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Doubts on the Standardmodel

Measurement t Fit O™ OM/gmens
m,[GeVl 91.1875+0.0021 91.1875
I, [GeV]  24952+00023  2.4957
of,Inbl  41.540+0.037  41.477 (e——m—
R, 20767 +0.025 20744 |
A% 0.01714 £ 0.00095 0.01645 fmmm
AP 0146500032  0.1481 mm
A, 021620 + 0.00066 0.21586 -
R, 0.1721£0.0030  0.1722
Ase 0.0992 +0.0016  0.1038
AL 0.0707 +0.0035  0.0742 fm—
Ay 0.923 + 0.020 0.935
A 0.670 +0.027 0.668
A(SLD) 0.151340.0021  0.1481 j—f
sin%0'%i(Q,) 0.2324 +0.0012  0.2314 fmmm
m,[GeV]  80.398+0025  80.374 fmmmm
FwiGeVl  2.140+0.060 2091 jmmm
m, (GeV] 17095 1.8 1713 m
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— describes microcosm  (too good?)

— 28 free parameters

fermion masses
dre ste be

ue ce te
Vi —eioV3 0V €e e Te
L O R R
ueV meV eV keV MeV GeV TeV

— Higgs ?, form of Higgs potential ?

Hierarchy Problem
chiral symmetry:  dmj o vIn(A?/v?)
no symmetry for quantum corrections to
Higgs mass
SME o A% ~ MEok = (101)2 GeV?

20000 GeV?2 = ( 1000000000000000000000000000000020000 —
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Open Questions

g . . . 60 -
— Unification of all interactions (?) o Vi
— Baryon asymmetrie ANg — ANz ~ 107° “
missing CP violation TIw
2 '
— Flavour: three generations p g Sendard Modd
2 L e e
_ H H . ~ 02 04 0 4nl2 4 6 8
Tiny neutrino masses: m,, ~ %; v e
— Dark Matter: R
» stable o Pl
A O

» only weakly interacting
» mpn ~ 100 GeV

— Quantum theory of gravity

— Cosmic inflation

— Cosmological constant




Ideas for New Physics since 1970

3)“,..:.1'9 RS HediefSOSY
T -1C “‘;’l“”‘ w"‘ro\“‘ " NoT ‘reT :“‘\'
NMEs N
oL GAT ws™ = YA
T“ 2V s '4-...‘ s

o gluen

C:" et s
i S swparuasle
/J./JJ o [, Weiebenst waltanal
ew'on |ay,’ 34D
€
L)




Model-Independent Description of the EW sector

» Higgs boson still not observed

» Aim: describe any physics beyond the SM as generically as possible

v

Implement what we know about the SM

v

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

v

Building blocks (including longitudinal modes):

¥ (SMfermions), W< (a=1,2,3), B, ¥ =exp [%Zw%a]

v

Minimal Lagrangian including gauge interactions

1
29/2

,02
Loin = Y PP — #tr (W WHY] — tr (B B 4 —-tr (D, 2) (D))

i




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

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

i 1
VvV — —g [\/§(W+7"'r +W )+ —ZT?’:|

Cw

T — 73

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

VvV — %{ V20wtTt + V20w + 827’3} +0(v™?)
T — 73+ 2\/5% (whrt —w™r7) + O(v™?)
So T projects out the neutral part:

tr [TV] = % {82 + % (wrow™ — w‘8w+)] +0(w™?)




Electroweak Chiral Lagrangian
Complete Lagrangian contains infinitely many parameters

_ 1 1
Leg = ﬁmin—2¢L2M¢R+ﬁ1£6+Z Oéil:i‘f'g Za§5)£(5)+vf2 ZaEG)ﬂ(G)—I—. ..
b i i i

2
L= %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[VEVY] 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)
Electroweak precision observables (LEP /I, SLC):

AS = —16may a1 = 0.0026 £ 0.0020
AT = 201 /aqep B1 = —0.00062 % 0.00043
AU = —16mag ag = —0.0044 £ 0.0026




Anomalous triple and quartic gauge couplings

~

M,

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

z

. Cw
ties, M2
w

w

ot Zy (W, W = WIW ™) 4 P W Wz W;”W:;Z”“}

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

CW73W
Agl =0 AKY = g*(as — o1) + g% as + g% (a9 — as)
2
Ag? =dz+ LHas Ak? =67 — g% (a2 — 1) + g% as + g7 (ag — as)
w
2
Agl" =Ag]" =0 Agi? =20g]7 — 4 (a5 + ar)
w
2
Agl? =N0g17 =67+ Yras Ag"" =2, Mgl + 29 (ap — as) + g7
2
Agi? =20g]% + L (s + ag) Agy W =2¢, Ag77 4 29% (a9 — as) — g° (4 + 2a5)
w

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




Anomalous triple and quartic gauge couplings

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

Sw

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

2
+ ei—;" (97721 2" W w) — of? 2" 2, W W]
2

2
e _ _ _ 2
b [T g (W) et (22,

w ww

12
SMyvalues: g7 = k77 = 1,A"Z =0and 6y = ZLPO -2 gVV' = pZZ =9

CW73W
Ag] =0 Ar” :gQ(az 7041)+gza3 +g2(a97a8)
2
Agl =87+ Lras AkZ =87 — g *(az — a1) + g2as + g% (as — as)
w
2
Agl” =2Ag3" =0 AgF7 =20g]7 — 2 (as + o)
W
2
A!]I’Z = AQ;’Z =dz+ a3 AngW = 2c§,AgI’Z +2¢% (g — ag) + g2 o
2
AgP? = 20977 + I (o + o) Ag¥W = 2¢2 Agl? +29% (g — ag) — g° (aa + 2a5)
>

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




Parameters and Scales, Resonances

a; measurable at ILC
» a; <1 (LEP)
» a; > 1/167% =~ 0.006 (renormalize divergencies, 167%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
81 < 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 (Y'/Z"7) 9 (Graviton ?)
I=1 7, 70 @romy) pt, p° (W'/z'7) a*,a’
I=2| ¢F*, ¢*, " (Higgs triplet ?) — tEE E 10

accounts for weakly and strongly interacting models




Model-Independent Way — Effective Field Theories

How to clearly separate effects of heavy degrees of
freedom?

Toy model: Two interacting scalar fields ¢, ®

Z[j,J] = /D[@]DM exp [z’/dx@(a¢)2—;¢(D+M2)q>—A@2®—...+J<1>+jgo>}

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

Completing the square:

A 2\
q)l:q"f'w(l"i‘w) (,02@ % —>-<

1 1 A2 2\ 7!
(09)? — §M2<I>2 —\p?® = —5@'(1\42 + 0% + ©? (1 > o>

1
2 IM?2




Effective Dim. 6 Operators

>m< >=< X of,{,_ PSR

Ohy = 7= (DW)'h) - (h(D")) - 4| DhJ?
Ohn = 7=(hlh —v?/2) (Dh)' - (Dh)
A P K s




11 v
bw = =55 (BT = v?/2)t (W, W]
1

On = L LD, (D)5
11 v
Opp = =557 (hh —v*/2) B 13"

1
. Oyy = ﬁah(th)q




Zr, Zr, Z, Zp )
AN — —i— AT ~Ap~AMZZ - Z

Zr Zr Zr Zr R
AN — — i — AS ~ WO, B* AU ~ W', W

o All low-energy effects order v?/F? (Wilson coefficients)

¢ Low-energy observables with low-energy input G, o, M affected by
non-oblique contributions:

1 1 ’1)2 3
Gp=— — —(1-aAT+9), b==-7 (®)

Setf = A5 . » non-oblique flavour-dependent
Tett = AT — 30 corrections = enforce
Ust = [AU = 0] + ish 5 flavour-dependent EW fit




Integrating out resonances

Consider leading order effects of resonances on EW sector:

Lo =z[®(M}+DD)®+20J] = Lff= —WJJ—i-FJ(DD)J-‘rO(M’G)

» Simplest example: scalar singlet o:

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

» Effective Lagrangian

£ = 8M2 [gotr [V, V*] + hotr [TV ] tr [TV#]]?

» leads to anomalous quartic couplings

2 2 2
2 v v 2 v
a5 = go <8M3> a7 = 2gchs (m) o1 = 2h; <8M3>

» Special case: SM Higgs with g, =1 and h, =0




Coupl. strengths, Anomal. Couplings, Power Counting
Scalar resonance width (M, > Mw, Mz):

2 1 2 2\2
2 4+ 1(g2 +2h2)% /M3
FU:M< )+F(non—WWZZ)
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):
dm ( vt ) 0015 2.42

(

<—(— )= = 16n%a5 < —— =
=73\ s M, in TeV)4 T = (M, inTev)l

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

Vector triplet (simplified)

2

1 M igpv2
Lp = _gtr [p/“/pﬁ“/] + Tptr [pu,pu} + T

tr [p, V¥]
1/M? term renormalizes kinetic energy (i.e. v), hence unobservable:

921}4

eff _
L 4M 2

tr[(D,X)(D*%)] + O(1/M,)




Vector Resonances

1 M 0. AM : v
£, = =gt [P e ]+ =Lt [, "] + =52 (60 [To,])* + 152 gtr [, W5, ]

2

/ 2 2

J,-i#—;g/tr [0, B p,] +i%2—tr [p, V] i [, T b [TV
’,2 2k’
g vk v guvk v

+ ZM’;H [p.[B",V.,]] + 4M’; tr [p, [T, V,]] tr [TW"*]
gv2k;;

v L v
IIYE tr [Tp“] tr [[T, V,]W""] + 1ﬁp’3tr [p,“,W S WPH]

’ 11

¢
+i—tr[p,, B, W] + iM—"ztr (., T] tr [TW" ,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




3 W R Boson.Scalleli ‘

The Multi-Particle Generator WHIZARD Kilian/OhJR, 07
Matrix Element Generator O’Mega: ) Ohl, 2000/01; M.Moretti/OhliJR, 2001
Optimized helicity amplitudes: Avoiding all redundancies

Multi-Purpose Event Generator WHIZARD: Ohl, 1996; Kilian, 2000; Kilian/Ohl/JR, 2007

— Adaptive Multi-Channel
Monte-Carlo Integration

ete™ — tfH — bbbbjjer (110,000 diagrams)
ete™ - ZHH — ZWWWW — bb + 85 (12,000,000 diagrams)
_ Very hlgh IeveI Of Complexity pp — L€+ nj,n =0,1,2,3,4,...(2100,000 diagrams with 4 jets + flavors)

pp — %9 % bbbb (32,000 diagrams, 22 color flows, ~ 10, 000 PS channels)

pp — VVjj — jjllvyv incl. anomalous TGC/QGC

vVVvYyVvVVvYVvYyYy

Testcase gg — 9g (224,000,000 diagrams)

Current version:
WHIZARD 1.92  release date: 2008, April, 29th
one grand unified package (incl. VAMP, Girce, Circe 2, WHiZard, O'Mega)

New web address: http://whizard.event—-generator.org
Standard Reference for 1.92 + new versions: Kilian/Ohl/JR, 0708.4233

» Major upgrade this fall (most code ready!!!): WHIZARD 2.0.0



http://whizard.event-generator.org

ILC: Beyer/Kilian/Krstonosié/Ménig/JR/Schréder/Schmidt, 2006
LHC Mertens, 2006;  Kilian/Kobel/Mader/JR/Schumacher

Anomalous quartic gauge couplings, by chiral EW Lagrangian:

2
co= o {wtwhwwo) +wtw )]+ 2 wtnwm o+ (22?2
2 C%V 2c“1;V

2 2 1
Ly = as = dwtw 2+ Zwhtw)z2) + ——(22)?
2 C%V ZC%V

(all leptons, incl. 7):
pp — JI(ZZ/WW) — it~ vy

o=~ 40fb
Background:
> il — WbWb, o ~ 52pb
» Single ¢, misrec. jet: 0 ~ 4.8 pb
» QCD:o =~ 0.21pb




Tagging and Cuts:

jj-Tag, npit < ne < npe®, b-Veto
|An;j| > 4.4, M;; > 1080GeV
Minijet-Veto: pr ; < 30 GeV

E; > 600,400 GeV, p%w’j > 60,24 GeV

>
>
. Improves S/+/B from 3.3 to 29.7
>

:

HIZARDIEW] o, = 0.003 , x5|

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

[ singeewop
[ whizarolaco)

# Events / Bin
# Events / Bin

000 200 3000
M (jet,jet,) [Gev]

.o, - 0 (SM)
~e-- @, = 0.006

g

)
— =001

#Events / Bin
g

# Events / Bin

8 g %

g

E
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£
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# Events / Bin
§ ¢

. .

o

o5 T s z 75 3
1% (lep” lep) |

00600 700
P,(lep’ lep) [GeV]

CRC )
|an (lep’ lep) |

Limits for A [TeV]:

|Spin|[I=0]I=1|I=2]
0 | 139 | 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




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

2
L= 7%@ [V, VA 4 autr [V, V] tr [VEVY] 4 as (tr [V, VH])?

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

2 2 2
t
A(s, t,u) =: AwTw™ — 22) = % + 8a58—4 + 4oy +4u
v v v
¢ 2 2 2
A(w+z—>w+z) = — +8a5—4+4a4#
v2 v v
2 2 2
t
A(w+w7 — w+w7) = —% + (4os + 2a5) 5 J'; + 8(14%
v v v
2 2 2
t
Awtw™ = wtwt) = 7i' +8a4s—+4(a4+2a5) tu
2 v4 v4
2 2 2
s t u
A(zz — zz) = 8 (cva + ars) * 4+
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)




Unltarlty of Amplitudes

UV-incomplete theories could violate unitarity

Cross section: o= [dde = |M|?

6471'25

Optical Theorem  (Unitarity of the S(cattering) Matrix):
Otot = IM [Mu‘(t = 0)] /S t=—s(1—cosb)/2

Partial wave amplitudes:  M(s,t,u) = 327> ,(20 + 1).As(s)Py(cos 0)

Assuming only elastic scattering:
us ! T
oot = 3, ZECHN | 42 L5, 2D im 4] = {47 = Im [A] |

Argand circle | |A(s) —

=1
-2

ol

Resonance:  A(s) = =i

Counterclockwise circle, radius “s*

Pole at s = M2 — iMT o

Re[A]




Unltarlty in the EW sector: SM

» Project out isospin eigenamplitudes Lee,Quigg, Thacker, 1973
1 0 gt
Ay(s) = Tom —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—.7):

t —
Armo =25 P0(s) A= 5 = SPI(s) Arma = =5 Po(s)
v v v
s s s
Ago = A1 = —— Asog=————=
00 = 1602 L1 96702 2,0 327v?

exceeds unitarity bound |Ar,| < 3 at: ,
Higgs exchange: } .
I=0: E~ V8ru=12TeV o1
I=1: E~ Vi8rv=35TeV A(S’t’“):‘Tfs_M,g
I=2: E~ V16mv=17TeV  Unitarity: My < V87v ~ 1.2TeV




K-Matrix Unitarization and friends

K-Matrix unitarization fml ATy
A(s 1+4A(s .
Ax(s) = A <s>_; 5]
1—14A(s) 14+ A(s) A (s)
Unitarization by infinitely heavy and RelA]
wide resonance A(s)
1 » Low-energy theorem (LET): 5
Ax » K-Matrix amplitude:
2 s§—00
JA()]? = 2 "1
> /5 » Poles tiv: 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 A® () =AM (5)—iA) (5)2 N8I =
each partial wave dominated Infinitely many resonances

by single resonance becoming denser for s — oo




BSM Unitarized Resonances: e.g. Scalar Singlet

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

v

vYyy

Example: Scalar Singlet
» Lo=—30 (M§ + 82) o+ 4Potr [V, V¥

2 2
» Amplitude (s-channel exchange): A% (s, t,u) = ‘Z‘; S _SMz

> |Isospin eigenamplitudes:

2 2 2
o g t
AO(Svty’u‘) = ﬁ (35 SMQ + t—M?2 + " uMZ)
2 2 2
o _ g t u
Al (s,t,u) - 117% (t—M2 u—M2)
2 2 2
o _ g t
AZ(Satau) - U%(t—M2 +u_uM2)

» Feynman rules: owtw™ 1 =292 (ky k) ozz: —2U=(ky - k)
4




Unitarizing the scalar singlet

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
Afi(s) = 278 51(s) Als(s) = 278 Sa(s)

2
Ay (s) = 295 80(s)

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

M
So(s) =M? — 2+ —log ——
o(s) P V&

» s-channel pole must be explicitly subtracted:

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

AIJ(S) _ AIJ(S)

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

Alboteanu/Kilian/JR, 2008

AArs(s) = 32mi (Hg;wAg?(sw _ M )
512G () = (5= M) [1 = 5= (A9() + Fiu ()]




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;(Xp)
— guarantee for only s-channel insertions
pPv; Pvy,

» Consider the following resonances:

Jo = 5t [V, VY]

£57—%6(M§.+32)0+a‘10 .
comdbefe(ud ool vulu]]  do=—2% (Vae V- Touv,v)
2

Lp = %[%22“ [pupu] il =igpv VH

= o o] e [i504]] = -2 <tr [VEVY] — %tr [vaf’]>

M2
_ My wv v

Lf = Ckin . Z +f*“’jf = —% [% (VFeV +V e VH) - 25V, oV
Lo = Lyin — Ait tr [6thY] + S [turit] e

e [VIVY] 4 £y [V,,V’J]}




Taxonomy of resonances/Loops

Resonance o 1) p b a

2
Llg?M? ) (64m0?)] 6 1 iGp) i @ e
Aoy [(167T /M) (vt /M*)] | 0 1 3 5 -5 a f
Aas[(167T /M) /MY | & -& -2 -3 .

» Loop corrections to LET can be switched on/off:
(« renormalization scale)

1-loop 1 1 t(s + 2t)
Aot = o [(Fm v 30n) S (g mtg saoi ) e ).

» Finite scheme-dep. matching coefficients/NLO counterterms
(e.g. heavy Higgs regulator u = Mg Dawson/Willenbrock, 1989 )

_ 1 . _ — _9m_ _ 37 o _
Cq=—{g = —0056, C5= 37 — §f =~ —0.0075.

pgflastimage




Eigenamplitudes

120 o, with K matr
07 N 10
T T T o1 T T T 1 T T T
e . s
N s0-{ 1
! 4 B 10
o T T T — T T T T T
o o o
\
04 R




ular dependence I




S VV). o Hi
N )
100-|
1
014
03
oo [ras— vord wewh e
o001 029
1071
T T T
_ 2000 1000 2000
VE[GeV] VA IGeV] VE[GeV]
102 50-]
V), no Higas, with K matrs R T—
20
1094 10
104
054 5
10 05
02+
02 0 014
0.05-|
o 100-] i 02| i
0 2000 1000

» Cross sections (in nb)

VA iGev]

V3 [Ge




matr (VY = V), no b

02 S(VV = V), no Higs, ay = 05,05 = 0.2 with K matrix

== -




“Partonic” cross sections (ll)

(VY VV), with 500 GeV vector isovectar

1000 200 00c ] o _
VE(GeV) VA [GeV]

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




—
A
|




The Effective W approximation
» My, t; small corrections, V nearly onshell:

ENYRNY] A1 Ao A1 Ao
o — ViV,) & dzq dxs F x1) F T3) 0o T1T28
(q192 — 1921 V3) /\E/\ vdez B o O FLE 0, (82) 0300 pryy (#1225)
1522

» In addition to Weizsacker-Williams: longitudinal polarisation

. (V= A 4 (V4 A1 —a)? P s + (1 — 2)m3, P2 max
QﬂQ’V(w) B 1672 x |:ln ( (1 —2)m3, ) - pi,max +(1- w)m%}
@)= VATV - 420 -2 [ln (Pi,max+(1*w)mi> ~ P }
a—q’'V 1672 = (1 —2z)m3 Pl o + (L —z)m3,
() = v? +2A2 20-2) _ P e i
87 T Pl T (1 — x)m3, _4]-)}

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

> longitudinal pol.:  finite for pi max — o0
» Transversal pol.: logarithmic singularity &




» 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 q a ! q a
! 7 !
f f f
a f r
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!




LHC Example: Vector Isovector

v

v

v

v

\4

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

(Theory) Cuts:

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

Integrated luminosity: 225 fb—!
Discriminator: angular correlations

Ag(th)

Ongoing ATLAS study
Kobel/JR/Schumacher

Cut analysis/NN
More kinematic observables

Geant4 FullSim (special points)
all resonances, parameter scans
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ILC Results: Triboson production

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

wwz

2

coupling strengths 161t
o
T

T T T T T

A

L | | L

1
-10 -5 0 5 10 15
coupling strengths 16ra "

Simulation with WHIZARD

Kilian/Ohl/JR

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

Observables: M3 v, M 4, <t(e”, Z)
A) unpol., B) 80% e, C) 80% ex, 60% ¢}

Wwz 777 best
1672 x nopol. | e~ pol. | both pol. no pol.
Aai’ 9.79 4.21 1.90 3.94 1.78
Aay —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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€+67 — WWZ/ZZZ, dep. on ((14 + aﬁ), (a5 + a7), o4 + a5 + 2(046 + a7 + alo)
Polarization populates longitudinal modes, suppresses SM bkgd.
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Simulation with WHIZARD  «iianonir

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




Vector Boson Scattering

1TeV, 1ab™*, full 6f 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 [fb] i
in o— o
etTe™ — veveqdaq WW — WW 23.19 coupz 9 +
ete™ — veDeqqaq WW — 22 7.624 167 aa -1.41 1.38
ete— — voqdaq V VvV 9.344 1672 as -1.16 1.09
ete™ — veqdqd WZ - Wz 132.3
ete — eTe qdag zZZ — 22 2.09 SU(2). broken case, all channels
ete — eteqgqqs | 22z - wtw— 414, coupling o— o+
eie_ — bbX e:e_ — tf - 331.768 1672 s 272 237
etTe — q4qq etTe — WTW™ 3560.108 ) R
ete™ — qgaq ete™ — zz 173.221 16‘"20‘5 246 | 235
eTe = evaaq cFem = 0w 279588 167" a6 -3.93 5.53
ete— — ete—aqa ete — ete— 2z 134.935 16m2ar -3.22 3.31
efe — X ete= = qq 1637.405 167210 5.55 455
4 T6ras a) 6 " Ti6rtar b)
3
EER .
2 5 [
2 \
1
0 0 0
4 B
2 5
4
-3
. lon’as g 167%4 "0 167205
3 4 -6 -4 2 0 2 4 6 -10 5 0 5 10 15




Interpretation as limits on resonances

Consider the width to mass ratio, f, =T /M,

SU (2) conserving scalar singlet SU (2) broken vector triplet
needs input from TGC covariance matrix
1
12magf + 4
= P
My = v (ai+2(a%)2+s§v(ai‘)2/(2ca’)
M [TeV]
4
3.5
3
2.5
2
150/
17
h,// 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]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




Summary/Conclusions

» New Physics generically encoded in EW Chiral Lagrangian
» Triple/Quartic gauge couplings measured either
— via triple boson production

— via vector boson scattering

» interpreted as resonances coupled to EW bosons

» 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

» Full analysis including all channels/backgrounds with WHIZARD

» “Correct” description for first resonance (also [very] broad)
» Complete ATLAS study is under way




One Ring to Find them ... One Ring to Rule them Out
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