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We	found	the	higgs...

But	nothing	else	out	to	
1	TeV...

So	all	BSM	is	now	fine	
tuned	at	1	in	100..

Still	worth	ruling	out	
ideas...



Electroweak	Scale	– Technicolour
The	base	idea	is	to	repeat	QCD

The	scale	is	set	by			v	=	fp…	

There	is	no	scalar	below	this	scale	in	QCD…		dead?

Adding	extra	electroweak	singlet	quarks	changes	the	running	
of	the	technicolour	gauge	group…

But	how	do	we	compute	in	non-QCD	like	strong	coupling?



How	Does	AdS/CFT	Work	1
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How	Does	AdS/CFT	Work2

Operators	and	sources	appear	
as	fields	in	the	bulk

Eg	

m	is	the	quark	mass
c	is	the	quark	condensate



Holographically	we	can	change	the	dimension	of	our	operator	
by	adding	a	mass	term

Running Dimensions in Holography
Raul Alvares, NE, Keun-Young arXiv:1204.2474 [hep-ph]; Matti Jarvinen, Elias Kiritsis  arXiv:1112.1261 [hep-ph]

Dm				=	-1				corresponds	to			g =	1			and	is	special	– the	
Breitenlohner		Freedman	bound	instability…

DUALITY	between	strong	dynamics	condensation	and	a	5th
dimensional	higgs	mechanism

So	we	can	include		a	running	coupling	by	a	running	mass	
squared	for	the	scalar.
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The	only	free	parameters		are	Nc,	Nf,	m,	L



Formation of the Chiral Condensate

We solve for the vacuum 
configuration of L

L

r

Shoot out 
with

L’(r=L) = 0

This is a 
string theory 
inspired on-

shell IR 
boundary 
condition

Read off m 
and  qq in 
the UV…

Nc=3, Nf=9

RG scale

L



Meson Fluctuations

The	normalizable	solutions	pick	
out	particular	mass	states…	the	
s and	its	radial	excited	states…

The	gauge	fields	let	us	also	study		the	operators	and	states	



SU(Nc)	gauge	+	3	quarks			NE,	Erdmenger	&	Mark	Scott

arXiv:1412.3165	[hep-ph]	

M_rho = 1 
defines L

Real QCD 
lies here

There is very little Nc dependence – basically quenched…
Hence comparison to quenched lattice data (Bali et al… arXiv1304.4437)

All of these models lie within 10-15% on any point....

Lattice data high due 
to extrapolation?



SU(3)	gauge	theory	+	Nf	quarks	

We indeed see a light sigma relative to the rho…  cf higgs

The QCD 
point is 
not right 
for the 
f0(500) 
but about 
right for 
the 
f0(980) –
is the 
f0(500) 
odd eg a 
molecule
???



Technicolour	Exclusions
S								broken		gauge	theories	have	non-decoupling	effects

W3

Y

Counts	the	number	
of	electroweak	

doublets

S < 0.3Low	energy	
computation: SQCD	=	0.3

It	has	been	suggested	that	as	one	approaches	the	critical	Nf	at	the	
edge	of	the	conformal	window		V-A		symmetry	is	restored	and	S->	0

V-A	symmetry	is	restored	holographically	by						k ->	0									
(no	Nf	prediction)



Giving	TC	a	last	chance…

Most	likely	there	is	no	choice	of	Nc	Nf	that	will	realize	the	physical	mh…

But	let’s	imagine	we	get	lucky…	because	we	don’t	know	the	IR	running	of	the	
gauge	coupling	we	don’t	know	which	Nc	Nf	combination	to	pick…

So	lets	holographically	describe	all	Nc	Nf	pairs:	

tune	k to	give	S=0.1…	

Change	the	IR	running	(NfIR)	to	give	mh	=	fp/2		

Most	likely	the	spectrum	is	in	every	case	wrong!	BUT	if	there	
is	one	theory	that	works	we	hope	to	have	captured	it…	lets	
rule	it	out!
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�5q and their fluctuations give the ⇢ and A

spectrum and couplings.

The theory lives in a geometry
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2
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3+1 +

1

r2
du

2
, r

2 = u
2 + |TrX|2 (2)

|TrX| is included in the definition of r in the metric which
provides a “back-reaction” on the metric in the spirit of
probe brane models [12] and communicates the mass gap
to the mesonic spectrum.

�m
2 is a renormalization group scale/radially dependent

mass term which can be fixed, for example, from the
two loop running of the gauge coupling in the theory of
interest as described in [4] - this ansatz includes IR fixed
points for the running for appropriate choices of Nc, Nf .

The spectrum of the theory is found by looking at lin-
earized fluctuations of the fields about the vacuum where
fields generically take the form f(u)eip.x, p2 = �M

2. A
Sturm-Louville equation results for f(u) leading to a dis-
crete spectrum. By substituting the wave functions back
into the action and integrating over u the decay con-
stants can also be determined. The normalizations of
the fluctuations are determined by matching to the gauge
theory expectations for the vector-vector, axial-axial and
scalar-scalar correlators in the UV of the theory. This
full procedure is described in detail in [4]. Note that in
the holographic literature [4] the dimension 2 coupling
between the vector meson and it’s associated source is
normally written as F

2
V whilst in the Weinberg sum rule

literature [5] it is written as mV FV . We will adopt the
latter definition here to fit the other literature on techni-
color.

Our models will focus first on a single electroweak dou-
blet of techni-quarks but we will assume the existence
of technicolor singlet quarks to change the UV running
of the coupling. In the computations of f⇡ and FV/A

for the electroweak physics only the electroweak doublet
contributes - so factors of Nf and Nc in these quantities
reflect the values in a one doublet model. As discussed
in the introduction we will further tune the IR running
of � in all our theories to generate a 125 GeV � meson.
To achieve this we set a value of ↵TC where we deviate
from the UV running. Below that scale we allow Nf to
become a free parameter and pick a N

IR
f (which we stress

is not the true value of Nf in the theory - in practice it
is very similar for all cases and lies at 11.43) to let us
tune the � mass to the observed higgs mass value. This
matching scale becomes a discontinuity in the running
of ↵TC , � or the AdS scalar mass. In practice we deal
with this by performing all computations in sections and
matching the value of fields and their derivatives at the
boundary point. To provide an estimate of the errors
on the spectrum we allow the matching point in ↵TC to
vary from 0.3 to 0.7. In Figure 1 we show an example of
the running in the theories we impose - clearly they all
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FIG. 1: The running of ↵TC against RG scale imposed
on the holographic model with Nc = 3. The curve

furthest to the left is for a technicolor model that is a
scaled up version of QCD with the usual two loop result

for the running. The next curve over is that same
theory forced to have a IR fixed point to produce a light

higgs (clearly we know for this theory that this
assumption is wrong!). Moving further to the right we
see the running as further singlet techi-quarks are

added, again with N
IR
f chosen to give a light higgs. The

IR of all such theories is shared and uniquely
determined by needing the observed higgs mass.

share essentially the same IR which is fixed by the higgs
mass value. We will discuss the implications further in
the final section.

In the same spirit we will tune the coupling  in the model
to produce ⇢–A degeneracy to ensure the electroweak S

parameter

S = 4⇡


F

2
V

M
2
V

� F
2
A

M
2
A

�
, (3)

is su�ciently small (we pick S = 0.1 as a benchmark
point), even though this will not actually be the case for
most Nc, Nf theories. We are leaning over backwards to
keep technicolor alive of course, but to understand a total
exclusion on the parameter space this is sensible. Equally
the models display the large tunings needed for viability.
Note tuning  to zero makes the Lagrangian terms for
the ⇢ and A the same so that the A mass drops to that
of the ⇢. However, since the suppressed, first term in the
action is the one which links the symmetry breaking X

to the A, to maintain f
2
⇡ (which is the leading value in

the AA correlator) one must raise the overall scale. This
is the main source of the rise in the masses relative to a
QCD-scaled up theory.

The parameter count in the holographic model is: for
a particular theory with Nc, Nf the UV running of ↵

(and hence the anomalous dimension �) is fixed by the
perturbative two loop result. The overall scale is set by



Pheno	Exculsions
Dilepton	channel	

They	generically	
model	SM	+	higgs	+	
rho	and	a	mesons

Looks	like	pretty	
good	reach	and	

exclusion

But	where	do	real	
models	lie	in	the	

space?
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requiring F⇧ = 246 GeV. We then modify the IR running
- we change it at scales below some matching value of
↵
match
TC (which we vary from 0.3 to 0.7 to provide the

range of predictions, displayed as the horizontal width
of the prediction curves in Figure 2) by adjusting the
e↵ective value of Nf in the IR and adjusting it to fix the �

meson mass to the observed higgs mass. The model then
predicts M⇢, F⇢, MA, FA as a function of the 5d gauge
coupling, . We tune  to give S = 0.1. The remaining
three predictions we will express as

MA, g̃ =

p
2MV

FV
, ! =

1

2

✓
F

2
⇡ + F

2
A

F
2
V

� 1

◆
. (4)

In fact for all our models ! < 0.05 which is at a level
where the experimental constraints are unchanged in the
high energy reach regime so we suppress that parameter
in our plots.

III. PHENOMENOLOGICAL MODEL

The phenomenological model of the spin one states made
from the electroweak doublet is [14]
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where fWµ⌫ and eBµ⌫ are the ordinary electroweak field
strength tensors, FL/Rµ⌫ are the field strength tensors
associated to the vector meson fields AL/Rµ [22], and the

CLµ and CRµ fields are CLµ ⌘ ALµ � g
g̃
gWµ and

CRµ ⌘ ARµ � g0

g̃
fBµ

The matrix M takes the form

M =
1p
2
[v + H + 2 i ⇡

a
⌧
a] , a = 1, 2, 3 (6)

Here ⇡
a are the Goldstone bosons produced in the chi-

ral symmetry breaking, v = µ/
p

� is the corresponding
VEV, and H is the composite higgs. We assume the higgs
has Standard Model yukawa couplings to the fermions.

The covariant derivative is

DµM = @µM � i g fW a
µ ⌧

a
M + i g

0
M eBµ ⌧

3
. (7)

When M acquires its VEV, the Lagrangian of Eq. (5)
contains mixing matrices for the spin one fields. The
mass eigenstates are the ordinary SM bosons, and two
triplets of heavy mesons:⇢ and A.

Including all the interactions with the electroweak gauge
and higgs fields of dimension 4 needs six parameters: the
mass, m and coupling g̃ of the new gauge fields, the higgs
VEV v, and three couplings r2, r3 and s. The model then
predicts

M
2
V = m

2 +
g̃
2 (s � r2) v

2

4
, M

2
A = m

2 +
g̃
2 (s + r2) v

2

4
(8)

and

FV =

p
2MV

g̃
, FA =

p
2MA

g̃
� , F

2
⇡ = (1 + 2!)F

2
V � F

2
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(9)
where

! ⌘ v
2
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2

4M2
V

(1 + r2 � r3) , � ⌘ 1 � v
2

g̃
2

r3

4M2
A
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Without loss of generality we chose s = 0 here, noting
that: a) the Z

0
/Z

00 production rates, as well as the partial
decay width of Z to fermions (di-jets and di-leptons) are
independent of s (at the per-mil level); b) the branch-
ings of Z

0 to dileptons increases by 10% at most for s

reaching 10 in absolute value because of the Z
0 ! ZH

partial width decreases; c) we do not involve here higgs
boson phenomenology and use only the dilepton channel
to probe the WTC space.

Of the five remaining variables we set F⇧ =246 GeV, and
S =0.1. This leaves three degrees of freedom MA, g̃, !

which can be experimentally constrained.

We have implemented the model in CalcHEP [17] using
LanHEP [19] to derive the Feynman rules [2, 3]. The im-
plementation of the model is publicly available at HEP-
MDB database [20] under hepmdb:1012.0102 ID. In this
implementation we have extended previous implementa-
tion [2](hepmdb:1012.0102) by nonzero s and ! param-
eters to be interpreted in the context of the holographic
description.

The two main signals relevant for phenomenology were
shown to be Drell-Yan production and Vector Boson Fu-
sion. In each case a single ⇢ or A is produced through
mixing with the electroweak gauge bosons via the com-
bined mass matrix determined from the action. The
Drell-Yan analysis has recently been updated to the lat-
est 13 TeV LHC data in [3].

Phenomenologically the three parameters are treated as



Red	is	Nc	=	3

Green	Nc	=	4

Blue	Nc	=	5

Moving	downwards	is	
adding	electroweak	
doublets

The	a=0	line	is	where	the	rho	and	a	become	degenerate	in	mass	
and	decay	constant	– elsewhere	conspiracies	balance	S=	0.1

With	Belyaev,	Coupe,	Locke,	Scott.	1812.09052



Motivates	need	to	
look	at	additional	
channels...

Eg	Vector	Boson	
Fusion

EG	diboson	and	
boson	higgs	final	
staes



Conclusions
• The	origin	of	mass	remains	a	key	element	of	the	SM

• Can	we	do	a	better	job	of	computing	at	strong	coupling;	is	the		higgs
potential	dynamical	in	origin?

• Holography	can	be	brought,	at	least	in	toy	form,	all	the	way	to	the	theories	
in	question

•We	can	mimic	QCD

• We	can	explore	simply	technicolour	like	models

• Low	doublet	models	still	escape	direct	detection	bounds	(if	you	believe	in	
tuning	for	a	light	dynamical	higgs)

•TO	DO:	Ideal	walking	theories

•TO	DO:	new	signals	that	try	to	exclude	all	theory	space

•TO	DO:	composite	higgs model	and	composite	top	partners


