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Elektromagnetic Interaction & CC IT

s Electromagnetic Interaction (Fermion with charge e)

Lem =€ ]em A“ — 99 fyqu”
7 Vgt tg” x
/ photon

EM current _
/ weak mixing angle

= Charged Current: V-A structure

g _ _
LCC — E[JJCCWM + ]MCC W‘u+] \éw/

quark mixing

elem. charge

with e = g sind,, = g cosd,,

CC for quarks

d
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NC & Selfcoupling IT

a Neutral Currents _ \/92+9'2 NC 7u
Lye = ————J"Z g

with: i =Yg ) (QV 9A<)f
vector-coupling axial-coupling

= (Ig — 2q” sin? 9y,) g£ = I{

(Igthird component of isospin, qffermion charge)

» Selfcouplings of gauge bosons: only WWy, WWZ
[’WWY - —ie[AH(W_‘uVVVV'I_ W'l'“VW ) + F W+‘uW ]
Lwwz = —ie cotd,, [Z,(W™HWH — WﬂWWv )+ Z,WHw ]

» +quartic couplings WWWW, WWZZ, WWZy, WWryy
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Cross Section -k\‘("

= Resonant (s-channel-) production von Z-bosons in e*e~-scattering
= Photon and Z-boson: identical quantum numbers (J® = 17) — interference

= Matrix-element:
e f e f
IM|2 = AN + AN
v 4
e’ f e’ f

= Cross section: o(e'e” = ff)=0y+0y )z 407

= Vs « mz: photon exchange dominant — simple QED

= s = mz: Z-boson-exchange dominant, photon- and interference-
term negligible
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Widh of the Z-Resonance

wm
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_ ~10 e S RRRE s nn
= Z = unstable particle e 7
S
= finite lifetime t %109 _ 13
: 50 e'e —hadrons 12
— decaywidth 'z = 1/1; B 1%
(,smeared” mass) - | @
10° | T
= modified propagator : S
- 102} §
» Decay width : | RS
hl'{KB TRISTAN SLC ‘ (E
] ] PEP-II - 1=
= sum of partial decay widths 10 LEP I LEP II
(,partial widths”) 0 20 40 60 80 100 120 140 160 180 200 220
Centre-of-mass energy (GeV)
a for Vs =~ mz:
> Ta+ 2 Tev 3. Ty

rz=) lf=
f

g=u,d,s,c,b {=e,u,
= Inleading order:
Grm3
_ paf SR f\2 f\2
't = Ng 6v/2n [(Qv) +(ga) ]

V=Ue|vp ,UT
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Number of light neutrinos IT

» Cross section for a fermion f; Breit-Wigner
— — 2
121 Fe.l_‘f S'FZZ —>1f0rS—mZ
O-f — mz . l“z . FZ
2% (s—-mp?+stE
' 0 mZ
Of

= Compare different cross sections to find I, from I'; and other f

Tinw _ 0 :r_z_ 0 127T.R2 0
—Rmv 3 Re 2 0 3 Re
I I \ "z Ohaa

» Divide T, by I', derived from theory

=> N, =2.9840(82)
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Number of neutrinos in pictures

12 T, - I s Iy
(TN ) R
s —mjz)? + 5=
(s —m)? +52.5
(2= Tr= 2, T+ D Tex 3, T
f qg=u,d,s,c,b {=e,u,r V=Ve,Vy ,Vr
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[Phys. Rep. 427 (2006) 257]
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Vs « mz: differential Xsec SIT

Vs << m,: photon exchange (pure QED)

helicities: photon = spin 1

R(‘(LZ): /7/44 Qe (L,,—): ///l'f
- = \,8\ = + - = /8 = +
e - e e - e
W 2
4 4
g~ (1+ cosV)? o ~ (1 — cos¥)?
do 02
%y —Nf q% —(1+cos 9)

d cosy /

# colors charge
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Vs « mz: Angular Distribution IT

LEP: Vs = mz+ 2 GeV
a Before LEP: measurements at

a LEP: y*/Z-interference und Z
central physics topic
PETRA: Vs = 29-35.5 GeV

QED: ~ (1 +cos?6)

PETRA (DESY) — first 5 DELPHI 93 — 95 )

deviations from pure QED %— 1;\ S,
5 [ A
3

4
v
@
&
i
.
x

0.4 'y P+2 4+
£

o
[#7]
[262 (9002) 22¥ "day "sAyd]

R ECUEE g
0.2 - i Y -

rilli—

P—2 b ."*':—-—-:'—' i

sdo/dQ (nb GeV')

[Rep. Prog. Phys. 52 (1989) 1329] o L o o
n M Y I R S SR Y . . _1 _0-5 U U.E‘ 1
-10 05 0.0 65 10 cos(0,.)
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Asymmetries A{]]
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= Generic definition of an asymmetry:

. . X—-Y
Partition a dataset into two parts X,Y — A=

X+Y

= Why asymmetries?
= Asymmetries = Ratios, not absolute rates

s Backgrounds and systematic effects on numerator/denominator
equal or similar

— Reduction of uncertainties due to cancellations
s Increased sensitivity to small differences
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Differential Cross Section A\KIT

Angular distribution for Z exchange:
— 4 heIiCitieS (USing 9r = Gy + 9a, 91 = 9y — gA)
~(99)*(91)(1 + cos 9)?

dcos@
do
F a2 A1 2 Re (Le): Re (L)
dcos 6 (g1) (gR)(l cos 9) .- —>//\/\ = ¢ =/f/g\ = 4
do 7 7
1 , _ ]
dcosf ~ (9R)° (gR)(l-I_COSﬁ) b‘wg(chO)l o—f(l > )
do
°r 2
1 —
—L~ (99)*(9])(1 - cos )
do 3 -
F__ 2 2
i af[(1+cos 9) + 2 A Ay cos V|
f
: g
(gL) (gR) 9./’ L access ratio | =%
Af P = 2 P > 9a
()" + (k) 1+(9_V>
9 _
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Forward-Backward-Asymmetry k\‘("

g ;
e DELPHI 93 — 95
© . +
% e*e” > Lu(y) /
S T
< \
} | Peak
/2 dg B n do 49 T 0.8
Op = =
fo dcosﬁ n/deOSﬁ -
0.6 -
- 4
— O-B S ”+‘
App = = = ZA Af 0.4 M4 P+2 4+
OF + OB e +t
Tttt
0.2 P—2F :ﬁaﬁffg_-_l,_ﬂ:jﬂ%ﬁ_ﬁ%__ﬂt#r
0_ —05 0 0.5 1
cos(0,.)
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Ars: Results from LEP

LEP-average: Ars for leptons

ALEPH  +6+

0.0173+0.0016

DELPHI 3 0.0187+0.0019
L3 —=—  0.0192+0.0024
OPAL —c— 0.0145+0.0017
LEP - 0.0171+0.0010
. common: 0.0003
v’ /DoF = 3.9/3
| 0015 - :I].I]ZI | I{:‘i'iIZE
Aﬂ;
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Arg separatly for e, 4, Tvs. RC

0.022 : S

i 68% CL .

0.018 - -]

o <fe ]

0.014 - m,, .

— I*I' .

ee |

‘
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[Phys. Rep. 427 (2006) 257]
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/Z at hadron colliders A\‘(“

p/p

» Lepton final states preferred for low backgrounds, precise reco
= Learn about proton structure (See other lecture)

= Unknown Initial state complicates studies of EWK physics
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Weak mixing angle

s Drell-Yan-Prozess: qq — y*/Z — ff

sin® OW off =

AT

t far Technologie

= Standard model: relative couplingsyof (ermi&pj to y/Z given by sin? O'w e

2q \' " g

s Assumption: differential cross section and PDFs known
— Extraktion von sin? 8w e

= Tricky: which direction did the quark/antiguark come from?
4
= Simulatenous maximum-likelihood-fitto p

= Lepton pair mass M(Uu)
(= partonic center of mass energy)

» Az(Collins-Soper-frame)

Proton

pp-Ebene

= z(Gottfried-Jackson)

~ z*(Collins-Soper)

*z(u-Kanal)
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Weak Mixing Angle

18.8 fb'' (8 TeV)

i
<
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y CMS Preliminary

T T T
| 0.0<|¥, |<04

-02—

—Fit

[T T 11
04<|V, <08

T T T
08 <Y, |<12

12<)¥, <16

FT T T
16<|V, <20

20<Y, [<24_|]

e
-~

eff =

NNPDF3.0 uncertainty
PIRETTELEE NNPDF3.0 replicas
’::‘_'_, P ‘C:E':‘-\FS;:\.,\ ‘\:\\

8sin0 . = +0.0004, +0.0008, +0.0012

[200-9T-dINS-SIND]

ST
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CMS-results:

sin? B'w,er= 0.23101 + 0.00052

m consistent with LEP- resultat

(Sin2 Bfw et = 0.23153 + 0.00016)

= uncertainty: 0.2% ( LEP: 0.07%)

Systematic uncertainties:
=> reduce effect of PDF

uncertainty by simultaneous
fit
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Measuring the W-mass IT

a electroweak theory predicts
s Connection of W- and Z-mass by the weak mixing angle

2y? v ,
my =L M= P gD o po= - 1

s Connection with Top-quarks and Higgs-Boson masses
through loop diagram , i.e. ,self-energy” of W and Z

H b, t
/’ - \
W,z W% wz Wz W,z
W,Z t

~ g In(my/ my) ~ G mf
weak dependence strong dependence
(logarithmic) (quadratic)
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Measuring the W-mass IT

» Looking for indirect effect vgl. Tevatron (2012):
needs highest precision me=173.2+0.9 GeV
-~ T 1
| . 200 - -
s Z-mass: extremely precise . - |
measurements at LEP ! { I } 5.3 3 L
(uncertainty: 2-107°) | ]
= W-mass: LEP + Tevatron = 1907 5 Tevatron 1
= Prediction of Top-quark ) gg{'ycgfl‘_s"ai”t‘
mass before discovery s ]
= bounds on allowed Higgs- 1981 |
boson masses before
discovery 1/ Direct search lower limit (95% CL)
50

1990 1995 2000 2005
Year

[Phys. Rept. 427 (2006) 257]
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W-pair creation at LEP-II ST

» LEP-II: passes kinematic

Threshold for W-boson-pair Cross section: e'e” — W'W-
creation 5 0T—TEp T
= Feynman-diagrams (Born) Z
= TGC: yWW und ZWW 207 .
; i v+
e’ W™ e’ W~ - 1
P
1 O a ]
Y Z ,-,-:'5":' YFSWW/RacoonWW
] __no ZWW vertex (Gentle) -
e W e W ;’_.;-'* _...only v_ exchange (Gentle)
= Neutrino-exchange 0 160 180 200
e —<—"\\\\+W '\jS (Gev)
Ve A [arXiv:1302.3415]

e —— VW W

19 Teilchephysik 1I: W, Z, Top am Collider (4022161) — 3. Vorlesung KSETA Courses 2018



W-Mass at Hadron-Colliders

» Start the reconstruction with lepton

= [solated leptons with high transverse
momentum — suppress multijet background

= Prototype for many high-pr-analyses at
hadron-colliders

= Additional hadronic activity
— recoll against W

a Observable: transverse mass

ms = (E} + EY)* — (BT + PY)°
~ 2|p7||PF| (1 — cos Agy,))

= pPr1¥ mIissing transverse energy in the event
— assumed to represent neutrino

20

e track

AT

t fur Technologie

isolation cone

[020-8002-NIdO-NH3D]

(a)
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W-Mass at Hadron-Colliders AT
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20f ldeal: p = mt/mw =
= 1 = Analysis: Likelihood-fit with templates from
H : simulations with different W-masses
of /1 — P : o | -
: 1 = Precision limited by systematic uncertainties:
5; parton-densities, lepton energies, ...
%o o5 1
' "
: e : -
15000 [ f P 10000 [ . W o ev
> i I L I ,’f: \'.
o L ._-' y¥/dof =58/ 48 E L .'}, 3/ dof = 60 / 62
“21 10000:— I g’ | ,‘F I.L
2 [ ﬂ S o007
& soo0l- ’1& § hY
: . s .
éﬁj h‘-‘-‘- : \
P e M ) T o
60 70 80 90 100 30 40 50
m{uv) (GeV) py(e) (GeV)

[Phys. Rev. Lett. 108 (2012) 151803]
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Then and Now

805 March 201T2 i . ]
[ JLHC excluded

| — LEP2 and Tevatron
{1 - LEP1 and SLD
68% CL

________

/’Ku
-

_300 600N

155 175

m, [GeV|

195

M, |G eV]

AT
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B I I I I | I I I I | I I I I | 1 : v I I I I I I I /If_.
B o o 1 i | m,world comb. + 1o o7
~  68% and 95% CL contours B 72 oV -
80.5 — [ fitw/o M, and m, measurements | i | -- ©=0.76GeV Jn —]
B fit w/o M,,, m and M, measurements ii] —0=076® 050y A0V a
. I direct M, and m, measurements ’ =
80.45 — —
80.4 — /}:
— My, world comb. + 15 ’/' —
80.35 — M, =80.385 + 0.015 GeV ’ =
80.3 — —
B 5 il
: QOG ,Lc_)f\b‘c’ QQGG :
[ 4 A o : g ]
80.25 [— o - N & fitter|su): 7
_J’I’ | 1 | | | 1 1 ,}‘ | | | L | 1 : lI 1 1 I | 1 1 1 I | I—

140 150 160 170 180 190
m, [GeV]

= Pre-Higgs discovery: use My, + M, to constrain Higgs mass

= Post Hoggs discovery: use My, + M,,, + My, to constrain
exotic theories that could add more particles to the loops
— very strong limits on supersymmetry
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Anomalous TGC ﬂ(“

EEIEEIEREE

W v z z v

= Modified couplings caused by physics beyond the SM:
higher cross sections, especially at high V-transverse-momentum
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Anomalous TGC: Lagrange density = IT

= Remember: SM only allows WWy and WWZ triple boson vertices

Lywwy = —ie[4, (W FW}F — WHHWW,") + F, WHHW |
Lywwz = —ie cotd,, | Z, (W W, —W“”’WV ) + Z, WHHW Y|

a Most general oossibe effektive Lagrange density (V =v, 2)
Lot = — lgwwv 1V V.(W- W) — W W)+ sy V, WEWTY

. L uat - + v o
m\ZV/V Vi WP W H + fg5 €pvpo ((apw MW — W HoPW )) 74
+igl Wo WH(@H VY + 8 Vi) — ZX W Wiervro v, — Aoy W:rerreBy, g

2 2m§v P

= SM: g¥1 = kv = 1, all all other couplings vanish
= C-und P-Erhaltung: gV1, kv # 1, Av # 0, gi/ = gsv =Rky=Ay=0

24 KSETA Courses 2018



25

Limits on aTGCs

= Example:

CMS W + W/Z semi-leptonic

= |solated lepton + MET

— leptonic W candidate

= Fat jet with substructure

— hadronic W candidate

= Search for excess at high

diboson invariant masses
— high aTGC contributions

a Extract limits from likelihood

contours in signal+background fit

AT
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2.3fb" (13 TeV)

- CMS

= preliminary

Events / (100 GeV)
=)
w

NO excess W wwwz

ev,WW-category
¢ Data W—ev
----- signalc. /A’=12 TeV?
www
I W+jets
Ot

I Single Top
B Background uncertainty

. e SM

10
i g2k
820
8°-2F
1000 1500 2000 12500 3000 3500
23fb" (13TeV) M N
N — i T T T T | T T T T ‘ T T T T | T T T T ] WV (Ge )
U} ) s_ : :
<] | CMS Preliminary i
— — Expected 68% C.L. — — Expected 95% C.L.
0. 1 | — — Expected 99% C.L. —— Observed 95% C.L."]

¥ Best fit value

Z2T0-9T-dINS-SVYd-SIND]
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Vector-Boson Scattering

= Study quartic vertex in vector boson
scattering

= Similar to VBF process in
Higgs boson physics

= Scattering cross section with longitudinally
polarized bosons not unitary
at high energies

= Regularised in SM by interference with

nggs boson graphs
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Vector-Boson Scattering

= Detailed test of the Higgs mechanism

s 2W + 2jet processes ,common*
even without quartic vertex

= Enhance VBS with suitable
selections:
- Jets with high dijet-mass
- large difference in rapidity

= Only look at W+ W+
=> no gluons in the Initial state

Karlsruher Institut fur Technologie

- Py P Py -

v/Z

— -
-} & - o -
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Quartic Couplings
= Measurement in pp > W*W+jj

= Limits on anomalous couplings

pu*jj Candidate Event

m;i=2800 GeV | Ayi|=6.3

[Atlas-CONF-2014-013]

Events / bin

AT
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CMS 35.9 o' (13 TeV)
-o-Data
i EW WW
150 - Wz ]
Nonprompt
i Others
100 F \ 2\ Bkg. unc. |
A
S .
50 |- SN\ n
L _\\\\\\\\}\\\\\\\\\\\\\\\\\\\i\\\\\\\\\:
oL N I e e S L
500 1000 1500 2000
m; (GeV)

[CMS-SMP-17-004]
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