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Setting the EW stage

» 2012/13: EWPO-compatible Higgs boson found

» BSM still completely compatible (Snowmass BSM session)

» First step: Naturalness hints at a mechanism in the near TeV range:
LHC limited, but maybe in reach

» Next goal: revealing all we can about EWSB
» “If not”: Tiny corrections encoded in higher-dim. operators
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Model-Independent Description of the EW sector

» Higgs boson observed (?) ... what is the EW sector?
» Aim: describe any physics beyond the SM as generically as possible
» Implement what we know about the SM

» Implements SU(2);, x U(1)y gauge invariance

v

Y (SM fermions), Wi (a=1,2,3), B,, Y =exp [le 70

v

Minimal Lagrangian including gauge interactions

Lonin = Y _ PPy — —tr (W WH] —

n

Building blocks (including longitudinal modes):
Str [BWB“”]-i—Ztr [(D.X)(D*T)]
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The Fundamental Building Blocks

» V = 3(DX)! (longitudinal vectors), T = 3% (neutral component)

» Unitary gauge (no Goldstones): w =0, i.e., ¥ = 1.

i 1
v— -7 [\/E(W+T+ +Wr) + 6_273]

W

T — 73

» Gaugeless limit (only Goldstones) (g, ¢’ — 0):

vV — %{ V20wt Tt + V20w T + 827’3} +0(w™?)
T — 73+ 2\/5%} (wtrt —w™r7) +O(v™?)
So T projects out the neutral part:

tr [TV] = % {82 + % (wrow™ — w_8w+)] +0(w™?)




EW Chiral Lagragian —
Originally for heavy Higgses or Higgsless models

_ 1 1
Legt = Loin— Y PrEMyr+Bi1LG+Y ail:i—i-; Za§5)£(5)+v—2 Za§6)£<6>+. .
M i i i

2
ch= %tr [TV,]tr [TV"]

L1 = tr[Bu, WH] Lo = tr[V,V,]tr[TVH]tr[TV?]
Lo = itr [Bu, [VH, VY]] L7 = tr[V,VHtr [TV,]tr [TVY]
L3 = itr [W,,[V#, VY]] Lg = +tr[TW,,]tr[TWH]

L4 = tr[V,V,]tr[VAVY] Lo = Ltr[TW,,]tr [T[V*, V"]
Ls = tr[V,VH*tr[V, V7] Li0 = 5 (tr[TV,]tr [TVH])?

Indirect info on new physics in g1, a, . .. (Flavor physics only in M)




Originally for heavy Higgses or Higgsless models

_ 1 1
Legt = Loin— Y PrEMyr+Bi1LG+Y ail:i—i-; Za§5)£(5)+v—2 > O 4
M i i i

2
ch= %tr [TV,]tr [TV"]

L1 = tr[Bu, WH] Lo = tr[V,V,]tr [TV#]tr [TVY]
Lo = itr [Bu, [VH, VY]] L7 = tr[V,VHtr [TV,]tr [TVY]
L3 = itr [W,,[V#, VY]] Lg = +tr[TW,,]tr[TWH]

L4 = tr[V,V,]tr[VAVY] Lo = Ltr[TW,,]tr [T[V*, V"]
Ls = tr[V,VH*tr[V, V7] Li0 = 5 (tr[TV,]tr [TVH])?

Indirect info on new physics in g1, a, . .. (Flavor physics only in M)

Include now also the Higgs boson in the EW chiral Lagrangian

EW Chiral Lagragian —
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Anomalous triple and quartic gauge couplings

, _ A
Lroo =ie [g;AM (W;W*“” —-wiw “") FRYW WA W, ”W:;A"“:|
w

z
ow |z -t - P —— A N
+ie™ |:gl Zu (W, WY - WIW TR 4 kP W W 2 iz Wi "WVPZ"“}

12 7
SMyvalues: g7'% = k7% =1,A"% =0and 6, = Blc%t‘iiséjl 975 =1,h%7 =0

Agl =0 AKY = g% (a2 — 1) + g as + g° (a9 — as)

2
AgY =67+ Zras Ak? =657 — g'*(az — 1) + g% as + g% (a0 — as)

2
Agl" =Agy" =0 AQQZZ _ 2Ag¥z _ c%r(as +ar)
w

2 2
Ag'lyz = Ag;Z =6z + 32 as AngW = 2c‘2,vAg'1YZ + 2g2(a9 —ag)+ g au
w

2
AgP? =20077 + L (s + ag)

hZZ = g% (g + a5 + 2 (a6 + a7 + a10)]

Agng = 2c\2NAg¥Z +2¢% (a9 — ag) — g° (o4 + 2a5)
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Anomalous triple and quartic gauge couplings

Loco =€’ [g,?{“’z“A”W;W,jr - g;”A“AuW_"Wj']

Cw — — —
+ 2= g1 arz” (Wowh + wiw) ) —2g37at z, W wi |

2
+ ezz—g [ngZ“Z”W,;Wj - gZZZZ“Z,LW_"W,j']

2 2
€ WW rx,—prrr+von,— v+ ww —p+)2 € ZZ 2
+ o [gl WEWH W W~ gl (W WM) ] + g h 2z

w

12 7
SMyvalues: g7'% = k7% =1,A"% =0and 6, = Blc%t‘iiséjl 975 =1,h%7 =0

Agl =0 AKY = g% (a2 — 1) + g as + g° (a9 — as)

2
AgY =67+ Zras Ak? =657 — g'*(az — 1) + g% as + g% (a0 — as)

2
Agl" =Agy" =0 AQQZZ _ 2Ag¥z _ fT(Ots +ar)

2 2
Ag'lyz = Ag;Z =6z + 32 as AngW = 2c‘2,vAg'1YZ + 2g2(a9 —ag)+ g au
w

2
AgP? =20077 + L (s + ag)

hZZ = g% (g + a5 + 2 (a6 + a7 + a10)]

Ag;/vw = 2c\2NAg¥Z +2¢% (a9 — ag) — g° (o4 + 2a5)




Parameters and Scales, Resonances

«; measurable at ILC
» a; <1 (LEP)
» a; > 1/167% ~ 0.006 (renormalize divergencies, 16m%a; > 1)
Translation of parameters into new physics scale A: o; = v?/A?
» Operator normalization is arbitrary
» Power counting can be intricate
To be specific: consider resonances that couple to EWSB sector
Resonance mass gives detectable shift in the «;
» Narrow resonances = particles
» Wide resonances = continuum
f1 < 1 = SU(2). custodial symmetry (weak isospin, broken by hypercharge
g’ # 0 and fermion masses)

J=0 J=1 J=2
I=0 o (Higgs ?) W (/2" f° (Graviton ?)
I=1 ﬂ'i,?‘ro (2HDM ?) [)i,po (W//Z/ ?) ai,ao
I=2| ¢t*, ¢*, ¢° (Higgs triplet ?) — tEE 10

accounts for weakly and strongly interacting models
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Integrating out resonances

Consider leading order effects of resonances on EW sector:
Lo=z[®(M3+DD)®+20J] = L= —VJJ-%M J(DD)J+O(M %)
» Simplest example: scalar singlet o:
L, — _% [0(M2 + 0% — govotr [V, V] — hotr [TV,] tr [TV]]
» Effective Lagrangian

£ = [9otr [V, V*] + hotr [TV ] tr [TV#]]?

8M2

» leads to anomalous quartic couplings

2 2 2
v v v
as = s (8M§> ar = 290ho (8M§> a0 = 2h5 <8M3>

» Special case: SM Higgs with g, =1 and h, =0
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Coupl. strengths, Anomal. Couplings, Power Counting
Scalar resonance width (M, > My, Mz):
Ty = w <M3) + I'(non — WW, ZZ)
167 V2
Largest allowed coupling for a broad continuum: I" ~ M > I'(non — WW, ZZ) ~ 0
translates to bounds for effective Lagrangian (e.g. scalar with no isospin violation):

dr [ vt 0.015 2.42
< (=) —"" __ = 16rfas < —"
=73 (M;,l) (M, in TeV)? T = (M, inTev)l

Scalar: T~ ¢*M3, a~g?/M? =  omax~ 1/M*
Vector: T~ ¢*M, a~ g>/M? = amax ~ 1/M?
Tensor: T~ g?M3, a~g*/M? = amax~ 1/M*

Vector triplet (simplified)

2

1 M
‘Cp = _gtr [pl“/pﬁ“/] + Tptr [pﬂpu} +

1/M? term renormalizes kinetic energy (i.e. v), hence unobservable:

; 2
e, v

921}4

eff _
L 4M 2

tr[(D,X)(D*%)] 4+ O(1/M,)
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Anomalous Gauge Couplings at LHC

Anomalous quartic gauge couplings, by chiral EW Lagrangian:

2
L4= as [(W+vv+)<W‘w—)+<W+W‘>2}Jri<vv+2)<W‘Z>+L(ZZ)2
2 C%V 2c“1}v

2 2 1
£y = 0‘5% {(W*W*)2 + o WTw Ty z2) + 2—4(22)2}
‘w ‘w

(all leptons, incl. 7):
D(Xlr Qz)

pp = JI(ZZ)WW) — jil~ v,

o~ 40fb
Background:
» tt — WbWb, o ~ 52pb
> Single t, misrec. jet: o ~ 4.8 pb
» QCD: o =~ 0.21pb




Isospin decomposition
» Lowest order chiral Lagrangian (incl. anomalous couplings)

’172

L= 7Ztr [V“V“} + astr [V, V, ] tr [V“ 1 + as (tr [V V“])

» Leads to the following amplitudes: s = v, + 922 ¢ = (1 — p3)2 w = (1 — p2)2

12
A(s, t,u) =: A(wtw™ = zz) = % + 8(1,5— + 4oy +4u
v
‘ t2 2
AwTz s whz) = — +8a5—+4a4;
2 vl Y
2 2 2
t
AwTw™ = whw™) = —% + (4o + 2a5) 5 t +8(Y,4u7
v v
2 2 2
t
AwTw™ 5 wtwt) = 7% +80t/1$7 +4 (aa + 205) +4u
v v v
2 42 2
t
A(zz — zz) = 8 (g + av5) %
v

» (Clebsch-Gordan) Decomposition into isospin eigenamplitudes
A(I =0) = 3A(s,t,u) + A(t, s,u) + Ay, s, t)
AT =1) = A(t,s,u) — A(u, s, t)
AT =2) = A(t,s,u) + A(u, s,t)
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Unitarity of Amplitudes

UV-incomplete theories could violate unitarity

: . _ do __ 1 2
Cross section: o= [dQ5% = = |M|

Optical Theorem  (Unitarity of the S(cattering) Matrix):
oot = IM [M;;(t =0)] /s t = —s(1 —cosf)/2

Partial wave amplitudes: ~ M(s,t,u) = 327> ,(2¢0 + 1).As(s)Py(cos 6)

Assuming only elastic scattering:
us ' us
oot = 3, 2 4,2 L5, 2D im 4] = [ A° = Im [A] |

Argand circle || A(s) — | =

N

—MTy
S—MZ2+iMTh

Counterclockwise circle, radius “s*
Pole at s = M? — i MT ot

Resonance: A(s) =

Re[A]
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Unitarity in the EW sector: SM

» Project out isospin eigenamplitudes Lee, Quigg, Thacker, 1973
1 0
Ag(s) = Ton —A(s,t,u)Pg(l +2t/s) cosf =1+ 2t/s

Remember Legendre polynomials:  Py(s) =1 Py (s) =cosf Pa(s) = (3cos? 6 —1)/2

» SM longitudinal isospin eigenamplitudes (A spin—.7):

t—u s s

Ar=o =2- Po(S) Ar=1=—— = 5 Pi(s) A=z =——Po(s)
v v v
s s S
Ago = —— A1 = —— Asog=————=
00 = 16702 L1 96702 2,0 327v?

exceeds unitarity bound |Ar,| < 3 at:
Higgs exchange: } o <

I=0: E ~ V8mv=12TeV
I=1: E~ V48t =35TeV Als tu) = Uz o M2
I=2: E ~ V16wv =1.7TeV Unitarity: Mg < V8mv ~1.2TeV
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K-Matrix Unitarization and friends

K-Matrix unitarization Im[A] o

A(s 14+ 4A(s
Ascls) = A 1) ;

1-— ZA(S) 1+ A(S) Ak (s)
Unitarization by infinitely heavy and Re[A]
wide resonance Als)

1 » Low-energy theorem (LET): -5
Axe » K-Matrix amplitude:
2 2 s§—00
A = oo "1
> /5 » Poles +iv: My, I" large
2v 4v 6v
Padé unitarization “Naive” Unitarization
separates higher chiral orders Extreme case:
Ap(s) = A0) ()2 An(s) = eiA(s) gin A(s)
P = A0 (5)— AT (5) - A ()2 NS
each partial wave dominated Infinitely many resonances

by single resonance becoming denser for s — co
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BSM Unitarized Resonances: e.g. Scalar Singlet

Assumptions:
LHC is able to detect a resonance in the EW sector

v

Describe 1st resonance by correct amplitude

vYyy

Use K-matrix unitarization to define a consistent model

Further resonances might exist, but out of reach or not detectable

Example: Scalar Singlet
> Lo=—10(M2+0%) 0+ % 0tr [V, V¥

» Feynman rules: owtw™: =292 (ky k)  ozz: — 2
. 92 82
» Amplitude (s-channel exchange): A% (s,t,u) = ey

\{

Isospin eigenamplitudes:

Ao’ _ g<27 3 S2 t2 uz
O(Sytvu) - 02 Ss—M2 + t—M?2 + w—M2
2 2 2
o _ g t U
Al (S)t?u) - v% (t—M2 - u—MQ)
2 2 2
o _ g, t
Az (s tu) = 7% (m + u_uw)
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Unitarizing the scalar singlet Alboteanu/Kilian/JRR, 2008
Agols) = 325 2 122250 () Aoa(s) = 282(5) = AL(9)
AT (5) = 22.51(s) AT (s) = 2255a(s)

2
AZy(s) = 293 S0(s)

» S-wave coefficients no longer polynomi4a|, e.g.:

So(s):MQ_%_i_Tlogm

» s-channel pole must be explicitly subtracted:

Gry(s)
s— M2’

Ary(s) = AP (s) + Fra(s) +
- FIJ(S) is finite
— Gry(s) s (vector), o< s2 (scalar, tensor)

i Ars(s) © ~
Apy(s)= —2) 4 32miA AL (s),
= Ay A s

s — M? )
5= Gra(s) = (s = M2) [1 = 5= (A1) () + Fus (s))]

AAps(s) = 32mi (1+ = A0 (s) +
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Taxonomy of resonances/Loops

Resonance o 1) o f a

2
[[g>M?/(64mv?)] 6 1 3(3p) & 5
Aaa[(167T /M) (v /M) | 0 1 3 5 -3 a
Aas[(167T /M) (v /M*)) % _% _% —% %

» Loop corrections to LET can be switched on/off:
(e renormalization scale)
- 1 1 52 t(s + 2t)
ARy = — |(zmE = (71 4C ) t }
o P(s t,u) T6m2 [( B +805) pon + P T +4Cy —; o (t > w)
» Finite scheme-dep. matching coefficients/NLO counterterms
(e.g. heavy Higgs regulator p = My Dawson/Willenbrock, 1989 )

1 9 37 oo | ALET. 1-1o0p — 1], angular dependence
=1l ~_ _ 9m_ _ 37 o _ o025
Cy=—1g ® —0.056, C5 = T — 55 ~ —0.0075.
0.02+
m_ 1t T
oM = 2 —Hm
Lom "o 0.01-] LET, 1-loop
2
1
ol = S Lwm
1672 Mg
. 1 :

0 frad]




aQGCS Qg Killan/JRR/Sekulla, 2013

wiw —>zz

W G




aQGCS (074 Kilian/JRR/Sekulla, 2013
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Tensor Resonances
» Description also valid for Higgs Spin 0/Spin 2 discrimination

M2
Ef = ‘Ckzn - Tff;wfm/ + f,u,uj}w
j}“/ = j}i,ylong + j;:,ytrans

Important: Longitudinal and transversal tensor current

v gsv w9
35 tong = % (tr [VEVY] — Ttr [VpVP]>

g’ gt
Hrane = o (e [v3v22) = LoV, v2°))
V., =0,V, -0, V,
V. = —igWi7, + ig' B3
» Massive tensor f#¥ subject to the conditions

PSP =0 0 =0, =0,




14 Seaille,2.7:2013

Tensor Resonances: Feynman Rules
> Spin sum

1
Ze*yu po _ (P[LpPl/O‘ + P[LG'Pl/p) 3 (Pp.l/PpO‘)7

with

e ) L, KRk
e Vvs. PrY (k) =g —

» Amplitudes: subleading terms in §2M2

P (k) = g" —

f H, ;52 /
w P, k1 % < f’UCy,l/ po + (D}“’ po (kla k2) + Cuu p0k1k2)>
t 48111
WT  o,ka

CHVPT = gHo GVp | ghP gvo _ gl oo
DI (o, o) = g kT RE — 9" PR kY — g7 KU KE — “PRT K — g7 KRS + g7 kYKL + 677 k

NN -

Hy - 2 /
€
p, k1 m (gfvcp.u po + (Duu po (kly k2) + Culx po’klk2)>
o, ks SwCw

with




24/27 ReReuler Riospecis ioL AQGCs and EW.resonances.atLHC14

Tensor reSonanCeS Kilian/JRR/Sekulla, 2013

_ e _
P
wwW ->wrwT M =126 GeV b wiwr—>wrwt M =126 GeV

W'w->zz M = 126 GeV T

R R T T £ [T T
F (aev) F f6ev)

» Mg = 1000 GeV
» all amplitudes K-matrix unitarized
—» Cut of around the beam axis -
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The Effective W approximation
» My, t; small corrections, V nearly onshell:

A A A1
o(q1q2 — q1ayVV5) ~ Z /dzldng ! (z1) F2 (zg)avivz_)vivé(mlzzs)

/ ’
a1—aq1 V1 92 —4q5V2
A1sA2 !

» In addition to Weizsacker-Williams: longitudinal polarisation

Bt @y = VAT (VA A1 -0 [m (Pi,max-F(l—z)m?;) _ [ }
a—=q’'V 1672 = (1 —2z)m3 P o + (L —z)m3,
P , (iE) — (V+A)2 +(V_A)2(1_z)2 |:1n (pi,max+(17$)m%}> _ pi,mﬂx :|
a—a'V 1672 (1 —2z)mi piymax + (1 —xz)mi
F,;)_W/v(w) = v: +2A2 20 - 37) B} pi’max )

8 x Pl et (1- w)mv

» Dominant contribution from small V virtualities
» Transverse momentum cutoff p | max < (1 — x)4/s/2:

» longitudinal pol.:  finite for pi ma — o
» Transversal pol.: logarithmic singularity ——0Y
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» EWA structure functions: W (left) and Z (right)

1 T LR L 1 T T [ —
|
0.1 - 0.1
AR i
0.01F N\ ) F(x) 0.01
0.001 - lso(,,.)\\\ () | 0.001
[ N
05551 06 08 1 ¥ R Y ¥R
— Emission from u, \/s = 2 TeV — preferred at high energy: transversal
emission
» Problem: Irreducible background to weak-boson scattering
a a a ! q q
f f f
I I f
q ! f
7 q f
q f q q q q
— Double ISR/FSR — t-channel like diagrams

> Coqumb-singuIarity (peak): cut on pry 2 30 GeV




1000 |

100 F

dofd Myy{fb]

1 TeV scalar resonance in W* W -> W*" W E|

200 400 600 800 1000 1200 1400 1600 1800 2000
Myy(GeV)

1000 |

100

dold Myylfb]

1TeV tensor resonance in W' W™ > W" W’ E|

200 400 600 800 1000 1200 1400 1600 1800 2000
My (GeV)

doid Myyifb]

dald Myy[fb]

1000

100

1000

100

— T T
3 1TeV scalar resonance in W* W ->Z Z E|
Y .
0 200 400 600 800 1000 1200 1400 1600 1800 2000
My(GeV)
— T T
E 1TeV tensor resonance in Z Z -> W* W E|
P
0 200 400 600 800 1000 1200 1400 1600 1800 2000

My(Gev)

» Effective W approx. vs. WHIZARD full matrix elements
» Shapes/normalization of distributions heavily affected
» EWA: Sideband subtraction completely screwed up!




LHC Example: Vector Isovector

2008

» Example: 850 GeV vector
resonance, coupling g, =1

(Theory) Cuts:

— p1 (fv) > 30 GeV
— [6R(t)] < 1.5
— 0(u/d) > 0.5°

v

v

v

Ad(th)

Ongoing ATLAS study
Kobel/JRR/Schumacher

v

Cut analysis/NN
More kinematic observables

Integrated luminosity: 225 fo—!
Discriminator: angular correlations

Geant4 FullSim (special points)
all resonances, parameter scans

# events

# events

100

1

80

70

60 -

50

40

30

20

10

00

00

10

Alboteanu/Kilian/JRR,

T T T T T T
pp->lvivdu, Vs=14Tev

with 850 TeV vector resonance 17zzzzz1
without resonances s

400 600 800
Mir(GeV)

1000 1200 1400 1600

with 1 TeV vector resonance 7zzzzzza
without resonances sswssss

T T T
pp->lvivdu, Vs =14 TeV

.
é.
i

1 15 2 25 3
AD(T)

T ————— =
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Summary/Conclusions

>

>

New Physics generically encoded in EW Chiral Lagrangian
Triple/Quartic gauge couplings measured either

— via diboson/triple boson production
— via vector boson scattering

interpreted as resonances coupled to EW bosons
“Correct” description for first resonance (also [very] broad)

Sensitivity rises with number of intermediate states:

— LHC sensitivity limited in pure EW sector: 0.6 — 2 TeV
- ILC 11.5—-6TeV

Subleading terms in long. vs. transversal modes important

Beyond that: assure unitarity (K matrix)
Full implementation of resonances with unitarization in WHIZARD
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Summary/Conclusions

» New Physics generically encoded in EW Chiral Lagrangian
» Triple/Quartic gauge couplings measured either

— via diboson/triple boson production
— via vector boson scattering

» interpreted as resonances coupled to EW bosons
» “Correct” description for first resonance (also [very] broad)
» Beyond that: assure unitarity (K matrix)

» Sensitivity rises with number of intermediate states:

— LHC sensitivity limited in pure EW sector: 0.6 — 2 TeV
- ILC 1.5 —-6TeV

» Subleading terms in long. vs. transversal modes important
» Full implementation of resonances with unitarization in WHIZARD

» More studies urgently needed! HL-LHC vs. VLHC
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aQGC Workshop in Dresden Sep 30-Oct 2

PHYSICS
ATTHE

Helmholtz Alliance

PHYSICS AT THE TERASCALE .-

Anomalous Quartic
Gauge Couplings

30 September -
2 October 2013

TU Dresden

’

Topics
=a0GC in Wjj, gg-->!
~Theory status of all SM processes.

- Anomalous couplings in EFT

mitee:
Matthew Herndon (U Wisconsin)
Chrisophe Grojean (CREAIFAE & GERN)
Barbara Jager (U Mainz)

Michael Kobel (TU Dresden)

Sabine Lammers (Indiana U)

Yorii Waravin (Kanszs State U)

lanand Mishra (FNAL)

Thomas Schémer-Sadenius (DESY)
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Tagging and Cuts:

ejj-Tag, nin < mne < npne®, b-Veto
|An;;| > 4.4, M;; > 1080 GeV
Minijet-Veto: pr ; < 30GeV

Ej > 600,400GeV, pj ; > 60,24 GeV

Improves S/+/B from 3.3 to 29.7

vV vyVvYyy

§

0, 0003, x100 HIZARDIEW] = 0.003 , X5

ibar

B singetop
WHIZARDIQCO]

[ singoop
WHZAROIQCD) x10

# Events / Bin
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g

#Events / Bin
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Results:

# Events / Bin
g ¢

3 25 3
12 (lep" fop) |

£
L E
s F “eeee @y = 0 (SM)
€ m; — a, = 0.003
2 — «,=0.006
- r —_— 001
3000/
F 2000~
1000 1000
C C L L L L L
% 00 200 00 % 8 6 4 2 0o 2 4

00600 7
P, (lep’ lep) [GeV]

(1o Sensitivity to as)

T
14 lep’ 1ep) |

Limits for A [TeV]:

Coupl.

ILC (1ab 1)

LHC (100fo™ 1)

|Spin|[I=0[I=1]|I=2|

Qy
Qs

0.0088
0.0071

0.00160
0.00098

0 1.39 | 1.55 | 1.95
1 1.74 | 2.67 —
2 3.00 | 3.01 | 5.84
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Implementation and Taxonomy of Resonances
» Explicit “time arrow” in WHIZARD

—Pbv;, —Pv; —DPv;
— trace back pairs of momenta at quartic vertices to
external legs
AAr;(>-p)

— guarantee for only s-channel insertions
pv; PV,

Py,

» Consider the following resonances:

Jo = 22%tr [V, VY]

Lo =— %U(Mg 82)0+aja e
Ly=-3[bufe(M2+02) o] +ulaig)]  do=—2%" (VM @V - Tt MV“])
1 M2 " T 25 it
Lp 5[ ) tr[pup ] Jp = 19pV \4
—tur [p‘“/p‘”'] + tr [j’;puﬂ j}w _ _% <tr [V“V"] _ ﬂtr [VPVP]>
M2 4
_ . My v v y
L= Lyin 5= fuv ¥ + fuvil j;“’=—% [% (V“@V"+VV®V“)—%VP®VP

La = Lyin — Nf o[£ thY] + %tr [tuvit]

ghv raa

St [VAVY] + o [V, V]
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Vector Resonances ]

1 .M AM,
L, =—gtr[pu "]+ Tptr [Pnp“] + g (r[Te,])” +i

H; gtr [p, W"p_]

’ 2
i g [, B0, ] 4322 [, V] + 122 e [, T] 0 [TV

g'v k gvzk'
+ zsz“ [P, [B"™,V.]] + 4M; tr [p,, [T, V,]] tr [TW"*]
2.7
gvik £p v
L 4M29 tr [Tp,] tr [T, V,]W"*] + 1mtr [P, WY, W?H]

’ 11

¢
+ iﬁpgtr (0., B W] + iM—pgtr [, T] tr [TW" ,W*H]
all a; ~ 1/M?2, except for 81 ~ Ap ~ T ~ h2 /M2

4-fermion contact interaction  j,j* ~ 1 /M,? (eff. T'and U parameter)

vector coupling JuVH ~ 1/M§ (eff. S parameter)
Mismatch: measured fermionic vs. bosonic coupling g Nyffeler/Schenk, 2000; Kilian/JRR, 2003
Effects on Triple Gauge Couplings
» O(1/M?): Renormalization of ZWW coupling
> O(1/M*): shifts in Agf, AxY, AkZ, X7, \?
Effects on Quartic Gauge Couplings
> O(1/M*), orthogonal (in cy—axs space) to scalar case
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Eigenamplitudes
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0 13, with I matrix -] 120 100 with K matrix
2 e 10
104
wd 104
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“Partonic” cross sections (I

(VY 5 VV). no Higes
z, [ v e |
100-|
-
014
054
001 oord wewd S
0001 02+
10714
7 T T T
1000 3000 1000 2000 3000 1000
VEIGeV] VA [GeV VE[GeV]
10 50-]
= VV), mo Higgs, with K matrix
§ 20
1004 104
— W - i
0| —— wezowz 2-|
W W e W -
054 : — 2z
W 1w
024 1w
100
01 T T T T
0 1000 2000 3000 1000 2000

VA (Gev] VA [GeV

» Cross sections (in nb)
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“Partonic” cross sections (ll)

(VY = V), with 500 GeV vector isovector

1000
V5 [GeV] VE [GeV]

> (VY = VV)innb Mp = 500 GeV
» all amplitudes K-matrix unitarized
» Cut of 15° around the beam axis
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W H IZA R D Kilian/Ohl/JRR: DESY/Freiburg/Siegen/Wiirzburg, hep-ph/0102195, 0708.4233 %

Multi-Purpose event generator for collider and astroparticle physics
Fast adaptive multi-channel Monte-Carlo integration

Very efficient phase space and event generation

Optimized/-al matrix elements

Recent version: 2.1.1  (18.09.2012)
http://projects.hepforge.org/whizard und
http://whizard.event—-generator.org

» Arbitrary processes: matrix element generator (O’Mega)

2.0 Features: ME/PS matching, cascades, versatile new steering
syntax, WHIZARD as shared library

Interface to Fe ynRules Christensen/Duhr/Fuks/JRR/Speckner, 1010.3215

» Versatile input language: SINDARIN
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» Multi-Purpose event generator for collider and astroparticle physics

» Fast adaptive multi-channel Monte-Carlo integration
» Very efficient phase space and event generation
» Optimized/-al matrix elements

» Major update: 2.2.0 (summer 2013)
http://projects.hepforge.org/whizard und
http://whizard.event—-generator.org
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» Multi-Purpose event generator for collider and astroparticle physics

» Fast adaptive multi-channel Monte-Carlo integration
» Very efficient phase space and event generation
» Optimized/-al matrix elements

» Major update: 2.2.0 (summer 2013)
http://projects.hepforge.org/whizard und
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» Arbitrary processes: matrix element generator (O’Mega)

» 2.0 Features: ME/PS matching, cascades, versatile new steering
syntax, WHIZARD as shared library

» Interface to FeynRules Christensen/Duhr/Fuks/JRR/Speckner, 1010.3215
» Versatile input language: SINDARIN
» Version 2.1.2/2.2.0 contains resonances and unitarization (revised)
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