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C Electroweak symmetry breaking: Higgs (and more?) )

Higgs physics = search for dynamics of SU(2) x U(1) breaking
e 2012: Discovery of a Higgs-like resonance at 126 GeV

e TASK: Measure its couplings and probe
mass generation for gauge bosons and fermions
unitarization of cross section for vector boson scattering

SM: Fermion masses arise from Yukawa couplings via CDJf—>(O, U\J;g)

ljv—I—H

d”d’f
V2

Lvaawa = —T/Qf@d] —TrdiotQf +... =-T}
_ H
= —XMfff<1—|——)
f 0

e Test SM prediction: ffH Higgs coupling strength = 1 /v

e Observation of Hf f Yukawa coupling is no proof that v.e.v exists



( Higgs coupling to gauge bosons )

Kinetic energy term of Higgs doublet field:
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e W, Z mass generation: m3, = (gz—v)z, m2 = w

e WWH and ZZH couplings are generated

e Higgs couples proportional to mass: coupling strength = 2m%, /v ~ ¢*v within SM

Measurement of WWH and ZZH couplings is essential for identification of H as agent of
symmetry breaking: Without a v.e.v. such a trilinear coupling is impossible at tree level
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( Feynman rules for SM Higgs couplings )
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Verity tensor structure of HV'V couplings. Loop induced couplings lead to HV ,, V*V effective

coupling and different tensor structure: ¢, — g1 929wy — 1924
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( Unitarity of WW scattering )

Partial wave amplitudes are bounded by a constant

— M~ % violates unitarity at sufficiently high energy

Without the Higgs contribution, the | = 0 partial wave violates unitarity for /s > 1.2 TeV

Destructive interference between Higgs exchange amplitudes and gauge boson scattering
amplitudes works for s > m?; only

—> mpg S 1TeV or new physics at the TeV scale or both

If the HVV coupling is not precisely given by its SM value 2m%, /v then tree level unitarity is still
violated in VV scattering unless

e There are several (sufficiently light) scalar resonances whose /; V'V couplings satisfy the sum
rules
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e There are other new phenomena in VV scattering
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C Vector Boson Fusion )

W
r ~N H< my > 120 GeV

T
'< myg < 140 GeV
-l-+

- J -H-Qw my < 150 GeV

I 1

[Eboli, Hagiwara, Kauer, Plehn, Rainwater, D.Z. .. .]

Most measurements can be performed at the LHC with statistical accuracies on the measured
cross sections times decay branching ratios, o x BR, of order 10%.
Would like theory errors below 5% = Need NLO corrections
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do/d Any [fb]
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C VBF signature )

Adj;

Characteristics:
e energetic jets in the forward and backward directions (p7 > 20 GeV)
e large rapidity separation and large invariant mass of the two tagging jets
e Higgs decay products between tagging jets

e Little gluon radiation in the central-rapidity region, due to colorless W/Z exchange
(central jet veto: no extra jets between tagging jets)
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( Central Jet Veto: Hjjj from VBF vs. gluon fusion )

1.0 7 [ S T \‘ | ‘\
my=120 GeV

my=120 GeV, p;>20 GeV

1/0 do /dyrel
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[ Del Duca, Frizzo, Maltoni, JHEP 05 (2004) 064]
e Angular distribution of third (softest) jet follows classically expected radiation pattern

e QCD events have higher effective scale and thus produce harder radiation than VBF (larger

three jet to two jet ratio for QCD events)

e Central jet veto can be used to distinguish Higgs production via GF from VBF
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e Scale variation at LO for 03;: +33% to —17% for pryeto = 15 GeV

e The uncertainty in Py, feeds into the uncertainty of coupling measurements at the LHC

e In order to constrain couplings more precisely, the NLO QCD corrections to Hjjj are needed:
T. Figy, V. Hankele, and DZ, arXiv:0710.5621 (JHEP)
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( Veto Probability for the VBF Signal )
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Reliable prediction for perturbative part of veto probability at NLO
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( NLO QCD corrections to VBF )

e Small QCD corrections of order
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Ciccolini, Denner, Dittmaier, 0710.4749

mp = 120 GeV, typical VBF cuts
Figy, Palmer, Weiglein arXiv:1012.4789
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( QCD + EW corrections to Hjj production )

Cross sections without and with VBF cuts: pr(j) > 20 GeV, v, — Vil >4, yj, -y, <0

o [fb] pp — Hjj + X 5 %) pp — Hij + X
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Ciccolini, Denner, Dittmaier, arXiv:0710.4749



C First evidence for 1—7yy in CMS dijet search )
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Good signal to background ratio
— can study distributions for Higgs events with sufficient integrated luminosity



( Tensor structure of the HV'V coupling )

Most general HV'V vertex T (q1,q2)

Physical interpretation of terms:

_ H _
q q
hoV __ H SM Higgs L1 ~HV, V¥ — a4
G oV
Q — Q
@ loop induced couplings for neutral scalar
CP even Lerr ~ HV i, VY — i
o= me CP odd L HV,, VHY
(@) ~J [18Y% e a3
a (4192 8" —qiqy) + o
az "7 41026 Must distinguish a1, a5, a3 experimentally

The a; = a;(g1,9>) are scalar form factors
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( Effect of non-standard HV'V couplings on pr of jets )

Higher dimensional operators enhance production at large momentum transfer
— harder pr spectra of jets for anomalous HV'V couplings
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... unless form-factors are chosen to reproduce SM distributions



( Azimuthal angle correlations )

Tell-tale signal for non-SM coupling is azimuthal angle between tagging jets
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Dip structure at 90° (CP even) or 0/180° (CP odd) only depends on tensor structure of HVV
vertex. Very little dependence on form factor, LO vs. NLO, Higgs mass etc.



C q9—qqWW scattering: WW invariant mass distribution )

Forget mp ~ 126 GeV for the moment .... what would happen for a heavy Higgs?
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C Resonance shape for heavy Higgs: WV case )
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Comparison of shape without and with interference to EW continuum



graph 1

graph 3

Limitations of the gg—qgH picture )

At myg > few hundred GeV (for say
'y/my > 0.1) we need to take inter-
ference with continuum electroweak
into account

e Higgs resonance is just one contri-

araph 2 bution to vector boson scattering

e Tagging jets from g—qV splitting
are essential for experimental ob-
servation

e Consider full processes gqg—qqVV
or 99—q4f1f2f3f4

Full processes are needed for any

graph 4

model without a light Higgs which
fully unitarizes V'V scattering



C Weak boson scattering: qq—qqWW, qqZ27, qqWWZ at NLO QCD )

e example: WW production via VBF with
leptonic decays: pp — e Ve vV, + 2]

e Spin correlations of the final state leptons

e All resonant and non-resonant Feynman
diagrams included

e NC — 181 Feynman diagrams at LO
e CC — 92 Feynman diagrams at LO

Use modular structure, e.g. leptonic tensor

w* w* w*
VL‘/‘/‘/‘/ e VL‘/\/‘/‘/*‘* e’ e
M%i e ﬂﬁ\ﬂ+ Ve Ve
v.Z €Y z (b) v.Z (©

Calculate once, reuse in different processes

>V

Ve W
ﬁvv+<e§v<v“
u

@
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(Most challenging for virtual: pentagon corrections)

Virtual corrections involve up to pen-

tagons
001
QQQGG 660007y, ﬁ‘g\% < GGGGWF@\ < Gggfffmm
§ 2 S 2\ § 2
@ 2\ é N é\, 2\
Ky Dk, Ky = ko kg L Dk,
Qé QZ§ a3 Qé Q2§ Q3§ Qé Q2§ Q3§
Vi Vo Vs Vi Vo, Vs Vi Vo, Vs
@ (b) (©
é@@ (17 m@o\ é@ 00 0@6\ égG 0 m@o\
kg 2 ky Ky 2 ko Ky ¢ sk,
QE Q2§ Q:é Qé Q2§ %% Qé Q2§ Q3§
Vi Vo V; Vi V2 Vj ViV, V3
(d) (® ®)
602, SI2N
Ky ) K, kg & Ky
Q1§ Q2§ Q3§ Q1§ Q2§ Q3§
Vi Vo V3 Vi Vo V3
() (h

The external vector bosons correspond to
V —Iyl, decay currents or quark currents

line is simple

+ M

Pentagon tensor

(1)

remainder of virtual amplitudes

The sum of all QCD corrections to a single quark

Viv,vsr (01,92,93) + O(€)

e Divergent pieces sum to Born amplitude:
canceled via Catani Seymour algorithm

e Use amplitude techniques to calculate finite

reduction with Denner-
Dittmaier is stable at 0.1% level

Dieter Zeppenfeld

3.8.2012

VV scattering

26



( Phenomenology )

Study LHC cross sections within typical VBF cuts
e Identify two or more jets with kr-algorithm (D = 0.8)

e Identify two highest pr jets as tagging jets with wide rapidity separation and large dijet
invariant mass
ijj:‘yjl_yj2‘>4/ M]-]->6OOGeV

e Charged decay leptons (¢ = e, u) of W and/or Z must satisty

Pre > 20 GeV, ’TM‘ < 2.5, AR]g > 0.4,
mypp > 15 GeV, ARM > 0.2

and leptons must lie between the tagging jets
Yimin <y < Yimax
For scale dependence studies we have considered

uw=2£&my fixed scale u==£&Q; weak boson virtuality : Qiz = 2kgq, - kg,



C WW production: pp—jje*v,u=v,X @ LHC )

Stabilization of scale dependence at NLO

Jager, Oleari, DZ hep-ph/0603177
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CWZ production in VBE, WZ—e™tv, pﬁu‘)

Transverse momentum distribution of the softer

tagging jet
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= 0.002} (a) 1 () < 0.002 depends on scale
Q L 4 J
&
2 Mo = My e Scale choice 1 = Q pro-
; 2 o001l 1 1 o001 duces approximately constant
3
S solid: NLO solid: NLO K-factor
N
dashes: LO dashes: LO . .
S | | | | | | e Ratio of NLO curves for differ-
0.000 H—+—+——+—+———1—+—————————————————1—+—+——+1+——— 0.000 ] ]
- © 1 @ ent scales is unity to better than
RN AN D~ ~ 110 2%: scale choice matters very
o -/ .. T ~~< - .
E N o 5 little at NLO
M 0.9F \\ T \\\ -1 0.9 o
ol somamo oo ] Use ur = Q at LO to best approxi-
08l 1  dashes: LO 1 o8 mate the NLO results
: e o e :
50 100 150 200 50 100 150 200
PT, tag [GeV] PT, tag [GeV]
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( Exploiting the leptonic tensors for BSM )

Z Z Z Z Z )
Yp
Vi Vi Yp Y o
,,,,, p M I p
é Ve Ve Ve Ve Wk
ot ot o et Ve
ot
A A A A A
(a) (b) (c) (d)

e Entire weak boson scattering amplitude enters via leptonic tensor:
same for LO and NLO QCD cross section.

e Easy to modify: include contributions from extra particle exchange or other new physics
which unitarizes VV scattering

e Implemented in VBFINLO: Kaluza-Klein towers of vector resonances in higgsless models



C Technirho or KK resonance in WZ scattering at NLO QCD )

1.5
=
)]
O i
N
QO 1.0
© i
| I—
E e
g -
o
~. 0.5
b I
o
0.0

- (a) — sM
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| Jo
| C P!
- : |
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500 1000

Extra vector resonance clearly
visible in transverse mass dis-
tribution

Implementation of NLO QCD
corrections

Implementation of other BSM
effects in leptonic tensors is
straightforward

Define signal as enhancement
over SM light Higgs cross sec-
tion:

Og = O'BSM—O'SM(THH = 126GGV)



( Options for BSM in VV scattering )

e Second heavy Higgs which saturates the sum rules for VVh; couplings

2 _ 2 _
Z S WwW = SHWW,SM Z ShWW 8h;zz — 8HWW,SM 8HZZ,SM
1 1

e Extra vector resonances (technirho in technicolor, Kaluza Klein partners of W and Z in
models with extra dimensions) which delay unitarity violation beyond reach of LHC

e Missing Higgs contribution in V'V scattering amplitude is unitarized by new strong
dynamics. Model this by ad hoc unitarization of partial wave amplitude, e.g. K-matrix scheme

B 1
~ Rel/f(s)—i

l

ﬁ]ZO(s)

J=0(s) = £(s)

which guarantees unitarity relation Ima = |a|?

e ... your or your friends favorite

Can we distinguish such models from SM at the LHC?
Compare (i) SM (with mpy = 120 GeV), (ii) heavy scalar resonance (SM with myg = 1000 GeV)
and (iii) isotriplet of vector resonances (pT, pY) to get a feeling for LHC reach



C Processes to consider )

Background processes

Signal processes e QCD V1V,jj production
o qq—qqW W~ —qgqlTv~ v (with gluon exchange)
o qq—qgW*tZ—qqltv,IT1~ e tf+ njet production with tt—WTW~bb
o qq—qqZZ—qq4l e Electroweak background (expected VVjj

events for SM with myg = 126 GeV)
e QCD induced W + 4 jet and Z + 4 jet events

o gq—qqWEWE—qql*v 1™y,
e The above with hadonic decay of

either one W or one Z e Rare processes like t{W or ttZ production
with one top-quark decaying hadronically

Many possibilities, each requiring specific cuts to reduce large QCD backgrounds and to
optimize signal significance = consider only a few examples
which are taken from Englert, Jager, Worek, D.Z. arXiv:0810.4861

Ballestrero, Franzosi, Oggero, Maina arXiv:1112.1171
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( Typical selection cuts )

Study LHC cross sections for /s = 14 TeV collisions within cuts
e INCLUSIVE: Identify two or more jets with kr-algorithm (D = 0.7)

ij Z 30 GeV, ’y]‘ S 4.5
Charged decay leptons (¢ = e, u) of W and/or Z must satisfy

pre > 20 GeV, Iny| <25, ARjp > 0.4, myy > 15 GeV,

e VBEF: Identify two highest pt jets as tagging jets with wide rapidity separation and large
dijet invariant mass

Ayji = yjy = vjpl > 4, mj; > m™" with mT® = 500 (1000) GeV

leptons must lie between the tagging jets

Yimin <1y < Yimax

e LEPTONS: In addition require process specific cuts on the VV decay products = decay
leptons, like mzz > 500 GeV and pr(I717) > 0.2myy for qqZZ— jj4l events etc.



Example: qqZZ—jj + 4 leptons

01077 T ] ERERERERE
: (a) ] 0.03
—' 0.08 VBF (1TeV) - — [
> : ] =
O O
~ [ X
L 0.06 — a 0.02
9, [ @
N -
g 0.04 1 E
o o
} VBF. (100 GeV) } 0.01
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0.00 bl b L 0.00 e L1 S
500 750 1000 1250 1500 500 1000 1500 2000 2500
myz [GeV] my [GeV]
cut level || QCD ZZjj | VBE, mpg =100 GeV | VBE my =1TeV | KK, My ~ 700 GeV
inclusive 3.8 b 0.23 fb 0.31 fb 0.27 fb
all 9.5 ab 12 ab 59 ab 21 ab




)

Example: ggW*Z—jjl v It~

| | a | | 0.3 T T | |
(a) | (b)
; = |
L 1.00F <o 1 L ozf
- 1 «© :
—_ VBI{4TeV) ] S,
Ee 1 ] =
g \“\-H\ E
g 0.10 VEF (100 GeV) = g 0.1
o) . o)
© © VBF (1TeV)
VBF (100 GeV)
001 bl leue bt Y] A i P U I S
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Example: ggW W~ , ggWEZ—IFv; + 4 jets
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(Summary of vector boson scattering)

e LHC requires high energy running (13 to 14 TeV) and high lumi-
nosity (100fb~! or larger) to probe vector boson scattering

e The best chance for a discovery is given if new resonances exist
in the 1 TeV region. An isotriplet vector resonance (“technirho”)
which is sufficiently light might be discovered within this decade

e A broad cross section enhancement at high VV invariant mass is
much more difficult to discover. Proving that V'V cross sections are
well below the unitarity limit, as expected for the SM with mp =
126 GeV, is quite challenging
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C Conclusions )

e Weak boson scattering processes are a very important source of in-
formation on the dynamics of electroweak symmetry breaking

e For the 126 GeV Higgs, vector boson fusion at the LHC provides
coupling measurements and information on the tensor structure of
the hV'V interactions

e Vector boson scattering in the 500 GeV to 2 TeV region allows tests
on the unitarization of VV—VV scattering amplitudes. However,
these tests require integrated LHC luminosities of order 100fb~! or
larger, even at /s = 14 TeV.

The fun has just started!
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