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Standard Model Triumph:
» 2012: Discovery of a Higgs boson
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No evidence beyond SM

and what now?
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Doubts on the Standardmodel L B
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Extensions of the SM
» Lagrangian of the EW SM (no fermions/QCD here):

1
Low — —%tr [V W= B B+ [ (D, @) (D" ) + 2010 — A(@T0)?

with building blocks:
i i
D, =8, + EgTIWL + 59 By
%
W = 5grf(amfi —0W] + gersxkWiW )

i
By, = 5g’(BHB,, —0uBy)

» Any EFT has higher-dimensional operators: Weinberg, 1979
_ @i n(5) | Ci n(6) | Ci ()
‘C_‘CSM+Z|:X01 "FFOZ +F01

» without more fundamental theory = no clue on the scale (neither on
the coefficients)




Electroweak vacuum stability

» Recent analysis: Metastable vacuum with lifetime longer than the age
of the universe Degrassi et al., arXiv:1205.6497
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Electroweak vacuum stability

» Recent analysis: Metastable vacuum with lifetime longer than the age

of the universe Degrassi et al., arXiv:1205.6497

Higgs quartic coupling A(x)
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» Could the Higgs field ever have fallen in the correct vacuum?

RGE scale 1 in GeV.

Hertzberg, arXiv:1210.3624
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» Importance of higher terms in Higgs potential (gravity etc.) ?




Electroweak vacuum stability

» Recent analysis: Metastable vacuum with lifetime longer than the age
of the universe Degrassi et al., arXiv:1205.6497

V(b= ap? + byt V(g) = ap?+ byt + cy®

» Could the Higgs field ever have fallen in the correct vacuum?
Hertzberg, arXiv:1210.3624

» Importance of higher terms in Higgs potential (gravity etc.) ?
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Motivation

e Light (SM-like) Higgs boson found (clear from EWPO):
Mediator of EW Symmetry Breaking [EWSB] boson found

e Mechanism of EWSB still poorly understood:
» single Higgs field vs. Higgs sector
» Higgs potential: stable vs. metastable vs. unstable !?
» Higgs self-coupling vs. Higgs field scattering (longitudinal W's)

e Dynamics of EW interactions: = Multiboson Interactions (MBI)
e Anomalous Triple Gauge Couplings: dibosons
e Anomalous Quartic Gauge Couplings: tribosons, VV scattering
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Higgs suppression makes VBS a prime candidate for BSM searches

Hot topic: SM@LHC, LHCEWWG, Snowmass 13, MBI Workshops
F. Gianotti, CLIC-Workshop 2014, CERN

Exploration of E-frontier >look for heavy objects, including high-mass V, V| scattering:
O requires as much integrated luminosity as possible (cross-section goes like 1/s)




Motivation

e Light (SM-like) Higgs boson found (clear from EWPO):
Mediator of EW Symmetry Breaking [EWSB] boson found

Mechanism of EWSB still poorly understood:
» single Higgs field vs. Higgs sector
» Higgs potential: stable vs. metastable vs. unstable |?
» Higgs self-coupling vs. Higgs field scattering (longitudinal W's)

Dynamics of EW interactions: = Multiboson Interactions (MBI)
e Anomalous Triple Gauge Couplings: dibosons
e Anomalous Quartic Gauge Couplings: tribosons, VV scattering

Higgs suppression makes VBS a prime candidate for BSM searches

Hot topic: SM@LHC, LHCEWWG, Snowmass 13, MBI Workshops
F. Gianotti, CLIC-Workshop 2014, CERN

Exploration of E-frontier >look for heavy objects, including high-mass V, V| scattering:
O requires as much integrated luminosity as possible (cross-section goes like 1/s)

e Not really new: Elementary Particle Physics And Future Facilities. Proceedings,

1982 DPF Summer Study, Snowmass, USA, June 28 - July 16, 1982 .
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The Challenge of LHC

o (nb)

Partonic subprocesses: qq, q9, g9
No fixed partonic energy

proton - (anti)proton cross sections
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The Challenge of LHC
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Partonic subprocesses: qq, q9, g9
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The importance of Vector Boson Scattering
D(x2, Q?)
pp = JI(ZZJWW) = jil~ vy

o~ 40fb

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

D(x1, Q?) » QCD: o ~ 0.21pb

» WTWT scattering first seen in nature ATLAS, PRL 113 (2014) 141803
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Tagging and Cuts:
ejj-Tag, mpin < < nina®, b-Veto
|An;;| > 4.4, M;; > 1080 GeV

Minijet-Veto: pr ; < 30GeV
E; > 600,400 GeV, p%ﬂ’ ; > 60,24 GeV

Improves S/+/B from 3.3 to 29.7
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Model-Independent Way — Effective Field Theories

How to obtain higher-dimensional operators from first principles?

L= £5M+Z[ fs)+%0§6)+%og8)...}

Low-energy effective theory = integrating out heavy degrees of
freedom (DOF), set up Power Counting

Toy model: Two interacting scalar fields ¢, ®

1 2 1 252 2 1 / 2 2 / )\2 2 2 - 2
5(00) = S MP0? 2P0 = @ (M2 4+ 0°)2' + Tm0? (14 35 ) &%




Effective EW Dim. 6 Operators

Hagiwara/Hikasa/Peccei/Zeppenfeld, 1987; Hagiwara/lshihara/Szalapski/Zeppenfeld, 1993

>m< >=< X o) =—tr [J(I) J(I)]
Ohi =3 (D2)f@) - (F(DP)) — 4| DEP
N
Ol = 22(272 —2?/2) (DO)T - (D)
, 1
— h3 = A2

(®Td—0?/2)3

oolr—'




11 ) .
Opw = 5 5(@*@ —v?/2)tr [W,,, WH]
11
° T guv
Op = 13 2(D ®)I B (D, ®)

Opp = _FZ@T@ —v?/2)B,, B"

1
— Ovy= 5ah(Ph)g




Effective Dim. 8 Operators

Hagiwara/Ishihara/Szalapski/Zeppenfeld, 1993

Oy = tr [Wy x WP (@12 [D,, DH] D)
0, = (D"®)"(D"®)(®!(D,,D,]®)

v

operators linked through e.o.m.

v

SM: 59 independent operators (1 fermion gen.)
Buchmiller/Wyler, 1986; Grzadkowski/Iskrzynski/Misiak/Rosiek, 2010

v

Renormalization mixes operators

» Beware of power counting




Classification of Operators (I): Dim 6

e Dimension-6 operators (CP-conserving)

(always v? subtracted)

_ il 1z t
Owww = TW, WPWE] Oss = 0 (2f2) o (e')
Ow = (D,®) WH (D,d) Osw = (<1>T<1>) WA W ]
—_ T guv
Op = (Du®)'B"(D,®) Osp = (®1®) BBy,
e Dimension-6 operators (CP-violating)
Ow = OTW,WHe Owww = TWWPWh
Opp = o'BuB™o O = (Du®)'W" (D,®)
ZWW | AWW HWW HZzZ HZA HAA WWWW | ZZWW ZAWW AAWW
Owww v v v v v v
Ow v v v v v v v v
OB v v v v
Oga v v
Osw v v v v
Oos v v v
Ovww | v v 7 7 v v
W v v v v v
Oww v v v v
55 v v v




Classification of Operators (Il): Dim 8  (aways 2 subtracted)

e Dimension-8 operators (only D, ®)

0s0 = [(Du®) D] x [(D*@) D"e] ,

Os1 = [(Dmp)T D“(D] x [(D@)*D”@] i

e Dimension-8 operators (only field strength/mixed)

Oro = T[WuWw] Tr[weewer], — Omo = T (W W] - [(Da®)! DRl
Ory = T[WaW] T[w,ewer],  Omr =T [W B] [(Dg®)" Do
Ors = T[Weuw®] Wwywre], w2 = [Bu ‘] [(Ds2)' D]
Ors = T [WW"] - BasB*®, Oms = [ ] [(D5<1>)TD“<I>] ,
Ore = T [Waywu ] BusB® Oma = [(D &) W, Duq)] B
Or7 = Tr[ WW“B] - Bg, B" Oms = [(D ®)" Ws, D" <I>] BAk
Org = Bu,B"Ba.sB*" Ome = [(D o)t wg, W"”D“@] ,
Oro = BauB"Bp,B"" . Onr = [(D o) WB,,Wﬁ“D”@] ,




Classification of Operators (111

WWWW | WWZZ | ZZZZ | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA
Os.01 v v v
Onto/1/6/7 v v v v v v v
Onraysass v v v v v v
Oro/1/2 v 7 7 v 7 7 7 v v
Or.5/6/7 v v v v v v v v
Or.s/0 v v v v v

» Dim. 8 operators generate aQGCs, but not aTGCs

» generate neutral quartics

» Redundancy of the operators:
e Equations of motion: D, W"* = &"(D"®) — (D"®)'® + ...
e Gauge symmetry structure: [D,,, D,] ® o< W, ®
¢ Integration by parts (up to total derivatives)
e Leads to relations like:
1 1
O = Oy + §OWW - §OBB
Opw = —20w —Oww
Oow = —4Owww + gauge-fermion operators




Unique way of operator assignment?

» Usage of different measurements: W+, WZ production: W+ vs.
WwZz

» VVV and VBS to access the highest possible energies
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» Usage of different measurements: W+, WZ production: W+ vs.
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» VVV and VBS to access the highest possible energies

» Answer: NO UNIQUE WAY!

» But: at eTe~ machines, gauge-fermion operators can be rotated away




Unique way of operator aSS|gnment’?

>

Usage of different measurements: W+, WZ production: WV~ vs.
WwZz

VVV and VBS to access the highest possible energies

Answer: NO UNIQUE WAY!

But: at ete~ machines, gauge-fermion operators can be rotated away
At LHC this is not possible! Buchalla et al., 1302.6481

There is no common operator basis for V' + jets, V'V, VVV and VBS
at LHC

Incoherent sum of channels at LHC prevent eliminating operators!

Similar to B physics: observables process [decay] specific




EFT coefficients vs. anomalous couplings

» Switch operator bases (vertex-dep.): Snowmass EW White Paper, 1310.6708

fs,0 v fs,0 v

WWWW-Vertex: = WWZZ-Vertex: = = —
o AL 8 a“ At 16

fs1 vt fs1 v

atZies = WY S O 15

Z777-\lertex:

AL T A4
» Full agreement among generators: VBF@NLO, WHIZARD, Madgraph

catas = (fso f31)v

FNLO foggp 10 ToVA —— 0ss

VBPNLOTepg =10 Tevt ——
MadGraphs UFO fep=lgy =
Iizard fopelgr 10 Tol ¢ ——




# Events / Bin
§ ¢

. .

o

o5 T s z 75 3
1% (lep” lep) |

00600 700
P,(lep’ lep) [GeV]

ST
|an (lep’ lep) |

Limits for A [TeV]:

|Spin|[I=0]I=1|I=2]
0 | 1.39 | 1.55 | 1.95

Results: (1o Sensitivity to as)
Coupl. || ILC (1ab™?!) | LHC (100fo™ ")
ay 0.0088 0.00160
as 0.0071 0.00098

1 1.74 | 2.67 -
2 3.00 | 3.01 | 5.84




Simplified Models for VBS (and VVV): Resonances

Resonances in all accessible spin/isospin channels

Couplings to the Higgs and gauge sectors are unrelated and arbitrary
Still include anomalous couplings

Unitarization (later)

vV v v Yy

New physics in electroweak sector:
» Narrow resonances = particles (weakly interacting model)
» Wide resonances = continuum (strongly interacting model)

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 7, 79 eomy pi,po (W'/z"7) a*,a’
I=2| ¢F*, p*, " (Higgs triplet ?) — tEE tE 10

» I =0:resonantin WTW™ and ZZ scattering
» I =1:resonantin W' Z and W~ Z scattering
> I = 2: resonantin W*W™* and W_ W scattering




Resonances, Example: Scalar ot counting ¢ with 11 = 126 Gev.]
Scalar Resonance (Mass M)
» Coupling to Higgs sector (Higgs/longitudinal W/Z): gf(DmI))T(D“tI)) o
» Coupling to gauge sector (transversal W/Z): gTtr [WH'W ] o

» Possible Origin: 2HDM isosinglet (renormalizable) [LHM, SUSY, Twin Higgs]

- 1 - 1
gr =0 <ﬁ> [tree]l, gr=0 (MM ) [loop]

Possible Origin: new strong interactions [Composite Higgs]

g7 =0 (Mi> [tree], gr =0 (Mi) [tree]

v

» = anomalous quartic couplings (aQGCs) Aayys
i' Qg
Resonance o ¢ p f a e ’
2
[[g>M?/(64mv?)] 6 1 3(3p) & 5 ¢
Aay[(167T/M) (v /MY | 0 1 3 5 s s
Aas[(16aT/M)(v4 /MY | & & -3 -5 3%




Unitarity of Amplitudes
UV-incomplete theories could violate unitarity

Cross section: o= [dQds = L |M?

Optical Theorem  (Unitarity of the S(cattering) Matrix):
oot = IM[M;;(t =0)] /s t=—s(1 —cos0)/2

Partial wave amplitudes:
M(s,t,u) = 32wy, (20 + 1) Ay(s)Pe(cosd)  (“Power spectrum”)

Assuming only elastic scattermg
oot = 3, 2O 42 L5, 2O DIm 4] = || = Im [A] |
Im[A] ,

r
_ Lot
Tel = Tioq

Argand circle | |A(s) —

N

—MTg
s—M?24iMT ot

Counterclockwise circle, radius “s*
Pole at s = M2 — 1Mot

Resonance: A(s) =

Re[A]




Unitarity in the EW sector: SM

» Project out isospin eigenamplitudes Lee/Quigg/Thacker, 1973
1 [0 dt
Ay(s) = — —A(s, t,u)Pp(1+2t/s) cosf =1+ 2t/s
27 J_s s

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

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

Ao =25 R() A== SR A= -5 R()
v v v
S S S
Aoo = 16702 At = 96702 Azo = - 32m0?
exceeds unitarity bound | Ar,| < 3 at: ,
Higgs exchange: .
I=0: E~ V8ru=12TeV o1
S
I[=1: E~ ViStu=35TeV Als o) = —=5"

1= 2: E ~ V167wv =1.7TeV Unitarity: Mg < V8mv ~ 1.2TeV




Unitarization S matrices Kilian/JRR/Ohl/Sekulla, 1408.6207
» Unitarization prescription not unique

» Padé (reordering pert. series) introduces artificial poles

v

Form factors parameterize close-by new physics (add. parameters)

v

minimal version (K or 7' matrix) = just saturation no new parameters,
does not rely on pert. expansion, stable against small perturbations

> Cayley transform of § matrix: S = F57/2 Heitler, 1941; Schwinger, 1948
> “K” matrix: translates to transition operator: 7" = ;{5

» Corresponds to stereographic projection:

» Coulomb singularities Bloch/Nordsieck, 1937; Yennie/Frautschi/Suura, 1961

» Additional known features (resonances) should be implemented
before unitarization




Cut-Off Method (a.k.a. “Event Clipping”)

Cut-Off function Cut-Off energy A¢
O (AZ —5) A¢ equates unitarity bounds
(often Oth partial wave)
» Naive prevention of Unitarity o |
violation
» No continuous transition at -
AC <05

» Ignore any interesting
physics above Unitary bound

» Artifical construction

P
Vs JE kY




Form Factor

Form Factor
1

(+55)

» Use Form Factor to suppress
breaking of unitarity

» Can be generally used for
arbitrary anomalous operator

» Needs "Fine Tuning"

Parameters

n Chosen to prevent breaking of
Unitarity
Arpr Calculate highest possible value
that satisfy real Unitarity bound
(Oth partial wave )

\/—/m/_)




K-Matrix

K-Matrix Unitarisation

Im [A] A

1
A (8) = Re( ) — i
_ ( G
if A(s) e R
1T—iA(s)
» Projection of elastic amplitudes 200 =

onto Argand-Circle —

. S

» At high energies the amplitude

JA@)]

saturizes
» |s usable for complex amplitudes 0s
» Doesn’t depend on additional od)

parameters

2
RCRV)




Unitary Description of EW interactions

» Five possible cases:

— Amplitude perturbative, close to zero, small imag. part (SM)

Amplitude rises, gets imag. part, strongly interacting regime (presence of
at least one dim. 8 operator)

— Amplitude approaches maximum absolute value asymptotically

Turn over: new resonance

New inelastic channels open: eff. form factor, extra channels observable
in multi-vector boson processes

Im [A] Im [A] Im [A]
4

% Re[A] % Re[A] { Re[A]




Unitary Description of EW interactions

» Five possible cases:

— Amplitude perturbative, close to zero, small imag. part (SM)

Amplitude rises, gets imag. part, strongly interacting regime (presence of
at least one dim. 8 operator)

— Amplitude approaches maximum absolute value asymptotically

Turn over: new resonance

New inelastic channels open: eff. form factor, extra channels observable
in multi-vector boson processes

Im [A] Im [A] Im [A]

T Re [A] 1 Re[A] [ 1 Re [A]

5

» Interpretation of EFT operator coefficients changes: formally still
low-energy coefficients of Taylor expansion = threshold parameters

» Complete description necessary (only) beyond threshold




Unitarity Bound for oy AQGC

Bounds for ay
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» Bound depends on coupling oy
» First (unitarized) LHC limits:
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The Multi-Purpose Generator WHIZARD

WHIZARD universal event generator for colliders: e*e™, pp, pp, 77, ep etc.

1. O’Mega: Optimized automatic matrix elements for arbitrary
elementary processes, supports SM and many BSM extensions

2. Phase-space parameterization module (very efficient PS)

3. VAMP: Generic adaptive Monte Carlo integration and (unweighted)
event generation

4. CIRCE1/2: Lepton/[photon] collider beam spectra

5. Collective support for: Feynman rules, beams cascade decays,
shower, hadronization, analysis, event file formats, etc.

6. Free-format steering language SINDARIN ?/L

WHIZARD 2.2.4 release: Febr. 06, 2015

The WHIZARD team: F. Bach, B. Chokoufé, W. Kilian, T. Ohl, JRR, M. Sekulla, F.
Staub, C. Weiss, DESY summer students

Web address: http://projects.hepforge.org/whizard
Standard Reference:

Kilian/Ohl/JRR, EPJ C71 (2011) 1742, arXiv:0708.4233



http://projects.hepforge.org/whizard

Diboson invariant masses «iian/JRR/OhSekulla, 1408.6207
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Diboson invariant masses «iian/JRR/OhSekulla, 1408.6207
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B30 ) B Reuter

pr and angular distributions kiianrr/onSekulla, 1408.6207

pp — et utver,ji, /s =14 TeV, £ = 1000 fo=*
Simulations with WHIZARD —

Not possible to use automated tool due to s-channel prescription
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General cuts: M;; > 500 GeV; Anj;; > 2.4; p), > 20 GeV; [n;] < 4.5, p& > 20 GeV




3135 LE.Reuter

pr and angular distributions kiianrr/onSekulla, 1408.6207
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B30 ) B Reuter

pr and angular distributions kiianrr/onSekulla, 1408.6207
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And Triple Vector Boson Production?

Yes, the same Feynman graphs (in the SM), but. .. Tribosons:

e one external W/Z/~ is always far off-shell
e Unitarization formalism not available
o different (anom.) couplings contribute (particularly for resonances)

L 1 Limits usefulness to subprocess energies
a(eTe” = VVV) x = inthe lower range where cross section
S of fusion process still small

ovps(eTe” = vbWTW ™) x log(s)

Ly WW  Presentin spectrum

etem = 777 ]zy
b zz

- WWZ

— WW~ Complementary (and present at lower energies)
= Important physics independent w.r.t. VBS. Don’t just combine results!
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Unitarization Prescriptions
» K-matrix unitarization prescription Heitler, 1941; Schwinger, 1949; Gupta,
1950
e Hermitian K-matrix interpreted as incompletely calculated approximation
to true amplitude
= Unitary S, T' as a non-perturbativ completion of this approximation
Insert pert. expansion into expansion:

a = = a( n) _ aél)-i,-Rea(()z}-«—...
1 lag lfi(agl)+Rea(()2)+...)
e Prescription does a partial resummation of perturbative series
o Example Dyson resummation: ay(s) = —2 — a(9(s) = —A—

» Drawbacks of (original) K-matrix:
e Needs to construct self-adjoint K-matrix as intermediate step
e Problem if S-matrix is not diagonal, or ...
there are non-perturbative contributions

» T-matrix unitarization
e ag complex approximation to eigenvalue of true T matrix
e use again pseudo-stereographic projection (intersection of Argand circle
with line ao )

o) +Real?
e Resultsin:a = 2% = o™ = oo 17e T

1- 0 1—i(a, i)iReaﬂ(2>—1|maE(2)+ |
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Alternative Unitarization Methods «iianirr/onsekulla, 1408.6207

» Comparison of 7-matrix and (original) K -matrix:
e T-matrix does not rely on perturbation theory
e Special treatment for non-normal 7" matrices (eigenvalues having
imaginary parts larger than i; Riesz-Dunford operator calculus)
1. T matrix description leads to point on the Argand circle
2. Forreal a = (original) K-matrix case
3. ao on Argand circle = left invariant

» Thales circle construction:

K = ag= —v—
2 RC(% —i

e avoids non-normal matrices, but not single-valued around a = 0

e Defined via |a — 25| = ¢
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Re

)=
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e avoids non-normal matrices, but not single-valued around a = 0
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T —




34/35 SRR E Boson.Scaileii oo Semi ik, 12,02.2015

Alternative Unitarization Methods «iianirr/onsekulla, 1408.6207

» Comparison of 7-matrix and (original) K -matrix:
e T-matrix does not rely on perturbation theory
e Special treatment for non-normal 7" matrices (eigenvalues having
imaginary parts larger than i; Riesz-Dunford operator calculus)
1. T matrix description leads to point on the Argand circle
2. Forreal a = (original) K-matrix case
3. ao on Argand circle = left invariant

» Thales circle construction:

K = ag= —v—
2 RC(% —i

e avoids non-normal matrices, but not single-valued around a = 0

e Defined via |a — 25| = ¢




3535 ) B ROUIC e EWW \eclor Boson Scaliering afterine Higos diSCOVeNY e Soinar, Helsinki, 17,02.2015

Summary/ConcIusmnS/OutIook
» Access to (deviations from) EW sector via:
— via diboson/triboson production and vector boson scattering

v

Photon-induced processes: better sensitivity, but higher constraints!

Task: Unify LHC and LEP/ILC/CLIC descriptions
(model-independent limit setting (a4, /{f )

v

v

Simplified Models: minimally unitarized operators

v

Unitarization scheme: no additional structure to the theory
(model dependence minimized)

v

Sensitivity rises with number of new intermediate states:

— LHC14  sensitivity limited in pure EW sector: ~ 1 — X TeV (?7?)
— ILC1000 T 1.5—-6TeV

— (Tensor) Resonances very interesting  Kilian/JRR/Sekulla, in preparation
» Multi-TeV eTe™ [+ pol. ?] probably best machine for VBS (100 TeV pp ?7?)
» Most simulations need to be updated (include light Higgs)
> Crucial: Discrimination between longitudinal and transversal modes! _____




Advertisement: MBIl 2015 @ DESY

2.-4. Sept. 2015, DESY, Hamburg




One Ring to Find them ... One Ring to Rule them Out
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Electroweak Chiral Lagrangian
Originally for heavy Higgses or Higgsless models

1 1 n -
Ly 3ﬂ1£6+2ai£i+52a§5)£(5)+v—22a§6)£(6)+... =2

UZtr [TV ,]tr [TVH]

itr [B, [VH, V"]

itr [W . [VH, VY]]
tr [V, V] tr [VAVY]
tr [V, V] tr [V, V"]

= tr [V, V]t [TVA] tr [TVY]

tr [V, VA tr [TV,] tr [TVY]

= tr [TW,,] tr [TWH]
= Ltr[TW,, ] tr [T[VH, V7]

1 (tr [TV ] tr [TVH))?




BACKUP SLIDES




Electroweak Chiral Lagrangian
Originally for heavy Higgses or Higgsless models

n—4
Ly 3 BiLh+ Zalﬁ +- Za<5)c<5> + Za(6)£(6) +. o) = o OF
U2
Ly = Ztr [TV,]tr [TVH]
L1 = tr[Bu, WH] Lo = tr[V,V,]tr[TVH]tr [TVY]
Lo = itr [B,,[V#, V"] L7 = tr[V,VH]tr[TV,]tr [TVY]
L3 = itr [W,,, [VH, VY]] Lg = tr[TW,,]tr [TWH]
Lq= tr[V,V,]tr[VFVY] Lo = ttr[TW,,]tr [T[V#, V"]
Ls = tr[V,VF]tr [V, VY] L10= 1 (tr[TV,]tr[TVH))?

Indirect info on new physics in g1, a4, . .. (Flavor physics only in M)
Electroweak precision observables (LEP /I, SLC):

AS = —16may a1 = 0.0026 £ 0.0020
AT = 281 /aqep B1 = —0.00062 % 0.00043
AU = —16mag ag = —0.0044 £ 0.0026




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

2
L= —Uztr [V VA 4 astr [V, Vo] tr [VEVY] 4 as (tr [V, V*])?

» Leads to the following amplitudes: s = (5, + »2)2 t = (01 = P32 w = (p1 - pa?

2 2 2
t
A(s, t,u) =: A(wtw™ — zz) = % + 8(158—4 + 4oy +4u
v v v
¢ 2 2 2
A(w+z—)w+z) = — +8a5—+4a4ﬂ
v2 vt vt
2 2 2
t
A(w+w7 — w+w7) = —i + (4o + 2a5) st + 8ay —
v2 v v
2 2 2
t
Awtw™ 5 wtwt) = S +8a4s—+4(a4+2a5) tu
v2 vt v
2 2 2
s t u
A(zz = zz) = 8 (g + av5) %
v

» (Clebsch-Gordan) Decomposition into isospin eigenamplitudes
Al =0) = 3A(s,t,u) + A(t,s,u) + A(u, s,t)
AT =1) = A(t,s,u) — A(u, s,t)
AT =2) = A(t,s,u) + A(u, s, t)




"Comparlson Form Factor vs. K-Matrix

» Which Unitarisation scheme
provides the best description?

— All of them:

Unitarisation schemes are an
arbitrary way to guarantee

Unitarity

Form Factor K-Matrix
» Suppression of amplitude to » Saturation of amplitude to
get below Unitarity bound achieve Unitarity
MC Generate less events than MC Generate maximal possible

possible number of events




Anomalous triple and quartic gauge couplings

~

M,

Lrcc = ie |:9?Au (W;W'H“’ _ WjW_“V) + R’YW;WLTA“" + W;ijpAp“:|

z

L C z -+ +y— Zyy—wt —vyt
et |:g1 Zy (Wow e —wiEw ) 4 P oW ze 4 T WM”WVPZ"“]

12
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CW73W
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2
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2
Agl" =Ag]" =0 Agi? =20g]7 — 4 (a5 + ar)
w
2
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2
Agi® =20g77 + 4 (au + ac) gy = 2e,Ag77 4 29% (a9 — as) — g° (4 + 2a5)
w

R?? = g (a4 + a5 + 2 (a6 + ar + a10)]




Anomalous triple and quartic gauge couplings

Loce = e’ [Q?WA“AVW;WLJT - QQ’WA"A;L‘/V*VWH

c v _ _ _
+eP [g77arz (wowh +wiwD) — 2937 arz, W wl]
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SM Lagrangian

Lonin = — %tr [W,, WH] — %m« (B, B"] wt, z
+(0,0)T "6 — V(9) h
2
+ ”Ztr (D) (D*5)] wE, 2

gnv
- Ttr [VMVH] h

Vector Bosons Higgs Sector
Wy =0, W, —0, W, +ig[W,,W,] 1 0
B,, = 0,B, — 8,B, =75 (U ¥ h)
a 3 i
W“:WZ% Bu:Bu% > = exp [7;11)“7'“]

D, =0, +igW, —ig'B, V=% (D.¥%)




Unitary Gauge

» Goldstone bosons are absorbed by vector bosons as longitudinal
degrees of freedom

=0 x=1
> Dy =0, = V=0, + ' (VAW 4 W) 4+ L278)

1 1
Emm - — §tr [WMVWHV] - étr[ HVBMV]

+ (00) 0o — 2 —tr [VIV,] — %tr VIV, h =V (6)

= (Du¢)'Dro

gp=1

» Coincides with known SM parametrisation




Vector Resonances

1 M ;
L, = —gtr [P..p"] + Tptr lp.P"] +

2 (e [Tp,])* +i5 gtr [0, W""p, ]

’ 2 2
+i&g/tr p,B""p +igpv tr[p, V¥ +ihpv tr [p, T] tr [TV*
2 n v 2 ' '

g/UZk 2k::) ™
+ L (o, 87 Vo) + S (0,1, V) [1W]
N gv2k;;

v g v
e tr [Tp,] tr [T, V,]JW""] +1M—"2cr P, W"” , W]
P

’ 11

¢
+i—Ltr[p,, B, W] + iM—"ztr [P, T] tr [TWY,W*H]
P

all a; ~ 1/M, except for 81 ~ Ap ~ T ~ hZ/M?
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/JR, 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




Implementation of Unitarization

» Explicit “time arrow” in WHIZARD

by,

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

— guarantee for only s-channel insertions,, , as

Py,
pvj

Resonance o ¢ p f a v o
2 »
T2 M2/ (64702)] 6 1 3(3p) & 5 . i

Aau[(167T/M) (vt /MH)] | 0 % g 5 -3 .

p

Aas[(167D/M)(v* /MY | {5 -15  —% -8 %




Vector Boson Scattering at e e~ machines

X w w - w w w
Signal w . w TR W .
W w w
w w w
(Partially)  reducible g v i z . ’
bkgd. T w w 7




Vector Boson Scattering

1TeV, 1ab™1, full 6f final states, 80 % ey, 60 % ef polarization, binned likelihood

WW = WW , WW — ZZWZ - WZ,ZZ = ZZ

Contributing channels:

Beyer et al.,hep-ph/0604048

SU(2). conserved case, all channels

Process [ Subprocess [ o ] 0
eTe— — veveqdad WW - WW 23.19 coupzlng o= o+
ete™ = veDeqdqd WW — Z2Z 7.624 167"y -1.41 1.38
ete— — vpqgqqq V 5 VVV 9.344 1677 as -1.16 1.09
ete™ = veqiqq WZ - Wz 132.3
ete™ = ete—qqeq | 22 — 22z 2.09 SU(2). broken case, all channels
ete” metemqaeq | 2z > wiw— 414, coupling o— o+
ete™ 5 bbx ete™ 2 331.768 1672 ay 272 237
+ 347 Fem - wFw— | 3560108 - -

Cpoo D s 1672 -246 | 2.35

9dqq ete= —» 22z 173.221 .
eTe = evaq cFem = 0w 279588 167" a6 -3.93 5.53
ete— = ete—qq ete= w ete—2z 134,935 16m2ar -3.22 3.31
efe” & X ete= = qq 1637.405 1672 a10 5.55 455

4 10
167207 b)

167204




Interpretation as limits on resonances Beyer et

al.,hep-ph/0604048
Consider the width to mass ratio, f» = I'v /M,

SU(2) conserving scalar singlet SU(2) broken vector triplet
needs input from TGC covariance matrix

) 1
B anfa\ % _ 127T0¢4fpi 1
M, = v( o ) M+ = v (a3+z(a;>2+sa<ai>2/<2ca>

16720y

f = 1.0 (full), 0.8 (dash), 0.6 (dot-dash), 0.3 (dot) upper/lower limit from X 7, grey area: magnetic moments
[ Spin|[[I=0[7=1]I=2| [Spin|[[I=0|I=1][T=2]
Final 0 155 | — | 1.95 0 1.39 | 1.55 | 1.95

result: 1 - 2.49 - 1 1.74 | 2.67 -




Vector Boson Scattering: Observables

Study of WW scattering @ 1.6 TeV Boos/Kilian/He/Mihlleitner/Pukhov/Zerwas, hep-ph/9708310
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Vector Boson Scattering: Observables

Study of WW scattering @ 1.6 TeV Boos/Kilian/He/Mihlleitner/Pukhov/Zerwas, hep-ph/9708310
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Vector Boson Scattering: Observables

Study of W scattering @ 1.6 TeV Boos/Kilian/He/Mahlleitner/Pukhov/Zerwas, hep-ph/9708310
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ILC Results: Triboson production

6+67 — WWZ/ZZZ, dep. on ((14 + aﬁ), (a5 + a7), o4 + a5 + 2(046 + a7 + alo)
Polarization populates longitudinal modes, suppresses SM bkgd.

15 T T T T T

wwz A

5
T
!

Simulation with WHIZARD  «iianonir

1TeV, 1ab—!, full 6-fermion final
states, SIMDET fast simulation
Observables: MZw, M3 7, (e, 2)

-10f 1 |

A) unpol., B) 80% ez, C) 80% e, 60% e}

2

coupling strengths 161t a
o
T

5 L L L L L
=15 -10 -5 0 5 10 15

coupling strengths 16ra "

32 % hadronic decays

wwz 777 best
16w2x || nopol. | e~ pol. | both pol. || no pol. Durham jet algorithm
Aaf 9.79 | 4.21 1.90 3.94 || 1.78 _ )
Aoy || 440 | —331| —171 | 353 || ~148  BKgd. tt — 6jets
Aa; 3.05 2.69 1.17 3.94 L4 Veto against B2, + p2 s
Aa; || =710 | —640 | —219 || —3.53 || —1.64

No angular correlations yet
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The Effective W approximation
» My, t; small corrections, V nearly onshell:

(x2) o122 (z1225)

A
o(qig2 = q1ayViVs) = Z /dzl dzy FO! (x1) F2 TV vy VIV

q1—+q] V1 a2—aqh Vo
A1sAg

» In addition to Weizsacker-Williams: longitudinal polarisation

@)= VoA H VA A=2)? [| (7]t (=D P2
q”q,v 1672 (1 —2z)m3 P o + (L —2)m3,
PSP U Ve o € ) i Y e GO P2
a—aq'V 1672 = (1 —2z)m3 Pl o + (L —z)m3,
FO , (m) — V2 + A2 2(1 - I) pi,max
q—q'V qn2 - P T (1L —2)m3, 4

» 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 &




» EWA structure functions: W (left) and Z (right)
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— Emission from u, \/s = 2 TeV — preferred at high energy: transversal
emission
» Problem: Irreducible background to weak-boson scattering
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— Double ISR/FSR — t-channel like diagrams

> Coqumb-singuIarity (peak): cut on pry 2 30 GeV
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» Effective W approx. vs. WHIZARD full matrix elements
» Shapes/normalization of distributions heavily affected
» EWA: Sideband subtraction completely screwed up!




Discrimination of Longitudinal Modes

» Most important for separating/measuring scattering of longitudinal
modes

» No known (working) method up to now!

Different Selection Criteria:

o General selection criteria

» exactly 2 leptons within detector acceptance,

» 2tag jets with 2 < |n,| < 5 and opposite directions, but no b-tag
Mjllz’ Mj211 > 200 GeV

M;; > 400 GeV

Ale > 04

P, pf2 > 40 GeV

|y Ima| <15 Agu >2.5

My > 200 GeV
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e Proposal of new variable
Doroba/Kalinowski/Kuczmarski/Pokorski/Rosiek/Szleper/Tkaczyk, 1201.2768
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e Proposal of new variable
Doroba/Kalinowski/Kuczmarski/Pokorski/Rosiek/Szleper/Tkaczyk, 1201.2768

— —
Ry = (pr' -pr?) / (07 - p7?)

o Works well for WEW =, not feasible for W+w
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o Might allow to relax jet vetoes: gain for high pile-up!




Matrix Element Method (MEM)

Kondo, 1988; Dalitz/Goldstein, 1992; CDF; D&; Freitas/Gainer, arXiv:1212.3598

e Construct a likelihood from the squared matrix elements
e Marginalize over invisible particles
» Case study for pp — jiW+TW+ Freitas/Gainor, 2012
» Up to now only compared to dilepton mass: my,
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» Important possibility for gain of sensitivity
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