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Supersymmetry

(new space-time
symmetry)

Composite Higgs3



Strong EWSB
(Composite Higgs)

QCD Higgs as a pGB



Why is the Higgs light?
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The puzzle of Higgs lightness (aka the Hierarchy Problem)

If the Higgs boson is elementary, why it is so 
much lighter than the cutoff scale ?

Q:

A #3:   Higgs as a composite NG boson  (combines #1 and #2)

Loops of pure composites 
vanish due to NG symmetry

= 0

NG symmetry broken by 
elementary-composite couplings: 

No pure composite effects due to 
Goldstone symmetry

Shift symmetry broken by 
elementary-composite couplings:

Kaplan;  Agashe et. al

Inspired by QCD: (pseudo) scalar pion is the lightest state

Shift symmetry…                            

                  … protects its mass.

Interactions are perturbative for 

⇡ ! ⇡ + c

E ⌧ 4⇡f



Supersymmetry is a weakly coupled solution
to the hierarchy problem. We can extrapolate
physics to the Planck scale, complete 
the MSSM in a GUT.

There is another way and it’s already in use.
Nature already employs a strongly coupled

mechanism to explain why

⇤QCD ⌧ MPlanck

⇠ 1GeV 1019 GeV



Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.
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Fix QCD coupling at some high scale
→ exponential hierarchy generated dynamically 



QCD: composite bound states

Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.
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quarks, gluons

composite resonances
⇢,K, a1, . . .

At strong coupling, new resonances are generated



QCD: composite bound states
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At strong coupling, new resonances are generated

gap!



QCD vs. EWSB
QCD dynamically breaks SM gauge symmetryQCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !

However
mW,Z ⇠ g

4⇡
⇤QCD ⇠ 100 MeV

Can not be all the EWSB

Thursday, August 9, 12

SU(2)L ⇥ SU(2)R ! SU(2)V
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The QCD masses of W/Z are small

QCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !

However
mW,Z ⇠ g

4⇡
⇤QCD ⇠ 100 MeV

Can not be all the EWSB
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Longitudinal components of  W & Z have tiny 
admixture of pions… 

SU(2)L ⇥ SU(2)R ! SU(2)V



Technicolor

Scaled up version of QCD mechanism

How about another QCD?
- Another strong interaction, and a new set of 

quarks, q’.

- The new strong interaction becomes strong 
around TeV scale. 

Just like QCD, it would have a phase transition 
breaking electroweak symmetry. 

hq̄0Lq0Ri ⇠ ⇤3
TC, ⇤TC ⇠ TeV.

Technicolor,  and its recent incarnations: Higgsless models
Very natural, reasonable idea. 

Thursday, August 9, 12

Technicolor, doesn’t have a Higgs … 

* the Higgs as the dilaton
as the last bastion … 

*



Composite Higgs

• Want to copy QCD, but extend pion 
sector (QCD:           )  

• Higgs as a (pseudo) Goldstone boson

⇡0,⇡±



Need to learn about
goldstone bosons… 



L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

Quantum Protection
Symmetries can soften quantum behaviour

breaks susy →  corrections must be
proportional to susy breaking
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Shift symmetry
Higgs mass term can be forbidden

� ! ei↵�
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Shift symmetry
Higgs mass term can be forbidden

� ! ei↵� does not work
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Can we make the Higgs transform this way?



Spontaneous breaking of U(1)

Nambu-Goldstone Bosons
Example: broken U(1)
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Instead describing this with

L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .
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⇡(x) ! ⇡(x) + ↵
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Using this parameterization there’s a new symmetry:

@µ(⇡(x) + ↵) = @µ⇡(x)

because
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Using this parameterization there’s a new symmetry:

@µ(⇡(x) + ↵) = @µ⇡(x)

because

But what happened to the U(1) symmetry ?
Fields are real… 
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But what happened to the U(1) symmetry ?

is massless but also no⇡(x) • gauge couplings
• potential
• yukawas



Semi-realistic
model



v = 246GeV

m⇢ = g⇢f resonances

EW scale

⇤ = 4⇡f UV completion



pGB Higgs
SU(3) ! SU(2)

Break symmetry using h�i =
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# Goldstone bosons = # broken generators

PNGB Higgs
Simplest example: SU(3)� SU(2)
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pGB Higgs
Unbroken gauge symmetry in global SU(2), 
dynamics generates ‘vacuum mis-alignment’ 

SU(3) ! SU(2)

PNGB Higgs (cont’d)

Most general VEV: ��⇥ =
f⇤
2

�

⇧⇤
0

sin �
cos �

⇥

⌃⌅

Breaks electroweak symmetry

v = f sin �
�

v

f

f � scale of new physics

sin � � 1 ⇤ f ⇥ v (SM limit)

� ⇥H⇤ =
1⌅
2

�
0
v

⇥

“Electroweak symmetry breaking by vacuum misalignment”

SU(2)L vs. SU(2)

SU(2)L 

PNGB Higgs (cont’d)

Most general VEV: ��⇥ =
f⇤
2

�

⇧⇤
0

sin �
cos �

⇥

⌃⌅

Breaks electroweak symmetry

v = f sin �
�

v

f

f � scale of new physics

sin � � 1 ⇤ f ⇥ v (SM limit)

� ⇥H⇤ =
1⌅
2

�
0
v

⇥

“Electroweak symmetry breaking by vacuum misalignment”

EW symmetry broken



pGB Higgs
PNGB Higgs (cont’d)
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Collective Breaking
We now want to add a yukawa coupling to
give mass to the top quark

� = exp
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Fundamental field is a triplet
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Top yukawa: 1st try
2X

i

�t�̄iH
c
i tR works, gives mass to the top

… but breaks SU(3) structure explicitly, does
not respect Goldstone symmetry protecting
the Higgs mass:
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Collective breakingCollective Symmetry Breaking
Example: SU(3)� SU(2)
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y1, y2 �= 0

⇒ exacty1 � 0 SU(3)2 � SU(2)2  and vice versa
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Collective Symmetry Breaking

�†
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16�2
�2

⇤ ⇥� ⌅

� y2
2

16�2
�2

⇤ ⇥� ⌅

�†
1 �2

t?R

Not allowed

preserves SU(3)2 � SU(2)2

preserves SU(3)1 � SU(2)1

⇒ no PNGB Higgs mass

⇒ no PNGB Higgs mass



Minimal composite Higgs

Minimal bottom up construction

      SO(5) → SO(4) ~ SU(2)L x SU(2)R

27

The Higgs as a composite pseudo-NG boson

strong
sector

Aµ 

ψ

h

G → G’ The Higgs doublet H is the NG boson associated 
to the global symmetry G → G’ of a new strong 
dynamics

[ Georgi & Kaplan, `80 ]

� = exp
�
i�i⇥i(x)/v

�
exp

�
2i T â�â

(x)/f
�

T â 2 Alg(G/G0)

Minimal example (with custodial symmetry):

Agashe, RC, Pomarol,  NPB 719 (2005) 165 

R.C.,  DaRold, Pomarol, PRD 75 (2007) 055014; Carena, 
Ponton, Santiago,  Wagner, PRD 76 (2007) 035006; 
Hosotani, Oda, Ohnuma, Sakamura, PRD 78 (2008) 
096002;     Hosotani, Tanaka, Uekusa, PRD 82 (2010) 
115024; Redi, Gripaios,  JHEP 1008:116 (2010); 
Hosotani, Noda, Uekusa,  Prog. Theor. Phys 123 (2010) 
123; Panico, Safari, Serone,  JHEP 1102:103 (2011)

SO(5) → SO(4) ~ SU(2)L x SU(2)R four real NG bosons:

4 of SO(4) = real (2,2) of SU(2)L x SU(2)R

= complex 2 of SU(2)L

At high energies SO(4) is linearly realized

Agashe et. al



=

0

BBBB@
sin(� + h(x)/f) ei�i(x)Ai/v

0

BB@

0

0

0

1

1

CCA

cos(� + h(x)/f)

1

CCCCA

28

L =
f2

2
(Dµ�)T (Dµ�)

�T � = 1

⇥ = ei�âT â/f
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 Hypothesis: each SM fermion couples to a composite fermionic operator 
with the same SU(3)cxSU(2)LxU(1)Y quantum numbers
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elementary gauge fields:
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Deviations from SM Higgs

Analogy with        scattering in QCD:⇡⇡ h $ �

SO(5)

SO(4)

A(WW ! hh) ⇠ s

v2
(c2V � c2V )

c2V c3
cV

9

Q:  why light and narrow ?

A:  the Higgs is itself a (pseudo) NG boson

ex:

Georgi & Kaplan, ’80
Kaplan, Georgi, Dimopoulos

4 NGBs     transforming as a (2,2) of SO(4)~SU(2)LxSU(2)R
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2.   Scatterings involving the Higgs also grow with energy
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Goldstone boson nature
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Figure 7. Left: Probability distribution for the coupling a. Center: Indirect determinations of
the coupling a, excluding the observables MW , �Z , P pol

� , A0
l and A0,b

FB, except for the one specified
in each row. The vertical blue band represents the one obtained from the the fit with all the
observables. Right: Probability regions in the a–⇥ plane. In all plots, the large-mt expansion is
adopted to the two-loop fermionic EW corrections to ⇤fZ .

3.5 General bounds on the New Physics scale

Before concluding, let us take a more general approach and consider the contributions to

the EW fit of arbitrary dimension-six NP-induced operators [11, 20, 112]:

Le� = LSM +
⇤

i

Ci

⇥2
Oi . (3.22)

For concreteness, let us use the same operator basis of ref. [11]:

OWB = (H†⌅aH)W a
µ�B

µ� , OH = |H†DµH|2 ,

OLL =
1

2
(L⇥µ⌅

aL)2 , O�
HL = i(H†Dµ⌅

aH)(L⇥µ⌅aL) ,

O�
HQ = i(H†Dµ⌅

aH)(Q⇥µ⌅aQ) , OHL = i(H†DµH)(L⇥µL) ,

OHQ = i(H†DµH)(Q⇥µQ) , OHE = i(H†DµH)(E⇥µE) ,

OHU = i(H†DµH)(U⇥µU) , OHD = i(H†DµH)(D⇥µD) , (3.23)

where we add the contribution of the Hermitian conjugate for operators O�
HL to OHD.

The Higgs field gets a vev ⇥H⇤ = (0, v/
⌅
2)T . For fermions, we do not consider generation

mixing, and assume lepton-flavour universality: C �
HL = C �

HLi
, CHL = CHLi and CHE =

CHEi for i = 1, 2, 3.

The first two operators contribute to the oblique parameters S and T :

S =
4sW cW CWB

�(M2
Z)

� v

⇥

⇥2
, (3.24)

T = � CH

2�(M2
Z)

� v

⇥

⇥2
, (3.25)

where OH violates the custodial symmetry, since it gives a correction to the mass of the

Z boson, but not to that of the W boson. The next two operators yield non-oblique

– 20 –

W,Z

cV

� = 4�v/
q

|1� c2V |

fit from:  GFitter coll. Eur. Phys. J. C 72 (2012) 2205

Barbieri et al. PRD 76 (2007) 115008
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Higgs couplings

Have been measured to 20-30% precision
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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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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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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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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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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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Cut the loop open, recoil against hard jet

higgs� pT

pT � mt



Complementary to htt

Theory frontier: 
             not yet calculated, 
            known to            :
    few % up to pT ~150 GeV

Grojean, Salvioni, Schlaffer, AW, in progress 

O(↵4
S)

Harlander et al ’12
ct

kg Competitive/complement to
notoriously difficult 
channel

ht̄t

NLOmt

1/mt



Top partner example

Christophe Grojean The scalar sector of the SM and beyond EPS-HEP, 22nd July 2o1318

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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Top partner example

Christophe Grojean The scalar sector of the SM and beyond EPS-HEP, 22nd July 2o1318

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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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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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

?



Simpler derivation of the connection:
Light Higgs - Light Resonance 

✒ Deconstruction: Matsedonskyi,Panico,Wulzer; Redi,Tesi 12

✒ Weinberg Sum Rules: Marzocca,Serone,Shu; AP, Riva 12

➥ As  Das,Guralnik,Mathur,Low,Young 67  

   for the charged pion mass:

m2
⇡+ �m2

⇡0 ' 3↵

2⇡
m2

⇢ log 2 ' (37 MeV)
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quite successful!
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➥ Correlator dominated by the minimal 
number of resonances

giving the right convergence at high momentum 
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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.
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are vector resonances coming respectively in 6-plets and 4-plets of SO(4), and
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⇢n,an are referred to as the decay-constants of these resonances.
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â

(p) = p2
X

n

F 2
an

p2 +m2
an

+
1

2
f 2 , (3)

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.

2

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]

V
gauge

(h) =
9

2

Z
d4p

(2⇡)4
log

✓
⇧0(p) +

s2
h

4
⇧1(p)

◆
, (1)

where s
h

⌘ sinh/f , being f the PGB decay-constant, and p the Euclidian 4-momentum. We also

have

⇧0(p) =
p2

g2
+ ⇧

a

(p) , ⇧1(p) = 2
⇥
⇧

â
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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 ⇧
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(p) = ⇧
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A

! 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).

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
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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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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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→ ‘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 ⇧
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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
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
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a1 , and then calculate ⇧1 as a function of the two resonance masses 1:

⇧1(p) =
f 2m2

⇢

m2
a1

(p2 +m2
⇢

)(p2 +m2
a1
)
. (5)

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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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.
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Potential is fully radiatively generated

Implications of mH = 125 GeV
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The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according
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that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking
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UV finiteness requires at least two resonances

Similarly for SO(5) fermionic contribution
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),
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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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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),
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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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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),
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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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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),
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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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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

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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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),
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where �F 2 = |FL
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|2 � 2|FR
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|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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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),
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where �F 2 = |FL
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|2 � 2|FR
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|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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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

Scan over composite Higgs parameter space
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 Typical spectrum of top partners
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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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 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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 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
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Flavor used to be a show-
stopper 

vs.  mtop

CPV in Kaon mixing



“Into the Extra-dimension 
and back”



Exciting journey… 



Depends on the perspective… 



Extra-dimensions



General Properties of ED theories
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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



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
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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[i#∂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
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Arkani-Hamed, Schmaltz
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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
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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
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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[i#∂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

 =

✓
 L

 R

◆
=

✓
 0

L
0

◆
+ KK modes

Arkani-Hamed, Schmaltz



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].
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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-
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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[i#∂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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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].
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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
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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[i#∂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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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].
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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
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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[i#∂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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QCD

necessary to reproduce the mass of the top. From this is follows that the left-handed partners are

often excluded up to 2 TeV and always below 1.5 TeV. This can be avoided in theory based on SU(2).

We emphasize that this an extremely strong bound that pushes the model into fine tuning territory.

In view of the recent discovery of a 125 GeV resonance [28] some of the fermions associated to the top

should be light if the theory shall remain natural. Recent analyses have shown that the lightest top

partner should be typically below 1 TeV in a natural theory [13]. In MFV scenarios the mass of the top

partners is the same as the one of the light generations, up to mixing e↵ects. Hence, we can translate

the bound on the light generations to a bound on the top partners. Moreover the contribution to the

potential of the light quarks is not negligible and will also contribute to the tuning.

5 Bounds Right-Handed Quark Partners

[TODO: Michele: WILL CHANGE THIS] Contrary to the left-handed partners, the right-

handed ones can couple strongly to the first generation. This leads to large cross sections for the single

production of up and down partners. As we will explain the dominant decay is into 2 or 3 jets leading

to multi jet final states. The majority of multi-jets searches at LHC assume a large missing energy

being motivated by supersymmetry. Typical missing energy cuts are of the order of few hundreds of

GeV’s. In our scenario, the missing energy in the event is a consequence of jet calibration accumulated

for all jets, typically below 50 GeV. Therefore, we do not expect supersymmetric searches to play a

role in constraining the parameter space of RH compositeness. Analysis of the relevant searches will be

done in the next two sections, separated into single production and double production. In particular

CMS and ATLAS searches will be recast to obtain exclusion limits for the heavy fermion partners.

Dedicated searches that could improve the bounds will be discussed in the section 6.

Before discussing the di↵erent analyses at the LHC let us review production and decay channel in

detail:

a) b) c) d)

e) f) g) h)

Figure 9: Fermion production modes: a) chromomagnetic s-channel, b) - c) single production and

d) -h) double production.
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The full analytic expression including the width of the heavy color octet has been used for the analyses.

This decay su↵ers from the octet being o↵-shell and phase space suppression. Finally a decay to SM

quarks plus a longitudinal W, Z or Higgs [12] is possible

�EW

2�body

(Q ! q�) =
1

4⇡

m2

q

v2
cos2 �Ru

sin2 �Ru
mQ. (5.3)

Figure 11: Fermion decay channels: two body decay via the chromomagnetic operators, three body

decay via an o↵-shell color octet and electroweak two body decay.

In the MFV scenario the electroweak two body decay is entirely negligible for the first generation as

it is suppressed by the light quark mass over the vacuum expectation value. It can also be subleading

for the second while it is certainly dominant for the third generation. Note that this conclusion does

not hold in the anarchic scenario, in that case sin�Ru is smaller and the decay through electroweak

interactions dominates producing W,Z, h+ jets final states.

To avoid model dependence in what follows we only focus on first generation partners. For single

production the situation e↵ectively reduces to this while for double production this is a conservative

assumption and larger cross sections can often be obtained due to the flavor multiplicity. Because of

this our conclusions can be considered conservative.

The phenomenology and experimental strategies are strongly dependent on whether the two body

or three body decay dominates. Since this will result in either two or three jet final states. One

interesting fact is that for mQ < m⇢ two body and three body decay scale in the same way with the

masses. In figure 12 it is shown in what regions of parameter space the two body or three body decay

dominates. One should however keep in mind that other contributions could exist which possibly

15
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necessary to reproduce the mass of the top. From this is follows that the left-handed partners are

often excluded up to 2 TeV and always below 1.5 TeV. This can be avoided in theory based on SU(2).

We emphasize that this an extremely strong bound that pushes the model into fine tuning territory.

In view of the recent discovery of a 125 GeV resonance [28] some of the fermions associated to the top

should be light if the theory shall remain natural. Recent analyses have shown that the lightest top

partner should be typically below 1 TeV in a natural theory [13]. In MFV scenarios the mass of the top

partners is the same as the one of the light generations, up to mixing e↵ects. Hence, we can translate

the bound on the light generations to a bound on the top partners. Moreover the contribution to the

potential of the light quarks is not negligible and will also contribute to the tuning.

5 Bounds Right-Handed Quark Partners

[TODO: Michele: WILL CHANGE THIS] Contrary to the left-handed partners, the right-

handed ones can couple strongly to the first generation. This leads to large cross sections for the single

production of up and down partners. As we will explain the dominant decay is into 2 or 3 jets leading

to multi jet final states. The majority of multi-jets searches at LHC assume a large missing energy

being motivated by supersymmetry. Typical missing energy cuts are of the order of few hundreds of

GeV’s. In our scenario, the missing energy in the event is a consequence of jet calibration accumulated

for all jets, typically below 50 GeV. Therefore, we do not expect supersymmetric searches to play a

role in constraining the parameter space of RH compositeness. Analysis of the relevant searches will be

done in the next two sections, separated into single production and double production. In particular

CMS and ATLAS searches will be recast to obtain exclusion limits for the heavy fermion partners.

Dedicated searches that could improve the bounds will be discussed in the section 6.

Before discussing the di↵erent analyses at the LHC let us review production and decay channel in

detail:

a) b) c) d)

e) f) g) h)

Figure 9: Fermion production modes: a) chromomagnetic s-channel, b) - c) single production and

d) -h) double production.
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The full analytic expression including the width of the heavy color octet has been used for the analyses.

This decay su↵ers from the octet being o↵-shell and phase space suppression. Finally a decay to SM

quarks plus a longitudinal W, Z or Higgs [12] is possible
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Figure 11: Fermion decay channels: two body decay via the chromomagnetic operators, three body

decay via an o↵-shell color octet and electroweak two body decay.

In the MFV scenario the electroweak two body decay is entirely negligible for the first generation as

it is suppressed by the light quark mass over the vacuum expectation value. It can also be subleading

for the second while it is certainly dominant for the third generation. Note that this conclusion does

not hold in the anarchic scenario, in that case sin�Ru is smaller and the decay through electroweak

interactions dominates producing W,Z, h+ jets final states.

To avoid model dependence in what follows we only focus on first generation partners. For single

production the situation e↵ectively reduces to this while for double production this is a conservative

assumption and larger cross sections can often be obtained due to the flavor multiplicity. Because of

this our conclusions can be considered conservative.

The phenomenology and experimental strategies are strongly dependent on whether the two body

or three body decay dominates. Since this will result in either two or three jet final states. One

interesting fact is that for mQ < m⇢ two body and three body decay scale in the same way with the

masses. In figure 12 it is shown in what regions of parameter space the two body or three body decay

dominates. One should however keep in mind that other contributions could exist which possibly
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signal are weaker at low m
Q

, and a harder cut on both variables should be done to keep QCD under

control. Although the two variables are clearly correlated, and modified ABCD method could be used

here to estimate the amount of QCD background leaking into the signal region.

Obtaining S/B = 1: We would like to quantify the e↵ect of the cuts on signal and QCD background

using the variables described above. In table 1 we describe the cut-flow of those variables for the

2+1 case. The 3+1 case behaves very similarly in terms of signal e�ciencies. Note that the QCD

background of n
j

& 3, 4 jets with p
T

> 70 GeV and |⌘
j

| < 2.5 at LHC8 is 3 ⇥104 pb and 3 ⇥103 pb,

respectively. The signal cross section can be read in figure 9 for specific values of g
⇢

, sin�
Ru,d , and it

typically varies between 1 to 10 pb for m
⇢

. 2.5 TeV. To achieve S/B ⇠ 1, one would need to have a

relative suppression of e�ciencies of 102 � 104. In the table 1, one can see how this can be achieved

by implementing cuts on the variables described above.

Cut-flow
m

Q

= 600 GeV m
Q

= 1200 GeV

signal QCD signal QCD

p
T

leading jet > 450 GeV 0.51 0.0067 0.90 0.0067

H
T

> m
Q

0.51 0.0067 0.80 0.0015

|m
jj

�m
Q

| < (30, 50) GeV 0.15 0.00037 0.11 2.5⇥10�5

��
jj

> 1.5 0.045 9.9 ⇥10�5 0.060 2.1⇥ 10�7

Table 1: Cut-flow demonstrating the e↵ect on signal and background of cutting on the variables pre-

sented in the text. The numbers correspond to the e�ciency to specified set of cumulative cuts. Here

jj is the combination of the two subleading jets. For the background, the final numbers represent the

cut-flow with either m
Q

= 600 GeV or m
Q

= 1200 GeV.

To produce this cut-flow, we took two benchmark masses, m
Q

= 600 and 1200 GeV, and the 2+1

signature. We chose the 2+1 topology, as it su↵ers from the largest background, still interesting S/B

can be achieved using these cuts. Note that we have not truly optimized the cuts to a specific signal,

and the intention of the table is to show that a background reduction in the required range is possible.

Note also that we have not made use of the gap variables in this cut-flow, which could improve the

sensitivity of the search.

Note that the cutflow table and figure are produced using detector level events showered with

pythia with MLM matching [42] and simulated with Delphes [19] with anti-k
T

jets of R = 0.7.

In figure 22 we illustrate this cut-flow with a normalized background for 10 fb�1 of luminosity and

a signal of m
Q

= 600 GeV and � = 5 pb. In this figure, the three black lines correspond to QCD 3

jets with 1.) p
T

> 70 GeV and |⌘
j

| < 2.5, 2.) �pleading
T

> 450 GeV and H
T

> m
Q

and 3.) ���
jj

>

1.5. Similarly, the solid histograms correspond to the same cuts, applied now in the signal.

At 14 TeV, the production cross section for QCD with n
j

> 3 and p
T

> 70 GeV, |⌘
j

| < 2.5,
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Dedicated search
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= 600 and 1200 GeV, and the 2+1

signature. We chose the 2+1 topology, as it su↵ers from the largest background, still interesting S/B

can be achieved using these cuts. Note that we have not truly optimized the cuts to a specific signal,

and the intention of the table is to show that a background reduction in the required range is possible.

Note also that we have not made use of the gap variables in this cut-flow, which could improve the

sensitivity of the search.

Note that the cutflow table and figure are produced using detector level events showered with

pythia with MLM matching [42] and simulated with Delphes [19] with anti-k
T

jets of R = 0.7.

In figure 22 we illustrate this cut-flow with a normalized background for 10 fb�1 of luminosity and

a signal of m
Q

= 600 GeV and � = 5 pb. In this figure, the three black lines correspond to QCD 3
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control. Although the two variables are clearly correlated, and modified ABCD method could be used

here to estimate the amount of QCD background leaking into the signal region.

Obtaining S/B = 1: We would like to quantify the e↵ect of the cuts on signal and QCD background

using the variables described above. In table 1 we describe the cut-flow of those variables for the

2+1 case. The 3+1 case behaves very similarly in terms of signal e�ciencies. Note that the QCD

background of n
j

& 3, 4 jets with p
T

> 70 GeV and |⌘
j

| < 2.5 at LHC8 is 3 ⇥104 pb and 3 ⇥103 pb,

respectively. The signal cross section can be read in figure 9 for specific values of g
⇢

, sin�
Ru,d , and it

typically varies between 1 to 10 pb for m
⇢

. 2.5 TeV. To achieve S/B ⇠ 1, one would need to have a

relative suppression of e�ciencies of 102 � 104. In the table 1, one can see how this can be achieved

by implementing cuts on the variables described above.

Cut-flow
m

Q

= 600 GeV m
Q

= 1200 GeV

signal QCD signal QCD

p
T

leading jet > 450 GeV 0.51 0.0067 0.90 0.0067

H
T

> m
Q

0.51 0.0067 0.80 0.0015

|m
jj

�m
Q

| < (30, 50) GeV 0.15 0.00037 0.11 2.5⇥10�5

��
jj

> 1.5 0.045 9.9 ⇥10�5 0.060 2.1⇥ 10�7

Table 1: Cut-flow demonstrating the e↵ect on signal and background of cutting on the variables pre-

sented in the text. The numbers correspond to the e�ciency to specified set of cumulative cuts. Here

jj is the combination of the two subleading jets. For the background, the final numbers represent the

cut-flow with either m
Q

= 600 GeV or m
Q

= 1200 GeV.

To produce this cut-flow, we took two benchmark masses, m
Q

= 600 and 1200 GeV, and the 2+1

signature. We chose the 2+1 topology, as it su↵ers from the largest background, still interesting S/B

can be achieved using these cuts. Note that we have not truly optimized the cuts to a specific signal,

and the intention of the table is to show that a background reduction in the required range is possible.

Note also that we have not made use of the gap variables in this cut-flow, which could improve the

sensitivity of the search.

Note that the cutflow table and figure are produced using detector level events showered with

pythia with MLM matching [42] and simulated with Delphes [19] with anti-k
T

jets of R = 0.7.

In figure 22 we illustrate this cut-flow with a normalized background for 10 fb�1 of luminosity and

a signal of m
Q

= 600 GeV and � = 5 pb. In this figure, the three black lines correspond to QCD 3

jets with 1.) p
T

> 70 GeV and |⌘
j

| < 2.5, 2.) �pleading
T

> 450 GeV and H
T

> m
Q

and 3.) ���
jj

>

1.5. Similarly, the solid histograms correspond to the same cuts, applied now in the signal.

At 14 TeV, the production cross section for QCD with n
j

> 3 and p
T

> 70 GeV, |⌘
j

| < 2.5,
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vs

M ⇠ 3(pT )min M ⇠ 4(pT )min

1+1
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Signals
• SM-like Higgs boson

• Anomalous Higgs couplings

ghV V = g(SM)
hV V cos �

ghf̄f = g(SM)
hf̄f cos �

sin � =
v

f

(V = W, Z)

Similar to           effects in 2 Higgs doublet modelstan �

• “Smoking gun” signal: strong Higgs production
(Giudice, Grojean, Pomarol, Rattazzi 2007)

h

h

W

W

Composite HiggsSignals
• SM-like Higgs boson

• Anomalous Higgs couplings

ghV V = g(SM)
hV V cos �

ghf̄f = g(SM)
hf̄f cos �

sin � =
v

f

(V = W, Z)

Similar to           effects in 2 Higgs doublet modelstan �

• “Smoking gun” signal: strong Higgs production
(Giudice, Grojean, Pomarol, Rattazzi 2007)

h

h

W

W

• ‘SM-like’ light Higgs

• Correlated deviations in Higgs 
couplings, e.g. 

• Double Higgs production smoking gun

• Keep an eye on WL WL → WL WL

• Top partners (Q = 5/3, 2/3, -1/3)



Conclusion



what is the mass telling us?

MSSM

composite Higgs

technicolor

color code

100 150 200 300 GeV

unnaturalnatural
 SM      valid up to Planck

unstable metastable trivial
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Conclusions
The battle for a natural resolution of the 
hierarchy problem goes on

Where is everybody?

LHC14 will be decisive


