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Higgs mass (LHC combined)
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Gauge Hierarchy Problem

* Fine-tuning of Higgs mass ;i \\
— m,=126GeV << Mgyr, Mpjgnq PN .
— triplet-doublet splitting in GUTs @tree level — -------- R uEEREEEEEEE
— qu-adratically divergent Higgs mass*2 @loop level m2 = m 4+ A
e solutions

— Higgs compositeness
* Technicolor, top-condensation
* composite Higgs

— scale invariance + dim. transmutation R A H
* Coleman-Weinberg

* QCD-Landau-pole

— “naturalness” ('t Hooft) Snew symmetry
* supersymmetry e SIS
* little Higgs (pseud Nambu-Goldstone Boson)
* Gauge-Higgs Unification[gauge symmetry]
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Gauge-Higgs unification (GHU)

* Higgs as a extra-dimensional component of a gauge field
(Fairlie ‘78, Manton ‘79)

Ay =(A,,A, =H)

* Gauge symmetry is broken by VEV of Wilson-loop :
“Hosotani Mechanism” (Hosotani, ‘83 :
osotani Mechanism” (Hosotani ) W — Pexp]{ngydy

e Solution to the Gauge Hierarchy Problem (#H-inami-Lim, ‘98)
— Compact Extra Dimension : TeV scale
— Higgs potential and masses:

* no potential terms @ tree level (5D)
1

1 1
—ZFynFMN = __F FW 4 _F F*
g MN TR +2 55

e finite mass @ quantum level
 finite Higgs mass is guaranteed by the higher-dimensional gauge
symmetry
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SO(5)xU(1) GHU with 126GeV Higgs
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SO(5)xU(1) GHU model - overview

Hosotani-Oda-Ohnuma-Sakamura, PRD78 096002
Funatsu-HH-Hosotani-Orikasa-Shimotani, PLB722 94

* Space-time:
Randall-Sundrum warped 5D spacetime

* Symmetry :
SO(5)xU(1) gauge symmetry in the 5D bulk

* Fields:
— SO(5)xU(1) gauge fields in the bulk (D gauge, Higgs)
— SO(5)-vector fermions in the bulk ( D quarks, leptons)
— SU(2); doublet right-handed brane fermions
— SU(2); doublet brane scalar
— SO(5)-spinor fermions (dark fermions)
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Space-time

Randall-Sundrum Spacetime
— slice of a 5D anti-de Sitter space (AdS:)

. 2
— metric ds? — 1 (mwdxudilfy 4+ di) 1<z<efl =z

22 2
z=1:UV brane 2z = zy : IR brane
or ds® = e_za(y)nwdx“da?” + dy?

o(y+2L)=0(y), ol(y)=kly/for —L<y<+L

k : AdS: curvature, L : distance of branes
— orbifold S'/Z, topology : break symmetries by b.c.s
— Hierarchy ="

* fundamentalscales: k, L, mpp = <gulon 00"
* KK scales : my, zp — 1
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Fields

* SO(5)xU(1), gauge fields in the AdS. bulk
AM7 BM (M::u75)7

e Bulk fermions in SO(5)-vector

(4 bulk fermions/generation) Z,(T_b)/\/;
T t U X —(T+b)/v2

b= (50 ) vam (GF) ) L v | A
BbLR% DYLR—% —(B-1)/V2

v Lix / Lox  Lsx / t!
\Ij — \If =
3 <(7’ L1y)L’TR)_1’ 1 (<L2Y Lsy L’VT 0

* SU(2)g-doublet scalar on the UV brane
bg

* three SU(2);-doublet right-handed fermions/generation
(on the UV brane)

T U X
X1R = <BR> y X2R = (DR) y X3R = (YR> )
R/ 7/6 R/ 1/6 R/ _5/6

* n; bulk fermions F'in SO(5) spinor-representation

N <¢SU(2)L>
spinor 'QDSU(2)R
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Action
. Action S:/L dy/d4x\/é{c5+5(y)£4}

o : 1 1
5D bulk : £5——§trFMNFMN—§BMNBMN

+ DU Dep) Wy + Y W pD(cr) Vsp r
f F

D(C) = zFM((?M — in — igAAM — igBQBBM) — kCE(y),
e(y) =o' (y)
* UV brane actlon ;
£4 — ‘DM(I)P — Z XaR27 D,LLXCLR -+ XaR27 DMXCLR]
— (kIR T D+ m;@gqulL@ + kAT By, & + k1D Ts, ] + hec.
— [ g):(gR\IfgL(i) + lig)?gR\ifgL(i) + /ﬁlg;(gR\i&LL(i) + /ﬂlg)r(gR\i&LL(I)] + h.c. (i) = j09P"

D,® = (0, —igaA, + %QBBu)q)v Dux = (0, —igad, —iQxgsBu)X



Symmetry Breakings (1)

* SO(5)>S0(4)=SU(2),xSU(2) -1
— by orbifold boundary conditions "= - _q
Ap(yi —y) = +PiAu(yi + y)Pz'_l psp _ (Iz><2 ) 1
Ay(yi —y) = =P A (yi +y) P e

Uilyi —y) = o PiVi(yi+y), ne=-1, FPo=P =P

SO(4),(0
— gauge zero modes AE\(}) _ ( AM (4),(0) ‘A§O(5>/50(4),(0) )

FHOIEEONON 0
A,
A 9 : SO(4)-vector -> “Higgs” A2
A0) — A3

— fermion zero modes AL A2 AR 4b g
1L
VoL

Wi = | ¥ar
Yar

YsR
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Symmetry Breakings (2)

* SO(4)xU(1), - SU(2), x U(1), by VEV of UV brane scalar
* EWSB: by Hosotani mechanism

— 0,;: Wilson-line (Aharonov-Bohm phase)parameter

_ ( 8 \ _
W =expliga %(Ay)dy] —exp |10y 0
)|

—1

\0 0 0 i

W, T =0, T*€U(1)em,
(W, X% #£0, X%:broken generators

— fermions obtain mass terms by \I,gry <A >\If C i\I/FyD /]
Yy Yy
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Wilson line (Aharonov-Bohm phase)

* b.c. of a charged field
¢($u7 Y+ 27TR) = e (x'uay)7 DM:pL,y¢ = (aM — ZGAM)¢

— KK expansion bzt y) = Z ¢n(x“)€i(n+%)y

— VEV of Ay and Wilson-loop

2R
g{A,) =v#0, W= exp[ig/O dy (A,)] = exp|i2ngvR] = exp|if]

e twisted gauge

~ ~

(A) = QUANQ T — 29,007 =0, §=Qp, Q= /2R
9

— twisted b.c. 00

Oy + 2nR) = @Gy, b= 3 Gt F)

n=—oo
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Non-Abelian Wilson-line phase

* symmetry breaking
(W), T%] = 0 : unbroken generators

(W), X% # 0 : broken generators
e example : SU(3)
(W) = diag[e’, e, ],

2m 2
{61,05,05} = {0,0,0}, {—7T g ——} : SU(3) symmetrc

{61,02,05} = {0, 7, -7}, {0, —, _§} : SU(2) x U(1) symmetric

{91,92,93} (0, 1 ——} . U(1)? symmetric
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< = Z],
50(5) X U(l)X S0

(1)Y ~ SU(Z)L
ASOW B,

A450(5)/S0(4) _ fr
Yy
T t U X
U, = ] , Uy = b ,
(), ), = (o 7))
(v Lix ) [ (L2x Lsx
qjg_((T LlY)LjTR>_1,\I}4_((L2Y L3Y>L’

ng(z)L F(yo —y) = nrvs Lo F (yo +
I = F(yr —y) =nrvsPLE(y1 +9),

I
nen-(T ).
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Gauge Transformation

+ gaugeVEV T 0
exp|5012v2T"] = expliga /1 A, by = 5040 Z%k_ 1
* twisted gauge > 2
Q(z) = exp[i@(z)\@Ti], 0(z) = Zzl%:zl O,
U=QU  (A)=94) - giA@zQﬂ‘l =0

— boundary conditions

plzpla

June 17, 2015 Kobe University
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4D effective theory

almost SM-like for @ low energy (<<m,)
W+, Z, photon(y) and their KK excitations

heavy W;*, Z; A, vector bosons (no zero modes)
Ay ®By =7+ W+ 2, +Wg, + Zr, + A,

one physical Higgs (other A () are goldstones)

SM quarks and leptons
(and their KK excitations)

exotic fermions t°/3, T, B, b-3/4 (no zero modes)
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bulk wave functions

S(z,\)

C(zp;A) =z, C'(zp;0) =0, S(zp;A0) =0, S'(2;A) = A
CrS' — SC" = Xz,

* fermions: C ., S, &

(D.D_ — )\2) (g;féj i 2))) . (D_Dy —\?) (gj((j i 3) . Di(c)= s 4pe

* bosons: C, S <d2 o 1d +A2) (C(z,k)) _o

Cr=Cr=1, D_Cr=D.Cy =0,
SR:SLZO, D_SR=D+SL=)\ atz:zL

C S C S
D+(S§>:)\(CZ), D_(S;f)zx(cfz), CrSr — SrSr =1,
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Explicit form of bulk functions Fop(u,0) = Jo(u)Ys — Yo (u)J5(v),

C — +g)\\/ZZLF1,O()\ZJ )\ZL), C/ = +g)\\/ ZZLFO,O()\Z7 AZL)7

S = —g)\\/zzLFLl()\z, Azp), S’ = —|—g>\\/zzLF0,1()\z, AZL),

Cr = +5\Z oo 05 250), St = =g AFLFuy oy (A2 M),

Cr = =S AL Fe g oy (02 A21),  Sp= +oANZZLFo_y oy (A2 021),
boundary conditions at z=1 are affected by

1. Wilson-line phase (Aharonov-Bohm effect)
2. UB-boundary interactions
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Kaluza-Klein Mass Spectra

e Wt
PN 98 (1: M) C (1 M) + Ay sin2 8 = 0,

My (n) = /C)\n, My ) = MMy = 80.4GeV

or, using asymptotic form of Bessel function, one has

mw ~ /k/Le "] sin 0 sin 6
W / | sin 0| ~ mﬁ' H
e /tower )
25(1;00)C" (1; M) + An—7—sin? 0y = 0, sin® Oy ~ 0.23,
cos? Ow

M z(n) = k)\np Mzwo) = Mg = 91.2GeV
* top tower _,

2(1+Z )S1(1: Ay c1)SR(L: A, €1) + sin? 0 = 0,
2

My(n) = k)\n, My0)y = My = 173GeV
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Effective Potential (1)

When a Kaluza-Klein tower is given by

14+ Q) f(0r) =0, m, = kM,

then the ffective Potential is given by

V(Or)= %/ (;lw})?él Zn:lm[p2 + M (07)?]

(k/z)"

- G /Ooodqq3ln[1+Q(Q)f(9H)]7

Q(q) = Q(ig/zr)

June 17, 2015 Kobe University
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Effective Potential (2)

Ve = 41|1Qw]| + 21|Qz] + 3I|@Qp]
— 12{I[Qtop] + I[Qbottom]} SRF[[QF]
Qw = cos” Oy Qz = %QD = !

Q [Q7 2] sin 9H7
Qbottom Qo [Q7 Ct] :
Qtop Tt — 2<1 _|_ Tt) S111 9H7 Tt =~ (mb/mt>27

Qr = Qolg; cr) cos® H—H

2’
Qolg; c] =

1
2

2T, 1
q Fc ,C— (Q/ZL q) c—|—2 c—I— (Q/ZLa Q) 7
Fop(u,0) = In(u)Kp(v) — e DT (u) 5(v),

1
27



Effective Potential and Higgs mass

* Higgs (AB phase) potential is induced @ loop level a la
Coleman-Weinberg Vq»z%;/%ln@”mén}

Vetlc(f)tal(é’H) = Vw + Vz + VtOp +npVp [CF]

PRD82-115024

2t gauge
* OIld model (n=0) | . | o,m
— 6,=1/2 is selected (H-parity) Ll 02 ' . 0
* HVV and Yukawa coupling vanish total
* Higgs is stable (H-parity odd) 4
—>Higgs as DM [Hosotani-Ko-Tanaka] -6} fermions
) U | Oy U
* New model(n>0) " T _isses. )
— eH<T[/2 ~18.670
— Higgs can decay 18675
— Higgs mass (a) b
, 1 d2‘/eﬂ‘ , 0.00 0.02 0.04 0.06 0.08 0.10 0.12
m2 = 7, . = (126GeV)~,

_ 2 k
fu =g\ t=1
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Higgs decays to yy, Zy



Higgs production & decay

W,z

* production LL%? ------
— Vector-boson-fusion Jﬁ; H @H
— gluon fusion i _
— associate production _,_/ W -

e decay ) a

b, T )
W, 7

— b-bbar, tau-taubar  -----. / ij
W, 2

— WW, ZZ (off-shell decays) \\b,T H

— two photons (2y) i @
H
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Higgs signal strength

plrr - h — XX)=oc(xx — h) - B(h - XX)

19.7fb" (8 TeV) + 5.1 fo' (7 TeV)

Combined
w=1.00=0.13

H — bb tagged
w=0.93 = 0.49

H — <t tagged
u=091+0.27

H— yy tagged
w=1.13=0.24

H— WW tagged
u=0.83=+0.21

H— ZZ tagged
w=1.00 = 0.29

CMS

Preliminary

m, =125 GeV

0

June 17, 2015

0.5

1.5
Best fit 0/0S

Kobe University

ATLAS Prelim. |—ot(stat)  Total uncertainty
m,=126.36 GeV  |__ ;(§¥sinc loonu
arXiv:1408.7084
H—vy iy
w=1.177027 163 ——
arXiv:1408.5191 ‘
H— 2Z* — 4] tos —_—
w=1.441030 104 —_—
ATLAS-CONF-2014-060 :
H—- WW* — Ivlv |52
w=1.08"0231"01% S
arXiv:1409.6212
W,Z H— bb 103
w=0.5"4]503
ATLAS-CONF-2014-061 ‘
H—w 8 —
u= 1.4":8j2 o3 "

s=7TeV [Ldt=45471b"
Is=8TeV [Ldt=2031b"

| |
0.5 1 1.5 2
Signal strength (u)
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Higgs Decay in GHU @ tree level

HWW, HZZ, and Yukawa couplings are

W, 7
suppressed by cos6, o
- T T -0 JOHWW.HZZ " 9uv
Wl/a ZV
?JJ(‘}HU — yf - cos Oy, g[%%/UW HZZ = gHWW Hzz CosOg

* =>Production cross-sections and decay rates

are suppressed by (cos6,)?
o(WW,ZZ,4qg — H)auu = c(WW, ZZ,qq — H)sy - cos® 0,
T(H—-WW,ZZ, ff)auu =T(H = WW, ZZ, ff)sm - cos” O
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Higgs couplings in GHU

* mass structure )
Leg(0mr) D —m%/v(eH)WWWJ — §m22(‘9H)Z“Zu —my(Ou)ff

(m%/,Z(HH)> ~ (mW,Z> sin 0 = (mxsalfwz>
» - effective couplings 01 —s by — 04y 4 -

A 1 JH
Leg(0r) D —guawwHWIW, — §gHZZZ'uZu —ysHff

GHU SM
(gHWW,HZZ) N (gHWW,HZZ)

y]Cc}HU

6, - /2 : anomalous coupling
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Higgs to 2y decay

* Decay rate

P(H = yy) = © G i ‘f R (Z(Q(F))2 + l) npF |2 e
102473 m2, W T g top X 5 | "FSFR| NN
> 2
IJawmwm) 1
Fw = Z e 2W Ei(Twe) s W-loop T
n—0 guw My mW(n) W
— Yy Ty
Frop = Fipp(mm ) top loo
top nz_;ytSMmt(n) /2(Tym ) p loop
o0 t(n), F(n) AVAVAVAVAVAV
Ypn) My

Fr =

SM Fl/Q(TF(n)) : New fermions’ loop
1 Y Mpm
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Higgs to 2y (2)

10—

TN 10 /N Leesesessssssssssssssssusssnssisssissssssasasasas ;

Fur =2 Iwen o cos O Fi(mwen), e

' my — 00 :: 1y

‘Ft — Z It(n) mt(n) CcOS QHF1/2 (Tt(n))a gl 7

my . 0 ‘1'0(‘)“‘2‘0“‘4‘()“‘6‘0“‘8‘()“‘1(‘):0
JT"F—ZIF(n)—tSlIl?HFl/Q(TF(n)) n

log-type convergence: (Falkowski 2008, Maru-Okada 2008)

log(l _|_ a?) _ Z —(—1)“3371

n

n=1
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Higgs to 2y (3)

Hosotani@Tohoku 2013

X
a2g2 ms 2
T(H — yy) = ——w H ‘.7—‘ ota
( ’7’7) 102473 m%V total
4 1
Fiotal = Fw + ngt + EnF:FF
J
Oz 0.117 0.360
Fw 8.330 7.873
Fw [/ Fw o 0.9996 0.998
Fio) —1.372 —1.305
Fi/Fio 0.998 0.990
Fr/Fio —0.0034 —0.033
Fiotal 6.508 6.199
]:total/(]:W(O) + .'Ft(o)) 1.001 1.011
Physics i T
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H to 2y(4) : signal strength

e Signal strength : gti—prod. Br(H — )

O_H—prod
GHU ~ 2
H—prod cos” O

Osm

D(H —~yy)  T(H — yy)smcos? Oy

Br(H = vY)caUu _ |
BT(H — VV)SM - «* Bremy = Ltotal - I'sM total c0s? O

o - Br(H = y7)lguu >
— ~ cos“ 0
o - Br(H = y7)|sm &

1 — cos?(0.360) ~ 0.124
1 — cos?(0.117) ~ 0.014



H—>Zy decay

In a naive model [Maru-Okada, 2012], decay rate of this mode
vanishes.

In our model, Unlike the yy decay,

KK non-converving ZW(n)W(m), Zt(m)t(n), (m#n) couplings
* ZWW;, ZW W, couplings,

e 7tB couplings

are allowed

Summing up all KK modes, the amplitude is found to be finite.
(HH, Hosotani, Funatsu, to appear soon)
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Universality and Collider Signature

PRD89,095019 [arXiv:1402.2748]
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Universality

mp=126GeV
)

* #free parameters (2z,nr,cr 2 parameters

10000 \ : : ?
¢ KK Scale, 8000}\ np=0 ] — 1 parameter
Z) mass g o + o
S 4000 \ np=6 f
2000/ \‘\kb ] 1350GeV
h\“\H\—xﬁm ~U
0.0 05 1.0 15 KK (Sil’l QH)O'787
* Higgs self couplings
Sl 1N \ ol | & ppet . !
ens | ]
* masses and couplings of SM fields are

governed by one parameter : 0,
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Vector boson-fermion coupling

Large right-handed couplings to 15t KK bosons in the RS space

localization:
& IR brane, UV brane—>

9™ /g

¥r(y) o exp[+cky]  Yr(y) o exp[—cky] R

=75+

Fig. 1. The ratio of the gauge couplings, g™ /g, for n =1 (dotted line), n = 2 (solid line) and n =3
(dashed-dotted line), as a function of the dimensionless fermion mass parameter c.

fermion wave-functions (in the flat orbifold) Gherghetta-Pomarol (2000):
dotted : gll/g
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0.780 -

<0775

/’ search :um - f
7' =0, 70 70 el
? » " R 00 02 04 06 08 10

QH/ﬂ'

e 1st KK SM particles and W1, Z.() bosons:
nearly degenerated

* In GHU in warped space, 15t KK gauge bosons
have large right-handed couplings to the SM
fermions

e 7' states with broad resonances in pp—>I*I
processes

* SM couplings are “universal” — depend only on
6,(or z;), irrespective to the number of spinor.
rep. fermions.
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Table 1: Parameters and masses in the case of degenerate dark fermions with nyp = 5. All
masses and k are given in units of TeV.

21 O MKK k c cr | mpo ng) Mya) M)

109 | 0.473 | 2.50 | 7.97 x 108 0.376 0.459 | 0.353 1.92 1.97 1.98
108 | 0.351 | 3.13 | 9.97 x 10" 0.357 0.445 | 0.502 2.40 248 2.48
107 | 0.251 | 4.06 | 1.29 x 10" 0.330 0.430 | 0.735 3.11  3.24 3.24|
I0° 1 0172 1545 T1.74 10> 0292 0410 T.IT 4717 437 438
10° | 0.114 | 7.49 | 2.38 x 10° 0.227 0.382 | 1.75 573 6.07 6.0§
10*1°0.0730 | 10.5 [ 3.33 x 10* 0.0366 0.333 | 291 8.00 8.61 8.61

109 o LHCBTEV) 9 — (0.251,0.114
4
_ zp = 107,107
9 100
g 1 6
001 (ZL S 10 )
107 100 150 200 300 500 700 1000 15002000 104
M,,[GeV] >
O
I S 10°°
LHC(14TeV) E:
_ =
HH — 0.1147 0.073 % 10—8
o
[z = 10°,10%]
3000 4000 5000 6000 7000 8000 9000

M, [GeV]
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Dark Matter

[arXiv:1407.3574, PTEP]

Kobe University
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SO(5)-spinor fermion as Dark Fermion

e SO(5)-spinor fermions : no mixing with SO(5) vector
fermion

— conserving fermion number

1.0¢ ‘

— lightest and neutral one : DM candidate 05— LY
“Dark Fermion” fos s
S 04!
* DF does not have zero mode Y
Mpa) X My cos(0g/2) 05 0s 05 Zos o8 To
c.f. mgy x mig sin(@H) Onln

— F(1) can be around a half of 15t KK boson masses

— small Yukawa coupling
[Y: is suppressed by sin(6,,/2)]

* Fisthe mixture of SU(2), and SU(2); doublets
g (Vi) (02 ¢ ()
Vsu(2) g cos(0p /2) F°
— WFF,ZFF couplings : suppressed by sin?(6,,/2)
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WIMP DM relic abundance

104 x10° zp 1

Qh? _ 2
Mp;  \/gra+3b/zp’ (ov) = a+b{v") +---, xp=m/TF,

DM SY e
increasing {(oav])
<ot Sobat F
L i i
DM SM - [
dn R e E
— +3Hn = —{ov)(n® —n2)) i i

dx

100 300 1000

Fig. 5.1: The freeze out of a massive particle species. The dashed line is the actual
abundance, and the solid line is the equilibrium abundance.

Y =n/s
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DM complementarity

1.Relic Density - DM annihilation

2. Direct Detection - DM-nucleon scattering
3. LHC signal - DM pair creation

S B

DM SM
1 2
nn r OC .
Cann,prod (s —m3 +imy Ly
s~ 4mp,, \V}
1 2
Oscat X :
et 0 (7 m?, + iy Ty DM M
t~mahyve, v I >

Not only structure of interaction operator
xomOxpum - GO'q, O, 0" = 1,75, YV, Vu V5, O

kinematical suppressions/enhancements are also important
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Suitable annihilation cross section of multi TeV dark

—1
matter Qh2 0w ( <Jv>
| )

can be obtained : O(lpb ¢
1. Enhancement due to Breit-Wigner resonances when
mg = m,/2
2. Large right-handed couplings to 15t KK bosons in the
RS space-time also enhance the annulation cross
section

Annihilation of DFs are dominated by following processes:

SM

small ZFF, HFF coupling save from constraints by DM
direct detection

June 17, 2015 Kobe University
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F+, FO : degenerate @ tree level
degeneracy is lifted @ 1-loop level

()

N

Tt H(m) t

F* becomes heavier than F° by a few GeV

after the freeze-out, F* decays to F° (beta-
decay like)

V=W
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5.00

7.=10%

1.00 =10 |
//%;?H

0.50 | / 1
% /
2 np=4 « Qh? ~0.12
S z.=10*

0.10 1

71.=2x10%
0.05} 1

7.=108

7,<1075
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* Inng=3 case, 2m is very close to my,,, BW enhancement occures
nz>=4, relic densities are bigger than the experimental bounds for
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non-degenerate DF

° Degenerate cases
— ny= 3, too few DM
— ngp>=4, too much DM

* For np>=4, to reduc DM density, we consider non-
degenerate cases

— ny, DFs - light DFs light and heavy DFs |
nFFz N nl}lwghtFl’ (Cl;_‘ght) 4+ n}}eavah’ (C]rllweavy), ACF — Cll;ght . Cf}lweavy
— Relic densities are reduced to n.'"#"/n . of degenerate one

* bulk mass parameters (c;'g"-h¢ay) are tuned so that m;=126GeV and
6., unchanged
—>new tunable parameter : Ac,

* mixings between F, and I, comes from mixing mass terms in bulk or
on branes

—>F, obey opposite b.c. (7,=-1)
* in heavy dark fermions, SU(2)L components dominate
heav
\Ijheavy _ ng@y)L -~ (COS(QH/Q)) ® (F};avy)
r pheay ) \sin(01/2) )\l

June 17, 2015 Kobe University 46



Mass

F*heavy
Fheavy } few GeV

0(100)GeV

Fflight
Folight

} few GeV .

* heavy fermions’ number density is suppressed by Boltzman factor:
heavy light
7 )7 N =
1TF mpr
* If etais sufficiently large, at the freeze-out, number density of heavy fermions
becomes negligible.
- relic density is reduced

exp(—

light
non—deg F degenerate
rel ™~ pFlight ™~ ng rel
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neavy
nF:49 (nF ] nF ):(17 3) PR
020F —4[(%
0.18 ]
i ACF:OO6
0.16- ]
% 0.14+ /M\\\ ]
E [
C} 012}3/ —= __.—m-..__ = N =
S o - ~...‘~~ \
0.10F o= T z1=10%
- z=10° Acp=0.04 ™,
0.08 ]
0.06:\\\\\““\““\““\““: 607
1000 1500 2000 2500 3000 3500 hl
mpm [GGV]
5.5-
Coll
250
45
40!
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DM direct detection

* dominant scattering processes:

Y oY U ol i
7 Zj(f{l) : H
|
) ) ) ) ; //\q
sin” (%) (mz)?/(mZ,) sin(0py)

Nt

suppression factors
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DM-nucleon cross section

predicutions and experimental upper bounds

Tx10~4 T

' K )

9,
X
[E—
2
N
N

3x1074

cross section per nucleon (cm?)

np=4 —

nF:4, ACFZO 04 |

nF:4, ACFZO 06 —

i 1 degenerate

—
—
—

TU 85 4%

- o

2%x10~4 u ] non-degenerate:
° (nFIight’theavy)=(1’3)
a =10*
2=2x10" <L
1x10~#} * -
200 d2Y°..--
LUR 2
—45 . | . —P'————-’—\— L
10 2000 3000
Dark matter mass (GeV)
purple band: allowed region for relic density
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Summary

Gauge-Higgs Unification model which yields 126GeV Higgs mass is
constructed

* H->yyis finite, and small deviation from SM value for small 6,

 SM part of this model is approximately described by one free
parameter (universality)

— Higgs triple and quartic couplings depend on 6. In particular quartic
coupling deviates significantly from the SM.

e Z’'signalsin LHC8, LHC14 are studied.
— LHC8 has constrained z, < 10°
* Neutral Spinorial Fermions are possible DM candidate.
— Degenerate cases: too little DM for nF=3 and too much for nF>=4

— Non-degenrate cases: 1-light and 3-heavy DF with zL <=4*1074 is
possible solution
— to be checked future direct detection experiments
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Plan

* SO(5)xU(1) GHU with 126GeV Higgs
* Higgs production/decay (H->vy,gg)
* LHC signals

* Dark Matter

June 17, 2015 Kobe University



toward a realistic GHU model
.+ S1 5517,

— chiral structure of fermions
— SU(2) fund. repl. Higgs
 Warped geometry (Randall-Sundrum, etc.)
— small Kaluza-Klein scale
— top quark heavier than W boson
* Extending unified group G, (2SU(2),xU(1),)
— to accommodate custodial SO(4) symmetry
— tune Weinberg angle : extra U(1)

e - SO(5)xU(1) GHU model : a minimal model of
realistic GHU
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SO(5)-spinorial fermions as DM

e spinorial-representation fermions do not decay
quarks/leptons

— the lightest states are stable
“dark fermions”

* Choosing U(1), charge Q,=1/2
— one of the fermion in SU(2) doublet is neutral
— possible dark-matter candidate

* Features

— DM scattering cross section is small due to suppressed
Higgs-Yukawa and Z-boson couplings

— rich structure of annihilation cross section
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Vector bosons A,,,B,, decomposes

n n=even,o n=even,o E(n n A(n
A,, B, _>7;& ),th( : dd),Z/S : dd))wR/E )>Z(R;27Ai( )

Two SO(5)-vector bulk fermions decomposes

(B W (5 D),

(n=even,odd) ,/(n) (n) (n=even,odd) ;/(n) n)
— tig/3 Lia)s Viss 03 013V s

and W, , W, for leptons...

SO(5)-spinor fermion

_ (Y ,
Vr = (wR YL/ SU(2) doublets [, F has no mixing with SM fermions
>lightest mode F{) js stable

Fl) 1.2 1

— F={ Qp5, =Qx + = |° QFtl/2

(F 7 EM 2 — one of F is neutral
\pr(yz—y) :77F275Psp\IIF(yz+y>a 1= 0,1, F can be WIMP DM

1, “Dark Fermion”
Nry = =Nk = NF = +1, PSP - ( —12)
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mass spectra

_ . 21=10%, 65=0.360
 SM particles and their KK pass(GeV]

° n 1\ "\n Q
excited states A5 gy W2
10 OOOT MOR QR HORAD
(zero and KK modes) | / .
8000 - ¢ ;
. exonca/rtlclgs (KK modes) | A
ZRrus Wry, A 6000 . s
q(+5/3), q( 4/3)7 g(+1)’ ¢(=2) 2000l o
: ™\ F®
o ' 20000 T+
extra fermion dqublejs F 1 o
— electric charge T R E

0 1 2 3 4 5
— lightest non-SM particles
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lower bound of z,

700 02 04 06 08 10 00 02 04 06 08 10
QH/TZ' QH/T[

For z, < 1074, no solution of ¢, , with which m,=173GeV is satisfied

top
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couplings

* once KK spectra of the fields, one can obtain
the couplings between fields, in terms of the
overlap of the wave-functions in the extra
dimension

 We have summarized the couplings between
SM fermion [spinorial fermions] and vector
bosons/Higgs boson in Appendices of our
recent papers
(1404.2748 and 1407.3574)
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Dark Fermion - couplings

F is a mixture of SU(2)L and SU(2)R doublets .
— couplings can be suppressed by the mixing: sin” (0[{/2)

I y,=—1

WFF, ZFF
WFF, ZWFF
Z,FF
W, FF

HFF (Yukawa)
YFF
yUFF

HFF (Yukawa)

June 17, 2015

suppressed

suppressed

unsuppressed
unsuppressed
unsuppressed, large RH-couplings

unsuppressed, large RH-couplings
(no couplings with quarks/leptons)

suppressed
unsuppressed

unsuppressed, large RH-couplings

suppressed
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S-parameter

* Both F,and F, couples to the Z-boson in
almost vector-like way.
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couplings to Higgs

e Effective Lagrangian
— mW(é)2wj 4 mz(é)QZﬁ om0+ -

mw, Mz, My X MKk SinOg

 SM particles
— JHWW >, 9HZZ, 9HTt K< cos Oy

mer X MKK COS(@H/Q)

* New fermions — gurr o sin(0g/2)

e other exotic KK states

mx X Mg X const.

— ggxx =0

June 17, 2015 Kobe University 62



June 17, 2015

Higgs Production & Decay
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Introduction
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Fermion mass hierarchy in GHU

 Example : flat extra dimension

Vi (y) o< exp[—my|

June 17, 2015

Yo

Vr(Y

Y1

™

x exp|+my]

X

sinh|mmR]
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