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The ideal world:

I need ko write a Alas! Mj model is

paper tonight! ruled out!

The wise
exyarimen&atis&
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The real world:

Higqs
t:oupl.ihgs!

~lavour'

Strugqling to op

put together couplings!
a model '

in the midst

"y

of “buzzers”!

Higgs mass!




What s our jab?

o Models can be ruled oul, but cannct
be proven right!

X @ Ruled out!




What s our jab?

o Models can be ruled oul, but cannct
be proven right!

Class A:

Parameter space
connected to bhe

MSSM, SM prede,c&om
Cumpus&e
(PNGB) Higgs,

Cannot be ruled
ouk!




What is our job?

o Models can be ruled oul, but cannct
be proven right!

X Class RB:

Parameter space
disconnected from
UEDs, SM Fredm&ov\
Technicolor,
Composite DM,

Can be ruled
ouk!




What s our job?

o Models can be ruled oul, but cannct
be proven right!

Gretj zZone:
Fine tuning?
Personal bkaske?

How close to
the decoupling Limit?




What s our job?

o Models can be ruled oul, but cannct

be proven right!

RSM dream:

The SM ikself can
be excluded!

Are we there v@%?
No...



What do we khow about the
Higqs?

The mass has been prec:isetv
measured!

The couplings follow the
SM expectations: being
proportional to mass.

The uncertainties are skill
large!

Coupling measurements are

atwajs subject to model

assump&iov\s! 3
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What do we khow about the
Higqs?

o Theoretical Modelling, ie. the Standard Model Higgs

LHiggs ¥y (DM¢)T(DM¢) 7 :uz ¢T¢ T (¢T¢)2

“wrong sigm"

It well describes 5
the symmetry breaking, 7_2' s O_ Pauli
but no dynamical ) makrices
insight!
TAR BN
V= —— ~ 246 GeV

V2



Do we skill need BSM?

We have a pretty
good idea of

the mechanism

Bub, we donlt kihow how to protect it:

o a2y 92 Ve

Having measured a light Higqs brings
the naturalness problems to the real world!




A watural Higqs =
a special type of scalars!

Sup@.rsvmmeﬁrvz

ALL scalars are special, associated to a fermion
by a space-time symmetry'

Scalar ¢—» Fermion
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A natural Higgs =
a special type of scalars!

Cca-m[zmsi&amessz

Special scalars are bound states of more
fundamental fermions!

¢ ~ (YY)

omi ~ Ao Arc ~4dmvgpy ~ 3 TeV



A watural Higqs =
a special type of scalars!

Groldstones:

Groldstone bosowns are special massless scalars.
Masses generated by symmelry breaking spurions.

Use;.f,atbj LA o\ss;cwm&mf\ b ~ (b))
wikh tom[zws:,&emess:

tree 2
o meE gmi 1 T2 vy

No F«'OEQM&EO\L allowed

abk btree level!



A watural Higqs =
a special type of scalars!

Scalars as qauge bosons:

In extra dimensions, the extra polarisations of
gauge bosons are special 4D scalars!

B T A

V(h)tree dif 5m% g 92 1
W ealere

No Fw&en&at allowed
ak btree level!



Extra dimensions for
dummies

o Think of an additional space dimension,
wrapped on itself.

D
(i

XD fields -> ltower of KK stabes

frequencies -7 KK masses

geometry -» KK parities

@ Sabine Hossenfelder
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@ For us, 4D beiv\gs, the 8§D
flelds appear as massive
4D flelds!




Extra dimensions for
dummies

o(zHyy)

‘Pericwdit::i&v condikion:

p(x",2rR) = ¢(z*,0)

~ 0 : in/ R
Fourler expansion: o(xh, y) E b, () et By

ne/
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Extra dimensions for
dummies

1 Greomebric Fa\ri&j can be impese&:
orbifold projection

o(x*, —y) = £o(z", y)

o0 " ¥ O n A
[ ) & _|_ . e o}
¢(’CE 7y) Lt 3:0: COS (Ry) ¢n —|_ n§:1: S111 (Ry) ¢n
‘Pocr&v even, ‘P&riﬁj odd.

Includes massless
n=0 mode'



XD qgauqe fields

- _/1'4 ; AP\
Vector Scalar
27R i H 1
s=[da | dy - 1FMNFMN -
0 gs g
/ \ For the zero mode
dim 1 dim 4
Q qeneric La:g g:cfzcwr will gg " A, T 1
LS Qro L e enerau, N -
ws grow wi 9y = 92 n

Using Naive dimensional amatjsis:



An XD Higqs mechanism

oV a7

= F,, F*" —2(85A,)%° — 2(0,As) + 4(95A,.) (0" As)

' 4

A mixing between (massive) vectors and scalars is present!

In the orbifold projection vector and scalar have
opposite parities.

AT A

Ay = (A A

M )



An XD Higqs mechanism

Ay = (4], A7) Ay = (A7, A7)



An XD Higqs mechanism

Fryn b Vi S, e
= F,,F* —2 (054,)% —2 (0,45)° + 4 (0sA4,) (0" As)

' 4

A mixing between (massive) vectors and scalars is present!

In the orbifold projection vector and scalar have
opposite parities.

AU (A:Lr, ol Massless vector + massive vectors

- A _|_ .
A e — ( AM : A5 ) Massless scalar + massive vectors



o XD gauqe theories have a builk-in
Higgs mechanism via special scalars:

o Gauge symmetlries can be broken by
orbifold projection (parity
assiguments)



An SU(3) toy model
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An SU(3) toy model

0 O Fr+ Can we identify this with
- 0 O\, H the Higqs doublet?
V2 i 0

a

U(1) charge: (1" (" -2 73

2

DPoes not wakch

3
— \/§ —i5] : Ovae— | —
s T the SM value!



An SU(3) toy model

the Higgs doublek?

1 0 e Can we identify this with
0 Or\e, H
\/§ 0

H- H 0

Easy solution: add a bulkk U(1)x gauge symmetry
and tune the gx coupling.

T R S ]

(1) charqge: S| =
() < 29 29+29x

Antoniadis, Benakli, Quiros hep-th/ologoos



The Hosotani mechanism
The Higgs VEV can be gqeometbrised!

Hosotani 193

EWSB induced by giving a VEV lto the Higqs,
which is a gauge boson.

The VEV can be removed O(y) = ei@ Tr v/
by a suitable gauge
: Y o
Eransformation: Hy — Hy — 9, (&E) — Hy — -

The periodicity condition is also affected:

2(0)p(0) = Q27R)p(2TR)

1 N Z pe(nte)y/R
¢(O) < 6i 2t T g ¢(27TR) n



The Hosotani mechanism
The Higgs VEV can be gqeometbrised!

$(0) = ol 2ma Ty 527 R) e Z iei(n—ka)y/R

T @7
10— n L4 The spectrum is shifted.
n R 4
@7
Ty = % Zero modes plck up a mass!



How aboubt fermions?

0 R H,
V2 ; the Higqs doublet!

0 Ol
1 We can identify this with
H- Hf 0

Consider a fundamental of SU(3):

w e ( Zil; > U(1) charges: ( _1]/_/63 >

i

ﬂQZDst —|— h.C.

VDY =

g
915G \/§ Yukawa couplings are related to gauge couplings!



The SU(3) model fails!

o Incorrect Fwedw&mm ca-mf the Weinberq

angle! S+ = Z

o Yukawas related to the gauge
couplings: m e = My
Grossmann, Neubert hep-ph/99124-0%

It is easy to reduce the fermion masses
bj use of localisation, but hard to enhance.

The value of the top mass is a serious issue’



Many solutions attempted:

o Looking for other gauge groups: G2,

se s Csaki, Grojean, Murayama hep-—-ph/ozlalss

o Embeddur\g Fhe EOP i higher
regresem&&oms«

Cacclapaglia, Csaki, Park kep—ph/Oé'lOBée

o Adding localised Couptihgs/{:ietds.

Scrucca, Serowne, Silveskrini hepmph/osoér-zzo
o Changing the geometry of the space.,

Contino, Nomura, Pomarol hep—ph/osofnZS‘)



(“:'-r@.omeﬁrj abt work

In ot space, qauqe zero wmodes are cownskank:
PAEEs "Il

{ermicw\



Gr@.ome%r:j abt work

In ot space, qauqe zero wmodes are cownskank:
PAEEs "Il

{ermicw\

[y 150 =1 [ dy 0



Geome&rj abt work

In warped space, gauge-scalar zero modes
are NOT constant:

The overtap thtegral fermion

can give enhancement
foctors!

H



Geame&rb abt work

In warped space, gauge-scalar zero modes
are NOT constant:

Conformal thvariant if

2

R

d32—<— (da:Q—sz) ol agey 2 MO | P e
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Randall, sundrum hep-ph/9905221

The AAS/CFT duality (conjectured for supersymmetric
models) suggests that the XD model may share the
same features of (composite) conformal 4D models!

This observation lead to a revival of composite
Higqgs models.



One fact has been overlooked so far:
couplings run!

The Unified predictions

cut-off _§ are valid ab this scale.
= few 1/R j
They need ko be makched
ak the EW scale!
1/R

Even though the two scales
moay not be that far,
XD features accelerated running

EW scale ==




One fact has been overlooked so far:

cub-off

= few 1/R

1/R

EW scale *f=

&ouptiv\gs run!

The collective effect of the
resonances produces

a fast Linear running
vs. the 4D log one!

At each threshold,
new states enker

the runing.  This fact is well kiown for
the gauge couplings (see
Usual 4D running XD &UT MOdQLS).
But, the Yulkkawas are
also gauge «Coupm»\gs!




We reconsidered the si;mpte
SU(3) model

Rescaled couplings:
SU@)L U(l)y  Yuk. SU(3). |

!
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9 a9 /13 O«

e
SU(3) GHU genu V3 ganu g(';m.'/'\/2 {'01’!)2"(}3,'01'} o {\/g’g"qs’ \/i UL} '

SM 0.66 0.35 1.0

G.C., Cornell, Deandrea, Khogali,
1/R 5 TeV 1706£,02313v2
to appear.
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We reconsidered the si;mpte
SU(3) model

1/R5 TeV
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We reconsidered the si;mpte
SU(3) model

Value of the couplings at Unification:

(25 S 0.1

1/R 5 TeV

No. of KK modes below Unification,
10
NKEK ~ My Re ~ 400

NDA cut=off :

bl "

log (E/mZ) gUni.

~ 2000




We reconsidered the si;mpte
SU(3) model

Value of the couplings at Unification:

(25 S 0.1

1/R 5 TeV
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Running of the gauge
couplings:

Y t
S(t) = { LR=MzRe for pu>1/R,

gi:{g,a g, gs}

Encodes Linear
$D ruhning:

1 for Mz < pu<1/R,

Contribution of KK modes:

o e T

M {41 19 7} bGHU{ ey SR

Check: same for all couplings!



Ruihiiing of the Yukawa:

Camptita&ian: Lk depamds on okbher cc:-u.plihgs.

We simplify by assuming that
couplings of the KK modes
follow the running of the
gauge/Yukawa couplings

B = yz | cy ytz-l-Zdz- szl



Ruihiiing oﬂf the Yulkawa:

By =y |Ct yt2 + Z d; 9@2 ] Numerical values:
i

9 5 9
SM N dSM ) | e SRR
“t @ { 2P }
39 39
CtGHU ¥ 21 diGHU Al 4




Runhing of the Yukawa:

21 R 50 39
Bt = y: |c yt2+zdz- gf] cfHU E— dZGHU £
i

Imposing the Unificakion relakions g ZenBign Y = %27

LS G S DR 2\ AT
5t—(4g 493)\/§



Conclusions

Gauge-Higqgs Unification models have been
prematurely abandoned

Running of the gauge and Yulkawa couplings
needed bto Properi.j makbch khe &heorj o khe
EW scale!

We show it a SU(3) toy model that the tree
level tensions can be softened by the running

More work needs ko be done ktowards a
realistic model: Higgs mass?
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