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The Discovery

NEWS scieNcE & ENVIP

e Higgs Excited People

Home US & Canada Latin America UK  Africa Asia Europ)

Physics world celebrates In and Out of Physics
4 July 2012 Last updated at 03:35 ET Higgs boson discovery
Higgs boson-like particle discovery e Our Questions:
claimed at LHC ot Selonce

e e The Higgs or A Higgs?
Physicists Find Elusive Particle Seen as Key to Universe

e How does Higgs
Constrain BSM?

wrEmaew
TIME Talks to the Physicists Who Found the Higgs an

Higgs boson and Comic Sans: the
perfect fusion
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Warped Extra Dimensions

Randall-Sundrum Models

e Model of Flavour y IR

e Fermion Localisation

e Solves Hierarchy Problem

e Gravitational redshift

e AdS-CFT ~» Computable
Composite Higgs ds? = e 2dat dz, — dy?
= I
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The Radion

e New degree of freedom:

Conclusions
o]

Fluctuations in Size of |
Extra Dimension |-

ds? = e 220 dgl d, — (1 + 2G)2dy?

e Radion is Scalar = Can Mix with Higgs
e Lightest new state = Massless in pure RS
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The Radion

e New degree of freedom:

Conclusions
o

Fluctuations in Size of |
Extra Dimension

ds? = e 220 dgl d, — (1 + 2G)2dy?

e Radion is Scalar = Can Mix with Higgs
e Lightest new state = Massless in pure RS

e Mass requires stabilisation e e 4 O(m?,)
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Bulk and Gauge Higgs

Where to put Higgs?

Usual case: Brane Higgs Our case: Bulk Higgs

Brane Bulk Higgs V4
’ Higgs .

e Kinetic Higgs-Radion Mixing e Mass and Kinetic Mixing
e Different radion decays

e Possible motivation:
Gauge-Higgs Unification
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Statement of Intent

Set-Up Higas
RS with two bulk scalars: Radion and //’

e Scalar Higgs; or

Radion

o Gauge-Higgs

h—e—rad Questions to answer:

1. Origin and nature of mixing?

o ~ 2. Radion phenomenology?
3. LHC constraints?
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Statement of Intent

Set-Up Higas

RS with two bulk scalars: Radion and J/’

e Scalar Higgs; or

Radion

e Gauge-Higgs

h—e—rad Questions to answer:

1. Origin and nature of mixing?

o ~ 2. Radion phenomenology?
3. LHC constraints?
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Higgs-Radion Mixing

Two Possible Sources:

Curvature Scalar
e Explicit Mixing
o ERsH'H
e 4D: € = % for conformality
¢ Radiatively generated:

2
LY T

™ T A

Conclusions
o]
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Conclusions
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Higgs-Radion Mixing

Two Possible Sources:

Curvature Scalar Radion C Metric
e Explicit Mixing

e Implicit Mixing
e {RsH'H

e Kinetic terms g%¥
e 4D: € = % for conformality e Volume element /g

¢ Radiatively generated:
Absent for brane Higgs:

e No Jyv term
G
yP my e So mixing term
~Y _27
4 Ay
oV
H// \\H ;me;OCGhi =0

Oh |,

v
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Kinetic Mixing
Bulk and Brane

Brane Bulk

e Induced metric, curvature:
RyH'H = Ry(gint) H'H

e Ri=00h+...~0OG+...

e Pure Kinetic Mixing
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Kinetic Mixing
Bulk and Brane

Brane Bulk
e Induced metric, curvature: e Same terms in 5D Curvature
RyH'H = Ry(gint) H'H R; D 0G
e Ry=00h+...~0G+... e Same mixing up to

e Pure Kinetic Mixing O(1) Overlap Integral

ﬁ Emm = ng(CH) Ai (a,uh) (aﬂr)

2
Loiz = g g A, (aﬂh) (8#7“)
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Kinetic Mixing
Bulk and Brane

Brane Bulk
e Induced metric, curvature: e Same terms in 5D Curvature
RyHVH = Ry(gint) H'H R; D 0G
e Ry=00h+...~0G+... e Same mixing up to

e Pure Kinetic Mixing O(1) Overlap Integral

Lonie = Efic(ern) 1 ("R)(Dur)

Mixing vanishes if v — 0, suppressed by gravity scale A,
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Curvature Mass

Bookkeeping:

e Scalar curvature non-zero in RS
Rs =20k% + ...

e Explicit mixing contains term like Higgs mass
e Easier to redefine into potential:

V(H) > V(H)—¢RYH'H
Le— E(R—RY)H'H
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Vanishing Mass Mixing

Goce®™;  h(z,y) ocv(y) o exp[(2 + B)ky]

Two Mass Mixings

e Explicit Mixing:

Le D Ev(y) h(z,y) (G" — Tk G’ + 10k*G) = 0

e Implicit Mixing
LO2GV R —2c4k*Guh —4G' v h =0

e Related to Conformal nature of 4D Dual

Conclusions
o]
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Vanishing Mass Mixing

Goce®™; h(x,y) oculy) o exp(2 + B)ky]
Two Mass Mixings
e Explicit Mixing:
Le D Ev(y) h(z,y) (4k* G — 14K* G + 10K°G) = 0
e Implicit Mixing
LO2GV R —2c4k*Guh —4G' v h =0

e Related to Conformal nature of 4D Dual
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Vanishing Mass Mixing

G o™ h(z,y) o v(y) x exp[(2+ B)ky]

Two Mass Mixings

e Explicit Mixing:

Le D Ev(y) h(z,y) (4k* G — 14K* G + 10K°G) = 0

e Implicit Mixing
LO2GV R —2c4k*Guh —4G' v h =0

e Related to Conformal nature of 4D Dual

Conclusions
o]
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Radion and Back-Reaction

e Calculations so far done for Massless Radion!

G(z,y) x e2ky
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Radion and Back-Reaction

Calculations so far done for Massless Radion!

G(x,y) x e2hv

Metric, radion profile, curvature tensors corrected O(m? ;)

G < e 2K 1 O(m?,)); G(z,y) o< e 4 O(m?2,,)

2

e Expect corrections ~» mass mixing o m;_,

Have shown in explicit model this is so
Csaki et al, hep-th/0008151



Motivation Theory Phenomenology Conclusions

00000 0000@00 000000 o

Radion and Back-Reaction

Calculations so far done for Massless Radion!

G(x,y) x e2hv

Metric, radion profile, curvature tensors corrected O(m? ;)

Guv X e72ky + O<”L72‘ad); G(l’, y) X eZky + O(Wﬁad)

2

e Expect corrections ~» mass mixing o m;_,

Have shown in explicit model this is so
Csaki et al, hep-th/0008151

4D Dual: mzad = Small, Explicit breaking of conformal theory
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An Effective Field Theory

Mixing Model Dependence:
1. Higgs profile (5D Mass)

2. Origin of radion mass
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An Effective Field Theory

Mixing Model Dependence:
1. Higgs profile (5D Mass) ~ O(1)

2. Origin of radion mass ~ O(miad)

Conclusions
o]



Motivation Theory Phenomenology
00000 0000080 000000

An Effective Field Theory

Mixing Model Dependence:

1. Higgs profile (5D Mass) ~ O(1)
2. Origin of radion mass ~ O(miad)
So write

1 1
Ly = —C1 2 <h+ h2> Dr—i—chm%<hr+ h2r>
2v 2v

A, A,

Note cubic couplings related to mixings!

Conclusions
o]
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An Effective Field Theory

Mixing Model Dependence:

1. Higgs profile (5D Mass) ~ O(1)
2. Origin of radion mass ~ O(mfad)
So write

1 1
Ly = —C1 2 <h+ h2> Or + c2 vm%(hr%— — h27“>
2v 2v

A, A,

Note cubic couplings related to mixings!

Conclusions
o]
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Mixing: Gauge-Higgs

e No Mixing in this case!

e Explicit Mixing not gauge invariant:
R5HTH ~ R5(A5)2

e No gauge-invariant y-derivative
Fyy =0

e Can add Brane-localised Kinetic Mixing

As(y)
’

Rind (A5)2

e Radion phenomenology Still Different!

Conclusions
o]
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Radion Decays |

Vector Bosons
Brane Higgs
e Radion-W, Z coupling from Higgs kinetic term:
Vai g™ (D,H) (D,H) 5 (1—4G) (1 + 2G) m3 V, V"

e Important search channel, cf. Heavy Higgs searches
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Radion Decays |

Vector Bosons

Brane Higgs

e Radion-W, Z coupling from Higgs kinetic term:
Var 9" (D, H) (D, H) > (1 -4G) (1 + 2G)m} V,V*
e Important search channel, cf. Heavy Higgs searches

Bulk/Gauge Higgs

e This coupling Vanishes
Vi (D H) (DLH) 5 (1-26G) (14 2G) md V,V*

e Radion searches/limits accordingly change



Motivation Theory Phenomenology Conclusions
00000 0000000 Oe0000 o]

Radion Decays I

Higgs

Recall Higgs-Radion Cubic Couplings

e Interaction strength mfad
e Dominate for heavy radion

e Exist for Explicit and Implicit mixing

W
rad4< >< e 7 — hh also related to
W

Heavy Higgs search
e Exists for brane Higgs,

§ but coupling oc m?
rad
h
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Effect of Mixing

Effective Lagrangian

1 1
Lerr =5 (0"h) (Oph) + c1 Ai (0"h) (Our) + 5 (0"r) (Our)
— ém%{hQ —czAiTm%hr— %m%rQ

Diagonalise Kinetic Terms with non-Unitary transformation

Diagonalise Mass Terms with Orthogonal Rotation

.. v

Mass mixing angle 6 ~ co—
e

e Does not vanish as mpr — 00
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Higgs

Branching Ratios and Signal Strengths

T T T T
0.500 g
15| R
0.100 f— - - . - . 3
_ nosof E =
= — —_— —_— £
0.010 E
0.005 E
Lok . : . A

cl=c2

Mrad = D00 GeV, ¢1 = ¢
Black: W/Z; Blue: b; Green: ¢: Red: ¢;

e Asymmetry from Kinetic Mixing

e Signal Strength Increase from interplay of Mixings
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Radion

Branching Ratios

Mypad = 200 GeV: Mypaq = 500 GeV:
1 T T T T T 1 )#l.-’ —
1
! E . _/ ]
Black: W/Z; Brown: h, Blue: b; Green: ¢; Red: t;
Orange: 7

e Decay to Higgses dominates when open

e Decay to W, Z Important through Mixing
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LHC Constraints

Relevant Constraints

Higgs Signal Strengths

Heavy Higgs Searches

tt Resonance Searches

Scanning Model Space for Allowed/Excluded Points

Preliminary Results thwarted by Software Issues . . .

Look for Final Results soon!
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Conclusions

RS Bulk Higgs has both Mass & Kinetic Mixing with Radion

Mass Mixing both Explicit and Implicit Origin

Mass Mixing set by Radion Mass, still relevant as m,.,q — o0

Radion in Bulk/Gauge Higgs has No coupling to W, Z

Constraining Radion Mass & Mixings with LHC results
in Progress
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Mixing Interplay
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