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Astroparticle vs. particle physics

AT

Karlsruhe Institute of Technology

 Highest beam energies (up to 10?!
eV— fixed target).

* Complicated detection medium (—
atmosphere).

* Large area detectors required.

Primary cosmic rays

shower

Mont Blanc
(4807 m)

* Perfect control over initial state

under ideal laboratory conditions.

* Compact and tailored detector

designs.

7x102 eV Beam Energy
10* cm?s'  Luminosity
2835 Bunches/Beam
10M Protons/Bunch

o ._’_’.: ~ == ;—_____i —-—-+
“&'\-& TeV Proton Proton
v . "‘. . .
0 4 * Bunch Crossing 4107 Hz COIIIdIng beams
lL’a- Proton Collisions 10°Hz
i Parton Collisions p}/
1}
L p

New Particle Production 10% Hz

£
(Higgs, SUSY, ....) »{7—
u
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Center of mass energy of a
relativistic two body collision:

s> = (p} +pb)°
= pi + P53 + 20 D2
~ QP/inu,z
Boost along z-direction:
E =~ (E - fp)
P, =7 (p- — BE)

Collision kinematics

o o
o

=

O%D

coco

E E
0 b r 0
0 >e o= 0
E 7 TeV 7 TeV \—FE
E E
2 0 0O | _
s =2 0 0 —4F
E _F

E. .=Vs2=V4E2 = 2F = 14 TeV
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Collision kinematics

Center of mass energy of a
relativistic two body collision:

2
s = (p} +ph)

E M
0 b &0 [ o
o | = 8|
E ] 10" eV i 0

E M

9 0 0 _

s“ =2 0 0 =2EM
E 0

E...=Vs2=\V2EM = 567 TeV
EM E
_— M f— —%1/

5 YM — Wi 7678
- L 5= =1 0.99999999
T = 1— 3 = 2 ~ Y.

= pi + P + 2P\ P2
~ 2p/fpu,2
Boost along z-direction:

E :7<E_sz)

p, =~ (p, — BE)
E E
0 b P 0
0 >e o= 0
E 7 TeV 7T TeV \—FE
E )
o 0 0 | .o
s¢ =2 0 0 =4F
E _F

E. .=Vs2=V4E2 = 2F = 14 TeV

Institute of Experimental Particle Physics (IEKP)




Collision kinematics

Center of mass energy of a
relativistic two body collision:

2
s = (ph +ph)

E M
0 b &0 [ o
o | = &8\
E ] 10" eV i 0
E M
- 0 0
s“ =2 0 0 =2EM
E 0
E...=Vs2=\V2EM = 567 TeV
EM E
T AM sy =] —— ~ 17678
9 9
- L 5= =1 0.99999999
TN 32 = 2 ~ Y.

= pi + p5 + 20\ P2
~ 2plfpu,2

Boost along z-direction:

E :fY(E_sz)

expect 1 collision per year
detector w/ 1 km? surface.

p. =7 (p. — BE)
E E
0 po P 0
0 >e o= 0
E | 7TeV 7 TeV \—E
E E
9 0 0O 1 2
s“ =2 0 0 =4F
E —FE
E. .=Vs2=V4E2 = 2F = 14 TeV

expect 40M collisions per
second.




Particle kinematics ..\X‘(IT
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* For known mass the kinematics of a single particle are completely described by
three variables: ( p» py p-. )orbetter( pr ¢ 6 )

pr and ¢ in the plane perpen-
dicular to z are invariant under
boosts along z, 6 not.
Therefore we usually replace 6

by:

Rapidity:
1 E+p.
y=5ln ( o pz)

which is form invariant under

boosts along z.

(] Institute of Experimental Particle Physics (IEKP)



Particle kinematics ..\X‘(IT

Karlsruhe Institute of Technology

* For known mass the kinematics of a single particle are completely described by
three variables: ( p» py p-. )orbetter( pr ¢ 6 )

pr and ¢ in the plane perpen-
pT dicular to z are invariant under
boosts along z, 6 not.
Therefore we usually replace 6

by:

Rapidity:
1 E+p.
y=5ln ( o pz)

which is form invariant under

(B89 + 0. =55 _1,, (A 9(E +3:))
T+ A)(E —p.)

1-8 E+p, 1. /1-8
(n(i55) o (525)) =+ am (155




Pseudorapidity ..\X‘(IT
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* For E > m the rapidity turns into the pseudorapidity », which itself only depends
on the polar angle 6.

Pseudorapidity:

n = —1In(tan(6/2))

1 n E(1+ cos8)
Y73 E(1 — cosf)
1 n ((Sin2 0/2 + cos? 0/2) + (cos? /2 — sin® 9/2))
2 (sin” 0/2 + cos? 0/2) — (cos? f/2 — sin® 0/2)
1 cos? 0 /2
_ - _ _ 0/5) —
=3 In (sin2 0/2) = —1In(tanf/2) =g

Imagine in the air shower of slide 4 a particle were
scattered at 90° to the axis of its incident direction in
the center of mass frame. What is the scattering
angle in the laboratory frame? (EKP)
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Cross section (classic) ﬂ(“.

* Imagine a continuous flux of (small) incident particles a impinging on a target
particle b at rest and the elastic reactiona + b — a + b:

» y o : : icl
TS g w— e _;,f-"',", n, : incident particle density [%}
X j ——— ——t
i _,i_‘;,‘.-_{::_;;%; . : o Im
S . 4 v : incident particles velocity [;}
ﬁ:-'a;-_- Yy .. particles
<N\ — ¢ = ng - v : incident part flux e
: “1‘ particle b
—— -_—~;-_-._-f_~-_=: L\ | W = ¢ - o : scattering rate [ﬂ
s —,
7 - > ] inci
— o o —— g = % : reaction rate/incident part flux.
AN = -2
< ==
¥ . o
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Cross section (classic)

AT
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* Imagine a continuous flux of (small) incident particles a impinging on a target
particle b at rest and the elastic reactiona + b — a + b:

10

L g .. . . ticl
particles o—v—— —r 2 —= ng : incident particle density [%}
- = —
I WG, I . LI - - _— -
e ] 1{-._... ____‘;."- - . . . . m
; __;_;.:—’- e v : incident particles velocity [ . }
—<3\ ¢ = mng v : incident part flux [%ﬂes}
= particle b
— e 7 NN
—_— _‘i’l:‘:;hh_ W = ¢ - o : scattering rate [l}
- —4 e S
_l.’J 7 A\_ — - -—-_:_::
- j - —e— - % . reaction rate/incident part flux.
1-I \-\ g S
Cross section: Novs : N observed reactions.
Npc : N expected BG reactions.
—_ Nobs — NBG 1 . : : ) )
o = SeA T € . detection efficiency. In classic elastic
A : detector acceptance. Scattering the cross
T : observation time. section is 7
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Cross section (QM)

AT
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* Imagine a continuous flux of (small) incident particles a impinging on a target
particle b at rest and the elastic reactiona + b — a + b:

232 a+b—a+bd

—

Di

t@'<t/ > ¢/

T~a

Initial particle:
described by plain
wave ¢;.

Localized potential.

Scattering matrix S transforms initial state
wave function ¢; into scattering wave ¥scat

(¢scat =S- ¢z )

1"

Observation (in AQ):
projection of plain wave
¢ rout of spherical scat-
tering wave VYscat .

Observation
probability:
tSepr-I:]ericaaI Seczt- Sfl — Cb} ) "pscat
| wav scat -
g t _ ¢} .S

Fermi's golden rule:
2
W =27 |Sg|” py

pr = [T1(2m) " p2dp;dQ;

i=a,b
phasespace factor for final state
products.




The matrix element Sy,

St =i ((2m)%)

12

final state

1

VS

initial state

projectile

2m)2ey 5% (ps — p1 — q)

u(p1)

virtual photon
exchange

Matrix element calculations
can be represented
pictorially with the help of
Feynman diagrams.

i(2m)%ey” 64 (ps — p2 + q)

target

2

: /d4q 6*(ps — p1 — Q)u(ps) v u(p1)

—Guv

q° +

1€

6*(pa — p2 + @)u(pa)y u(p2)

Institute of Experimental Particle Physics (IEKP)




The matrix element Sy, ..\\.J(I

itute of Technology

* The full calculation (ideally) includes all possible diagrams to all orders in QM
perturbation theory:

Spil* =

b b b b a b a b
>/\/W\/< _I_ K—I_ >/\/©\/\/< —I_ >/\/W\/<} —I_ -
a a a a a b a b
\\ /L J J A\ J
Y Y Y Y

s-channel, t-channel. Higher order Higher order
if allowed. correction to correction to
propagator. vertex.

* Coherent sum: includes absolute value squares of individual diagrams and
interference terms across different diagrams.

13 Institute of Experimental Particle Physics (IEKP)



Discovery of the electron (1897)

History of particle physics

* Relativistic QM (— Dirac-Equation 1928)

* Theory of weak IA (— E. Fermi 1933 — 34)

* Discovery u*/~(— C. D. Anderson 1937)

+ Discovery 7/~ (— C. Powel/G. Occhialini 1947)
« Discovery 7° (— R. Bjorklund et al 1950) & =

+ Discovery K/~ (— “V’-particles 1947 — 49)

» Discovery K% A% (— “V’-particles 1947)

* Discovery Y’s, &’s (— 1950’s)

* Discovery A+, AT, A0 A—(— 1952) K==

* Invention of bubble chamber (— D. Glaser 1952)

* Observation of v, (— C. Cowan, F. Reines 1956)

* Observation P violation of weak |IA (— C. Wu, R. Garwin 1556) Petecting = Tau Neutine

* Gauge field theory of weak IA (— S. Glashow, S. Weinberg 1961) I—I / /,r/l/\
Iror H, Iror

C. D. Anderson (1905 — 1991)

* Observation of v,(— L. Lederman, M. Schwartz, J. Steinberger 1962) _ n
* Observation CP violation of weak IA (— J. Cronin, V. Fitch 1964) /

» Discovery J/¢’s (— B. Richter, S.Thing, 1974) &&=

S
* Discovery Y’s(— L. Lederman, E288 collaboration, 1977) 225 L

* Discovery of W, Z (— UA1 & UA2 collaboration, 1983) °“°“y .

* Observation of t (— CDF & DO collaboration 1995) & ‘ “*‘-——-____‘_____E
* Observation of v.(— DONUT collaboration 2000) = .

* Discovery of H (— ATLAS & CMS collaboration 2012) s &;—;m“ ,EJ,,;J E@ LT .

14 discovered in airshower experiments e S oS R S S e s e e

f =

Na — discovered in collider experiments DONUT collaboration



https://en.wikipedia.org/wiki/DONUT

\% Discovery of the electron (1897)

History of particle physics

\% Relativistic QM (— Dirac-Equation 1928)
\% Theory of weak IA (— E. Fermi 1933 — 34)
\% Discovery ;;t/~ (— C. D. Anderson 1937)
+ Discovery 7/~ (— C. Powel/G. Occhialini 1947)
« Discovery 7° (— R. Bjorklund et al 1950) & =
+ Discovery K/~ (— “V’-particles 1947 — 49)
» Discovery K% A% (— “V’-particles 1947)
* Discovery Y’s, &’s (— 1950’s)

L “& Overall O(30) Nobel prizes in

* Discovery A*t* AT A% A~(— 1952) ~ C. D. Anderson (1905 — 1991) physics went to directly particle
24 Invention of bubble chamber (— D. Glaser 1952) physics related topics.

g Observation of v, (— C. Cowan, F. Reines 1956)

\;} Observation P violation of weak IA (— C. Wu, R. Garwin 1556) Petecting 5 Tau Neuting

g Gauge field theory of weak IA (— S. Glashow, S. Weinberg 1961) I—I / /,r/l/\
Iror H, Iror

g Observation of v, (— L. Lederman, M. Schwartz, J. Steinberger 1962) _ n
g Observation CP violation of weak IA (— J. Cronin, V. Fitch 1964) /
2} Discovery J/4'’s (— B. Richter, S.Thing, 1974) &=

I
* Discovery Y’s(— L. Lederman, E288 collaboration, 1977) § 225

2} Discovery of IV, Z (— UA1 & UA2 collaboration, 1983) i °“°7 \
*  Observation of ¢ (— CDF & DO collaboration 1995) &= ‘ I

g Observation of v, (— DONUT collaboration 2000) & —— .
\% Discovery of H (— ATLAS & CMS collaboration 2012) E ;MH e F -

Of one million million tau neutrinos crossing the DONUT detector, scientists expect about one to interact with an iron nudeus.

-
hits

Neutrine | produ

beam  |tau

15 discovered in airshower experiments

f =

Na — discovered in collider experiments DONUT collaboration
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EPARTICLEZ 0

AT

Karlsruhe Institute of Technology

Hadrons:
Leptons: Baryons:
€
/_/l/_ J—
v, v, Mesons:
Yu

16
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SPARTICLEZ O AT

Karlsruhe Institute of Technology

Hadrons:
~ 0B~
Leptons: ™ D 77 Baryons:
_ e !
M T n i Bt
v, Vr ¢ Mesons:
Vi Tt Y N Tlb
Dy Dt K
KO
. Ky E |
D D
Bf BY
BO
B.
JEP =0"
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SPARTICLLEZ 0O NIT

Karlsruhe Institute of Technology

he Hadrons:
Leptons: - T/ W_/ D? s Baryons:
- n ¢ K P
Vr e Mesons: B
Y Yot o x0 pr M
Dy D+ J/&as K™ T
O
D— B*+ D*~ D+
Bf BY Bt
B*O D;H_BO
Bc_ B:O

B~

JP=0" JP =1"

18 Institute of Experimental Particle Physics (IEKP)



EPARTICLEZ 0

AT

Karlsruhe Institute of Technology

Hadrons:
7w DO B~ B _ Ej
Leptons: T ., Baryons: g
- € n ¢ K* P be . A
T = B
v Vr e Mesons: AEL A++ =0 =0
) v W+ pT .0 p+ =/~ >N
" e D Ay =y T o
_ + =
DS D—|— K*—|— K T A_|_ A_ C
K* D~ o K} Dt Xy - A° c =cb
° o —0 —=/0
D~ B*— B*t D*~ D+ b Zg - =/+ b e
° Bf BY DBt o =T e S o
C S ‘:‘b —0 CcC , :‘bb E(C)
*0 = —/—
D B*0 Ditgo = T =) 00
B b QU cbb
C B*O cC 0
5 ch 4+ ccb —/0
Qcc —b
/0
ch

19
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SPARTICLLEZ 0 AT

Karlsruhe Institute of Technology

Hadrons: O
— o B™ bbb =
T . c
Leptons: I/ D ., _ Baryons: 4o OFt+ o0
T + = — bb
V+ Te Mesons B A‘|‘ A‘|‘+ ceb EO :/%
Ve w - ATt b =+ O X~ ¢ on 0
Vn Tt p 7TO P b A+ —/— b b Tk — -0 -
D— K c  —bb + Q0 Q7 Lt
s Dt K*t T A~ *+ AT A~ € —=x0 Qcc
s — —bb —+ —x0
_ b E"“" = —k —
*0 *— 0 D*"‘ b 0 —x0 c _ —cb b :,0
K** D; K K; e b ot A” = =0 S e
- =+ DD 0 b 50 = =2 B0 =T
o Be™ B+B 0 s+ A ~+Zb =+t :c+ cb e b
—_—— ) —cc —_— _ e
c B B Zp =0 ¢ o =p B X0 5,
D* pw  Ditpo bk Sp BT
P b Q0 T g ey 330 =5+
c B*O c 0 0 .t
s Q) b2 —_ —_
+150 further known At “cb OF e ¢ :20 ::0
Meson resonances. k0 - ee -+
Q/O *4 ZC *0 —%-+
cb > 2c —cc
+152 further known

Baryon resonances.
O(400) known
elementary particles. JP =0 JF =1 JP = 1/2+ JP = 3/2Jr

20 Institute of Experimental Particle Physics (IEKP)



More order into the chaos... ..\X‘(IT
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... could be achieved once it was realized that
hadrons are composed of more fundamental
constituents — quarks (first only sorting principle):

strangeness 1232MeV

\1385MeV
1530MeV

\1672MeV

JP = 3/2" baryon SU(3) decuplet.

21 Institute of Experimental Particle Physics (IEKP)



AtTrequires:

More order into the chaos... » all spins up (111).

« all same flavors (uuu).

... could be achieved once it was realized that * No orbital momentum (Z = 0).

hadrons are composed of more fundamental

. . _ o As spin 2 fermion A" *needs
constituents — quarks (first sorting principle only):

anti-symmetric wave function:

s <
. 3
% 3
Q — Q =0 Q =+1 Q =+ 2\ ¢ 2 ‘*c_;
strangeness| S=0 (A3 (AD) (A (AN 232MeV Space Flavor Spin
(ddd d ww) wave wave wave
function function function
S=-1 \1385MeV New quantum number required to obtain
anti-symmetric wave function (— first
indication for color).
S=2 1530MeV R
Em=35 GeV
S=3 \1672MeV
)
(s88),

JP = 3/2" baryon SU(3) decuplet.

22 fsics (IEKP)
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Electron scattering from proton
1'@_.@%\% —
@G% [
0\

1

The evidence of quarks...

Inelastic scattering

mp

... emerged from deep inelastic scattering (DIS) experiments

(first @SLAC 1969, here shown @HERA ~2000): oot
Q2 B _QQ N (k/ B k>2 ! 1Squ:r-eof&z‘aner-;;f[G:\J'E'JB !
s =(p—k)?=4E,FE. .
_ Q

R
For the DIS process: H1 Experiment @ HERA 5—’
(zp+q)? = mg + 2zpg — Q* = mg
_ Q?
T 2pq

23 Institute of Experimental Particle Physics (IEKP)


http://h1.desy.de/

Electron scattering from proton
1'@_.@%\% —
@G% [
0\

Inelastic scattering

1

The evidence of quarks...

... emerged from deep inelastic scattering (DIS) experiments
(first @SLAC 1969, here shown @HERA ~2000): oot

Square of energy [GeV2 )

. Hl‘ e'p 99-00 \[s‘=319 GeV 1 PDF 2000
o H1e'p94-97 Vs=301GeV — HIPDF2000 §
© o HI e'p low Q° ]
105L » BCDMS i

V. Grges esesnte s o 1

x=0.08(x10°)

10

0% 3
E/—A-%%M—A—Aﬁ#\ﬁ—u—m—l—i—ﬁ-!—ﬁj—e—w 7
103? x=0.13(x 10") J ¢

38

E AbdAadp A =i o8 SR 8 E :
, : et : .
102L x=018(x107) _

r SAAAAALLAALLAS . ]

10 ;_ x=0.25(x102) W _;
1 ; _ 1 ¢ ;
E x=040(x10") f 3

1 g
10 E =
F El

F ARAAAANRAL & , & 18

20 x=065(x1) Abes J 1
10 = ==
E J0U
10-37\\\\\\\ Ll Ll Ll L |\|\\7E

2 3 4 i -_TR
10 10 10 10 H1 Experiment @ HERA >

Q°/ GeV”
onc: cross section divided by expectation for point-
like particle.
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Change of flavor & charge ..\X‘(IT

Karlsruhe Institute of Technology

* In the scattering vertex the electron
can change flavor and charge and
leave detector unobserved.

* Opposed to the neutral current (NC)
process this is called charged current
(CC) process.

R
H1 Experiment @ HERA 5—’

25 Institute of Experimental Particle Physics (IEKP)
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Parity violation AT

Karlsruhe Institute of Technology

* HERA ran with e-beams of different

polarlzatlon: H1 Collaboration
. . . . E 120 I I | T T T T

* CC reaction is maximally parity = .

. . SQ 2 _ —
violating! N ePp VX :
100 — O H1 HERAI ]

* |V bosons couple only to left- i ® HIHERAII i
handed particles (right-handed el e'p o> VX B
anti-particles). - O H1HERAI .

- ® H1 HERATI |
60— —

: B HIPDF 2012 :
40— &= Linear Fit |
200" Q” > 400 GeV? s

i y <09 :%

1 1 | 1 1 | 1 1 | 1 | E
100 50 0 50 100
P [%]

* NB: weak interaction intrinsically also violating CP.

26 Institute of Experimental Particle Physics (IEKP)



Massive force mediators

AT

Karlsruhe Institute of Technology

/_\

Neutral and Charged Current

27

|""::- i +
o .. Hlep  Hlep
2 " oNC 98-99 ¢NC 94-00
= CC 98-99 =CC 94-00
Pl:‘:}.' .‘
E -1 In.
B 10 .
= =t
m d ﬁ
n
@
= EI:I
=
b =
NSE m E =
Vs = 319 GeV 2 E
. . =
y<0.9 L =
H1 PDF 2000 E
10" \4 =
lDJ ].:::.'l i )
Q" /GeV~
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The case of matter

* All matter we know is made up of

flavors and
flavors:
Quark u ¢ mt
dd tS be

Four fundamental forces act between them
(three of importance for particle physics).

Electromagnetism

by

Weak force Strong force



The case of matter

* All matter we know is made up of I B o R
six quark flavors and six lepton - R -VE
flavors: .

Lagrangian Density of (baryonic) Matter

Fermions Bosons
Quarks Force
Cc t y carriers|
charm top photon

4.2k 2 U(1)y x SU(2)r x SU(3).

Leptons “/; M‘ % W

electron tau W boson @
neutrino  neutrino  neutrino g
T g g ina C(N)
electron  muon tau gluon #gj
3 hyperspace
spin-1/2 5 (w/ N>5)
/
X
Ve
) eiTai‘}a
o e, y
™ /‘\ photon C
1
gluon

Electromagnetism

Weak force Strong force



A wealth of structures ..\X‘(IT
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SM Lepton cC NC Gauge Higgs Higgs Higgs
LM = poepton 4 pOU 4 LNC + L3280 4 L0885 4 L0188 4 [

kin Vo) Yukawa
LR = eyl i, e + vy d, v
L8 = — c [WJFVyMeL + W_EL’}/MV}
V2sin Oy - #

NC € — _ _
LN = — g 2, () + (@100)) — € [Ay + tan b Z,] (@3,)
EGauge _ lT”F (Wa Wa,u,y) _ lB BHV

kin @~ T 5 v 4R B, — A,

W3 — Z,

- 1 1 H\” 1 H\”
LhEes — §8MH8“H + (1 + 55> miy W,IwH— + (1 + 5ﬁ> my Z, 2"

2 3 4
EHiggs:_m%IUQ_Fm%{(H) _i_m%{(H) _i_m%{(H)
V(¢) 4 2 \V2 v\ V2 4v2 \ /2
: 1
P (1 — —E) meee

Yukawa

Full SM Lagrangian density (first lepton generation)

30
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The power of symmetry ..\X‘(IT

Karlsruhe Institute of Technology

* The SM draws its explaining and predictive power from the level of symmetry of L.

* Each symmetry of L is related to a conserved quantity. This relation is revealed by

31

the Noether theorem:

For illustration assume: And the symmetry operation:
L= ((‘)Mw@“qb) —m2¢le o; — gb; =¢; +09;
Oudj — (8u¢j)/ = 0uj + 00,0;
Taylor expansion symmetry requirement
\ 5L 5L | \
L +00;},{0u¢5 +00u0;}) = LU0}, {0u05}) + 30, %)5%% qu L5}, {0ud;})
=0
oL oL oL oL :
= —0 0p; = d3x0,J* = [d3z (09 J° — 8;J%) =0
( M¢J)58M¢] 5¢36¢J ( M¢J) aﬂ¢] M5( M¢J) ¢J 0 f L0k f ZC( 0 )
5o [d32 9,0 = [Pz VJ = [dQJ =0
o (2 50)) o
9 oL B oL 0 (Oudj) JY (conserved charge)
g 5(au ¢]) 5¢j oL The conserved charge is the generator of the symmetry
(on shell requirement) JH = 7(6 ) ®; (conserved current) | operation that creates it.
[
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Examples of symmetries .\\J(IT

Karlsruhe Institute of Technology

* Afew examples of symmetry operations and/or conserved quantities on £ are given
below (— try to complete the missing parts on your own):

internal external symmetry conserved quantity

discrete symmetry ¥4 C, P, T, CP, CPT

V4 rotation in R3 L
continuous symmetry V4| tranlsation in R3 P

V4| tranlsation in ¢ E
symmetry only on fields ¥4 U1y, SU(2)L, SU(3).
symmetry only on fields & arguments ¥4 v Lortentz transformation
symmetry only on fields & arguments V1 ¥4 Lortentz transformation

baryon number
lepton number

* One last non-trivial symmetry on £ is the symmetry against an operation that
transforms bosons into fermions and vice versa.

32 Institute of Experimental Particle Physics (IEKP)



Remaining lecture program

Monday (19.09): Tuesday (20.09.): Wednesday (21.09.):
s Introdu% particle Proton structure, QCD and Flavor physics - including
“ E physicy physics with jets (MM). top-quarks (MM).
Fap Particle acceleration & Physics with gauge bosons Higgs physics (RW).
; fg detection; data analysis (MM).
— o (RW).

* |In case of questions — contact us matthias.mozer@cern.ch (Bld. 30.23 Room 9-8 )
roger.wolf@cern.ch (Bld. 30.23 Room 9-20).


mailto:matthias.mozer@cern.ch
mailto:roger.wolf@cern.ch

Backup _\g(“.

Karlsruhe Institute of Technology
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