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/-fermion coupling

Coupling of Z to fermions completely determined by SM
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This is seen in the SM Z current term:
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Jh = —%g’ sin Ow [ Yy, upy"up + Y gy ugr] + Ig)gw cos Owluryuy]

Which can be rearranged to:

P i s cv = (cp +cg) = I — 20 sin* by
jb =Ygzt (cvyt — cay'y ) u :
Z 2 ca = (cL —cp) = Iy



e p™ Scattering

* The structure of the proton can be probed

by using a lepton 7./
k /
* Low energy photon exchange cannot electron >
resolve the inner structure but gives a H{q piq
measure of the proton size (elastic > quark
scattering) L

proton >

* For q* ~ mg you create hadrons, but
proton remain intact (inelastic scattering)

* For ¢* » m3 , proton completely
dissociates (deep inelastic scattering)



Deep Inelastic Scattering

k/
k

q
P, M—» »— W

® |1/ is the invariant mass of the
hadronic system

® [n lab frame: P = (M,0)
® |nany frame, k=k"+q W =p-+q

® |[nvariants of the problem:

® Define v = E — E’ (in lab frame)

so P-q = mv and

w2 = (P+g)°
(P —Q)*

= M?+2P. . q— Q*

= M?*+2Mv —Q?

where Q? = —¢?

® [Elastic scattering corresponds to
W2 = P? = M?

> ()2 = 2Mv elastic scattering

Q> = —¢=—(k—FkK) ® \We can define 2 indep dimensionless
= 2FE'(1 —cosf) [in lab] parameters
P - = P.(k—-F ‘
1 ( ,) r = Q?/2Mv; (0<z<1)
= M(E —FE") [in lab] Pog
T ; y = =1-FE'/E; (0<y<1)
5o el 4ma® Fs(z, Q%) 5 5 Pk
= (1—y) +y Fi(z, Q%)

drdQ?
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Blatantly stolen from Marjorie’s Lecture Notes +




Neutral Current DIS

If we work out specifically the NC cross-section we get:

ot rp:iQ* 1 d?o(e* ~ Y o ’ :
p _ B¢ (e"p) = Fz(xBjaQQ) + —SEFS(IBJ‘:QQ) - y—FL(IBjaQQ) = (k)

O.NC = 2 102
2raf Yo drp;dQ Y, Y, a (k) / Neutral Current (NC)

Decomposed into Z /Yy components:

B = Fy — (ve & Poa)xzFy? + (02 + a2 + 2Poveal) x5 FE e
gjﬁéi — —({],E :|: PEUE)XZ.’ITF;Z + (Zveﬂe :|: PE(US -+ ag))XQZTFéZ ’
b Ne=Ni p (p) A
° Np+N; —

Where the Form factors can be written as:

/ Z _ _ _
[F5, FJ7 F71 =) [e2, 200,02 + alz(q + q)
q

[ﬂTF??Z:- ﬂTFéZ] = Z[eqaq: Vqaq)27(q — q)
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Neutral Current DIS

That was a lot, but to summarize, the NC DIS cross section
can be written:

etp & 2
One X F(x,Q7) e (K
e (K) / Neutral Current (NC)
These form factors in turn can be expanded to: >
- 1Z
F « FY,FYZ, FZ ¥
And these process specific form factors are written: D () Xp

Y, YZ,Z q .4
F X Cy, Cy

By measuring the cross-sections, you measure the Z-quark
coupling!!



Taken from Claire Gwenlan’s talk

HERA: the world’s only ep collider
e,V (k) DIS

Neutral Current (NC
e (k) (NC)
" Charged Current (CC)

r

Y/Z, W (q)

4

P (p) .z

W

HERA (1992-2007): Vs = 252-318 GeV

Q= —gf=—(h— k')

(Ee = 27.5 GeV; Ep = 920, 820, 575, 460 GeV) Virtuality of the exchanged boson
{ 2
two general purpose detectors, H1 and ZEUS T = ;—q Bjorken scaling parameter
collected 0.5 fb*! per experiment, equally between e* and e- iy = ; :;: Inelasﬁi:;tf —_
HERA-II (02—07): polarised lepton beams: $=(k+p)"= - lmarmtcom

crucial for electroweak measurements


https://indico.cern.ch/event/466934/contributions/2585282/attachments/1487945/2313405/EPS17-Gwenlan.pdf
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Central tracking chambers
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Beam pipe and beam magnets

Forward tracking and Transition radiators
Electromagnetic Calorimeter (lead)

Liquid Argon
Hadronic Calorimeter (stainless steel)
Superconducting coil (1.2T)
Compensating magnet

Helium cryogenics

@ Muon chambers
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H1 and Zeus Detectors
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Instrumented Iron (iren stabs + streamer tube detectors)
Muaon toroid magnet

Warm electromagnetic calorimetar

Flug calorimeter {Tu, 5i)

Concrete shielding

Liguid Argon cryostat
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Event Selection

* \Well reconstructed interaction
vertex

* |solated electron in calorimeter

* Low MET requirement
£ — P, ~ 2FE,

* Hadronic angle y; large enough
that you don’t have lost
hadronic activity to beam pipe H1 Run 122145 Event 69506

W p— [ —
r 1 |




Results



Before we wrote:

q .9
o X cy,C,

How do we get a cross-section?

o(x, 0?) = .C - (1 + AQED

L-A

As is customary, this is really a
counting experiment

@2 | = axc | Geot | Getat | bunc | 65, | oy | beor | 0B, | a0 | snD | aX7 | eE]
(Qev?) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
120 0.0020 1.312 1.73 0.87 1.02 0.54 0.09 1.09 —0.36 —0.61 0.02 0.18 —0.81
120 0.0032 1.182 1.89 1.24 1.21 0.77 0.05 0.75 —0.35 —0.62 0.02 0.19 —0.16
150 0.0032 1.195 1.43 0.73 0.91 0.43 0.06 0.81 —0.32 —0.59 0.02 0.19 —0.41
150 0.0050 1.071 1.74 0.88 1.20 0.88 0.00 0.90 —0.55 —0.71 0.00 0.04 —0.04
150 0.0080 0.919% 2.54 1.20 1.85 1.24 1.02 1.26 —0.79 —0.80 —0.27 —0.50 —0.08
150 0.0130 0.7984 4.03 1.68 3.09 2.78 0.82 1.96 —1.61 —0.64 —0.28 —0.85 —0.09
200 0.0032 1.222 1.81 1.35 0.94 0.18 0.07 0.73 0.18 —0.350 0.01 0.15 —0.31
200 0.0050 1.079 1.57 0.96 0.99 0.54 0.02 0.73 —0.44 —0.58 0.01 0.14 —0.08
200 0.0080 0.9380 1.93 0.99 1.39 1.10 0.00 0.91 —0.60 —0.69 0.00 0.00 0.00
200 0.0130 0.7669 1.62 1.14 0.89 0.19 0.03 0.72 —0.04 —0.46 —0.02 0.55 0.00
200 0.0200 0.6800 1.81 1.23 1.14 0.68 0.19 0.70 —0.47 —0.39 —0.08 0.32 —0.01
200 0.0320 0.5735 2.21 1.38 1.51 1.0% 0.51 0.85 —0.60 —0.56 —0.19 0.09 0.00
200 0.0500 0.5310% 2.97 1.63 1.78 1.4% 0.02 1.73 —0.89 —0.79 —0.18 1.24 0.00
200 0.0800 0.4341 3.41 1.73 2.19 1.90 0.19 1.96 —1.13 —0.86 —0.07 1.35 —0.01
200 0.1300 0.3521 3.54 2.09 2.21 1.36 1.09 1.81 —0.80 —1.02 —0.27 —1.23 0.00
200 0.1800 0.298% 4.40 2.71 2.82 1.1%7 1.97 2.01 —0.83 —1.23 —0.49 —1.26 0.00
250 0.0050 1.096 1.56 1.12 0.89 0.30 0.06 0.60 —0.29 —0.42 0.02 0.18 —0.2%
250 0.0080 0.9512 1.67 1.10 1.01 0.55 0.00 0.76 —0.50 —0.57 0.00 0.04 0.00
250 0.0130 0.8042 2.08 1.20 1.25 0.89 0.18 1.15 0.50 —0.66 0.03 0.79 —0.02
250 0.0200 0.6806 2.10 1.23 1.31 0.93 0.26 1.10 0.35 —0.57% 0.07 0.87 0.00
250 0.0320 0.5813 2.19 1.30 1.42 1.10 0.11 1.06 0.52 —0.63 —0.08 0.67 0.00
250 0.0500 0.4968 2.44 1.48 1.46 1.12 0.16 1.27 0.45 —0.57% —0.12 1.03 —0.01
250 0.0800 0.4166 2.94 1.52 1.11 0.41 0.34 2.26 0.18 —0.45 —0.02 2.21 0.00
250 0.1300 0.3560 2.55 1.54 1.82 1.08 0.76 0.92 0.51 —0.56 —0.22 —0.46 0.00
250 0.1800 0.3035 4,11 2.11 2.69 1.59 1.59 2.28 1.02 —0.80 —0.38 —1.84 0.00
300 0.0050 1.110 2.23 1.89 1.00 0.17 0.08 0.63 —0.17 —0.46 0.03 0.15 —0.38
300 0.0080 0.9626 1.71 1.28 0.92 0.35 0.02 0.63 —0.35 —0.53 0.01 0.10 —0.08
300 0.0130 0.8029 1.97 1.28 1.18 0.80 0.00 0.93 —0.79 —0.50 0.00 0.00 0.00
300 0.0200 0.6884 2.00 1.42 1.07 0.57 0.17 0.91 0.43 —0.33 0.03 0.61 —0.02
300 0.0320 0.5748 2.15 1.50 1.20 0.79 0.03 0.97 0.46 —0.53 —0.03 0.65 0.00
300 0.0500 0.4892 2.57 1.62 1.45 1.10 0.18 1.38 0.60 —0.66 —0.10 1.05 0.00
300 0.0800 0.4164 3.12 1.72 1.48 1.09 0.18 2.14 0.47 —0.69 —0.06 1.9% —0.01
300 0.1300 0.354% 2.76 1.71 1.89 1.35 0.42 1.07 0.66 —0.69 —0.17 0.45 0.00
300 0.1800 0.2961 4.67 2.26 3.02 2.14 1.53 2.76 1.31 —0.88 —0.36 —2.23 0.00
300 0.4000 0.1439 6.67 2.75 3.63 2.38 1.99 4.88 1.39 —1.03 —0.41 —4.55 0.00
400 0.0080 1.025 1.91 1.54 0.96 0.38 0.04 0.59 —0.33 —0.41 0.01 0.16 —0.22
400 0.0130 0.8439 1.93 1.50 0.97 0.42 0.00 0.72 —0.41 —0.59 0.00 0.03 —0.02
400 0.0200 0.7106 2.25 1.54 1.28 0.91 0.00 1.03 —0.90 —0.50 0.00 0.00 0.00
400 0.0320 0.5984 2.15 1.63 1.02 0.486 0.09 0.95 0.45 —0.48 —0.02 0.69 —0.01
400 0.0500 0.4846 2.32 1.84 1.12 0.51 0.34 0.83 0.30 —0.36 —0.13 0.58 —0.01
400 0.0800 0.4188 2.74 1.91 1.05 0.2% 0.23 1.67 0.22 —0.33 0.05 1.62 0.00
400 0.1300 0.3598 2.65 1.93 1.42 0.64 0.16 1.12 0.535 —0.49 —0.10 0.85 0.00
400 0.1800 0.2991 4.47 2.43 2.57 1.14 1.78 2.73 1.06 —0.54 —0.48 —2.41 0.00
400 0.4000 0.1438 T.28 3.09 3.24 1.2% 2.22 5.74 1.18 —0.56 —0.31 —5.58 0.00
500 0.0080 0.9879 2.83 2.57 1.05 0.186 0.07 0.52 —0.24 —0.39 0.02 0.16 —0.20
500 0.0130 0.8903 2.15 1.85 0.96 0.31 0.03 0.56 —0.25 —0.49 0.00 0.08 —0.06
500 0.0200 0.7270 2.31 1.83 1.15 0.69 0.00 0.80 —0.69 —0.40 0.00 0.00 0.00
500 0.0320 0.6232 2.35 1.87 1.09 0.50 0.25 0.91 0.52 —0.38 —0.03 0.65 0.00
500 0.0500 0.5411 2.44 1.99 1.12 0.58 0.18 0.84 0.56 —0.32 —0.06 0.54 0.00
500 0.0800 0.4169 2.96 2.27 1.17 0.60 0.07 1.49 0.60 —0.52 —0.02 1.26 0.00
500 0.1300 0.3638 3.21 2.54 1.38 0.44 0.07 1.41 0.44 —0.38 —0.11 1.28 0.00
500 0.1800 0.3200 3.63 2.86 1.95 0.90 0.92 1.11 0.90 —0.53 —0.30 —0.18 0.00
500 0.2500 0.2529 5.34 3.32 2.54 0.99 1.69 3.32 0.99 —0.53 —0.44 —3.09 0.00
650 0.0130 0.8832 2.38 2.08 1.06 0.48 0.05 0.49 —0.32 —0.31 0.01 0.14 —0.13
650 0.0200 0.7582 2.48 2.14 1.06 0.41 0.00 0.70 —0.4% —0.52 0.00 0.03 0.00
650 0.0320 0.6334 2.84 2.23 1.43 1.01 0.00 1.04 —0.94 —0.45 0.00 0.00 0.00
650 0.0500 0.5220 2.82 2.35 1.24 0.68 0.15 0.94 0.75 —0.43 —0.12 0.34 0.00
650 0.0800 0.4300 3.14 2.66 1.16 0.41 0.08 1.22 0.47 —0.30 0.07 1.08 0.00
650 0.1300 0.3599 3.64 2.94 1.55 0.70 0.21 1.48 0.72 —0.51 —0.06 1.19 0.00
650 0.1800 0.3140 3.77 3.18 1.78 0.79 0.46 0.93 0.82 —0.37 —0.17 0.17 0.00
650 0.2500 0.2471 5.56 4.13 2.44 1.09 1.40 2.82 1.06 —0.44 —0.34 —2.55 0.00
650 0.4000 0.1222 8.33 6.14 3.78 1.65 2.42 4.56 1.6% —0.71 —0.63 —4.13 0.00
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Measuring the Structure
Functions

So now_we have the cross-section, use this to
derive F’s

o x FY FYZ FZ

Then in turn, we can use these structure
functions to calculate coupling constants!

E? = 2 2e,cpx(q + q)

q
Z _
xFSV = z Zechx(q —q)
q

Z
xF.
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Finally! The Coupling Constants

 HERA calculated the up and down quark couplings to Z
e Agrees with SM EW predictions

a, = +0.532 +gg§é (experimental /fit) +g ggg (model) +g ggg (parameterisation)
+0.327 +0.112 +0.140
ey = (ep +cr) = 1) = 20sin? by dg = —0.409 0. 199 (experimental/fit) _q 7 (model) _ gy¢g (Parameterisation)
_ _®
ca=(cL=cp)=ly v, = +0.144 +g 05,3 (experimental /fit) +g gii (model) +g ggg (parameterisation)
Ug = —0.503 +g 093 (experimental/fit) +g ggé (model) +g ggg (parameterisation)

Table15.1 The charge, Iﬁ') and weak hypercharge assignments of the fundamental

fermions and their couplings to the Z assuming sin“6y = 0.23146.

fermion o Iy YL Y cL CR Cy Ca
Ve, Vi Vz 0 +% -1 0 +% 0 +% _|_%
e, 1, T -1 - -1 -2 -027 +023 -004 -1
u, C,t +2  +3 4L 43 4035 -0.15  +0.19  +1
d,s, b - L4l 2 042 4008 -035 -1

14
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Measuring L/R
Asymmetry

 Parity violation built into SM

* Can calculate this through the Z
quark couplings via L/R cross-
sections

2 o=(Pp) —o*(Pp)
Py — Py o*(Pp) +o*(Pf)

AT =

* Asymmetry matches well with SM
prediction

-0.5

e A" (¢p)
—— HIPDF 2012

H1 Collaboration

o A (ep)

1 1 |
HERA II

-« ZEUSNCe'p (1355pb?)

—— SM (HERAPDF1.5)

T T T 71T T T I

10°



Calculating Proton PDF

* Cross-sections can also be used
to measure proton PDFs

e 13 parameter fit for PDFs
performed

 Combination of HERA I+l give
more stringent PDF values

- 1
o

0.8

u? =10 GeV?

—— HH-EW-Z NL.O
I experimental/fit
[ ] model xu,

[ parameterisation

HERAPDF2.0 NLO

19




10° g

- - - sen? j=sf§%%6c>3102 Proton
Deep Inelastic Scattering | oo
* Due to the high energy exchange, the e Sl A s
interaction is between the electron and T e
the parton inside the proton L o
* Cross-section of electron-parton scattering & 1} ,..
given by: Goaos | e e o
x - o0 B I e . X=005
. Sa 102 L e e rveten e
do o’ my o0 L ] W e L
_ = ' —Ws(x,0))cos”= + —Wi(x,0)sin" - L s smmpopgee e sa e uenir s, P xo040
(d&ldE’)hb rE2sin' ! { y Hln @y g Qs 10 F e s
4 E 5-=%¢.,“.n e “I l.l oa
* Where W, and W, are structure functions 'E g |
which are dependent on the energy of the ' ¢ UL TS B
photon exchanged (Q), the fractional 102 [
energy of the parton (x), and the parton N T

distribution function 1" 1 10 102 10 10t 10°
FZ = Wz * (E — E’), FZ = Z.X'Fl QE/GEVE

Beringer, J. et al. (Particle Data Group). 2012. Phys. Rev., D86, 010001
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Parton Distribution 0.9}
Functions (PDF) 08|

* Parton distribution function written, U'?;_
H; 0.6

£ G ;

* is the probability of finding parton i in 0'5;_
hadron j with x; fraction of momentum at 0.4F
scale 1 :
0.3F

* Due to large mass of the charm and strange :
quarks, their respective pdfs are much 0.2F
harder to probe than the valence quark :

pdfs 0.15 x
* High energy protons allow for easier probe ob vl N
of these tougher pdfs 107 102 10"

g/10

xf(x,u2=10* GeV?)]

R. D. Ballet al.(NNPDF), JHEPO4, 040 (2015), [arXiv:1410.8849] ::

X




Parton Distribution
Functions (PDF)

Energy conservation: momentum sum rule

1 ng
0 i=1
Quark number conservation: valence sum rules

1
I dx (u(x,0% + i(x, Q%)) =2
0

e Sum rules give constraints on the different
gluon and quark pdf values in the proton

* Better measure of one pdf makes a
difference in others

0.8}

0.7F
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R. D. Ballet al.(NNPDF), JHEPO4, 040 (2015), [arXiv:1410.8849] 22
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