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Little Higgs [Arkani-Hamed, Cohen, Georgi "01]

Hierarchy problem: the Higgs mass should be of order v (electroweak scale) but it
receives quadratic loop corrections of the order of the theory cutoff (Planck scale?)

Naturalness = New Physics at the TeV scale

[SUSY: cancellations of quadratic Higgs mass corrections provided by superpartners]

In | LH models | the Higgs is a pseudo-Goldstone boson of an approximate global
symmetry broken at f (TeV scale)

(i) Product group
the SM SU(2) group from the diagonal breaking of two or more gauge groups
e.g.: Littlest Higgs [Arkani-Hamed, Cohen, Katz, Nelson '02]
(ii) Simple group
the SM SU(2) group from the breaking of a larger group into an SU(2) subgroup
e.g.: Simplest Little Higgs (SU(3) simple group) [Kaplan, Schmaltz ‘03]
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Little Higgs

— The low energy dof described by a nonlinear sigma model, an effective theory
valid below a cutoff A ~ 47t f (order of 10 TeV) since then the loop corrections are

A2
< (1 TeV)?
16712N( ev)

AME ~ {2, g% A2}
Ultraviolet completion (unknown) is required only for physics above A

— The global symmetry explicitly broken by gauge and Yukawa interactions, giving
the Higgs a mass and non-derivative interactions, preserving the cancellation of
one-loop quadratic corrections (collective symmetry breaking)

The sensitivity at two loops to a 10 TeV cutoff is not unnatural

LH introduce extra fermions and gauge bosons: new source of flavor mixing

= Obtain and revise predictions for |lepton flavor changing processes
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LittleSt Higgs [Arkani-Hamed, Cohen, Katz, Nelson "02]

02x2 0 Tpx2
(1) SU(5) — SO(5) by I = 0 1 0 |, Z(x)=ell/fxgell'/f = e2ll/fy,

Ioxo 0 0242
where [1(x) = 71%(x) X% and X” are the 24 — 10 = 14 broken generators = 14 GB

G = SU(5) D [SU(2) x U(1)]y x [SU(2) x U(1)]5 @auge) 2 SU(2), x U(1)y

[unbroken]: Qf + Q3, Y1 + Yo = 4 gauge bosons (7, Z, WT, W~) remain massless
[broken]: Q7 — Q3, Y1 —Y» = 4 gauge bosons (Ay, Zy, WI;F, W) get masses of order f

4 WBGB: (7, «°, wt, w™) eaten by (An, Zy, Wi, W)

10 GB: H (complex SU(2) doublet) , P (complex SU(2) triplet)

, (H) . ¢
(2) EWSB: SU(2), x U(1)y —> U(1)gep = H= L+

V2 o4t ig”

3 WBGB: (¢°,¢™,¢ ™) eaten by (Z, W+, W)
1 GB: h
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Littlest Higgs with T-parity

[Cheng, Low "03]

New particles at TeV scale coupling to SM particles = tension with EW precision tests

~+ | T-parity | discrete symmetry under which SM (most of new) particles are even (odd)

— Gauge sector: G1 «— G with G; = (W]?Z, B;) gauge bosons of [SU(2) x U(1)]j-12
and g = g1 =82, 8 =8 = &
T-even: B,W3(v,Z), W, W~ (G +Gy) 2 1 o 1 ,
N ) V2 \1 ‘CG — Z |:—§TI' (W]PWI/VJ'M ) — ZLB]‘uVB}u ]
T-odd: Ay, Zy, Wi, Wy — LG -G j=1

_ Scalar sector: IT — —QOI1O, where Q) = diag(—1,—-1,1,—1,—-1)
¥y ¥ = ar,zty,0 > &, ysyT
T-even: SM H doublet (i, ¢°, ¢, ™)
T-odd: the others (7, w’, w™, w™, ®)

— fj 1 anY gauge boson
Ls = Tr |(DyE)'(D'E)] |5

masses

2

with D% = 9,2 — v/2i ). [SWJQV(Q?Z T ZQ?T) — &' B (Vi + ZYJ'T)]
j=1
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Littlest Higgs with T-parity

— Fermion (lepton) sector: (similarly for quark sector)
(a) Introduce SU(2); left-handed doublets | Iy, b1, Igr |in
—ic?l 0 PR
wE=| o | wE-=| o | ¥%-|
0 —i0?ly; —ic?lyg
¥, O Y, v, S vy, 9, S vy,
Y — Q¥ ¥R 5 U¥g <= (E¥R) > V(E¥r)
= T-even: (v, L) =1 = \%(lm —br), XR

T-odd:  (vhr, fur)’ = Iy = %(lm +0hr), (var, lur)" =1Iur, Ur
To obtain heavy masses respecting gauge and T symmetries:
¢ =elll/f . 0¢t0
¢S veut = uss vy,

£YH = —Kf (ng + leoéﬁ) Y + h.c.
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Littlest Higgs with T-parity

(b) Then the light left-handed and heavy fermion gauge interactions are fixed!

Lr =i¥19"D;¥1 + i¥29"D, Y2 +i¥rY" (3;4 +58M(Dug) + %é(Zonlzof)) T

with D, = 9, — v2ig(W{,Qf + W3, Q3) + v2ig’ (Y1Bi, + Y2Byy)

introducing so far ignored O(v?/ f?) couplings to Goldstones that render the
one-loop amplitudes UV finite [Hubisz, Meade '05]
[del Aguila, JI, Jenkins "09]

(c) Introduce light right-handed singlets (v, £r) and their gauge interactions

= ilgry" (9, +ig'yeByu)lr Y, = —1 [requires enlarging SU(5)]
[Goto, Okada, Yamamoto "09]
(d) Introduce masses for light (down-type) fermions from: [Chen, Tobe, Yuan "06]
1)\@

Ly = L feeny: [(T’z)xziyzjzx + T—transformed} (] ¥, =1(0,0l)T, X=(Zg)°1

2v/2
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Littlest Higgs with T-parity

Flavor mixing: (three families)

e In the SM after EWSB, the Yukawa interactions generate masses and mixings (CC):

0 M, u® + a‘;Mddgg +he
— Loc= -7 w’fdo +he = S WHVIV)d +he. Ve = ViV,
cC \/i L \/z L ( u d) L CKM uvd
e In the LHT, Ly, generates heavy masses inducing heavy-light mixings:
V2f 7o kg3 + hec. (replace g with [ for leptons)
diag(x;) = VixUn = qfy, = Vuqur,  Jug = Unqur
_ ViV, up Vi = ViV, | Vy

= Lonr D g Qpbhal +he =gqyGh | 0" 7 | +he T HEE
Vi Vg dr Ve = Vg Va | Vi

= for instance: Vﬁ"g UHLWIEWL‘ CC and Vg‘g ZlﬁL{A H, 41 }¢] |NC (tree level!)
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SimpleSt Little Higgs [Kaplan, Schmaltz 03]

(1) G=[SU(3) x U(1)]; x [SU(3) x U(1)], — [SU(2) x U(1)]; x [SU(2) x U(1)]>
by ®1[(3,1)], ®,[(1,3)] acquiring vevs (®1) = (0,0, f cos B) !, (®,) = (0,0, f sin B) !
= 18 — 8 = 10 broken generators

GD [SU(3) X U(l)x] (gauge) (1), (Pa)

> SU(2)r x U(1)y

4 unbroken generators = 4 gauge bosons (7, Z, W, W™) remain massless

5 broken generators = 5 gauge bosons (X', X", Y0 Y, Z') get masses of order f

5 WBGB: (xT, x—, y¥, YT, Z’) eaten by (X, X, YO ¥ A

5GB: H (complex SU(2) doublet), 7] (real SL(2) singlet)

. {H), _ ¢
(2) EWSB: SU(2); x U(1)y — U(1)qep = H = 15 ( pht i )
3 WBGB: (¢, ¢™,¢ ™) eaten by (Z, W, W ™)
1GB: h
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Simplest Little Higgs

— Gauge sector: Lo = —%Tr {AVWAVVV} — %waBapcw

1 0 0 1 0 0 0 Wt YU

arT, = 4 0 -1 0 +A—8 01 0 |+—| w- o x
) N 2 V2 :

0 0 0 00 —2 Yo Xt 0

— Scalar sector: 'CS = ’qu)ﬂZ + ‘Dﬂcbz‘z _) gauge boson masses @1/2 ~ 3_%
: : t
D, =09, — 1gA’;ng +19xQxBxy , Qx = STW
V1-8y/3
gauge boson masses diagonalized by:
A3 0 Cw —SW Z/
A8 | = \/1—t%,v/3 swtw/V/3 sw/V3 V4 —I—O(Uz/fz)

B, —tw/V3  swy/1-8,/3 cn/1-8/3 | \ A
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Simplest Little Higgs

— Lepton sector:

For each family m = 1,2, 3 introduce the following multiplets:

= Lz,; — (VL, fL, iNL)m 1o = Vrm

1_1 — ng

10 = NRm

Yukawas:

_ A .
Ly D IMNINRy @S Ly + —5lrpe;p @) PLLY + hec.

mn

A

Gauge interactions:

LrD ¢m113¢m EDm — {Lmrng/NRm}

José L. Illana (ugr)
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Simplest Little Higgs

— Quark sector:
(i) Universal embedding (U):

3

= Qz,; = (ML, dL, iLIL)m 1 — URm 1

W=

Yukawas: {u},, u%, } < {urm, Urm}

1 Amn

1 _ .
Ly D iAv™rk ®TQ, +iimu% dIQ,, + TddRmeijkCI)Zlcb]zQ’,fl + h.c.

Gauge interactions:

»CF D) QmiELQm + ﬁRmiﬁuuRm + HRmiEddRm + URmiﬁu uRm
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Simplest Little Higgs

— Quark sector:

(i) Anomaly-free embedding (AF): [Kong 03]
50 = Q{ = (dL, —Uur, iDL) 1_% = dR 1% = UR 1_% = DR
§0 = Qg = (SL, —CL, iSL) 1_% — SR 1% = CR 1_% = SR
3% = Q3 = (tL/ bL, iTL) 1% = tR 1_% = bR 1% = TR

Yukawas: {dy, dg,} < {dr,Dr}, {dppdpp} < {sr,Sr}, {ups uks} < {tr, Tk}

i m
Ly D iAl uR3q>+Q3+1AfuR3q>+Q3+ dRmeZ]kcbl <I>]2Q3
-y dn gl T .y dn 32 T lAmn it
_H)\l anan)l +1A2 anan)Z A uRmez]kq)l (I) Qn + h.c.

drm € {dr,sr,br, Dr,Sr} trm € {ugr,cr,tr, T} n=1,2
Gauge interactions:
Lr D QuiPLQu + UrmiP“ury + drmiP?dry + DriP?Dgr + SgiP¥Sg + TriP"Tr
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Simplest Little Higgs

(Lepton) Flavor mixing: (three families)
— After EWSB the light and the heavy neutrino of the same family mix at O(v/ f)

—If AY; and A" are not aligned there is also family mixing:

g(I)Jm — [V£+€L]m

_ 1 —51/ VJVL _ ) _ (Y
_(@ 1)<NL)_ FO =

m

7
hZo o
3
I

= Heavy-light mixings in CC only: (mixings in N, {Y", Z'}v;; are irrelevant)

52 o i N
ESLH D — %( — EU) Vém*NLm"yyngLi — %5VVém*NLm’yﬂW;€Li +h.c.

~" ~

o(1) O(v/f)

[no mixing in NC because there is no heavy charged lepton]

7
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One-loop contributions to Lepton FV processes

[Buras et al 07 ...]
[del Aguila, JI, Jenkins 09 ... ]

H— ey V,
1

vertex (triangles)

H €1 H \\ / €1
U — eee: + + crossed (e] < e))

€3 > > €9 €3 €2

V-penguins (triangles+SE) e-boxes
2 e 2 \\ / e

uN — eN: + (@=u,d)

q — — q q q

V-penguins (triangles+SE) g-boxes
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One-loop contributions to Lepton FV processes

LHT

e Triangle diagrams = vertex and 1y, Z penguins

I
o)
w .-
"’ .
¢" 1
%Z’\/\P\‘ Vy
T
c
I\
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One-loop contributions to Lepton FV processes

LHT

e Self-energy diagrams = v, Z penguins

[

WH T w )
€ i A . :
v, Z vH ! N@
e
e WH
L
An,Zn 0
e .
i Y, 4 ;
Y, 4 b i Cn
e
e AH,ZH

José L. Illana (ugr) One Loop Flavor Change in Little Higgs Models

17



One-loop contributions to Lepton FV processes

e e-Box diagrams

€1 €1

€2

H 04 €1 el
Ag, Zy An,Zn An,Zn
J
€3 EH €9 €9
B1

LHT

Yy :
w 4 Vow
€3 qu \62
% \.‘ ./el
oy
UNTE T,
A J
€3 b \62
A4
M\\ ly 7%
777(")0 é i 7’},&)0
A J \
€3 KH €2
B4
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One-loop contributions to Lepton FV processes LHT

e g-Box diagrams for quark u (similarly for quark d)

1t e 1

An,Zn A, Zy An,Zp

Wy Wy Wy
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One-loop contributions to Lepton FV processes SLH

. i , _ [del Aguila, JI, Jenkins 10 ... ]
e Triangle diagrams = vertex and vy, Z, Z" penguins

Y, 2, 7'

A

I AVAAVAY S AU N, 2,7

’)/,Z,Z//W:::; 77Z7Z,

IV
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One-loop contributions to Lepton FV processes SLH

[del Aguila, JI, Jenkins "10 ... ]

e Self-Energy diagrams = v, Z, Z' penguins
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One-loop contributions to Lepton FV processes

e e-Box diagrams
7

N;
Al

€3 €9

SLH

[del Aguila, JI, Jenkins "10 .

]
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One-loop contributions to Lepton FV processes SLH

[del Aguﬂa, JI, Jenkins "10 ... ]
e g-Box diagrams
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Discussion

The calculation is to

leading order in v/ f

(Lagrangian expanded consistently)

e LHT: T-parity forces only particles with masses of O(f) (T-odd) in the loop
= The loop functions are at most of O(v?/ f?):

B, Coo o Ac+O(1)
1
C1, Co, Cqq, Cpp, Cpp
M%VH
my;my
mpimpDy o« ———2 =
Myy
1
Doy «
M%VH

Yiy 1 with 1 1 v
My, Mz, Mz, 4f?

e SLH: heavy+light neutrinos or heavy-+light gauge bosons in the loop

= Perform a careful v/ f expansion of loop functions to O(v?/ f?)

José L. Illana (ugr)
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Discussion

All form factors are |UV finite |in the LHT ...

e Box diagrams < power counting
e v penguins: — dipole form factors < finite for generic vertices

— F/'lc Q?/ M?] < triangle and SE divergences cancel (unitary mix.)

e Z penguins: — dipole form factors suppressed by (m,/M)? < finite generically

- FLZ finite when full Zvyggrvyr interaction is included:

PLZ‘AH :PLZ‘ZH:O

7 ze* 2 Mlz/\/ Uz m%—li
FL|WH_167.CS -, Z ¢ | —4cw | Ac —log +@yin(yi) ;Y

2 - M,

that agrees with Zue in the SM extended with massive neutrinos (Q*> =0):  [JI, Riemann '01]

2 2

mvi
2
MW

—4ch; | Ae —log —¥ Miy

) + xZHW(xZ)] X; =

UL*
- L Vs Wi

..and also in the SLH: divergences of v, Z and Z’ penguins vanish (unitarity mix.)
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Discussion

v FRs including WBGBs ('t Hooft-Feynman gauge) obtained to O(v?/ f?)
v' All form factors in terms of standard loop integrals computed analytically
v' Amplitudes reduced to exact and simple expressions

v' Ultraviolet finite (independent of the cutotf A)

— Simplification: just 2-gen lepton mixing with {vy;, £y;|Ny;} of m?, = yiM%WH| X}

yle ylw cosf sinf 2 —m?
V= — B L Rl | Gy SR VT
Ve vy —sinf cos6 MM H2
)
~+ amplitudes approximately scale like 2 sin26 6| and vary with |y
— Natural reference values: f ~1TeV, sin20~1, d~1, y~1, degenerate
quarks

[for LHT: m,,,, = My,,] [for SLH: tan f = 1, my = mp = Mx]
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Ratio of expectations to current limits

LHT

107 102
101

10"
1071 ¢

; ; ; 1072

0 5 10 15 20
f [TeV]
U — ey u—ein Ti
U —ein Au

5=1sin20=17~1

SLH

0 5 10 15 20

f [TeV]
u—-ey u—ein'Ti (AF) ;Ti(U)
u —ein Au (AF) ;
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Ratio of expectations to current limits

102

1071}

102

LHT

-0.2 -0.15-0.1 -0.05 0 0.05 0.1 0.15 0.2

§
U — ey u—einTi

U —ein Au

102

101

100

101

102

f=1TeV sin20 =1 y ~ 1

SLH

~

y=1

-0.2 -0.15-0.1 -0.05 0 0.05 0.1 0.15 0.2

0

u—ey wu—einTi (AF) ;Ti (U)

u —ein Au (AF);
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Ratio of expectations to current limits | f=1TeV 5 =1 y~1

LHT SLH
102

102

101 |

e N ey

102 : : : ; : : : 102 : : : : : :
-0.2 -0.15-0.1 -0.05 0 0.05 0.1 0.15 0.2 -0.2 -0.15-0.1 -0.05 0 0.05 0.1 0.15 0.2
sin 26 sin 26
U — ey u—ein i u—ey wu—einTi(AF) ;Ti(U)
u—ein Au u —ein Au (AF);
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Ratio of expectations to current limits

10°
104

103

102 |

101 ¢

10V
101

102

LHT

f=1TeV 6 =1 sin20 =1

Non decoupling in Z/Z' penguins only SLH

103 1072 10t 10° 10Y 10%2 107

Penguins may cancel boxes | Y

U — ey u—ein Ti

U —ein Au

10°

10% |
103 |
102 |

101 ¢

100
101

102

103 1072 10t 10° 10Y 10%2 107

~

Y Z and Z' may cancel

u—-ey wu—ein'Ti (AF) ;Ti(U)
u —ein Au (AF) ;
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Ratio of expectations to current limits quark mixing in uN — eN

10° | 3 3 10—
o b 0l _— B .:
108
10?
L . Q 10
100 L O S——— : 10°
P SRS T N Lo
| y=4 3
1072 L—— = i ' ' 102
3 -2 -1 0 1 2 3

U Su
12_513

points: random mixing
lines: Vi = Vi Vekm = Vckwm
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Ratio of expectations to current limits influence of tan 8

SLH

10

10° ¢}

104 |

103 i ﬁ

102 |

101 |

10—1 100 101 102
tan 3

U — ey u—einTi u—ey wu—einTi (AF) ;Ti(U)
U —ein Au u —ein Au (AF) ;

José L. Illana (ugr) One Loop Flavor Change in Little Higgs Models 32



Constraints based on naturalness

Present | Future

(with heavy quark masses degenerate)

LHT U — ey U — eee LHT pAu — eAu uTi — eTi
Limit 1.2x10711 | 108 1072 | 10 Limit 7x10713 | 43 x 10712 1018
f/TeV > 3.00 | 9.93 3.98 12.6 f/TeV > 9.11 5.13 234
sin26 < 0.111 | 0.010 0.055 | 0.006 sin20 < 0.012 0.038 | <104
6] < 0.106 | 0.010 0.062 | 0.006 6] < 0.012 0.039 | <1074
SLH (AF) | pAu — eAu uli —eTi
Limit 7x1071% | 43x10712 | 10
- f/TeV > 11.5 6.3 287
S.LH.I K Z ll — F 1: eee — sin 26 < 0.0074 0.0252 | < 10*
Limit 1.2x 10 10714 10 10 5] < 0.0070 00230 | — 10
f/TeV > 4.3 14.2 7.8 24.8
sin26 < 0.0540 | 0.0048 | 0.0150 | 0.0014 SLH(U) | pAu—eAu pli—eli
6] < 0.0517 | 0.0047 | 00159 | 0.0015 Limit 7x10°7 | 431077 | 10 7
f/TeV > 28.7 17.5 796
sin 26 < 0.0012 0.0032 | < 10 *
18] < 0.0011 0.0032 | <10 *

José L. Illana (ugr)
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Conclusions

e The one-loop predictions for flavor violating processes in the | LHT | are finite

when all Goldstone interactions compatible with gauge and T symmetry included

e EWPT allow f as low as 500 GeV in the LHT model [Hubisz, Meade, Noble, Perelstein "06]
and dark matter limits on the lightest T-particle set f 2 1.8 TeV [Hubisz, Meade "05]
but present experimental limits on LFV processes (1 Au — e Au) require:

— somewhat heavier scale (f 2 9 TeV), or
— flavor alignment of light and heavy leptons (sin26 < 0.01), or
— small splitting of heavy lepton masses (6 < 1%)

e The Feynman rules for the |[SLH |in the 't Hooft-Feynman gauge obtained and

predictions for LFV processes computed for the first time (also finite)

o The constraints on the SLH from LFV are even more demanding;:
f 212 (29) TeV, sin26 < 0.007 (0.001), ¢ < 0.7% (0.1%) assuming AF (U)

LH models are severely constrained by flavor !!
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Littlest Higgs

The matrix of the 14 Goldstone Bosons:

Generators of the gauge subgroup [SU(2) x U(1)]1 X |

\

' q Wt Al
2 V20 V2 V2
W™ w_o_ 1 v+ h +i¢°
V2 2 /20 2
s v+ h—ig° 4
2 2 57
: K o
id i— i—
V2 V2
e i®? +d v+ h—ig?
V2 V2 2

/ c* 0 O
1
Qf = 5 0 O 0
\ 0 0 02«2

/ OZXZ O O
0 O 0
0 —o™

\ 0

1 1
Yy = 55diag(3,3,-2,-2,-2) Y2 = r-diag(2,2,2,-3,-3)
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Littlest Higgs with T-parity

Enlarging SU(5) to assign

proper hypercharges

(y = y1 + y2) to all SM fermions:

SU(5) x U(1){ x U(1)§ S [SU(2)1 x U(1); x U(1)]] x [SU(2)2 x U(1)s x U(1)3]

~"

~"

DU(1)q oU(1)2
Leptons SUR2)y SUR)2 vi=yi+y] va=w+ys | vi ¥ vy vy
/ %09 3 1 3 1
I, = 2 1 _ 2 - = _Z 0 0
> i 10 5 10 5
(%38 1 3 1 3
I, = 1 2 _Z i - = 0 0
| 5 10 5 10
vR 1 1 0 0 0 0 0 O
1 1 1 1
1 1 _Z - - =
R 2 2 L 0 =3 3
1%
r=| — — — — — — 0 0
CHR
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Littlest Higgs with T-parity

Enlarging SU(5) to assign | proper hypercharges | (y = y1 + y2) to all SM fermions:

SU(5) x U(1){ x U(1)§ S [SU(2)1 x U(1); x U(1)]] x [SU(2)2 x U(1)s x U(1)3]

~"

~"

DU(1)y DU(1),
Quarks SUR2)1 SUR):2 vi=vi+y] ve=vys+ys | ¥vi Yo Y v,
) 1 2 3 1 1 1
6]1 ] 2 1 — — — = — Y Y
i < 30 15 10 5 3 3
Har 1 5 2 1 s 1 1
(I ) 15 30 5 10 3 3
1 1 1 1
1 1 - - 0 o - -
“R 3 3 3 3
1 1 1 1
d 1 1 _Z _Z 0 0 —- —-—
R 6 6 6 6
] UHR 1 1
HR = — — — — — — ~
dyR 3 3
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