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Motlvatlon
e Light Higgs boson found

o SM-like (clear from EWPO)
o Mediator of EWSB 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
» Importance of longitudinal EW gauge bosons

e Deviations from the SM: where? what? how?
e Anomalous Triple Gauge Couplings: dibosons
e Anomalous Quartic Gauge Couplings: tribosons, VV scattering
e Remark: no CP-violating operators in the talk

e Hot topic: Snowmass BNL 04/13, SM@LHC Freiburg 04/13, Dresden
workshop 10/13




Extensions of the SM
» Lagrangian of the EW SM (no fermions/QCD here):

Low = =5t (W W] = 1B, B +(D,6)! (D"0)+ 42616 ~ A6 6)?
with building blocks:
D, =8, + %gTIWL + %ngu
W = %QTI(BMW{, — W, + gergxk Wi W)

7
By = EQI(BHBV —0vBy)

» Any EFT has higher-dimensional operators: Weinberg, 197
_ @i n(5) | Ci n(6) | Ci ()
£_£SM+Z[XO" + 5500 + 1100

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




Effective EW Dim. 6 Operators

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

>W< >=< - >'< of) = L[ ]
Oh1 =7 ((DY)T¢) - (h1(D?)) — & |Dg?
.
O = =(0'¢ —2v?/2) (Do) - (Do)
XK

(¢Tp—0v?/2)?

Wl =




X

11
Olyw = — = §(¢T¢ — 02 /2)tr (W, WH]
1
O3 = 15 5(Du8) (Dug) B
11
Opp = —A—Z(¢T¢ —v*/2) By, B

>=.=< — X Ov, = %ah(ﬂh)q




Effective Dim. 8 Operators

Hagiwara/Ishihara/Szalapski/Zeppenfeld, 1993

Oy = +tr [Wy x WP (¢t [D,, DH] )]
On = (D"¢)(D$)(¢" [Dy, Do )

» operators linked through e.o.m.
» SM: 59 independent operators (1 fermion gen.) Buchmiller/Wyler, 1986;

Grzadkowski/lskrzynski/Misiak/Rosiek, 2010
» Renormalization mixes operators

» Beware of power counting




Electroweak Chiral Lagrangian
Originally for heavy Higgses or Higgsless models

3

— 1 1
Ly ==Y Y EMyr+pBiLy+Y aili+ " Za§5)£(5) +3 ZaEG)ﬁ(G) +...
¥ i i

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

L1 = tr[Bu, WH| Lo = tr[V,V,]tr[TVH tr [TVY]
Lo = itr [Bu,[VH, VY]] L7 = tr[V,VHtr [TV,]tr[TVY]
L3 = itr [W,,[VH, VY]] Lg = 1tr[TW,,]tr[TWH]

L4 = tr[V,V,]tr[VAVY] Lo = itr[TW,,]tr[T[VH, V"]
Ls = tr[V,V*tr[V, VY] Li0= % (tr[TV,]tr[TVH])?

Indirect info on new physics in g1, a, . .. (Flavor physics only in M)
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EW Chiral Lagragian — Eff. Building Blocks

Originally for heavy Higgses or Higgsless models

Leg=—Y UrSMyr+ L+ Y il
P [

2
ch = ”Ztr [TV,]tr [TVH]

L1 = tr[Bu, WH] L = tr[V,V,]tr [TVH#]tr [TVY]
Lo = itr [Bu,[V#, VY]] L7 = tr[V,VF]tr[TV,]tr [TV"]
L3 = itr [W,,[VH, VY]] Lg = Hr[TW,,]tr [TWH]
L4 = tr[V,V,]tr[VHVY] Lo = Ltr[TW,,]tr [T[V*, V¥]]
Ls = tr[V,VH]|tr [V, VY] Li0= 1 (tr[TV,]tr[TVH])?

Indirect info on new physics in g1, «, ... (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 = —167ag ag = —0.0044 £+ 0.0026




The Fundamental Building Blocks

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

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

V—>—g [\/_(W+T++W T )—l——ZT]

W

T — 73

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

V— - {\/_8w+7'++\/_8w7' +an}+0( 2)

T — 713 —1—2\/_ (whrt —w™r7) + O(v™?)
So T projects out the neutral part:

tr[TV] =~ {82’4— (whow™ —wow )]+0( %)




Anomalous triple and quartic gauge couplings

~

M,

Lrae = ie {g?A“ (WV—W+W _ W:—W—ur/) n R’YW‘L—WY;FAI—LV n W;VW;FPAPH:|

z

. Cw
e, M2
w

w

9t Zy (W, W — WIW ™) 4 P W Wz W;”W:;Z”“}

12
SMvalues: g% = k7 =1, A7 =0and 5, = 2Lfo 1 g}’/‘g’ =1,h%% =0

CW73W
Agl =0 AKY = g% (as — o1) + g% as + g% (a9 — as)
2
Ag? =dz+ Has Ak? =87 — g% (a2 — 1) + g7 as + g7 (ag — as)
w
2
Agl" =Ag]" =0 Agi? =20g]7 — 4 (a5 + ar)
w
2
Agl? =N0g17 =67+ Yras Ag"" =25 Mgl + 29 (a9 — as) + g7
2
Agi? =28g7% + £ (s + ag) gy = 2e,Ag77 4 29% (a9 — as) — g° (4 + 2a5)
w

R?7 = ¢® (a4 + a5 + 2 (a6 + ar + a10))]




Anomalous triple and quartic gauge couplings

Loco =e€® [Q?WA“AVWJWJ - gzwA“AuW"’Wj]
2 Cw
20w

Sw

+ 77 ar 2" (W Wi + Wiw, ) — 2037 Az, W= wf |

2
+ e2§—;” (97721 2w W) — of 72" 2, W W]
2

2
e _ _ _ 2
b [ W g (W) e (2,

w wow

12
SMvalues: g% = k7% = 1,A"Z =0and 6, = ALFO- 1 gVV' = pZZ =9

CW73W
Ag] =0 Ar” :gQ(az 7041)+gza3 +92(0¢9*a8)
2
Agl =87+ Lras A7 =87 — g *(az — a1) + g2as + g% (as — as)
w
2
Agl” =2Ag3" =0 AgF7 =20g]7 — 2 (a5 + o)
W
2
AQI’Z = AQ;’Z =dz+ a3 AngW = 2c§,AgI’Z +2¢% (g — ag) + g2
2
AgP? =20g77 + I (o + o) Ag¥W = 2¢2 Agl? +29% (g — ag) — g° (aa + 2a5)
>

h?7 = g% [og + as + 2 (a6 + a7 + a10)]




Classification of approaches

e Translation between operator bases: Hagiwara/Ishihara/Szalapski/Zeppenfeld, 1993; Wudka,
1994; Degrande/Greiner/Kilian/Mattelaer/Mebar Willenbrock/Zhang, 2012
10
2 —
Agy 0 5 10 ..__Unitarity Bound
zZ _ mz e
Agy = ewgs 2 dr pb
AMy GeV -
Ak, = (cW+cB)2A2 , <V 102
m
Akz = 6z + (ew — cptan® Ow) 5%
392m?2 107
Ay = Az = CWWW4mzA2
0 500 1000 1500 2000
My (GeV)

o Effective Field Theory description valid, if
» § < A% new physics out of direct LHC reach

» Operator coefficients rather smallish, e.g. cwww < 1

» No large logarithms in the game (resummation)
e Relation Ag? = Arz + tan? Oy Ak, invalidated by dim 8 operators




Classmcatlon of approaches

Remarks:

>

>

>

EFT approach leads to new interaction vertices
Coupling constants are EFT Lagrangian parameters

Framework for higher-order corrections straightforward (though rarely
needed)

Threshold/soft-collinear resummation = momentum-dependent
couplings/form factors

Anomalous couplings understood as effective vertices/vertex functions
Nevertheless: Lagrangian for new physics reconstructable

Parameterize new physics effects as new resonances/particles




Parameters and Scales, Resonances

a;/operator coefficients measurable at LHC (and LC)
» a; <1 (LEP)
» a; > 1/1672 ~ 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
Bf1 < 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" 9 (Graviton ?)
I=1 7, 70 2om) pi,po W'/z"7) a*,a
I=2| ¢F*, ¢*, " (Higgs triplet ?) — tEE pE 10

accounts for weakly and strongly interacting models




Integrating out resonances

Consider leading order effects of resonances on EW sector:

Lo=2[®(M2+DD)®+20J] = £5F=-" i+ 2

Ve 7 J(DD)J+O(M™9)

» Simplest example: scalar singlet o:

L, — _% [0(M2 + 0% — govotr [V, V"] — hotr [TV,] tr [TV]]

» Effective Lagrangian £&¥ = 8’% {gotr [V, V] 4 hotr [TV, ] tr [TV*]}?
» leads to anomalous quartic couplings

2 2 2
Q5 = g?y <81])\/I§) ar = 2gshs (81]73> Q10 = 2hg (8UM2) a p

o

Resonance o 1) o f a

2 (o2
T[g2M?/(64mv?)) 6 1 %(ﬁ) é % _ v s
Aag[(167T /M) (v*/MH)] | 0 1 3 R = f
Aag[(167D/M) (vt /M) | & —L -3 -5 = b




Anomalous Gauge Coupllngs at LHC

Anomalous quartic gauge couplings, by chiral EW Lagrangian:

2 2 1
£y = a4% {[(w+w+)<W*W*) W] s w2 2—4<ZZ>2}
c
w

‘w
2
L5 = as%{wﬁw 24 2 wtwe ><ZZ>+—(ZZ>}
W CW

(all leptons, incl. 7):
D(x2, Q?)

pp = JI(ZZ)WW) = il vy

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

>
>
>
>

£¢j5-Tag,

Nl < ne < niae®, b-Veto

|Anj;| > 4.4, M;; > 1080 GeV
Minijet-Veto: pr ; < 30 GeV

E; > 600,400 GeV,

:

# Events / Bin

# Events / Bin

HIZARDIEW]a, = 0.003 , 100
[ singeop
[ whizarolacol , x10

2000 2500 3000
M (jet jet,) [GeV]

-, - 0 (SM)
~-ee- 0= 0006

)
— ;=001

1000 1500 2000 25 3000
M (jet jet,) [GeV]

pp; > 60,24 GeV

# Events / Bin

# Events / Bin

Improves S/+/B from 3.3 to 29.7

HIZARDIEW] o, = 0.003 , x5|

I singetop
 —RTZETE

g

g

H

g

H

g

.
3
3
;

&




# Events / Bin
§ ¢

LI .

. .

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. || LHC (100fb~") | ILC (1ab~1)
oy 0.00160 0.0088
as 0.00098 0.0071

1 1.74 | 2.67 -
2 3.00 | 3.01 | 5.84




# Events / Bin

¥
1 (ets,)

05

5

L
2

75 g
1% (lep” lep) |

00600 700
P,(lep’ lep) [GeV]

# Events / Bin

Results: (1o Sensitivity to as)
Coupl. || LHC (100fb~") | ILC (1ab~1)
Qay X.XXXX 0.0088
as X.XXXX 0.0071

ST
|an (lep’ lep) |

Limits for A [TeV]:
|Spin|[I=0]I=1|I=2]
0 || 1.39 | 155
1 || 174 | 2.67
2 || 3.00 | 3.01

1.95

5.84




Different Selection Criteria

o General selection criteria

» exactly 2 leptons within detector acceptance,

» 2tag jets with 2 < |n;| < 5 and opposite directions,
no b-tag

Mj1l21 Mj2l1 > 200 GeV

ij > 400 GeV

Ale > 04

P, p2 > 40 GeV

|nl1 |! ‘7712| <15

A¢u >25

My > 200 GeV

vV Y Y VY VY VY VY

] Proposal of new variable Doroba/Kalinowski/Kuczmarski/Pokorski/Rosiek/Szleper/Tkaczyk, 1201.2768

— —
Ry = (pr' - pr?) /[ (07" - pi?)
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[ 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+Ww—

~ 20 —— ~ 20
% 8 5 18
216 2 18
2 14 14
o 12 w1 o 12 B ICYN A SEPY
s 10 p p%/pl' /ol = & 10 b " p/pd' /o =
= 8 = 8L
s 2| s 80
4 4 —\
2 2 B\
[ = S T S S S R M| 0 ol b b b e b w1
0 20 40 60 80 100 13:0( ,14% o 20 40 e 8 100 1%’0( ymif)
™" e (10° Ge P (10° Ge
pi' p vs p" p™ — Background ' p?' p vs p™' p™ — Background
< 20 T T T T T T < 20 T T T T T T
g ® 5 % 18 F
016 2 18
° 1a T 14 H
Sz Suzf
& 10 % 10 |
% 8 = 8 E
6 6\ ——
. —— 1 = —
2 H\H‘M’T‘\H(\Hﬁ/\k{mﬁ 2 \‘\\\\\\\\\\\W\\\\\
° o 20 40 60 B0 100 - 1%9 ’14(1/:) 0 o 20 40 60 80 100 " 1%’(1 (y"“if)
" p (10° Ge " p® (10° Ge
P p vs p p? - Signal ' P p vs p* p - Signal

e Might allow to relax jet vetoes: gain for high pile-up!

o _Remark: EWA works for selection, but shapes need not be the same




Unitarity of Amplitudes
UV-incomplete theories could violate unitarity

Cross section: o= [dQiZ |M|?

6471'25

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> ,(20 + 1).As(s)Py(cos 0)

Assuming only elastic scattermg
Orot = Zg 327 2€+1 ‘A |2 Z 327r(2f+1 Im[A] = |A£|2 Im AZ

Argand circle | |A(s) —

N

Resonance:  A(s) = =i

Counterclockwise circle, radius “s*
Pole at s = M? — M T

RelA]
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Unitarity in the EW sector: SM

» Project out isospin eigenamplitudes Lee,Quigg, Thacker, 1973
1 0 gt
Ay(s) = Som —A(s, t,u)Pp(1+2t/s) cosf =1+ 2t/s
mJ_s S

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

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

Ar—o = 2 PO(S) Ar—1 = t%u = %Pl(s) Ar—o = —%Po(s)

v v v

S S S

Aoo = 16702 A1 = 967v? Az0 = 32702
exceeds unitarity bound | Ar,| < 3 at: ,
Higgs exchange: .
I=0: E~ V8tmv=12TeV I H

S

2
I[=1: E~ ViStu=35TeV Als o) = —=5"
1= 2: E ~ V167wv =1.7TeV Unitarity: Mg < V8mv ~ 1.2TeV




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

2
L= —Uztr [V, VA 4 autr [V, V] tr [VAVY] 4 as (tr [V, VH4])?

» Leads to the following amplitudes: s = (; + »2)2 ¢ = (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 + a5) %
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)




BSM (Unitarized) Resonances: e.g. Scalar Smglet

Assumptions:

LHC is able to detect a resonance in the EW sector

Further resonances might exist, but out of reach or not detectable
Describe 1st resonance by correct amplitude

Use K-matrix unitarization to define a consistent model

\{

vYyy

Example: Scalar Singlet

> Lo=—10(M2+0%) 0+ %2 0tr[V,V¥]
9o &
» Amplitude (s-channel exchange): A% (s, t,u) = p R vo1

> |Isospin eigenamplitudes:

2 2
A(Stu) = %(3 M2+ M2+uM2)
2
A(stw) = % (e - o)
2
Astu) = % (e +he)

» Feynman rules: owtw™ 1 —292 (k- k_) ozz: —2U2 (ky - k)
:




K-Matrix Unitarization and friends

K-Matrix unitarization Im[A]

A(s 14+ iA(s
As(s) = 728 (1 E0) :

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

1 » Low-energy theorem (LET): 5
Ax » K-Matrix amplitude:
2 2 s—00
()2 = 2 71
- 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) = etA(s) gin A(s)
P T A® () =AM (5)—iA) (5)2 NI =
each partial wave dominated Infinitely many resonances

by single resonance becoming denser for s — oo
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Unitarizing the scalar singlet Alboteanu/Kilian/JRR, 2008

o g2 2 g2 o g2 o
Ago(s) = 31)% —az T 217250(5) Aga(s) = 21)%82(5) = A3;(s)
I 92 o 92
Af1(s) = 278 51(s) Al (s) = 278 Sa(s)

2
Ay (s) = 2%880(s)

» S-wave coefficients no longer polynomi4al, e.g.:

M s
_ 2 s
So(s) = M= -3 +—8 10g73+M2
» s-channel pole must be explicitly subtracted:

Gry(s
Ar(s) = AT (s) + Fisls) + S22,
— FIJ(S) is finite
— Gry(s) o s (vector), o s2 (scalar, tensor)

Aus(s) = —21205)

I A©)(s) 4+ 32miA AL (s),
1-%14]‘](5) IJ() IJ()

Adiy(s) = B2mi (1+3;;A<;3,><s>+ _ M )
537 Gra(s) = (s = M?) [1 = g (A () + Fis(s))]




Eigenamplitudes

120 o, with K matr
T T T o1 T T T 1 T T T
- . s
N s0-{ 1
! / _ a0
o T T T — T T T T T
o o o
\
04 R
‘ ‘

0 frad)

T T
1000 200
/3 Gev




“Partonic” cross sections

0
S(VV = VV), no Higes
a(VV =5 VV) with m, = 120 GeV 2o (VV = VV), no Hige
4 20+
10
1
014 2
1
05 05
001 024
0.1
005
00014 029
— 0.02-]
T T T T
0 1000 2000 3000 0 1000 2000 3000
VA [Gev GeV]
24 STV > VV), with 500 GeV vector movector (VY =5 V), with 500 GeV’ tensor iosealr
10 ‘ 10
1
o
054 o
N 014
014
01
001
005 _ o]
] 1000 2000 0c

» (VY = VV)innb Mg = 500 GeV
» all amplitudes K-matrix unitarized
» Cut of 15° around the beam axis




LHC Example: Vector Isovector
2008

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

(Theory) Cuts:

— p1(fv) > 30 GeV
- [6R(v)| < 1.5
— O(u/d) > 0.5°

v

v

v

N
Ongoing ATLAS study

— More kinematic observables

v

— Comparison and validation phase

Integrated luminosity: 225 fb—!
Discriminator: angular correlations

# events

# events

1000

100

80

70

60 -

50

40

30

10

Alboteanu/Kilian/JRR,

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

with 850 TeV vector resonance 77777771 §
without resonances s

400 600 800
Mpyry(GeV)

1000 1200 1400 1600

T

with 1 TeV vector resonance
without resonances bssssss

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

0
/
/
5%
f
¢

— first reproduce SM "
— then anom. couplings/BSM o
resonances 0 05 1 15 2 25 3
AD(I°T)
r————— =




Including Higgs Operators

Higgs has been discovered (sic!)

Include more operators, e.g. (D,¢) W# (D, ), (0(¢'$))?: usually
called Op, Ow, Oww, Owww etc.

v

v

» both anom. V3 + V* and HV'V etc. couplings !
» Implemented for an ATLAS study in WHIZARD
» Ongoing theoretical study Kilian/JRR/Sekulla, 2013

» Very preliminary results




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,

T
4

200 400 600 800 1000

mpy

» Important cross-check for experimentalists: Cut-based vs. MVA vs.
MEM




Summary/ConcIusmns
» New Physics in EW effective Lagrangian (SM + higher-dim. op.)

» Triple/Quartic gauge couplings measured either

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

» Unified description for different channels difficult

» EFT approach for low-energy regime, unitarized by form factors in
resonance scheme at high energies

» interpreted as resonances coupled to EW bosons

» “Correct” description for first resonance (also [very] broad)
» Beyond that: assure unitarity (K matrix)

» Approach includes standard EFT ansatz

» Sensitivity rises with number of intermediate states:

— LHC sensitivity limited in pure EW sector: 0.8 — 3TeV (??7?)
- ILC :1.5-6TeV

M . : " e
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Backup: The Effective W approximation
» My, t; small corrections, V nearly onshell:

A A A1
a(qlqg — qiq;V{Vé) ~ Z /d:ltl dxo Flz11—>q'1V1 (ml)F 2 (I2)JV1V2—>V{VQ (xlxgs)

qz—NZéVz
A1:A2

» In addition to Weizsacker-Williams: longitudinal polarisation

= VoA (V4420 -0 [m (pi,max +(1- w)m%) i P s }
a—a'V 1672 (1 —2z)m3 P o + (L —2)m3,
@)= VATV - 420 -2 [ln (Pi,max+(1*®)m3}> _ P max }
a—=q’'V 1672 = (1 —2z)m3 Pl o + (L —z)m3,
Py = LA 2020 P
812 x piymax + (1 - w)m% _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 &




ic.Gauge Coupli i .
» EWA structure functions: W (left) and Z (right)

1 T L B 1 T T N
] | ]
0.1 - 0.1
AR i
0.01 \_ i F(z) 0.01
0.001 PO N () A 0.001
(¥ - 10— e o1
— Emission from u, \/s = 2 TeV — preferred at high energy: transversal
emission
» Problem: Irreducible background to weak-boson scattering
q a q ! q a
! 7 !
f f f
a f f
7 a f
q f q q q q
— 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!




220l Beuter

Backup: ILC example: 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,

wwz

=
1<)
T

2

coupling strengths 161t a
o
T

T T

L

T T

| |

A

Simulation with WHIZARD  «iianonir

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

Observables: MZw, M3 7, (e, 2)
A) unpol., B) 80% e, C) 80% ex, 60% ¢}

5 0 5 10 15
coupling strengths 16ra "

Wwz 777 best
1672 x nopol. | e~ pol. | both pol. no pol.
Aai’ 9.79 4.21 1.90 3.94 1.78
Aoy —4.40 —3.34 —1.71 —3.53 —1.48
Aag 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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Vector Boson Scattering

1TeV, 1ab™*, full 61 final states, 80 % ey, 60 % ef polarization, binned likelihood

WW = WW , WW — ZZWZ - WZ,ZZ - ZZ

Contributing channels:

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 a5 -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




Backup: Interpretation as limits on resonances

Consider the width to mass ratio, f, =T'c /M,

SU (2) conserving scalar singlet SU (2) broken vector triplet
needs input from TGC covariance matrix
1 1
7 12wray f 1
Anfo ) 4 af,+
Moe =w (70) M = v P
o a5 I aZ+2(ad)?+s2 (a2)2/(2¢2)
M [TeV]
4
3.5
3
2.5
2
150/
,/'/
0T 02 03 04 05 0.6 10705 7 16770y
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]I=1[I=2] [Spin[[I=0|I=1|I=2]
Final 0 || 155 | — | 195 0 | 139 | 1.55 | 1.95
result: | 1 - | 249 | - 1| 174 | 267 | -
2 || 329 - | 430 2 || 3.00 | 3.01 | 584




