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1. Motivation: the little hierarchy

*Expect new TeV scale physics solves the hierarchy

problem

However, have not seen any trace of new TeV scale
physics at LEP or Tevatron ("LEP paradox”)
*Generic new TeV scale physics tightly constrained:

Dimensions six

my — 115 GeV

mp, = 300 GeV

mj, = 800 GeV

operators c;=—-1 c¢=41|¢,=-1 ¢; =41 ¢;=-1 ¢;=+41

(H'm"H)W S, By 9.7 10 7.5

|H'D,H|? 4.6 5.6 3.4 2.8
S(LyureL)? 7.9 6.1

i(HT Dy H) (Ly,m¢L 8.4 8.8 7.5

i(HI Dy H)(Qvum®Q) | 6.6 6.8

i(HTD, ) (Ly,L) 7.3 9.2

i(HTD,H)(QvuQ) 5.8 3.4

i(HT Dy, H)(EvyuE) 8.2 7.7

i(HT D, H)(U~,U) 2.4 3.3

i(HTDy,H)(Dv,D) 2.1 2.5

(Barbieri &
Strumia '99)



*Generic new physics is allowed only at 5-10 TeV

Little hierarchy: why have we not seen indirect
effects already (if it comesinat1 TeV)?

*Flavor constraints could of course be much
stronger, up to 10° TeV constraints possible...



2. Realistic warped models

(Randall,Sundrum; Maldacena;...)

*Metric exponentially falling

ds? = (%)2 (dx? — dz?)

*Mass scales very
different at endpoints

*Graviton peaked at Planck
*Gauge field flat

*Higgs peaked at TeV



R’

graviton |
Higgs boson

gauge R’/R~1076
field

UV IR

Solves the hierarchy problem.
But: electroweak precision? If all fields on IR brane
expect large EWP contributions, large FCNC’s



Realistic RS models

*Need to put fermions away from IR brane for FCNC
*To protect T-parameter need to include SU(2)g
custodial symmetry

Flanck TeV

SU[E]L:-L SU@)x U(1),

AdS,

'SU{E]R:{ ucl)— udl), SU(E]L:{ SU(E]E- SU(E]D

(Agashe, Delgado, May, Sundrum)



«S~127 v2/my > Bound m,>3 TeV
T parameter at tree level suppressed

(Carena,Delgado, Ponton,Tait, Wagner)
*Signals:
Light top partners
3 TeV KK gluon, but mostly coupled to ty
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(From Agashe, Belyaev, Krupvnickas, Perez, Virzi; see also Davoudiasl, Randall,
Wangq)



*Little hierarchy: NOT solved here either

2
-Cutoff scale: A~ —-*— ~ 10100 TeV
g Od &

*Natural Higgs mass m ~A/(4x)> 1 TeV
*Can give theory of flavor — next topic
*To also solve little hierarchy:

Higgsless (gauge-phobic)
Pseudo-Goldstone Higgs



3. Flavor from warped extra dim's
(Hierarchies w/o symmetries)

Wavefunction overlap generates hierarchies
) A"
N =

\ R'/R~1016

UV IR

— Light fermions 5 __ (R\2,, > >
Top quark ds” = (?) (dz® — dz®)

—— Gauge bosons (y, W,Z,9)

(Arkani-Hamed, Schmaltz;
Grossman, Neubert; Gherghetta, Pomarol)



*For c>1/2: fermions localized exponentially on
Planck brane
For c<1/2 fermions localized on TeV brane

Light fermions: on UV brane, O(1)
differences in ¢ result in hierarchies

*Top right should be on IR brane to
ensure heavy top mass



Fermion wave function on TeV brane:

fle) =

7

V1-2¢ ~ 4/(1-2c) for c<1/2

T
, 1<
[1_(%>2c—1 2

~V(2¢c-1) (RIR))e-12

—

«Structure of Yukawa matrix on TeV brane:

U ~
SM (v ~
mgq — ﬁfqydf—d




Anarchic flavor model:

cAssume all 5D Yukawa
couplings O(1) in natural
units

*The flavor hierarchies in the masses and
mixing angles all arise from the c’s



*Hierarchical eigenvalues

v

(mya)ii ~ 5 Yefaif—u; 4,

«AND hierarchical mixing angles (Huber)

UL 5] ~ fa; UR ijl ~ T’ v < g

Have 9 unknown c’s: can exactly fit 6 masses and
3 mixing angles. Predicts hierarchical masses and
mixings, but no specific relation, except that

V3V ,3~V,, perfect!




1-2 A A3
*To fit Vo Of the form [V n, ~ ( A\ A2 2 )

*\We need for mixing angles
2 3
fao/ faz ~ A%, far/fqz ~ A ‘

-Remaining c's fixed by mass eigenvalues

me 1 s 1
f—d3 mt J—up ™~ ﬁ?’ J-d d2 th’ Jug ~
my 1 f ~ md 1
my A3’ —@1  my )3

*Good theory of flavor, but we want more: also (or
mostly) want to explain hierarchy problem, scale TeV



A numerical example

Flavor| cqg, fo Cu; Ju Cd, [d
I 1]0.64,0.002(0.68, 710°*|0.65,210°
II [0.59,0.01 |0.53,0.06 |0.60,0.008
III |0.46, 0.2 |- 0.06,0.8 |0.58,0.02




The constraints on RS flavor from FCNC's

(Falkowski, Weiler, C.C.)
*Coupling to heavy gauge bosons in gauge basis

diagonal but flavor dependent. Eg. KK gluon:

gz R s+ < o3 R//R - f2 ’Y(C:c)>

«Structure of coupling after flavor rotations
93';7 G D]+ gg,dJiLWG“(DdJL + (L — R)

Where

(9L,g)ij ~ 9sxfa;fa;  CIRwWij ~ 9sxf—uif—u; (GR,d)ij ~
gs*f—dz-f—dj

‘RS GIM! FCNC's suppressed by f's as well! But is
enough?







after rotation at every leg gets
f(c) factor suppressing operator



RS GIM: after rotation at every leg gets
f(c) factor suppressing operator

(Gherghetta, Pomarol; Agashe, Perez, Soni)



*RS-GIM makes it possible for scale to be quite low,

Mi~few 10 TeV
*Generic expressions for FCNC 4-Fermi op’s:

9 1 g 2mgm
=25 fqlfqu—dlf—dg MéYj? UdQ :

Since mg= Y. v fy f4/V2

*RS-GIM greatly reduces FCNC’s

But: is it enough to make it a viable model of
flavor AND of the hierarchy problem at the SAME

time?




Effective 4-fermi operators generated:

1 & 1
H o= s Sl @) @) — ool (@8dke) @) — 3@RdLe) @ k)]
G

—o k

= CY (M) (@ vua),) (qL v“qﬁ;g) + C* (M) (@8 4}0) (qL qR/B) + C* (M) (T qL@) (qL qRa

*In particular we get estimate for C4:

2mam
C gs* B B 1 gs* d'’ts
K szcnfqu dlf do ™ MéY*Q 02

*This will have both real AND O(1) imaginary parts,
Many new physical phases will appear




Bounds vs. RS GIM suppression scales

Parameter Limit on Agr (TeV) Suppression in RS (TeV)

ReC'3 1.0 - 103 ~ 1r/(V6|ViaVis| f2) = 23 - 103
ReC'%- 12 -10° ~ r(vY )/(\/7) = 22 -10°
ReC?. 10 - 103 ~ 7(vY.) /(6 mgm,) = 38 - 103
ImC} 15 - 103 ~ 1r/(V6|ViaVis| f2,) = 23 - 10?
ImC% 160 - 10 ~ r(wYy)/(V2mams) = 22 - 10°
ImC'%- 140 - 103 ~ r(vY,)/(v/6mgm,) = 38 - 103
|ICL| 1.2-10°% ~1r/(V6 Vi Ves| f2) = 25 - 10°
|CH]| 3.5-103 ~r(Y.)/(V2m,m.) =12 - 103
|C'%| 1.4-103 ~ r(vY,)/ (V6 m,m.) = 21 -103
C,| 0.21 - 103 ~r/(V6|ViVial f2,) = 1.2 - 10%
|C5.| 1.7-10° ~ r(wY.)/(V2myma) = 3.1 - 10°
C?% | 1.3-103 ~ 7(vY.)/ (/6 mpmg) = 5.4 - 103
|Ch.| 30 ~ 1 /(V6 [VisVis | £2,) = 270

CE. | 230 ~ r(vY,)/(\/2mpms) = 780
Ch.| 150 ~ r(vYy)/(v/6 mpms) = 1400

r=M/gs-



Scan over parameter space for Im C,X
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Generically need
mg>21 TeV to
satisfy constraint
N e

BUT: some points do satisfy constraint, any rationale
to live at those points? (“Coincidence problem®)



4. Higgsless models

(C.C., Grojean, Murayama, Pilo,

Terning)

*Realistic RS: little hierarchy problem

Simply let Higgs VEV to be big on IR brane

*Higgs VEV will repel gauge boson wave
functions, Higgs will simply decouple from

theory

Flanck

TeV

SU2) x SUQ)x T(L),

AdS,

[su@) x U = Ui, SU(2) x SU(2)-~ SU(2) |

Same as for RS,
except Higgs VEV
—o00 0N IR brane



*In practice, just implies BC's for gauge fields

0:(gspBu + §sAli®) = 0 a.Ale =0, 4,7 ° =0,

at z =R : ~
{ G5By — gspA> =0,

at z =R’ { 0:(gspAL Y + g5 AlfY) =0, 0B, =0, gs AL % — gspAft® = 0.

*Typical mass spectrum:

M2 — 1 ; M2 _ g§+2§§ 1
R’? |0g (%) gz +3z R/2|09(%’)

*Get correct M,,/M; due to matching of g, g’
t0 g5, 95

gs _ q

\/ 24252 Vgitd?

Sin Oy =




Lightest additional KK modes not too light:

—_ 7T

1y 1 —
myy,, = 5(n Q)R_” n=1,2,...
*S0 mass ratio is log enhanced:
my 4 1

Moy ! 37 R
\/Iog (F)




But: usual argument for guaranteed discovery of Higgs

Massive gauge bosons without scalar violate unitarity:
4 2
A=AW £ _ 4 AQ2) E_ |
My, My,

Atenergy scale A = Ar My, /g ~ 1.6 TeV
scattering amplitudes violate unitarity

Higgs exchange must become important significantly
below this scale



In SM Higgs exchange will cancel growing terms
In amplitude

w W
. . w
I
———————— H |
H I
:

In extra dimensional models, exchange of KK modes
can play similar role as Higgs:

W W

Y.L.L L ...




*Predicts sum rules among masses and couplings:

—_ D 2 >
IWWWW = IJWWex T 9wwz T Z Iww zi
i
4 > 2 > > >
§9WWWWMW = gyywzM7z + Z QWWZ??MZi
i

For WW — WW scattering (similar for WZ —WJZ2Z)

Predicts at least W’, Z’ below 1 TeV, with small
but non-negligible coupling to light gauge bosons




*Higgsless: (weakly coupled) dual to technicolor

theories
*Solves little hierarchy, but generically large
S-parameter

o . N 12r My
p 5 T
g2 m;

*S generically O(1) contrary to observations

*Can reduce via tuning shape of fermion
wave function



LHC predictions

ag(WW™ ->W*W") (pb)

1 1 1 1 | Y PP P | 1 1 1
300 500 700 1000 2000 3000 5000
s'/? (GeV)

WW — WW

a(W*Z-W*Z) (pb)

10° T LIRBARE MASS A Madd was it

10° Loloiiu

(Birkedal, Matchev, Perelstein)

300

1 1 1 | P | 1 1 1
500 700 1000 2000 3000 5000
s'? (GeV)

WZ—-WZ

*\WW scattering not that different from SM
*\WZ scattering is very different (new peak!)



o(pp~V*) (fb)

W'’ production at the LHC

N (events/100 GeV)

H
N
L

600
M, (GeV)

10l L

—
(=)
o

(Birkedal, Matchev, Perelstein)

= Higgsless

LI I L i
Luminosity: 300 fb~! 3
E; > 300 GeV ]
pr; > 30 GeV ]
R.0 < |nyl < 4.5 .
Iml < 2.5 ]

Pade

500

1000

1500 2000 2500 3000
myy (GeV)

«Assumption W’ff, Z’ff coupling completely negligible




A serious recent study of same process including
NLO QCD corrections
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Figure 9: Transverse cluster mass distribution (a) and transverse momentum distribution of
the hardest tagging jet (b) for pp — W+ Zjj. Shouwn are predictions for the SM (red, solid),
and for the two Higgsless scenarios A (blue, dashed) and B (green, dot-dashed).

(Englert, Jager, Zeppenfeld)



Electroweak precision tests

oIf fermions elementary, S parameter too large
oIf fermions close to flat, S can be reduced

0.1

Need to—

be here

% level

tuning of
C 0.03

0.025

0.08
0.06
0.04
0.02

1 1 1
[ee] o\ D N

0.02
0.015
0.01
0.005

-0.005

(Cacciapaglia, C.C.,Grojean, Terning)



Can find region where:

*S Is sufficiently small
KK modes sufficiently heavy
*Couplings to KK modes small
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(Cacciapaglia, C.C.,Grojean, Terning)



*Coupling to fermions not that small, DY will still be
leading channel at LHC

Example Z'—|*I- DY at LHC for a sample point

Zal
g .‘XDS -
- h !
i H e 1
1 =
Eﬁ- “312- E
§“C II §1ﬂ- §
= = —
% , % &£ g
- -
1 1 i.."‘.i. 1
b}

(To appear by Martin and Sanz)

q
Process o € # events
Zi — £Y4~ | 0.045 pb | 0.34 152 Z
|

Z — {0t~ | 1.58 pb | 0.032 921 q




*Coupling to fermions not that small, DY will still be
leading channel at LHC

Example W’ DY at LHC for a sample point

Process o € # events
G Wiz — WZ — 3fv | 0.0065 pb | 0.397 7

T -12; bB WZ—3(+v | 0.965pb | 2.43 x 10~3 70
= msignal ZZ — 4f(miss-¢) | 0.116 pb | 1.6 x 1077 6
2 Zb — T4~ bb 11.4 pb 0 0
2 o it — bbel v/ 228 pb | 2.0x 10°° 2
[T
g & Figure 11: Signal and background cross-
2 sections, efficiencies, and number of events
54 in £ =30 fb~?

0300409%06007008009001000110(]2001300

W + Il mass q

(To appear by Martin and Sanz)




The Gaugephobic Higags

(Cacciapaglia, C.C., Marandella, Terning)

*Higgsless: crank up Higgs VEV to max, completely
decouple Higgs

*Intermediate possibility: turn up Higgs VEV somewhat
*Coupling to gauge fields reduced, Higgs could be light



The Gaugephobic Higags

(Cacciapaglia, C.C., Marandella, Terning)

*Higgsless: crank up Higgs VEV to max, completely

decouple Higgs

*Intermediate possibility: turn up Higgs VEV somewhat

*Coupling to gauge fields reduced, nggs could be lig

Higgs contribution L

to WW scat. vs SM

Gt

How strongly Higgs 5

IS peaked 41
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The Gaugephobic Higags

(Cacciapaglia, C.C., Marandella, Terning)

*Higgsless: crank up Higgs VEV to max, completely
decouple Higgs

*Intermediate possibility: turn up Higgs VEV somewhat

Coupling to gauge fields reduced, Higgs could be lig

RS110— ———

. 5 : ‘ :
Comp. H|§g§/ 4 0.1 \V 01
B 10 TeV W
| 400 1
20 20 TeV
N
f e

Nt
0SS

'E.

SM 300 350 400 450 500 550 600



Suppression of the Higgs coupling:

T light fermions
I —~—bottom
0.2 i W.Z
oL




Higgs phenomenology

100 100
50 50 50 H-WW 50
10 10 10 10
5 5 5 =TT -5
2 3 , 3 i 7 ~Hozp -k
= 0.5 0.5 = .5} » T 0.5
] - - = - o x\- ) ':, m———
H 0.1 = 0.1 B 0.1
0.05 2 0.05 ‘ : Jo.05
. WH - WWW
0.01 0.01 0.01
0.005 0.005 0,005
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100
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1 1
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0.05 0.05
. N 0.01 0.01
0,005 - _ 0.005 0,005
oL tHo b N
0.003,55 120 140 160 180 200 201 Yoo 120 140 160 180 200 " 991
my [GeV] my [3eV]

Sample spectra

a) V =300 GeV, =2 b) V =500 GeV, 8 =2
1/R | 372.5 GeV 1/R | 244 GeV
W' | 918 GeV W' | 602 GeV
Z, | 912 Gev Z! | 598 GeV
7! | 945 GeV Z: | 617 GeV

7 045 GeV G’ 617 GeV



5. Composite pGB Higgs models

*In technicolor (or Higgsless): the S too large:
not enough separation between m, and m,

*Other possibility: still strong dynamics, but
scales separated more m >m,,

*If strong dynamics produces a composite Higgs
*But then Higgs mass expected at the strong scale
*To lower Higgs mass: make it a Goldstone boson

*Higgs mass due to 1-loop electroweak corrections



The minimal example

uvVv IR (Contino, Nomura, Pomarol;
Agashe, Contino, Pomarol;

SOGXUT)x *A 5D model (doesn’t

have to be)
*Sym. breaking pattern:
SUEXU(T)y  SOEXU(T)x  «SO(5)xU(1)y global—
SO(4)xU(1)y global
Higgs potential: *SM subgroup gauged

V(h) =0 [h2+0 [h]* + & f* cos™(|hl/f)

o _/
YT YT

Tree-level vanishes Generic PGB pot.
Due to PGB nature

Carena, Ponton, Santiago, Wagner,...



*The main difficulty: in Higgs potential everything
radiative, again no natural separation between v, f

Mass: Quartic:
ms gzzf 2 A X 2
h — l6m 167T
*Generically would expect v~f. Need some tuning to
avoid (Carena, Ponton, Santiago, Wagner;

C.C., Falkowski, Weiler)




*Fine tuning quantified: t ~

*For v/f~0.1 about 0.5%
tuning

Also flavor slightly worse
off than ordinary RS

(s = d)ImArg

Flavor bound ~30 TeV 7|

1x10° F

sx10* |

1%10%
5000 F

TIPS I TN TR TR N NN S R SN N S TN RTINS TN N SN TR TR SR T | r”G
5000 10000 15000 20000 25000 30000



Experimental consequences of pGB MCH

*Try to find states from extra sector: similar to RS
searches (m, >3 TeV, KK gluon,...)

*Higgs properties modified due to compositeness
(“Higgs form factors™)

(Giudice, Grojean, Pomarol, Rattazzi)

1.0 | T T T | T T T — T T T | T T T
_ ——  o(VBF) BR(h~WW,ZZ) -
€=1/4 ofep=1 o(h) BR(h~77)
S (tth) BR(h-bb
0.5 (— - — — — g(VBF) BR(h-+77), -
L o(h) BR(h-WW,ZZ) -
7
m L _
= 0.0 — —
= | _
=
m
5
a L _ o ]
—05 — ""-H;_';_--;___‘_. —]
Lo L | | |
0 140 60 180 200




7.AdS/OCD?

QOriginal motivation of AdS: describe duals of
strongly interacting theories (eg. N=4 SUSY)
*Old question: can it be used for QCD itself?

*AdS/QCD proposal

SU(3), xSU(3)x
gauge fields

Chiral
ondensate

IR=GeV
brane

uv
Can take z=0

Obsarvable Measurad Model
i e Ul (Erlich, Katz, Son,
My 39.6
my 7758 22 | Stephanov; da Rolo
Mg 1230 1220
A = ss0 | POomarol)
R 345 353
F? 433 440
Zonx £.03 529
Observablz Mz azurad MModzl
(Central Value - MaV) | (MeV)
Mg 892 897
Mg 1020 094
My, 1272 1290
My 498 411
i 113 117
£ 1275 1236
Mg 667 1656
my, 2025 2058
My 548 520
mi'] 958 367




However, dynamics does not seem to be properly
captured. Eg. m 2 oc n? rather than Regge

*Polchinsky, Strassler: at large ‘t Hooft coupling

all partons at small x

*Strassler; Hoffman, Maldacena: likely no jets produced
*We verified the absence of jets in simplest AdS/QCD

models (C.C., Reece, Terning)




*The right phase diagram for QCD in (N,A) would
be:

GRAVITY D

String theory
in warped throat (RS,
contmuum

TRANSITION REGION

KK mode / string separation?




Summary

TeV scale, little hierarchy and EWPO

RS: original RS large EWP, tlavor issues

Realtistic RS: custodial symmetry, bulk fields
little hierarchy remains

Higgsless: solves little hierarchy, but large S
need to tune S away

Gaugephobic: interpolates between Higgsless
and ordinary RS



Summary

TeV scale, little hierarchy and EWPO

Composite pGB Higgs: some tuning left in
higgs potential, might be
hard to see

Don’t have a complete model where
everything just fits together

Reality: Some combination of these ideas?
Completely different?



