is not limited by PDFs or QCD
» precision QCD physics in ep is not limited by EW corrections (because of high precision at lower scales)
» Additional direct measurements (e.q. jets, Z, W, top, H production) will further improve precision

All conclusions hold with similar precision also for the LHeC |.H (C
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