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Motivation

Electron proton scattering at low and high momentum transfer, Q>
Goals:

=» High-precision measurements of the nucleon structure
=» Search for new physics
-» Electroweak physics:
Test of the standard model, and after LHC discoveries
Test of the standard model extended with new physics
=» Key parameter of the standard model: sin? 6,

This talk:
=» The MESA project at Mainz University:
low-energy elastic ep scattering arXiv:1802.04759
=» Precision measurements of electroweak couplings
at high energies: HERA, LHeC arXiv:1806.01176
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The Running Weak Mixing Angle: Present Measurements of sin® A, (MS)

PDG 2018
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U amak e Qw(e): Moller scattering
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= ' e NuTeV: Neutrino scattering
Tovatoy / jrc (re-analysis needed)
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Z-pole measurements:
e LEP1 and SLC
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WIGeV] e LHC: CMS and ATLAS

At low energy scale, @*> — 0: the weak charge Qw
at high energy scale: effective Z-fermion couplings
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Standard Model Relation: Higgs Boson Mass versus sin? 0y

Slow)  —e— Combination of precision measurements
LEP &) — at the Z-pole
e e = Mhuiggs - sin® O (1) SM relation
| Projected Average e (red-blue band)
A gt = 0.44% n
Mgy 06% Precision measurement of sin? (1)

has provided indirect evidence for
the allowed range of Mjggs

Combination of measurements provide
strong tests of the SM . ..
... and maybe evidence for new physics
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Elastic Electron Scattering: P2@MESA

@ MESA =
Mainz Energy-recovering Superconducting Accelerator
A small superconducting accelerator for particle and nuclear physics
@ Funded by PRISMA - Cluster of Excellence and @ risma
Collaborative Research Center 1044 Ll

German Science Foundation (DFG)

@ P2 (Project Precision 2):
Parity-violating electron proton scattering

@ Other Projects: Search for a dark photon,
Nuclear physics program
@ Commissioning planned for 2023
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Parity-Violating Electron Scattering: History
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Past experiments: full points, future experiments: open circles
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ep Scattering - Context

100

LHeC / FCC-he Context

lepton—proton scattering facilities
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ep Scattering - Context

LHeC / FCC-he Context

lepton—proton scattering facilities
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Polarization Asymmetry

Measure the (tiny) difference between cross sections for
electrons with positive and negative helicity to filter out the weak interaction

ALp = O’(ei) — U(eT) __ GF02
o(ey) +a(er) 4/2ra

Qw(N) = —2[(2Z + N)C1y + (Z + 2N)Ci4]

(QW(N) - F(OQ))

Weak charge of the proton:

Qw(p) = —2[2C1y + Cig] = 1 — 4sin” Oy

Asin®Oy 1 —4sin® 0w AQw(p)
sin?0y  4sin?0y  Qw(p)

1.5 % precision for Qw(p) corresponds to 0.13 % precision for sin?

Measurement errors from: statistics, polarization (Aexp = Pe ALr),
systematic effects and required hadronic phyiscs: form factors
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Form Factors

F(OZ) - FEMFF(Qz) + FAxial(Qz) + FSIl'zmgcnc%(Qz)

ALR = AQumk + AhMFF + AAxia] + AStrangcncss

GLGE + G, G}
F 2 _ ¢GeGE T TUYBm
EMFF(Q ) E(Gg)z +7_(G;‘)”)2 ’
Axial - 6((3’[2_)2 + T(G,;\)/,)g 3
Fouangeness(Q?) cGRGL+TGRGY  cGRGE +TGhGY
rangeness

«(GeP+7(Gy? (G2 +7(Gy)P

e=[142(1+7)tan?(0/2)] ", T =Q%/Am}
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I<A> (pPb)

Contributions to the PV Asymmetry and Expected Error
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Statistics

Polarization
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Sym,
L L L dal 1 L L
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35
O\(deg.)

Epeam = 200 MeV

=» Optimal measurement for E = 155 MeV, 0, = 35° + 10°
(Q) =0.077 GeV
SM prediction: Az = —4.0 x 1078, precision goal: 1.4%
Asin® 0, = £0.00037, i.e.0.15 %
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Higher-Order Corrections for Qu

Polarization asymmetry including higher-order corrections:

G @
42ra

QwN)(1 4 61) = (p+ Ae)(1 — 4 ksin® Oy (0) + Aer) + o

Ar =

(QwV)(1+ 1) = F(&P))

Universal corrections: p and « from loop diagrams: p =1+ Ap, sk =1+ Ak
dpox: WW, ZZ and vZ box graph contributions
Ae, Az non-universal vertex and external leg corrections
Scale-dependent MS weak mixing angle (1 — Q) =
sin? Ow (1?) = w(p?) sin® Ow(mz)
and scheme-dependent
(GF fixed, by definition)
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Higher-Order Corrections

Overview

@ Virtual corrections (loops): universal and non-universal
Parameter relations at 1-loop, running couplings
Scheme dependence

@ QED corrections: loops and bremsstrahlung
@ Box graphs: vy and vZ (and ZZ, WW)

Under control for proton, to be worked out for '2C
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Electroweak Parameters at 1-Loop

In the (modified) on-shell scheme, use:
« the fine structure constant a = €°/4r,
e a boson mass, mz, or my, ,
or the weak mixing angle, sy = sin 0y, defined by s7, = 1 — %
z
e the Fermi constant Gg (from muon decay).

Parameter relations including universal higher-order corrections:

_> @
o 1-Aa
Gne=GF — Gne =pGr=(1+¢)GF
me, — T Q@ s R =T o} 1
v V2GE sin? 6, v V2Ge 1 — Da (1 + As)sin® 6
Then: 2
sy = (1+A4)sin’6 with A=As— e
Sw
2
> T « . Cw
m = with Ar=Aa — —-¢
w V2Gr 83,(1 — Ar) 2,
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Effective Couplings

Including quantum loop corrections, universal contributions:

Self energy diagrams of the exchanged boson (v, Z, W)

Schematically:

+

Y vy v
Z+ ~ V4
W+ w w

H. Spiesberger (Mainz)

2 a—a+Aa=a(@®

2 sin 0w — sin? O (QP)

2 Gr— Gr(1—Ar+..)

=2 As

11. 07. 2018
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Effective Couplings: A«

e A

7
oclog & — O(10%)  small, O(1 %)
e Photon self energy = vacuum polarization, absorbed and resummed in the
running fine structure constant:

e Vacuum polarization:

v 0%
o —r ()z(o ) = W
- N,(@)
0.1 , , ; . . 0.1 - . T
o b 3 o b i 3
0.09 ] 009 E An(Q) |
0.08 F Aa(@Q) lep+had+bos. 0.08 F i o
0.07 B R 0.07 b i time-like s E
0.06 F E 0.06 . L E
0.05 F E 0.05 F space-like .- E
004 F = 0.04 f g E
003 F 3 003 f 3
002 | 3 002 E. 3
00LE e had 3 0.01 i E
P S . ; . . o i i
0.001 0.01 0.1 1 10 100 1000 1 10 00 1000
~Q [GeV] +Q [GeV]

Jegerlehner: hadr5n12
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Effective Couplings: Ar

e One-loop corrections to the muon decay: Ar

TQ 1
V2 sin? Owmz, (1—-Ar)

Gr =

e Z-boson self energy: a small correction if written in terms of:

@ m2GevV2 1—Ar
sin 62, cos 02, ™ 1— Nz (Q3)

H. Spiesberger (Mainz) 11. 07. 2018
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Effective Couplings: Scale-Dependent sin® 6y

f
« Photon-Z mixing WAONZW @ : > N,2(@?
ad . vy

I

absorbed into effective, running, scale-dependent weak mixing angle

Definitions of the weak mixing angle:

m

@ On-shell definition: cosyy = szV (— large contribution from myp, €.9. in Ar)

@ sin® 0 ( Q%) absorbs M., z(Q?), but not only
=» different prescriptions by Jegerlehner, Czarnecki&Marciano,
Ferroglia&Ossola&Sirlin, ...

@ MS scheme: sin Oy(1) (used in the PDG plot)
less sensitive to myp, suited for comparisons with extensions of the SM
resum higher orders by RGE

@ Known prescriptions with very small uncertainties,
estimated below 10~ (Erler, Ferro-Hernandez, JHEP18)
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Scheme Dependence of sin? fy

=» Relation

sin® Oy (p) = (1 + tangtﬁw +.. ) sin® O

with p; = 36;:m,f,,,/8x@w2 = 0.00939 (M, /173 GeV)?
- sin? Geff(Oz) known at 2-loop order: Awramik, Czakon, Freitas, 2006

@ Scheme dependence, at fixed order compensated by 6non—universar:
Match definition of sin? A (Q) with the complete 1-loop corrections !

@ Hadronic contributions ?

H. Spiesberger (Mainz) 11. 07. 2018
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sin? f: Hadronic Contributions

sin’6, (Q)

Definition of sin® fw(Q): absorbing M.~ and part of vertex+box corrections

0.2404T %
0.23818= == ===
=
NS
0.2361 — - C & M effective pOCD
new “hadr5n12°
0.234] — - o ‘hadrsnoo®
® APV (C,)
0.232 > Moller E158/SLAC
A vDIS (NTeV)
0.230 v P *  Tevatron
1072 107" 10° 10" 102
Q (GeV)

10°

sin? 07(Q): (J-CM)/J

swziswzi%]

001 010 T 0 00
aicev)

H. Spiesberger (Mainz)

Czarnecki-Marciano 1996-00
Jegerlehner 2010-12

sin? e ( Q) for Moller

e J:'old’ and 'new’ hadr5,
hadronic VP from data

(different SU(3) flavor splitting)

e CM: hadronic part with mg,es

o different prescriptions
for the hadronic part:
1 -2 permille

=» need matching

11. 07. 2018
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Higher-Order Corrections: Hadronic Contributions

M and M”Z are sensitive to low-scale hadronic physics
=» Use dispersion relation, e.g.

owr(ete” — v* — hadrons)

2 (™ dsR(s .
Aa(q?) = -2 ISATS)  ith RYI(s) =
1272 J4;;2 S S— QP 4702 /3s
= Similar approach for N4 requires T (stat.) Mainz
data for o1t (v — hadrons) -0.002 | ETMC e
or use flavor-separated e* e~ data,
isospin symmetry and OZl-rule —
S
. . T -0.004 1
=» Use lattice techniques s
First results available, 3
errors start to be competitive D oo | ) . ]
Herdoiza et al., Lattice 2015 "
ETMC, 1505.03283
-0.008 L L L h I L L L

05 10 15 20 25 30 35 40 45
Q*[GeV?)
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Higher-Order Corrections: QED

40 [ B
100 - (o — 09) /o0 51 PR TN N |
| 0; = 20° £ 5° a P N
E=150Mev | & 4 - N
20 + S N .
e [ II AR )
L a |/
\./ 3 "‘, \\‘T
10 - =) ¥ >
= I,
L '—I‘ ,',' B
ok 2:1 - == E =100 MeV
| --- E =150 MeV
F r E = 200 MeV EJ™ =T0%E
,10 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | |
0 20 40 60 80 100 120 140 0 60 120 180
Elin [MeV] 0, [degrees]
@ Straightforward to calculate, but need flexible MC simulation
@ QED does not violate parity symmetry,
but real photon emission leads to a shift of Q?
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Bremsstrahlung at Order O(a?): @ Shift

LA L L L L O I L I IO L |
7-1078 E =155 MeV -
: Et/nin = 45 MeV :
:"'"“"""""-“-.-,_"__ 0, = 35° B
6.5 - 1078 j ""-.._._\\\\ i
|- ~V\\$\ -
i ALY e ]
-8 L ~ >
61078 [ e 400 S ]
b - AL N
PV
T T I T T A A A A AR B A A
0 1 2 3 4 5 6 7 8 9 10

Af; [degrees]

QED corrections for the asymmetry:
@? shift is a kinematic effect: 1+ radiation has it all
Very small O(a?) correction R. Bucoveanu
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Higher-Order Corrections: vZ Box Graphs

(a) (b) (© (d) (e)
——— " ——
7 T ~ L
\\ Z} }Z H"(’
P P SO e e
(f) (2) (h) (i)

H. Spiesberger (Mainz)

Figure from Aleksejevs et al.
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Higher-Order Corrections: Box Graphs
¢ 4

- Z 4 crossed Gorchtein, Horowitz, Ramsey-Musolf
rossec

0.012

—— Re[_] z - Avg. (Model L)
; — Re %Z + A?DVZ)

0.01f

p p
~Z box graphs
Sensitivity to hadronic physics at

low Q? = an important source of error

0.008

-0)

0.006

Re l:’z(E, t

Status ~ 5 years ago:
3 groups with independent analyses
agree in size, but disagree on errors 0.002

0.004

Hall et al.; Carlson and Rislow;
Gorchtein et al.

For Qweak at JLAB, E = 1.165 GeV: 7o(theory) effect

Advantage at P2@MESA: low energy E = 0.155 GeV
AAPX A R = +0.4%
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Qweak

=0)

A fAg = Q)+ QPB(Q2, 6

P Data projected to forward-angle limit

l

02 ® Q,., 2018
® Q2013
m HAPPEX
0.1 SAMPLE
N A PVA4
® GO
» Standard model prediction
0'00.0 0.1 0.2 0.3 0.4 0.5 0.6

Q2 (GeV2c?)

Nature 557 (2018)

H. Spiesberger (Mainz)

Final results from Qweak
at JLAB, Ec = 1.165 GeV

@ Used previous data to
extrapolate to @ = 0

@ Qw(p) = 0.0719 £ 0.0045

(SM: = 0.0708 + 0.0003)

@ corresponds to

sin? O (0) = 0.2383 = 0.0011

11. 07. 2018
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Electron Scattering: From Low to High Energies

Low energy, elastic scattering:

(O'121p),  (P'1UNC|p)

=» form factors (use isospin symmetry, angular momentum decomposition)

Large energy, momentum transfer: inelastic scattering:

(Pl D), (Pl p),  (plJELC |p)

=» structure functions Fy, F2, F3

Factorization theorem of perturbative QCD
=» parton distribution functions (for quarks and gluons)

H. Spiesberger (Mainz) 11. 07. 2018
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DIS at large @?: Neutral Current

Neutral current at tree level, polarized et scattering

d?one _ 2ra?

2
G = gx (Ve YoxFa— y'F)
split up: photon + Z exchange + interference:

Fo = F) + rz(—Ve T Pao)Fy% + r3(vZ + &2 + 2Pveaq)F{
xF3 = +rz(+ae + Pve)xF:;’z + k2 (F2Vede — P(vs + ag))fo

@ 1
Q? + m2 4sin? Oy cos? O,

rz(QF) =
split up: sum over quark types:

V4 V4 2 2 2 =
(F), FJ%, F5) = x> (Qg, 2Qqvq, Vg + a5)(q + )

x(FJ%, F§) = 2x 3 (Qqaq, vqaq)(q — @)

vi= I —2Qsin® 0w, a =1 (f=eu,d,..)

Independent SM paramters: «, myz, sin? 6,
For beyond-SM fits: ve, @e; Vi, au; Va, @qd
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DIS at large @?: Charged Current

Charged current at tree level

C12(TC()(€9ﬂ:) 1+ P 27T(¥2 2 + + Ovpyt
= Q4X/<,W(Y+W2iY_XW3—yWL)

with

@? 1
. 2\ _
(@) = Q@2 4+ m3, 4sin?0,,

> =x(U+D), xW; =x(U-D)
W3 =x(U+D), xWj =x(D— D)
U=u+c, U=0+¢, D=d+s,D=d+5

SM paramters: «, my, sin® 0y,

H. Spiesberger (Mainz) 11. 07. 2018
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Parameter Relations in the Standard Model

Observe parameter relations!

e cosOy = mw/mz

« Muon decay constant: Gr = 2% P
w 2 GeV P=-0.7
My o6 ;’:\‘t?' and 7
s\ 2 MR
o Pocc _ 12P G2 (L my o -
dxd2 — T2 omx m2 +Qz r,cC w00
and 3 19 systematics
dPPone 2y - @ GE _m
2 Gaoe Using rz(Q°) =@ 55 Q2+

0 50 100 150 200 250 300 GeV
m

e One-loop corrections to the muon decay: Ar Future Physics at HERA, 1996

yes

GF= ———
" \/ésinz meﬁv

(1+Ar) with  Ar = Ar(a, my,sin 0w, Miop, Mpiggs, - - )

Fits based on different parametrizations
may lead to very different results:
e.g. from H1: AMpp ~ 2 GeV, Amy ~ 0.2 GeV

H. Spiesberger (Mainz) 11. 07. 2018 30/46



Deep Inelastic Electron Scattering:

Electroweak Parameters from HERA

Recent analysis of H1 all data (arXiv:1806.01176)

Data at /s ~ 319 GeV, total integrated luminosity: ~ 450 pb~" ('93 - '07),
cover 8.5GeV? < @® < 50,000 GeV?
e~ and e, NC and CC, electron beam polarization up to +£37 %

Observables: of (x, @), of (x, Q?), o& (x, @?), o8 (x, Q?),
both NC and CC

At large x and large Q°: large asymmetries

1. SM fits:

using combinations of my, mz, Gr, s%

2. Extended fit scenarios:
assume free (non-SM) v and a fermion coupling constants

Combined EW+QCD analysis:
fit electroweak parameters and PDFs simultaneously
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H1 mw — mz—PDF Fit

T T
- H1(m,,m,PDF)
iH1(m,,m, PDF) 95%C.L.

Eoa HIm'™)
[ % PDG 2017

G, = 1.1663787(6) x 10° GeV?
- sin' @ =0.22336( 10)

981 l:l H1(m,,m,PDF) with G, asinput. A

Hl

""7\/7' L | |
% 82 84

86
m,, [GeV]

88

0.23r I A aaany

‘g‘NEN -- G, = 1.1663787(6) x 10° GeV? 1
, * m, =91.1876(21)GeV
“0.22F .
e 0.21 .
7 DN, ]
0.2 [ H1(m, +m,+PDF) = -
b 07 HI(m#m+PDF) 95%CL R
[ Hi(m,+m,,PDF) with G_as input

0.19} G, o

A Hlm;™)
[ % PDG 2017 H13

018 1 L 1 L 1 L 1 L 1
80 82 84 86 88
m,, [GeV]

@ Fits: PDF + (mw, mz) or PDF + (my), etc.
@ good fit quality, compatible with SM, PDFs with small uncertainties

@ my fixed:

my = 80.520 % 0.070s¢ar £ 0.055sys &= 0.074ppr = 80.520 4= 0.11545¢

H. Spiesberger (Mainz)
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H1 gy — ga—PDF Fit

15\ T ‘ ‘E‘SB‘%‘C‘.LE
g GH 1
[ ----LEP & SLD (d=su)
0.5 DO =472 ]
F * SM U@
c'c_)> 0, ]
i e d
-0.5 ]
T 5. &
-1 -05 0 0.5 1
9

O'S;D H1 (g¢ +o¢ +PDF ) 7:
[ * SM u % ]
= op 1
i « d ]
_O.5j % b
e H1|
Lo v b v v b b 0
-1 -05 0 0.5 1
q
9

17‘ ——
r I:I Hl(g:+gt+gi+gj+PDF)

e .
68%C.L. 7]

I [ HL(g +g +POF)

Allow free vy and ar fermion couplings, not fixed by the SM

e Fit: PDF + 4 couplings, large correlations

e Fit: PDF + 2 couplings, with smaller uncertainties
e Precision similar to determinations from complementary processes

H. Spiesberger (Mainz)
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H1 p — k—PDF Fit

Vi =1/p} (Iﬁs) —2Qy K} sin® 9W> . ar=./p; I§3) (f=e,u,d,...)

L S B

ru 0K HPDP)

jd 07K +PDP)

r Eju=d 00, o PDP)

1.5 jD Z'\A(plwc;K'Nc,:PDF)
*

T —
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[ eq CCeq |
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— ]
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!
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=
=
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o
©
-
ol
[N

p
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e Precision similar to LEP, SLD and DO measurements from a single experiment
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H1 p — x—PDF Fit: testing the scale dependence, NC

2.5F ‘ ] LS "
2 —f : ’ :
S N T S
318 g | ]
a " | 1 x 4 |
l*h ,,,,,, h ,,,,,, . i
i 0.5 { -
o.5l ] I |
“SM =p f*p’NC ip H1] | -sM =k tk g H11
C, NC ‘q‘ Ll NC,e ) — ) NCf ) N‘C,q‘ Ll NC.e )
20 30 40 100 200 20 3040 100 200
VQ?[Gev] VQ?[Gev]

o Split into @ regions with independent p’ and «’
e Unique measurement of scale dependent couplings in a single experiment
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H1 p — x—PDF Fit: testing the scale dependence, CC

1.1F T J ‘ \ a 7
1.05- \ ‘ ]
5oL \ ———————— |
O' L L]
0.95 T .
0.9; - . . B
M TP e P HL
20 30 100 200

\Q? [GeV]

o First determination for separate quark flavors piq and pe;
e Precision of up to 0.8 %
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The Future of DIS: LHeC and FCC-eh

An old idea: LEP®LHC: ep at /s = 1.6 TeV, Workshop Aachen 1990

ERL (energy revocery Linac), E. = 60 GeV
combined with protons from LHC: E, = 7 TeV, v/s = 1.3 TeV
or with protons from FCC: E, = 50 TeV, v/s = 3.5 TeV

Work together with D. Britzger and M. Klein
(see, e.g. LeHC-CDR, arXiv:1206.2913, and DIS2018)

e Cross section ratios to reduce PDF errors

Polarized electrons, LR asymmetries: sensitivity at larger Q?,
NC/CC ratio at lower G?
Energy range 10 — 500 GeV

e Scale dependent couplings from one experiment
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From HERA to LHeC and FCC

A text-book plot:

The unification of the electromagnetic and weak interaction at high energy

do/dQ? [pb/GeV?|

H. Spiesberger (Mainz)

PR EPEREEE R
eQeeceeecao kB
© N o a0~ ® N LR O

Large polarization asymmetries at large Q?

Unpolarized e*p cross section

B> | | —LHeC‘e*p NC
i — LHeC e*p CC
FCC e*pNC
——— FCC e'pCC
e —HERAe“p NC

[ —HERA&*pCC

i H1 data

E i Ll bl

10° 10* 10°
Q*[GeV?]
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LHeC: Determination of my,

W-boson mass from NC and CC data
e HERA: +63exp & 29ppF MeV
e LHeC: :|:14exp + 1OPDF MeV

W-boson mass

expected uncertainites

HERA e FCC-eh: +9¢y + 4ppr MeV
LHeC +——+

FCC re PDG 2016: =15 MeV

LHeC & FCC o

Estimate for HERA in 1987:
PDG [2016] | +80 — 100 MeV
Bliimlein, Klein

P ST SN S N HNIN R
80.3 80.35 80.4 80.45
m,, [GeV]
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LHeC: my-mz

= T T T T

my [GeV]

[JFcc-ep/LHeC
—+PDG

94

FCC-eh
LHeC

T

H1 (H1-prelim-16-041)

1

smz .

preliminary |
80 81 82

H. Spiesberger (Mainz)

83

I
84

m,, [GeV]

T T

3 [ LHeC (mW,mz,PDF-fit
E‘ 3 []FCC-ep (mW,mz,PDF-f
Y] LHeC + FCC-ep
9125~ 4 ppg

it)

- sin‘@,, = 0.2240
a1 ’ — sioy, = 02230
relimina sin‘Q,, = 0.2220
P ' ry\ i |
80.25 80.3 80.35 80.4 80.45
my, [GeV]
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Quark couplings from LHeC: u-quarks

0.6

0.5

0.4

0.3

0.2

0.

-

|\‘\\|||||\\‘\lll‘lml‘lll\‘\\lllllu‘

up type quarks <

[ LHeC
[ FCC-ep

* Standard model

- 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

up-type quarks

0.2 0.4

H. Spiesberger (Mainz)
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Q
<
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Quark couplings from LHeC ...and d-quarks

d-type quarks
—

F alkec
0.4 C_JFCC-ep
H1 (H1-prelim-16-041

Vd

* Standard model

=]

7] H1 & ZEUS data (PR D93 (2016) 092002)
- LEP & SLD (Phys.Rept. 427 (2006) 257).
- DO (PR D84 (2011) 012007), Ay’ = 4.72

bl
preliminary J

R M0 K Sl et [

H. Spiesberger (Mainz)

o

=
P o
o

0.4

0.2]

[0 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

el

u-type quarks
— T
preliminary j
[JLHeC 3
[ FCC-ep i

i) Gt B i i o i il

|
0.2 04 0.6

)
<

up- and down-type quarks
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Fermion couplings from LHeC .. .and electrons

d-type quarks

> = Lhec

0.4 CJFcCep
(B3 H1 (H1-prelim-16-041
H1 & ZEUS data (PR D93 (2016) 092002)
LEP & SLD (Phys.Rept. 427 (2006) 257).
DO (PR D84 (2011) 012007), Ax? = 4.72
*  Standard model

T T
preliminary

-0.6

H. Spiesberger (Mainz)

il
0.2
3y

quark and electron couplings

u-type quarks
T T

0.1 T LHeC
I FCCep
O~ @ 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
_02F * Standard model

L

T
preliminary

0.2 0.4 0.6

au

Electrons
<0.035, T T
\:’ LHeC preliminary
004 []FCCep .
| FCC-ep, PDF uncertainties excluded
_0.045/ —+— LEP+SLD, parametric uncertainties ]|
0.0 4
-0.085 o 4
-0.06] ¢+ 4
PR T — 1
-0.51 -0.505 -0.5 -0.495 i -04
a,
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Fermion couplings from LHeC: scale dependence of p and

B BT == ] SR SRR R | SIS NE LT TE ] | E
-FCC [TILHeC | r Brcc Plhec

~|SM  # H1data ] [ SM % Hidata |

10 100 1000

w[GeV]

Beyond SM, all fermions
Can be translated into a determination of sin? 6y o
(but still need the proper framework: higher-orders in MS scheme)
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The Vision

0.24

0.235

0.225

0.0001

- P2@MESA ‘l’Qwea :[ / -
/
Moller SOLID f
- LHeC R
T
~  /
eDIS .
N LHC
sin? 0w (Q)
L " . . . " . . hsl
0.001 0.01 0.1 1 10 100 1000 10000
Q [GeV]

H. Spiesberger (Mainz)

Future additions to the PDG

Expected from low-energy:

e Mainz: P2Z@MESA
e Moller at JLAB
e SOLID at JLAB

LHeC: from onc and o¢c,
polarized electrons,
energy range 10 - 500 GeV

= 0.3% (FCC: 0.2%)
precision for sin Gy

(also: future EIC?)
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Summary

e Present measurements of the weak mixing angle:
need improvement

o P2@MESA: a new high-precision measurement of sin? 6,
from parity-violating electron scattering at low energy

e The final electroweak data analysis of H1

=» The vision: Precision measurements
combined with possible future measurements:
LHC, DIS at HERA, EIC, LHeC, FCC-eh
will cover a wide range of energy scales
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Beyond the Standard Model
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Beyond the Standard Model: New Physics in Qw(p)

Proton: Electron:
0,(p)=0.716 0,(e)=0.0449

— Experiment  ——{

P  SuSyloops P> Characteristic shifts of Qu predicted
by extensions of the Standard Model
—> EZ' —> _
Complementarity between
elastic ep and Moller scatterin
—=—§ RPV SuSy - P 9

———P Leptoquarks

SM SM
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Supersymmetric Models and the Weak Charge

0.08

Moller
JLab 11 GeV

o
=]
5

ep op

8 (@av'susy(9avism
o
8

QWeak
JLab 1.165 GeV

2004 002 .0 Q92 004 006
% (Gav)susy/Gavism
Erler, Su, 2013

H. Spiesberger (Mainz)

Example: supersymmetric models
with and without R-parity violation

Also precision measurements
at low-energy
are sensitive to TeV-scale physics

Perspective will shift after LHeC
discoveries

11. 07. 2018
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Effective Low-Energy Couplings
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Effective Low-Energy Couplings

Ciu+Cig

P A S B
-0.8 -0.7 -0.6

C1u=Cig

H. Spiesberger (Mainz)

P U N WY
-0.5 -0.4

Conventionally used at low-energy:
Effective 4-fermion interaction

Ciq: 286 ® Vg, Coq: 2Ve ® aq

Low-energy experiments probe
C1q = —IC(IS) —+ 2Qq Sin2 Ow
i.e., quark vector couplings

Parity-violating electron scattering:
PVES at JLAB and MAMI

and at MESA (red)

Atomic PV (Cs, yellow)

SM prediction (black square)
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0.345

C1d

0.335

0.325

95% confidence level

-0.20 -0.19 -0.18 -0.17
C

1u

Nature 557 (2018)

H. Spiesberger (Mainz)

Final results from Queax

@ 2-dim fit to low-energy effective
quark couplings

@ exclude new physics at scales
up to 8 TeV
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New physics reach at P2

eu ed
[297 -9 1,y

ST T T
— P2 (1.7% H asymmetry) 1
— — — — P2(0.3% C asymmetry) 4
s 2018 (all data)
2018 + P2 (H target)
F mmmmm 2018 + P2 (H + C targets) 1
0495 ~~_ - ) Standard Model prediction g
L | <
S~ - 'G'—
L =~ ] o
~
F 1 +
L { 3
k=)
049 -1
0.485 L1
-0.72 -0.715 -0.71 -0.705
e low-energy
effective quark
couplings

H. Spiesberger (Mainz) 11. 07. 2018 55/46



The Scale of New Physics: Contact Interactions

Convention: g? = 4x

P2@MESA probes
A up to ~ 50 TeV

comparable with
LHC (300 fb~1)

H. Spiesberger (Mainz)

2

GF g - -
NG —=9va(SM) + 35 | €1.eq7" 59
precision A sin?Bw(0) Anew (expected)
APV Cs 0.58 % 0.0019 323TeV
E158 14 % 0.0013 17.0TeV
19 % 0.0030 17.0TeV

Qweak |

0.0008
0.005

0.00057

0.00026
0.00036
0.0007

J. Erler
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Dark Z



Dark Z

Dark matter and U(1) symmetry =»

@ Kinetic mixing B, D" (parameter ¢) (B. Holdom)
@ = Dark photon, interacts via eeD“J/‘j’", like eA“J;‘j’"
@ Very small mass: mp = O(50) MeV

@ ¢ = O(1073), possibly generated by loop effects

@ Negligible effect at the Z pole

@ Would reduce the muon g — 2 discrepancy

@ Model with parity violation, like ordinary Z, but suppressed by ¢~
W. Marciano
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Dark Photon and sin? f(Q)

. . . .. . . sm?
Combine kinetic and mass mixing = Shift A sin” 6,,(Q?) ~ 0.42¢ "2
Zd
0245 [ T T T T l 2 T ]
I mz,, = 200 MeV sin“ow (Q)
mz,, = 100 MeV
0.24 -
0.235 | i
I JLab-PVDIS
0.23 | SLD E
E 3 i =
[ P2@MESA MOLLER SOLID ATLAS
0.225 L . L L L
0.001 0.01 0.1 1 10 100 1000
Q [GeV]
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Higher-Order QED
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QED O(a?) corrections

Matrix elements:
M= MBorn + M1—Ioop + M27/oop +...
do ‘MBorn|2 + 2Re MgornM1—loop + |M1—loop‘2 +2Re M*BomMZJOOp + ...

Add bremsstrahlung: cut-off A to separate soft from hard:

do-(z) = dO'(O [1 + 51 loop + 52 loop + 6 (A) ?(A) + 551)loop 17(A):|

+/ do’ﬁ {1 +()1 loop + 551/)(A)} +/ doo,
Ey>A i Ey,Ex>A

62(8) = 3 [ (A)] - Ccf <In ,C: - 1>2

e
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QED at order O(a?)

0, [degrees]
—0.062?‘ . ‘3‘0‘ . ‘3‘5‘ . ‘4‘0‘ . ‘4%5
0oss 1 Virtual and soft-photon corrections:
t ] 1) _ s(1) (1)
_ L ] .6( ) - 1—Ioop+51~y(A)
adl: . 5@ 5@ L s@AY L s 5O
] ® - 27/oop+ 27( )+ 1—loop 1'y( )
00750 E-1ssMe 5 (with recoil) .
[ A=10Mev  --- 5042 (with recoil) ]
08l
0.006 0.008 0.01 0.012
Q@ [Gev?]
Combined with hard bremsstrahlung
i 1 Test: independent of A
5l |
0, = 85°+10° N
E — 155 MeV —100»@7(2 —00)/00
45| !, =45 MeV 100- (o8 —cu)/en
R. Bucoveanu

10° 10! 102
A [MeV]
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Box Graphs
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Higher-Order Corrections: Box Graphs

e(k) e(k) e(k) e(k)
Y
p(p) p(p) p(p) P(p)
Optical theorem and dispersion relations:

. 2(E) = (o= M2 /W2 dw? / Q? 02+ T
{sz(x Q%) + AR (x, Q%) + Z¥ o BFVz}

Separated into vector and axial-vector parts of the proton current:
!

2E [~ dE ,
RemYz(E) :7/ mlmuxz(m, RemYz(E=0)=0

2 [~ E'dE’

Red’z(E) = = = ———Im0%7(E'),  Redfz(E=0)#0
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Higher-Order Corrections: Box Graphs

Qlfferent calculatlpns due to WGeV) | capellaeral c1zo
different assumptions about (Phys Lo B3 (B0 82, 074021 2010)
the structure function input 5 5 | modified)
(regions, parametrizations)
Christy and Bosted «_| .
(PRC 81, 055213 (2010)) [ All groups build
(modified) off this fit.
H 8
Gorchtein et al. QGeVE .

PRC 84, 015502 (2011)

~
N
o ~
@ﬁ 5
o
10k o@o\ o

o & -

= v S %

B & GVD 3
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& VoM o
9
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01f| &
§
3
3
o

. REGGE X
.01 1 10 100
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~Z Box Graphs Updated

Model with new uncertainty estimate for 7N contribution:

Input for the dispersion relation for O,

@ ~*/Z*p — =N with strangeness contribution (Armstrong-McKeown, 2012).
Sensitivity to G§,(Q?) from parity-violating asymmetry in 7 production at A4

@ non-r resonances (Christy-Bosted fit)

@ non-resonant background, extended beyond W = 2 GeV: Regge ansatz

. ' GDH collaboration
500 31 ------ TN final state only
""""" Background without TN
400F 7 ¢ - Resonances beyond TN
= Total
8 s00F
=
5
© 200
100
oF

0 200 400 600 800 1000 1200 1400 1600 1800
v (MeV)

M. Gorchtein, X. Zhang, HS: PLB752

H. Spiesberger (Mainz)

APV (p.p.m.)

8

"I A4@MAMI E=1.5 GeV, 35°

Capozza, Maas

(N EKXK]
statistics only
*. and preliminary /"’

11 1.15 1.2 1.25 13 135 14
W (GeV)
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~Z Box Graphs Updated

Winax

2 GeV 4 GeV o
Q?max
) 1% 1% 3%
2 GeV? 3% 2% 1%
1 GeV? 76% 10% 2%
Wmax
2 GeV 4 GeV o
Q?max
© 0.5% 0.5% 4.6%
2 GeV? 6.7% 6.7% 0.5%
1 GeV? 60% 20% 0.5%

H. Spiesberger (Mainz)

Contributions to ReY,
Redy, = 0.00107

from recent 2015 update:
M. Gorchtein, HS, X. Zhang,
PLB752

Contributions to the
uncertainty of Red?,

ARen’ = 0.00018

=» 0.25 % contribution to
Qw(p) = 0.0712 for
E =150 MeV, 0. =0
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Parity Violation in vy Box Graphs

gy |
T
I

Z: 3 §\~, + 7§ i %; + h.e
—C O

GAGAQY QY aG(QY)  GhQY

PV-violating N interaction:

Lpy = ieayd, F" Nv,vsN
ay = —(0.74+£1.38) - 107® GeV~2

(anapole moment) %557 o e or 1o 12

= Shift of axial box part Re0)?); (elastic) E (GeV)
M. Gorchtein, HS, arXiv:1608.07484

(o, %+, ¥)x10*

Inelastic contribution (e.g. #N intermediate states, described in BxPT)
contains terms « In |t| =» formal definition of the nucleon’s weak charge ?

Aoy = Ao (Qw(N) + @*B(Q?) + D(E)) = Qu(N) = limge ¢ o 222

Safe by superconvergence relation for the In[t] coefficient: f::r %F?:W(l/, 0)=0

For P2@MESA: §Q}),(PV~v) = (—1.7 £ 2.5) - 10~*, weakly energy-dependent
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Higher-Order Corrections: Box Graphs

Sibirtsev et al. Carlson and Rislow Gorchtein et al.
PRD 82, 013011 (2010) PRD 83, 113007 (2011) PRC 84, 015502 (2011)

0.8

0.6

0.4

Re[,Y (x107%)

QWEAK (E = 1.165 GeV)

is
Elab (GeV)

RN Eyap (GeV)
E (GeV)

Re[lV,(E = 1.165 GeV)
(47750 <107 (5.7+£0.9) x 107 (5.442.0) x 107*
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Update for the vZ box

@ for Queak: E = 1.165 GeV:

ReDV TN

ReDV res

Ren!y?

Rel:‘v tot

o for P2@MESA: E = 0.155 GeV:

ReDV TN

ReDV res
Ren!y?

Vv, tot
Reo.z

M. Gorchtein, X. Zhang, HS, PLB752

H. Spiesberger (Mainz)

(2.10+0.05) x 10°°
(0.35+0.15) x 1073
(323+1.5)x107°
(5.68+1.5) x 107°

(0.60 +0.02) x 10°
(0.04 +0.02) x 10°°
(0.43+£0.18) x 1073
(1.07+£0.18) x 1073
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Higher-Order Corrections: Box Graphs

RchtI{) x107)

S
=

02

Blunden et al.
PRL 107, 081801 (2011)

Axial Box Calculations

E (GeV)

Re 0 (Eyn)

Carlson and Rislow
PRD 88, 013018 (2013)

0.012,

0.010]

Vector + Axial
0.008:

0.006

0.004 —— S

0.002 =
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Epq (GeV)

Re[), (K = 1.165 GeV)
(3.7+04) x 1079

(4.0+0.5) x 107°

H. Spiesberger (Mainz)

11. 07. 2018

71/46



LHeC and FCC-ep
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LHeC: polarized electrons

Large polarization asymmetries at large Q2

LHeC polarized e*p cross section

T T T T TTTTE

LHeC

— e p NC (P=-08, 1.0ab”

—e p CC (P=-08, 1.0ab”
e p NC (p=+0.8,0.3ab?)
e p CC (p=+0.8,0.3ab"?)
e*p NC&CC (p=0, 0.1ab™)

Y BT BT IR
10° 10* 10°
Q*[GeV?]
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pand x

1.02- v .

NC,f

— —
I All fermions

I [JFCC expect.
I [_]LHeC expect.

1.01- 5 oy

I 68‘% C.L.7

0.99b—- o B

0.99 1 1.01

NC.f

beyond SM, all fermions
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pand x

F u;‘)-type q‘uarks (u=c) I 1 L down—t;}pe quark‘s (d=s=b)‘
r [CJFCC expect. 1 I [_]FCC expect. ]
| [JLHeC expect. | 1.2 \:lLHeC expect o
| | iLEP+SLD sensitivity (P o SNcd) |
:1.057 + SM o
d L
=z
1 |
r 68%C.L. L i
0'95\‘\\\\\\ L 1 T T T T S T T s
096 098 1 1.02 1.04 09 095 1 1.05 1.
pNc,u ch,d

beyond SM, quarks
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