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QCD Higgs as a pGB



Composite Higgs

• Higgs is a hadron of a new strong force	



• Solves the hierarchy problem (like QCD)	



• Higgs is a pseudoGoldstone that’s why it is 
lighter than the other resonances

Composite Higgs

Composite Higgs scenario:

1. Higgs is hadron of new strong force 
                                  Corrections to        screened above 
                              The Hierarchy Problem is solved

2. Higgs is a Goldstone Boson, this is why it is light

3. SM fermions and gauge coupled linearly to the strong sector

1/lHmH

Composite Sector Elementary Sector

fL, fRW 1,2,3
µ , Bµ

LintHiggs
+

resonances

gauge couplings:

fermion couplings:

Lint=gJµW
µ

Lint=yLqLOL+yRqROR
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Higgs couplings

Have been measured to 20-30% precision

Expect deviations ~ (v/f)2
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FIG. 1: In green, yellow and gray, the 68%,95%,99% C.L.
contours for the parameters a and c with the most recent data
(table I). Upper plot: ATLAS with data taken at mh = 126.5
GeV (dashed contours correspond to data taken at mh =

125GeV). Lower plot:CMS with data taken at mh = 125GeV.
A flat prior a 2 [0, 3], c 2 [�3, 3] is used.

Pseudo Nambu-Goldstone boson (PNGB) nature of
the Higgs, the couplings between h and the W,Z
gauge bosons are modified as

a =
p
1� ⇠, (6)

where ⇠ ⌘ v2/f2, f being the analogue of the pion
decay constant and v = 246 GeV is the vacuum ex-
pectation value (VEV) of the Higgs field. Interest-
ingly, on the one hand ⇠ ⌧ 1 from constraints com-
ing from electroweak precision data (EWPD); on the
other hand ⇠ is a measure of fine-tuning in these mod-

els2 and is expected to be sizable.

III. SO(5)/SO(4) AND DIFFERENT
FERMION COUPLINGS

While the strong sector alone is SO(5) symmet-
ric, the couplings of elementary fermions to the
strong sector break this symmetry, since the SM
fermions do not fill complete SO(5) multiplets. We
can parametrize these couplings as spurions which
transform both under the SM-gauge group and un-
der some representation r of SO(5) (the well known
minimal models MCHM4 [3] and MCHM5 [4] corre-
spond to r = 4 and r = 5, respectively). Depending
on the size of r, the coupling of h to fermions f might
deviate from the SM as [5]:

cf =
1 + 2m� (1 + 2m+ n)⇠p

1� ⇠
, (7)

where m,n are positive integers which depend on
r. The specific cases with m = n = 0 or m = 0,
n = 1 correspond to the MCHM4 (with c =

p
1� ⇠)

and MCHM5 (with c = (1 � 2⇠)/
p
1� ⇠), where all

fermions share the same coupling structure. Models
with m 6= 0 have deviations w.r.t. the SM of order
unity (in the direction c > 1), even in the limit ⇠ ! 0
and we shall not consider them any further.

In the specific case with c ⌘ ct = cb = c⌧ , the ef-
fects of Eq. (6) and Eq. (7) can be well described in
the (a, c) plane. We compare this theoretical expec-
tation, for m = 0 and n = 0, ..., 5, with the best fit
from the combined results of ATLAS (at mh = 126.5
GeV) and CMS (mh = 125 GeV), for the parameters
(a, c) in fig. 2 (the dashed contours show the same fit
taking the ATLAS data at mh = 125 GeV). We as-
sume that no states, beside the SM ones, contribute
via loop-e↵ects to the hgg and h�� vertices.

Interestingly, representations leading to large n &
4 can fit well the data also in the region with c < 0,
where the rate h ! �� is enhanced, due to a posi-
tive interference between W and t loops in the h��
vertex (the fact that it is possible to have order 1
changes in this coupling, from modification of or-
der O(v2/f2) ⌧ 1 is due to the large n & 4 en-
hancement). To our knowledge, explicit models of

2 The loop-induced potential for the PNGBs is a function of
sin v/f and, without any fine-tuned cancellation, would nat-
urally induce v ⇡ f or v = 0.
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Beyond current channels
the LHC measurements are plagued with several degeneracies

 inability to resolve the top loops
 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)

contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
the Higgs production cross section and the associated distributions up to NNLO in QCD perturba-
tion theory, and to apply arbitrary infrared-safe cuts on the Higgs decay products and the recoiling
QCD radiation. The program includes the H → γγ, H → WW → lνlν and H → ZZ → 4l decay
modes.

In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right
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dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).
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contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
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with our program. We consider Higgs boson production in pp collisions at
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use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.
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From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right
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Beyond current channels

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops the high pT tail
is tens’ % sensitive  
to the mass of top

Baur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only
NLOmt is not known

1/mt corrections known O(αs4) 
few % up to pT~150 GeV
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Composite Higgs Model
top partners contributions

inclusive rate: O(%)

with high-pT cut: O(x10’%)

high pT tail “sees” the top partners that are missed by the inclusive rate

Grojean, Salvioni, Schlaffer, Weiler 
‘ in progress 
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III. EVENT GENERATION

A. Signal sample

In this paper we consider H+jet events with subsequent H decays to WW ⇤ ! `+`�⌫⌫̄ and ⌧+⌧� modes as a
signal. The signal events are generated with MadGraph5, version 1.5.15 [104] and showerd with HERWIG++ [105–
107], where only WW ⇤ and ⌧+⌧� decays are specified.

We have used MadGraph5 to generate H+jet events using the HEFT model with SM couplings which makes
use of the low energy theorem. The generated cross section is proportional to |M(0, 1)|2 and does not take into
account finite top mass e↵ects which are crucial to our analysis. To obtain the correct weight of the events we
reweighted them by a weight factor

w(ct,g) =
|M(ct,g)|2
|M(0, 1)|2 (10)

making use of our own code which is based on an implementation of the formulas for the matrix elements
given in [103] and also calculated in [108]. At present no finite top mass NLO computation of the SM Higgs pT
spectrum is available. An exact NLO prediction of SM Higgs pT spectrum would be very desirable and help to
exploit the full potential of this observable. Recent progress in the precision prediction of h+ jet can be found
in Refs. [109–111]. We will approximate the NNLO (+ NNLL) result of 49.85 pb [112–114] by multiplying the
exact LO result with a K factor of 1.71 obtained in the mt ! 1 limit.

We reweight the events for points along the line ct + g = 1 for cg 2 [�0.5, 0.5] with steps of 0.1, as shown in
the left panel of Fig. 1. This is consistent with the SM inclusive Higgs production cross section. The size of cg
alone is only weakly constrained by the current ttH measurement. Although we only consider the most di�cult
points satisfying ct + g = 1 (which means no e↵ect in the inclusive cross-section), an analysis along di↵erent
ct + g = const. lines should be straightforward as a di↵erent choice essentially just corresponds to an overall
rescaling of the signal.
The right panel of the Fig. 1 shows the pT,H distributions for several model points. In the region with low

pT,H , the distributions are degenerate but for high pT,H the distributions start to split. For the model points
with g > 0 we see the enhancement in high pT,H region while we see the suppression for the model points with
g < 0. Table I shows the Higgs production cross sections relative to the SM value for several model points
(ct,g) and pT,H cuts. As one can see, for pT,H > 10GeV the cross sections are essentially the same as the SM
value within 2%, while for increasing pcutT , significant di↵erences from the SM predictions can be observed. For
the model point (ct,g) = (0.7, 0.3), for example, a 5% di↵erence would be observed for �(pT,H > 200 GeV),
and a ⇠ 20% di↵erence for �(pT,H > 300 GeV). We will see that these e↵ects are comparable to the sensitivity

                  tc
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FIG. 1. Left panel: model points generated for this analysis in (ct,g) plane. Right panel: parton level pT,H distributions
for the SM, and (ct,g) = (1� g,g) with g = ±0.1,±0.3,±0.5.
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Beyond current channels

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops the high pT tail
is tens’ % sensitive  
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Note: LO only
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1/mt corrections known O(αs4) 
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Composite Higgs Model
top partners contributions

inclusive rate: O(%)

with high-pT cut: O(x10’%)

high pT tail “sees” the top partners that are missed by the inclusive rate

Grojean, Salvioni, Schlaffer, Weiler 
‘ in progress 
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Beyond current channels

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops the high pT tail
is tens’ % sensitive  
to the mass of top

Baur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only
NLOmt is not known

1/mt corrections known O(αs4) 
few % up to pT~150 GeV

 Harlander et al  ’12 
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Composite Higgs Model
top partners contributions

inclusive rate: O(%)

with high-pT cut: O(x10’%)

high pT tail “sees” the top partners that are missed by the inclusive rate

Grojean, Salvioni, Schlaffer, Weiler 
‘ in progress 
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Complementary to htt

Theory frontier: 	


             not yet calculated, 	


            known to            :	


    few % up to pT ~150 GeV	



Grojean, Salvioni, Schlaffer, AW, in progress 	
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Light Higgs

light stops1,2, sbottomL,	


higgsinos, gluinos, …  

New physics & naturalness

light top partners 	


(Q=5/3,2/3,1/3), 	


anything else ?

supersymmetry composite Higgs

?



Flavor used to be a show-
stopper 

vs.  mtop

CPV in Kaon mixing



Partial compositeness

Fermionic operators can excite 
composite fermions at low energy:	



    parametrizes the degree of 
compositeness of the SM fermions

�0|O|⇥⇥ = � f

L = ⇤̄ i⇥⌅ ⇤ + ⇥̄( i⇥⌅ �m⇤)⇥ + �f ⇤̄⇥ + h.c.

✓
 
�

◆
!

✓
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sin' cos'

◆ ✓
 
�

◆
tan⇥ =

� f

m⇤

'

37

 Fermionic operators can excite 
composite fermions at low energy:

Partial compositeness

�0|Jµ|⇥⇥ = �r
µ f� m�same as for a conserved current:

 Linear couplings imply mass mixings:

vector-like 
composite fermion

rotating to mass eigenbasis:

|SM⇥ = cos' | ⇥+ sin' |�⇥

|heavy⇥ = � sin' | ⇥+ cos' |�⇥

Analogous to photon-rho mixing	


Br(rho → e+e-) ~ 10-5 	



Linear couplings imply mass 	


mixings:	


!
Rotate to mass eigenbasis:	


!

    parametrizes the degree of 
compositeness of the SM fermions

�0|O|⇥⇥ = � f

L = ⇤̄ i⇥⌅ ⇤ + ⇥̄( i⇥⌅ �m⇤)⇥ + �f ⇤̄⇥ + h.c.
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cos' sin'
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◆ ✓
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tan⇥ =
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m⇤
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37

 Fermionic operators can excite 
composite fermions at low energy:

Partial compositeness

�0|Jµ|⇥⇥ = �r
µ f� m�same as for a conserved current:

 Linear couplings imply mass mixings:

vector-like 
composite fermion

rotating to mass eigenbasis:

|SM⇥ = cos' | ⇥+ sin' |�⇥

|heavy⇥ = � sin' | ⇥+ cos' |�⇥

Partial Compositeness

Mixing & Flavour

Photon-⇢ Mixing

Analogous to QCD, where the photon remains
massless

Fermion mixing
✓
qSML
Qpar

L

◆
=

✓
cos' � sin'
sin' cos'

◆✓
qelL
Qco

L

◆

Leads to light SM fermions and heavy partners

Naive Partial Compositeness almost works

CP observables push m⇢ ⇠> 10 TeV

What can we do to make it work completely?

Maikel de Vries (DESY, Hamburg) Strong Signatures of RH Compositeness September 27, 2012 7 / 18



g⇢

dL dR

hHi

g⇢ sin ✓dLhHi sin ✓dR ⇠ md

Yukawa

g⇢g⇢
dL dR

⇠ sdLsdLsdRssR ⇠ md ms

v2

FCNC

sL sR

sin ✓dL

sin ✓sL sin ✓sR

sin ✓dR

GIM-like protection
m⇢

… almost works ⇤✏K = 105 TeV ! m⇢
>⇠ 10TeV

Csaki/Falkowski/AW, Davidson et al, Agashe et. al, … 

sin ✓dL sin ✓dR



“Into the Extra-dimension 
and back” 



Exciting journey… 



Depends on the perspective… 



Extra-dimensions





Compact extra dimensions
Compact Extra-dimension => momentum in extra-
dim’ direction is quantized:   pED = n/(size of ED)

p
2

= m
2 p2

5D = p2
− (n/R)2 = m2

4D 5D

1) 5D field with quantized momentum and mass m2

Two pictures (n/R on LHS or RHS): 	



2) infinite tower of 4D fields labeled by 5 momentum  
n/R with masses	

 M2

n
= m2 + (n/R)2

new particles: Kaluza Klein (KK) modes



Kaluza Klein states

S =

Z
d

5
x

1

2
@M�@M�

Free scalar field, massless

�(x, y) =
1p
2⇡R

X

n

�(n)(x)ei
n
Ry

Expand in fourier modes

(�(n))† = �(�n)with                                     to ‘keep it real’



Infinite tower of massive 4D fields m(n) =
n

R…
E

0
1/R
2/R



!

!

!

!

!

!

Why this structure?	


    	


Other dimensionless parameters of the SM:   	



gs ~1,  g ~ 0.6,  g’ ~ 0.3,  λHiggs ~ 1,  

The SM flavor puzzle

YU ⇡

0

@
6 · 10�6 �0.001 0.008 + 0.004i
1 · 10�6 0.004 �0.04 + 0.001

8 · 10�9 + 2 · 10�8i 0.0002 0.98

1

A

YD ⇡ diag
�
2 · 10�5 0.0005 0.02

�

|✓| < 10�9



!

!

!

!

!

!

!

If                 , then the      don’t look crazy.	


!

!

Log(SM flavor puzzle)

Y = e�� �

� log |YD| ⇡ diag (11 8 4)

� log |YU | ⇡

0

@
12 7 5

14 6 3

18 9 0

1

A



Quarks Leptons

thick wall

Figure 1: Profile of Standard Model fermion wave functions (vertical
axis) in the extra dimensions (horizontal axis). The fermions freely
propagate in 3+1 dimensions (not shown) and are “stuck” at different
locations in the extra dimensions. The gauge and Higgs fields’ wave
functions occupy the whole width of the thick wall. Direct couplings
between the fermions are then suppressed by the exponentially small
overlap of their wave functions. If – as shown here – quarks and lep-
tons live on opposite ends of the wall profile protons become essentially
stable. The hierarchy of Yukawa couplings arises from order one (in
units of the fermion wave function width) distances between left and
right handed components of the fermions.

we will see that the long-distance 4-dimensional theory can naturally have

exponentially small Yukawa couplings, arising from the small overlap between

left- and right-handed fermion wave functions. Similarly, without imposing

any symmetries to protect against proton decay, the proton decay rate can be

exponentially suppressed to safety if the quarks and leptons are are localized

at different ends of the wall ∗. We emphasize that there is nothing fine-tuned

about this from the point of view of the low-energy 4-dimensional theory;

all the exponentially small couplings are technically natural. However, our

examples violate the usual intuition that small couplings in a low-energy

theory must be explained by symmetries in the high-energy theory. Instead,
∗Our approach to to the fermion mass hierarchy similar in spirit to the one in [7]. For

other approaches to suppressing Yukawa couplings and proton decay, see [6].

2

hl ec
r

Figure 3: Yukawa coupling: the Gaussian wave functions of the
fermions l and ec overlap only in an exponentially small region, sup-
pressing the effective Yukawa coupling exponentially.

suppressed because the two fields are separated in space. The coupling is

then proportional to the exponentially small overlap of the wave functions.

Note that we did not impose any chiral symmetries in the fundamental

theory to obtain this result: the coupling κ can violate the electron chiral

symmetry by O(1). Even with chiral symmetry maximally broken in the

fundamental theory, we obtain an approximate chiral symmetry in the low

energy, 4-d effective theory.

3.2 Long live the proton

Proton decay places a very stringent constraint on most extensions of the

standard model. Unless a symmetry can be imposed to forbid either baryon

or lepton number violation, proton decay forces the scale of new physics to

be extremely high. In particular one might be tempted to conclude that

proton decay kills all attempts to lower the fundamental Planck scale M∗

significantly beneath the GUT scale, unless continuous or discrete gauge

symmetries are invoked. We now show that these no-go theorems are very

elegantly evaded by separating wave functions in the extra dimensions. Con-

sider for simplicity a one-generation model in five dimensions where the stan-

dard model fermions are again localized in the x5 direction by coupling the

five-dimensional fields to the domain wall scalar Φ. Assume that all quark

fields are localized near x5 = 0 whereas the leptons are near x5 = r as de-

11

SM on thick brane & domain wall ⇒ chiral localization	


!

!

!

!

!

!

Hierarchies w/o Symmetries

Φ

x5

ψ

Figure 2: Profile of the scalar domain wall field Φ in the x5 dimension.
A chiral zero mode fermion is localized at the zero of Φ.

to a four dimensional chiral fermion stuck at the zero of Φ [12]. A convenient

representation for the 4 × 4 gamma matrices in five dimensions is

γi =

(

0 σi

σi 0

)

, i = 0..3 , γ5 = −i

(

1 0
0 −1

)

. (1)

As it will be useful in the following sections, we record below the two different

Lorentz invariant fermion bilinears in 5 dimensions

Ψ̄1Ψ2, ΨT
1 C5Ψ2 (2)

where

C5 = γ0γ2γ5 =

(

ϵ 0
0 −ϵ

)

in the Weyl basis. (3)

The first is the usual Dirac bilinear, while the second is the Majorana bilinear

which generalizes the familiar 4-dimensional expression, where instead of C5

we have C4 = γ0γ2.

The action for a five dimensional fermion Ψ coupled to the background

scalar Φ is then

S =
∫

d4x dx5 Ψ[i̸∂4 + iγ5∂5 + Φ(x5)]Ψ . (4)

Here the coordinates of our 3+1 dimensions are represented by x whereas

the fifth coordinate is x5; five-dimensional fields are denoted with capital

5

of massive Dirac fermions. The shape of the wave function of the chiral

fermion is Gaussian, centered at x5 = 0. Note that coupling Ψ to −Φ would

have rendered ⟨x5 |R, 0⟩ normalizable and we would have instead localized a

massless right handed chiral fermion.

For clarity, let us write the full wave function of the massless chiral fermion

in the chiral basis

Ψ(x, x5) =

(

⟨x5 |L, 0⟩ψ(x)
0

)

. (12)

2.2 Many chiral fermions

We can easily generalize Eq. (4) to the case of several fermion fields. We

simply couple all 5-d Dirac fields to the same scalar Φ

S =
∫

d5x
∑

i,j

Ψ̄i[i ̸∂5 + λΦ(x5) − m]ijΨj . (13)

Here we allowed for general Yukawa couplings λij and also included masses

mij for the fermion fields. Mass terms for the five-dimensional fields are

allowed by all the symmetries and should therefore be present in the La-

grangian. In the case that we will eventually be interested in – the standard

model – the fermions carry gauge charges. This forces the couplings λij

and mij to be block-diagonal, with mixing only between fields with identical

gauge quantum numbers. For simplicity we will set λij = δij in this paper,

then mij can be diagonalized with eigenvalues mi.

Finding the massless four-dimensional fields is completely analogous to

the single fermion case of the last section. Each 5-d fermion Ψi gives rise to a

single 4-d left chiral fermion. Again, the wave functions in the 5th coordinate

are Gaussian, but they are now centered around the zeros of Φ − mi. In

the SHO approximation this is at xi
5 = mi/2µ2. Thus, at energies well

below µ the five-dimensional action above describes a set of non-interacting

four dimensional chiral fermions localized at different 4-d “slices” in the 5th

dimension. Note that while the overall position of the massless fermions

8

SM Yukawa couplings and proton decay. Since our exponential suppression

factors dominate any power suppression we will not keep track of the various

powers of scales which arise from matching 5-d to 4-d Lagrangians.

3.1 Yukawa couplings

In this section we apply our mechanism to generating hierarchical Yukawa

couplings in four dimensions. Concentrating on only one generation and the

lepton sector for the moment, we start with the five-dimensional fermion

fields with action

S =
∫

d5x L̄[i ̸∂5 + Φ(x5)]L + Ēc[i ̸∂5 + Φ(x5) − m]Ec + κHLT C5E
c. (14)

where C5 was defined in Eq. (3). As discussed in the previous sections, we

find a left-handed massless fermions l from L localized at x5 = 0 and ec from

Ec localized at x5 = r ≡ m/(2µ2). For simplicity, we will assume that the

Higgs is delocalized inside the wall. We now determine what effective four-

dimensional interactions between the light fields results from the Yukawa

coupling in eq. (14). To this end we expand L and Ec as in eq. (6) and

replace the Higgs field H by its lowest Kaluza-Klein mode which has an

x5-independent wave function. We obtain for the Yukawa coupling

SY uk =
∫

d4x κ h(x)l(x)ec(x)
∫

dx5 φl(x5) φec(x5) . (15)

Here φl(x5) and φec(x5) are the zero-mode wave functions for the lepton

doublet and singlet respectively. φl is a Gaussian centered at x5 = 0 whereas

φec is centered at x5 = r. The overlap of Gaussians is itself a Gaussian and

we find
∫

dx5 φl(x5) φec(x5) =

√
2µ√
π

∫

dx5 e−µ2x2
5e−µ2(x5−r)2 = e−µ2r2/2 . (16)

This result is in agreement with the intuitive expectation from Figure 2.

Any coupling between the two chiral fermions is necessarily exponentially
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 Two-body decay modes:

 Current experimental status in a nutshell

1. Almost all decays looked for 

2. Analyses optimized on pair production
 [GeV]TM

600 800 1000 1200 1400

 [p
b]

!

-310

-210

-110

1
observed 95% C.L.
expected 95% C.L.

 expected!1±
 expected!2±

theory!

CMS preliminary =8 TeVs -119.6 fb

VECTOR-LIKE T′! !Z/!H/"W

• !"#$%&'()**(+,)&&'*-(."(/'.(*%#%.-
! "#$%&'(#)$*+,-&.-$/0$1**23+456$57$
/089:;<=>#?>#@ABCD>EC>ECF

! "#$<5G53)$H&3&#*$75%$1HH$+5**&<H,$/0

17

600

650

700

750

800

BR(bW)

BR(tZ) BR(tH)

0

1

0

10

0.2

0.4

0.6

0.8

1

-1 = 8 TeV   19.6 fbsCMS preliminary   

O
bserved T Q

uark M
ass Lim

it [G
eV

]

600

650

700

750

800

BR(bW)

BR(tZ) BR(tH)

0

1

0

10

0.2

0.4

0.6

0.8

1

-1 = 8 TeV   19.6 fbsCMS preliminary   

Expected T Q
uark M

ass Lim
it [G

eV
]

[CMS B2G-12-015]

!"#"$%&'($)((*&+,-&.*/&012&3(4

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 700 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 750 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 800 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 850 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 500 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 550 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 600 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 650 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 350 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 400 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 450 GeVTm
ATLAS Preliminary

Status: Lepton-Photon 2013

95% CL exp. excl. 95% CL obs. excl.

 = 8 TeV, s  -1 L dt = 14.3 fb�

SU(2) singletSU(2) (T,B) doub.

]ATLAS-CONF-2013-018Ht+X            [

]ATLAS-CONF-2013-051Same-Sign  [

]ATLAS-CONF-2013-056Zb/t+X         [

]ATLAS-CONF-2013-060Wb+X          [

 Wb)�BR(T 

 H
t)

�
BR

(T
 

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 700 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 750 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 800 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 850 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 500 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 550 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 600 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 650 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 350 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 400 GeVTm

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

Forbidden

 = 450 GeVTm
ATLAS Preliminary

Status: Lepton-Photon 2013

95% CL exp. excl. 95% CL obs. excl.

 = 8 TeV, s  -1 L dt = 14.3 fb�

SU(2) singletSU(2) (T,B) doub.

]ATLAS-CONF-2013-018Ht+X            [

]ATLAS-CONF-2013-051Same-Sign  [

]ATLAS-CONF-2013-056Zb/t+X         [

]ATLAS-CONF-2013-060Wb+X          [

 Wb)�BR(T 

 H
t)

�
BR

(T
 

CMS B2G-12-015
CMS B2G-12-012

Decay modes
B X5/3

W+ /Z, h W� /Z, h

b / t t / b

W+

t
T,X2/3, T̃

B
R
(T

!
h
t)

BR(T ! Wb)
28

 Two-body decay modes:

 Current experimental status in a nutshell
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2. Analyses optimized on pair production
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 Two-body decay modes:

 Current experimental status in a nutshell

1. Almost all decays looked for 

2. Analyses optimized on pair production
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Figure 1: Typical single and pair production diagrams for T
5/3

and B for signals with two positively
charged leptons. We notice that for T

5/3

the leptons always comes from its decay, while for B they
originate in two di↵erent legs.

and correspond, when going to the unitary gauge and making use of the Equivalence Theorem, to vertices
with the longitudinal EW bosons. From the Lagrangian above it is easy to see that only the B and the
T

5/3

partners will be visible in the final state we want to study, which contains two hard and separated
same–sign leptons; the pair and single production diagrams are shown in fig. 1.

The couplings �B = Y ⇤
t sin 't cos 'q = yt/ tan'q and �T = Y ⇤

t sin 't = yt/ sin 'q are potentially
large since Y ⇤

t is large, as we have discussed, and for sure �T � yt ' 1. But they will actually be
bigger in realistic models where the amount of compositeness of qL, sin'q, cannot be too large. The bL

couplings have indeed been measured with high precision and showed no deviations from the SM. Large
bL compositeness would have already been discovered, for instance in deviations of the ZbLbL coupling
from the SM prediction. Generically, corrections �gL/gL ⇠ sin 'q

2 (v/f)2 [11] are expected which would
imply (for moderate tuning v/f /⌧ 1) an upper bound on sin 'q. It is however possible to eliminate such
contributions by imposing, as in the model of [8] (see also [22]), a “Custodial Symmetry for ZbLbL” [23]
which makes the correction reduce to �gL/gL ⇠ sin 'q

2 (mZ/⇤)2. Still, having not too big bL compositeness
is favored and further bounds are expected to come from flavor constraints in the B–meson sector. To be
more quantitative we can assume that sin'q < sin 't, i.e. that qL is less composite than the tR. This
implies sin'q <

p
(yt/Y ⇤

t ) and therefore �T >
p

(ytY ⇤
t ) & 2 and �B >

p
(ytY ⇤

t � y2

t ) &
p

3. We will
therefore consider �T,B couplings which exceed 2 and use the reference values of 2, 3, 4; smaller values for
both couplings are not possible under the mild assumption sin 'q < sin 't.

Our analysis, though performed in the specific model we have described, has a wide range of applica-
bility. The existence of the B partner is, first of all, a very general feature of the partial compositeness
scenario given that one partner with the SM quantum numbers of the bL must exist. Also, it interacts
with the tR as in eq. (4) due to the SU(2)L invariance of the proto–Yukawa term. The T

5/3

could on the
contrary not exist, this would be the case if for instance we had chosen representations Q = (2,1)

1/6

and
eT = (1,2)

1/6

for the partners (which is however strongly disfavored by combined bounds from �gb/gb and
T), or in the model of [11]. To account for these situations we will also consider the possibility that only
the B partner is present. 2 The existence of the T

5/3

is a consequence of the ZbLbL–custodial symmetry,
which requires that the B partner has equal T 3

L and T 3

R quantum number. This, plus the SO(4) invariance
of the proto–Yukawa, implies that the T

5/3

must exist and couple as in eq. (4). Our analysis, as we have
remarked, can also apply to Higgsless scenarios in both cases in which the custodian T

5/3

is present or
not. The results could change quantitatively in other specific models because for instance other partners
can be present and contribute to the same–sign dilepton signal, or other channels could open for the decay

2
In this case, our analysis perfectly applies to the model proposed in [11], where the tR is entirely composite, sin 't = 1,

and the coupling is large.
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Double



Phenomenology

Three possible production mechanisms

QCD pair prod.
model indep.,
relevant at low mass

X

X

X

t

single prod. with t
model dep. coupling
pdf-favored at high mass

X
single prod. with b
favored by small b mass 
dominant when allowed

b

comparing production rates:
(7 TeV LHC)
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Exotics
Have we thought hard enough 
about non-standard options?



DM emerging jets
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [44] (dark yellow line), CDMS II [45] (green
line), ZEPLIN-III [46] (magenta line), CDMSlite [47] (dark
green line), XENON10 S2-only [20] (brown line), SIMPLE [48]
(light blue line) and XENON100 100 live-day [49] (orange
line), and 225 live-day [50] (red line) results. The inset
(same axis units) also shows the regions measured from annual
modulation in CoGeNT [51] (light red, shaded), along with
exclusion limits from low threshold re-analysis of CDMS II
data [52] (upper green line), 95% allowed region from
CDMS II silicon detectors [53] (green shaded) and centroid
(green x), 90% allowed region from CRESST II [54] (yellow
shaded) and DAMA/LIBRA allowed region [55] interpreted
by [56] (grey shaded). Results sourced from DMTools [57].

upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.

The 90% upper C. L. cross sections for spin-
independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [45,
46, 50, 51]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [45, 51, 54, 55].
These results do not support such hypotheses based
on spin-independent isospin-invariant WIMP-nucleon
couplings and conventional astrophysical assumptions

for the WIMP halo, even when using a conservative
interpretation of the existing low-energy nuclear recoil
calibration data for xenon detectors.

LUX will continue operations at SURF during 2014
and 2015. Further engineering and calibration studies
will establish the optimal parameters for detector
operations, with potential improvements in applied
electric fields, increased calibration statistics, decaying
backgrounds and an instrumented water tank veto
further enhancing the sensitivity of the experiment.
Subsequently, we will complete the ultimate goal of
conducting a blinded 300 live-day WIMP search further
improving sensitivity to explore significant new regions
of WIMP parameter space.
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⌦DM ' 5⌦B

⌦B = mpnB

Controlled by complicated

(known) QCD dynamics

Unknown dynamics  
of baryogenesis

⌦DM = mDMnDM

QCD like?

Coincidence?



Dark QCD
Imagine a QCD like “dark sector” with 1-10 GeV  
mass scale


Connected to SM in two ways:


• TeV scale mediator (hidden valley)

Strassler, Zurek, PLB 07. 

⇡dpd Zood



pp ! qdqd

49



Dark QCD
Imagine a QCD like “dark sector” with 1-10 GeV  
mass scale


Connected to SM in two ways:


• TeV scale mediator (hidden valley)


• Weak pion decay operator


Strassler, Zurek, PLB 07. 

⇡dpd Zood



pp ! qdqd

51



emerging jets
!

Decay lifetime of ~ cm

!

Exponential decay means 
jets emerge at different 
distances

!

No/few tracks originating 
from interaction point


pp ! qdqd



pp ! qdqd

Look for events with

no/few tracks in the 
circle

53
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QCD bgd’s
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What will we learn 
from run II?



estimates of the reach of future colliders  
based on existing limits

Collider-reach!
w/ Gavin Salam (CERN)

www.cern.ch/collider-reach

http://www.cern.ch/collider-reach


There are already many well-designed searches

Model e, µ, τ, γ Jets Emiss
T

∫
L dt[fb−1] Mass limit Reference

In
cl

u
si

ve
S

e
a

rc
h

e
s

3
rd

g
e

n
.

g̃
m

e
d

.
3
rd

g
e

n
.

sq
u

a
rk

s
d

ir
e

ct
p

ro
d

u
ct

io
n

E
W

d
ir

e
ct

L
o

n
g

-l
iv

e
d

p
a

rt
ic

le
s

R
P

V
O

th
e

r

MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃ ) ATLAS-CONF-2013-0471.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃ g̃ , g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃ g̃ , g̃→qqχ̃
±
1→qqW ±χ̃01 1 e,µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1 )+m(g̃ )) ATLAS-CONF-2013-0621.18 TeVg̃

g̃ g̃ , g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1 2 e,µ 0-3 jets - 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 4.8 m(χ̃
0
1)>50 GeV 1209.07531.07 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃ )>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄ χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄ χ̃
0
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄ χ̃
+
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e,µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃

0
1) =m(t̃1)-m(W )-50 GeV, m(t̃1)<<m(χ̃

±
1 ) ATLAS-CONF-2013-048130-220 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1 2 e,µ 2 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-065225-525 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1 )=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 1 e,µ 1 b Yes 20.7 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1)<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(χ̃
0
1)>150 GeV ATLAS-CONF-2013-025500 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z ) 1 b Yes 20.7 m(t̃1)=m(χ̃
0
1)+180 GeV ATLAS-CONF-2013-025271-520 GeVt̃2

ℓ̃L,Rℓ̃L,R, ℓ̃→ℓχ̃01 2 e,µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-04985-315 GeVℓ̃

χ̃+1 χ̃
−
1 , χ̃

+
1→ℓ̃ν(ℓν̃) 2 e,µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-049125-450 GeVχ̃±

1
χ̃+1 χ̃

−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1
χ̃±1 χ̃

0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-035600 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1Z χ̃

0
1 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-035315 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1h χ̃

0
1 1 e,µ 2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 , χ̃
0
2

Direct χ̃
+
1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1 )=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃ , long-lived χ̃

0
1 2 γ - Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X , ν̃τ→e(µ) + τ 1 e,µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q̃)=m(g̃ ), cτLSP<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃
χ̃+1 χ̃

−
1 , χ̃
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1→W χ̃

0
1, χ̃

0
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Scalar gluon pair, sgluon→tt̄ 2 e,µ (SS) 1 b Yes 14.3 ATLAS-CONF-2013-051800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: SUSY 2013

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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Large Extra 
Dimensions

Compositeness

How do we leverage that experience to  
estimate future reaches?



A rough way of doing it
Suppose ATLAS/CMS are currently sensitive to gluinos 

of 1250 GeV (95% CLs, 8 TeV, 20 fb-1)  

Work out how many signal events that corresponds to  

Find out for what gluino mass you would get the same 
number of signal events at 14 TeV with 300 fb-1  

(assume # of background events scales same way)  



Too complicated"

Calculating mass for constant # 
of signal events is pretty 

straightforward 

But it still requires some  
work and setup 

E.g. need cross section 
calculators for each new physics 

process (Prospino/Pythia/…),  
run them for a range of masses, 

etc.

Too simplistic"

Backgrounds may not scale in 
the same way as signal 

New irreducible backgrounds 
may appear at higher scales 

Reconstruction efficiencies may 
depend on mass scale 

Detector effects (e.g. granularity), 
and run conditions (pileup) vary 

across energy scales and 
luminosities

It can’t possibly work! an iPhone app?



Coupling constants & other prefactors mostly cancel in 
the ratio.  
 
Dependence on M and on √s mostly comes about 
through parton distribution functions (PDFs) & simple 
dimensions.

N
signal-events

(M2

high

, 14TeV,Lumi)

N
signal-events

(M2

low

, 8TeV, 19fb�1)
= 1



Z’ example

2.1 A Z’ example

From e.g. ESW (p. 304, eq. 9.8)
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For a narrow peak we get for the total cross-section using (2.1a) and (2.2),
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where we have assumed that �Z0 / MZ0 . How to get threshold e↵ects right? Assume we are far o↵
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3 Post-dicting LHC Limits

In this section we show how well we can post-dict (expected) LHC limits.

4 The error of our ways

5 Comparison to Projections to Higher Energy and Luminosity

It is interesting to compare our method to recent projections for the LHC and future hadron machines.
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�̂0(ŝ) = C

ŝ
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2) �̂0(ŝ), (2.5a)

=
X

ij


⌧

Z
dx

x

fi(x)fj(⌧/x)

�
C

(m2 �M

2
Z0)2 + �2

Z0M
2
Z0

(2.5b)

For a narrow peak we get for the total cross-section using (2.1a) and (2.2),

� ⇡
Z

dm

2
X

ij

Lij(m
2
, s)C

⇡

�Z0
MZ0

�(m2 �M

2
Z0) (2.6a)

=
1

m

2

X

ij

C

0Lij(m
2
, s) (2.6b)

= N(m, s) (2.6c)

where we have assumed that �Z0 / MZ0 . How to get threshold e↵ects right? Assume we are far o↵
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Instead of cross section ratio, use parton luminosity ratio"

Equation we solve to find Mhigh is then

Lij(M2

high

, s
high

)

Lij(M2

low

, s
low

)
⇥ lumi

high

lumi
low

=
M2

high

M2

low

The tools we use for this are  
LHAPDF and HOPPET 

most plots with MSTW2008 NNLO PDFs
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Does it work?
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From your iPhone/Android 
(or a generic browser) 
cern.ch/collider-reach

http://cern.ch/collider-reach
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collider #2

Spread of 
partonic 
channels 

(assume same 
channel for  

 S & B)



cern.ch/collider-reach *

linear plot log-log plot

http://cern.ch/collider-reach


14 TeV300 fb-1 ➝ 100 TeV3 ab -1

��

���

���

���

���

���

���

�� �� �� �� �� �� �� �	 �


��
�

��

��
��
��
��
��
���
��
��
��
��
��
��
��
��
��
��
��
���

��

���
����������������������������������������

��������� ��!"�#��$�!
�����%
�&��'����

��(��)��*
�����

+�+
,��+��+��+�-
-�-



Rule of Thumb #1

Increase collider energy by X 
& increase luminosity by a factor X2"

→ reach goes up by a factor X
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Because you keep same Bjorken-x &  
luminosity increase compensates for 

1/mass2 scaling of cross sections

√s x 2, 
lumi x 4 

PDF scaling variations are small effect



Rule of Thumb #2 
(apparently not widely known previously)

Increase luminosity by factor 10 
→ reach increases by constant  

Δm ≃ 0.07√s 

i.e. for √s=14 TeV, reach goes by up 
1 TeV

No deep reason — a somewhat 
random characteristic of large-x PDFs. 

Only holds for 0.15    M/√s     0.6. .
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v. 300 fb-1



Consequence of rule #2 
(may be a bit fragile & only for S ≲ B)

Using rule #2: 
discovery reach is about 0.05√s 
below exclusion reach 
~ 0.8 TeV at 14 TeV

Exclusion is 2-σ  
Discovery is 5-σ 

Need (5/2)2 = 6.25 increase in lumi to 
go from one to the other. 
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What else?

• We are preparing for run II 

• Maybe we won’t see a natural resolution of the 
hierarchy problem 

• Need to cover all bases: consider more exotic 
signatures, think hard about triggers



AdS/CFT

Looking under the lamp-post



Home-work
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in

ν2ν1 ν3

d s b

u c t

e µ τ

meVµeV eV keV MeV GeV TeV

fermion masses

A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.

Find the TeV theory 	


beyond the SM

?



LHC14 will be exciting  (tuning         ). Let’s be 
prepared and leave no stone unturned.!
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and MCHM10. In section 3 we extend this calculation to other MCHM and derive a generic lower-

bound on the Higgs mass. In section 4 we summarize our results. In Appendix A we give the

explicit relations between the top-quark form-factors and the correlators of the strong sector, while

in Appendix B we give the e↵ective lagrangian of the top in certain MCHM models of interest.

Note added: While this work was in preparation, Ref. [20] appeared, where the Weinberg

sum-rules are also used to link the Higgs and fermion resonance masses and some of the formulas

presented here are also derived.

2 The Higgs mass in the MCHM

In this section, we want to calculate the Higgs mass as a function of the resonance masses of the

strong sector in di↵erent realizations of the MCHM. We will work in the unitary gauge where only

the physical Higgs h is kept and the SM Goldstones are gauged away. We start with the calculation

of the gauge contribution to the Higgs potential, that follows closely the original calculation of

the electromagnetic contribution to the charged-pion mass [10]. Then we compute the fermion

contribution which, due to the large top-quark Yukawa coupling, is typically dominant.

2.1 Gauge contributions to the Higgs potential

Working in the limit g0 ! 0, the SM gauge contribution arising from loops of SU(2)
L

gauge bosons

is given by [5]
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where ⇢
n

and a
n

are vector resonances coming respectively in 6-plets and 4-plets of SO(4), and

F
⇢n,an are referred to as the decay-constants of these resonances.
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are vector resonances coming respectively in 6-plets and 4-plets of SO(4), and

F
⇢n,an are referred to as the decay-constants of these resonances.
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→ ‘Weinberg sum rules’

The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according

to the operator product expansion, the form factor ⇧1(p) must drop at large p as ⇠ hOi/pd�2,

where O is the lowest dimension d operator of the strong sector responsible for the SO(5) ! SO(4)

breaking. In large-N
c

QCD, in the limit of massless quarks, we have hOi ⇠ hqq̄i2 and then d = 6,

with the left-right correlator ⇧
LR

(p) = ⇧
V

� ⇧
A

! hqq̄i2/p4 being the equivalent of our ⇧1(p).

We assume that in the TeV strong sector d > 4, meaning that the integral
R
d4p⇧1(p)/⇧0(p) is

convergent for ⇧0 ⇠ p2, assuring the finiteness of the Higgs-dependent part of the potential Eq. (1).

This convergence is equivalent to imposing a set of requirements on ⇧1(p), usually known as the

Weinberg sum-rules [9]. These are

lim
p

2!1
⇧1(p) = 0 , lim

p

2!1
p2⇧1(p) = 0 , (4)

that give two constraints to be fulfilled by the decay constants and masses in Eq. (3). Following

Ref. [10], we can now make the extra assumption of truncating the infinite sum in Eq. (3) to include

only the minimal number of resonances needed to satisfy the sum-rules Eq. (4). One can easily

realize that only two are needed, ⇢1 ⌘ ⇢ and a1. Using the two constraints Eq. (4) we can determine

F
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and F
a1 , and then calculate ⇧1 as a function of the two resonance masses 1:
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Eq. (5) can now be used to obtain the gauge contribution to the Higgs potential Eq. (1). In an

expansion g2 ⌧ 1, we have
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and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking

(EWSB).

1This result is straightforward to obtain in the following alternative way. Requiring that ⇧1 has two poles
corresponding to the two massive resonances implies that the denominator of ⇧1 must be (p2 +m2

⇢)(p
2 +m2

a1
); the

numerator can easily be obtained by requiring ⇧1(0) = f2.
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Potential is fully radiatively generated

Implications of mH = 125 GeV

Agashe et. al
The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according

to the operator product expansion, the form factor ⇧1(p) must drop at large p as ⇠ hOi/pd�2,

where O is the lowest dimension d operator of the strong sector responsible for the SO(5) ! SO(4)

breaking. In large-N
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QCD, in the limit of massless quarks, we have hOi ⇠ hqq̄i2 and then d = 6,

with the left-right correlator ⇧
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(p) = ⇧
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! hqq̄i2/p4 being the equivalent of our ⇧1(p).

We assume that in the TeV strong sector d > 4, meaning that the integral
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d4p⇧1(p)/⇧0(p) is

convergent for ⇧0 ⇠ p2, assuring the finiteness of the Higgs-dependent part of the potential Eq. (1).
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and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking

(EWSB).

1This result is straightforward to obtain in the following alternative way. Requiring that ⇧1 has two poles
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Higgs dependent term 	


UV finite

< 1



The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according

to the operator product expansion, the form factor ⇧1(p) must drop at large p as ⇠ hOi/pd�2,

where O is the lowest dimension d operator of the strong sector responsible for the SO(5) ! SO(4)

breaking. In large-N
c

QCD, in the limit of massless quarks, we have hOi ⇠ hqq̄i2 and then d = 6,

with the left-right correlator ⇧
LR

(p) = ⇧
V

� ⇧
A

! hqq̄i2/p4 being the equivalent of our ⇧1(p).

We assume that in the TeV strong sector d > 4, meaning that the integral
R
d4p⇧1(p)/⇧0(p) is

convergent for ⇧0 ⇠ p2, assuring the finiteness of the Higgs-dependent part of the potential Eq. (1).

This convergence is equivalent to imposing a set of requirements on ⇧1(p), usually known as the

Weinberg sum-rules [9]. These are
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that give two constraints to be fulfilled by the decay constants and masses in Eq. (3). Following

Ref. [10], we can now make the extra assumption of truncating the infinite sum in Eq. (3) to include

only the minimal number of resonances needed to satisfy the sum-rules Eq. (4). One can easily

realize that only two are needed, ⇢1 ⌘ ⇢ and a1. Using the two constraints Eq. (4) we can determine

F
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and F
a1 , and then calculate ⇧1 as a function of the two resonance masses 1:
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Eq. (5) can now be used to obtain the gauge contribution to the Higgs potential Eq. (1). In an
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and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking

(EWSB).

1This result is straightforward to obtain in the following alternative way. Requiring that ⇧1 has two poles
corresponding to the two massive resonances implies that the denominator of ⇧1 must be (p2 +m2

⇢)(p
2 +m2

a1
); the

numerator can easily be obtained by requiring ⇧1(0) = f2.
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UV finiteness requires at least two resonances

Similarly for SO(5) fermionic contribution
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The convergence of Eq. (19) requires the Weinberg sum-rule lim
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where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
p!1 pn⇧
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1 (p) = 0 (n = 0, 2), that require
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this

procedure does not depend on its quantum numbers. We then have
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that provides an upper bound for the resonance mass:
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
p!1 pn⇧

tL,R

1 (p) = 0 (n = 0, 2), that require

at least two resonances, Q(1)
1 ⌘ Q1 and Q

(4)
1 ⌘ Q4. We obtain

⇧
tL,R

1 = |FL,R

Q4
|2 (m2

Q4
�m2

Q1
)

(p2 +m2
Q4
)(p2 +m2

Q1
)
,

M t

1(p) = |FL

Q4
FR ⇤
Q4

|mQ4mQ1(mQ4 �m
Q1e

i✓)

(p2 +m2
Q4
)(p2 +m2

Q1
)

✓
1 +

p2

m
Q4mQ1

m
Q1 �m

Q4e
i✓

m
Q4 �m

Q1e
i✓

◆
, (24)

where we have defined FL

Q4
FR ⇤
Q4

= ei✓|FL
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| and set by a field redefinition FL

Q1
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to be real.
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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Following the same approach
 for the minimal composite PGB Higgs model: hh

 = Decay-constant of the PGB Higgsf

5 = 4 + 1

→ solve for mh = 125 GeV
Q1Q4

with EM charges 5/3, 2/3,-1/3

Pomarol et al; Marzocca

similar result in deconstruction: 	


Matsedonskyi et al;  Redi et al	



spin1



Light Higgs implies light fermionic top partners

where we have used the fact that the physical top mass is given by

m
t

=
|M t

1(0)|q
2⇧tL

0 (0)⇧̃tR
0 (0)

hs
h

c
h

i . (20)

The convergence of Eq. (19) requires the Weinberg sum-rule lim
p!1 M t

1(p) = 0. This can be

achieved with just one resonance, ����
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1(p)
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where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this

procedure does not depend on its quantum numbers. We then have
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that provides an upper bound for the resonance mass:
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
p!1 pn⇧

tL,R

1 (p) = 0 (n = 0, 2), that require

at least two resonances, Q(1)
1 ⌘ Q1 and Q

(4)
1 ⌘ Q4. We obtain
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where we have defined FL
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Q4
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| and set by a field redefinition FL
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to be real.
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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The convergence of Eq. (19) requires the Weinberg sum-rule lim
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where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this

procedure does not depend on its quantum numbers. We then have
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that provides an upper bound for the resonance mass:
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
p!1 pn⇧

tL,R

1 (p) = 0 (n = 0, 2), that require

at least two resonances, Q(1)
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where we have defined FL
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= ei✓|FL
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| and set by a field redefinition FL
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to be real.
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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Following the same approach
 for the minimal composite PGB Higgs model: hh

 = Decay-constant of the PGB Higgsf
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where we have used the fact that the physical top mass is given by

m
t

=
|M t

1(0)|q
2⇧tL

0 (0)⇧̃tR
0 (0)

hs
h

c
h

i . (20)

The convergence of Eq. (19) requires the Weinberg sum-rule lim
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where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this

procedure does not depend on its quantum numbers. We then have
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that provides an upper bound for the resonance mass:
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
p!1 pn⇧
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1 (p) = 0 (n = 0, 2), that require
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this
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that provides an upper bound for the resonance mass:
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
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where we have defined FL

Q4
FR ⇤
Q4

= ei✓|FL

Q4
FR ⇤
Q4

| and set by a field redefinition FL

Q1
FR

Q1
to be real.

Eq. (24) together with Eq. (20) gives 3

m2
h

' N
c

⇡2

"
m2

t

f 2

m2
Q4
m2

Q1

m2
Q1

�m2
Q4

log

 
m2

Q1

m2
Q4

!
+

(�F 2)2

4f 2
hs2

h

c2
h

i
 
1

2

m2
Q4

+m2
Q1

m2
Q1

�m2
Q4

log

 
m2

Q1

m2
Q4

!
� 1

!#
, (25)

where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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 for the minimal composite PGB Higgs model: hh

 = Decay-constant of the PGB Higgsf
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with EM charges 5/3, 2/3,-1/3

Pomarol et al; Marzocca
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Figure 3: Scatter plots of the masses of the lightest exotic state of charge 5/3 and of the lightest
e
T resonance for ⇠ = 0.2 (left panel) and ⇠ = 0.1 (right panel) in the three-site DCHM model.
The black dots denote the points for which 115 GeV  mH  130 GeV, while the gray dots have
mH > 130 GeV. The scans have been obtained by varying all the composite sector masses in the
range [�8f, 8f ] and keeping the top mass fixed at the value mt = 150 GeV.

T much lighter than the e
T can not happen for a light Higgs due to the presence of a lower bound

on the mT� , which will be discussed in details in the next section. In the region of comparable T�

and e
T� masses sizable deviations from eq. (44) can occur. These are due to the possible presence

of a relatively light second level of resonances, as already discussed.

The numerical results clearly show that resonances with a mass of the order or below 1.5 TeV

are needed in order to get a realistic Higgs mass both in the case ⇠ = 0.2 and ⇠ = 0.1. The

prediction is even sharper for the cases in which only one state, namely the e
T�, is light. In these

regions of the parameter space a light Higgs requires states with masses around 400 GeV for the

⇠ = 0.2 case and around 600 GeV for ⇠ = 0.1.

The situation becomes even more interesting if we also consider the masses of the other com-

posite resonances. As we already discussed, the first level of resonances contains, in addition to

the T� and e
T�, three other states: a top-like state, the T

2/3�, a bottom-like state, the B�, and an

exotic state with charge 5/3, the X

5/3�. These three states together with the T� form a fourplet

of SO(4). Obviously the X

5/3� cannot mix with any other state even after EWSB, and therefore

it remains always lighter than the other particles in the fourplet. In particular (see fig. 9 for a

schematic picture of the spectrum), it is significantly lighter than the T� . In fig. 3 we show the

scatter plots of the masses of the lightest exotic charge 5/3 state and of the e
T . In the parameter

space region in which the Higgs is light the X

5/3� resonance can be much lighter than the other
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Impact on a concrete model (roughly):

Q=2/3

Q=5/3

⇠ = 0.2

mH  = 115 … 130 GeV

from 1204.6333

see e.g. ATLAS-CONF-2013-051	
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