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Basics of Hidden Symmetries
Hidden symmetry is obeyed by the Lagrangian (and the E.O.M.)

It is not respected by the spectrum, especially the ground state

In principle only possible in a system of infinite volume

Nambu-Goldstone Theorem Goldstone, 1961; Nambu, 1960; Goldstone/Salam/Weinberg, 1962
For any broken symmetry generator of a global symmetry there is a
massless boson (Nambu-Goldstone boson) in the theory.

Two cases:
i) Q*|0) = 0V¥a unbroken or Wigner-Weyl phase

i) Q*|0) # 0 for at least one a = Nambu-Goldstone phase

» Simple proof:
B
by = 6O To S, = OV = g;m - a%w“T;;-@ S
92y av
IV gl + 22| 1o
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The Nambu-Goldstone Theorem
e N-component real scalar field, possesses O(N) symmetry

_1 T\ (HH _:“_2T 9.7 2 ; .
£=50u07)0"0) ~ L0670 - L(6To) with 6= (61,...,0n)

Ay Ay

w>0
;<0

Minimizing the potential:

(¢) = 0 (metastable) or
5 / (6T0) ~ (8)" (9) = —u?/g >0

@

e Without loss of generallty =(0,0,...,0,{(¢n)) VEV in n-th comp.
e Mass squared matrix:

9*V(9) _ v [ Ov—nxv—n) | Oix v
96i00; | 4_ 4y =20(9u) (05) = ( Ov—1)x1 | 29(¢)°
e O(N) symmetry group broken down to O(N — 1) symmetry group

o # broken symmetry generators = # Goldstone bosons =
IN(N-1) - L(N-1)(N-2)=N -1

(M?)5 =




Hidden Local Symmetries

e Consider scalar electrodynamics:

Anderson, 1961; Higgs, 1964; Brout/Englert, 1964; Kibble 1964

- —%FHVF“” + (D) (D) —V(0)| |V(6) = —1?|g]? + %(I¢I2)2

[ )
Remember the gauge trafos: A, — A, + 9,0(x), ¢(z) = exp[—ied(z)]P(x)
» Minimize the potential = (¢) = v/v/2¢'* where

v/V2=p/VA
» Radial excitation: "Higgs field"
\ » Phase is the NGB

olx) = J5(v + h(x))e™

» Evaluating the kinetic term

1 e2 1 2
|D,¢|* = 5(ah)2 + 5(7) + h)? (A“ — aalﬂr) A,

e Mixture between gauge boson and NGB. Define B,, := A4, — 28,7
e_Field strength term does not change under this redefinition
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Hidden Local Symmetries

e Consider scalar electrodynamics:

Anderson, 1961; Higgs, 1964; Brout/Englert, 1964; Kibble 1964

- —%FHVF“” + (D) (D) —V(0)| |V(6) = —1?|g]? + %(I¢I2)2

Remember the gauge trafos: A, — A, + 9,0(x), ¢(z) = exp[—ied(z)]P(x)

» Minimize the potential = (¢) = v/v/2¢** where
v/V2=p/VA
» Radial excitation: "Higgs field"
\ » Phase is the NGB

o) = J3(v+ h(@)e?™
» Evaluating the kinetic term V2

1 e2 1 2
|D,¢> = 5(ah)2 + 5w+ h)? (A“ - 58‘”> A,

e Mixture between gauge boson and NGB. Define B,, := A4, — 28,7
e_Field strength term does not change under this redefinition
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The Higgs Mechanism

e VEV generates mass term for the gauge boson

e Gauge boson mass: only consistent (renormalizable) way oofuveiiman, 1971
[ )

1
L= —ZFM,/F‘“V—F MBBHBmu-l- (8’1)2 mhh — Gn, 3h — 9h, 4h4

2

2
. m m
with m? = \v? Mp =ev = —h m2 = —h
h B 9h,3 h
2v 8v2

R [Higgs field generates particle masses proportional to its VEV and]

its coupling to that particle

7
M?2 / M2
:; - oMj } 2 M
Feynman rules AN

e Hey, what happened to the Nambu-Goldstone theorem??

Longitudinal polarisation now becomes physical, Goldstone boson
takes over its place in cancelling unphysical degrees of freedom.
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The Electroweak Standard Model

» Standard Model (SM) is
—_—— SU(3). x SU(2), x U(1)y gauge theory

Fermions. Bosons.

‘3....
H
E....

» Nuclear forces known since 1930s
» QCD (SU(3).) proven to be the correc

2 theory in 1968-1980 (DIS, ete™ — jets
. ... . : at SLAC/DESY)
§
: ... . » Weak interactions known since 1896
(beta decay)
et e comrmes . » Charged current weak processes, e.g.

muon decay 1~ — e el Fermi, 1934
» Weak interactions couple only to left-handed particles w, 1957; olahaer, 1958

» Discovery of neutral currents in v-nucleus scattering 1973,
discrepancy in strength to charged current = weak mixing angle

» Production of W, Z bosons (CERN, 1983)
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The Lagrangian and its particles in totaliter

e Building blocks (SU(3)., SU(2)L)u (1), quantum numbers:

(2,3) (1,3) (1,3) (2,1); | (1,1)_2 | (2,1)1 | (1,1)0

1 4 2
3 3 3

» All renormalizable interactions possible with these fields:

_ 1 a1 )
Lsy = Z VP — St (G GH] — ST (W W
Yv=Q,u,d,L,e,H,v

1 _ _
— ZBWB‘“’ +Y'QeH ur +YIQ, Hdr

+Y°LiHer [+Y"LpeH'vg] +p*H'H — A\(H'H)?




Electroweak Symmetry Breaking

e Higgs vev (H) = (0,v/v/2) breaks SU(2);, x U(1)y — U(1)em.
Dyo = (0, +igWug +ig'Y B.)¢

e Electroweak gauge boson mass term:

1 - F g - d g 0
3 W2+ LB, ) (gWwrZ + L pr
2(0,0) (g o T g ") (g 2 2 ) (v)

e Three massive vector bosons W=, 7

AL

Wi =75 WiFiWi) mw =39v| |Zu= s (Wi —9'Bu) mz=35Ve+g7

e Orthogonal combination remains massless photon
A= e WV aB)
¢ Rewrite the covariant derivative: of =1(c' +o?)
1 /
— 9 (Wt et — 5= )i _ 273 _g'2 99 3
D,Lfau—&-zﬂ(Wua +W, o )—H\/WZM(g T°—g Y)—l—z\/WA,,,(T +Y)

’

g

Weak mixing angle: cos fy, = \/9217, sin Oy = T
Gell-Mann—Nishijima relation: Q = 7% 4+ Y




Electroweak Symmetry Breaking
e Higgs vev (H) = (0,v/v/2) breaks SU(2);, x U(1)y — U(1)em.
Dyuo = (0, +igWu§ +ig'Y B.)¢
e Electroweak gauge boson mass term:

LG g/ LG g/ 0
%(O,U) (gWME + EB/,,) (gW”E + EBH) (’U)

AL

e Three massive vector bosons W=, 7
(9W;i —¢'Bu) mz=4§Vg*+g'?

1

+ _ 1 1 Y172 _ 1 —

Wy, _ﬁ(Wu:‘:ZWH) mwy = 5gv ZM—W

e Orthogonal combination remains massless photon
E (g'WS + gBM) mag =0

A, =
! 9%+g'?

ot =1(c' £0?)

o Rewrite the covariant derivative:
! Z,,(T% — sin? 0y Q) + ie A, Q

_ ; t ot W o
DH—B#—l—Z%(WMU +W, o )+ZCOSBW

’

Weak mixing angle: cos fy, = 9__ sinfyy = ——Z
/g2+912 /g2+g/2

Gell-Mann—Nishijima relation: Q = 73 +Y
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E|eCTrOWGak Feynman RUIeS (all momenta outgoing)

]
i
]

—ig g
5 Zcos Oy !
—i 9 _ 3 in2
ievuQy igva (=77 [(Tg —325m
A + z -
n wi u 7°Ty]
f f
+
Wi Zp H
2 2 N 2
””” 2 "Wy, 22y, - Tl
H H /H
_ z H
W, v
+
Wy H Zy H H H
2 2 2
20 W, 3 20 W, ¥ —3i L
v N v v
W H z, H H H

Easily derivable: (3 WiW =+ Im%2%) (1 + Hy?




E I eCt rOWGak Feyn man R u I es (all momenta outgoing)

+
Wi

Xy

I

—igwwx [(k= =k )PnHY + (q = k_)H0YP + (ky — @)V kP
IWWz = gcosbyy IWW~ = €

—igW W X, Xg [20HY 0T = nHT YT — o T ]

_ 2
IWW~y = €
swwzz = 92 cos® oy
IW W~z = 92 cos by sin Oy
2
IWWWW = —9




Fermion masses: Yukawa terms

e Fermion mass terms —my(f, fr + frfz) forbidden by U(2); x U(1)y
gauge invariance

e Yukawa coupling is gauge invariant dimension-4 operator:

_ Y, "
ALy = ~Yo(Tp - d)er — —%zm (1 N 7)

Again, Higgs boson couples proportionalfto mass:

1

,,,,, S
Yev T
V2! >”

Hierarchy of Yukawa couplings according to fermion masses: Y; ~ 1,
Y::,T,b ~ 10_21 Yp,,s ~ 10_3, Ye,l/,d ~ 10_5
Y, <1071, but Majorana mass term Lugjorana = — 3m,V° gVr POssible

H~v,Hgg couplings: L Yg® ¢ . HFE. Fwv —<41
77, Hgg couplings:  ——-— »

my =




Higgs: Properties and Search

gg Fusion tt Fusion
g

Production: gluon/vector boson fusion

decays predominantly into the heaviest
particles

bb hopeless: background!

Detection of rare decays

0% T

g Ns=14Tev 32
Complicated search: many 5 i
channels 0 E

% ]
high statistics necessary 1 ]
v7v: mass determination ]

My > 125GeV: ZZ* — 00ee o

| s s s L L -
1 200 300 400 500 1000
0o M, ceVf




]

Q

Higgs BR + Total Uncert [%)
]

90 200 300 400 1000
M, [GeV]

Complicated search: many
channels

high statistics necessary
~v: mass determination

My 2 125GeV: ZZ* — el

Higgs: Properties and Search

Production: gluon/vector boson fusion

decays predominantly into the heaviest
particles

bb hopeless: background!

Detection of rare decays

o(pp — H+X) [pb]
=)

b Lo Lo )
0 200 300 400 500 600 700 800 900 1000
My, [GeV]

{=man

1




]

Q

Higgs BR + Total Uncert [%)
]

104t | S R PRI R LT
80 100 120 140 160 180 200
M, [GeV]

Complicated search: many
channels

high statistics necessary
~v: mass determination

My 2 125GeV: ZZ* — el

Higgs: Properties and Search

Production: gluon/vector boson fusion

decays predominantly into the heaviest
particles

bb hopeless: background!

Detection of rare decays

8 N h — yy

8 JL dt=30fb" = tth(h — bb)

= (no K-factors) ~ zz® . a1
= ATLAS howw® - iy
LTS = qah - aqww®
-3 4 qah - qa

b= Total sgnificance

%\ N

10 |

,
180 200
M, (GeV/c?)




: Properties

Uncert [%]

Higgs BR + Total

n ‘16‘0‘ n ‘180‘ N \2
M, [GeV]

Complicated search: many

high statistics necessary
~7v: mass determination

My 2 125GeV: ZZ* — el

and Search

Production: gluon/vector boson fusion

decays predominantly into the heaviest
particles

bb hopeless: background!

Detection of rare decays

@
8

-
8

g

Events/500 MeV for 100 fb?
s
8

Events/500 MeV for 100 fb?
o

g
g

120 130 140 110 120 130 140
mw(GeV) m(GeV)

2




4.7.2012: The Discovery of the Higgs (?)

» After roughly 5 fo—! data from 2011 and 2012:
4.7.2012 CERN-Seminar: We have found a scalar boson at
125.3 £ 0.6 GeV




DG, 4.7.12): As a layman | would say we have it!

CMSPrehmmary r STTevL= 5osm ifs=8TeV L= 525m‘
T T T T T

> T
%2000 F CMS Preliminary e S/B Weighted Data & 12} * Data 4
Fs= —5ify! —— S*BFi
O1B00F fe= 7Tl L=5 I A coporn ° e
D ) L= 10 g 10 Dzz
1]
I g [Jm=126 Gev
6 _
- |
ol
Tl
I L o= L
0 120 140 80 100 120 140 160 180
m,, (GeV) m, [GeV]
=
s " ATLAS Preliminary 2011 +2012 Data
B 105 —oms, V5=7TeV: fLot=4.6481" o 19 Ay,
: JLdt=4.64. 3 " Observed p, (cat i b
5 - Exp. 5=8TeV: [Ldt=58591" g 9= ;:g:d: «(c:‘:g:m ATLAS Preliminary
= B 8 02| —— Observed g (inclusive) Hoyy 3
E 4 — Expected p_ (inclusive) 3
5 1 o
3 2 ———TI%
2 1 1 e
9 104 —_—— 40
10° Data20ft, 1s=7TeV g
8 Ldt=481" 5|
10 Jos
107 Data2012, 1s=8TeV |
10 o 10'2 Ldt=207f" 370
CLs Limits wh . .
| T i
100 200 300 400 500 600 107440 115 120 125 130 135 140 145 150
m, [GeV] my; [GeV]




2013: It’s the/a/sort of Higgs(-like) WTF

» 2012 data: 25 fo—! = compatible with
EW precision

» Higgs compatible with EW precision
measurements:

» Higgs measurement by far not precise
enough!!!

» More: — K. Fujii’s talk

Ry,

AL
A(LEP)
A(SLD)

+ 2 lept,
sin“0; (QFB)

had

)
Ao M)

T

ARRRRRRRERRRR}

o

T T

[T fitter[.J:

0.0
-1.2
0.2
0.2
0.1
-1.7
-1.1
-0.8
0.2
-1.9
-0.7
0.0
0.6
0.9
25
0.0
-2.4
0.0
0.0
0.4
-0.1

3 2
(0, ~ Ormeas) / Omeas

fit

L
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Digitization Science Fiction

(1/N)dN/dIcos 8l

T T T T T T AR
2- 2
s L
o
K] ) 1‘\\ T
3 \\ A
0 L 1 1 1 1 1 1 1
Qo a2 Q4 a6 08

Events /0.1

T T T T T T T T T
Ho vy —&=0" (SMpdf  —J° = 2" (100% gg) pef
Nominal analysis ¢ J°- o (sm)fit @ J° = 2* (100% gg) fit
Backgroung systematic uncettainty

200

150

100

50

ATLAS Preliminary
0

I
Data 2012, J.L dt-207 b Vs = 8 TeV

1 ! 1 ! ! ! ! ! 1 il
0 01 02 03 04 05 06 07 08 09 1

|cos®*|




Flavor, the CKM matrix, and CP violation
Three generations of fermions in Nature

Diagonalization of fermion mass matrices:

1)2YuYuT = Ludiag(mi, mi, mtz)LL

Rotation of quark fields leaves a trace in the charged current:

ELW(LLLd)dL = ﬂLWVCKMdL

CKM matrix: unitary, experimentally
almost diagonal

Three angles 611, 0;3, 623, one phase

Phase violates CP (charge
conjugation and parity)

After discovery of neutrino
oscillations: MNS matrix

More: — J. Dingfelder’s talk

VYY) = deiag(mz,mg,m%)Ll}

10

00—t

Fsin2p
%
o

L Vil

v

i

Amga&.am, |

L N
I
4




Properties of W and Z
» My = 80.385(15) GeV

— alM
D(W — fif ;) = NL—-3"
12$W

g

Tw = Zij I'(W — fif;) =~ 2.0 GeV

> BR(W — v,) ~ 1/9,
BR(W — w;d;) ~ 3/9

BR(W — eme)  10.80(09) %
BR(W — uw,)  10.75(13) %
BR(W — 77,)  10.57(15) %

BR(W — hadrons) 67.60(20) %
> [y = 2085(42) GeV
Tw /My =2.59 %
EW, mainly QED rad. corr.

» My =91.1876(21) GeV

— OLMZ
N ~NL—2
(Z= 15 c 24c%, 5%,

(1 — 453 |Qy| + 8sy Qs %)
Ty =%, T(Z - f) ~ 2.5 GeV

» BR(Z — (¢) ~ 1/30, BR(Z — dd) ~ 1/6,
BR(Z — vp) = 2/30, BR(Z — vu) ~ 1/10,

BR(Z — e@) 3.363(3) %
BR(Z — uf) 3.366(7) %
BR(Z — 77) 3.370(8) %

BR(Z — invis)  20.00(6) %

BR(Z — hadrons)  69.91(6) %

» ', = 2.4952(23) GeV
Ty /My =274%
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Z pole and lineshape
LEP I, SLC: o

Electroweak Physics

3
o ohad — 1270 (et e™)I(had) _ 1 w(@s)
= —r2r. =
0 Mzl z 10
41.477(9) nb L
£ i
b - il
e 30% QED corrections o ™~ \
° 107 \“ﬁ/ \\\
S
(] Ny == 3 w42 -
1 10 10
= ' ' ' ' N ALEPH
= S DELPHI
< 40r / 7 L3
b.ﬁ ALEPH 30 F OPAL
[DJELPEI
30 L OPAL
20 b e e |
by factor 10
ey toctor 10
10 F s tromse
..... QED unfolded
! . . .

7 s L .
86 88 9‘0 92 9‘4 0 86 88 90 92 94
E.. [GeV] Eem[GeV]




Z asymmetries

do(ete™ — ff) _ ma? o
dcosf T2

m2 2 P
(1 +cos? 6 + 4—S-t sin? 0) Fi(s) — s—sth(s) + 2cos0F3(s)\/1— amy :|

Fi(s) = QIQ7 +2QcQ vecvsReP(s) + (v + a7) (v} + a})|P(s)[*
Fa(s) = (v7 +a2)a}|P(s)[

F3(s) = 2QcQracasReP(s) + ZJLIJ‘,_vfaea.f|P(s)|2 P(s) = 5

S—M%—Fir‘zMZ



Z asymmetries

do(ete™ — ff) _ ma? o
dcosf T2

1 2

8m

LBy (s) + 2cos€F3(s)\;“sl

1 2
m’y

(1 +cos?6 7117 sin? ()) Fi(s)

Fi(s) = QIQ7 +2QcQ vecvsReP(s) + (v + a7) (v} + a})|P(s)[*
Fa(s) = (v7 +a2)a}|P(s)[

F3(s) = 2QcQracasReP(s) + ZJLIJ‘,_vfaea.f|P(s)|2 P(s) = 5

S—M%—Fir‘zMZ
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Z asymmetries

do(ete™ — ff) ma?

dcosf T 2s

(1 + cos? 0 ) Fi(s) + 2cos0F3(s)

Fi(s) = QIQ} +2QcQpuevsReP(s) + (v} + a2) (v} + a3)|P(s)|?
Fa(s) = (v2+a2)a}|P(s))?

2 s
F3(s) = 2QcQyacayReP(s) + 4vevsacays|P(s)| P(s) = ——5————
5 — MZ + iz My
e DELPHI 93 — 85
L3 €' = et 1 4
1% e'e” =2>uu(n) bk
® peak-2 . Ry s
, & peak : 5 Peak
@ peak2 * . 08 & E
2 : 0 ¥
B K ¥ 7
: s % 4
= % o8 ;
2 £ st +
= 05 b g i #*
2 © oafly Pe2 4t
-»‘* -
’:1"-0—0—#""* "
0.2 o 2"+0_*f__*‘_,+¢
o o5 0 05 1 5y 55 5 o5
cos 8 cos(0,.)
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WW/ZZ threshold

e 1V threshold scan: My, with 24 MeV precision

= T T f
8 2|LEP  PReLMNARY ) LEP PRELIMINARY '
z | YFSWW and Racooniid 3 2270 and YFS2Z
b ﬁ °
10 /" H
/o W 05 1
3 .
/
J
o T R
160 180 200 180 190 200
Vs (GeV)

s (GeV)
o Evidence for non-Abelian structure of weak interactions

e Careful with propaganda plots:

£
oreliminary

S/ RacoonW
e 10 WM vt (o)
= only v, exchange (gene)

T T
180 200
s (6eY)
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WW/ZZ threshold

e 1V threshold scan: My, with 24 MeV precision

; T ?
201 | EP  PRELIMINARY B

| YFSWW %
4
10 ul

)
a

Sy (Pb)

T T
LEP PRELIMINARY
W 2ZT0and YFSzZ

6 (1

/
/o W
/
o W w0 as
160 180 200 180 190 200
Vs (GeV)

s (GeV)
o Evidence for non-Abelian structure of weak interactions

e Careful with propaganda plots:

[t
prliminary

W YESHW/Racoor W
e 10 WV vt (o)
e only v, exchange (gene)

T T
180 200
s (6eY)
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Radiative Corrections

7 7 7z, 7 )
AN — —i— AT ~Ap~AMZZ -7
Zr Zr Zr  Zr

AS ~ WO, B* AU ~ W', W

Electroweak radiative corrections:

V2GF
M2 = M2 /02 M2 — ma/
z wiEw W2, (1 - Ar)

T
—LEP2 and Tevatron (prel.)
80.5- - LEP1 and SLD

68% CL

m, [GeV]
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Radiative Corrections

7 7 7z, 7 )
AN — —i— AT ~Ap~AMZZ -7
Zr Zr Zr  Zr

N — —— AS ~ WO, B* AU ~ W', W

Electroweak radiative corrections:

ﬂ'Ot/\/iGF

M2 :M2 /02 M2 —
z wiEw W2, (1 - Ar)

just 2008

T
—LEP2 and Tevatron (prel.)
80.5- - LEP1 and SLD

68% CL

0245 - T

NuTeV
0240 Q,APV) Iqwm :[ uTe

= C ]
> E ]
Sgo4{ [}z 3z F .
= S ozs | E
£ o F ]
= = Trevatron
0230 - .
SLD

80.3 C cmst
oazs - ! L . 1 . 1 .

150 175 00001 0001 001 01 1 10 100 1000 10000

m, [GeV] 1 [GeV]




Effective Dim. 6 Operators

1
>~\§\V/§< >=.< — X Q(]I}ZEM[J(I)-J(I)]

—

11
Ol = 2 5(hTh — 0% /2) tr W, WH
13
- -2 T uv
Op = 155 (Duh) (D) B
11 Y
O/BB:_A_Z(hTh_U2/2)B BM




Electroweak Physics

Anomalous triple and quartic gauge couplings

Lrae =ie {Q;A“ (W; W _ WjW‘“”) + &YW WA 4

~

M,

+ieW [gfzu (Wowr —whw =) 4 W w4
SW

—vyt APk
Wu WVPA }

)\Z

2
MW

vyt e
W“ VVVPZ ]

12
SMyvalues: g7'% = k"7 =1,A"% =0and oy = 85920 gVVI . pZ7

Agl =0 AR = g% (as — a1) + g% as + g% (a — as)

Ag? =67 + SH-a3

Ag’l‘/’Y — Ag;’y —

z z 2
Ag]” = Ag]” =62+ Fas
W

2
AgIZZ = 2Ag?z + ‘f%)v (s + )

RZZ = g% [y + a5 + 2 (a6 + a7 + a10)]

-2, 1/2

2
Agi” = 28917 — F-(as +a)

0

Ar? =67 — g% (as — 1) + g%as + g% (a0 — ax)

AngW = QC%VAgYZ + 2g2(ag —ag) + gza4

Agng = 2c\2NAg¥Z + 2g2(ag —ag) — g2 (g + 2a5)
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Anomalous triple and quartic gauge couplings

Loco =€ [qlTar AW W - g3var AW W]

2 EwW z v -w+ - z R
+e E[g’f ArZY (WawE + WEwW,) = 2637 A% 2, W Wy]

2

C

+et ot [o77 242 wowi - gf %202, Ww W]
W

2

e WW o — i +v i — ww —p+)? e zz 2

ey [gl wRw W owE - g (wrrwE) ]+45%v6%vh (Z2"7,.)

E12+g’2o<1 VY —1,h%% ¢

SMvalues: 7% = k7% =1, A% =0and 6z = . i
2,
Agy =0 AR = g% (az — 1) + g°as + g% (a0 — ax)
2
Aglz =6z + Cg2 as A7 =67 — 9/2(0‘2 —a1)+ 9o +92(Ot9 — as)
W
2
Agl" = Agl" = Agy? =28g717 — (a5 + ar)
W

z z 2 ww 2 z 2 2
Agl? =Ag)” =6z + —092 as Ag, = 2cwAg]” +2g" (o — ) + g s
w

2
AgIZZ = 2A9¥Z + chW(a4 + ag) Agng = 2c\2NAg¥Z + 2g2(ag —ag) — g2 (4 + 2a5)

RZZ = g% [y + a5 + 2 (a6 + a7 + a10)]
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ILC: Triboson production

6+6— — WWZ/ZZZ, dep. on (014 + aﬁ), (a5 + a7), a4 + a5 + 2(046 + a7 + alo)
Polarization populates longitudinal modes, suppresses SM bkgd.

15,

Electroweak Physics

Simulation with WHIZARD  Kilian/OhI/JRR

1TeV, 1ab—!, full 6-fermion final
states, SIMDET fast simulation

Observables: M2y, M2 5, <(e”, Z)
A) unpol., B) 80% e, C) 80% ¢, 60% e

L T T T T T
wwz A
» 10F B
NU
&
= 5 =
£
B
v o ]
&
8 -10F B
15! 1 1 1 1 1
15 -10 -5 0 5 10 15
coupling strengths 1610 "
Wwz 7727 best
1672 x || nopol. | e~ pol. | bothpol. || no pol.
AaI 9.79 4.21 1.90 3.94 1.78
Aoy —4.40 —3.34 —1.71 —3.53 —1.48
Aaf 3.05 2.69 1.17 3.94 1.14
Aa; —7.10 —6.40 —2.19 —3.53 —1.64

32 % hadronic decays
Durham jet algorithm
Bkgd. tt — 6 jets

Veto against B2, + p? i
No angular correlations yet
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ILC: Vector Boson Scattering

1TeV, 1ab—1, full 6f final states, 80 % ep» 60 % e]:L polarization, binned likelihood
WW - WW WW — ZZWZ - WZ,ZZ = ZZ

Contributing channels:

SU(2). conserved case, all channels

Process [ Subprocess [ o [fb] b
= ——— coupling o— o+
eTe™ - vebeqdaq WW —» WW 23.19 -
ete™ = veveqdad WW — ZZ 7.624 1677y -1.41 1.38
eTe  — vpadaa V > VVV 9.344 1672 as -1.16 1.09
ete™ = veqdqq Wz —» Wz 132.3
ete= — ete—qdqa 27 - 22 2.09 SU(2). broken case, all channels
ete™ = ete qgaq ZZ - Wtw— 414. coupling o— o+
ete™ - bbx ete= 5t 331.768 1672, 272 237
Fe— daq + wtw— 3560.108
epe_ T aaad e 1672 as 246 | 2.35
eTe” — qdqq ete” — ZZ 173.221 )
ete™ = evqq ete™ = evW 279.588 167" -3.93 5.53
ete™ = ete qq ete™ s ete— 2z 134.935 1672 ar -3.22 3.31
ete” o X ete™ — qq 1637.405 16m2a1o 555 455
“ ] t6ras " Yisriar b)
3
2 I 5
\ i
NERN \
0 0
-
2 5
3
4 16720, 5 . . . . ‘16724;, 10 16705,
3 4 6 -4 2 0 2 4 6 -10 -5 5 10 15




Summary

» LHC: paved the path to Electroweak Symmetry Breaking
» Microscopic picture of EWSB not yet understood
» (Precision) properties of W, Z, H crucial

» Interesting times!
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