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SM Gauge Symmetries

The Standard Model of Particle Physics:
renormalizable QFT, defined by

Local 'Gauge' Symmetries
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SM Gauge Symmetries

The Standard Model of Particle Physics:
renormalizable QFT, defined by

Local 'Gauge' Symmetries

SU@3). x SU@)L x U(L)y
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Unification of Forces
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Unification of Forces

SU(3). x SU(2), x Ul)y C Gaur
SU(5), SO(10), ...
i Su &
- 1)
. i
A1)y 1

T S ©
LA > 1[GeV]
1 10° 1010 Mgur=1071° Mp

Mainz 2021 F. Goertz 6



The Hierarchy Problem
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The Hierarchy Problem
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Phys. Scr. 2013 014006

1672

Ap M3 .
Jump at threshold of NP~ = —+ > mj, .ﬁs
— large fine-tuning to achieve mn < Mnp
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Composite Higgs Models

Kaplan, Georgi, Dimopoulos,. . .

* Higgs is composite at small distances

= my saturated in IR =) Hierarchy Problem solved

» Higgs = (pseudo) Goldstone Boson = m<<m,
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of spon. broken global symmetry o
1500 E;—E'
—- = r
. . . s _'__/,\_z - $e‘
@  like pions in QCD 2 1000+ -
= E?K

<Q_Q> 7& O 500+ ——K ; :gzrimem

SU(2)L X SU(Q)R — SU(Z)V o input

e # QcD
0 0906.35949
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Composite Higgs Models

Kaplan, Georgi, Dimopoulos,. . .

* Higgs is composite at small distances
= my, saturated in IR = Hierarchy Problem solved lw&g

* Higgs = (pseudo) Goldstone Boson™ my<cm, Naturally address

o Hierarchical Flavor Structure)

2000
of spon. broken global symmetry i - Dynamical EWSB
bt = E{EEEF ’ * Tiny Neutrino Masses
: . : s I (A .
@ (ke pions in QCD 2 1000 s g Dark Matter
= Ee \ * Baryogenesis ...
<Q_Q> 7& O 500+ ——K ; :gzrimem
SU(2)L X SU(?)R — SU(Z)V o input
0 @ §¢ QCD
0906.3599

4D UV completions??

Barnard, Gherghetta, Ray 1311.6562,

° MCHM SO(S‘)_»SO(4_> Contino, Nowtum) Pomarol, ph/0306254 Ferre'ttf, Karateev, 1312.5530
Agashe, Contino, Pomarol, ph/0412084 Cacciapaglia, Sannino 1402.0233,
. . Vecchi, 1506.0062.3,
ho(ogmphlc construction / EFT Ma, Cacciapaglia, 1508.07014
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Minimal Composite Higgs Model (MCHM)

* Minimal models: SO(5)=>SO(4) so(1)=502),xSU©)x

Contino, Nomura, Pomarol, ph/0306254, Agashe, Contino, Pomarol, ph/O4120849

dim[SO(5)/SO(4)] =4GB

— Higgs hi,..4 9

— 4 Goldstones, custodial symmetry — small T

/// \\\

4
T =y — [T (0) = T12(0) 2500 Tl7(0)— 53 T4 (0) |- * g
6 Cme 0.4 eliminary
N —isospin violation / m/m; ,
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Composite Higgs Models

G H C  Ng ry = Isu(2)xsu() (Fsu@xu))

SO(5) SO(4) v 4 4=(22)

SU(3) x U(1)  SU(2) x U(1) 5 2.1/2+ 1o

SU(4) Sp(4) v 5 5=1(1,1)+(2,2)

SU(4) SU2)ZxU(1) v* 8 (2,2)19=2-(2,2)

SO(7) SO(6) v 6 6=2(1.1)+(2,2)

SO(7) Go v T 7=1(1,3)+(2,2)

SO(7) SO(5) x U(1)  v* 10 10 = (3.1) + (1 3) +(2,2)

SO(7) [SU(2)]? v 12 (2.2,3)=3-(2,2)

Sp(6) Sp(4) xSU(2) v 8 (4.2) =2-(2,2)

SU(5) SU(4) x U(1) v* 8 4 5+4.5=2-(2,2)

SU(5) SO(5) v 14 14 =(3.3) +(2.2)+(1.1)

SO(8) SO(T7) v T 7T=3-(1.1)+(2,2)

SO(9) SO(8) v 8 8 =2-(2,2)

SO(9) SO(5) x SO(4)  v* 20 (5.4)=(2.2)+(1+3,1+3)
[SU(3)]? SU(3) 8 8=1p+2:1/2+ 30
[SO(5)]? SO(5) v 10 10=(1,3) + (3.1) + (2.2)

SU(4) x U(1)  SU(3) x U(1) 7 3_4/3+3,1/3+10=3-19+2,49/2

SU(6) Sp(6) v 14 14=12-(2,2)+(1,3)+3-(1.1)

[SO(6)]* SO(6) v 15 15=(1,1)+2-(2.2)+(3,1)+(1.3)

Bellazzinia, Csaki, Serva 1401.2457 (Review)
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Composite Higgs

* Higgs = composite of a new strong interaction

* New confining force (e.g. SUN)) breaks global SO(5)

spontaneously via condensation (1) #0) of fermions 0 @
charged under that force, at scale A

* Higgs: Goldstone of global symmetry breaking SO(5)— SO(4)
— massless w/o explicit SO(5) breaking (v(Hy=o) - -

1E R

x|+ N

=0

+ corrections to m,, cut off by compositeness scale A = - =

Mainz 2021 F. Goertz 13




The Analogy with QCD

e 2-flavor QCD with my,=mg=0 — SU(2)rxSU(2)g chiral sym.

» Spontaneously broken by quark condensate (qq) # 0 :

(condensation of color force)

SU(2)r x SU(2)gr — SU(2)y |

e Goldstone bosons: 3 pions (7T, 7% 77) @ Q

LX(

QCD\

lb[/( LXbL 2R><(/(IB

e/



The Analogy with QCD

e 2-flavor QCD with my,=mg=0 — SU(2)rxSU(2)g chiral sym.

» Spontaneously broken by quark condensate (qq) # 0 :

(condensation of color force)

e Goldstone bosons: 3 pions (7T, 7% 77) @ @

« Ggw broken by (gq) # 0 SU2)1 x U(l)y B
SU@)y x Uy = U(Lpu %@CD\

- WZ become massive, absorb 7 5(,( o,

|
B |

| AR — SRR | | { -
= 27~ 29 Mev

= Mw = =5~ = 29MeV SU@)y x U(l)s
so far no Higgs... -




I Up-Scaled Version: Technicolor

¢ f. = F.~v=246GeV ol X L

QC
(SU ( (SU M“C)
SU(2)1 x SU(2) LxSU
J 7T o
SU(©2)y S’U( v
longitudinal (Goldstone) modes ] 7

fr

T

VL) = sina|rqcep) + cos afmrc) v =24 F2, tana =



Solution to the HP:
Dimensional Transmutation

e gTC grows strong in infrared — techniquark
condensate breaks EW symmetry

d 1 Bo | 872
———(p) = — —> v = Mp; exp (— = )
dp g4 ) 5~ | grc(Mpr)(—05)

-"/Large corrections to S Parameter
« No Higgs |



Composite Higgs Models

CH interpolates between Technicolor l&é
and elementary Higgs: light Higgs as pNGB |

SO(5) — SO(4) v? y
e G/H; contains a SU(2);, doublet — Higgs -
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Composite Higgs Models

CH interpolates between Technicolor l&é
and elementary Higgs: light Higgs as pNGB |

e Strongly interacting sector with global g—>7-[1 L\{EWSB

SO(5) — SO(4 /
e G/H; contains a SU(2);, doublet — Higgs
. 2 a
Rotation of vacuum Z(I)ZZO e 1F halz) Ty
Goldstone-Higgs = angular variable ’ docay cons tantbmken gener.
~ TeV

G/H
G/H

(0,0,0,0,1): SO(5)— SO(4)
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Composite Higgs Models

CH interpolates between Technicolor l&é
and elementary Higgs: light Higgs as pNGB |

e Strongly interacting sector with global g—>7—[i L\{EWSB

) — SO(4

e G/H; contains a SU(2);, doublet — Higgs /

g
e Subgroup Ho = Gsm C G gauged 9

no Higgs potential & Ggnr unbroken at tree level
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Vacuum Misalignment

CH interpolates between Technicolor l&é
and elementary Higgs: light Higgs as pNGB |

o G explicitly broken by couplings to SM EV\/SB
(only invariant under Hg = Gsm)
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Vacuum Misalignment

CH interpolates between Technicolor l&é
and elementary Higgs: light Higgs as pNGB |

e G explicitly broken by couplings to SM %ﬁwfﬁ

(only invariant under Hg = Gsn)

e Omne-loop Higgs potential — Hy broken

‘H = Hy N H1 unbroken gauge group

\
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Vacuum Misalignment

CH interpolates between Technicolor l&é
and elementary Higgs: light Higgs as pNGB |

e G explicitly broken by couplings to SM %ﬁwfﬁ
(only invariant under Ggr) .&? v
e Omne-loop Higgs potential — Hy broken e

— ratio & = (v/f)? measures 'misalignment’: |
~orientation of Ggyr with respect to Hy in true vacuum

— size of all corrections to precision observables ~ &

Mainz 2021 F. Goertz 23



Vacuum Misalignment

CH interpolates between Technicolor l&é
and elementary Higgs: light Higgs as pNGB |

(only invariant under Ggr) |

o

e G explicitly broken by couplings to SM EZZSON

e Omne-loop Higgs potential — Hy broken

— ratio £ = (v/f)? measures 'misalignment’: |
~orientation of Ggyr with respect to Hy in true vacuum

— size of all corrections to precision observables ~ &
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Vacuum Misalignment

CH interpolates between Technicolor l&é
and elementary Higgs: light Higgs as pNGB |

e G explicitly broken by couplings to SM %ﬁwfﬁ

(only invariant under Ggr) |

o

e Omne-loop Higgs potential — Hy broken

— ratio & = (v/f)? measures 'misalignment’: |
~orientation of Ggyr with respect to Hy in true vacuum

— size of all corrections to precision observables ~ &
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Vacuum Misalignment

CH interpolates between Technicolor l&é
and elementary Higgs: light Higgs as pNGB |

e G explicitly broken by couplings to SM %EWSB
(only invariant under Ggr) \% X

e Omne-loop Higgs potential — Hy broken

— ratio £ = (v/f)? measures 'misalignment’:
~orientation of Ggy with respect to Hq in true Vacuum

— decoupling limit: £ — 0 (f — o0)
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Counting

CH interpolates between Technicolor l&é
and elementary Higgs: light Higgs as pNGB |

e G dynamically broken at scale f: G — H; : %EWSN
Ho C G gauged | |
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Counting

CH interpolates between Technicolor l&é
and elementary Higgs: light Higgs as pNGB |

e G dynamically broken at scale f: G — H; : %EWSN
Ho C G gauged | |
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I SO(5) - SO(4) Composite Higgs

composite

Higgs + fermionic
and bosonic

resonamnces
of strong
sector
2000
1500 E=
5 T
= 1000 i
= EFDE'K
500 —k o
A
V(h)x0
Yiy + U
1 ey — i —
=—=| Vs T
2 . .
V2 (LR o
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I SO(5) - SO(4) Composite Higgs

Higgs + fermionic
and bosonic

composite

resonances
of strong
h7 wv 10 sector
SO(5)— SO(4) Lo
= = =

V(h)x0

P
Below condensation scale Ac: NLIXM X=3 ¢ 7 E T |

Composite Goldstone Higgs

Y0=1(0,0,0,0,1): SO(5)—SO(4) T%: SO(5)/SO(4)



I SO(5) - SO(4) Composite Higgs

AN composite

SELOpL SLECOr

I
| — ViCSOVIAVGES
%, P I /lp ) p

V(h)x0

0— h, Z:EO @_Z’%Ta



I SO(5) - SO(4) Composite Higgs

ATTY composite
A | EE— elewxentarg SCLOpL) S2ECOr
%, p | s /Lp’ p ) : RSO DS
SM_,
TeV ~ f 1B SU(2)%><U(1)9/
V(h)x0
O— h/, SM E:EO e_i%Ta



I Coupling to SM breaks SO(5)

y SELOUY SLECOL

] -
| — (2500 0B LS

TeV ~ f_ h,, SM

>V (h)#0

0 V(h) =~ asin(h/f) + Bsin*(h/f) £ 0



Partially Composite Fermions

Kaplan; Agashe, Contino, Nomura, Pomarol

LD —(C_?L'\Ij% ‘|‘C7R\Ij%)f " vi

\IJQ
T — induce My -]

Pa
10 of SO(5) Ir 34



Partial Compositeness

Addresses the flavor puzzle:] J
y%,R JEN (A/AUV)7L+'7R

: . Grignt
— Hierarchies generated naturally from small
differences in anomalous dimensions

fo~1 Froggatt-Nielsen -like

Slice of AdSs —® mass matrices

xtra Dimensio

Dual picture:
L Warped J
E n

= later G5~ cy 2 —1/2 W bt
UR :
UV brane: . .
elementary br - Siuctcs
sector T BB

— Different ¢~ O(1) mass parameters (—y)

— Localization — Hierarchies in overlap with Higgs!



Light Top Partners

* Most important SO(5) breaking: top quark

< eormposiis

* Large top yukawa — large m,

e
I
min —
N yi v ~ mem/f my My == ¢
L
=> light top partners: 125Gev -
VV\lV\
i< f ~
L—HC SeaVCl/\eS T "ATLAS = - 3597 (13Tev) 35.9 fb” (13 TeV)
i 5=13Tev, 36.1 " é 5 CMS , 1 CMS
4 R G i £ @o.a
=y £ 1300 GeV Freed M . =
b M00F o4

]
D)
S
T

Observed

Assumes BR(T — Ht) +

BR(T — Wb) + BR(T — Zt) = 1 0 010203 040506070608 I
BR(T — Wh)




Light Top Partners

* Most important SO(5) breaking: top quark MCHM .

* Large top yukawa — large m,

P

~

iy ~ i v ~ miEf m,

=> light top partners:

P~
|

LHC Searches

ATLAS
Vs=13TeV, 36.1 fb'
VLQ combination

BEA Observed limit

— mt/ Z 1300 Gev *\ - % SU(2) doublet

O SU(2) singlet

BR(T — Ht)

Assumes BR(T — Ht) +
BR(T - Wb)+ BR(T - Zt) =1

“ ,,,:“'EL‘JM_\" | mui,., - ~N]
0 01020304 0506070809 1
BR(T — Wb)

140
25
120

2.0 100

LHC searcb\e_s

0'% 100 150 200 0
my [GeV]

o

Carmona, FG, JHEP (1410.8555) ABG
f =800GeV

‘potentially strongest
constraints on CH




Avoiding Light Top Partners

* Larger quark representations: 14 of SO(5) Panico, Redi, Tesi, Wulzer, JHEP (1210.7114)

* Fits naturally in the lepton sector (keep quark sector [even more] minimal)

/ s T B[ —)| 3"+ —] [+ ]
G =nde (S e ) e ( =] 1+ —] Y, -] )
. J | ’ ) 2 9 \\?_2[_, _/l Y'QT//[_I_, _] @72—///[+, _]

Carmona, FG, JHEP (1410.8555)

> Type-lll seesaw, ‘unification’ of RH leptons, address LHCb anomalies
Carmona, FG, PRL (1510.07658), EPJC (1712.02536)

* Breaking the global (Goldstone) symmetry softly

Blasi, FG, PRL (1903.06146), Blasi, Csaki FG, 2004.06120
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Explicit Models of Strong Sector

Calculable Implementations ...

1) N-Site Models | |

|| ! c
i
I
]
|
[/

2) Extra Dimensions

(Holographic Models)

elementary sector composite sector

Mainz 2021 F. Goertz 39



Extra Dimensions

Dual Description of Composite Models

Mainz 2021

String Theory
.~ gravity on AdS,

Quantu.m Field Theory
(no gravity) on R3=3AdS;

Gsu —
EWSB\
Sector \
SF(\V},‘HJ ‘,- \.‘|
Y | f.‘
o G—H /
bledt hele
nside bal /

5-Dimensional

Anti-de Sitter
; Spacetime

Black Hole

Ads
Boundary
(2=0)

4-Dimensional
Flat Spacetime
(hologram)

F. Goertz



Extra Dimensions
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Extra Dimensions

e Additional Dimensions compactified to escape detection

5th Dimension B
A ,__,),
Compactification

Time

.‘/v/,‘::
mme.polytechnique.fr/)

P

Colonna (hftp:// www.lacta

™\

Calabi-Yau manifold attached to every

‘Compactified D>4 space-time:
_point of 4D space-time

)
/
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Extra Dimensions

Calculable Implementation of

/ SELOYY sector\

Strong Sector:
4 e300y ipness \

(Resonances, ....) SMh_O h7 w, p ‘\‘
4D CH Model U)X UMY 50(5)—=50(4)

viH

sD Dual: slice of AdSs [\ " cqz_mt ]
(Weak(y coup led) ____“““““ _______________ f-{ /,,

UV brane: R brane:
elementary sector composite sector

AdS/CFT correspondence

‘Maldacena conjecture’
Adv. Theor. Math. Phys. 2,231 (19a8)  Gubser, Klebanov, Polyakov, PLB 428,105 (1998)
F. Goertz 43

Witten, Adv. Theor. Math. Phys. 2, 253 (1998)
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Kaluza-Klein Decomposition

=
5th Dimension %
A

Compactification

e Additional Dimensions
compactified to escape detection e e

3.Space 3-Space

e Particle propagating into comp. extra dimension
— infinite tower of (4D) Kaluza-Klein excitations

like energy levels of particle in a box|

(I)(xay> — Z¢n(x)fn(y) -
A

4D fields  ‘profile’ along extra dimension ~ Composite
resonances in
dual picture

T. Kaluza, Sitzungs. Preuss. Ak. Wiss. Berlin, 966 (1921)

O. Klein, z. PMS'M “Original ldea: unify gravity and electromagnetism,”
= by merging the photon vector field together with

Mainz 2021 \\\\tk\e 4D Minkowski metric into a 5x5 metric F. Goertz 44



Kaluza-Klein Decomposition

O(z,y) = Y ¢n()fuly)
n_ % X

4D fields  ‘profile’




Kaluza-Klein Decomposition

O(z,y) = Y ¢n()fuly)
n_ % X

4D fields  ‘profile’

Simple Example: Scalar field in (flat) 5D

1 R
S5 = /d4w/ dy Ov®(z,y)0" @(z,y) — mz®*(z,y)  M=0.1234
0
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Kaluza-Klein Decomposition

O(z,y) = Y bn(2)fuly)

"R S
4D fields  ‘profile’
yR fn(y) =cn cos(any)+d, sin(a,y)

T e i e e i P

Simple Example: Scalar field in 5D

| R
) /d4x/() dy On®(z,y)0™ ®(x,y) — mz®*(x,y)

variation ofS ‘/62 (y)=—a?f, 3
et s 2 | 0 3 {Suon @) 60(z) ~ i3 0)} ) == fn0)
d, — mass . My, =My + A,

infinite tower of 4D scalars with different masses
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I Boundary Conditions and Spectrum
VAN

Y=o Y=R

fn(y) = ¢, cos(any) + dy sin(a,y)

Fal) =0V fi(y)=0,y=0.R

(——) Dirichlet-BCs: f,(0) = f,(R) =0 = ¢, =0

(++) Neumann BCs: f,(0) = f,(R) =0 = d, =0 . 2 m2 + n2n/R?

\




I Boundary Conditions and Spectrum

. KK excitations
m% :n27r2/R2 5T | N D
4z | N D /
Can be SM patrticles

s N D .. : :
SE similarly for spin 2, 1...
2% | N D i

= | N D mo=0 1

N » [ight “zero mode”  fo(y) = » flat



I Boundary Conditions and Spectrum

KK modes
- KK excitations i8]
m,,% — 122 /R2 52 | N D flavor structure ; et
4z | N D / . gy S=il2 cg 2 —1/2 :
32 | N D
2% + il L Different with warped metric
(later)
s N D
= L
light de” foly) = — flat
N > [ Zero moae 0 = > fla
0 g VR




I Boundary Conditions and Spectrum

5 N D KK excitations
r 1

4z | N D /

3z | N D

2% | N D

™ N D

£ 1

0 N X ——» no light mode

(——) (also for (—+))




Extra Dimensions

Calculable Implementation of

/ SELOYY sector\

Strong Sector:
4 e300y ipness \

(Resonances, ....) SMh_O h7 w, p ‘\‘
4D CH Model U)X UMY 50(5)—=50(4)

viH

sD Dual: slice of AdSs [\ " cqz_mt ]
(Weak(y coup led) ____“““““ _______________ f-{ /,,

UV brane: R brane:
elementary sector composite sector

AdS/CFT correspondence

‘Maldacena conjecture’
Adv. Theor. Math. Phys. 2,231 (19a8)  Gubser, Klebanov, Polyakov, PLB 428,105 (1998)
F. Goertz 52

Witten, Adv. Theor. Math. Phys. 2, 253 (1998)

Mainz 2021 Int. J. Theor. Phys. 38,1113 (1999)



-> Warped Extra Dimensions

Ran

dall, Sundrum, hep-ph/aq90s5221

e Non-trivial metric such that (4D) length scales get contracted
differently along fifth dimension — ‘warp factor’

ds? = e~ 2rloly L dxtdz” — r’de?

/
s
)

V>0 A<0 Vir<0

Ak A
¢ Uv o=m IR

Anti-de Sitter (AdS) space

General solution to |
Einstein Equations |

Mainz 2021

F. Goertz 53



Warped Extra Dimensions

Randall, Sundrum, hep-ph/aa05221

e Non-trivial metric such that (4D) length scales get contracted
differently along fifth dimension — ‘warp factor’

ds? = e~ 2rloly L dxtdz” — r’de?

H(x)

....................... o B S it

r—y e o Agg ~ TeV

- 1019 GeV V>0 A<0 Vir<0

Ak TeV

¢=0 uv o=m IR
e effective scale at ‘IR’ boundary exponentially suppressed ;
- — quantum
AIRN e krﬁAUv ~ TeV for kr =~ 12 ~ 0(1) corrections
curvature cut off
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Warped Extra Dimensions

Randall, Sundrum, hep-ph/aa05221

e Non-trivial metric such that (4D) length scales get contracted
differently along fifth dimension — ‘warp factor’

ds? = e~ 2rloly L dxtdz” — r’de?

@
V>0 A<0

-]
Vir<0
Planck %
¢ = uv -7 IR

AIR ~ TeV

e effective scale at ‘IR’ boundary exponentially suppressed

» Higgs (and composites) localized at that boundary — HP solved

Mainz 2021
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Warped Extra Dimensions

Randall, Sundrum, hep-ph/aa05221

« Composite Higgs dual to Higgs in warped 5D,
localized towards IR brane

« Warped cutoff Ajgr ~TeV < » compositeness scale A 11
» Kaluza-Klein excitation < » composite resonances g8

1500
d Emoo— e 2 ®
KK mmoaes g =
500
[

Masses fixed from
geometry, calculable!

Planck brane:
elementary |

A ~ Mp

, V. TeV brane:
Composites (Higgs....)
A ~ TeV
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Holographic

slice of AdS;
(5D gravity)

e Zero modes (mgy = 0)

UV brane localized field

IR brane localized field

e Kaluza-Klein modes (m,, # 0)

o(n] (I,u) DUAL
e Bulk mass, mg
mass
d,(ﬂ) a
v |
AP | o
he |0

e Symmetries

Bulk gauge symmetry G,
broken to H on UV brane

Gherghetta, 1008.2570

Mainz 2021

4D elementary (source) sector

DUAL +
—

strongly-coupled 4D CFT
(spontaneously broken in IR)

DUAL 1@ ~ |o*) + elpcrr) (e 1)
PEAL 190 =ele) +lgorr)  (e<D)
CFT bound states!
(I9™) =~ €|@®) + lpcrr) (e K1)

dim O
o9 [ 2+Vi+d
PN (v | Sl
AD 3
h,[ﬂ,) 1
CFT global symmetry G,
D&L with weakly gauged

subgroup H

Arkani-Hamed, Porrati, Randall, hep-th/0012148
Rattazzi, Zaffaroni, hep-th/0012248
Contino, Pomarol, hep-th/0406257 ..

A ~ Mp

UR

UV brane: IR brane:
elementary composite
sector sector

F. Goertz 57




Holographic pNGB Higgs

Contino, Nomura, Pomarol, ph/03062549
Agashe, Contino, Pomarol, ph/0412089

« CH identified as fifths component of
gauge field in AdS; space - pNGB

— Gauge-Higgs Unification

map A complex field
charged under
. 5th momentum

[ ]

= .

] .

. e _

Slice of AdSs " w=d- — —
i

1 _

0 || =0 ke —— —
I |
| =21 —_
by | 1D n=1d —
effectiveI
B e e i theory n=04L
4 =il =ik
Planck brane: TeV brane:
elementary Composites (Higgs.,...)
A~ Mpl A ~ TeV
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/

4D vector

H /

« CH identified as fifths component of
gauge field in AdS; space = pNGB

5D vector field A4, = AA

\

4D scalar
— Higgs

[ Lhs )/

Hatanaka, Inami, Lim...

Map A
n=4d
=3 -
= 2

4D n=1
ffective—l_
theory n=>0

Massless pNGB: 4D shift sym. <> 5D gauge sym.

Gauge-Higgs Unification

Manton, Hosotani, Fairlie,




I SO(5) Gauge-Higgs Unification

Manton, Hosotani, Fairlie,

50(5)\ Hatanaka, Inami, Lim...

5D vector Aﬁ — (Aﬁ7 A?) ds? = az(z) (nﬂydﬁc‘“:{:" — dz2) a(z) = R
<
HT / 4D vector 4D scalar / SO(5) /
Z Mﬂg ﬂ)/ — Higgs | bulk symmetry

V>0 A<O Vir<0

Ak %
¢=0 ¢

z € [R,R] = [Mp', TeV ]
R B /
S5 Z /d%/ dz a? {Ck [?JEJr (D5 + 2%) A2 — aMk;] Ck}
R

]

5D fermion 5D gauge field
Ay = (A7 A7)



Gauge-Higgs Unification

Manton, Hosotani, Fairlie,

50(5)\ Hatanaka, Inami, Lim...
A _ A A d52 — CL2(Z) (77 Vdgjlug;y — sz) CL(Z) = E
5D vector Ay = (AM,A5) Z :
/4 \ SO(B) x U(1)x

bulk symmetry
Gravitation

HT / 4D vector 4D scalar

yA"4"Pv4 v Hegs |

R’ /
oo 5 [t s (7)o

k=1,2

SO(5)XU(1)X D) SU(Q)LXSU(Q)RXU(l)YXU(l)

Dy = O — igsTELYy — igsTuRYy — igyY By — i-2— 24, (T3 — s2Y)

—ig5T&C§f/[, with M = p,5 and gy = g59x/ 9% T 93(3



I SO(5) Gauge-Higgs Unification

Manton, Hosotani, Fairlie,

Hatanaka, Inami, Lim...

5D vector Aﬁ p— (14_:?7 A?) ds? = a2(z) (nﬂydmﬂxv _ dz2)

SO(5) x U(1)x
d /  bullssymmetry

PPPPPP

R’ /
oo 5 e [t (o (5 52) -]

k=12

Dys = Oy — igsTELSy — igs ThRY, — igy Y Bay — i-2— 24 (T3 — s2Y)

—’L'g5TdC?\4

SOB)xU(1)x DSU2), xSUR2)gxU(1)y xU(1)

v

E<LTeV: Gew = SU2)LxU(1)y ==




I SO(5) Gauge-Higgs Unification

Manton, Hosotani, Fairlie,

Hatanaka, Inami, Lim...

2 o2 v 2 al2) —
5D vector Af]?/[ — ( A;‘L‘, A?) ds? = a%(z) (qudatas” — d2?)  a(2)

SO(5) x U(1)x
d /  bullssymmetry

PPPPPP

R’ /
oo 5 e [t (o (5 52) -]

k=12

Dy = Oy — igsTELSy — igs ThRY, — igy Y Bay — i-2—Z4 (T3 — s2Y)

o CoSe
—ig5TaC?\/[
Li(+,+)
SO(5)xU(1)x O SU(2) x SU(2) g xU(1)y x U(1) RY,(—, +)
Bu(+,+)
‘ 2~ +)
E < TeV: Grw = SU(Q)LXU(l)Y ) C’g(_,_)



I SO(5) Gauge-Higgs Unification

Manton, Hosotani, Fairlie,

Hatanaka, Inami, Lim...

2 o2 v 2 al2) —
5D vector Af]?/[ — ( A;‘L‘, A?) ds? = a%(z) (qudatas” — d2?)  a(2)

SO(5) x U(1)x
d /  bullssymmetry
I/Mﬁ>ﬂ/

R’ /
oo 5 e [t (o (5 52) -]

k=12

PPPPPP

gy
CopSe

Dy = Oy — igsTELS, — igsTORS, — igyY By — i

Zh (T — s3Y)
—ig5TdC?\/[

SOB)xU(1)x DSU2), xSUR2)gxU(1)y xU(1)

v

E<LTeV: Gew = SU2)LxU(1)y ==

4+

- - -

Lzt

“;%ﬂiix; “;m ’;&g



I SO(5) Gauge-Higgs Unification

Manton, Hosotani, Fairlie,

Hatanaka, Inami, Lim...

A A 1A ds? = a?(2) (udztz’ —dz?) alz) = u
SDvectorAM:(AwAS) (2) (n ) alz) =7
SO(5) x U(1)x
H/r / ....___F)UIk symmetry
R /
& k:Zm/d‘la:/R dz o* {@g [iE—I— (D5 o 2%) e, aMk} Ck}
Dy = On —igsTELY, —igs TR RS, — igyY By — icj); Zh (T — s2Y)
—igsT4Ce
. 50(5)/50(4)
LZ(+’ _|_) Lg<_7 _)
SOB)xU(1)x D SU©2) . xSU@)gxU1)y xU(1)  Fl—+) Rb(+,-)
¢ BH(—I_?—I_) BS<_7_)
%/f(_’—'_) Zé( 7_)
E < TeV: Ggw = SU2) xU(1l)y == £ (—, —) |[Ce(+,+)




I SO(5) Gauge-Higgs Unification

Manton, Hosotani, Fairlie,

Hatanaka, Inami, Lim...

2 o2 v 2 al2) —
5D vector Af]?/[ — ( A;‘L‘, A?) ds? = a%(z) (qudatas” — d2?)  a(2)

SO(5) x U(1)x
d /  bullssymmetry

PPPPPP

R’ /
oo 5 e [t (o (5 52) -]

k=12

Dy = On —igsTELY, —igs TR RS, — igyY By — z‘cg‘:’; Zh (T — s2Y)
50
—ig5TaC?\/[

SOB)xU(1)x DSU2), xSUR2)gxU(1)y xU(1) Lo (

v

E K TeV‘: GEW = SU(Q)L X U(l)y




Symmetry Breaking by Boundary Conditions

SELOpL S2ECOr

Ho C G

gauged symmetry
SSB by condensation

(—)BC (—)BC
Q — Ho Q — H1
G
y:O y=R
UV brane: IR brane:

elementary sector composite sector



Symmetry Breaking by Boundary Conditions

’HOCQ’

gauged symmetry

SELONL SLECOr

SSB by condensation

(—)BC (—)BC
g — H() Q — Hl
. A9
G: AY,
C(AHNTT
H:(A])
y=0 =R
UV brane: IR brane:

elementary sector

composite sector



I Symmetry Breaking by Boundary Conditions

SErOpL S2ECOr

gauged symmetry
SSB by condensation

SO(5)— SU(2), xU(1)y SO(5) — SO(4)
SO(5): AY,
LZ(+’ +) Lg(_a _)
SU(Z)LXU(l)YI %(—74-) Rg(_|_7_)
++ o
rane: rane: ~ 7 5A »
Z\e/vfentary sector lclzm[iposite sector QZ(‘; _) ‘C5a ("‘7 )1




I SO(5) Gauge-Higgs Unification

Manton, Hosotani, Fairlie,

Hatanaka, Inami, Lim...

5D vector Aﬁ — (Aﬁ) A?) ds? = a?(2) (uwdztz” — sz)

SO(5) x U(1)x
HT /’ bulk symmetry

R! T a’
oo 3 Joe [ sestfa s () -]

k=12

AdSs
A<0

Dy = Oy —igs T LYy — igsTHRY, — igy Y By — z‘cg‘:’; Zh (T — $2Y)
950
—ig5TaC?\'/[

R’ B
——» Yukawa S D — Z z'g5fd43:/ dz a*Cp(x, 2)7V°T*C(z, 2)Cs (2, 2)
k=1,2 R

=



One Step Further:

Unification of all forces & EWSB (Higgs)!

Gauge-Higgs Unification y Gauge-Higgs Grand Unification

SO(5): Apy = (47 @?/l L8/ Af = (A2 ALY Gour
Ul)x: Xy = (X, X5)
SUB).: Gy = (G4, GE)
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Gauge-Higgs Grand Unification

Ve

Embed GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

_ 7

a;

A

Gauge-Higgs Grand Unification

Al — (A A

: my & N PL
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Gauge-Higgs Grand Unification

Ve

Embed GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

/

* Two considered setups:

Hosotani, Yamatsu, 1504.03817
SO ( 1 1) Furui, Hosotani, Yamatsu, 1606.07222

Hosotani, 1606.08108
(see also Agashe, Contino, Sundrum, hep-ph/0502222, Frigerio, Serva, Varagnolo, 1103.2997,...)

Burdman, Nomura, hep-ph/0210257

SU(G) Lim, Maru, 0706.1397
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Gauge-Higgs Grand Unification

/-

Embed GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

* Two considered setups:

SO(11) SO(10) SO(4) x SO(T7)

4=0 Y=R

UV brane: IR brane:
elementary sector composite sector
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Gauge-Higgs Grand Unification

Ve

Embed GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

* Two considered setups:

Pyv

SO(11) SO(10)—=SU(5) SO(4) x SO(7)
SO(11)

i

SU(B)CXSU<2)LXU(1)Y
4=0 g=R

UV brane: IR brane:
elementary sector composite sector
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Gauge-Higgs Grand Unification

/-

Embed GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

* Two considered setups:

SU(5) x U(1) SU(2)pxSU(4)xU(1)a
SU(6)
i
SU(6) SU(3).x SU(2). xU(1)y |
G xU (1) G=E
UV brane: IR brane:
elementary sector composite sector
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Gauge-Higgs Grand Unification

/-

Embed GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

* Two considered setups:

Pyv
SU(5) x UXL) SU(2) x SU(4)xU(1)4
SU(6)
i
SU(6) SU(3),x SU(2), xU(1)y |
4=0 g=R
UV brane: IR brane:
elementary sector composite sector
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Too Good To be True?

/-

Embed GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

Severe phenomenological challenges:

50(11) * (too) light exotic states due to large
irireps of bigger symmetry
* Difficult to obtain correct EWSB/my,
ST (6)

* Degenerate/massless quarkséleptons

Mainz 2021 F. Goertz 78



Too Good To be True?

Ve

Embed GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

Severe phenomenological challenges:
SO(11)

* go to 6D Hosotani, Yamatsu, 1706.03503, 1710.04811

* abandon bulk SM & introduce new BSM 5D
SU(6) multiplets + addtl. mirror fermions

Maru, Yatagai, 1903.08359, 1911.03465 ...
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Too Good To be True?

Ve

Embed GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

Minimal Alternative

SO(11) <k
SU(&) In warped space with different
breaking pattern and brane masses

SU(6)
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Original SU(6) Breaking

SU(3)exSU2) ., xU(1)y |
y=0 H =HoNH; y=R
UV brane: IR brane:
elementary sector composite sector
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Original SU(6) Breaking

STU(6) \
\ () ()| () () () [

] e N e

o | ) ) [ G R [ ()

svossvwooy | 87 R ED I

+=) (+-) &R ) &) |+
£ H=HOH IR \[E) CIED 0 EDED )

UV brane: IR brane:

elementary sector composite sector As i+ —
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Original SU(6) Breaking

| () () | (=) (=) (=) (=) 1
¢ (++) ) |+ =) () ==
a | ) ) EH G D) ()
SU3).xSU2),xU(1)y | 1 () () () () () | ()
5 5y (+=) =) | ) () ) | (=)
. 9= \[) ([ H H D n/
UV brane: IR brane:
elementary sector composite sector As i+ —

Fermion irreps (min. attempt):
201, — (3,2) /4 © (3, 1) 4, ®ér(1,1);~ 15L — qr(3, 2)17a ® (3", 1)1y s @eh(1, )T

/-

* o _‘,x_) T T —t
(3 72)—1—'/_6 S2 U’R(37 1)2/3/ D (17 1)—1+ D dR(3’ 1)— /3 52 (17 2)1/2

- c — c ) +,—
6L — (3,1) )5 ©17(1,2) )5 GvR(L,1)5" 1p, — (1,1)] Me(=my) =0
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Original SU(6) Breaking

SU(6)
| () () | (=) (=) (=) (=) 1

¢ (++) ) |+ =) () ==

a | ) ) EH G D) ()

SU3).xSU2),xU(1)y | 1 () () () () () | ()

5 5y (+=) =) | ) () ) | (=)
. 9= \[) ([ H H D n/

UV brane: IR brane:

elementary sector composite sector As i+ —

Fermion irreps (min. attempt):
20, — (3,2)1_/’5r ® (3%, 1)_2/3 G ér(l,1)] é15L — qr(3, 2)1/6 ® (3%,1)° Th3 @ eR(l, 1),
(3*,2)_1/6@UR(3 1)2/3 @ (1,1)7;" ©dr(3,1)_1 5 ® (1, 2)1/2

6r, — (3,1) 15 ®15(1,2); ), GvR(1,1)5" L= (L) m(=my) =0
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Novel Breaking Pattern

SU(6) R
| () () | (=) (=) (=) [ (==)] )
¢ (++) () | (=) (=) (=) | (=)

a | =) =) ) () () (=)

SU(3)ex SU(2), xU(L)y | Tl ) ) [ () () () | (=)

5 = (=) (=) | () () () |[(=—)

a 9= \—) ) ) )/
UV brane: IR brane:

elementary sector composite sector As i+ —

o n=dim(G)—dim(H;) = 35 — 12 = 23 GBs,
ng = dim(Hg)—dim(H) = 24 — 12 = 12 GBs absorbed

e (n —ng) =11 GBs remain — Higgs + singlet + (3, 1)_1/3 LQ
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Novel Breaking Pattern

SU(6) R
| () () | (=) (=) (=) [ (==)] )
¢ (++) () | (=) (=) (=) | (=)

a | =) =) ) () () (=)

SU(3)ex SU(2), xU(L)y | Tl ) ) [ () () () | (=)

5 = (=) (=) | () () () |[(=—)

a 9= \—) ) ) )/
UV brane: IR brane:

elementary sector composite sector As i+ —

 Scalars
want to be

= dim(G) —di — 3512 =23 GB
o N im(G)—dim(Hq) S, Sl

ng = dim(Ho) —dim(#H) = 24 — 12 = 12 GBs absorbed [gitslle heavy ... )
«Could make

e (n —ng) =11 GBs remain — Higgs + singlet + (3, 1)_1/3 LQ use of them ..
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Novel Breaking Pattern

| () () | (=) (=) (=) (=)
¢ (++) (FH) | (=) (=) =) [(=-)
a | ) ) ED G ) [
SU3)exSUQ2) L xU(l)y | T (=) () | () () () | ()
5 5y (+-) (=) | () () () [(=-)
. g \[) ) ) ()
UV brane: IR brane:
elementary sector composite sector As 1+ —
Fermion irreps:
201, — (3,2); /¢ @ (37, 1)‘2/3@(1 1) 150 = qu(3,2)) 5 @ (3%, 1)1, ;@ er(1,1)]"
(3*,2)‘1/6@uR(3 1)2/3 @©(1,1)7; ®(3,1)_ 1/3@(1 2)1/2
6, — dr(3,1) 71 © 15 (1,2),/, ©vi(1, 17" 1, — (1,1)57
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Novel Breaking Pattern

Fermion irveps:

201, — (3,2)1/5 & (3", 1) 55 & (1, 1), 15 = qr(3,2))/0 © (35, 1)1 5 @ ep(1, 1)
(8*,2) "1} @ ur(3, 1)2/3 @ (1,1)° ’f“ ®(3,1) )@ (1.2))5
6L — dr(3,1) "3 @15(1,2) ), GvR(1,1)]" 1, — (1,1)~

+ boundary mass terms!

SU(5)
Suy = /d4£C(Mu¢20,10X15,10 —|‘h-C-) | SU(6)
4
S (22 (M M, I
IR— E ( a¢15,(3>§1)X20,(3ﬂ;1)+ dX15,(3,1)¢6,(3,1) " Maar

T + Mix1s.(1,2)%6 (1.2) + Myxe,191 + h.c.)

Breaks SU(4), but crucial to get spectrum (and correct EWSB)!
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Novel Breaking Pattern

Fermion irveps:

201, — (3,2);/¢ ® (3, 1) 3, @ (L,1);" 150 - qu(3.2)))g © (37, 1) 7 s @ eR(L, 1)
(3",2) "6 © ur(3, 1)2/3 @(1,1)” ’fL ®(3,1) 1) ® (1,2) /5
6L — dr(3,1) 1 5 B 15(1,2) ), ©vR(1,1)5" 1, — (1, 1)~

+ boundary mass terms!

Suv = /d4$(Mu¢20,10X15,10 +h.c.)

M u 7 My )
A R 4 be — V(H)
SIR Z/d L (ﬁ) (Ma¢15,(3>§1)Xzo,(3>';1)+MdX15,(3,1)¢6,(3,1) Mg — me # myq

\MV — light v Y.

-+ MZX15,(1,2)77D6,(1,2) + MI/X6,1¢1 + h.c. )

Viable spectrum for 3 gen.
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SU(6) GHGUT

SU(5) SU(2)p xSU(4)xU(1)4
SU(6) |

bulk wmatter

SM at low energies? K
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SU(6) GHGUT w/ novel breaking pattern

SU(5)
SU(6)

bulk matter

Mu Mﬂ,d,l,l/

Reproduces SM at low energies!

Mainz 2021 F. Goertz 91



Phenomenology

SU(5) Gsm
SU(6) |

bulk matter

Mu Mﬂ,d,l,u

Reproduces SM at low energies!

* Extended Scalar Sector (incl. Higgs Mass)
* New XY Gauge Bosons

* Proton Decay?

* Running of Gauge Couplings, different variants
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Scalar Potential

DON'Z

PANIC

Hisgs + singlet + (3,1)_, 3 LQ
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The Model is True!

 The mode is true....




The Model is True!

 The mode is true....

.. well, because 20+15+6+1 = ‘ )
T .

Ry K :
S AT & g,
1o -4 SRl o &

‘4
. 'y 5
7

P |l y

-

DON'T
PANIC

THE ANSWER

Mainz 2021 F. Goertz
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Scalar Potential

Hisgs + singlet + (3,1) ;53 LQ

—4N,. (3) quarks (gauge bos.)

/4

N,
(4m)?

Vi(v,e,8) = / dp p® log(p,(—p°, v, c, s)) }
0

c
4 A N>

Higgs LQ  singlet

. 2
Spectral function: Pr (mn;m v, C, S) =0
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Scalar Potential

Hisgs + singlet + (3,1) ;53 LQ

140 -

.’
120 - .. R
N - .‘. o - ? [ J [ 1] . .g
% s 3 °
;‘ 100 _ * = ° .:. .‘.
8 I s .‘ .'.“. L ]
E 80 - : . . ...: . . L. . o :'.: c. 5 00. ‘. .. e o.." ..n .. s e
B 2 s % oo O ° ".~ .= ° [ ] ’
" L]
60~ _ . e
A .cr;. v. .
40 | | | \. *l ..\ | | | I | | | | | |

130 135 140 145 150 155 160

o m; [GeV] .
v = 246 GeV mp (), me(p), with p ~ f

Mg # 0 crucial R~ =10TeV

R mp/2
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Scalar Potential

Hisgs + singlet + (3,1) ;53 LQ

140 - .
120
.‘. .. - ?’ [ 1] ° .%
< 100~ - £y = v
[}) s . g%
g o . e
K - g o® o -‘a'
g 80~ - : 7 g
[ ° '= s [ X
°s3 ) . .
0F o e s 9 s i ==y COvvrect quartic
L fag predicted!
40— ° ®5 3 1 4 5§ \ | | |

130 135 140 145 150 155 160

o m; [GeV] .
v = 246 GeV mp (), me(p), with p ~ f
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Scalar Potential

Higgs + singlet + (3,1)_, 5 LQ

1500 -

1000

mg [GeV]

L 5 e SR SRR WL - x. T SUICER 1 1.5 .:'s'.'is. . : . s
. % e e "- b _'._. . -.'.- .': "_. “Cpete ':- ", ','.. e g .-'-.:.'.,' .'f,._:l:;. -: .i_" S . :
8001 . 7o ke Ve SRR e B
3 T L Sndd g by .53":{,‘;;"& .;":,';‘.i,-.-‘-.?:. [y TR
| . . o & 5y - : '.:_-:'.;’- b ﬁ- “w .',....: o . \~ -‘:

Potentially induce strong

1% order Phase transition 00
S B aryo genesis 0 500 1000 1500 2000 2500 3000 3500

mq [GeV]

address (CC) B anomalies
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(m(— 4y ~25/R ~m,)

~0.25/R" ~m,/10 < m,

R’\/Q log(4) — 1

m(""a_) —

o
S
L
N
T
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o
Q)
L
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Vector Leptoquarks

&

() (FH) | (=) (=) (=) | ()5
(++) 0 | =) (=) =) | (=)
a4 | =) (=) () () () | ()

g (+=) (=) | (++) (++) (++) | (=)
(=) =) | () () D) [ (=)
) ) ) O/

M4 —) = . ~0.25/R" ~m,/10 < m,

R’\/Q log(4) — 1

Di-lepton searches — m(. ) >25TeV =R "~m,/2

e.g. Crivellin, Miiller, Schnell, 2101.07811

2 10 TeV

— same ballpark as EWPT and Flavor in GHU!
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Proton Decay?

Fermion embeddings help: no p — mo +e™ e u
201, — (3,2) /0 & (3%, 1) 4@ (1,1); " %
(3,2) 71 ®ur(3,1)35 ® (L, 1) . ’
151, — q1(3,2) /g @ (3", 1)1, ;@ ex(1,1)]7 p y
® (3,1, e (1,2);
61 — dr(3,1) 1,3 ®17(1,2),/, & vg(1, 1)y )
[ q

& secret baryon symmetry:

SM-fields with usual charges + charge new fermions and vectoré&scalar LQs
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Unification: different options

M, Mz a1
H U0,
— Su@ s m, ~ 10 TeV
.:' WAy — % /;ﬁ‘h <
u é.': 4’“-’:%)1;’; ________________________________________________ / / 2 ng; a,é; %;rror/\_:/j sgctor/‘
v S
my SU(5) SU(G) — GsMm

+ gauge kinetic terms

(FF) £0
gauged symmetry

SSB by condensation
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Unification: different options

(] e
' —
] _ _
N - -
|
] 1 -
uﬂ, : i .{ ——————————————————————————————————————————————— H /
- " : SErONg SLETOL

SU(6) — SU(5)

Mer, Gsm

* KK modes of XY gauge

bosons at TeV scale (FF) #0

gauged symmetry

SSB by condensation
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Unification: different options

Oyv

SU(5) = Gsm Gsm
Qa; |
) SU(6)
Mu Mﬂ,d,l,u
i Su(2) &
N SUQ).
: Uy = ,,sﬁm .
U £ T A strang soetor
y = K SU (5
Maur~10% GeV i( ) SU(6) — Gsum
Gsm

* KK modes of XY gauge

bosons at TeV scale (FF) #0

gauged symmetry

SSB by condensation
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Conclusions

* Embed GUT group in enhanced global symmetry of CH:
Unification of all forces & EWSB (Higgs)!

Gsm SU(5)
SU(5) Gsm
* Modified symmetry breaking solves all SU(©)
problems of earlier models bl watter
M, M a1,

* Minimal fermion realization (cf. MCHM,) leads to fully viable spectrum

* Proton decay forbidden, KK modes of GUT gauge bosons at TeV scale

— ~—

* Lots of directions to explore

Top partners & tuning, Flavor anomalies,

Unification, Baryogenesis, ...
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Backup
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Composite Higgs: Some Detalils




EWSB due to QCD

e Global symmetry breaking
:SU(Q)L x SU2)r x U(1)p {SU(Q)V: xU(l)g — 3GB7°

GEW =SU2), xU(1)y SU2)r x U(L)y —
— explicit breaking of global symmetry %@CD\
Mg >0 | |

bL()beL()Rx(()BII

|
|

« Gew broken by (gq) # 0 : | { W |
SU@2)L xUQ1)y = U(1)em sv(z)vxff(l/

— WZ become massive, absorb 7

p so far no Higgs...



EWSB due to QCD

o Ggw broken by (gq) # O

SU@2)L x U(L)y = U(1)gm %QCD\

— W,Z become massive, absorb 7 \L“L /
_i(PT)/w
W propagator G,.(q) = / \
pProbas g ( ) C]2 —Q%M/Q (PT),MV Enw/—q“qy/qz
(§=0)
0 (0) =(Pr)
T (q) = / COTG @O
CAAANK - —— = NN
(O|JF |7~ (p )>—z—p H f—7% imW:%QZQMeV
\/§ H 2/ s 9 i




Higgs Couplings

1 2 2
L= §8Mh3“h +V(h) + UZTI“ [(DME)T(DNZ)} (1 s QG% 1+ b% 4., )

N u,,(J)
llllllllllllllllllllllllllll —\%(a%) &= (1 + c% +---) (?&Z&) +hec.
A | f 545
- ] depends on fermion embedding
vl — s a=y\/1-¢&, b=(1-2¢)
C
|
0.5t |
. Bayesian mar%inalisation
| — Gaussian prfor, no correlations — |
L1 S T T T T T

0.6 0.7 0.8 9 1.0 1.1 1.2 13
a Fichet, Moreau, 1509.00472

111
£~0.2— f~550GeV



Higgs-Fermion Couplings

1 2 2
L = 50,h0"h+ V(R) + 2T [(D,3) (D"5)] (1 N Qa% N 55_2 L )

u, (9)

Vo) (D) h Yijup
——(uy’ dj )E(1+c—+---)< g (j)> + h.c.

. V2 /v Ydd;

15F
depends on fermion embedding

1.0+

L Rather model dependent:

C
Representations of ¢ under SO(5)

0.5+

: Bayesian marginalisation €= 1 _g : MCHM4 (SplIlOI'lal)

| — Gaussian prior, no correlations — | c = 1—2¢& . MCHM (fundamental)
N - T Vi€ 0

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

a Fichet, Moreau, 1509.00472 « ..

¢~ 0.85 — f ~ 500 (780) GeV for MCHM, (MCHMS;) e



Electroweak Precision Tests

e Tree Level (SO5/SO(4)) :

8 =9 11 {(0) wm@wvvw T = 0 (custodial)

] Nl A

4 (1 36) s % O for g % O 0:3;_ B 68%, 95% and 99% CL for present fit _%

mp oz .

e 1-loop: modified Higgs-Gauge couplings : :
NCOS(<h>/f): /1_5 _>AS>O, AT<O :0.32: m'= 17334 0916\./ Bf
0.4 F ié

“o. 5 0 4 —0 3 -02 -0.1 0 0.1 0.2 0.3 0.4 Os.5

T L
- G ]
s A excluded

T awv A9 (99% CL)

. £ <0.1— f > 800GeV @95%CL

P Thamm, Torre, Wulzer, 1502.01701
Ghosh, Salvarezza, Senia, 1511.08235
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Vacuum Misalignment: Geometric Picture

Gsm
EW SB
Sector

o G — 7—[ D Gsm, Generators {T4} ={T* T, T*:H, T®:G/H

e Reference vacuum configuration ¢g : T%pg =0, T # 0

— NGB fields qﬁ(a:) — etfa(2)T" @0 : local transformations in T directions

e Explicit G breaking — non-vanishing (6;), breaks Ggw:
misalignment of true vacuum (¢) vs. H-preserving ¢q, anlge 9= (0)

EW breaking: v = fsind, f = |¢g|



Vacuum Misalighnment

see, e.g., Panico, Wulzer, 1506.01961,
Azatov, Galloway, 1212.1380

Explicit G breaking — (h) > 0 = breaks Ggw C H:
misalignment of true (X) vs. H-preserving >, anlge 9= (h)/f

2,2 .9 S(z) = $o e F ha(T"
Challenge: £ = v*/f* =sin“ ¥ <« 1 S = (0,0,0,0,1) : SO(5)— SO(4)

without excessive tuning £ 115
Ly = (D) (D'E)



SO(5) » SO(4) Composite Higgs

composite

Higgs + fermionic & bosonic
resonances of
strong sector

e
x0
Below condensation scale : effective description of Higgs sector
via NLoM | | )
S=UY%,, U= e FhaT % = (0,0,0,0,1)

T% : SO(5)/SO(4)
h transforms as fundamental of SO(4) or

complex bi-doublet (h, h¢) of SU(2) x SU(2)r = SO(4)

gauge



I SO(5) » SO(4) Composite Higgs

composite

Higgs + fermionic & bosonic
resonances of
strong sector

SO(5)— SO(4)

V(h)x0

Below condensation scale A.: effective description of Higgs sector
via NLoM B
Z — UZO U: GZTMTQ %0 =(0,0,0,0,1)
’ T4 . SO(5)/S0(4)

SO(5): ¥ — Sm(z/f) (h*, b2, 0% 1 hcot(h/f)) .

S/

h=\/(h")?

o




Extra Dimensions

AdS/CFT correspondence:

Theory of gravity in D+1 dimensions
dual to gauge theory in D dimensions

* Most famous example:

Type llB St‘/l'mg theory I.V\ (Ma{dacel/\a COV\jectMV@)
5 Adv. Theor. Math. Phys. 2,231(1998)
AdSs X S° dual to N=4 SYM Int. J. Theor. Phys. 38,1113(1994)

on bouy\dayy of AdS Space Gubser, Klebanov, Polyakov, PLB 428,105(1998)
Witten, Adv. Theor. Math. Phys. 2, 253 (194938)
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Kaluza-Klein Decomposition

T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)
O. Klein, Z. Phys.37, 895 (1926)

d /Ow'gina{ ldea:

—

J

unify gravity and electromagnetism, by merging the

photon vector field together with the 4D Minkowski

~__metric into a 5x5 metric

y=0 y=R

Simple Example: Scalar field in 5D

)

/
1 R

S5 =5 [ ' [ dy on(e.)0" (ay) ~ mE* .y

L 0




Kaluza-Klein Decomposition

T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)
O. Klein, Z. Phys.37, 895 (1926)

_—

/
J/

bw’gina( ldea:

unify gravity and electromagnetism, by merging the
photon vector field together with the 4D Minkowski

~__metric into a 5x5 metric

Y 0 Y R

Simple Example: Scalar field in 5D

~

4 R
S5 =5 [ ' [ dy on(e.)0" (ay) ~ mE* .y
L 0

e

KK decomposition into complete set of orthonormal functions fn(y) on interval

() = 3 dn(@) fuly) / 3y ful) fn (4) = bme
n \ 0

4D scalars



T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)

Kaluza- Kleln Decomp05|t|on

O. Klein, Z. Phys.37, 895 (1672@)
VAV
M
Ly >
M=0,1,2,3, 4 m
n=1

1 &
—5 [t [ dy e )0" (o) ~ mie(a.)

| nun = diag(l, =1, -1, ~1, -1) \( Y)=2_pn ¢n(2)f ()

1 fo dy fr(y)fm(y)=
S5 =3 [ @2 310,00 (2)06n(x) ~m2é? (x)}

R
+s / diz / 13 6 (@)0(2) Fi 1)1 )
_% / B0 $u(@)dn(@) (fn(R)Fo(R) = f(0)£4(0))



T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)

Kaluza- Kleln Decomp05|t|on

O. Klein, Z. Phys.37, 895 (1672@)
VAV
M
Sy >
M=0,1,2,3, 4 m
n=1

1 &
—5 [t [ dy e )0" (o) ~ mie(a.)

| nun = diag(l, =1, -1, ~1, ~1) \( Y)=2_pn ¢n(2)f ()

1 fo dy fr(y)fm(y)=
S5 =5 [0 Y {0000 (@000 (w) ~ 0263 (0)}

R
+s / diz / 13 6 (@)0(2) Fi 1)1 )
_% / B0 $u(@)dn(@) (fn(R)Fo(R) = f(0)£4(0))



T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)

Kaluza- Kleln Decomp05|t|on

O. Klein, Z. Phys.37, 895 (1672@)
VAV
M
.y >
M=0,1,2,3, 4 m
n=1

1 &
—5 [t [ dy e )0" (o) ~ mie(a.)

| nun = diag(l, =1, -1, ~1, -1) \( Y)=2_pn ¢n(2)f ()

1 fo dy fr(y)fm(y)=
S5 =5 [0 Y {0000 (@000 (w) ~ 0263 (0)}

R
+3 [ate | 153 6n(@)0n(@) LR
_% / B0 $u(@)dn(@) (fn(R)Fo(R) = f(0)£4(0))

IBP



Kaluza-Klein Decomposition
‘/\
,~

O. Klein, Z. Phys.37, 895 (1926)
\/ »
H\ y

M=0,1,2,3, 4

oT

o Y=R

1 &
S5 =5 [ ' [ dy w10 0(e,y) - Mt (a,y)
0

et = ot RIS S RCIAD
1 J¥dy fu(y) fn(4) = 8m
S =3 / d*z Y {8,9n(x)0" P (x) —mEeh(x)}

+3 [ate | 153 6n(@)0n(@) LR

IBP

_% / 0" $u(@)dn(@) (fn(R)Fo(R) = f(0)£4(0))



Kaluza- Kleln Decomp05|t|on

T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)

O. Klein, Z. Phys.37, 895 (1926) W\/I

e,y =Y, @) fuly) N
ICEAOIOEU W
y=R -l

“‘Matching’ or variation of S

S5 =+ /d‘*xz{amn )0 () —m2 2 ()

= /d% /0 Ay om(@)6n(x) fu)O2fuly) == 02 fu(y) = —a2 fa(y)

= / &2 G (@) bn (@) (fun(R)fo(R) — f(0).£(0)



Boundary Conditions

\/ Oz, y) =2, ¢n(x)fn(y)
Jordy fa(y) fm(y) =

nm

o

Y=R

“‘Matching’ or variation of S

S5 =+ /d‘*xz{amn )0 () —m2 2 ()

= /d% /0 Ay om(@)6n(x) fu)O2fuly) == 02 fu(y) = —a2 fa(y)

5 [0 6n (@) (@) (i BULR) ~ Fn(0)12(0)) = Fuly) =0V f1(4) =0
m,n y=0,R



I Kaluza- Kleln Decomposition

(z,y)=>_, Pn(®)fn(y)
fo dyfn fm(> Onm

o

y=R

“‘Matching’ or variation of S

55 /d%Z{%% 0" $u(2) g2 (x)}

+§ /d4x/0 dyZ(—ai¢m($)¢n<x)) fm(?/)fn(y)



I Kaluza-Klein Decomposition

( y)= Zcbn() ()

o

y=R

[‘Matchi’ng’ or variation of S

5 /d%z{mn aqbn()/m%qsi(@}

’_,

1 ;
— S:§/d45’32{aﬂ¢n )0 fn(x) — miqbi(:c)} {\mi:mg"'_ai



I Kaluza-Klein Decomposition

(z,y)=>_, Pn(®)fn(y)
fo dyfn fm() Onm

y=R

[‘Matchi’ng’ or variation of S

5 /d%z{mn aqbn()/m%qﬁi(@}

,

i

Scalar in compact. XD = infinite tower of 4D scalars with different masses




Kaluza-Klein Profiles

Ty
Z cbn N A
fo dy fn Onm m

/d%Z{@u% )0 G () = mign ()} m2=md+ a2

2 fuly) = —a2 fu(y)
|

fn(y) = cn cos(any) + dy sin(any) fn(y)=0V f(y)=0
y=0,R

m) Mass spectrum from boundary conditions (BCs)



Solution =» Randall-Sundrum Scenario

Randall, Sundrum, hep-ph/aa05221

« Non-trivial metric such that (4D) length scales get contracted
differently along fifth dimension — ‘warp factor’

ds? = e~ ¢y dxtdz” — r2dg?

/ 2
A V2
S>> [ diar / 16 Y& [6m(D, )1 (D,2) - V(@)](le] — m) V=7 (v0-F)
. = \/ 23/ A5 ~ Mpy
V2

— /d4$ _g 6—4kr7r {€2krﬂggy(Du(I))T (qu)) A5 ((I)TCI) B ) } _
2 2 gl'“/(x) = 77;4,1/ + h;.l,i/(aj)

V- As v2\? d — P

/d4x 7" (D, (I)) (D,®) — > (Q)TCD _ p—2krm 55)

,

v=¢e """ ~TeV — HP solved

(gravitational
redshifting)



Kaluza-Klein Decomposition

T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)
O. Klein, Z. Phys.37, 895 (1926)

 In complete analogy to flat case = 5D SM

(just different metric)

¢

e Light Fermion fields can be localized differently along XD

S = ]d%/dgb VG {Ef [% U (04 — 02)T + B U {~°, abc}\P] — msgn(¢) \TJ\I/}

8

e Profiles f&(¢) oc e?1?
(RH)




Kaluza-Klein Decomposition

T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin, 966 (1921)
O. Klein, Z. Phys.37, 895 (1926)

 In complete analogy to flat case = 5D SM

(just different metric)

¢

e Light Fermion fields can be localized differently along XD

S = ]d%fdgb VG {Ej‘ [% U (04 — 02)T +

wlg‘q U {~°, abc}\Il] — msgn(o) \TJ\I/}

e Profiles fg'(¢) oc e*1?!
(RH) c=-m/k

1+ 2c
0 () o \/1 — cl+2c

mass hierarchies

f

¢y s —1/2 & m—=1p

br

s i i e o s o s s e




Solution to Flavor Puzzle

Uus |
Uz
ui |

00 05 10
Cui,Qi,di ~u 0(1) Goertz, 1112.6387

e Profiles ff”(gb) o eckridl < ) iass Wierarchies KK IW\odes
(RH) c=-m/k f

14 2c¢
Fm) o e




RS - Partial Compositeness

i
Addresses the flavor puzz(e:} . Copnposite

y%,R ~ (A/AUV)’YL’R 3 YL,R = [OL,R] — 5/2 Qright
— Hierarchies generated naturally

y <1

X L =yqO + h.c.
Yr=|cr —1/2| -1

Overlap with Higgs — mass

O 8 () ~ (1 — +20)71/2

Dual picture:

Extra Dimension Slice of AdSs

——w Froqgatt-Nielsen-like
mass matrices

&=l 8y B2
UR

The Quark Masses

UV brane:
elementary
sector

DR

|
i
1
|
|
|
|
|
1
1
1
|
1
1
|
|
|
|
1
|
|
|
|
|
|
i
1
|
i
1
s 8 B 8
§

S £ 2 = E &=

1 A BE
Anomalous Dimensions y <> XD Localization ¢ <> FN U(1) charge Veru N( = _ Az)
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