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Introduction: the mystery of mass

Standard Model matter particles are

fermions: spin-1/2.

For fast-moving particles: convenient

to quantize spin along direction of

motion: helicity states.
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Can transform a right-handed particle into a left-handed particle
by Lorentz-boosting past it:

Only possible for particles with mass 6= 0.
Massless particles move at the speed of light: the two helicity
states are physically distinct.

If all we knew were QED and QCD, this would be fine:
LH and RH particles have the same quantum numbers.

But weak interactions distinguish between left- and right-handed!
– W± bosons couple only to left-handed fermions
– Z bosons couple differently to LH and RH fermions
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How can this be??

Under weak interactions, left- and right-handed particles are fun-

damentally different!

We can’t Lorentz boost a particle with one set of quantum num-

bers into a particle with different quantum numbers!

Standard Model fermions have to be massless!

This is a problem, to say the least. We know the SM fermions have mass.
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In mathematical terms:

The mass of a fermion is written like this:
L = −mfRfL + h.c.

This is fine if fL and fR have the same quantum numbers.

But in the Standard Model, fermions are chiral:

fL and fR have different SU(2)L×U(1)Y quan-

tum numbers.

The mass term above is not gauge invariant!

From experiment we know that the W± and Z bosons have mass.
In field theory, just sticking in a gauge boson mass violates gauge
invariance.

Massless gauge bosons have two polarizations (left- and right-
circular); massive ones have three:
Where do the third polarization degrees of freedom of W± and
Z come from?
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Simplest solution: the Higgs mechanism.

Introduce a scalar “Higgs” field H

- Doublet under SU(2)L: H = (φ+, φ0)T

- Carries U(1)Y hypercharge

Write down couplings of H:

- To gauge bosons via the covariant derivative, L = |DµH|2.
- To itself via the Higgs potential, −L = V = m2H†H+λ(H†H)2.

- To fermions via Yukawa couplings, L = yffRH†FL.

e.g., FL = (uL, dL)T , fR = dR.

These couplings are all gauge invariant.
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Now the trick:
Choose the signs of the terms in the Higgs potential.

V = m2H†H + λ(H†H)2

• m2 is negative
• λ is positive (why? SM gives no explanation.)

With these signs, the Higgs potential looks like this:

Potential is symmetric under SU(2)L×U(1)Y gauge symmetry.

But the minimum of the potential is away from zero field value:
Universe must choose particular (non-symmetric) configuration.

This is spontaneous symmetry breaking.
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At the minimum, Higgs field has a nonzero vacuum expectation

value v.

Expand about the minimum:

H =

(
G+

(h + v)/
√

2 + iG0/
√

2

)

h is the massive excitation of the field: the physical Higgs boson.

G0 and G+ are the would-be Goldstone bosons: they become

the third polarization degree of freedom of the Z and W+ gauge

bosons.

With v 6= 0, the Higgs couplings to gauge bosons and fermions

give those particles mass.
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Covariant derivative gives gauge boson masses and coups to h:

L = (DµH)† (DµH) + · · ·

where [Q = T3 + Y/2]

Dµ = ∂µ − igW a
µT a − ig′

Y

2
Bµ

= ∂µ − i
g√
2

(
W+

µ T+ + W−
µ T−

)
−i

g

cos θW
Zµ

(
T3 − sin2 θWQ

)
− ieQAµ

This gives: [extra 1/2 for the ZZ terms is a symmetry factor]

L = (g2v2/4)W+W− + (g2v/2)hW+W− + (g2/4)hhW+W−

+(g2
Zv2/8)ZZ + (g2

Zv/4)hZZ + (g2
Z/8)hhZZ

where gZ =
√

g2 + g′2.
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Yukawa couplings yffRH†FL give fermion masses and couplings

to h:

L = (yfv/
√

2)f̄RfL + (yf/
√

2)hf̄RfL + h.c.

Mass of each particle is

proportional to its Higgs

coupling!

Slope is predicted by

v = 2MW/g = 246 GeV.

Test the SM Higgs mech-

anism by measuring the

Higgs couplings to SM

particles.
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This simple linear relation between masses and Higgs couplings
holds in the Standard Model.
But beyond the Standard Model, Higgs couplings can vary.

An example: Minimal Supersymmetric Standard Model (MSSM)

MSSM has two Higgs doublets, H1 and H2,
with two different vacuum expectation values, v1 and v2.

W boson mass comes from sum of two covariant derivatives:
L = |DµH1|2 + |DµH2|2, which gives M2

W =
g2v2

1
4 +

g2v2
2

4 =
g2v2

SM
4 .

So v1 and v2 must obey v2
1 + v2

2 = v2
SM = 2MW/g.

One unknown combination is left free: v2/v1 ≡ tanβ.

Two complex doublets → 8 degrees of freedom
h: lightest CP-even Higgs
H, A, and H±: heavier CP-even, CP-odd, and charged Higgses
G0 and G±: unphysical Goldstone bosons
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Mix to form mass eigenstates:

H1 cosβ+H2 sinβ =

(
G+

[vSM + iG0 + h sin(β − α) + H cos(β − α)]/
√

2

)

−H1 sinβ+H2 cosβ =

(
H+

[iA0 + h cos(β − α)−H sin(β − α)]/
√

2

)

Couplings of h get modified from their SM values:

ghWW = sin(β − α)gHSMWW likewise Z

ghb̄b = [sin(β − α)− tanβ cos(β − α)]gHSM b̄b likewise d, s, e, µ, τ

ghtt̄ = [sin(β − α) + cotβ cos(β − α)]gHSM tt̄ likewise u, c

In most MSSM parameter space, H, A, and H± are fairly heavy.

Mixing angle: cos(β − α) ' 1
2 sin 4β

M2
Z

M2
A

−→ 0 for MA � MZ

Couplings of h approach their SM values – the decoupling limit.

Search for coupling deviations → test Higgs sector structure!
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The Large Hadron Collider

Gerald Oakham ATLAS  presentation

The Large Hadron Collider (LHC)
is a 27 km long collider ring
housed in a tunnel about 100 m 
below the ground near Geneva
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LHC will collide protons with protons, at 14 TeV centre-of-mass

energy.

Initial operation – end of 2007 – at 900 GeV (450 on 450) to

debug machine and detectors.

Full commissioning of the magnets up to 7 on 7 TeV will be

done in the winter 2008 shutdown.

Ready for a high-energy run in June 2008.

Goal of first physics run is “a few” fb−1 by the end of 2008.

Longer-term design goals:

Initial “low luminosity” run, 10 fb−1/year × 3 years → 30 fb−1.

Later “high luminosity” run, 100 fb−1/yr × 3 yrs → 300 fb−1.
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Canadian involvement: the ATLAS detector
Global collaboration, 1770 people!

Gerald Oakham ATLAS  presentation

Diameter 25 m
Barrel toroid length 26 m
End-cap end-wall chamber span 46 m
Overall weight 7000 Tons

The ATLAS detector is being installed   
100 m underground on the LHC ring.

ATLAS superimposed to
the 5 floors of building 40

People
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Higgs at the LHC

Higgs will be accessible via multiple production mechanisms:

• Gluon fusion, gg → H

• Weak boson fusion, qq → Hqq �����

�����
�

• WH, ZH associated production

• ttH associated production

�

�

�
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Higgs production cross sections are reasonably large:

1 pb × 1 fb−1 = 1000 events

σ(pp→H+X) [pb]
√s = 14 TeV

Mt = 175 GeV

CTEQ4M
gg→H

qq→Hqqqq
_
’→HW

qq
_
→HZ

gg,qq
_
→Htt

_

gg,qq
_
→Hbb

_
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M. Spira, Fortsch. Phys. 46, 203 (1998)
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Standard Model Higgs decay modes depend only on MH:
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If the Higgs is Standard Model-like, LHC will discover it!

1
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10 2
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 mH (GeV/c2)
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ni

fic
an

ce  H  →  γ γ 
 ttH (H  →  bb)
 H   →  ZZ(*)   →  4 l
 H   →  WW(*)   →  lνlν
 qqH   →  qq WW(*)

 qqH   →  qq ττ

Total significance

 5 σ

  ∫ L dt = 30 fb-1

 (no K-factors)
ATLAS

S. Asai et al., Eur. Phys. J. C 32S2, 19 (2004)
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Higgs will be accessible in many production and decay channels:

(GF = gluon fusion, WBF = weak boson fusion)

GF gg → H → ZZ

WBF qqH → qqZZ

GF gg → H → WW

WBF qqH → qqWW

tt̄H, H → WW

WH, H → WW

Inclusive H → γγ

WBF qqH → qqγγ

tt̄H, H → γγ

WH, H → γγ

ZH, H → γγ

WBF qqH → qqττ

tt̄H, H → b̄b
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Higgs couplings determine production cross sections and decay
branching ratios −→ determine the rates in each channel.

Measure rates: test the SM!

LHC, 200 fb−1 (except 300 fb−1 for ttH, H → bb, WH, H → bb). Zeppenfeld, hep-ph/0203123

Heather Logan Higgs physics at the LHC York U. 2007-02-20



If there’s a discrepancy, want to know where it comes from.

Take ratios of rates with same production and different de-
cays: production cross section and Higgs total width cancel out.

WBF → H → WW ∗

WBF → H → ττ
=

Γ(H → WW ∗)

Γ(H → ττ)
∝

g2
HWW

g2
Hττ

Take ratios of rates with different produc-

tion and same decay: decay BRs cancel

out.

gg → H → γγ

WH, H → γγ
=

σ(gg → H)

σ(qq̄ → WH)
∝

g2
Hgg

g2
HWW

Ratios of Higgs couplings-squared to

WW ∗, ZZ∗, γγ, ττ and gg can be extracted

to 15–30% for MH = 120 GeV.

Zeppenfeld et al., PRD62, 013009 (2000)

LHC, 200 fb−1 (except 300 fb−1 for ttH, H → bb, WH, H → bb). Zeppenfeld, hep-ph/0203123
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Ratios of couplings are nice.

But can we measure each coupling independently?

Difficulties:

- No measurement of total production rate.

- Some decays cannot be directly observed at LHC due to

backgrounds: H → gg, H → light quarks, etc.

Incomplete data: can’t extract individual couplings in a totally

model-independent way.

Observation of Higgs production

xxx −→ lower bound on production couplings

xxxxxx −→ lower bound on Higgs total width.

But: no model-independent upper bound on Higgs total width.

To make progress, have to make some theoretical assumptions.

Heather Logan Higgs physics at the LHC York U. 2007-02-20



Consider Higgs models containing only SU(2) doublets/singlets.

- hWW , hZZ couplings related by custodial SU(2).

- hWW , hZZ couplings bounded from above by SM values.

This is a mild assumption!

- True in most good models: MSSM, NMSSM, 2HDM, etc.

- Larger Higgs multiplets stringently constrained by ρ parameter.

Theoretical constraint ΓV ≤ ΓSM
V

⊕ measurement of Γ2
V /Γtot from WBF → H → V V

xxx −→ upper bound on Higgs total width.

Combine with lower bound on Higgs total width from production

couplings.

- Interplay constrains remaining Higgs couplings.

- Make no assumptions on unexpected/unobserved Higgs decay

modes.
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Result: fit of Higgs couplings-squared

30 fb−1 × 2 detectors 300/100 fb−1 × 2 detectors
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2 Experiments
-1 L dt=2*300 fb∫
-1WBF: 2*100 fb

Dührssen, Heinemeyer, H.L., Rainwater, Weiglein & Zeppenfeld, hep-ph/0406323
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Systematic uncertainties play an important role.

5% overall Luminosity normalization

Theory uncertainties on Higgs production:
20% GF
15% tt̄H
7% WH, ZH
4% WBF

Reconstruction/identification efficiencies:
2% leptons
2% photons
3% b quarks
3% τ jets
5% forward tagging jets and veto jets (WBF)

Background extrapolation from side-bands (shape):
from 0.1% for H → γγ
to 5% for H → WW and H → ττ
to 10% for H → b̄b
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Another approach: fit observed rates to a particular model.
Example: chi-squared fits in MSSM, mmax

h scenario

 3

 4
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 7
 8
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 20

 30

 200  300  400  500  600  700

ta
n 

β

MA  (GeV)

mh = 130 GeV

125 GeV

5σ

mh
max scenario

2 * 30 fb-1

2 * 300 + 2 * 100 fb-1

2 * 300 fb-1

LHC sensitive to

MSSM nature of h

up to MA . 300

GeV

from Dührssen, Heinemeyer, H.L., Rainwater, Weiglein & Zeppenfeld, hep-ph/0406323
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Exotic Higgs scenarios

Typical MSSM Higgs physics is fairly tame.

More exotic possibilities:

a) H → µ+µ−. Rate too small in SM. Visible if Hµµ coupling

enhanced or other decays suppressed. Spectacular signal.

b) CP violation. Exotic effects on structure of Higgs couplings

to WW , ZZ, f̄f .

c) Invisibly-decaying Higgs. Can be significant in some SUSY

models, etc. Higgs decays to dark matter!
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H → µ+µ−: Do small fermion masses come from higher-dimensional

operators?

L = y

(
H†H

Λ2

)n

µRH†LL → yeff
µ = (2n + 1)mµ/v

Signal from

gg → H → µµ:

[Han & McElrath,

hep-ph/0201023]

Scaling factor on

SM rate to see 3σ,

5σ signal.

Can probe n ≥ 1! 100 110 120 130 140 150 160
0
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Higgs mass [GeV]

Similar reach from VBF → H → µµ [Cranmer & Plehn, hep-ph/0605268]
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CP violation and HWW , HZZ couplings:

Tensor structure of SM coupling is HVµV µ.

- Normally such a coupling would not be gauge invariant!

- Works via Higgs mechanism: replace one H field with its vev.

Coupling is only nonzero for scalars with a vev.

- No AV V coupling for CP-odd state A: it would violate CP.

How else can a scalar couple to two vector bosons?

Construct gauge invariant couplings from field strength tensor:

- HVµνV µν for CP-even scalar H.

- AVµνṼ µν for CP-odd scalar A.

These are dimension-5 operators: generated by a loop.

- Same operators that generate H → γγ, gg → H, gg → A in

MSSM, etc.

- The scalar need not have a vev.
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Measure tensor structure of HV V coupling in VBF:

Slide from D. Zeppenfeld, plenary talk at SUSY’06 conference
Tensor structure of the HVV coupling

Most general HVV vertex Tµν(q1, q2)

(a) (b)

g

Q

V

q2
H

Q Q

H

Q

q q q q

V

q1
q1

q2

µ

ν ν

µ

Tµν = a1 gµν +

a2
(
q1 · q2 gµν − qν

1 qµ
2
)
+

a3 εµνρσ q1ρq2σ

The ai = ai(q1, q2) are scalar form factors

Physical interpretation of terms:

SM Higgs LI ∼ HVµVµ −→ a1

loop induced couplings for neutral scalar

CP even Le f f ∼ HVµνVµν −→ a2

CP odd Le f f ∼ HVµνṼµν −→ a3

Must distinguish a1, a2, a3 experimentally
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Slide from D. Zeppenfeld, plenary talk at SUSY’06 conference

Azimuthal angle correlations

Tell-tale signal for non-SM coupling is azimuthal angle between tagging jets

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.

Dashed lines include LO vs NLO and formfactor effects for LHC. Plots from Figy & Zep-

penfeld, hep-ph/0403297. See also Plehn, Rainwater & Zeppenfeld, hep-ph/0105325.
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Standard Model HVµV µ coupling is tree-level.

- From covariant derivative |DµH|2, with one H replaced by vev.

CP-odd AVµνṼ µν coupling is dimension-5 (e.g., loop-induced):

gives only a tiny contribution to VBF rate.

- “CP-odd” rate is too small if A couples only through the loop.

CP-even HVµνV µν coupling is also dimension-5.

- Get interference term between HVµV µ and HVµνV µν produc-

tion: “SM times dimension-5” gives better sensitivity to small

CP-even dimension-5 contribution.
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Interference term between HVµV µ and HVµνV µν:

VOLUME 88, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 4 FEBRUARY 2002

Another source would be a Higgs-like top pion that is a
general feature of top color models [12] and which couples
to weak bosons such as PW̃1

mnW2mn with a coefficient
that is considerably larger than in the SM and is expected to
lead to observable rates of production in the WBF channel.

For a true Higgs boson the WWH and ZZH couplings
originate from the kinetic energy term of the symmetry
breaking field, !DmF"y!DmF", which mediates couplings
proportional to the metric tensor. This tensor structure is
not gauge invariant by itself and identifies the Higgs field
as the remnant of spontaneous symmetry breaking. It is
thus crucial to distinguish it from the effective couplings
derived from Eq. (1). Since the partons in the WBF pro-
cesses,

pp ! qq0H ! qq0tt, qq0WW , qq0gg , (3)

are approximately massless, the production cross section
is proportional to the Higgs weak boson coupling squared.
Replacing the gmn coupling with a higher-dimensional
coupling changes the kinematical structure of the final state
scattered quarks.

To illustrate this we consider leptonic final states in H !
tt decays as in Ref. [2]. We emphasize the H ! tt
decay channel because it is resilient to modifications of the
Higgs sector as encountered in the MSSM: a luminosity
of 40 fb21 guarantees coverage of the entire !mA- tanb"
plane after combining the leptonic and semileptonic decay
channels of the tau pair [2]. The basic set of cuts on the
outgoing partons consists of

pTj $ 20 GeV !Rjj $ 0.6 jhjj # 4.5

jhj1 2 hj2j $ 4.2 hj1 ? hj2 , 0 ,
(4)

in addition to the separation and acceptance cuts for the de-
cay leptons, which we do not discuss here. (Further cuts
on the invariant mass of the tagging jets and the tau pair
decay kinematics are necessary to extract the signal. These
details and the final step of reconstructing the tau pair in-
variant mass are currently under study by various CMS
and ATLAS groups, with very encouraging results [13].)
In the parton level analysis we are left with a cross section
of s # 0.5 fb for a 120 GeV SM Higgs boson, leading
to S$B ! 2.7$1 and a Gaussian significance sGauss ! 6.8
for 60 fb21 of data [2]. The two largest backgrounds are
QCD and electroweak ttjj production, which together are
&30% of the signal cross section after cuts. The other
backgrounds, including H ! WW and tt̄ 1 jets, are of
minor importance and can safely be neglected in the fol-
lowing qualitative analysis.

Let us first assume that a Higgs-like scalar signal is
found at the LHC in this channel at the expected SM
rate. We must experimentally distinguish a SM gmn-type
coupling from the tensor structures implied by the
D5 operators of Eq. (2). A SM rate induced by one of the
D5 operators requires a scale L5 % 480 GeV (L6 %
220 GeV). A particularly interesting kinematic variable

is the azimuthal angle Dfjj between the two tagging
jets. For forward scattering, which is dominant due to the
W-propagator factors, the remaining SM matrix element
squared for qq ! qqH is proportional to ŝm2

jj , where mjj
is the invariant mass of the two tagging jets. This leads to
an essentially flat azimuthal angle distribution between the
two jets, as shown in Figs. 1 and 2. In the H ! tt case,
a slight bias toward small angles is introduced by selection
cuts, which require a substantial transverse momentum for
the Higgs boson. The major backgrounds, Zjj production
with Z ! tt, possess mostly back-to-back tagging jets.

For the CP-odd D5 operator, the shape of the distribu-
tion follows from the presence of the Levi-Civita tensor in
the coupling: it gives a nonzero result only if there are four
independent momenta in the process (here, the four exter-
nal parton momenta). For planar events, i.e., for tagging
jets which are back-to-back or collinear in the transverse
plane, the matrix element vanishes.

The CP-even operator given in Eq. (2) develops a
special feature for forward tagging jets. In the limit of
jp!tag"

z j ¿ jp!tag"
x,y j and small energy loss of the two scat-

tered quarks, we can approximate the matrix element by

Me,5 ~
1

Le,5
J

m
1 Jn

2 &gmn!q1 ? q2" 2 q1nq2m'

#
1

Le,5
&J0

1 J0
2 2 J3

1 J3
2 'p!tag1"

T ? p
!tag2"
T , (5)

where qi, Ji are the momenta and currents of the inter-
mediate weak gauge bosons. For Dfjj ! p$2 the last
term vanishes, leading to an approximate zero in the dis-
tribution. From the three curves shown in Fig. 1 we con-
clude that the azimuthal angle distribution is a gold-plated
observable for determining the dominant CP nature and
the tensor structure of the Higgs coupling. With 100 fb21

0
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0 50 100 150 ∆Φjj

dσ/d∆Φjj (H→ττ) [fb]

SM

CP even

CP odd

mH=120 GeV

Z→ττ

FIG. 1. Azimuthal angle distribution between the two tag-
ging jets for the signal and dominant tt backgrounds, mH !
120 GeV. Cross sections for the D5 operators correspond to
L5 ! 480 GeV, which reproduces the SM cross section, after
cuts, as shown in Eq. (4) and Ref. [2]. The expected SM back-
ground is added to all three Higgs curves.

051801-2 051801-2
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0

0.005

0.01

0 50 100 150 ∆Φjj

1/σtot dσ/d∆Φjj (H→WW)

SM

CP even

CP odd
mH=160 GeV

FIG. 2. Normalized distributions of the azimuthal angle be-
tween the two tagging jets, for the H ! WW ! emp!T signal
at mH ! 160 GeV. Curves are for the SM and for single D5 op-
erators as given in Eq. (2), after cuts as in Eq. (4) and Ref. [5].

of data per experiment, the SM case can be distinguished
from the CP-even (CP-odd) D5 couplings with a statistical
power of "5 (4.5) sigma, from the H ! tt channels [2]
alone. This observable is furthermore independent of the
particular decay channel and Higgs mass range. We have
explicitly checked the case of a 160 GeV Higgs boson
decaying to W pairs and find exactly the same features
(shown in Fig. 2). Note, however, that in this case decay
distributions will depend on the structure of the HWW
vertex also.

Let us now examine the following scenario: a Higgs
candidate is found at the LHC with a predominantly stan-
dard model gmn coupling. How sensitive will experiments
be to any additional D5 contribution?

For the CP-odd D5 coupling we do not observe any in-
terference term between the standard model and the D5
matrix element. Although there is a nonzero contribution
at the matrix element level, any hadron collider observ-
able is averaged over charge conjugate processes since we
cannot distinguish quark from antiquark jets. As a result,
interference effects largely cancel. Using the azimuthal
angle distribution will only marginally enhance the sensi-
tivity to a small contribution of the CP-odd Higgs coupling
beyond what a measurement of the Higgs production cross
section could give.

In the case of a contribution from a CP-even D5
operator, interference effects are important for the dis-
tortion of the fjj distribution. All additional terms in
the squared amplitude jMj2 ! jMSM 1 Me,5j2 have an
approximate zero at Dfjj ! p!2, according to Eq. (5).
Moreover, the dominant piece of the anomalous amplitude
changes sign at this approximate zero which results in a
sign change of the interference term at p!2. Figure 3
shows that, dependent on the sign of the D5 operator,
the maximum of the distribution is shifted to large or
small angles Dfjj. Results are shown for two different
values of the scale L5 which are chosen such that the D5

0

0.002

0.004

0.006

0 50 100 150 ∆Φjj

dσ/d∆Φjj (H→ττ) [fb]

1/Λ < 0

1/Λ > 0

mH=120 GeV

Z→ττ

FIG. 3. Azimuthal jet angle distribution for the SM and inter-
ference with a CP-even D5 coupling. The two curves for each
sign of the operator correspond to values s!sSM ! 0.04, 1.0.
Error bars for the signal and the dominant backgrounds corre-
spond to an integrated luminosity of 100 fb21 per experiment,
distributed over six bins, and are statistical only.

operator alone, without a SM contribution, would produce
a Higgs production cross section, s, which equals 0.04
(1.0) of the SM cross section, sSM. While changes in
cross sections of a few percent are most likely beyond
the reach of any LHC counting experiment, we see that
in the differential cross section the effect of D5 operators
is quite significant [14].

To quantify this effect and at the same time minimize
systematic errors we define the asymmetry

Af !
s#Dfjj , p!2$ 2 s#Dfjj . p!2$
s#Dfjj , p!2$ 1 s#Dfjj . p!2$ . (6)

One major source of systematic uncertainty will be the
gluon fusion-induced H 1 2 jet background, which in
the large top mass limit is proportional to the CP-even
D5 operator HGmnGmn . This operator induces the same
azimuthal angle dependence of the two jets as the CP-even
operator of Eq. (2). However, since it contributes to
H 1 2 jets via t-channel gluon (color octet) exchange, it
cannot interfere with WBF. This gluon fusion contribution
can exceed O #10%$ of the signal after cuts [15] and
is expected to have large higher order QCD corrections
[16]. The measurement of the absolute rate of WBF
events would therefore be systematics limited, due to the
unknown K factor for the gluon fusion contamination.
Assuming that this K factor does not vary with Dfjj,
a full shape analysis of the azimuthal angle distribution
allows one to distinguish this noninterfering gluon fusion
background from an interfering D5 HWW coupling: the
asymmetry is dominated by the interference terms.

In Fig. 4 we compare the sensitivity to D5 couplings
expected from the total cross section and the azimuthal
asymmetry, respectively. In the integrated cross section,
interference effects between the SM gmn coupling and the
CP-even D5 coupling largely cancel. With 100 fb21 per

051801-3 051801-3

[from Plehn, Rainwater & Zeppenfeld, hep-ph/0105325]

[Left] Curves are normalized to each give the SM cross section.

[Right] Shows interference effect for either sign of the HVµνV µν

operator coefficient, with σnew/σSM = 1.0 and 0.04.

Error bars are statistical for 100 fb−1 times 2 experiments.
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What about mixed CP states?
MSSM with CP violation: get mixing between A and H.

Look at a process where SM-like and CP-odd parts enter at the
same level.

Couplings to fermions:

H0b̄b = −
igmb

2mW
[tanβ sin(β − α) + cos(β − α)]

A0b̄b = −
gmb

2mW
tanβγ5

H0tt̄ = −
igmt

2mW
[− cotβ sin(β − α) + cos(β − α)]

A0tt̄ = −
gmt

2mW
cotβγ5

Couplings to gluons/photons: loop-induced for both H and A.
CP-even: HGµνGµν CP-odd: AGµνG̃µν

CP-even and CP-odd components of the coupling are a priori of
the same order of magnitude!
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Tensor structure of Hgg coupling at LHC:
Slide from D. Zeppenfeld, plenary talk at SUSY’06 conference

Azimuthal angle correlations in gluon fusion

Effective Hgg vertex is induced via top-quark loop

CP − even : i mt
v → H Ga

µνGµν,a coupling

CP − odd :
mt
v γ5 → H Ga

µν G̃µν,a coupling

Consider H j j production via gluon fusion, e.g.

H

(a)

Parton level analysis with relevant backgrounds
(Hankele, Klämke, DZ, hep-ph/0605117)

=⇒ Difference visible in H j j, H→WW→l+l−p/T events at
mH ≈ 160 GeV with 30 fb−1 at 6σ level

Method can be generalized for any Higgs mass. Problem
is lower signal rate for h→ττ or h→γγ
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Monte Carlo simulations begun in Del Duca et al, hep-ph/0608158

Angular correlations survive the

parton shower.

Shown is SM gluon fusion

Hjj with and without parton

shower, and SM VBF with par-

ton shower.

[from Del Duca et al, hep-ph/0608158]

Figure 5: Normalised distribution of the
azimuthal distance between the two tagging
jets in Higgs + 2 parton production via gluon
fusion, with (solid histogram) and without
(dot–dashed curve) parton shower, and via
VBF with parton shower (dashes).

Figure 6: Normalised distribution of the
azimuthal distance between the two tagging
jets as in Fig. 5, but for Higgs + 3 parton
production.

Aφ parton level shower level

ggH + 2 jets 0.474(3) 0.357(3)

V BF + 2 jets 0.017(1) 0.018(1)

ggH + 3 jets 0.394(4) 0.344(4)

V BF + 3 jets 0.022(3) 0.024(3)

Table 1: The quantity Aφ as defined in Eq. (3.1), for event selection a).

We conclude that although it is desirable to include showering and hadronisation for

a quantitative analysis of the azimuthal correlation between two tagging jets in Higgs +

2 jet production, it is mandatory to generate the tagging jets through the hard radiation of

the appropriate matrix elements. In Fig. 6 we consider the azimuthal correlation between

the two tagging jets in Higgs + 3 parton generated production. The curves have the same

meaning as in Fig. 5. It is apparent that the hard radiation of a third jet does not modify

the pattern established in Fig. 5.

In order to characterise the ∆φjj distribution and quantify the relative depth of the

dip at ∆φjj = π/2, it is useful to introduce the following quantity,

Aφ =
σ(∆φ < π/4) − σ(π/4 < ∆φ < 3π/4) + σ(∆φ > 3π/4)

σ(∆φ < π/4) + σ(π/4 < ∆φ < 3π/4) + σ(∆φ > 3π/4)
, (3.1)

which is free of the normalisation uncertainties affecting the gluon-fusion production mech-

anism. Aφ can be used as a probe of the nature of the Higgs coupling, since for a SM gauge

coupling Aφ " 0, while for a CP-even (CP-odd) effective coupling Aφ is positive (nega-

tive) [7]. As can be seen from Table 1, it is very close to zero for VBF, while it is positive

for gluon fusion. Adding the parton shower on top of Higgs + 2 partons, the value of Aφ

decreases, quantifying the effect of the decorrelation between the tagging jets introduced

– 6 –

Can separate gluon fusion and VBF events using rapidity gap be-
tween two “tagging jets”.

Expectation in CP-mixed case:
- See sum of CP-even and CP-odd shapes in gluon fusion.
- See SM-like shape in VBF Higgs production (CP-odd part much
smaller; no interference term).
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Invisibly-decaying Higgs

The SM Higgs is very narrow for

MH <∼ 160 GeV.

If Higgs couples with elec-

troweak strength to a neutral

(quasi)stable particle (e.g., dark

matter) with mass < Mh/2, then

h → invisible can be the domi-

nant decay mode.
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The Higgs could decay invisibly

• h → χ̃0
1χ̃0

1 in MSSM, NMSSM

• h → SS in simple models of scalar dark matter

• h → KK neutrinos in extra dimensions

• h → Majorons

• . . .

Shouldn’t just assume Higgs will be SM-like.

Even small additions (e.g., singlet scalar dark matter) can make

BR(h → invis.) large.

Let’s cover all our bases!

“Invisible” Higgs is not that hard to “see”:

missing transverse momentum (pT/ ).

h → jj is much harder.
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Limits on invisible decay modes:
]2[GeV/cHM

100 150 200 250 300 350 400
]2[GeV/cHM
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2 ξ

1
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-1L=30 fb

-1L=100 fb

Discovery potential for ZH including systematic uncertainties
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2 ξ

-110

1

10
ZHinv
ttHinv
VBF

ZHinv
ttHinv
VBF

ZHinv
ttHinv
VBF

ZHinv
ttHinv
VBF

Comparison of the discovery potential for different channels

Figure 6: Left: The 95% confidence level exclusion for the variable ξ2 as obtained from a search
for ZH production with Z → "" and H → inv (this analysis). Right: The 95% confidence level
exclusion for the variable ξ2 as obtained in the search for invisible Higgs boson decays in the ZH,
ttH and qqH associated production assuming an integrated luminosity of 30 fb−1.

21

ZHinv uses

Z → `+`−

VBF looks promis-

ing (but it’s not

clear how well

those events can

be triggered)

tt̄Hinv – may be

room for improve-

ment?

95% CL exclusion limits with 30 fb−1 at LHC
[ATL-PHYS-PUB-2006-009]

ξ2 is a scaling factor: σ ×BR(H → invis) ≡ ξ2σSM

Heather Logan Higgs physics at the LHC York U. 2007-02-20



Extracting the mass of an invisible Higgs:
Mass of hinv accessible only through production process.

Cross section

 10

 100

 110  120  130  140  150  160  170

σ S
  (

fb
)

mh  (GeV)

WBF

Zh

Kinematic distributions

(needs more study)
Davoudiasl, Han & H.L. (2004)

Measure signal rate.
Assuming SM production cross section and 100% invisible decay:
- Z + hinv: ∆mh = 30–40 (12–14) GeV with 10 (100) fb−1.
- WBF: ∆mh ' 40 (30) GeV with 10 (100) fb−1.
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What if production rate is not SM-like?

What if decay is not 100% invisible?

For a more model-independent Mh extraction, take the ratio of

Z + hinv and WBF rates. Davoudiasl, Han & H.L. (2004)

Z + hinv ∼ hZZ coupling; WBF ∼ hWW, hZZ couplings – related

by SU(2) in models with only Higgs doublets/singlets.

�

�

�

�����

�����
�

Example: MSSM or 2HDM:

ZZh coup = (gmZ/ cos θW ) sin(β − α)

WWh coup = gmW sin(β − α)

Ratio method: ∆mh ' 35–50 (15–20) GeV with 10 (100) fb−1.

Not great, but rather model-independent.
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Conclusions

The Higgs mechanism is the Standard Model’s solution to the
origin of mass. Upcoming Large Hadron Collider experiments
will let us test this at last!

LHC will provide plentiful Higgs data: we must work hard to
extract the maximum physics.
- Combining channels allows more information to be extracted.
- Theory assumptions are sometimes needed to overcome corre-
lations caused by incomplete data.

The program:
- First, discover the Higgs.
- Measure couplings to test the SM: 10–40%-level precision on
couplings-squared.
- Look for exotic effects, like rare or invisible decays, anomalous
coupling structures.

LHC starts running in less than one year.
We’ll soon learn what lies behind electroweak symmetry breaking.

Heather Logan Higgs physics at the LHC York U. 2007-02-20


