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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]

0252 0 Toxo
(1) SU(5) — SO(5) by Iy = 0 1 0 |, Z(x)=ell/fxgell'/f = e2ill/fy,
Ioxo 0 02x2

where I1(x) = 71%(x) X% and X” are the 24 — 10 = 14 broken generators

G = SU(5) D [SU(2) x UM)]y x [SU(2) x U(1)]5 gauge) 21— SU(2), x U(1)y

[unbroken]: Qﬁ — Qé, Y1+ Y, = 4 gauge bosons (v, Z, Wt, W) remain massless
[brokenl: Qli — Qé, Y1 — Y, = 4 gauge bosons (Ag, Zy, Wg, Wy;) get masses of order f

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

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

\
(2) EWSB: SU(2);. x U(1)y 5 U(1)gep = H = - ¢

2\ o4k igf

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 =¢2,8 =81 = &
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
—iO’zllL 0 ll}R
¥1[5] = 0 ¥>|5] = 0 Tr= XR
0 —iO’zlzL —iO’leR
¥, s OX0Y, [new v, S vy, Y, - VY,
TR i) QTR new TR E) UTR
= T-even: (VL, KL)T =1, = %(ZHJ — lZL) p XR

T-odd: (vyr, lur)' = lyr = \%(lu + 1), (var Car)' =lgr, Vr
To obtain heavy masses respecting gauge and T symmetries:
g = elll/f LN QFtO
-2 veut = urs, v,

£YH = —Kf (?25 + leog'f) Y + h.c. new
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Littlest Higgs with T-parity

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

Lr =iY19"D;¥1 + i¥29" D, Y2 +i¥rY" (ay + 3¢7(Dug) + %C(ZOD;ZOE)) Yr| [new

with Dy, = 9y, — V2ig(W{, Q1 + W5, Q3) + v2ig’ (Y1B1, + Y2Bay)

introducing so far ignored O(v?/ f?) couplings to Goldstones that render the
one-loop amplitudes UV finite [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)]

(d) Introduce masses for light (down-type) fermions from: [Chen, Tobe, Yuan "06]

1)\@
2v/2
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Littlest Higgs with T-parity

(Lepton) Flavor mixing: (three families)

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

70 M + HgMdd% +he.
= Lec= - w+d0+hc = S W VIV)d +he. Vam = VIV,
CC \/z L \/z L ( u d) L CKM uvd
e In the LHT, Ly, generates heavy masses inducing heavy-light mixings:
V2f T xl% + hec.
diag(KZ-) = VITIKUH = quIL = VHZHL/ quIR = quHR
0 _ ViV,v Vi, = ViV,
= LigTr D8 ZHLGIJEIZQ +hec =g ZHLGIJEI I:rl ok + h.c. Hv L
ViVl Vi = ViV
= | V% Uy Wi, | CC V% Cyri{ld,Zu iy | 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:

3_% = sz; — (VL/ €L/ iNL)m 10 = VRm 1—1 = ng
Yukawas:
_ i)\Zm_ I
Ly DiMINR® Ly, + Tszei]-kcIﬂlqﬂan + h.c.

Gauge interactions:

Lr D @mlﬁlpm Ym = {Lmz ERm/ NRm}

10 = NRm
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Simplest little Higgs

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

31 = Qy, = (ug, dp, illp)m 1, =ugy 1

W=

Yukawas: {uk,, u%,. + < {urm Urm}

ymn

1 — L
Ly DiAvmk &TQ, +iAsm™iu% dIQ., + TddRmei]-k@gqﬂzQ’; +he

Gauge interactions:

Lr D Q,iP"Qu + urmiP ugy, + drmiP?dry + Ui Urp
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Simplest little Higgs

— Quark sector:

(ii) Anomaly-free embedding (AF):

50 = Q{ = (dL, —Uur, iDL) 1_% = dR
§0 — Q% = (SL, —Cy1, iSL) 1_% — SR
3% = Qg; = (tL, bL, iTL) 1% = tR

Yukawas: {dk,,d%;} < {dr,Dr},

{dsz d%zz} < {SR, SR},

[Kong "03]
12 = UR 1_1 = DR
3 3
1. =cg 1, =S
3 3
1, =bg 1, =Tr

2
3

{”}B/”%zs} < {tr, Tr}

Am

Ly D iMup,®TQs +iAbug, PIQ; +

. —1 . —2
+1Ailnan QZCD1 + lAgnan QZCDZ A

b5  f Ak
—dRmeijkCDll )03
Amn

uRmez]chllq)*] Qk + h.c.

drm € {dgr,sr,br, Dr, Sk} Urm € {ur,cr,tr, Tr}

Gauge interactions:

n=1,2

Lr D QuiPrQu + UrmiP" gy + drmiP?dRry + DRiP?Dg + SriP?Sg + TriD"Tr
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Simplest little Higgs

(Lepton) Flavor mixing:

— After EWSB the light and the heavy neutrino of the same family mix at O(v/ f)

—If A} and A" are not aligned there is also family mixing;: (basis where £; = (7))
v 1 -6,V Y
L _ vV H/{ L 4 O( 512/), 5, = — 0
N \&l Vi ) AN V2ftanp
1 m m
= Heavy-light mixings in CC only: (mixings in N1,,{Y", Z'}v;; are irrelevant)

52
Lop D — \% (1 — E)VZ"”I*Z\IL,W Xtep; - \%5 VI N Wi +he.

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

p— ey V,
1

vertex (triangles)

M €1 U\\ /el

U — eee: + + crossed (e1 < e))
€3 > > €9 €3 €92
V-penguins (triangles+SE) e-boxes
H e H \\ / e
uN — eN: + (q=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 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 = penguins

L4
Wy 0
€ i A .
77Z VH ! ,LL VIZT-[
e
e WH
L
Ap, Zy 0
e .
4 Y, 4 ;
v, 2 " . Y
c

C AH,ZH
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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

e Triangle diagrams = vertex and penguins

z,7' SAVA z,7'

VA

7!
x .
»"‘
SIVAVAAVA S B A v.2.2'
"
e
1%
¢ .
¢"
SAVARAVAC SR AL SAVA SAVA
¢ .
1A%
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One-loop contributions to Lepton FV processes

SLH

e Self-Energy diagrams = penguins

José L. Illana (ugr) Corfu Summer Institute, 30 Aug — 6 Sep '09

21




One-loop contributions to Lepton FV processes

SLH

e e-Box diagrams
7
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One-loop contributions to Lepton FV processes

SLH

e g-Box diagrams

1

W, X
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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

— Simplification: just 2-gen lepton mixing with {vy;, £y;|Ny;} of m2,, = yiM%WH| X}
vle i cosf sinf M2, — m?
VHE _ HY/ Iilf _ 5= H?2 H1 ) ]7: \/M
Véeg VH}E —sinf cosf My1Mmmg?
2
~» amplitudes approximately scale like [2 sin20 0| and vary with |y

— Natural input values: f ~1TeV, sin20~1, d~1, y~1, (my, =500 GeV)
[for SLH: tan 8 = 1, my; = mp = 500 GeV]
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Ratio of expectations to current limits b=1sin20=1y=1

LHT SLH
102

102

| PRELIMINARY

10 10
f [TeV] f [TeV]

20

U — ey uli—eli U — ey uTi — e Ti (AF)
1Tl — e Ti (U)
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Ratio of expectations to current limits

LHT
102

10-2 A S S W 1 /A B S
-0.2-0.15-0.1 -0.05 0 0.05 0.1 0.15 0.2

d

U — ey uli—eli

102

101 ¢

100

101

102

f=1TeV sin20 =1 y =1

SLH

7

PRELIMINARY

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

0
U — ey uTi — eTi (AF)
1Tl — e Ti(U)
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Ratio of expectations to current limits

LHT
102

10-2 A S S 8 1 A B S
-0.2-0.15-0.1 -0.05 0 0.05 0.1 0.15 0.2

sin 20

U — ey uli—eli

102

101 ¢

100

1071}

102

F=1TeV 6=1 =1

<
I

SLH

[ 7 =

PRELIMINARY

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

sin 26
U — ey uTi — eTi (AF)
n’Ti — eTi(U)
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Ratio of expectations to current limits

LHT

10° 10°
10% t 104
103 t 103
102 | 102
101 ¢ 101
100

101

1072

]
U — ey uli—eli

f=1TeV 6 =1 sin20 =1

SLH

| PRELIMINARY

H—ey

10t 102 103

uTi — e Ti (AF)
1Tl — e Ti (U)
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LHT

Results and experimental constraints

— Present upper limits on |J| in the LHT: (sin260 =1, mg,, = 500 GeV)

U — ey U — eee uTli—eTl
fITV] | G=1 §=1 §=4|§=1 §=1 j=4|§=1 j=1 j=4
0.5 0.131 0.040 0.026 | 0.161 0.046 0.015 | 0.011 0.009 0.155
1.0 0.527 0.161 0.106 | 0.646 0.182 0.061 | 0.050 0.048 0.067
2.0 220 0665 0428 | 274 0.737 0.244 | 0.159 0.190 0.215
4.0 140 347 199 | 134 326 0987 | 0.570 0.740 0.815

— Comparison with future limits (assuming natural values for the other parameters):

By —ey) < B(yu — eee) < R(uTi—eTi) <
12x1071t 10713 10712 107 43 %1072 10718
f/TeV > 245 8.09 2.33 7.34 461 214
sin26 < 0.167 0.015 0.162 0.016 0.051 0.000
6] < 0.161 0.015 0.182 0.018 0.048 0.000
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Results and experimental constraints SLH

— Present upper limits on 0| in the SLH: (sin20 =1, tan B = 1, my = mp = 500 GeV)

U — ey U — eee uli—eTi for AN (U)
FITeVl|j=1 §=175=4=1 §=15=4 j=1  §=1  j=4
0.5 |0.005 0.004 0.005]|0.007 0.005 0.002 |0.001 (0.006) 0.001 (0.001) 0.001 (0.000)
1.0 |0.019 0.022 0.027 | 0.023 0.016 0.007 | 0.007 (0.011) 0.010 (0.003) 0.022 (0.001)
20 ]0.113 0.128 0.140 | 0.092 0.064 0.027 | 0.052 (0.032) 0.568 (0.012) 0.026 (0.004)
( ( (

40 |0.755 0.682 0.639 | 0.374 0.256 0.109 |0.504 (0.116) 0.423 (0.050) 0.084 (0.018)

— Comparison with future limits (assuming natural values for the other parameters):

B(p —ey) < B(yu — eee) < R(uTi—eTi) <
12 x10°1 10713 10~12 (10714 43 x 10712 10718
f/TeV > 470 14.5 7.84 24.8 7.25 (17.8) 355 (811)
sin 26 < 0.023 0.002 0.015 0.002 0.010 (0.003)  0.000 (0.000)
5] < 0.022 0.002 0.016 0.002 0.010 (0.003)  0.000 (0.000)

José 1. Illana (ugr) Corfu Summer Institute, 30 Aug — 6 Sep "09 30



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 (uN — eN) require:

— somewhat heavier scale (f 2 4.5 TeV), or
— flavor alignment of light and heavy leptons (sin26 < 0.05), or
— small splitting of heavy lepton masses (6 < 5%)

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

predictions for LFV processes computed for the first time

e The constraints on the SLH from LFV are even more demanding
(f £ 8TeV, sin20 $0.01, 6 1%)
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