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Prediction is difficult, especially about 
the future

-Neils Bohr
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TLEP: a e+e- machine going to ~350 GeV, 
L~100-1000/fb

LEP: a e+e- machine going to ~200 GeV, 
L~10-100/pb E

LHC: a pp machine going to 14 TeV, 
L~300-3000/fb
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New Physics opportunities

•Physics hard to see at the LHC
•Physics that couples to electrons
•200 GeV < M < 350 GeV
•M< 250 GeV, but weakly coupled
•Channels LEP was unable or unwilling to look 
in *
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LEP: a e+e- machine going to ~200 GeV, 
L~10-100/pb E
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Couplings

New states coupled only to leptons

Direct constraints from LEP
Indirect constraints from precision leptonic observables 
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here. The gauge group is broken by a scalar Higgs field,
or perhaps by technicolor-like dynamics (we will be ag-
nostic about the precise mechanism) and the DS fermion
has a vector-like mass. The DS, for the case of scalar
breaking, has the Lagrangian:

LDS = −
1

4
F ′

2

µν + χγµDµχ + |Dµφ|2 − Mχχχ − VDS(φ) .

(1)
The coupling between the SM and the DS is through
the new gauge boson U , with field strength denoted by
F ′ in (1), thus some fields in the SM must be charged
under U(1)DS . We postulate that the U gauge boson
is leptophilic and for anomaly cancellation require that
it couples with equal and opposite charge to two gener-
ations of leptons. To allow SM Yukawa couplings, the
U -boson couplings to leptons are vectorlike; thus, the U -
boson couples to neutrinos.

All that remains is to discuss the size of the couplings
and masses in the problem. First, we have the mass of
the dark matter, Mχ and the U -boson, MU . We also have
the gauge couplings of the leptophilic gauge boson U with
the DM state χ, gχ, and with the SM leptons, gl. We will
see that many of these parameters are tightly constrained
by various experimental observations, making this model
very predictive.

In order to explain the PAMELA and ATIC ex-
cesses, the dark matter must have mass larger than
∼ O(700 GeV). Depending on the particle physics model,
the parameters of the propagation model, the boost fac-
tor, and the dark matter distribution in the galaxy, the
dark matter may be also significantly heavier, e.g., in
the few-TeV range [15]. However, given the uncertain-
ties of these quantities, the mass can be close to the low
value mentioned above—see the recent work [16, 17, 18]
for a detailed model-independent analysis of the con-
straints and uncertainties. Our interest here will be in
the lower end of the allowed range, i.e. dark matter mass
Mχ ∼ 700 − 800 GeV.

The annihilation cross section of DM into two U -
bosons (we ignore the annihilation channel directly into
two leptons, as in the parameter regime we are interested
in this is small) is then:

〈σannv〉 = g4
χ

(

800 GeV

Mχ

)2

× 31 pb, (2)

and the relic abundance can be explained with gχ ∼ 0.4
and Mχ ∼ 700-800 GeV. However, an annihilation cross-
section of ∼ 1 pb yielding the correct relic abundance is
too small to explain the PAMELA/ATIC excess; we will
discuss the resolution in Section IV. Before doing so, we
will discuss constraints on the coupling of the U -boson
to the SM leptons.

III. CONSTRAINTS ON gl

We have already described how the DM will freeze out
with the correct relic abundance. However, without a

coupling to the SM it may never get into equilibrium and
certainly will lead to no observable signals. The coupling
of the U -boson to leptons will allow both of these to
occur. As already explained, the U -boson has vectorlike
couplings to two of the three SM generations; if there
were a fourth generation [19, 20] this coupling could, in
principle, be extended to include all generations.

The size of the U -lepton coupling is strongly con-
strained by measurements of lepton magnetic-dipole mo-
ments and various leptonic cross sections [21]. The con-
tribution to a lepton anomalous magnetic dipole moment
is given by:

∆(g − 2)l ∼
g2

l

4π2

m2
l

M2
U

(3)

For the electron, muon, and tau, these are constrained to
be smaller than ∼ 10−11, ∼ 10−9, and ∼ 10−2, respec-
tively. Thus, the U -boson lepton couplings must obey:

ge <∼ 4× 10−2 MU

GeV
, gµ <∼ 2× 10−3 MU

GeV
, gτ <∼ 0.4

MU

GeV
.

(4)
Furthermore, since the U-boson has a vectorlike coupling,
it couples to neutrinos, allowing us to constrain it from
ν-e scattering at low q2 [22], yielding:

ge <∼ 3 × 10−3 MU

GeV
. (5)

Finally, there are also constraints from ee → γU . At
LEP, for couplings of order (5) these are not significant.
B-factories, on the other hand, have the potential to
place stronger bounds [23]. Using [24] we find that for
MU ≤ 7.8 GeV the bound is ge <∼ 10−3, for particular
values of MU this bound improves by a factor of ∼ 2.

From these constraints, we see that if the U -boson does
not couple to the muon (hence it must couple to the
electron and tau with opposite charge) we can avoid the
strongest constraints from g − 2, but the coupling gl is
appreciably smaller than gχ. One might wonder how this
can be explained? We list several possibilities below:

• Since the group is a U(1) there is no technical rea-
son why two different fields can not have wildly
different charge.

• Perhaps the DM state is a bound state of many
unit charged objects [25].

• It is possible that the lightness of the leptons is
due to a seesaw mechanism with some very heavy
extra SM generations, that have unit charge un-
der the extra U(1). If the SM leptons did not
carry U(1) charge but instead mixed with the heavy
states through non-renormalisable operators then
the smallness of the electron coupling would be due
to the small mixing of the SM electron with the
heavy state.
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Plenty of room for something new

Z’, extra Higgses, dark sector, neutrino sector
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Z’

Easy to add a new U(1)0

Introduce a new vector and a Higgs:     , Z 0 �

Couplings to SM fields?

Flavour universal couplings: anomalies, new heavy chiral 
fermions, non-standard representations

Flavour non-universal couplings: complicates Yukawa 
textures, makes some couplings non-renormalizable, forbids 
CKM entries
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Effective Z’ approach

Leave the SM as intact as possible

This ruins one of the nicest elements of the SM, which is that it can can account for the

familiar properties and interactions of quarks and leptons entirely through renormalizable

couplings. Is it possible to extend the theory to include an apparently exotic new gauge field

– a leptophobic Z � for example, or one with flavor-violating couplings – without spoiling this

feature?

As we shall explore, such an extension is possible by employing “e�ective” Z �s - Z �s that

only pick up e�ective charges to SM fields through non-renormalizable operators. We will

argue that simple UV realizations can be constructed, and that these scenarios o�er rich

possibilities for Z � phenomenology.

This paper is laid out as follows: first, in Section II, we introduce the possibility that there

is an energy regime in which the e�ective theory includes only the SM fields, a U(1)� gauge

field Z �, and the field(s) ⇥ responsible for the U(1)� breaking, with an e�ective Lagrangian

of the form

L = LSM + LZ0,� + Lhigher dim. � �|H|2|⇥|2. (1)

Here LSM has the ordinary fields and couplings of the SM Lagrangian, LZ0,� consists of

terms involving ⇥ and Z � but no SM fields, and Lhigher dim. consists of non-renormalizable

operators that couple Z � and ⇥ to SM fields. The idea is simply that the SM fields are not

charged under the U(1)� and so couple to the Z � only through higher-dimension operators.

In this case we say that the theory has an e�ective Z �. In Section II we also present a

renormalizable UV completion that generates the Z � couplings to SM fields. As indicated

above, the ⇥ particle(s) can couple in a renormalizable fashion through the Higgs portal.

This coupling is interesting in its own right, but will not be the focus of our attention.

In Section III we discuss various phenomena that can be accommodated in e�ective Z �

models. We show how the tree-level exchange of a flavor violating Z � can lead to CP violation

in Bs � B̄s mixing and thus explain the D0 same-sign dimuon asymmetry [3]. We illustrate

how the feature in the dijet spectrum in the recent CDF [4] analysis of Wjj events may be

explained by WZ � production. However, we point out that Z � explanations appear to be in

slight tension with UA2 dijet searches, and also propose alternative channels that should be

searched in at the Tevatron to help confirm, or deny, whether the excess is consistent with

any model involving WX production, where X decays to dijets. The final example we use

to demonstrate the Z � setup is the top FB asymmetry measured at CDF [5]. In this case

there are non-trivial constraints on an e�ective Z � explanation from measurements of the

3

SM “effectively” charged under U(1)0

cij
M2

(q̄i�
µqj)(⇥⇤Dµ⇥) � g0

cij
M2

(q̄i�
µqj)(⇥⇤Z 0

µ⇥)
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Effective Z’ approach

Only add vector-like matter in SM reps.
Which reps. determine which            allowed

rate for single top, like-sign tops and the total tt̄ production cross section. In Section IV

we discuss the application of e�ective Z ⇤s in the realm of dark matter (DM). For instance

if the coupling of DM to the SM is through Z ⇤ exchange then the couplings to protons

and neutrons become free parameters, as does the ratio of the spin-dependent to the spin-

independent cross section. Finally, in Section V we conclude.

II. AN EFFECTIVE Z ⇤

The common approaches [6] to adding a Z ⇤ to the SM, e.g. gauging B�L, convert Yukawa

couplings into non-renormalizable operators, and require the addition of massive fermions,

often with complicated charges, to cancel anomalies. However, there is another approach

that avoids these complications. One simply adds the following operator to the SM,

(M�2)ij q̄i�µq
j⌅⇥Dµ⌅ ⇥ (M�2)ij q̄i�µq

j⌅⇥Z ⇤µ⌅ . (2)

Here ⌅ is a scalar field whose vev breaks the U(1)⇤, and (M�2)ij is a matrix of couplings

with mass-dimension equal to �2. This operator “e�ectively” charges the SM fields under

the new gauge group, but anomaly cancellation is manifest within the e�ective theory, and

the renormalizable couplings of the SM are preserved.

This prompts us to ask: are there any di�erences between this theory and one in which

we allow arbitrary charges, while deferring issues related to anomalies and Yukawas to a

higher scale? We will address this question within a specific UV completion.

We begin with a toy model of a single generation of SM quarks q, uncharged under the

U(1)⇤. We include a pair of quarks Q and Qc, where Q has identical SM charges to the q,

but also carries U(1)⇤ charge +1, while Qc is its vectorlike partner, canceling anomalies. We

include the Lagrangian terms

L ⇥ �µQQc � y⌅qQc. (3)

The first term provides a mass for the Q fields, while the second term, which we refer to

as a ⌅-kawa coupling (to distinguish from the SM Yukawas) generates a mass term between

the SM quark fields and the heavy quarks. When the U(1)⇤ breaks, these terms provide a

missing partner mechanism, such that the mass eigenstates are

Q̃ = cos ⇥Q+ sin ⇥q q̃ = � sin ⇥Q+ cos ⇥q, (4)

4

•Effective coupling
•Only one linear combination 
SM leptons mix with  .  Rank 
of    determined by # of L
•Heavy leptons predicted at 
scale

geff  g0

cij

<⇠ 4�MZ0/geff
q

Q Q

q

� �Z 0

`

`

L

`

L

ML =
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p
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g0 sin ✓
MZ0 =
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(Toy) UV Model
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where

sin ⇥ =
y⌅⇧⇧⇥

µ2 + y2⌅⇧⇧2
(5)

determines the mixing angle.

The kinetic term for the field that mixes with q is

Q̄ /DQ ⇤ g⇥ sin2 ⇥Z ⇥
µ
¯̃q�µq̃. (6)

Using (5) and expanding in powers of ⌅⇧⇧, we recognize the leading term as the original

operator of (2) with ⇧ set to its vev, and we see the e�ective coupling of the Z ⇥ is geff =

g⇥ sin2 ⇥. The mass of the heavy quark can be written as

MQ̃ =
y/

⌃
2

g⇥ sin ⇥
MZ0 =

y/
⌃
2�

g⇥geff
MZ0 , (7)

where we have used MZ0 =
⌃
2g⇥⌅⇧⇧.

We can generalize this UV completion to involve multiple quarks qi, but we instantly see

three important elements that distinguish this from a usual Z ⇥.

• The e�ective coupling is bounded from above by g⇥, but can otherwise take on any,

even seemingly anomalous, value.

• Since only one linear combination of qi enters into the expression in (6), the rank of

the matrix (M�2)ij is set by the number of heavy quarks Qi.

• Given the bound geff < g⇥, (7) tells us that new quarks must appear in the theory at

some scale below ⇥ 4⌅MZ0/geff .

The first observation makes intuitive sense, but is not obvious from (2). The latter two are

important predictions that allow one to explicitly test whether the SM fields genuinely carry

additional charges, or only have “e�ective” charges in the low energy e�ective theory.

Similar approaches have been explored previously. For example, [7–9] considered charging

new heavy fields in addition to the SM fields under a Z ⇥, with the final couplings determined

by the initial charges and mixing. The important di�erence here being that we do not charge

the SM fields, and only couple through NR operators. This scenario can be motivated from

more elaborate models, however. Extra dimensional theories have SM fields charged under

5

Generates effective Z’ coupling for SM quark

where

sin ⇥ =
y⌅⇧⇧⇥

µ2 + y2⌅⇧⇧2
(5)

determines the mixing angle.

The kinetic term for the field that mixes with q is

Q̄ /DQ ⇤ g⇥ sin2 ⇥Z ⇥
µ
¯̃q�µq̃. (6)

Using (5) and expanding in powers of ⌅⇧⇧, we recognize the leading term as the original

operator of (2) with ⇧ set to its vev, and we see the e�ective coupling of the Z ⇥ is geff =

g⇥ sin2 ⇥. The mass of the heavy quark can be written as

MQ̃ =
y/

⌃
2

g⇥ sin ⇥
MZ0 =

y/
⌃
2�

g⇥geff
MZ0 , (7)

where we have used MZ0 =
⌃
2g⇥⌅⇧⇧.

We can generalize this UV completion to involve multiple quarks qi, but we instantly see

three important elements that distinguish this from a usual Z ⇥.

• The e�ective coupling is bounded from above by g⇥, but can otherwise take on any,

even seemingly anomalous, value.

• Since only one linear combination of qi enters into the expression in (6), the rank of

the matrix (M�2)ij is set by the number of heavy quarks Qi.

• Given the bound geff < g⇥, (7) tells us that new quarks must appear in the theory at

some scale below ⇥ 4⌅MZ0/geff .

The first observation makes intuitive sense, but is not obvious from (2). The latter two are

important predictions that allow one to explicitly test whether the SM fields genuinely carry

additional charges, or only have “e�ective” charges in the low energy e�ective theory.

Similar approaches have been explored previously. For example, [7–9] considered charging

new heavy fields in addition to the SM fields under a Z ⇥, with the final couplings determined

by the initial charges and mixing. The important di�erence here being that we do not charge

the SM fields, and only couple through NR operators. This scenario can be motivated from

more elaborate models, however. Extra dimensional theories have SM fields charged under

5

]

geff
Thursday, 25 July 13



(Toy) UV Model
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4

SM quark, 0
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heavy quark, +1

breaks U(1)’, +1

New “         v”  coupling mixes states
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where

sin ⇥ =
y⌅⇧⇧⇥

µ2 + y2⌅⇧⇧2
(5)

determines the mixing angle.

The kinetic term for the field that mixes with q is

Q̄ /DQ ⇤ g⇥ sin2 ⇥Z ⇥
µ
¯̃q�µq̃. (6)

Using (5) and expanding in powers of ⌅⇧⇧, we recognize the leading term as the original

operator of (2) with ⇧ set to its vev, and we see the e�ective coupling of the Z ⇥ is geff =

g⇥ sin2 ⇥. The mass of the heavy quark can be written as

MQ̃ =
y/

⌃
2

g⇥ sin ⇥
MZ0 =

y/
⌃
2�

g⇥geff
MZ0 , (7)

where we have used MZ0 =
⌃
2g⇥⌅⇧⇧.

We can generalize this UV completion to involve multiple quarks qi, but we instantly see

three important elements that distinguish this from a usual Z ⇥.

• The e�ective coupling is bounded from above by g⇥, but can otherwise take on any,

even seemingly anomalous, value.

• Since only one linear combination of qi enters into the expression in (6), the rank of

the matrix (M�2)ij is set by the number of heavy quarks Qi.

• Given the bound geff < g⇥, (7) tells us that new quarks must appear in the theory at

some scale below ⇥ 4⌅MZ0/geff .

The first observation makes intuitive sense, but is not obvious from (2). The latter two are

important predictions that allow one to explicitly test whether the SM fields genuinely carry

additional charges, or only have “e�ective” charges in the low energy e�ective theory.

Similar approaches have been explored previously. For example, [7–9] considered charging

new heavy fields in addition to the SM fields under a Z ⇥, with the final couplings determined

by the initial charges and mixing. The important di�erence here being that we do not charge

the SM fields, and only couple through NR operators. This scenario can be motivated from

more elaborate models, however. Extra dimensional theories have SM fields charged under
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Astrophysics anomalies
We have measured the antiproton energy spectrum and the antiproton-to-proton flux

ratio over the most extended energy range ever achieved and with no atmospheric overbur-
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FIG. 3: The antiproton-to-proton flux ratio at the top of the payload obtained in this work

compared with theoretical calculations. The dotted lines show the upper and lower limits calculated

for a pure secondary production of antiprotons during the propagation of cosmic rays in the galaxy

by Donato et al. [30] for a Diffusion Reacceleration with Convection model. The dashed line is a

calculation by Kane et al. [14] including both a primary antiproton component from annihilation

of 180 GeV wino-like neutralinos and secondary antiprotons (dashed-dotted line for the secondary

component). The solid line show the calculation by Blasi and Serpico [32] for secondary antiprotons

including an additional antiproton component produced and accelerated at cosmic-ray sources.

den. Our results are consistent with pure secondary production of antiprotons during the

propagation of cosmic rays in the galaxy. We note that the quality of our data surpasses the

current precision of the theoretical modeling of the cosmic-ray acceleration and propagation

mechanisms. Improved models are needed to allow the full significance of these experimental

results to be understood.
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Luft- und Raumfahrt (DLR), The Swedish National Space Board, The Swedish Research
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Collider bounds on leptophilic DM4
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Figure 1: Distribution of normalized photon energy in single-photon events at DELPHI. The agreement
between the data (black dots with error bars) and both the full DELPHI Monte Carlo (solid yellow/light
gray shaded histogram) as well as our CompHEP simulation (dotted histogram) is excellent. The blue
shaded histogram shows what a hypothetical Dark Matter signal from e+e� ⇥ �⌅̄⌅ would look like. We
have assumed vector-type contact interactions between electrons and dark matter, m⇥ = 10 GeV, and
� = 300 GeV, see eq. (1). The peak at x� � 0.8 corresponds to the process e+e� ⇥ �Z0 ⇥ �⇤⇤̄, with an
on-shell Z0.

3. LEP LIMITS ON THE EFFECTIVE DARK MATTER–ELECTRON COUPLING

In this section we will consider the operators (1)–(4) and derive limits on their suppression scale
� from mono-photon searches at LEP. While all four LEP-detectors have studied single photon
events [17], we will here focus on data from the DELPHI experiment [18, 19], for which we were
best able to simulate the detector response. The data was taken at center of mass energies between
180 GeV and 209 GeV, but since in the analysis the events are characterized only by the relative
photon energy x� = E�/Ebeam, we can make the simplifying assumption that all data was taken at
an energy of 100 GeV per beam. We have checked that the error introduced by this approximation
is small. For our Monte Carlo simulations, we use CompHEP [20, 21], which allows us to include
the e⇥ect of initial state radiation (ISR) which we find to be non-negligible. For example, we are
only able to reproduce the height and width of the on-shell Z0 peak in the x� distribution for the
background process e+e� ⇥ �⇤⇤̄ (cf. Figure 1) if ISR is included.

To analyze the event samples generated in CompHEP, we use a modified version of MadAnaly-
sis [22], in which we have implemented the analysis cuts and e⇤ciencies of the DELPHI analysis as
well as energy smearing according to the resolution of the DELPHI electromagnetic calorimeters.
In doing so, we closely follow ref. [18].

In DELPHI, central photons with a polar angle ⇥ (with respect to the beam axis) in the range
45⇥ < ⇥ < 135⇥ are detected in the High Density Projection Chamber (HPC) with a threshold
of x� > 0.06. We assume the trigger e⇤ciency for photons in the HPC to increase linearly from
52% at E� = 6 GeV to 77% at 30 GeV, and then to 84% at 100 GeV. The trigger e⇤ciency is
multiplied by the e⇤ciency of the subsequent analysis, which we assume to increase linearly from
41% at 6 GeV to 78% at 80 GeV and above.

For photons with 12⇥ < ⇥ < 32⇥, detected in the Forward Electromagnetic Calorimeter (FEMC),

q χ

q̄ χ`

`

3

2. THE INTERACTION OF DARK MATTER WITH LEPTONS

In order to produce dark matter at LEP it must couple to electrons. In many models this may
occur via the exchange of a heavy mediator that can be integrated out of the theory at low energies.
In that case one can describe the phenomenology in an e↵ective field theory with higher dimension
operators coupling the dark matter particle � to standard model leptons ` = e, µ, ⌧ . This allows
us to consider a large variety of dark matter phenomena without committing to a particular high
energy framework2. We will be considering the operators

OV =
(�̄�µ�)(¯̀�µ`)

⇤2

, (vector, s-channel) (1)

OS =
(�̄�)(¯̀̀ )

⇤2

, (scalar, s-channel) (2)

OA =
(�̄�µ�5�)(¯̀�µ�5`)

⇤2

, (axial vector, s-channel) (3)

Ot =
(�̄`)(¯̀�)

⇤2

, (scalar, t-channel) (4)

which capture the essential dark matter and collider phenomenology (e.g. spin dependent and spin
independent scattering on nucleons as well as s- and p- wave annihilation). The classification of
these operators as s-channel or t-channel refers to their possible UV-completion: (1)–(3) are most
straightforwardly obtained in models in which dark matter is produced at LEP through a neutral
s-channel mediator, while eq. (4) arises most naturally if the mediator is a charged scalar exchanged
in the t-channel. With such a UV completion in mind, the suppression scale ⇤ can be interpreted
as the mass of the mediator M , divided by the geometric mean of its couplings to leptons, g`, and
dark matter, g�: ⇤ = M/

p
g`g�. Note that we assume lepton flavor to be conserved in the dark

matter interaction. LEP can only constrain couplings to electrons, ` = e, and in principle the
suppression scale ⇤ could be di↵erent for couplings to µ and ⌧ leptons. In the following discussion,
we will therefore consider both scenarios in which dark matter couples only to electrons (i.e. ⇤ = 1
for ` = µ, ⌧) and scenarios in which dark matter couples in a flavor-universal way to all standard
model leptons. Note that the last operator, eq. (4), may be transformed into a linear combination
of the first three operators, plus pseudoscalar and tensor contributions, using the Fierz identities,
but we include it separately here because it is a common outcome of supersymmetric theories.

The e↵ective theory described by equations (1)–(4) is always a valid description of processes
with low momentum transfer, in particular dark matter-nucleon scattering in direct detection
experiments. In high energy processes such as dark matter production at LEP or dark matter
annihilation, the e↵ective theory breaks down if the 4-momentum transfer is comparable to or
larger than the mass of the particle mediating the interaction. In the first part of our analysis in
sections 3–5, we assume that this is not the case, and derive bounds on the operators (1)–(4) from
LEP mono-photon searches, which we will then translate into constraints on direct and indirect
dark matter detection cross sections. In section 6 we will investigate how these bounds change if
the mediator of dark matter interactions is light so that an e↵ective theory description is no longer
possible.

2 Indeed, several recent studies have used e↵ective theories to analyze and draw connections among dark matter
experiments [12–16].
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Figure 2: DELPHI lower limits on the cuto↵ scale ⇤ of the dark matter e↵ective theory for the four operators
eqs. (1)–(4) as a function of the dark matter mass. The wiggles in the plot are due to limited Monte Carlo
statistics.

section on the final state velocities becomes important.

4. LIMITS ON THE DARK MATTER–NUCLEON SCATTERING CROSS SECTION

The next step is to translate the limits on ⇤ into constraints on the dark matter-nucleon
scattering cross sections probed in direct detection experiments. Since LEP can only probe dark
matter-electron couplings, while direct detection experiments are most sensitive to dark matter-
quark couplings, this translation cannot be done in a completely model-independent way. We thus
consider two extreme possibilities, one in which the dark matter couples with equal strength to
quarks as it does to leptons, and another in which dark matter couples only to leptons without
coupling to quarks at tree level. Limits on other models, in which the ratio of lepton and quark
couplings is di↵erent (e.g. coupling proportional to B � L), may be easily derived from these two
cases, as we shall see below.

In order to compute the dark matter scattering cross section o↵ a nucleon, N = p, n, through
one of the operators in (1)–(4), we need knowledge of the nucleon matrix elements hN |O|Ni. We
use the values of these matrix elements presented in [1], with the exception of hN |q̄q|Ni in which
we follow [24] but use an updated [25] value of the pion-nucleon sigma term ⌃⇡N = 55 MeV. 3

As mentioned earlier Ot can be converted from a “t-channel” operator to a sum of “s-channel”
operators by use of Fierz identities. Due to the relative size of the nucleon matrix elements it is
su�cient to keep only the scalar s-channel contribution, which has a coe�cient 1/4. Thus, for
equal cuto↵ scale ⇤, the direct detection rate expected from the operator Ot is the same as that
expected from OS/4.

First we assume that the coupling of dark matter to all SM fermions, and in particular to all
flavors of quarks, is identical to its couplings to electrons. In this case, the LEP bound on ⇤ can be
immediately converted into an upper bound on the rate expected at direct detection experiments.
We show these bounds in Figure 3 and we see that the limits on spin-independent WIMP-nucleon

3 Note however that recent lattice determinations [26–29] of the strange quark content of the nucleus are considerably
lower. The e↵ect on our bounds, assuming equal coupling to all fermions, is small.
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shaded histogram shows what a hypothetical Dark Matter signal from e+e� ⇥ �⌅̄⌅ would look like. We
have assumed vector-type contact interactions between electrons and dark matter, m⇥ = 10 GeV, and
� = 300 GeV, see eq. (1). The peak at x� � 0.8 corresponds to the process e+e� ⇥ �Z0 ⇥ �⇤⇤̄, with an
on-shell Z0.
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events [17], we will here focus on data from the DELPHI experiment [18, 19], for which we were
best able to simulate the detector response. The data was taken at center of mass energies between
180 GeV and 209 GeV, but since in the analysis the events are characterized only by the relative
photon energy x� = E�/Ebeam, we can make the simplifying assumption that all data was taken at
an energy of 100 GeV per beam. We have checked that the error introduced by this approximation
is small. For our Monte Carlo simulations, we use CompHEP [20, 21], which allows us to include
the e⇥ect of initial state radiation (ISR) which we find to be non-negligible. For example, we are
only able to reproduce the height and width of the on-shell Z0 peak in the x� distribution for the
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su�cient to keep only the scalar s-channel contribution, which has a coe�cient 1/4. Thus, for
equal cuto↵ scale ⇤, the direct detection rate expected from the operator Ot is the same as that
expected from OS/4.

First we assume that the coupling of dark matter to all SM fermions, and in particular to all
flavors of quarks, is identical to its couplings to electrons. In this case, the LEP bound on ⇤ can be
immediately converted into an upper bound on the rate expected at direct detection experiments.
We show these bounds in Figure 3 and we see that the limits on spin-independent WIMP-nucleon

3 Note however that recent lattice determinations [26–29] of the strange quark content of the nucleus are considerably
lower. The e↵ect on our bounds, assuming equal coupling to all fermions, is small.
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Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux component alone. In the lower sub-panel we show residuals
after subtracting the model with line contribution. Note that we rebinned the data to fewer bins
after performing the fits in order to produce the plots and calculate the p-value and the reduced
χ2
r
≡ χ2/dof. The counts are listed in Tabs. 1, 2 and 3.
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their paper, their new limits appear to be in mild tension
with the claims presented in those studies.1 Lastly, the
independent analysis of Ref. [27] argues that the variabil-
ity in the spectum observed by Fermi across the sky is
quite high, suggesting the presence of significant system-
atic errors and bringing into question the line-like nature
of the gamma-ray feature in question.

In this article, we do not attempt to resolve the ques-
tions of the origin (or existence) of this gamma-ray fea-
ture, but instead consider the characteristics of dark mat-
ter models that are capable of producing such a bright
mono-energetic line. In particular, requiring only that
such a dark matter candidate does not violate constraints
from other indirect detection searches (such as those de-
rived from gamma-ray observations of the Galactic Cen-
ter), avoids being overproduced in the early Universe,
and annihilates through perturbative interactions, we
find that only a relatively narrow range of models can
lead to such a spectral feature. We discuss each of these
possibilities in turn, as well as the relevant constraints
and prospects for testing them in other experiments, in-
cluding at the Large Hadron Collider.

II. DARK MATTER ANNIHILATIONS TO
GAMMA-RAY LINES

There are several classes of Feynman diagrams through
which two dark matter particles could potentially annihi-
late to a final state including one or more photons. In this
section, we focus on the final state ��, and consider four
classes of diagrams which could produce the reported line
signal. In the first three of these four cases, the photons
are produced through diagrams which include a charged
particle loop. If the mass of the charged particle(s) is
lighter than the mass of the dark matter, then the corre-
sponding tree-level cross section for annihilations to these
charged particles will exceed the loop-level process to ��
by many orders of magnitude (if the charged particle(s)
is only slightly heavier than the dark matter, tree-level
annihilations to o↵-shell pairs of these particles could still
potentially dominate). As we will discuss in Sec. IV, such
an enormous annihilation cross section to charged parti-
cles is in considerable violation of gamma-ray constraints
from observations of the Galactic Center and elsewhere.
With this in mind, we are forced to consider processes
in which particles heavier than the dark matter itself are
exchanged.

Throughout the remainder of this section, we have

1
There are several significant di↵erences between the Fermi collab-

oration line analysis [26] and those of Refs. [20, 21]. In particular,

while Refs. [20, 21] use the up-to-date Pass 7 event selection, the

Fermi collaboration’s analysis uses Pass 6. The collaboration

analysis also considers a larger region of the sky relative to those

of Refs. [20, 21], which focus on the regions with the highest

expected signal-to-background.

FIG. 1: An example of a resonance-type diagram for dark
matter annihilation to two photons.

adopted specific spin assignments for the dark matter
candidate. The conclusions reached, however, are not
materially impacted by this these choices.

A. Resonant Diagrams

The first case we consider are diagrams in which s-
channel type annihilation is combined with a charged
particle loop (such as that shown in Fig. 1) [1]. For this
class of diagrams with a scalar mediator, the low-velocity
annihilation cross section for two Majorana fermions, X,
is given by:

�v�� =
↵2g2F g

2
X

256⇡3

m2
F

[(4m2
X �m2

M )2 +m2
M�2

M ]

⇥

arctan[((m2

F �m2
X)/m2

X)�1/2]

�2
, (1)

where gF and gX denote the couplings between the s-
channel mediator and the charged particle in the loop,
and between the mediator and the dark matter, respec-
tively. Here mM and mF denote the masses of the s-
channel mediator and the particle in the loop, respec-
tively. We have assumed that the particle in the loop
carries unit charge. Once the conditionmF � mX is met,
the cross section to �� is maximized for mM = 2mX =
260 GeV and mF ⇡ mX . In the limit mF ! mX , this
leads to:

�v��,max =
↵2g2F g

2
X

512⇡ �2
M

(2)

⇡ 4⇥ 10�27cm3/s

✓
gF gX
1

◆2 ✓10GeV

�M

◆2

.

Thus such a resonance could potentially generate a cross
section large enough to account for the observed 130 GeV
feature (�v�� ⇠ 2⇥10�27 cm3/s), although only if each of
the following conditions are met: 1) the charged particle
is only modestly heavier than the dark matter, 2) the
couplings of the mediator to the dark matter and to the
charged fermion are large (of order unity), and 3) the
resonance lies within ⇠10 GeV or so of 2mX , constituting
a ⇠4% tuning.
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Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux component alone. In the lower sub-panel we show residuals
after subtracting the model with line contribution. Note that we rebinned the data to fewer bins
after performing the fits in order to produce the plots and calculate the p-value and the reduced
χ2
r
≡ χ2/dof. The counts are listed in Tabs. 1, 2 and 3.
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their paper, their new limits appear to be in mild tension
with the claims presented in those studies.1 Lastly, the
independent analysis of Ref. [27] argues that the variabil-
ity in the spectum observed by Fermi across the sky is
quite high, suggesting the presence of significant system-
atic errors and bringing into question the line-like nature
of the gamma-ray feature in question.

In this article, we do not attempt to resolve the ques-
tions of the origin (or existence) of this gamma-ray fea-
ture, but instead consider the characteristics of dark mat-
ter models that are capable of producing such a bright
mono-energetic line. In particular, requiring only that
such a dark matter candidate does not violate constraints
from other indirect detection searches (such as those de-
rived from gamma-ray observations of the Galactic Cen-
ter), avoids being overproduced in the early Universe,
and annihilates through perturbative interactions, we
find that only a relatively narrow range of models can
lead to such a spectral feature. We discuss each of these
possibilities in turn, as well as the relevant constraints
and prospects for testing them in other experiments, in-
cluding at the Large Hadron Collider.

II. DARK MATTER ANNIHILATIONS TO
GAMMA-RAY LINES

There are several classes of Feynman diagrams through
which two dark matter particles could potentially annihi-
late to a final state including one or more photons. In this
section, we focus on the final state ��, and consider four
classes of diagrams which could produce the reported line
signal. In the first three of these four cases, the photons
are produced through diagrams which include a charged
particle loop. If the mass of the charged particle(s) is
lighter than the mass of the dark matter, then the corre-
sponding tree-level cross section for annihilations to these
charged particles will exceed the loop-level process to ��
by many orders of magnitude (if the charged particle(s)
is only slightly heavier than the dark matter, tree-level
annihilations to o↵-shell pairs of these particles could still
potentially dominate). As we will discuss in Sec. IV, such
an enormous annihilation cross section to charged parti-
cles is in considerable violation of gamma-ray constraints
from observations of the Galactic Center and elsewhere.
With this in mind, we are forced to consider processes
in which particles heavier than the dark matter itself are
exchanged.

Throughout the remainder of this section, we have
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There are several significant di↵erences between the Fermi collab-

oration line analysis [26] and those of Refs. [20, 21]. In particular,

while Refs. [20, 21] use the up-to-date Pass 7 event selection, the

Fermi collaboration’s analysis uses Pass 6. The collaboration

analysis also considers a larger region of the sky relative to those

of Refs. [20, 21], which focus on the regions with the highest

expected signal-to-background.

FIG. 1: An example of a resonance-type diagram for dark
matter annihilation to two photons.

adopted specific spin assignments for the dark matter
candidate. The conclusions reached, however, are not
materially impacted by this these choices.

A. Resonant Diagrams

The first case we consider are diagrams in which s-
channel type annihilation is combined with a charged
particle loop (such as that shown in Fig. 1) [1]. For this
class of diagrams with a scalar mediator, the low-velocity
annihilation cross section for two Majorana fermions, X,
is given by:
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↵2g2F g

2
X
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where gF and gX denote the couplings between the s-
channel mediator and the charged particle in the loop,
and between the mediator and the dark matter, respec-
tively. Here mM and mF denote the masses of the s-
channel mediator and the particle in the loop, respec-
tively. We have assumed that the particle in the loop
carries unit charge. Once the conditionmF � mX is met,
the cross section to �� is maximized for mM = 2mX =
260 GeV and mF ⇡ mX . In the limit mF ! mX , this
leads to:
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Thus such a resonance could potentially generate a cross
section large enough to account for the observed 130 GeV
feature (�v�� ⇠ 2⇥10�27 cm3/s), although only if each of
the following conditions are met: 1) the charged particle
is only modestly heavier than the dark matter, 2) the
couplings of the mediator to the dark matter and to the
charged fermion are large (of order unity), and 3) the
resonance lies within ⇠10 GeV or so of 2mX , constituting
a ⇠4% tuning.
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Detecting interactions between dark matter and photons at high energy e
+
e
− colliders
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We investigate the sensitivity to the effective operators describing interactions between dark
matter particles and photons at future high energy e+e− colliders via the γ + /E channel. Such
operators could be useful to interpret the potential gamma-ray line signature observed by the Fermi-
LAT. We find that these operators can be further tested at e+e− colliders by using either unpolarized
or polarized beams. We also derive a general unitarity condition for 2 → n processes and apply it
to the dark matter production process e+e− → χχγ.

PACS numbers: 95.35.+d,12.60.-i,13.66.Hk

I. INTRODUCTION

According to astrophysical and cosmological observa-
tions in recent years, about a quarter of the energy of our
Universe is made up of non-baryonic dark matter (DM),
which is further confirmed by the recent Planck measure-
ment [1]. Nonetheless, the nature of DM remains an open
question. On the market, the most attractive DM can-
didate is the weakly interacting massive particle, whose
mass and interaction strength can naturally explain the
DM relic density. Obviously, detecting the signals of DM
particles via non gravitational effects is helpful to reveal
the mystery of DM.

At the tree level, DM particles should have no direct
coupling to photons, otherwise they should be called as
“luminous matter”. Nevertheless, a pair of DM parti-
cles can annihilate into two photons via loop-induced
processes, i.e. via χχ → γγ, as shown in Refs. [2–4].
The photon produced via such loop-induced processes is
monochromatic and carries the energy of the DM parti-
cle mass mχ. If such photons have large flux and can be
captured by detectors, they will be identified as a “line”
and be distinguished from the continuous astrophysical
background spectrum clearly. If such a characteristic line
signature is detected, it is the “smoking gun” discovery
for the DM particles.

Recently, several studies of the Fermi-LAT γ-ray data
have shown that there might exist a monochromatic γ-
ray line near the energy ∼ 130GeV from the Galactic
center region [5–7]. If such a monochromatic γ-ray line
is true, it could be interpreted as the result of the DM
annihilation into photons in the Galactic Center with a
cross section of 〈σannv〉 ∼ 10−27 cm3 s−1. However, the
Fermi-LAT collaboration did not confirm such a γ-ray
line in the latest analysis [8]. Instead, they set the upper
limits on the DM annihilation cross section into photons.

In addition to direct searches for the DM particles
scattering off nuclei in underground detectors and indi-
rect searches for DM annihilation/decay products from
outer space, TeV-scale colliders provide another indepen-
dent and complementary approach to search for the DM

particles produced via high energy collisions. Although
DM particles almost cannot interact with materials of the
general-purpose detectors, it has been pointed out that
either the mono-jet channel or the mono-photon associat-
ing with a large missing energy (/E) can be a distinctive
signature in DM searches at both hadron and electron
colliders [9–22].
The interaction between DM particles and photons

which induces a “line” signal via the process χχ → γγ
can also lead to the process e+e− → χχγ as shown in
Fig. 1. Thus the potential γ-ray line signal can be tested
independently at future e+e− colliders. In this work, we
explore the prospect of the DM searching at e+e− collid-
ers by using the mono-photon signature, i.e. the γ + /E
channel.

e
−

e
+

γ

γ

χ

χ̄ (χ∗)

FIG. 1. Feynman diagram for the mono-photon process
e+e− → γ∗ → χχγ at e+e− colliders.

In a model-independent way, the interaction terms be-
tween a pair of DM particles and a pair of standard model
(SM) particles can be described by effective operators,
typically high-dimensional and non-renormalizable [11–
29]. Such a treatment would be valid if DM particles
couple to SM particles via exchanging some mediators
which are sufficiently heavy. In the framework of the ef-
fective field theory, the scattering, annihilation, and pro-
duction cross sections of DM particles can be easily re-
lated to each other [11–29], which offers a convenient way
to comprehend the correlations among three kinds of DM
searching experiments.
In this work, we adopt two effective operators to de-

scribe the interaction between DM particles (either a

[Yu,Yan,Yin:
1307.5740]
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FIG. 3. The 3σ reaches in the mχ −Λ plane at e+e− colliders with
√
s = 250GeV, 500GeV, 1TeV, and 3TeV are shown. The

left (right) plot is for the fermionic (scalar) DM with integrated luminosities of 100 fb−1 (solid lines) and 1000 fb−1 (dot-dashed
lines), respectively. The black diamonds denote the parameter points for explaining the Fermi γ-ray line signal.

TABLE I. Cross sections σ of all processes and signal sig-
nificances S/

√
B after each cut at

√
s = 500GeV are tabu-

lated. For the fermionic (scalar) DM, we use Λ = 200GeV
and mχ = 100 (50)GeV as input. The significances are com-
puted by assuming the dataset with an integrated luminosity
of 1 fb−1.

νν̄γ e+e−γ Fermionic DM Scalar DM

σ (fb) σ (fb) σ (fb) S/
√
B σ (fb) S/

√
B

Cut 1 2415.2 173.0 646.8 12.7 321.4 6.3

Cut 2 2102.5 168.6 646.8 13.6 308.2 6.5

Cut 3 1161.1 16.8 538.0 15.7 255.9 7.5

Cut 4 254.5 1.9 520.7 32.5 253.9 15.8

the number of signal events and B is the total number
of background events. Table I also lists the signal signif-
icances for the fermionic (scalar) DM with Λ = 200GeV
and mχ = 100 (50)GeV, by assuming a dataset with an
integrated luminosity of 1 fb−1. The 3σ reaches in the
mχ − Λ plane are shown in Fig. 3.
As mentioned above, in order to interpret the Fermi

γ-ray line signal, the required Λ of the fermionic DM are
smaller than that of the scalar DM. At a 3TeV e+e−

collider, we find that the parameter point corresponding
to the Fermi signal for the fermionic DM can be easily
confirmed or rejected. On the other hand, even with a
data set of 1000 fb−1, the parameter point for the scalar
DM might be challenging.
We convert the 3σ reaches from themχ−Λ plane to the

mχ − 〈σannv〉 plane, as shown in Fig. 4. Using 3.7-year
Fermi-LAT data, the Fermi-LAT collaboration set some
95% CL upper limits on DM annihilation cross section
into γγ [8]. For comparison, the limit from the region
of R41 given by Fermi-LAT collaboration is also shown
in Fig. 4. Note that the upper limits given in Ref. [8]

corresponds to the case that the DM particle and its an-
tiparticle are identical. Since we consider DM particles as
Dirac fermions or complex scalar particles in this work,
the DM particle is different to its antiparticle. In order
to compensate this difference, the limit plotted in Fig. 4
has been scaled up by a factor of 2 (a similar treatment
can be found in Ref. [35]).
With a 100 fb−1 dataset we find that the fermionic DM

searching at e+e− colliders could explore deeper than
Fermi-LAT for light DM particles, and the 3σ reach at a
3TeV collider would be lower than the Fermi upper limit
for 5 ≤ mχ ≤ 300GeV. However, the scalar DM search-
ing at e+e− colliders would be challenging and would
need a O(103) fb−1 dataset to make the collider reaches
comparable to the Fermi-LAT upper limit.

III. BEAM POLARIZATION

Polarized beams will be available at future e+e− col-
liders. Since the electroweak part of the SM is chiral,
appropriate beam polarization may be helpful to reduce
SM backgrounds and to increase new physics signals [36].
In Ref. [37], it was demonstrated that polarized beams
can significantly suppress the background e+e− → νν̄γ.
For a process at an e+e− collider with polarized beams,

the cross section can be expressed as [36]

σ(Pe− , Pe+) =
1

4

[

(1 + Pe−)(1 + Pe+)σRR

+ (1− Pe−)(1 − Pe+)σLL

+ (1 + Pe−)(1 − Pe+)σRL

+ (1− Pe−)(1 + Pe+)σLR

]

, (6)

where Pe± is the longitudinal degree of e± beam polariza-
tion. Pe± > 0 (Pe± < 0) corresponds to the right-handed
(left-handed) polarization. σRL denotes the cross sec-
tion for the completely right-handed polarized e− beam
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p

5/3g0, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt and ↵s by ±3�.

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7

◆

� 0.5

✓

↵s(MZ)� 0.1184

0.0007

◆

± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2

[Degrassi et al:
1205.6497]

In SM Higgs quartic becomes negative, universe unstable?
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
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3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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Type of error Estimate of the error Impact on Mh

Mt experimental uncertainty in Mt ±1.4 GeV
↵s experimental uncertainty in ↵s ±0.5 GeV

Experiment Total combined in quadrature ±1.5 GeV
� scale variation in � ±0.7 GeV
yt O(⇤QCD) correction to Mt ±0.6 GeV
yt QCD threshold at 4 loops ±0.3 GeV

RGE EW at 3 loops + QCD at 4 loops ±0.2 GeV
Theory Total combined in quadrature ±1.0 GeV

Table 1: Dominant sources of experimental and theoretical errors in the computation of the SM
stability bound on the Higgs mass, eq. (2).

The dominant uncertainties in the evaluation of the minimumMh value ensuring absolute

vacuum stability within the SM are summarized in Table 1. The dominant uncertainty is

experimental and comes mostly from the measurement of Mt. Although experiments at

the LHC are expected to improve the determination of Mt, the error on the top mass will

remain as the largest source of uncertainty. If no new physics other than the Higgs boson

is discovered at the LHC, the peculiarity of having found that the SM parameters lie at the

critical border between stability and metastability regions provides a valid motivation for

improved top quark mass measurements, possibly at a linear collider.

The dominant theoretical uncertainty, while reduced by about a factor of 3 with the

present work, is still related to threshold corrections to the Higgs coupling � at the weak

scale. Another sizable theoretical uncertainty comes from the fact that the pole top mass

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [35]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200
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3.3 Phase diagram of the SM
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value of the stability bound at NNLO on Mh is shifted with respect to NLO computations
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can be decomposed as follows:
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+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

17

0 50 100 150 200
0

50

100

150

200

Higgs mass Mh in GeV

To
p
m
as
sM

t
in
G
eV

Instability

N
on-perturbativity

Stability

Met
a-st

abil
ity

Instability

107

109

1010

1012

115 120 125 130 135
165

170

175

180

Higgs mass Mh in GeV

Po
le
to
p
m
as
sM

t
in
G
eV

1,2,3 s

Instability

Stability

Meta-stability

Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations
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can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

17

Type of error Estimate of the error Impact on Mh

Mt experimental uncertainty in Mt ±1.4 GeV
↵s experimental uncertainty in ↵s ±0.5 GeV

Experiment Total combined in quadrature ±1.5 GeV
� scale variation in � ±0.7 GeV
yt O(⇤QCD) correction to Mt ±0.6 GeV
yt QCD threshold at 4 loops ±0.3 GeV

RGE EW at 3 loops + QCD at 4 loops ±0.2 GeV
Theory Total combined in quadrature ±1.0 GeV
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stability bound on the Higgs mass, eq. (2).

The dominant uncertainties in the evaluation of the minimumMh value ensuring absolute

vacuum stability within the SM are summarized in Table 1. The dominant uncertainty is

experimental and comes mostly from the measurement of Mt. Although experiments at

the LHC are expected to improve the determination of Mt, the error on the top mass will

remain as the largest source of uncertainty. If no new physics other than the Higgs boson

is discovered at the LHC, the peculiarity of having found that the SM parameters lie at the

critical border between stability and metastability regions provides a valid motivation for

improved top quark mass measurements, possibly at a linear collider.

The dominant theoretical uncertainty, while reduced by about a factor of 3 with the

present work, is still related to threshold corrections to the Higgs coupling � at the weak

scale. Another sizable theoretical uncertainty comes from the fact that the pole top mass

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [35]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200
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Higgs physics

strengths of the five channels and the SM expectation of one is about 8%. The compatibility between
the combined best-fit signal strength µ̂ and the best-fit signal strengths of the five channels is 13%. The
dependence of the combined value of µ̂ on the assumed mH has been investigated and is relatively weak:
changing the mass hypothesis between 124.5 and 126.5 GeV changes the value of µ̂ by about 4%.

Table 2: Summary of the best-fit values and uncertainties for the signal strength µ for the individual
channels and their combination at a Higgs boson mass of 125.5 GeV.

Higgs Boson Decay µ
(mH=125.5 GeV)

VH → Vbb −0.4 ± 1.0
H → ττ 0.8 ± 0.7

H → WW (∗) 1.0 ± 0.3
H → γγ 1.6 ± 0.3

H → ZZ(∗) 1.5 ± 0.4
Combined 1.30 ± 0.20

)µSignal strength (
  -1  0 +1

Combined

 4l→ (*) ZZ→H 

γγ →H 

νlν l→ (*) WW→H 

ττ →H 

 bb→W,Z H 

-1Ldt = 4.6 - 4.8 fb∫ = 7 TeV:  s
-1Ldt = 13 - 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.6 fb∫ = 7 TeV:  s
-1Ldt = 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.8 fb∫ = 7 TeV:  s
-1Ldt = 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.6 fb∫ = 7 TeV:  s
-1Ldt = 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.6 fb∫ = 7 TeV:  s
-1Ldt = 13 fb∫ = 8 TeV:  s

-1Ldt = 4.7 fb∫ = 7 TeV:  s
-1Ldt = 13 fb∫ = 8 TeV:  s

 = 125.5 GeVHm

 0.20± = 1.30 µ

ATLAS Preliminary

Figure 1: Measurements of the signal strength parameter µ for mH =125.5 GeV for the individual chan-
nels and their combination.

In the SM, the production cross sections are completely fixed once mH is specified. The best-fit value
for the global signal strength factor µ does not give any direct information on the relative contributions
from different production modes. Furthermore, fixing the ratios of the production cross sections to the
ratios predicted by the SM may conceal tension between the data and the SM. Therefore, in addition to
the signal strength in different decay modes, the signal strengths of different Higgs production processes
contributing to the same final state are determined. Such a separation avoids model assumptions needed
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Figure 5: Fits for 2-parameter benchmark models described in Equations (10-13) probing different cou-
pling strength scale factors for fermions and vector bosons, assuming only SM contributions to the total
width: (a) Correlation of the coupling scale factors κF and κV ; (b) the same correlation, overlaying the
68% CL contours derived from the individual channels and their combination; (c) coupling scale factor
κV (κF is profiled); (d) coupling scale factor κF (κV is profiled). The dashed curves in (c) and (d) show
the SM expectation. The thin dotted lines in (c) indicate the continuation of the likelihood curve when
restricting the parameters to either the positive or negative sector of κF .

As can be seen in Fig. 5(a) the fit prefers the SM minimum with a positive relative sign, but the local
minimum with negative relative sign is also compatible at the ∼ 1σ level. The likelihood as a function of
κV when κF is profiled and as a function of κF when κV is profiled is presented in Fig. 5(c) and Fig. 5(d)
respectively. Figure 5(d) shows in particular to what extent the sign degeneracy is resolved. Figure 5(b)
illustrates how the H→ γγ, H → ZZ(∗), H → WW (∗), H → ττ and H → bb̄ channels contribute to the
combined measurement.

The 68% CL intervals of κF and κV when profiling over the other parameter are:

κF ∈ [−0.88,−0.75] ∪ [0.73, 1.07] (14)
κV ∈ [0.91, 0.97] ∪ [1.05, 1.21] . (15)

These intervals combine all experimental and theoretical systematic uncertainties. The two-dimensional
compatibility of the SM hypothesis with the best fit point is 8%.
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Higgs physics

Also the exclusive ttH,H ! µµ channel was studied. While the expected signal rate is only
⇠30 events at 3000 fb�1, a signal-to-background ratio of better than unity can be achieved and
hence this channel gives information on both the top- and µ-Yukawa coupling with a precision on
the total signal strength of ⇠25%.

An overview of the expected measurement precision in each channel for the signal strength µ with
respect to the Standard Model Higgs boson expectation for a mass of 125 GeV is given in Figure 3(a)
for assumed integrated luminosities of 300 fb�1 and 3000 fb�1.

µ
µΔ
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γγ→H

 (+j)γγ→H

γγ→VBF,H
γγ→ttH,H

γγ→VH,H
 WW→H

 WW→VBF,H
 ZZ→H

ττ→VBF,H

µµ→ttH,H

µµ→H

ATLAS Preliminary (Simulation)
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

 extrapolated from 7+8 TeV-1Ldt=300 fb∫
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Figure 3: (a): Expected measurement precision on the signal strength µ = (� ⇥ BR)/(� ⇥ BR)SM in
all considered channels. (b): Expected measurement precisions on ratios of Higgs boson partial widths
without theory assumptions on the particle content in Higgs loops or the total width.
In both figures, the bars give the expected relative uncertainty for a Standard Model Higgs boson with
a mass of 125 GeV (the dashed areas include current theory signal uncertainties from QCD scale and
PDF variations [10, 11]) for luminosities of 300 fb�1 and 3000 fb�1. For the ⌧⌧ final state the thin brown
bars show the expected precision reached from extrapolating all ⌧⌧ channels studied in the current 7 and
8 TeV analysis to 300 fb�1, instead of using dedicated studies at 300 fb�1 that, together with those made
for 3000 fb�1, are based only on the VBF H ! ⌧⌧ channels.

The �� and ZZ⇤ final states profit most from the high luminosity, as both statistical and systematic
uncertainties (which are dominated by the number of events in the sideband) are reduced considerably.
The �� final state is especially important, as this final state can be used as a clean probe of all initial
states and associated couplings accessible to the LHC.

In the ⌧⌧ channels dedicated studies for 300 fb�1 and 3000 fb�1 were done only for the VBF pro-

5

 
Table 1:  Sample of TLEP Physics performance goals.  
 

Physics region Ebeam 
(GeV) 

ECM 
(GeV) 

Luminosity 
in each of 4 
experiments 
cm-2s-1 

Beam 
Polarization 

Physics goals 

Z peak 44-47 88-94 1036
 Transverse for 

energy 
calibration >5% 

One year of data taking:   
>3×1011Z decays per experiment  
>6×1010bb pairs per experiment 

Z mass and width to 0.1 MeV/c2 

Δρl  to ≤510-5;  
Improvements in Rhad Rb Γinv, etc 

Z peak 45.6 91.2 >1035 Longitudinal: 
50% ALR AFB

Pol ; sin2θl 
eff to ≤310-6 

W pair threshold 
and maximum 

80-90 160-
180 

2.1035 Transverse for 
calibration >5% 
(useful, but not 
compulsory) 

One year of data taking:  
W mass to <1 MeV/c2 

ZH threshold and 
cross-section 
maximum 

110-
125 

220-
250 

5.1034 Not 
required 

5 years of data taking at ZH 
maximum (combined with 5 
years  at thett threshold).  

W mass to ≤1 MeV/c2 

5 × 105 ZH  events/expt 

mH (MeV) 7 
ΔΓH / ΓH 1.3% 
ΔΓinv / ΓH 0.15% 
ΔgHγγ / gHγγ 1.4% 
ΔgHgg / gHgg 0.7% 
ΔgHww / gHww 0.25% 
ΔgHZZ / gHZZ 0.2% 
ΔgHµµ / gHµµ 7% 
ΔgHττ / gHττ 0.4% 
ΔgHcc / gHcc 0.65% 
ΔgHbb / gHbb 0.22% 

 

tt threshold and 
High Energy  
(ECM > 340 GeV ) 

170-
180 

340-
360 

7.1033 Not 
required 

5 years of data taking: 
Top quark mass to 100 MeV/c2 

3.5 104 Hvv events 
 
Remark: precisions for Higgs coupling combine the information obtained at 240 GeV and 350 
GeV, although the 240 GeV exposure dominates.  

TLEP design study
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Higgs portal

The Higgs is narrow, so small couplings to NP can be 
important

L =
c

2
a2|H|2

For c~0.02              is comparable to b-quark BR.h ! aa

Other Operators
λQSQQ̄ + MQQQ̄

Fermiophobic de-
cays

Integrate out heavy coloured matter,
loop induced s, a→ 2g/2γ decays
Dominant for a, if small mixing
between a and A0 through
loop-induced Ah

Branching ratios for
h→ 2a→ (4g, 2g2γ, 4γ) =
(0.99, 7.6× 10−3, 1.5× 10−5)

Viable search channel at
TeVatron/LHC?–possibly [Dobrescu, Landsberg,
Matchev]

UC Davis, May 2006 – p.21/35

Depending on decays this BR may be very hard to see at 
LHC

h ! aa ! 4g
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Rare Higgs Decays

where ellipses denote nonrenormalizable couplings involving more than one Higgs field oper-

ator. In our notation, fL = qL, `L are SU(2)L doublets, fR = uR, dR, ⌫R, `R the weak singlets,

and indices run over generations and fermion flavors (quarks and leptons) with summation

implicitly understood. In the SM the Higgs couplings are diagonal, Yij = (mi/v)�ij, but

in general NP models the structure of the Yij can be very di↵erent. Note that we use the

normalization v = 246 GeV here. The goal of the paper is to set bounds on Yij and identify

interesting channels for Higgs decays at the LHC. Throughout we will assume that the Higgs

is the only additional degree of freedom with mass O(100 GeV) and that the Yij’s are the

only source of flavor violation. These assumptions are not necessarily valid in general, but

will be a good approximation in many important classes of new physics frameworks. Let

us now show how Yij 6= (mi/v)�ij can arise in two qualitatively di↵erent categories of NP

models.

a. A single Higgs theory. Let us first explore the possibility that the Higgs is the only

field that causes EWSB (see also [10, 15, 19, 23, 32–34]). For simplicity let us also assume

that at energies below ⇠ 200 GeV the spectrum consists solely of the SM particles: three

generations of quarks and leptons, the SM gauge bosons and the Higgs at 125 GeV. Addi-

tional heavy fields (e.g. scalar or fermionic partners which address the hierarchy problem)

can be integrated out, so that we can work in e↵ective field theory (EFT)—the e↵ective

Standard Model. In addition to the SM Lagrangian

LSM = f̄ j
Li /Df j

L + f̄ j
Ri /Df j

R �
⇥

�ij(f̄
i
Lf

j
R)H + h.c.

⇤

+DµH
†DµH � �H

⇣

H†H � v2

2

⌘

2

, (2)

there are then also higher dimensional terms due to the heavy degrees of freedom that were

integrated out:

�LY = ��0
ij

⇤2

(f̄ i
Lf

j
R)H(H†H) + h.c.+ · · · , (3)

Here we have written out explicitly only the terms that modify the Yukawa interactions.

We can truncate the expansion after the terms of dimension 6, since these already su�ce to

completely decouple the values of the fermion masses from the values of fermion couplings

to the Higgs boson. Additional dimension 6 operators involving derivatives include

�LD =
�ij
L

⇤2

(f̄ i
L�

µf j
L)(H

†i
 !
DµH) +

�ij
R

⇤2

(f̄ i
R�

µf j
R)(H

†i
 !
DµH) + · · · , (4)

where (H†i
 !
DµH) ⌘ H†iDµH � (iDµH†)H. The couplings �0

ij are complex in general,

while the �ij
L,R are real. The derivative couplings do not give rise to fermion-fermion-Higgs

4

Higher dimension operators can lead to flavour violating 
Higgs decays

[Harnik, Kopp, Zupan:1209.1397]
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Figure 6: Constraints on the flavor violating Yukawa couplings |Ye⌧ |, |Y⌧e| (upper left panel), |Yeµ|,
|Yµe| (upper right panel) and |Yµ⌧ |, |Y⌧µ| (lower panel) of a 125 GeV Higgs boson. The diagonal

Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of

constant BR for h ! ⌧e, h ! µe and h ! ⌧µ, respectively, whereas thick blue lines are the

LHC limits derived in Sec. VA. (These limits could be greatly improved with dedicated searches

on existing LHC data, see Sec. VC.) Shaded regions show the constraints discussed in Sec. III

as indicated in the plots. Note that g � 2 [EDM] searches (diagonal black dotted lines) are only

sensitive to parameter combinations of the form Re(Y↵�Y�↵) [Im(Y↵�Y�↵)]. We also show limits

from a combination of g � 2 and EDM searches with marginalization over the complex phases

of the Yukawa couplings (green shaded regions). Note that (g � 2)µ provides upper and lower

limits (as indicated by the double-sided arrows in the lower panel) if the discrepancy between the

measurement and the SM prediction [38, 43] is taken into account. The thin red dotted lines show

rough naturalness limits YijYji . mimj/v2 (see Sec. II).
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strengths of the five channels and the SM expectation of one is about 8%. The compatibility between
the combined best-fit signal strength µ̂ and the best-fit signal strengths of the five channels is 13%. The
dependence of the combined value of µ̂ on the assumed mH has been investigated and is relatively weak:
changing the mass hypothesis between 124.5 and 126.5 GeV changes the value of µ̂ by about 4%.

Table 2: Summary of the best-fit values and uncertainties for the signal strength µ for the individual
channels and their combination at a Higgs boson mass of 125.5 GeV.

Higgs Boson Decay µ
(mH=125.5 GeV)

VH → Vbb −0.4 ± 1.0
H → ττ 0.8 ± 0.7

H → WW (∗) 1.0 ± 0.3
H → γγ 1.6 ± 0.3

H → ZZ(∗) 1.5 ± 0.4
Combined 1.30 ± 0.20
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Figure 1: Measurements of the signal strength parameter µ for mH =125.5 GeV for the individual chan-
nels and their combination.

In the SM, the production cross sections are completely fixed once mH is specified. The best-fit value
for the global signal strength factor µ does not give any direct information on the relative contributions
from different production modes. Furthermore, fixing the ratios of the production cross sections to the
ratios predicted by the SM may conceal tension between the data and the SM. Therefore, in addition to
the signal strength in different decay modes, the signal strengths of different Higgs production processes
contributing to the same final state are determined. Such a separation avoids model assumptions needed
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Supersymmetry

•Light sleptons, electroweakinos, but coloured states 
heavy?--Only LEP bounds for sleptons
•Compressed spectra--makes jets soft
•RPV--removes MET signal
•Light stops, with nearly degenerate neutralino

Reasonable SUSY models can be hard to see (invisible?) at 
the LHC

Can they be made visible at TLEP?
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LHC: a pp machine going to 14 TeV, 
L~300-3000/fb

TLEP: a e+e- machine going to ~350 GeV, 
L~100-1000/fb

LEP: a e+e- machine going to ~200 GeV, 
L~10-100/pb E
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LHC: a pp machine going to 14 TeV, 
L~300-3000/fb

VHE-LHC: a pp machine going to 100 
TeV, L~300-3000/fb

TLEP: a e+e- machine going to ~350 GeV, 
L~100-1000/fb

LEP: a e+e- machine going to ~200 GeV, 
L~10-100/pb E
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FIG. 1. Leading experimental limits in the coupling gB versus mass MZ′

B
plane for Z ′

B resonances. Values of gB

above each line are excluded at the 95% CL.

would also push sensitivity to lower couplings in

the several hundred GeV mass range.

The plot is not extended above gB = 2.5,

because the U(1)B coupling constant is already

large, αB = g2B/(4π) ≈ 0.5, so that it is diffi-

cult to avoid a Landau pole. For that large cou-

pling, the current mass reach is around 2.8 TeV.

The 14 TeV LHC will extend significantly the

mass reach, and can probe smaller couplings once

enough data is analyzed. Note that couplings of

gB ≈ 0.1 can be viewed as typical (the analogous

coupling of the photon is approximately 0.3), and

even gB as small as 0.01 would not be very sur-

prising.

We also present the coupling–mass mapping

for colorons in Figure 2. For clarity, we only

show the envelope of the strongest tan θ upper

limits from all available analyses at each coloron

mass. This mapping is performed again using

leading order production. The NLO corrections

to coloron production have been computed re-

cently [47], and can vary between roughly −30%

and +20%. We do not take the NLO corrections

into account as we do not have an event gen-

erator that includes them; furthermore, there is

some model dependence in the NLO corrections

at small tan θ (for example, they are sensitive to

the color-octet scalar present in ReCoM [34]).

[Dobrescu and Yu:1306.2629]
Dijet resonance
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FIG. 6: Leading experimental limits and projected future constraints for 14 TeV (blue solid), 33 TeV (brown solid), and 100
TeV (green solid) pp colliders in the coupling gB versus mass MZ′

B
plane for Z′

B resonances. Values of gB above each line

are excluded at the 95% C.L. The dotted continuation of each projection line to low masses indicates an extrapolation to low
trigger thresholds.
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