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Precision EW data: SM with a light Higgs 7
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Precision EW data: SM with a light Higgs 7
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EW precision data: mpy < 204 GeV at 95% CL;*

*LEP-EW;

Hagiwara et al., PDG, 2002; J.Erler hep-ph/0212272.
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SM as an effective theory 7
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SM with a light H could be an effective theory to A ~ M.

a stable vacuum; non-trivial interactions; renormalizability ...



Unnatural 7

Due to quantum corrections, the Higgs mass is quadratically sensitive
to the cutoff scale: ~ AZ.
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Due to quantum corrections, the Higgs mass is quadratically sensitive
to the cutoff scale: ~ AZ.
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(200 GeV)? = m%y + [—(2 TeV)? + (700 GeV)? + (500 GeV)Q} (10 /‘\I'ev)

If A~ M,, it would need a 10~ >Y-level cancellation!
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tree loops
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top| gauge higgs
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(200 GeV)? = mirg + |—(2 TeV)? 4 (700 GeV)? + (500 GeV)?] (10 e

Naturalness requirement: less than 90% cancellation on m%{

A <3 TeV Ay <9 Tev Apg <12 TeV
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e SUSY (symmetry between opposite spin & statistics)

Natural cancellations: f versus t
W versus W
H versus H
H, versus Hy,



Cancellation Mechanisms 7

e SUSY (symmetry between opposite spin & statistics)

Natural cancellations: t versus t
W versus W
H versus H

H,; versus H,,
lead to d “

2
ey~ gy a0 i ()
167 MSUSY

Weak scale SUSY is natural if Mgy ~ O (1) TeV.

= predict TeV scale new physics.



The Little Higgs idea |

e Higgs is a pseudo-Goldstone boson from global symmetry breaking
(at scale 4 f)F

e Higgs acquires a mass radiatively at the EW scale v
(by collective breaking)

e Quadratic divergences cancelled at one-loop level by new states:*

W,Z,BHWH,ZH,BH; t<— 1T, H «— .
(cancellation among same spin states!)

An alternative way to keep H light (naturally)

IDimopoulos, Preskill, 1982; H.Georgi, D.B.Kaplan, 1984: T. Banks, 1984.
*Arkani-Hamed, Cohen, Geordi, hep-ph/0105239.



The Littlest Higgs Model

A specific realization: SU(5) Non-linear o-model*

The gauged non-linear oc-model:
C fQTDZQ > = 2N/ x
> — > 4 r| % | — € 0>

where f is the condensate scale (the Goldstone-boson decay constant);
2., 20, 'l are 5 x 5 matrices.

*Arkani-Hamed, Cohen, Katz, Nelson, hep-ph/0206021.



The Littlest Higgs Model

A specific realization: SU(5) Non-linear o-model*
The gauged non-linear oc-model:

2 .
Ly = QJ;TrmMzF s =2/ s,

where f is the condensate scale (the Goldstone-boson decay constant);
2., >, [l are 5 x 5 matrices.

A subgroup is gauged:

G1®G2 = [SU(2)®U(1)]1 ® [SU(2) ® U(1)]2

with the co-variant derivative

2
Du¥ = 0,% =i 3 W QT +ZQFT) + gjB;(V;x + ¥v;D)]
j=1

*Arkani-Hamed, Cohen, Katz, Nelson, hep-ph/0206021.



The Goldstone bosons:
The spontaneous symmetry breaking by

1
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1

Global: SU(5) = SO(5), leading to 14 Goldstone bosons;
Gauged: [SU(2) @ U(1)]1 ® [SU(2)@U(1)]2 = SU(2),®U(1)y
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T he Goldstone bosons:

The spontaneous symmetry breaking by

(L) =%0= 1
1

Global: SU(5) = SO(5), leading to 14 Goldstone bosons;
Gauged: [SUR) U1 @ [SUR)®@U(1)]s = SUR).U(1)y

The fate of the Goldstone bosons

1o ® 30 | Longitudinal modes of ZH,WI?,AH
2,1 h doublet

2
341 ¢ triplet

The h, ¢ are parameterized by

0 Af/v2 ol F+ ot
= * — + 0 p— ¢ QS /\/5 >



Gauge Cancellation

Coupling of gauge bosons to Higgs is:

g2 i , (62 _ 32) )
Lys(W-W) = =— |[WW*" - ———WiW' M] Tr [hThs™]
4 | sc
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Gauge Cancellation

Coupling of gauge bosons to Higgs is:

2

Lsow-w) =
4

92

4

g/2

Ls(B-B) = Z-—
s ( ) 7

g/2

4

2

(c* —5%)

WeWw?br —
H SC

W;W’W] Tr [hThs®’]

WeW' | Tr [h'h]

(C/Q o 8/2)

s'c

B’uB,u —

B/, B"| Tr [h'h]

BMB’“] Tr [hTA]

The global symmetry ensures the new gauge bosons couple with —gf!



New heavy quark and the t — T Cancellation

Introduce a vector-like pair of colored fermions

t: (36, ].L)y; and ¢ (36, ].L)_y;.
The Lagrangian is:

1
ﬁy = EAlfeijkexyxz-ijZkyugc —|— )\Qf{f'lc —|— h.c.

where y; = (b3, t3,1), 7,7,k run over 1...3, and x,y run over 4...5.

Basically, _
tz —ty, t — 17, u'3€—>tR, ¢ — Th.
e The X» term gives the mixing and the top-quark mass

A1A2 2 2
my = v, Mp=\/A7+ A5 f.
BERVEYEY o




New heavy quark and the t — T Cancellation

Introduce a vector-like pair of colored fermions
The Lagrangian is:

1
Ey = EAlfeijkexyXiijzkyugc —I— )\Qf{flc —|— h.c.

where v; = (bs, t3,t), ¢,5,k run over 1...3, and x,y run over 4...5.
Basically,

ts —t;, t — T, u§ —tgp, t°— Tg.

e The X\» term gives the mixing and the top-quark mass

A1A2 2 2
my = v, Mp=\/A7+ A5 f.
BERVEYEY o

e Due to the SU(3): flavor symmetry, the A1 term guarantees
the cancellation for the quadratic divergence:

—iX1(V2hOts + ifT — ihPhO* T/ f) uE + h.c.
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Higgs Potential and EWSB

/\ At tree level: No h? term, due to non-linear transformation: h — h+e.

/\ Radiatively, intergrating out the heavy gauge bosons and T':
V=X f2Tr(¢'6) + ipgnf (ho'h” — h*¢ht) — u2hhl 4+ X a(hh1)?,

o EWSB: for u2 >0

2 p? ) Anghv?

— , VvV = .
Ant = Ao/ A2 2xg2 J

e Higgs masses:

/2 f°

2 2 2 2 2
Mcb5>\¢2f , My = 2u° ~w Sal—loop@‘FaQ—loop@



Higgs Potential and EWSB

/\ At tree level: No h?2 term, due to non-linear transformation: h — h+e.
/\ Radiatively, intergrating out the heavy gauge bosons and T':

V = X2 f>Tr(66) + idngnf (hoTh" — h*¢hT) — phht 4 X, (hh1)?,

o EWSB: for u? >0

2 p? ) Anghv?

p— , v = .
)\h4 — >\%¢h/)\¢2 2>\¢2 f

e Higgs masses:
2 2 2 2 2 2 £
Mg S >‘¢2f , My = 2u° ~wv S al—loop@ + a2—loop@

Naturalness

If we require no more than 10% fine-tuning, then
< Atmy, N8TeV< my, )
~ v/0.lamax  /amax \200 GeV /'’
where amax IS the larger of the 1-loop and 2-loop contributions.




Independent model parameters

tang =3 =922

c T g1
/ /
tand/ =5 =2
91
’U,
mpg

New SU(2) gauge coupling
(or equivalently mixing angle 0)

New U (1) gauge coupling
(or equivalently mixing angle 8")

Symmetry breaking scale O (TeV)

Triplet ¢ vacuum expectation value,
v /v Sv/af

Reqgular SM Higgs mass

Heavy vector top mass, we trade A\, for Mp



New heavy masses in LH:

Heavy particles

Mass

2
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where my = gv/2.



e Csaki et al.,

Electroweak Precision Constraints

Both U(1)’'s violate the custodial SU(2) symmetry

M2,

L e—

2
Mz

Cw

1+ __( 12

/2)2 o

[hep-ph/0211124, 0303236]; Hewett et al.,

They found, generically, f >3 —4 TeV at 95% CL.

For certain choices of parameters: ¢
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[hep-ph/0211218].



Minimal Flavor Sector |

Quark sector is extended due to the heavy T

e u,d, c,s, and b quarks unchanged;, mass eigenstates ¢t — T" mixing:
g3 =crtr, +spTy, t=—sptr +crTy.
e The gauge-boson charged currents read:

Loo = QJ,]L (YW} +YgWy) +he.,

where
=00 SM
V2Jf =@ et ) 3x3 s ,
O O Cr, V b
0 0 sy CRM L
2 C



Minimal Flavor Sector |

Quark sector is extended due to the heavy T

e u,d, c,s, and b quarks unchanged; mass eigenstates ¢t — T" mixing:

~

q3 = cpty, + sy, t= —spty +cpTy.
e T he gauge-boson charged currents read:
where Loc = gJ,5 YW+ YgWi) +he.
010 | M
V2JF = (a et T)ry, 3x3 s ,
K O O Cr, V b
0O 0O ST CKM L
2
_ v- 292 C vT 29
YL—(].——QC 020>, YH_;<1+2—J¢'28 029>

In this minimal extension:
The 3 x 3 “CKM" matrix is not unitary anymore: Vi, = ¢, V,2M;
The charged current strength is reduced as in Yy,
New contributions from Wy and T
No new CP phase.



e The Higgs-boson charged currents read:

Lre=Ye(Jr + Jp)dT +h.c.
where cc @l g

- mg O 0
V2vd, = (i, & cff +s,T)p (VERM) | 0 ms 0
O 0 my

B my O O

\/E”UJR: (’L_L, E, CLI? —I—SLT)R O me O (VCSEZ(WM>
O O my

Yq; — C_|_’Uf —|— 28_|_.

with s = 2v//1/v2 + 402 and cz =1-s7.

ST mw QS »w



e The Higgs-boson charged currents read:

Lro = Ye(Jr + Jp)®T + h.c.

where
md O O
V2uip = (@, & erf +sT)p (VEMy)| 0 ms 0O
O 0 my
B my O O
\/E”UJR: (’L_L, E, CLI? —I—SLT)R O me O (Vgi(wM>
O 0 my

Yq; — C_|_?)f —|— 28_|_.

with s = 2v//1/v2 + 402 and cz =1-s7.

e Summary of the charged current modification:
The SM charged current strength W, modified at O(v?/f?);
New contribution from Wy proportional to c;
New contribution from T at O(v?/f?);
New contribution from & at O(v/f, v'/v).

ST mw QS »w



Oberservable porcesses

KO _ KO. T W7, ®F all contribute.

1.4
1.38
1.36
1.34
1.32

1.3

s
w
~—
RS
w

0.1 0.3 0.5 0.7 0.9 1 4 7 10
C f (TeV)

Experimentally |ex| = 2.282 x 1073 + 1%;

left: for f = 1 TeV, deviation could be significant, upto > 30%;

right: for ¢ = 0.5, a strong constraint obtained f > 9 TeV.
(Solid and dashed curves for m;, = 115, 200 GeV. )



BO — BY: T, Wz, & all contribute.

| | |
0.1 0.3 0.5 0.7 0.9 1 4 7 10
C f (TeV)

Experimentally |Ax,| ~ £2%;
(a) for f = 1 TeV, deviation could be significant, upto > 40%;
(b) for ¢ = 0.5, a strong constraint obtained f > 7 TeV.



b— sv: T, W=, oF all contribute.

5 (%)

3 [} - tan9=0.5

25 - N tan¥=1

Theoretically and experimentally ABR(b — sv) ~ £10%;
For f = 1 TeV, deviation could be upto 4%;
still too small to put significant constraints.



Collider Phenomenology |

The heavy Ay signal at hadron colliders

e Ay should be the lightest new state; e DY production rate large

f (TeV)
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Collider Phenomenology |

The heavy Ay signal at hadron colliders

e Ay should be the lightest new state; e DY production rate large

f (TeV)
5 10 15
104 H- ) ) ) ) ) ) ) ) ) ) ) ) )
2 | | | ~ 107 100 ¢ T )
- >AyX a) 3 . X
- bp=Ly (a) 3 - eetuutTT P
~\ 1 Lo
3 \ — 106 - T o -~ 7 \\‘ 4 -------
107 B LHC 14 TeV I o - dd+ss e
E \\ : g 10_1 — ':
\ i |
~~ » ] 5 - — - M~
Q o \ 310% & - uu +cc X
H 10 = = N M i '
- \ - -
b E 1 38 .
- . 4 o
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10l — \ ] o SRR
S \ Tevatron 2 TeV T ) -
- \\ N 103 B
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Tevatron: My, > 0.5 TeV or f>3 TeV;*
LHC: My, ~3 TeV or f ~ 18 TeV.

*Hewett, Petriello, Rizzo, hep-ph/0211218.



e 7y /Wy rebust new state

The heavy Zy signal at hadron colliders
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e 7y /Wy rebust new state

The heavy Zy signal at hadron colliders

f (Tev)
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:I I ) ) ) ) I ) ) ) ) I ) ) ) ) I_E
3 pp-zyzx @ 3
N ;
=3 7]
C
-\ E
L =
§_\‘ Tevatron 2 TeV f
E —
n \ =
\ ]
=— |\ ]
5| ' B | I T I | | I T I | | L1 1 1 | L N
1 2 3 4 5
My, (TeV)

2 B %
,-d¥ 00g/syusAq

[a—y
o
S

[y
o
w

100

10-3

e DY production rate large

Z ; decay (b)
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Tevatron: not quite accessible;
LHC: MZH ~5 TeV or f~ 8 TeV,
Quite robust for the LH idea !
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o (fb)

The heavy T signal at LHC

f (TeV)
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gg — T'T' phase-space suppression;
gb — ¢'T via t-channel W; exchange!
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The heavy T signal at LHC
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gg — T'T' phase-space suppression;
gb — ¢'T via t-channel W; exchange!
Also quite robust for the LH idea.
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Summary

The Little Higgs idea provides a new way to address the
(little) Hierarchy/naturalness problem

by making the Higgs be a pseudo-Goldstone boson;

by breaking the global symmetry collectively.

EW precision constraints may be evaded if tuning the model
parameters. ¢, d, f, v;

Neutral meson mixing can constrain the model parameter:
f > a few TeV;

The LHC has a good chance to find the new states Zy, Wy, A, T,

UV completion at 10 TeV scale 7

higher scale SUSY or new Dynamical Symmetry Breaking?



