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SU(3) model etc)

(4) Higgs phenomenology@LHC in GHU
(or future collider) = lecture
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Inkroduction

One of the problems in the Standard Model:
Hierarchy Problem

Quantum corrections to the Higgs mass
is sensitive to the cutoff scale of the theory

Too large!
(Natural cutoff scale is
Planck scale or GUT scale)




To get Higgs mass 125GeV,
an unnatural fine tuning of parameters are required

mi, = 7{15 + 5}%2 = O((lOOGeV)z)
classical Quantum
corrections

2
Naively, we have m§,5m2 ~ O((lOlSGeV) )

32 digits of fine tuning

1.00000000000000000000000000000001
- 1.00000000000000000000000000000000 !



Problem: We have NO symmeftry forbidding the scalar mass

SUSY ¢ 24
1

Identified with Mass term is forbidden
Higgs in the SM by chiral symmetry
|
GHU @ A
fu
Higher dimensional Mass term is forbidden
Lorentz invariance by the gauge symmetry

Higher dimensional gauge symmetry



Indeed, the (local) mass term A can be forbidden
by the gauge symmetry for 5™ componenT of the gauge field

A = A, +858(x,y)+i[8(x,y),A5}

In other words, no local counter term is allowed
= No quadratic divergence, finite

This symmetry is very useful in the orbifold model

since it is operative even on the branes G — H
Gersdorff, Irges & Quiros (2002)

A=A +0 SG/H(x,y +1

5

7> odd L2 even

No quadratic divergence from brane localized Higgs mass



Explicit calculations of Higgs mass

.D-dim QED on SI@I-IOOP Hatanaka, Inami & Lim (1998)
®5D Non-Abelian gauge theory on S'/Z,@1-loop

Gersdorff, Irges & Quiros (2002)

®6D Non-Abelian gauge theory on T°@1-loop

Antoniadis, Benakli & Quiros (2001)

®6D Scalar QED on S?@1-loop Lim, NM & Hasegawa (2006)
®5D QED on S'@2-loop

NM & Yamashita (2006); Hosotani, NM, Takenaga & Yamashita (2007)

®5D Gravity on St (GGH) Hasegawa, Lim & NM (2004)



Higgs mass calculation
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Consider (D+1)-dim QED on St Hatanaka, Inami & Lim (1998)

Ay T —=- Ay, (zH) Boundary condition
(%, y+L)=ep(x,, )
= i SL(o)/2] _[ LkD 30 1 2 N 2p° 2
(2”) T ((27rn+05)/L) +p’ [((27rn+05)/L)2+p2}
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Subtracting O in L— oo

2p cosh(pL) —COS (X



Consider (D+1)-dim QED on St Hatanaka, Inami & Lim (1998)

AviooT —=- Ay(=H) Boundary condition
v{z,ytL)=ey(x,.)

m12{=1812)2[D+1/ZJ i — ! > + 2[)2 >

7)== (rnra)/L) +p* [((2en+a) 1) +p7]
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Superconvergent!l




Ex. take D=4 (5 dimension case) & m=0,a=m

1— cosh(\/ké + mzL)cosoc

82 L
mz _ k kD -1
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Higgs mass is too smal
— generic prediction of GHU




Way out to get 125 GeV Higgs mass

1: Realizing small Higgs VEV a<«« 1
by choosing appropriate matter content

m+ ~ mw/(4ma) (mw = a/R)
Haba, Hosotani, Kawamura & Yamashita (2004)
Adachi, NM (2018)

2: D > b dimensions

F;;¢ contains the Higgs quartic coupling g°[A;, A7
nggs mass is generated at leading order

my = 2myy is predicted in 6D on T2/Z; model
Scrucca, Serone, Silvestrini & Wulzer (2003)

3: Warped dimension (ex. Randall-Sundrum model)

Higgs mass is enhanced by curvature scale kmR~ 30
Contino, Nomura & Pomarol (2003)



Grauge-Higqs sector



Model building of the gauge-Higgs unification

A5 is an SU(2) adjoint originally, not SU(2) doublet
= need 1o enlarge the gauge group

G — SU(2), x U(1)y
adj— doublet + other reps

‘ Simplest 6
SU(3)

Consider 5D SU(3) model on S!/Z, with Parity: P = diag (-,-,+)




Only (+,+) mode has massless mode ("0 mode™)
( )\

W+ B N3 o 0 (

- (0) _

Vaw: w4 B N30 A =

0O 0 H
0o o0 H

Gauge boson spectrum

Mwn:n+a,MZn:n+2a’M :%’< 5 >_L




®W, Z, vy are identified with zero modes:
My = a/R, Mz =2a/R, M,=0
sU(2)xU(1) — U(1) realized

OM, = 2M,, — cosB, = 3
(sin?Bw = 7 >» 0.23)

®Non-zero KK modes of A; are eaten
by non-zero KK modes of A,
("Higgs mechanism")



Hypercharge of the doublet
Check the hypercharge of Higgs doublet

SERES

(0) _ (0 |__&
By A" =g[ %, A |= = [

Well-known by Fairlie, Manton (6D on S? w/ monopole bkgd)

6, SO(B) SU®B)
sinf@,, 1/4  1/2 3/4



Way out to get a correct O,

1: Additional U(1) SU(3) xU(1) —=SU(2) x U(1)y x U(1)x
Scrucca, Serone & Silvestrini (2003)

- g'A +\/ggA' 4 = \/ggAg —g'4A’ o \/ggg'
Yy 2 o 2TX 2 ,2 > 8y T 2 ,2
\/3g +g \/3g +g \/3g +g

A




Way out to get a correct O,

2: Localized gauge kinetic terms

SU(3) invariant sU(2) x UQ1) invariant
4D effective 1 7R > 1 |
Gauge coupling =~ > — _J dy( u) (y)) =t
geﬁ gS g4 g4

By tuning g4, 94, sin@,, is adjustable



Matter Content

$

Yulkawa Coupling



Quark & Lepton embedding
Consider a fundamental rep of SU(3)
3 =(q,q-1,1-2q)" (q: electric charge)
Putting g=2/3, we get
3=2we+113=(2/3,-1/3,-1/3)T = (u, di, dr)T

This can be obtained by Z, parity as

v(-y)=Pysy(y), P=diag(——.+)

Only fundamental reps cannot incorporate
right-handed up-type quarks as well as leptons



Quark & Lepton embedding

Only fundamental reps cannot incorporate
right-handed up-type quarks as well as leptons

As one of the embeddings, tensor product is useful
v (-y)=(POP)ysy(y), v(-y)=(PO®POP)yy(y)

2-rank sym: 6* ‘{ 3L1/3 @ 1.2/3
@ 2r1/6 e/ (s

3-rank sym: 10 = 3Lo+ )+ 1L1

4r1/2 { 3r0 . ZR 1/2

Many massless exotics = brane localized mass term



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

How can we get fermion mass hierarchy???

As will be shown below,
fermion masses except for top quark are relatively easy

1: Localizing fermions@different point in 5™ direction

Yukawa ~ exponentially suppressed overlap integral
Arkani-Hamed & Schmaltz (1999)

2: Bulk fermions mixed with localized fermions
@the fixed points

Non-local Yukawa COUP“HQ Csaki, Grojean & Murayama (2002)



1: Yukawa coupling from localizing fermions @different points

1: To localize fermions at different points along
the 5th direction, bulk masses are introduced

2. To be consistent with Z2 orbifold,
Z2 parity of bulk mass must be odd = kink mass

Consider a 5D fermion satisfying the following Dirac equation
O:[iFMDM —Mg(y)]l//(x,y)
1(y>0)

Focusing zero modes
(x,y): Wf&) (X)ff& (), 7;WL(R) =(-) Wiy



Zero mode wave functions

R L
[a Me(y) \/ 2w MR 1MM

[a+Me<y>]f;0><y>ef;><y> L ;
0 Small overlap 7R

4D effective Yukawa coupling

M2

(e e

=g, ! avf (v) 1 (v) =g, ! dy

~TMRg,e ™ <g, &m. <m

f w
\ TTMR >> 1

Fermion masses except top is easy, but top is hard
No need of unnatural fine-tuning for 5D parameters M ,R



2: Mixing between bulk and boundary localized fermions
Csaki, Grojean & Murayama (2002)

Consider the massive bulk fermion
coupling to SM fermions on the branes
Ly = VDY +PiDP— M(PE+PW) WOy’ y

€ Er

Lane - 5()/— yL)|:iQL6u au QL T \/7Z'_R l/7dQL T /’l.C.:|+ 5()/— yR)|:iqL6“ aqu + \/E_R qR%S + h-c-:|

Mixing mass term between bulk & brane fermions

Schematically, Bulk gauge
<Ag> interaction
y:yL : Y:YR
e
€ —d S E
L YAy =g
NErii : Jar



2: Mixing between bulk and boundary localized fermions
Csaki, Grojean & Murayama (2002)

Consider the massive bulk fermion
coupling to SM fermions on the branes
Ly = VDY +PiDP— M(PE+PW) WOy’ y

€ Er

Eane - 5(y_yL)[iQL6u auQL T \/E_Rl/?dQL T h.C.:|+5(y—yR)|:iqL5“ aqu + \/71'_R qR%S + h.C}

Mixing mass term between bulk & brane fermions

Integrating out massive fermion generates mass term as

TR
—IMR— & a4 _
£ €, TMRe™™q e h 'Q, =>m, o< £,,xMRe™ M,

Exponentially suppressed coupling
= easy to generate fermion masses except for top

How do we obtain fop mass???



TOP mass generGTion Cacciapaglia, Csaki & Park (2005)

Consider large dimensional reps,
then an upper bound on fermion mass is modified as follows

mt < A/ an (n: # of indices of rep)

For M+ = 2mw = need a 4-index rep top is embedded
To saturate this bound, bulk mass should be zero

Simplest example: [T T 11

(15*)23— (1, 2/3)(1Rr) + (2, 1/6)(10)
+(3,-1/3) + (4, -5/6) + (b, -4/3)



JN enhancement

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

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

singlet ~ [1]1f1f ..- 1] unique
doublet [TT1]2]  --. 1] eftc N patterns

Canonical kinetic term = 1//N

Yukawa=1,2, 2., N x 1//N = /N



Fermion matter content

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 4/3+4 576 + 3173+ 21/6(Q) + 153

Jjﬁrk 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



EW symmetry breaking



Electroweak symmetry breaking

In GHU, EW symmeftry is dynamically broken
by the Hosotani mechanism Hosotani (1983,1989)

Higgs potential is radiatively generated
since the tree level potential is forbidden
by gauge invariance (Coleman-Weinberg potential)

| \ !
3 /
Oy
) 4 N
|

F (DOF)J' d4pE
(27)

5 2ﬂR210g(pE+m )

KK mass



Calculation of the effective potential (Adj rep)

POiSSOH. i(n—‘_ajeXpI:_(n-i_aj tI: i RZ\/g(iﬂ:m)eXP —(an) —21ima
resummation ~\ £ R Lwleis ‘



Ex. 5D SU(3) model on S'/Z, with N; fundamental
& N, adjoint fermions  Kubo, Lim & Yamashita (2002)

o0

V(a)=———2 3 L[(4N,-3

1287'R> “=' n

cos[27na]+2cos[na))+4N , cos|7na ]

V(a) Gauge + ghost adjoint fund

2 WAWA'

CDG\th‘\J
I\J

;h

/ \ / 1 fund \
8 unbroken | unbroken

2 fund 1 adj
SU(2)xU(1) -> U(1)xU(1) SU(2)xU(1) -> U(1)

I\J
I'\J

|_n




Wilson line phase

(SU(Z)xU(l) fora=0

(a m0d2): 3 U(l), XU(I) fora=1
U (1)em for other cases

T’ =diag(1,—1,0)
o :diag(l,l,—Z)/\/g
a=1:W =diag(1,-1,-1)=|w,T° |=|W,T* | =0
U(1) x U(1) unbroken
0<a<11|:W,\/§T3+T8:|=|:W,Sin9WT3+COSHWT8:|=O

U(1)em unbroken



Higgs potential (top (15*) + bottom (3) + tau (10))

Cacciapaglia, Csaki & Park (2005)

Veff

L . /
20+ tw1ste/d

_20 L

-40F

SU(2) x U(1) — U(1)em N\

1 0.2 0.4 0.6 0.8 1




Simplified model Adachi &NM, PRD98 (2018) 015022

SU(3)xU(1) GHU

Q,?)“‘)% ) gaug.e fields Ays, By 10 R
e fermions W;, V,, U, Wy, Xy b1

O TR

-3rd generation quarks: (., b))T, g, by
brane localized fermions@y=mnR
Messenger fermions: W(3(b), 15*(1))

linear combination of Q;p & Q5+ Couple to (1, b;)
B;, & Ty5+ couple to by, & t,



Simplified model Adachi &NM, PRD98 (2018) 015022

/ SU(3)xU(1) GHU /

Q,%“‘)% * gauge fields Az, By Ww{m
e fermions W;, V,, U, Wy, Xy Vi

O TR

-1st & 2nd generations of q & I: bulk fields (3, 3*)

3(Ql dR)l 3*(Qt UR)I 3(L, eR)i 3*(L, VR)

*Qg, Lyt brane localized fermions@y=0
to remove exotic SU(2) doublets

Mirror fermions: ¥,,, X, (15*, 15*) for EWSB



V(a)

EW symmeftry breaking & Higgs mass

0.02
0.018
0.016
0.014
0.012

0.01
0.008
0.006
0.004
0.002

0

-0.002

| SU(2)xU(1)—U(1)
-my~1276eV@1.8TeV




Sum mary

®(Gauge-Higgs unification is a very attractive
scenario beyond the SM alternative to SUSY

®Controlled by gauge principle & very predictive
Higgs mass, potential — finite

®Yukawas except for top are easy,
but top Yukawa is hard to generate

®EWSB @loop level

Once the matter content is fixed,
1/R is a unique free parameter in Higgs potential
= very predictive contrary to SM case



Backup Slides



Sample points

/

o 1/R / mMH my my

0.08 | 1 TeV 2;:;2 gg GeV ﬁg GeV 122 GeV
005 | 16 Tev | 11% | 120 g\ 189 o 3B
0.04 | 2 TeV ;Zﬁ: gg GeV igj GeV 212 Gev
0.03 || 2.7 TeV 222 14212 GeV 12; GeV ;22 Gev
002| aTev | 2% | 138 oy | 159 goy| 1224 o,

T

Fine-tuning required to
obtain the potential minimum Model B (bottom low)

Model A (top low)




Flavor Mixing

"Flavor Mixing in Gauge-Higgs Unification”

Adachi, Kurahashi, Lim and NM, JHEP1011 (2010) 015
"DO-DPar Mixing in Gauge-Higgs Unification”

Adachi, Kurahashi, Lim and NM, JHEP1201 (2012) 047
"B9-B%bar Mixing in Gauge-Higgs Unification”

Adachi, Kurahashi, NM and Tanabe, PRD85 (2012) 096001



+l/73i/51//3 +l/71_51/51//1_5
+8(yN2m RO, (x) 1,01, (x.7)+ 4,0/ (x.7) |(i.7=1.2.3)

T
+brane mass terms for exotics 9.= (QéLaQéL,leL)

® Brane mass matrices 77, A :
off-diagonal elements | Flavor mixing

® Brane localized fields QR

® M3 =0 toavoid m, ~ M, exp[-TMR]



"

Diagonalization

4

£Yukawa — g5A6diQ3i + gsA6ﬁiQi < Gauge interaction

N g5<A6>(d i(0 )Y”U (0) ( )Y”U (0))

SM SM
i [ = R e

Y, = VdJ;QY;iU3 Va

N

Vexu = VJLVdL (U;U3 * UIU4 - 13><3)

Y, =V YUY,




M3se oc 1 (Yud o< 1) case (flavor symmetry restored)

(v _ 1t i Sty ptrrt
Y =V, Yuy —V UV =YY=V UUV

3" dL dR™ 3" dL dL~ 37 3 dL

Y =viYuy,->viuy, =YY =vuuy

uR ~ 4" ulL ul — 4~ 4" ulL

UlU.+UTU =1
33 4>~ 4 \ oC
4 VuL VdL

=V, =VV «<VV =1(Nomixin9)

ul” dL dL dL

Lesson

To get flavor mixing,
we need non-degenerate bulk masses

as well as the of f-diagonal brane masses
(specific to gauge-Higgs unification)



Parametrization of Unitary matrices Us 4 (CP violation ignored)

( a, 0 0 1—- af 0 0
U=R| 0 a 0 |,U,=R, 0 1-a 0
00 4 0 0 1—a?

(10 0 cosf; 0 sin6; \( cos 0, —sinf O
R,=| 0 cosf;, sin6, 0 1 0 sinf] cos@ O
k 0 sin@, cos6, N~ sinf; 0 cos6; ) 0 0 1
(1 0 0 ) cos 6, 0 sin0, \( cos 6, —sinf, O
R,=| 0 cosf, sinb, 0 1 0 sinf, cos6, O
O sin6, coso, - sinf, 0 cos6, oo 0 1

Physical observables: 6 quark masses + 3 CKM angles

# of parameters: a; , s, b112,3:IRL1'2(00), ;53,613

= 11-9=2 free parameters (6-5=1 for 2 generations)




Parameter fitting

Numerical results reproducing quark masses & mixings
(2 parameter scan technically hard

= 3 angles fixed & m, unfixed)
(i) No up-type mixing case
R =1,,:a’ =0.1023,b’ =4.335%x107,sinf, =—2.587x 107"
a; ~0.9887,b; =~1.302x107*,sin@, =2.224x107
a; =0.9966, ,sin@, =2.112x107"
(ii) No down-type mixing case
R,=1,.:a’ =0.0650,b’ =3.973x107,sin6 = 0.6704
a; =~0.9931,b; =2235x107,sin@, =-3.936 x10
a; =0.9966, ,sin@; =1.773x107



FONC @lree level
FCNC®@tree level even in QCD sector

Lopong ﬁ%e GO 7y + iy )

+ g G(")lﬁio)y“yfﬁo) (7t 70m0)y, )J

\ dR™ RR dR

UT](O”O)

37 LL

Oy 0 | U Ut

47 LL

UV |
ij

>

O mode sector: No mixing O.K.

= ()-mode (%1 {£{)
= (-mode (% 2 {#4)

Nonzero KK gluon couplings
induce nontrivial flavor mixing

= flavor mixing@tree level




B, - B,

BYLLPY

dL SL
> >
% GZ(”)
< <
SR dr
(i) LR type
CJ, ur,
> ma@\
m
UR CRr
(i) LR type
dL(SL) bL
g -
% GZ(”)
¢ ¢
br dr(sr)

i

B

SL, dr,

(ii) LL type

CL ur,

ur, CL

(ii) LL type

> % T
SR B dr

(iii) RR type

UR CR

br dr(sr)
(iii) RR type



KL-Ks mass difference

A (KK) = 2(R| 257 | K) = et, CBR fim, 3 L[ - o]

Bag parameter: B1=0.57, f, ~1. 23fn, m¢~497MeV

Mode sum is finite

Exp. constraint:

Am, (NP) <348 %107 MeV

[TeV]

R—l

R ' >28TeV ~ 43TeV

02 0 02
sin 6’




Similar analysis applied to D & B systems

14

12 O _O 7 O _O
10 - D o D T B o B

: | R =1,,:R"21.71TeV (B} - B)
__ R >254TeV (B - B!)
G E e e e w0 Ry=1,, iR >0.92TeV (Bf,’ - BY)

sin 6’

-1 S, 0 __ Ro
Lower bounds for i 2 LAY (BS B, )

compactification scale

R ' >0.8TeV ~14TeV



Results
K'-K":0(10)Ter
D’'-D":0(1)TeV
BS-BY,B'—B’:0(1)TeV



“GrIM-Likke” wechanism

The above results is smaller than
that from naive order estimate

-

M,, =10007eV (K*-K°,D° - D)

M, >4007eV (B)- B))

M2 Y KK —
M, >70TeV (B~ BY)

KK —

This apparent discrepancy can be understood
since the “GIM-like” mechanism works in GHU

i.e. FCNC processes are automatically suppressed
for 15t & 2"d generation of quarks



In the large bulk mass limit,
the KK mode sum can be approximated as follows

exponential
:_ﬂ_(e-znw +e—znw2) suppression!|
2

_ (e2nRM1 B e—anM2 ) (n_RMi > 1)

. m-. .. m2_m2
o 2TRM similar to c M,
m2 ~ GIM suppression m,
2
1 2
LL(RR - 1 (1000 oon0)\* T (M _M)
st = xRS L (1o ) -

S8R M'M*(M'+ M)
Power suppression




More intuitive understanding of “GIM-like” suppression

FCNC is controlled by the factor

T

2 . | R Mi i n
1(070) 2(070) 70 —_ - [ g4 — "MV cos| —
(]RR _]RR ) RR /ﬂ'R _JR yemRM’_l Ry

In MR >> 1 limit & for small mode index n

Width “1/M” of _ Period 2mR/n of
O mode function KK gluon mode function

Almost flat KK gluon mode function for
fast exponential dumping O mode fermions *=

(0m0)
IRR

Almost flavor universal
(similar to O mode sector)




As for the 39 generation, ‘
GIM-like mechanism does not work |

-~ M=Ofortopmass |

Suppressed FCNC due o small mixing
~ between 1-3 & 2-3 generations



Higgs mass, top mass,..etc

f

25¢
20! Zbb a

15t 0.5% 1%

10}
5,
%
002 o.04 0.06 0.0 01 012K
mt [GeV ]
1000, \
\
800} \
\
\
600 \
100} 115 GeV a il Ny
79} \\\\\
0 200 160 GeV ~
25, —— __
0.02 0.04 0.06 0.08 0.1 0.12 Q) 0.02 0.04 0.06 0.08 0.1 0.12 (

Model a: b(3), 7(10) Model b: b(6), 1(3) top



Calculation of the effective potential (Adj rep)

o= [ S]]
g ke b ()
p + R
:%nin;a"jdt( 1 {_(n;a)zt}
I Lz \fmexp[ ) —27£ina]= 3R Sil4sin(27ma)

16(7[R) n=1 1

oo

= I(a)=-

327z'6R521 cos(27na)+(a-independent)

Poisson
resummation



We have investigated the structure of divergence
for 1-loop contributions to S & T parameters
in the gauge-Higgs unification

Results:

In 5D case, S & T are both finite
In more than 5D case, both divergent
= Natural from the power counting argument

However, the gauge-Higgs unification predicts

S -4 cosOw T becomes finite in 6D cases

because S & T are related by the higher dim. gauge inv.



Substituting KK mode expansions

+,+ 1 N n
A (x,y) = [A,s?ux)mz/l,s,;cos(ﬁyﬂ,
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\P§R 213 3L (x Y) —EW1(R?2R,3L S1n Ey

’” 7

and integrating out 5™ coordinate "y”,
making a chiral rotation V0,3 —€ ’”75/4%,2’3 to remove iys,



we obtain 4D effective Lagrangian
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Mixing occurs between SU(2) doublet component
& singlet component

Each of mass eigenvalues has a periodicity
with respect to m

1
m T m+E =m ., xITm

Characteristic feature of gauge-Higgs unification

(cf. m>+m’ for UED)



SM contributions

alv ,va
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00000 E/z(X)=—2X[1+(1 x) (sm (l/f)) }%—g(x? 1)
SM alyv ,a
N i
H -> vy L, =C"hG" G,
e o
t aemF 4mt2/m2 4 aemF 47’}’12 /le
- C}/:_mtx 1/2( h)X—’C;:V:—mtX 1( W h)
¢ Sﬂmt 3 1% 8%mt
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F, (x)=2+3x+3x(2-x)(sin” (1/[)) —7(x? 1)
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Introduction

A Higgs boson was discovered!!

Events / GeV

Data - Bkg

YT, — CMS \s=7 eVL 51fb1 s=8TeV,L=531b"
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Selected diphoton sample
o Data 2011 and 2012
Sig + Bkg inclusive fit (mH =126.5 GeV)
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Inktroduction

Still unclear, the origin of Higgs ??
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Which Higgs?
Uskiggs? ~ PrivleMiggs?  Guesloiks Yhggs?

Liftle -+
Gaugephobic Higgs? Kibble' s H‘ﬁ??& Mlle Tiggs?
98" Littlest Hzgqs?
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©empesile Yhiggs?

Faf Hiyyg?

H’% less?

Englerls 11 1998
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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_

+9 (0D, - Me(y)) Wi T =(ri)

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

+9 (0D, - Me(y)) Wi T =(ri)

(+,+) only has (++): cos(ny/R)

Boundary conditions: massless 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_

+9 (0D, - Me(y)) Wi T =(ri)

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

SU(3) x U(1)— SU(2) x U(1)y x U(1),



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

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

+9 (0D, - Me(y)) Wi T =(ri)

(+,+) only has (++): cos(ny/R)

Boundary conditions: massless mode  (-,-): sin(ny/R)

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

O mode of A; = SM Higgs



Fermion matter content

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 4/3+4 576 + 3173+ 21/6(Q) + 153

Jjﬁrk 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???

-

Localizing fermions@different point in 5™ direction

Yukawa ~ exponentially suppressed

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



0

0

Zero mode wave functions

3, e()] ()= £ (0) | e

[aer Mg(y)]fzgo) (Y) — f,§°) (y) =\ %nm oMb

0 Small overlap 7R

4D effective Yukawa coupling

Y=g, [ df"(») 1" (v)=2, | dy\/ i

£ £ (1 _ o MR )(eanR _ 1)

~ 27rMRg4e_”MR <g, (EMR > 1) Sm,.<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)
[ 111 ..+ | | Nboxes

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

singlet ~ [1]1f1f ..- 1] unique
doublet [TT1]2]  --. 1] eftc 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

Characteristic predictions to

“finite" gg — H, H — yy amplitudes
MN & Okada (2007), NM(2008)



99—H & H—7r 7y
i GHU



o(pp — H+X) [pb]
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uction
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SM contributions
> H L =CY"hGg*™qG“
99 eff gg Hv

o oo % g dlnm, o

©  8xy > dlnv 127y

=G R
7Y uv

477 o

721V
o O, 4 dln m, 20,

"~ 6mxv3 dlny 97y
e W o :%(_7)811117% :_7ocem
o 8wy Jdlnv STV

H -> vy Lo

CSM — Ctop +CW —
YY YY Yy




Higgs Low Energy 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 o 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
127v -7 om +m, m +m = finite
0o 2
N o m, . . o 1 2
= — 2y ‘Ltlmm<<m |=— —\mTm R
127y ;m( ’ ”) 127tv3( t )

Opposite sigh to SM = destructive



KK mode contributions: H — vy

KK uv KK KK

oy O A4S O
C}’IiK P _ 6—7rv§nz:f TR [ln(mn + mt)+ ln(mn — mt)}
=— 29(;’;“ %(ﬂmtR)2 Opposite sigh To SM
o = 0
CgKW = 87;”\1/ (_7)Zalnv[ln<mn + mW)+1n(mn — mW)]

n=1

Toe, 1 2
=+ —(anR) Opposite sigh 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!!



(99 = H = vy)eru/(99 = H = vy)sp

1 .OO T T T T
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NM & Okada (2008)
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Diphoton decay data

L T T T l L I L L | LI | LI I LI I R
o : — Stat. 3
S — Syst. §
= H—+——t -
Myer . ; i ]
E (s=7TeV [Ldt=4810" ]
u 5 - H=—H ]
ggh+ttH 1 : Vs =8TeV [Ldt=20.7 fb" ]
- i ATLAS Preliminary ]
" = . H=—H 2011-2012 =
C l | | mHT 126.8 GIeV ]

0 1 2 3 4 S

o/ogy = 1.57 + 0.22(stat)
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Signal strength
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MET
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o0 |
—-
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i
—l—
> i
((}) =
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-5 0 5 10

Best Fit O/OSM

Extension is required



Two extensions

1:Color Sihgée& 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
GHU/SM| 1=5(mmR)" | 14— (zm,R)

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 Lep&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



Diphoton decay from 10 & 15

CLr =(Q-1) F(3m, ) +(Q~1)' F(m, )+ Q°F(2m, ) +(Q+1)' F(m, )
™™ = (0 —4/3) F(4my, ) +(Q-4/3) F(2m, ) +(Q~1/3) F(3m, )
+(Q~1/3) F(m, )+(Q+2/3) F(2m, )+(Q+5/3) F(m,)
Q: U(1) charge
n+1/2 n+1/2 o
F(%F%mewz 5+ - 2
] W

5 [
e

) :
m <m ): LGy (zmy R)
) ) " 6v ' cosh(mMR)
+ M

n=0

37rv

Negative



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)

mff_)l)2 =(m(), £3m, )2 + M7 (m3), £my, )2 + M’

“elemag charge” \2 . )
of sug(]Z)xu(91) mi}f) =(m,(;)1/2i2m ) +M*,m,,,+M*

m;(qi)l)z :(m;(fi)l/zim ) +M? ( (22)2 _m3+1/2+M2

15=14/5+25/6+3.4/3+ %16+ D23
m 4/3) ( +1/2—4mW) +M* ( (+2/2—2mw) +M2’m2+1/2+M2

3)2 ( +1/2—3mW) +M* ( (+)1/2imw) +M*

2
m, 2/3 ( +1/2—2m ) +M m+1/2+M

)
’715/3)2 ( +1/2—m ) +M* ( <8)/3)2_m2+1/2+M2



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

GHU+10

H
p_Oleg > H)

SM
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MKK/GGV
15 S
, N.=1.0=-5 Y\
1.4} 15 f ’Q 7
M=17x1/2R )
R= o(gg— H)GHU+15 X BR(H — W)GHUHS p12) ;
o(gg—H),, XBR(H—Yy),, " ]
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_ o(gg—H),,, xBR(H —yy)
o(gg—H),, xBR(H - yy)

GHU

SM

1/R = 3TeV fixed

09C .
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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(328,C (V2 ) Ja-a(350 4, (R)2e.) (w2 m)

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
« 2nd term oc (/2g,)* dominated M

* Negative sign SM



Numerical results for 1-loop RGE of A

030 .
i MH = 125 GZV :
025 .
0201 V1741
o.15i -
N S SM
0.10 * \ SM
: \ :
0.05 - \+15No -
N, nstability
0.00 — . N o
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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 ) 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 etc
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
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1-loop RGE for Higgs quartic coupling

0257 M=125 GeV

0.20 -
~< 015}
0.10 -
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0.00 —

2000 4000 6000 8000
Possible but

U / GeV not so interesting



Interactions between KK modes & W, Z

Ex: 10—p|€’|': 10=1_1®2_1)0S 30 B 410
Color triplet case

(4(+2, Omw]
W:I: ’ N
{4(4_1’ -1 mW] .................... [3(1’ +1 mw)]
[3(0’ -2 mw) } ......... [2(0’ 0 mW) ] ......... [4(0’ +2 mw)J
/l \\ ,, PN \\\ 55 ,/\\
P X R ‘\\ ,,’ %
/ AN /, N S s

y \¢ N e \

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




Heavy fermion cascades

Ex: 10—p|€’|': 10=1_1®2_1)0S 30 B 410

4(+2, Omw)
W:I: ’ o
// NG

4

A Y

{4(4_1’ 1 mW] .................... [3(11’ +1 mw)]

y 4 \.I, N 7 A

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

«— >t <«—




H—Z Yy

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



Branching ratios
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A Comment on H—Zy
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KK modes have

EW charges
l

Naturally, a deviation
of Zy decay from
the SM prediction

expected

Model dep.

o Correlation btw vy & Zy

IS Intferesting

No KK mode cownbributions to 2.7 de.caj@l-toop



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 78
. —(n) —=(n) ,—=(n — n n n n
coupling (AR ARSI VA NN A A ’W((),i:E’Eimf
Wu Z _yu/\/g I’UEH)

ZWnwWn  Z (WJv+ W )[ f,- T)i )(Wv?(")’wvﬂ”))
coupling

n\A/n : £v(n) : £v(n)
ZVW W Z*y (Wi(n) Wfr(n)) 0 —i |[W +27 y" (W¢(n) WJ?(")) 0 i W
coupling N B I A Uy PR |

In SU(3) GHU, NO H-Z-7 coupling@l-loop found



Correct even in SU(3)xU(1) GHU??

In Hasegawa & Lim (2016), it was shown that
d=6 operator describing H—Zy is (not) forbidden
in SU(3)(xU(1)) GHU

-Hosotani et al. (2015) has obtained nonzero
but tiny value of H—Zy in warped SO(5)xU(1) GHU

We investigated H—Zy@1-loop in SU(3)xU(1) GHU
and verified a nonzero result
NM & Onogi (in progress)



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=O0@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



Backup Slides



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: | p\gegless mode  (--): sin(ny/R)
W#3+B;/\/§ \/EW; 0 (0 0 H°
=Y pow 0 |[49=1 0 o &
2 2l
0 0 -2B,/\3 s
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‘Dipko&av\ decaj excess
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of Ogn = 0.78+0.28-0.26
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Hint for New Physics??

Best Fit O/OSM
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Best Fit O/OSM

In this talk, we show that the diphoton decay
excess can be explained in gauge-Higgs unification




Weinberg angle in GHU
If SU(3)—SU(2),xU(1)y: U(1) normalization fixed

Check the hypercharge of Higgs doublet

(10 o(0o o H)
8y, A = g[TS,Ag‘))]:% 01 0Llo o H
0 0 2||H H” 0
0 0o H* 0 0 -—2H* 0 0 H*




Way out to get a correct Weinberg angle

Additional U(1)

SU(3) xU(1) —=SU(2) x U(1)y x U(1)x
Scrucca, Serone & Silvestrini (2003)

_ g+ 3 4 - V3gd, — g

\/3g -I-g'zﬂ X \/3g2+g,2

:>5U(1)A5(0): 2g 2g[T8,A5(0):|:>gY= \/ggg ;
\/3g +g’ \/3g +g’

Y

AdJus’rable
by g




Electroweak symmetry breaking
SU(2), xU(1)y,—U(1)em
is radiatively triggered by nonzero <A>
(Hosotani mechanism)



Ratio of GHU ko Sm

CKKtOp 2 1 ) 2 4 , 2
RGE(I‘F o ) E(l—g(nmtR)) E(I—E(anR))

88

CKKt0p+CKKW 2 2
R =|1+1L—1= (1+L(nm R)j
C;+C

2
R=R,XR, ~(1—%(nm R) )
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LHC data: R=R;x R, =15-2.0
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Extension is re.qui.red



Similar type of deviations from the SM are also seen in
SUSY, Little Higgs

Common feature among GH, SUSY & LH:
Quadratic divergence in m,? canceled

by top partner effects

This can be seen diagrammatically as follows

h senanns T h

Start with Higgs self-energy diagram



Similar type of deviations from the SM are also seen in
SUSY, Little Higgs

Common feature among GH, SUSY & LH:
Quadratic divergence in m,? canceled

by top partner effects

This can be seen diagrammatically as follows

(s mabae: e

Replace one of the Higgs
with VEV!



Similar type of deviations from the SM are also seen in
SUSY, Little Higgs

Common feature among GH, SUSY & LH:
Quadratic divergence in m,? canceled

by top partner effects

This can be seen diagrammatically as follows

TTTTTRN o

<h> T

Attaching 2 gluon lines
= gluon fusion diagram!!



