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A CERN Virtual Visit ETP)

See the CMS cavern in a live visit!

Instead of the traditional CERN excursion, not possible because of COVID19,
we propose for Thursday, 28.01.2021, from 14:00 — 15:00h a virtual visit

of the CMS experiment to all students of the Particle & Detector Physics
courses.

The event can be reached from this link:
https://indico.cern.ch/event/971070/

(I will send this also via llias after the lecture today.)
Under connection you’ll find the ZOOM link to the webinar.
It is possible to ask questions via a Q&A box.

Local Karlsruhe host: Gilinter Quast

CMS surface host: KR

Underground guide: Erik Butz

Technical support: Noemi Beni & Zoltan Szillasi
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A Summary Z pole ETP
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47ra

35
e'e — e*e special case, also t-channel dominating for small angles

e*e’ — ff annihilation via s-channel photon exchange: , — = NcQ?

Approaching M; also Z exchange, depends on left-/righthanded chiralities,
Identical final states — y/Z interference — forward-backward asymmetries
At M; resonance peak of cross section depends on decay widths
Lineshape depends on Z decay width including invisible decays (neutrinos)
Determine no. of neutrino generations: N, = 2.9840 + 0.0082

Higher-order diagrams of QED important for correct predictions at Z pole
Radiative corrections mandatory

Virtual corrections also contain information of heavy particles in loops —
predict top quark mass
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A Recall QCD & Jets ETP
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Quantum corrections lead to energy (distance) dependent couplings
QCD coupling decreases with energy — asymptotic freedom
QCD coupling increases with distance (confinement) — string potential ~ r

Free (anti-)quarks or gluons are not measurable

But final state pattern (foot print) of hard interaction measurable if
energy scale of interaction >> hadronisation scale

+ Energy flow pattern in events, “event shapes”
+ Streams of collimated particles, “jets”

@ Jet definition (event shape, too) requires algorithm that is infrared- and
collinear-safe to compare with perturbative predictions of theory
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ETP)
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! Running coupling constant

¥ (QZ) =

July 2009

s a Deep Inelastic Scattering
oe ¢’ Annihilation
0® Heavy Quarkonia

with A typically = 200 — 300 MeV

Non-perturbative regime Asymptotic freedom _

QCD potential grows linearly 2| " :
with larger distances: e |
V=0c-rx1GeV/fm-r ol T
= QCD «4(Mz)=0.1184 +0.0007 |
0.1 0.3 1 10 100
— No free quarks (or gluons) Q [GeV]

— Confinement
S. Bethke, EPJC 64 (2009).
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! Running coupling from PDG ETP)

CDF 1.96TeV (1j) 5 : 2019
ZEUS 320GeV (1)) ———— = 035 T
DO 1.96 TeV (1)) | o ol F T decay (N°LO) =
Mal.&Star. 7TeV (1)) bt &G low Qz cont (N3LO) ot ]
H1 319GeV (1)) b i = i . 1
CMS 7TeV (1)) H— & 03 k DIS jets (NLO) = ]
CMS 8TeV (1)) —e i @ L \ Heavy Quarkonia (NLO)
Britzger (1) | jf' : -\ & jets/shapes (NNLO-res) % ]
ZEUS 318 GeV (R32) | ; : - ::::::-., - pp/pp (jets NI:;O) = I
DO 1.96 TeV (RdR) | :. : 0.25 B ""::ii::-.., EW precision fit (N"LO)}—=— ]
CMS 7TeV (R32) | e—i—i . \ pp (top, NNLO) =+
CMS 7TeV (m3j) ; @l 1 3 . . W : :
ATLAS 7 TeV (TEEC) — bt = < I
ATLAS 7 TeV (ATEEC) o————— = =z 02F
H1 319 GeV (nj) .._.{.____. o @ I
ATLAS 8 TeV (TEEC) l o :
ATLAS 8 TeV (ATEEC) H—o : I
ATLAS 8TeV (RdPhi) : P H 0.15
0. 110 O 115 I0 120 O {25 0 130 [
August 2019
as(Mz) i
Not yet in world average — need NNLO Ol
as(Mz) =0.1179 £+ 0.0010 - =0a(Mz%)=0.1179£0.0010 _
) ) 0.05 el e il s
Most precise “single” result from 1 10 100 1000

lattice gauge theory. Q [GeV]

Particle Data Group, Review of Particle Physics 2020, QCD ch., J. Huston, KR, G. Zanderighi
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A\ Online reference

@ Literature: Review of Particle Physics (PDG)

+ Online version of “Bible” of particle physics: http://pdg.lbl.gov/

PG

particle data group.

About PDG | PDG Authors | PDG Citation | News | Contact Us

The Review of Particle Physics (2020)

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020).

pdglLive provides interac-
tive access to the Particle

pdglLive - Interactive Listings

Listings and much more. Summary Tables

Go from a measurement in

the Listings to reading a Reviews, Tables, Plots
paper with two mouse

clicks. Particle Listings
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Scale invariance

@ Inelastic >> elastic cross section

@ Inelastic cross section ~ const. * Mott x section

% approximately independent of resolution ~ g2
=% scale invariant, i.e. no natural length scale

% like scattering at point-like objects

o/cMOTT

Deep-inelastic scattering (DIS)
e(k) e’ (k)
Scattered electron

Many Hadrons
> X(h)

Klaus Rabbertz

Karlsruhe, 26.01.2021

electron-proton scattering

| E T [ — | ! j
A inelastic « —W=2 GeV |
A x - W=3 GeV |
L / s ——W=3.5 GeV
07\ =
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PRL 23 (1969) 935.

Teilchenphysik |



A Scattering off nuclei ETP
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(

@ Rutherford cross section: scattered
+ Non-relativistic electron with kinetic particle
energy E . on static Coulomb potential
% Only interacting charge (electric) incident
% No purely spin-related interaction particle
. (magnetic) 2.2 0 scatterer
o e} =
<d—ﬂ> " 16E2 sin’(0/2 5 10°
Rutherford 6 kin S111 ( / ) > al
@ Mott cross section: S 10%F
o) -
+ Relativistic spin-1/2 electron with o 10°
energy E on pointlike spinless particle 10E
: : g Rutherford
% Considers nuclear recoil E = E’ 1E
=% Still no spin-spin interaction; spin flip 10-1;—
impossible — backscatter suppressed 10_2f
/ -3§||||||.I.H|H‘\...Il..ll.ll..‘MH
d_<7> _ (d_ff) 21— B2sin?(6/2)) 00 20 40 60 80 100120140160180
df2 Mott df2 Rutherford b SCattering an9|e (0)
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A\ Scattering off nucleon

@ Rosenbluth cross section:

% Elastic electron-nucleon scattering

% Considers finite size of nucleon T =

=% Introduces electric and magnetic form factors G_and G,
Q(+7) =7

do B do GQE(QQ) + TG%W(QQ) 2 2 2
<d_Q> Rosenbluth B (d—Q> Mott | [ L+7 " QTGM(Q )tan (9/2)]

+ For Q?2<< sz, thatis T — O:

- G_ and G,, become the Fourier transforms of the
electric charge and magnetic moment distributions

+ Electric interaction dominant do do ~ G4
df2 dQ / vroi

% At high Q% 1>>1:
- Magnetic interaction dominant d_a d_a ~ (1 + o tan2(9/2)) G2
dQ dQ /vt M
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A Form factors ETP

@ Electric form factor:

Point-like particle — flat

1
Proton measurements — “dipole” like G (Q?) 5
(exponential charge distribution) (1 +f-Q )

% Other shapes possible, e.g. Gaussian
(°Li nucleus)

Nobel prize 1943
Otto Stern

@ Magnetic form factor:

% Measurement from 1933: ) Ho ' ' ' ' '
Anomalous magnetic moment of 2.79 osl b=cg i
- Not a point-like particle ... sl =R |
+ Noreasonto assume shape G, /2.79~G, | ' ’{‘;,h { =6,/m190 |
. &
-~ But measurements from the 1950’s . ’%r}-i;}; E
show that it’s the case ... | f LI
0 [ I T ¥ ¢ }
N (6])?
-0.2 ] | ] ] 1
0 0.2 0.4 06 0.8 1.0 1.2
Q? [(GeV/c)?] Povh
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A Form factors

“Dipole”-like G_ of proton ~ G, of proton and neutron if normalised to
anomalous magnetic moments M, = 279 p,and p_=-1.91 p
G of neutron ~ 0

1.0 | T T T T
G §=GP
0.8 |- —
i P =G :; /2.79
0.6 |- ﬁ?i .
§
”Ep § §=G;f(-1.91)
0.4 |- ¢ y
Liﬁ?%
r;i;
0.2 |- f i,
"k
0 ¥ s ¢ B ' I
(G)
-0.2 | | ] | |
0 0.2 0.4 0.6 0.8 1.0 1.2

Q? [(GeV/c)?] | Povh
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N Inelastic ep scattering

@ Inelastic scattering:

% Energy transfer to target nucleon
=% Target nucleon broken up

% Recoil absorbed by hadronic system
with mass W > Mp

Deep-inelastic scattering (DIS)
e(k)

Many Hadrons
> X(h)
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A DIS kinematics ETP)
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Neglect electron and proton masses: M, =M. =20
Center-of-mass energy: s=(k+P)*=2k-P=4E.E,
Elastic — one independent variable:

Q°=—q¢=(k—K)Y=2k-k =2E,E. (1 + cos(0)

Deep-inelastic scattering (DIS)

e(k) & (K) Inelastic — 2" variable:

W?=(q+P)*=2P-q—¢

Alternative:

l\(/lany Hadrons Bjorken sca"ng B QQ
e X(h) variable: YT 9P, q
P.
. r Inelasticity: Y = !

A
>
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A DIS kinematics ETP)
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Neglect electron and proton masses: M, =M. =20
Center-of-mass energy: s=(k+P)*=2k-P=4E.E,
Elastic — one independent variable:

Q°=—q¢=(k—K)Y=2k-k =2E,E. (1 + cos(0)

Deep-inelastic scattering (DIS)

e(k) & (K) Inelastic — 2" variable:

W?=(q+P)*=2P-q—¢

Alternative: ,

Bjorken scaling £ = op .
Many Hadrons variable: 1
» X(h) . _L-q
Inelasticity: Y= p. 1
(P) 7
p 0< (z,y) <1
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A Infinite momentum frame  ETP

Proton equals collinear stream of fast moving “partons”, masses negligible
— factorised incoherent partonic scatter

$=(q+EP)? =26 P - Q= (5_1) 0?

Deep-inelastic scattering (DIS)
e(k)

2
‘ xzzg
Many Hadrons q
- X(h) — -4
TPk
p(P) )
0<(x,y) <1
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A\ Infinite momentum frame  ETP)
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Proton equals collinear stream of fast moving “partons”, masses negligible
— factorised incoherent partonic scatter

§=(q+EP) =26 P - Q= (2_1) 0?

Deep-inelastic scattering (DIS) atLO s=0—>¢§=a2 ¢ = (1 + é) X

k K
Quark parton model (QPM) — scaling variable x:
momentum fraction of struck parton in proton

2
T = ¢
P One parton 2P - q
_Pq
YT Pk
P r
0<(x,y) <1
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&l Infinite momentum frame  ETP

Proton equals collinear stream of fast moving “partons”, masses negligible
— factorised incoherent partonic scatter

$=(q+EP)? =26 P - Q= (5_1) 0?

Deep-inelastic scattering (DIS) at NLO 2 <¢ <1 &= (1 + i) x
k K

2
T = ¢
P More partons 2P - q
000000000, P2 _ P-q
TPk
’ : r 0 < (2,y) <1
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N\ Target rest frame ETP)

Inelasticity y is relative energy loss of electron in target rest frame:

E.,— E.
Ee
Only two of the four invariant variables are independent!

y:

Deep-inelastic scattering (DIS)
e(k) e’ (K)

Conversion formulae

. Q* QP+ W?
Q2+ W2 v = S
> X(h) QQ = sxy W2 — 8(1 . x)y
p(P) r )
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A

QCD-Compton

Boson-gluon fusion
k

Yy
-

Virtual correction P
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A Scale invariance

@ Inelastic >> elastic cross section ~ G*_ * Mott ~ 1/Q®** Mott
electron- proton scattering

@ Inelastic cross section ~ const. * Mott ‘E L S B B R

<% approximately independent of resolution ~ g N\ inelastic C—W-2 GeV

. . . A ~W=3 Gev |
scale invariant, i.e. no natural length scale | '_ : / £ == W-3.5 GeV
10-".‘ =
% like scattering at point-like objects s <— data“
% proton broken up - W > Mp B T ]
- = -
P13 = :
= \

D \ 1
- \ ]
\— elastic :
\‘ -
03 N\ ELASTIC i
F “\_SCATTERING .
i N :
E N
N -

4J ™.

! ' [
Oz s 4 5 & 7
g2 (GeV/c)®
PRL 23 (1969) 935.
SLAC.
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Nobel prize 1990: DIS

A
—

.
AT
Y
s V]

J.l. Friedman

R.E. Taylor

MDEEC |
XXXI1)

nobelprize.org
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HERA Collider at DESY ETP;
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HERA: 1992 — 2007
Collisions of e*-p,e-p
HERAII: E___ =319 GeV

= = : k: e = ; ; b
- ! =~ V- SR | = 4
l-ll I |
._..._ S =
—_— _*. - - e L
-—' --._- -
-'ll-—_-.___-
_‘
3 ——

] PETRA'

e, .=
-_I--—-.-__' i e - E—

L R
;.

Klaus Rabbertz Karlsruhe, 26.01.2021 Teilchenphysik |




eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

Electromagnetic reaction:
Backscattering of electron off charged proton constituent

H1 Detector

Proton

Quark

H1 Event Tutorial, J Meyer, DESY (2005)
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Phase space in x and Q?
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S. Glazov, Braz.J.Ph. 37 (2007) 793.
Klaus Rabbertz
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E 10 8;_ [ 1 Atlas and CMS
h?ﬂ E [[] Atlas and CMS rapidity plateau M3 ’;‘r"” ‘
Cyl[] 7 ;_ E D0 Central+Fwd. Jets "»" /
E CDF/D0 Central Jets
10 5;_ 1 H1
- [ ZEUS
10 5 ;_ NMC
g BCDMS
10 4 ;— 010 E6&5
—] SLAC
10°L ; V
: Y2 y bl
10 M = 10 GeV ek
a5
F I TANNN \\‘ -
1| ..ul'”‘HH ﬂ,’ N E!i-ah\\\\\ )
A
10 I,..l'” .
E 1 ||||I;;| 1 ||||||| 1 ||||||| | 1 ||||||| | 1 ||||||| 1 ||||||| 1 |||||£
w10 10 10t 1?1 1wt
X

Karlsruhe, 26.01.2021

13 TeV LHC parton kinematics

109 T DA DAL AL DL LLLL L L L LLY DL
WJS2013
X, ,= (M/13 TeV) exp(zy)
10°F Q=M M=10TeV =
10" E -
10° E —=.
« 10°F 2
> E
()] A
S . 1
10°EF  M=100 GeV .
© E
10° £
y
10° 3
E M =10 GeV
i [ fixed
10°¢ target
100 I L IIIIIIII L i L IIIIIIII Ll i L IIIIIIII 1 IIIIIIII L1l
107  10° 10° 10* 10° 10 10" 10°
X
W.J. Stirling
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A DIS cross section

Rosenbluth formula can be rewritten to include inelastic scattering.

Most general Lorentz-invariant and parity conserving expression:

d?c A7 o®

ded@Q? Q4

p
X

(1-y) + y*Fi(z, Q%)

F.(x,Q?) and F_(x,Q?) are structure functions incorporating the form

factors (and kinematic ones, T1), but cannot be related to Fourier
transforms any more since dependent on x.

Still, F.(x,Q?) is of purely magnetic origin, while F,(x,Q?) originates
from both, electric and magnetic effects.

What do they mean?

Klaus Rabbertz Karlsruhe, 26.01.2021 Teilchenphysik | 26



A Quark-Parton-Model ETP)
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J.D. Bjorken, R.P. Feynman 1969:

@ Infinite momentum frame

=% incoherent superposition of elastic scatterings with point-like “partons”

=% scale invariant, i.e. independent of resolution ~ g2, no natural length scale

+ partons have spin 1/2 \

Bjorken scaling:

e Fi(z,Q%) — Fi(x)
= Fy(x,Q%) — Fy(x)

Electron

""""""""" v * Callan-Gross relation:
F5(x
Electron Spin 0 would give:
DESY Fy(z) = 0
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A Quark-Parton-Model ET

Modern writing: / quark charges
__— anti-quark momentum

F2 — Z \‘|: q( )] distribution

q. : parton dlstrlbutlon functions (PDFs)

quark momentum distribution
Bjorken scaling:

Fi(z,Q?) — Fy()
Fy(z, Q2) — Fo(x)

Electron ¥, 2
------------- q 4 Ca"an'GrOSS relatiOn:

F5(x
Electron Spin 0 would give:
DESY Fy(z) = 0
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Proton structure ETP
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Gluons

Valence quarks

@ Example of generic functional form of proton structure:
vf(x) = AzP (1 — ) (1 + Dz + Ez?)

] / !

Normalisation Behaviour for Behaviour for Middle region
x—0 X —1 largest variability
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A Summary ETP.

@ The new world average from PDG on a_(M?) is 0.1179 £ 0.0010

@ Elastic scattering of electrons on protons:

+ “Simplest” elastic approximation: Rutherford scattering
+ Has one independent variable, e.g. 8 or Q?

+ Mott scattering includes energy transfer from electron to nucleon and
spin-1/2

+ Rosenbluth formula introduces internal structure of the proton; electric
and magnetic form factors

@ Inelastic scattering requires two independent variables, e.g. scaling
variable x and momentum transfer squared Q?

& Can be converted to other combination with inelasticity y and hadron final
state mass squared W2

@ Lorentz-invariant description involves structure functions

F,(x,Q2) and F,(x,Q?) () = 2@

21

@ Depend mostly on x, not Q% Spin-1/2 partons lead to Callan-Gross relation
Klaus Rabbertz Karlsruhe, 26.01.2021 Teilchenphysik | 30




	Title
	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
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30

