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Kitano rules

1.Concentrate on EWSB & fermion masses.
2.Model must be better than Glashow’s.
3.Viable? Check predictability.

% Ignore meaningless calculations.




Suggested approach for this
workshop
1. Identify the problems.
2. Discuss their seriousness.
% Possible to postpone in LHC physics?
% If claim so, need a reason.
3. Discuss/summarize possible solutions.

4. Discuss LHC predictions associated to each
solution.

5. Discuss situations 1.5 years later.




My task

® Give a basis for such discussions.
® By reviewing:

* EWSB in RS and GHU modaeils.

* — EWSB in extra dimensional models.




EWSB In Extra Dimensions

® The same as in SM? Yes: UED models.

® No:
* EWSB by Wilson-line phases.
* GHU models.

4+ When warped (or +BKT), dual to technicolor with PNGB Higgs.
4+ Lightest As = Techni-dilaton resonance? (D2F&5 &L D E1ED)
*x EWSB by boundary conditions.

* Higgsless models.

4+ When warped, dual to technicolor without PNGB. (?)
+ Lightest KK A, = rho-meson resonance.

* Dirichlet Higgs model.

4+ Higgsless with a bulk Higgs.

4+ Lightest KK Higgs = “Higgs impostor.”
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UED Models

® Put all SM fields in bulk. (Review available if requested.)

® EWSB is no better than in SM. By bulk potential:

* V(D) = —mp?|D|? +Ap|DP|%.
% Relatively safe but boring.
* No reason for negative mass?.
* Need higher dim’nal op to lift-up potential: A\p = A4/AP~4.
® Or even worse fine-tuning. In (4+n)-dimensions,
¥ mp? = O(A/ M) —O (A" mi™).

® Heavy Higgs allowed by KK top contributions to T-parameter.
(Shown later)




e An extra dimension

compactified on S'/Z, (~line
segment).

o All SM fields propagate in bulk.
* Neumann: 0,®|,q=0 on SM d.o.f.

* quarks, leptons, gauge fields A,
* Higgs field (We change this later.)

% Dirichlet: ®|,q=0 on non-SM d.o.f.

* Extra quarks and leptons with opposite

chirality, M

* Extra dimensional component As
parity

(unphysical)



e A 5D field = infinite 4D KK modes.
% Dirichlet: chbd — O,

¥ DO(X,y) = Za=1 On(x) sin(ny/R),
X Mgk = 1/R, Z/R,

* Neumann: 0,®|pq = O,
* ®O(X,y) = Zn=0 Pn(x) cos(ny/R),

* mygk = 0, 1/R, 2/R, ...




e Z,on Gauge field: A, = Ay, As > As,

o If g xy°y, current M oc wh2ryMy transforms
the same as gauge field: J¥ = J¥, J° > —J°.

* Choose + for SU(2)w doublet:

* +W.. WYr>—Yr (zero mode for

* Choose — for SU(2)w singlet:

¥ Yo—YeL +wr (zero mode for






UED allows heavy Higgs

' i MHRARIE My = DIBE,
(Higgs loop omitted) M = Mkk D3

® Heavy Higgs: my >500GeV requires
lower KK scale: mkk < 600GeV.

% Being killed by Tobioka-san.
* MHED with LKP DM: mgk ~ 1.5TeV.

Appelquist, Yee (03)
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® UED OCDIDBENRICIZDDT |
* No reason for negative mass?.
* Need higher dimensional operator to lift-up potential: A\p = A4/AP~4.
* Worse fine-tuning: mH2 = O(A2+n/mKKn)—0(A2+n/mKKn).

® UED T EWSB ZtEw/ZJ Xi5D Dirichlet BREZEATECUESEDH? ELVWDDOH &R
# L C 3 Dirichlet Higgs model T9-,

% Haba, Oda, Takahashi, arXiv:0910, 1005.
< Nishiwaki, Oda, arXiv:1011. (Unitarity issues.)
o WHIRZERNEH FEZF—NFATLSZELY,
* BUOEYIXR. BULKK: my= mgg~ 500GeVe Jgist kk Higgs = 0.9 gsm
* WWHERERELD O(E?) (& KK-Higgs exchanges T (CHE3%.
x AP T—m2ZRLVE Higgsless (CHH=,




UEDE C&

® EARMIC mik < 600GeV <5WEXTIZERICFEIC D DD D,
* U2 T my > 500GeV <B5L\MDECAIFFEICDDH

Do

* LHC signal (& KK resonances 2. LKP W&EZERDT
single production T/, (SUSYEZS T F )L, )

® EWSB (IEZEEZRE & —& (J2/l2 UKD EUfine-tuing). &2

EEZT

Dirichlet Higgs 7= &RV (C (& Higgsless (TR

BEDEIRD,
* &&(3 KK Higgs @ single production HY%4FE].




EWSB In Extra Dimensions

® The same as in SM? Yes: UED models.
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*x EWSB by boundary conditions.

* Dirichlet Higgs modael.

4+ Higgsless with a bulk Higgs.

4+ Lightest KK Higgs = “Higgs impostor.”
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EWSB by GHU

® Symmetry breaking by Wilson-line phase.
® Gauge hierarchy (technically) solved.

% No divergence can occur in Higgs effective
potential due to non-locality.

% Historically, “deconstruction of 6D GHU led
to development of little Higgs models.”




GHU Models

flat

warped

SU(S)L

Antoniadis, Benakli, Quiros (01);
Fai=Nomura, Smith (02);
Burdman, Noriiasa={03);

Haba, Hosotanl Kawwamura,
¥arnashita (04);

Contino, Nomura=0omarol (03);
riosotani, Mabe (05);
Hosotani, Noda, Sakamura,
Shimasaki (006);

SO(9)

Panico, Safari, Serone (11).

Agashe, Contino, Pomarol (05);
Contino, Da Rold, Pomarol (07);
Medina, Shar, Wagner (07);
Hosotani, Oda, Ohnuma,
Sakamura (08).

First warped effective potential
by Oda, Weiler (06)




Constraints on GHU

® Following constraints restricts parameter space:
% |S, T-parameters| <~ 0.1
* [Z-b-b.P2" coupling] <~ 1073, (Related to T)

* Can be suppressed at tree level by custodial
symmetry in SO(5)-based models.

* [Anomalous W-tg-bPa" coupling] <~ 1073,

* Leads to: b—sy.




SU(3). vs SO(5)

o EiRlCizaiE <,

® To account for large top-Yukawa, one typically has
composite g, and tr (being finite near IR brane).

% Usually by is elementary (living near UV-brane). Still
suffers from tree-level T (& Zbbbar).

® Custodial symmetry wanted.

% Exact SO(4) = SU(2). xSU(2)r at IR-brane, where
EWSB takes place.

% Leading to SO(5) model broken to SO(4) at IR-brane
by Wilson-line phase.




Flat vs warped

® Naively, mp ~ my ~ mgg in flat model.
® In warped space: my ~ my ~ (KL) 2 mgk  (~ mkk/6)
® Flat models dead? No.

* Add many bulk fermions. (Ugly.) Or else,

% Add boundary Kinetic terms for gauge bosons (and fermions).

* Can be regarded as truncation of warped space. (#z)
® However,
% Flat model with BKTs is effective theory valid slightly above TeV.

% Cannot address flavor problems, which involve much higher
scales.

* In warped models, light generations localized at UV-brane.




Fermions in SO(5) models in market

O ® T =~ o =

lED
with
BKT

Symmetry broken

by hand or by Higgs.

Wilson-line breaking.

Brane masses by hand.

UV-brane bulk Sé)R(;rt))r?Jrz?)
X X
SU(Z)LXU(] )Y SO(5)XU(] )X SO(4)=SU(2)L.xSU(2)r
Agashe, Contino, (AL tR_belin

Pomarol (05)

413, 41/3741y3)

an extra 41,3

Contino, Da Rold,

extra 21,6 to Kill

(gL, gu’) in (523, 5-1/3)]

brane masses

Pomarol (07) model | extra g’ (tr, bR) in (B2/3, B-1/3)2
Medina, Shar, i (L, tr, br) Iin many #0O(10)
Wagner (07) (52/3, 52/3, 102/3) extra4’s & 1’s
t [ f .
Hosotani, Oda, S A palls o (QL, tr, br) In

Ohnuma, Sakamura
(08)

27/6, 21/6, 21/6,

required by anomaly
cancellation

(52/3, 5-1/3),
iIrrespectively.

Panico, Safari,
Serone (11) model |

(L, tr, br) in 102/3

Nno mass allowed

PSS (11) model Il

gL’ killed by extra
21,6 or Dirichlet BC

(g, gL’) & (tr, bRr) In
(52/3, 5-1/3)

no mass allowed




Typical LHC signals

® Light Higgs: my < 200GeV.
® Lightest particle BSM is KK-quarks:
* 500GeV < mg < 1TeV,
* with EM charge: —1/3, 2/3, or 5/3.
® KK gauge bosons slightly heavier: ~ few TeV.
® Other issues.
* Composite top (and bottom). Yukawa deviation.

% Strong coupling becomes strongly coupled for colored KK.

* Problem? —JGEWVWATZHBI(HEEINT(EH DN




GHU &

® HIZmI(C(ELETHEELLY EWSB,

* IBAB(3HERE. EIRIEBL), as usual in =RAFEEY,
(Gauge mediation ZBW\HZS, )

* PNGBOWBFIT_HS5—DF17)L7?

* JII=A2DBEZ ANLDETDHEELREDTL
50 (?g:ﬂj_&lﬁlulaﬂﬁ%o )

¥ TOZHNS—EEDCGHE TEDIDTIHELUTCHDER
= (ZFEsh. BHREDER.

® KK gluon D' agfES (CIRDBDILEEDIRDM,




Higgsless

X, WIS ADODTZDOTULWWT T LR ?

e Comments to add:
* When warped (or flat+BKT), dual to technicolor without PNGB (?)

* Lightest KK A, = rho-meson resonance.




EHFDT LD

® CNHSEHEMNTT LHC H* EWSB sector I RE I B,
® SM £[FEIUIRS UED, > Tleb (RIRTTOEHTIL)

* Wilson-line breaking:
* GHU.

% Boundary breaking:
* Higgsless,
* Dirichlet Higgs.

®@ N<MHKULFEIMN, Prediction UTHTIBDLDICTEERAS D,
(Postdiction Tl3d/x<, )




Again, EWSB in Extra Dimensions

® The same as in SM? Yes: UED models.

® No:
* EWSB by Wilson-line phases.
* GHU models.
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4+ Lightest As = Techni-dilaton resonance? (D2F&5 &L D E1ED)
*x EWSB by boundary conditions.

* Higgsless models.

4+ When warped, dual to technicolor without PNGB. (?)
+ Lightest KK A, = rho-meson resonance.

* Dirichlet Higgs model.

4+ Higgsless with a bulk Higgs.

4+ Lightest KK Higgs = “Higgs impostor.”




