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Electroweak Physics ...

The Standard Model and ideas beyond
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Intention of the talk:

* pbrief overview over empirical tests of the electroweak theory
* highlight some important examples
* emphasis on Standard Model predictions and the role of precision

Contents
Electroweak Physics ...
... after the LEP era
... at the advent of the LHC

... in the (far) future

Concluding remarks
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Electroweak physics

... after the LEP era
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Experiments at LEP/SLC/Tevatron

* confirmation of Standard Model as quantum field theory
(quantum corrections significant)

* top mass m. indirectly constrained by quantum corrections
< In agreement with m; measurement of Tevatron

* Higgs mass My; indirectly constrained by quantum corrections
— impact on Higgs searches

6 March 2009 M imit = 1'63 GeV

Great success of precision physics e Wit A= ]
L — 0.02758x0.00035
— My > 114.4GeV (LEPHIGGS '02) M (R |
eTe” —/ ZH at LEP2 ~ '
5 3 -
— My < 160GeV and My > 170 GeV o )
pp -~ H—WW at Tevatron (CDF/DO '09) ]
1 i
— My < 163 GeV (LEPEWWG '09) o |Excluded s, /& preiminary|
fit to precision data 30 100 300
i.e. via quantum corrections my, [GeV]

z M i i i = . . . . .
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Important electroweak experiments

* Muon decay: po = ve Ue
determination of the Fermi constant
p 2
W G, = it + ...
V2MG (M7 — M)

7 production (LEP1/SLC): ete” =7 — ff

e’ various precision measurements at the

G_M Z resonance: Mz, I'y, ohad, AFB, ALR, €tc.

= good knowledge of the Z f f sector

e \W-pair production (LEP2/ILC): ete™ — WW — 4f(+7)

et W
>Mi — measurement of My
e Ty — ~WWIZWW couplings
e’ T”\XV“< — quartic couplings: v WW, vZWW
T

M i i i = . . . . .
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Important electroweak experiments (continued)
e \W production (Tevatron/LHC): pp, PP — W — v (+7)

P — measurement of My,

_ W — ~vWW coupling

p, b

e top-quark production (Tevatron/LHC): pp,pp — tt — 6f

W

P — measurement of

p, b

Theoretical predictions
parametrized by a(Mz), My, Mz, my, mys, as(Mz) and My
— global fit of SM to data yields bounds on My

Note: fit is particularly sensitive to 1, My, sin” Hé‘?t

M i i i = . . . . .
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Example: W- and Z-boson production at hadron colliders

Physics goals:
* My — detector calibration by comparing with LEP1 result
* sin” 0P — comparison with results of LEP1 and SLC

* Mw — Improvement to AM~w ~ 15MeV, strengthen EW precision tests

(W /Z shape comparisons even sensitive to AMw ~ 7MeV at LHC)
Besson et al. '08

decay widths 'z and I'vy from Mj; or M~ ., tails

search for Z’ and W’ at high M;; or M~ .,

* information on PDFs

! i i { A r o . - - . -
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Fits of Mw to W transverse mass at the Tevatron

CDF Il preliminary rL dt = 200 pb'l CDF Il preliminary rL dt =200 pb'l
> o > - '
(&) ()
¢] B ) -
0 L 10 =
N B 2 1500
2 @ L
] i 5] L
3 1000}— 3 B
L 1000 _—
5001— M,y = (80349 + 54 ) MeV i M,y = (80493 + 48_,.,) MeV
L 500—
- x?/dof =59/ 48 i x?/dof = 86 / 48
m 1 L O 1 1 1 1 L 1 1 1 1 1 1 1
%O 70 80 90 100 60 70 80 90 100
m_(uv) (GeV) m_(ev) (GeV)

Theory prediction based on QCD resummations (improved by some EW corrections)

Result from CDF: Myw = 80.413 4 0.048 GeV  (=most precise single measurement)
Combined with DO: Mw = 80.420 £+ 0.031 GeV  (from Fermilab homepage)

Result from LEP: My = 80.376 £ 0.033 GeV

World average 2009: Mw = 80.399 £ 0.023 GeV

Physikalisches Institut ~
=

=
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7' studies via FB asymmetry at the LHC | .
Dittmar, Djouadi, Nicollerat '03

| ) L.

Arg With rapidity cuts Forward backward asymmetry measurement
- 1.2
- LHC,\s=14TeV b) = & -2 b)

0.8 __ MZ|:1.5TeV true asymmetry with Z°,, M,=1.5TeV 1 __ L HC’ s=14TeV _i,w

06 — e meas measurable asymmetry |Y,|>0.8 0.8 :_ MZ,:]__STeV |y”|>0,8 .- Z’:R

' Nl e measurable asymmetry 0.4<|Y |<0.8 E -7, L=100fb *
0.4 i LT U measurable asymmetry |Y,|<0.4 0.6 ‘__
@ - 00 4.’-'.".".“.".".-'.".".".".".‘ ----------------
- [T —a0ar o e N e
< 0.2F SRt RANS
. TPt 0 o 0.2~
0__ N R A T C
: ‘,-‘,‘,, ...‘.\“:;‘;‘;“"‘ O — \ Caeene gt
-0.2[— el . N W
N 0.2 e
0.4/~ -
C 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 -0'4 __ I I I I I I I
800 1000 1200 1400 1600 180('2/| [Ge\Z/(J)OO 1000 1100 1200 1300 1400 1500 1600 1700 1800
i

M, [GeV]

®* Naive definition: Ars = 0 in pp collisions (no preferred direction!)
“Good” definition: identify boost direction of {™[~ pair with quark direction
(xz spectra of q / g on average lead to boost in g direction)

* Measureable Arp can be enhanced upon excluding small Z rapidity Y;;
— require e.g. |Y;;| > 0.8

* Arp can discriminate between different Z’ models at the LHC

Physikalisches Institut ~
=

=
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NNLO QCD corrections for single W/Z production

Hamberg, v.Neerven, Matsuura '91; v.Neerven, Zijlstra '92
Harlander, Kilgore '02

* W /Z rapidity distribution

pp - (Z,7")+X

® total cross section

Anastasiou et al. '03

80 N T | | | T T T T B 500-I T | T
s NLO T W
I~ . NNLO 1 = 400 —
@ 60— _ o i
& & _
DS - ~ .
2, I B, 800~
. o .
5wl 4 5
~ - ~ i
= L = 200 —
o i o N
N N -
b B b ) =
R 20 — Vs = 14 TeV — s -
i M= M, i 1001 Vs = 14 TeV .
i M/2 < p < 2M - M = My
L i i M/2 = u £ 2M
o 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 O 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1
-4 -2 0 2 4 —4 -2 0 2 4
Y Y

* fully differential cross section pp(— W) — vy + X Melnikov, Petriello '06; Catani et al. '09

Further improvements:

e Soft-gluon resummation (partially combined with v emission) EZE‘Z;’J;:]J?&W; Landry etal. "02

* NLO EW corrections

Physikalisches msm, Stefan Dittmaier, Electroweak physics from low to high energies Lepton—Photon 2009, Hamburg, August 2009 — 11



NLO EW corrections to W/Z production:

Baur, Keller, Wackeroth '98: S.D., Kramer '02
Baur, Wackeroth '04; Arbuzov et al. '05

* NLO EW correction to W production -7 “=2 = - 50 06

Baur, Keller, Sakumoto '97: Baur, Wackeroth '99

* NLO EW correction to Z productlon Brein, Hollik, Schappacher '99; Arbuzov et al. ‘06

Baur, Stelzer '99; Carloni Calame et al. '03

. 5 . : :
multi-photon radiation via leading logs Placzek, Jadach '04: Brensing et al, ‘07

* NLO SUSY corrections in the MSSM  grensing et al. 07

Comparison of NLO EW corrections to W production:

pp — vlT (4+7) at /5 = 14 TeV Les Houches SMH proceedings '06
MT,Vll/GeV 50—o0 100—c0  200—oc0 500—o0 1000 —o0 2000—o0
oo/pb
Dk 2112.2(1) 13.152(2) 0.9452(1) 0.057730(5) 0.0054816(3) 0.00026212(1)
6u+vu/%
DK —2.75(1) —5.03(2) —7.98(1) —14.43(1) —21.99(1) —32.15(1)
HORACE —2.77(1) —5.08(1) —8.01(1) —14.44(1) —21.99(1) —32.16(1)
SANC —2.76(2) —5.06(2) —7.96(2) —14.41(2) —21.94(2) —32.12(2)
WGRAD —2.69(1) —4.84(1) —7.96(1) —14.48(1) —22.03(1) —32.3(1)

Large corrections at high transverse W mass M+ ,,; (EW Sudakov logs, etc.)

: Physikalisches Institut _j{— —~
Faki natik un: e N —— AE

'**"MJ My

Stefan Dittmaier, Electroweak physics from low to high energies Lepton—Photon 2009, Hamburg, August 2009 — 12



Combination of NLO QCD and EW corrections in progress

Issue unambiguously fixed only by calculating the 2-loop O(a«s) corrections,
until then rely on approximations and estimate the uncertainties:

* Comparison of two extreme alternatives: Balossini et al. 09
(146363 + opw )
Versus
(1+6q¢R) x (1+ 6gw)

— underlines significance
of O(aas) effects

60 65 70 75 80 85 90 95

MW (GeV)
e Compare EW corrections to V and V + jet production

do /M. [pb/GeV] Denner, S.D., Kasprzik, Miick '09
40 T T T Bornl 5 T T T T

» [ b — o+ jet (+7) e i

U5 = 14 Tev e

25 —

20 —

15 —

10 — —10 v rec. -

5 _

0 | | | -I-L'-O—— ~15 | | | |

50 60 70 80 90 100 50 60 70 80 90 100
Mr ,,1[GeV] My ,,1[GeV]
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Combination of NLO QCD and EW corrections in progress

Issue unambiguously fixed only by calculating the 2-loop O(a«s) corrections,
until then rely on approximations and estimate the uncertainties:

Balossini et al. '09

* Comparison of two extreme alternatives:
(146363 + opw )
Versus
(1+636D) x (1 + dmw)

— underlines significance
of O(aas) effects

e Compare EW corrections to V and V + jet production

do/dMr . [pb/GeV] Denner, S.D., Kasprzik, Miick 09
40 T T T T 5 T T T T

35

pp — 1Ty + jet (+7)
Vs =14 TeV

30 relative EW corrections

practically identical
near Jacobian peak

25
20

15

bare ™
- ~10 7 rec.

] bare it ~ }single W
ol < —
0 | | | L-I_‘h— ~15 | | | | approaCh

10

71 < supports factorization

50 60 70 80 90 100 50 60 70 80 90 100
MT,Vll [GQV] MT,l/ll [GGV]
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Electroweak physics

... at the advent of the LHC
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Electroweak issues for the LHC:;

* Continue electroweak precision tests
— indirect window to new physics

* Further analyze structure of gauge-boson self-interactions
— triple couplings via gauge-boson pair production,
guartic couplings via triple-gauge-boson production and
gauge-boson scattering

® Search for the Higgs boson(s)
— either “Higgs™:  perform first studies of the Higgs profile

or “no Higgs”: look for alternative mechanisms
of electroweak symmetry breaking

: Physikalisches Institut o~
Faki atik unc /:AB'
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Higgs search at present and future colliders

Higgs bosons couple proportional to particle masses:

W, Z 7
H--- x Mw H--- X My
A/ /

= Higgs production mainly via coupling to W/Z bosons or top quarks

= y i i { A —~ . . . . .
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Higgs search at present and future colliders

Higgs bosons couple proportional to particle masses:

W, Z 7
H--- x Mw H-- - X My
A/ /

= Higgs production mainly via coupling to W/Z bosons or top quarks

Processes at hadron colliders (pp/pp):

= y i i { AT . . . . .
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Cross sections and significance of the Higgs signal at the LHC

Spira et al. '98 ATLAS '04
i T T T LI L B B L L B 8 L
c . -
102 - o(pp- H+X) [pb] < fLdt=30fb™ = ttH (HVK bb)
3 Vs= 14 TeV E E (no K-factors) A H - zZ€ )(*)a 41
r H - WW - Ivlv
FooN \ gg_,H Mt =175 GeV 276)5 102 | ATLAS m oqgH - qgww® - Ivlv
B o) A qgH - gqTr
10 3 \t\\ CTEQ4M % qgH - ggZzZ - llw
r \\\ 0] ® ggH - ggqWW - Ivjj
L L RN OO — Total significance
1 B T 1  |gg-Hgq
10 L % N qq - HW Ty
-2 : \\\: ~ . - ] 10 »
10 | SR \\ ...... - _ B
. e = ITTeew | 09,00 HIT
10 B f d T~ - =< \‘~\_§
avoure 0,00~ Hbb | ["ga 571 - -]
10' AP T I N A cl ] T B
0 200 400 600 800 1000 1
M, [GeV] 10° 10°

m,, (GeV/cz)
Typical size perturbative corrections at next-to-leading order (NLO):

QCD:  O(as) ~ 10—100% Electroweak: O(a) ~ 10%

— calculate / control higher orders to reduce theoretical uncertainty
down to the level of PDF (¢q ~ 5%, g9 ~ 10%) and experimental uncertainties

Complication: task requires “multi-loop” or “multi-leg” computations

Physikalisches Institut ’AE"'""A‘
s, Y
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A multi-loop example: Higgs production via gluon fusion at the LHC

* QCD corrections:
Graudenz, Spira, Zerwas '93

¢ complete NLO correction known Djouadi, Graudenz, Spira, Zerwas '95
o NNLO correction known in limit m; — oo gg{;ﬂdgé I':(I'(')%fgﬁ ’g%;g;ni o1
ONNLO Anastasiou, Melnikov '02
K=——~20 Ravindran, Smith, v.Neerven '03,04
OLO Anastasiou, Melnikov, Petriello '04

¢ resummations / virtual / soft terms to NNNLO in limit m — oo
Catani et al. '03; Moch, Vogt '05

’ my — OO ’ Laenen, Magnea '05; Idilbi, Ji, Ma, Yuan '05
tl e H - & H Ravindran '05,06; Ravindran, Smith, v.Neerven '06
Ahrens, Becher, Neubert, Yang '08
9 9 Pak, Rogal, Steinhauser '09
. :
EW corrections Aglietti, Bonciani, Degrassi, Vicini ‘04,06

Degrassi, Maltoni ‘04

o ' ~
complete NLO correction known 0(5%) Actis, Passarino, Sturm, Uccirati '08

¢ mixed O(aas) corrections for small My Anastasiou, Boughezal, Petriello '08

* Combination of production in NNLO QCD with Higgs decays

Anastasiou, Melnikov, Petriello '05

o
H — vy Catani, Grazzini '07
Anastasiou, Dissertori, Stockli '07; Grazzini '08
*H— WW — [viv Anastasiou, Dissertori, Stockli, Webber '08
o H— 77 — 4l Grazzini '08

Fhyskalisches msmlﬁ ?‘E’fﬁ‘ Stefan Dittmaier, Electroweak physics from low to high energies Lepton—Photon 2009, Hamburg, August 2009 — 18



QCD scale dependence of predictions for inclusive gg — H
Moch, Vogt '05

80 . — .
; o(pp —~ H+X)[pb] 1 ¢ o(pp — H+X) [pb] |
60 - . My, = 120 GeV [ My, = 240 GeV ;
T "b\.\, _ 1 15 ;1':“-~ - -
N N R
40 - TNl T . I .l T
S TS~l_ ] w0F S~
' NLO T | NLO ]
oL BTN 1 e :
3 e I T -
- —— N LOapprox LO i . — N I‘Oapprox LO .
e N2LO [ ———= NALO ]
O 1 1 1 1 | 1 O i 1 1 1 1 Lo 1 |
0.2 0.5 1 2 3 0.2 0.5 1 2 3
/My /M

Reduction of renormalization-scale dependence with increasing orders !
— residual scale uncertainty < 5—10%

Recent error estimate with MSTW2008 NNLO:  dppr < 3%

de Florian, Grazzini '09

Physikalisches Institut _j{— —~
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NLO EW corrections Actis, Passarino, Sturm, Uccirati ‘08

Correction to partonic cross section: K factors for pp cross section:
(band width: MH/2<,LLR/F <2Mhyg, /J,R/2<,LLF <2uR)
2.7 . — :
pp - H+X  Vs=14TeV
26
MRST 2002
25
24 -
S 23
g
L 22
2.1
2
1.9 NNLO QCD — — -
18 NNLO QCD + NLO EW ——
100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
Mpy [GeV] M, [GeV]

EW corrections ...
* matter at the 5% accuracy level

* show non-trivial structures near WW, ZZ, tt thresholds
— finite widths of particles in loops required (otherwise unphysical peaks)

* mixed O(aas) corrections for small My Anastasiou, Boughezal, Petriello 08
suggest factorization of QCD and EW corrections within good accuracy
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Combination of Higgs production and decay H — WW — [llvv
Anastasiou, Dissertori, Stockli '07

pp > H+X > WW+X->evev +X ppoH+X->WW+X->everv+X

| T T T T | T T T T | T T . 3-5 T T | T T T | T T T T |
300 (— MRST2001 LO, MRSTR2004 NLO/NNLO NNLO MRST2001 LO, MRST2004 NLO/NNLO |
T Mp/2 S pg = pp £ 2 My My/2 £ g = pp S 2 My
- M, = 165 GeV My = 165 GeV
200 3
=) N
] 9
Z
© z
b
100
. — - N | |
50 100 150 50 100 150
cut cut
bu bu

¢1; = angle between charged decay leptons in the transverse plane

K factors in general depend on decay phase space.

Comment on EW corrections to H — WW /ZZ — 4f decays gfg?'evr\‘lztgg;;gg””e“
* generic size ~ 5—10%

* in general distortion of distributions

Stefan Dittmaier, Electroweak physics from low to high energies Lepton—Photon 2009, Hamburg, August 2009 — 21



An example: NLO EW correctionsto H — Z7Z — 4l Bredenstein, Denner,

S.D., Weber '06
dr [Me\/]
dp | deg H—seetp put J [%0] H—e et put
0.003 I I | 15 | I [
¢' ,corrected ¢ ——
0.0028 |- “b’co”ggfg ST ¢ o
My = 200 GeV 10
0.0026
0.0024 5
0.0022
0
0.002
Prophecy4f
0.0018 : : . -5 : : :
0 90 180 270 360 0 90 180 270 360
¢, ¢’ [deg] ¢, ¢' [deg]
cos ¢ = (pe_e+ XPg— ) (_pu_ pt XPu— )
‘pe_eJr)Xpe_ H_pu_u+)><pu_ ’
COS ¢/ — (pe_e+ Xpe_ ) (pe_e+ Xp,u_)
|pe_e+ Xpe_ ”pe_e"‘ Xp,u_ ‘
i wdﬁ?ﬂ Stefan Dittmaier, Electroweak physics from low to high energies Lepton—Photon 2009, Hamburg, August 2009 — 22
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A multi-leg example: Higgs production via weak vector-boson fusion (VBF)

q colour exchange between quark lines suppressed
W, 2 = small QCD corrections
----H Han, Valencia, Willenbrock '92; Spira '98;
W, Z Djouadi, Spira '00; Figy, Oleari, Zeppenfeld '03
q — t-channel approximation (vertex corrections)

VBF cuts and background suppression:

o signature = Higgs + 2jets
e 2 hard “tagging” jets demanded:

pr; > 20GeV, |y| <4.5 Forward Higgs
L _ tagging Decay
* tagging jets forward—backward directed: jets )
ijj > 4, yi1 - Y2 < 0. M

— Suppression of background
* from other (non-Higgs) processes,
such as tt or WW production Zeppenfeld et al. '94-'99

* induced by Higgs production via gluon fusion,

such as gg — ggH g pycaetal '06; Campbell et al. '06
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Work on radiative corrections to the production of Higgs+2jets
* NLO QCD corrections to VBF in “t-channel approximation” (vertex corrections)

¢ total cross section Han, valencia, Willenbrock '92; Spira '98; Djouadi, Spira ‘00
¢ distributions Figy, Oleari, Zeppenfeld '03; Berger, Campbell ‘04

— impact ~ 5—10%

NLO QCD corrections to gluon-initiated channels
(effective Hgg coupling)

— contribution to VBF ~ 5% ikitenko Vazquez '07 (NLO scale uncertainty ~ 35%)

Campbell, R.K.Ellis, Zanderighi '06

(full) NLO QCD+EW corrections to VBF
— NLOQCD ~ NLOEW ~ 5—-10%

Ciccolini, Denner, S.D. '07

QCD loop-induced interferences between VBF and gluon-initiated channels
| | Andersen, Binoth, Heinrich, Smillie '07
§ > % § >§ Bredenstein, Hagiwara, Jager '08
. .
SUSY QCD+EW corrections Hollik, Plehn, Rauch, Rzehak '08
— |MSSM — SM| < 1% for SPS points  (2—4% for low SUSY scales)

— impact < 1072 % (negligible!)
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Integrated VBF cross section at NLO QCD ¢ EW

o [fb] pp — Hjj + X 5 [%) pp — Hij + X glcl::)c?(l)l;ll, Denner,
10000 f—————T—T—7— 0 - D.
, NO cuts ------ .
X NLO, I(l)O cuts ] QCQDvC%O g}llz: """ 0
- LO, cuts ——--- - ; Cuts ——-——- /"
- NLO, cuts - - 5 - EW, no cuts /S

1000

100 ] ] ] ] ] —10 ] ] ] ] 1
100 200 300 400 500 600 700 100 200 300 400 500 600 700

My [GeV] My [GeV]

QCD and EW corrections are of same generic size

* scale uncertainty ~ 3% within Mw /2 < piren /fact < 2Mw in NLO (~ 10% in LO)
* sensitivity to cuts:  large for QCD, small for EW corrections

* heavy-Higgs corrections at My ~ 700 GeV: G, Mj ~ (GMMé)ZJ ~ 4%

. N—— N——
— breakdown of perturbation theory 1-loop 2-l00p

! i i i | r o . . . . -
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Distribution in the azimuthal angle difference Ag;; of the tagging jets

Sensitivity to non-standard effects:

0.009
0.008 |
0.007
0.006
0.005
0.004
0.003
0.002
0.001

0t —
-160 -120 -80 -40 0 40 80 120 160

Ag;

Hankele, Klamke, Zeppenfeld, Figy '06

CP-even, CP-odd ———
CP-even --=----

(Individual contributions
without SM)

1/0d0/dA<qj

CP-even: L HW;F,,W_’“”
CP-odd: £ o< HW W™

Corrections to the Ag;; distribution:  ciccolini, Denner, S.D. '07

aag [l pp— Hjj+ X 2 —1[%]  pp— Hjj+ X
13 T T ] 0 T T T
EW+QCD —— i _9 L EW+QCD —— |
121 LO ------ ] EW -~
4L QD -
Hr Y e Neglected corrections
10 s - could be misinterpreted
9 - 10 as non-standard couplings
—12
8 = -
My = 120GeV Y My = 120GeV _
7 | | | | | |
0 45 90 135 180 0 45 90 135 180
Agj; Adj

i ! = i i i { A= . . . . .
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Electroweak physics

... In the (far) future
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Electroweak physics later at the LHC and at future eTe™~ colliders:

* Electroweak gauge bosons
— dynamics / interactions at high energies
(weakly vs. strongly interacting, soft/collinear weak-boson exchange/emission, etc.)

* Electroweak symmetry breaking

¢ “Higgs” — weakly interacting gauge bosons
— detailed analysis of the Higgs profile,
study of Yukawa couplings (input for flavour models),
reconstruction of the Higgs potential,
confirmation of weak interaction of longitudinal gauge bosons

¢ “No Higgs” — strongly interacting gauge bosons ?
— search for heavy (scalar and/or vector) resonances

Alternatively: check whether Higgs is missed for other reasons
(invisible decays, spread-out Higgs, etc.) see, e.g., van der Bij, arXiv:0804.3534

* New physics — if found
— analyse nature of new states ...
(quantum numbers, couplings, symmetries, SUSY, etc.)
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Example: gauge-boson scattering
v H
e.g. -
V/

* link to Higgs production:
vector-boson fusion with subsequent decay H — WW /ZZ — 4f

Physics issues:

* triple and quartic gauge-boson self-interaction
— high sensitivity, but ambiguities from formfactors

* VL.V — VLV strong sensitivity to details of electroweak symmetry breaking
if no Higgs exists — unitarity requires scalar and vector resonances

However:

¢ description of resonances is “ad hoc” (different “unitarization models”)
— large ambiguities

¢ many (more qualitative) studies show that LHC could see the resonances

E x i i { A . . . . .
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Comments and questions from a theorist

* Approximations made in many older predictions

1. “effective vector-boson approximation” (EVA)  (~ Weizséacker—Williams)
equivalence theorem (ET) (i.e. Vi, ~ Goldstone boson)

2. no QCD corrections

3. no EW corrections  (some partial results on VV — V'V known)

Each of these approximations induces uncertainties of several 10% !

® Situation in SM-like scenario:  (i.e. no resonances apart from Higgs)
cross sections small; large background from ¢g annihilation
— Can weak-coupling sector for Vi, be experimentally verified ?

* Case with low background: like-sign W-pair production (— ™ p™ + missing pr)
— How promising is this channel ?

= y i i i A . . . . .
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Comments and questions from a theorist

* Approximations made in many older predictions

1. “effective vector-boson approximation” (EVA)  (~ Weizséacker—Williams)
equivalence theorem (ET) (i.e. Vi, ~ Goldstone boson)
— results from full 2—6 matrix elements by Accomando et al.’05,06

2. no QCD corrections
— first NLO QCD results by (Bozzi,) Jager, Oleari, Zeppenfeld '06—'09

3. no EW corrections  (some partial results on VV — V'V known)

Each of these approximations induces uncertainties of several 10% !

® Situation in SM-like scenario:  (i.e. no resonances apart from Higgs)
cross sections small; large background from ¢g annihilation
— Can weak-coupling sector for Vi, be experimentally verified ?

* Case with low background: like-sign W-pair production (— g™ p™ + missing pt)
— How promising is this channel ?

Y i i i AT . . . . .
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Results with full 2—6 amplitudes (no EVA, no ET)
PHASE / PHANTOM = Monte Carlo generators employing full 2—6 matrix elements

Accomando et al’05 / Accomando et al.’ 06
But: no QCD and EW corrections

Comparison of different approaches:
example: processes containing VW — VW with My = 500 GeV

| Invariant Mass of VW | | Invariant Mass of 2 g with M(V), pandv | Accomando et al. ‘05
S 10° = 510‘3
S F 8 o6
% - = F — madevent
S 104 = 051
% g = F — phase
T T = 04
10° 3 -
- © 03
al 02l
10 5
; w 0.1
107 ..I....I...EI"'I::'..:';E-EE':.....I....I..H\M 0:| T T N N T R e
500 1000 1500 2000 2500 100 200 300 400 500 600 700 800 900 1000
M(VW) [GeV] M(q,q,1.v) [GeV]
Phase: all EW 2—6 diagrams, no EVA, no ET, but no QCD diagrams
Pythia: only EVA with longitudinal vector bosons

Madevent: no EVA, but on-shell approximation for produced VW pair
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Results for VV — VV with NLO QCD corrections  (gzzi) Jager, Oleari, Zeppenfeld '06—09
Specific processes:  pp — WEWT /WEW* /WZ/ZZ — 41 in O(abay)
Approximations:  (inspired by “vector-boson fusion cuts”)

gauge-invariant subset of t-channel diagrams,

l.e. no s-channel diagrams and neglect of some interferences
— no colour exchange between incoming partons

Scale dependence of the integrated cross section: pp — etvep U, + 29+ X

2.6 = | — T ] | — T T T]
K ~0.98 at fitact = firen = Mw . my = 120 GeV _
. sal myy > 130 GeV ]
scale dependence < 10% in NLO i " ]
= solid: NLO up=pgr=&my
2zl dotdash: NLO pup=¢my i
'E' [ dashes: NLO pp=£&my _
Note: . ! dots: LO wup=£fmy ]
= 2.0_— ==.\ 5
b

larger corrections to distributions,
distortion of jet shapes

s ! i i i ~ = . . . . -
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Concluding remarks

Electroweak physics ...

® experienced exciting previous decades
(Z @ LEP1/SLC, WW @ LEP2, W @ Tevatron)
— electroweak theory established and tested as quantum field theory

* reaches a bifurcation in coming years
— “Higgs” or “no Higgs”

* will certainly stay exciting in the future
“Higgs™ precision Higgs physics, extended models, etc.
“no Higgs”™: terra incognita, more model building / basic field theory

E x i i { A . . . . .
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Concluding remarks

Electroweak physics ...

® experienced exciting previous decades
(Z @ LEP1/SLC, WW @ LEP2, W @ Tevatron)
— electroweak theory established and tested as quantum field theory

® reaches a bifurcation in coming years
— “Higgs” or “no Higgs”

e will certainly stay exciting in the future
“Higgs™ precision Higgs physics, extended models, etc.
“no Higgs”™: terra incognita, more model building / basic field theory

—BUT—

* will also keep theorists busy:

¢ high-precision calculations for Drell-Yan processes

¢ more and more realistic predictions for various signals (Higgs, SUSY, etc.)
— inclusion of decays, Monte Carlo generators, etc.

¢ construction / evaluation of extended models
¢ solid predictions for background processes at the LHC

! i i i | r o . . . . -
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