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Introduction

A Higgs boson was discovered!!
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Introduction

Still unclear, the origin of Higgs ??
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In the gauge-Higgs unification,

1: New structure in the Higgs sector
2: Coupling of new particles to Higgs boson

controlled by higher dimensional gauge invariance

el

Deviations from the SM predictions &
Collider signatures specific to GHU
are expected!



A Model of GHU



Lagrangian 5D SU(3) x U(1) model on S!/Z>

= —%TP(FMVFMN)+ P23 (0D, - Mig(y)) P
+ P2 (irVD, - Mig(y)) e +P_iT" D, W_

+92(irYD, - Mie(y)) >t TV =(r)

Boundary conditions: | St W(y+2mR) = y(y), Z,:¥(-y) = +u(y)




Lagrangian 5D SU(3) x U(1) model on S!/Z>

= —%TP(FMVFMN)+ P23 (0D, - Mig(y)) P

+ P2 (irVD, - Mig(y)) e +P_iT" D, W_

" (++) only has  (+,+): cos(ny/R)
Boundary conditions: masslesz mode (=) sin(ny/R)

(+:+) (#4) (=-) (=) (=) ()




Lagrangian 5D SU(3) x U(1) model on S!/Z>

= —%TP(FMVFMN)+ P23 (0D, - Mig(y)) P

+ P2 (irVD, - Mig(y)) e +P_iT" D, W_

" (++) only has  (+,+): cos(ny/R)
Boundary conditions: masslesz mode  (-.-): sin(ny/R)

SU(3) x U(1)Y— SU(2) x U(1), x U(1)y



Lagrangian 5D SU(3) x U(1) model on S!/Z>

= —%TP(FMVFMN)+ P23 (0D, - Mig(y)) P

+ P2 (irVD, - Mig(y)) e +P_iT" D, W_

" (++) only has  (+,+): cos(ny/R)
Boundary conditions: masslesz mode  (-.-): sin(ny/R)

(+:+) (#4) (=-) (=) (=) ()

O mode of A; = SM Higgs



Minimal Fermion makter conkent

3=2,,,(Q)+1_y5; Down quark
2R1/6 + lR-l/s(dR) sector
. Up quark
6™ - 3L-1/3 + 2L1/6(Q) + 1L2/3 sector

3R—1/3 + 2R1/6 + 192/3(‘-'9) (except for top)

10 - 4L1/2 i 3LO + ZL-I/Z(L) + lL_1 Charged lepton
Qrija+ 3po+ 2p1/2+ 1pa(ep)  sector

15% =5 43+ 4 5/6 * 3173 * 2L1/6(Q) + 153

;&frk Or-4/3 + 4r5/6 * 3r-1/3 + 2rise + 1po/3(Th)

Unwanted massless exotics (blue reps) & two extra Qs
must be massive by brane localized mass terms



Big In the gauge-Higgs unification,
Hurdle Yukawa coupling = gauge coupling

How can we get fermion mass hierarchy???

3

Localizing fermions@different point in 5™ direction

Yukawa ~ exponentially suppressed

overlap integral of wave functions
Arkani-Hamed & Schmaltz (1999)



Zero mode

0=[0,+Me(y)]| "

0= :ay —Mg(y)

wave functions

()= 1 () =\ [

0 Small overlap 7R

4D effective Yukawa coupling

Y=g47] df)

—TTR

~ 2w MRg,e ™"

9 9) g R ' _ Yz
()52 (») J d \/(l_eanR)(eanR_l)

Sg4(7Z'MR>> l)c)m <

f W

Fermion masses except top is easy to obtain by tuning M
Top in 15* rep = factor "2" enhancement

Martinelli, Salvatori, Scrucca & Silvestrini (2005)



JN enhancement

Consider a rank N symmetric tensor of SU(3)
['T1] ..+ | | Nboxes

Decompose it into SU(2) repsas 3 =2 +1
and make a singlet & a doublet

singlet 11111 ... |1} unique
doublet [TTiT2] " --- 1] etc N patterns

Canonical kinetic term = 1/sqrt[N]

Yukawa = 1, 2, 2,,= N x 1/sqrt[N] = sqrt[N]



Essential Points for calculation
(Specific form of KK masses in GHU)

Mass splitting & Coupling to Higgs

KK top KK W
!
m;V(”) = %+ m, + mW’:lW h
7!
. ml/_V(n)ZE_mW _meW h

Characteristic predictions to

“finite" gg — H, H — yy amplitudes
MN & Okada (2007), NM(2008)
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SM contributions
> H L =CY"hGg*™qG“
99 eff gg Hv
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Higgs Low Ehergy Theorem

Coefficient of dim 5 operater hG®, 6% can be extracted
from 1-loop RGE of gauge coupling

Gauge _ 1 a auv p-function coefficient
kinetic term L 4¢°(u )G G belw above M(v)
1-loop 1 3LA/Ab
= + In > In
B g () 82(1\) 8n° U T8 M(Q\ Higgs VEV
dependent
threshold

Under v — v + h, and extracting O(h) term, we find

Ab, (0 0 auy
L= 327;2 ( lnM(v)thwG 3

v



KK mode contributions: gg — H

- KK auv ga
% L S0t hG e

to x 2 N a
C;K ' = 877:—Sv§ =1 dlnv |:ln(mn T mt)+ ln(mn B mt)]

_ m,=n/R
_ O i m____ ™ | loge - loge
Rrv S| m,+m, m +m | = finite
oo 2
04 m o, 1 2
=——S5 2% —L{m<m’ |=———=(mmR
127V gfmj( ’ ”) 127tv3( t )

Opposite sign to SM = destructive



KK mode contributions: H — yy

KK uv KK KK

oy O, 4 O
CﬁK P = 6—77:‘}3”2:; Y [ln(mn + mt)+ ln(mn — mt)}
= — 20 l(72:mtR)2 Opposite sigh to SM
Orv 3
o =~ 0
CgKW = 87;”\1/ (—7)2 . [ln(mn + mW)+ ln(mn — mW)]

n=1

Too 1 2
=+—= —(n'mWR) Opposite sign to SM




gg—H H—vy
Top | o o
w i
KK Top |- Sjwéwmtle)z —29‘;;"? %(nmtR)z
KK W 78(;’? %(anR)z
GHU/SM| 1-3(mR) | 1+, k)

KK mode contributions: opposite sign!!
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Two extensions

1:Color Singée& Fermions
2:Colored Fermiowns

Why fermions??
"." KK fermion contributions to
(H_)VV)KK fermions/(H_-)VV)SM >0



99— H H—vyy
O 2a,
TOP 127y oy Negative
To,
W . 87y
o, 1 2 200, 1 2
KK TOP _127rv§(nm’R) " om 5(71'er)
o, 1 o RV
KK W %L (1, 1)
1 2 5
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KK mode contributions: opposite sign!!



Color Singlet
Fermions

"Diphoton Decay Excess and 125 GeV Higgs Boson
in Gauge-Higgs Unification”
NM and Nobuchika Okada
PRD87 095019 (2013)



Simplest extension:

“Extra Le.p&m\s”

(colored particles greatly affect gg->H, but discuss later)

Two examples:
10, 15 reps. of SU(3) with bulk mass
& half-periodic BC y(y+2mR) = -y(y)

No unwanted massless fermions Helpful to

djust
1st KK mass = 1/(2R) a |
= Higgs mass enhancement 125 eV Higgs



Diphoto decay from 10 & 1§

CKeron® = (Q —1)" F(3my, ) +(Q—1)" F(m, )+Q°F(2m, )+(Q+1) F(m,)
CKKerents — (0 — 4/3)" F(4my, )+(Q~4/3) F(2m,, ) +(Q~1/3) F(3m,)

+(@-1/3) F(my, )+(Q+2/3) F(2my )+(Q+5/3) F(m, )
Q: U(1) charge

n+U2 n+1/2
o
F(m,)= 6_ngsz =

T R” ) (o)
& )

2
o c 5 o (anR)
=——"=N =——"N
3y ~”"W;%{( ) (my << m ) 6v ' cosh(wMR)
Negative



GHU+10 X BR(H — W)
o(gg—>H),, XBR(H —yy)
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Higgs mass analysis



Higgs mass analysis by 4D EFT approach

In GHU, m likely to be small "." loop generated

Instead of 5D Higgs potential minimization,

solve 1-loop RGE for Higgs quartic coupling A
by imposing BC A =0@1/R "gauge-Higgs condition”

Haba, Matsumoto, Okada & Yamashita (2006, 2008)

Natural realization of GHU in 4D viewpoint:
V., = 0 above 1/R by 5D gauge invariance

Furthermore, NO vacuum instability

This approach greatly simplifies Higgs mass study



1-loop RGE for A

a1 9 9(3 ., 2
= 120° —| =g/ +9 j/l (— =gl + 4)
din 167t2[ (sgl 52 ATyl o5& TsiE T8

+4(3y3+zvfc( )(fgz)) (3y +N.C, (R )(ﬁgz)“ﬂ(uzm

4 [12&2—(%g3+9g§j1 9(3 2g1g2+gz)+12yf/1—12yf}(u<M)

diny 167 2258 5
u
C,(10)=2[(3/2)" +(1/2)" +1* +(1/2)" | 1/R
C,(10)=2(3/2)" +(1/2)" +1* +(1/2)| SM +
C,(15)=2[2* +1" +(3/2)" +(1/2) +1° +(1/2)" | 10 or 15
cq(15)=2:22+12+(3/2)2+(1/2)2+12+(1/2)2} M

SM



1-loop RGE for A

dA 1 9 9( 3 2
= 124 —| g7 +9 j/l ( to88t 4)
T 167T2|: (581 82 A 25g1 58182 82

ra(32 8, (V2 ) Ja-a(350 4, (R(2e.) (w2 )

r___1 [12&2—(%gl+9g§j1+2(ig4+2 g§+g§j+12yf/1—12yf}(u<M)

dlnu 16r° 4\25°" 5
1
- Contributions from 1/R
1st KK mode with mass 1/(2R) SM +
in 10 or 15 rep. 10 or 15
« 2"dterm oc (V2g,)* dominated M

* Negative sign SM



Numerical results for 1-loop RGE of 1
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TeV Scale
Colored Fermions

125 GeV Higgs Boson & TeV Scale Colored Fermion
in Gauge-Higgs Unification”
NM and Nobuchika Okada
arXiv: 1310.3348



Another possibility to realize 125 GeV Higgs mass
by introducing extra colored fermions

Colored fermions contribute to gg — H destructively
= LHC Data put a lower bound for KK masses

= It would be infteresting
if the lower bound is within a detectable range
w/o contradicting 125 GeV Higgs mass

Result:
M=2-3TeV for o(gg—H)/05,,~0.9-0.95



Extra colored fermions have half-periodic BC

= the lightest KK particle (LKP) is stable,
but stable colored particle is
cosmologically disfavor

= introduce the mixing btw the LKP & SM quarks
on the brane for decay to SM quarks

= U(1) charge fixed to be
-1/3 (2/3) for down(up)-type quarks

= Q=2/3,5/3 for 10-plet, Q=1, 2 for 15-plet
(Q-1=-1/3, 2/3 for 10, Q-4/3=-1/3 or 2/3)



Mass eigenvalues & charges of 10 & 15

7 U(1) charge of
10 - 1_1 + 2_1/2 + 30 + 41/2 P s SU(2)xU(1)

m?, )2 =(m), £3m, )2 + M2 (m3), £my, )2 + M’

“elemag charge” )\? ) > :
D\ (&) 4
of SU(2)xU(1) mnﬂ) (mn+1/2 _2mW) +Mm, M

m;(ai)l )2 = (mfi)l/z +my, )2 +M* ’(m;(izz )2 = m2+1/2 +M*

15=14/3+25/6+3.1/3+ %6+ 923
m 4/3) ( +1/2—4mw) +M* ( (+)1/2—2mw) "']‘/[2’”/‘5“/2"']V[2

3)2 ( +1/2—3mw) +M* ( (+)1/2imw) +M*

2
m2/3 ( +1/2—2mw) +M m+1/2+M

)
7”5/3)2 ( +1/2—m ) +M* ( (g/s)z_msﬂ/z"'Mz



Lower bound on KK scale ete
from gluon fusion

10-plet Ry = 0.9 | Ryg =0.95
Mxx (TeV) 2.54 3.45
mS (TeV) 2.05 2.91
M ightest (TGV) 1.91 2.77

15-plet Ry =09 | Ry, =0.95
Mgy (TeV) 2.88 4.05
m&) (TeV) 2.73 3.87
TMightest (T@V) 2.57 3.71




RggXRw
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1-loop RGE for Higgs quartic coupling
030 — | -

025 ny M=125 GeV

0.20 -
~< 015}
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0.05 |-
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Possible but
U / GeV not so interesting



Interactions between KK modes & W, Z

Ex: 10-plet: 10=1,1®©2 1@ 30® 41
Color triplet case

[4(+2, Omw}
W:I: ’ N
[\4(+1’ -1 mWJ .................... [3(1’ +1 mw)]
[3(0’ -2 mw) J ......... [2(0’ O mW) ] ......... [4(0’ +2 mw)J
,I \\ : ,’\\\ ¢ ,/\\
// \\ // \\ 7 & AN
/ AN /, N S s

/ \2 Se? \

[3(-1, -3 mw)]---[l(—l, -1 mw)}--{Z(-l, +1 mw)]-{4(-1, +3mw)J




Heavy fermion cascades

EX . 10—p| et: 10 = 116 2_1’,,:'2 S 30D 41/,»‘-2

4(+2, Omw)
W:l: ’ o
// N

4

A Y

L4(+1’ 1 mWJ .................... [3(11’ +1 mw)]

V4 SN2 N 7 h

[3(-1, -3 mw)]---[l(—l, -1 mw)}--{Z(-l, +1 mw)]-{4(-1, +3mw)J

<« -« <«




H—Z7r

"H to Z Gamma in Gauge-Higgs Unification”
NM & Nobuchika Okada,
PRD88 (2013) 037701



A Comment on H—Z 7
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Branching ratios
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L -~

KK modes have
7718

EW charges
l

Naturally, a deviation
of Zy decay from
the SM prediction

expected

Model dep.

. Correlation btw vy & Zy

IS interesting



Simple reason: in the mass eigenstates, H and vy couples to
KK modes with same mass eigenstates,
but Z does not

Fermion 2, N3 W, W vy’
. —(n) ;—=(n) —=(n = n )y non
coupling (7" 0"0") w3 -z, vl el Em,
W, _Zu _yu/\/g WEH)

#n) )| O F £n) 117 £(n)
ZWnwn 7 (Ww Wi )[ L0 )(W” W)
coupling

" n/R+ my, W, =9d,W,—d W,

Z Wn Wn . ) _. W) ) ) : W
V . Zuyv (WJ_En) ,WJ_(H) ) O l + n ZZ/J/“ (ij_(n) ,th(n) ) O l +
coupling i 0 ) e S0 o

NO H-Z-7 coupling@l-loop found



Sum mary

. We have calculated KK mode contributions to
gg > H&H — yy @LHC in 5D SU(3)xU(1) GHU

. Simplest model cannot explain the data

« Extra fermions can enhance H—vyy as we like
by adjusting U(1) charges
ex. Color singlet & Colored fermions

in 10 & 15 reps. of SU(3) w/ bulk mass
& half-periodic BC

 These fermions also help to enhance Higgs mass



Sum mary

. 1-loop RGE analysis of Higgs quartic coupling
with GH condition A=0@M,
= No instability

. Extra fermions are (some kind of) Z, odd
& stable due to the half-periodic BC

(i) Color singlet case = LKP can be DM candidate
in case of vanishing electric charge

(10: 2TeV, 15: 3TeV)

(ii) Colored case = TeV scale LKP decay to
the SM quark by the mixing



