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Little Higgs || Solution to hierarchy problem

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

[In 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) [Arkani-Hamed, Cohen, Georgi '01]

(i) Product group
the SM SU(2); group from the diagonal breaking of two or more gauge groups

e.9.: Littlest nggS [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 || Effective theory

— The low energy dof described by a nonlinear sigma model, an effective theory valid below
a cutoff A ~ 4rtf (order of 10 TeV) since then the loop corrections are

g, A2
‘ @ AMj ~ {yi, 8 A} -— o2 > (1 TeV)?

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 thanks to collective symmetry breaking:

the symmetry is broken only when two or more couplings are non-vanishing

LH introduce extra scalars, fermions and gauge bosons: new flavor mixing sources

= Enhanced predictions for | lepton flavor changing processes

h — Zlfz, / — Zlfz, 51 — 62’)/, “MN — eN, { — 616223
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LittlESt HiggS [Arkani-Hamed, Cohen, Katz, Nelson "02]

0252 0 Tpx2

(1) SU(5) — SO(5) by Xy = 0 1 0 |, Z(x)=elV/fxell/f = 2ll/f5,
1oxo 0 0242

where [1(x) = ¢*(x)X? and X* are the 24 — 10 = 14 broken generators = 14 GB

G = SU(5) O [SU(2) x U(1)]; x [SU(2) x U(1)]; (gauge) === SU(2), x U(1)y

[unbroken]: Qf + Q5, Y1 + Y, = 4 gauge bosons (7, Z, WT, W™) remain massless

[broken]: Q7 — Q3, Y1 — Yy, = 4 gauge bosons (Ay, Zy, W;g, Wy;) get masses of order f

4 WBGB (7, °, w*, w™) eaten by (Ay, Zy, Wi, W5)

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

-~

izt
(2) EWSB: SU(2); x U(1)y 5 U(1)gep = H = v2 ( e )
othpind

3 WBGB (7Y, 7T, 17) eaten by (Z, W, W™)
1 PGB: h
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Littlest Higgs || Goldstones and gauge generators

The matrix of the 14 Goldstone Bosons:

( ICAN  CA N it v \
2 V20 V2 NG 2
Lo @ g vthtin) RIS
V2 2 V20 2 V2 V2
1= in__ v+h—in® \/? _i7'(_+ v+ h+in
B V2 2 57 V2 2
_— > L o B
V2 V2 2 V20 V2
\ 2 i®0 +d” v+ h—irm wt oy /
V2 V2 2 V2 2 /20

Littlest Higgs || Gauge generators

Generators of the gauge subgroup [SU(2) x U(1)]; x [SU(2) x U(1)], € SU(5):

1 o’ 0 0 1 0>x»o 0 0
Qi = > 0 0 0 Q5 = > 0 0 0
0 O 02><2 0 0 —o?

Y1 = d1ag(33 —2,-2,-2) Y, = d1ag(222 —3,-3)

10 10
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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 Gi +— G, with G = (W]f‘, B;j) gauge bosons of [SU(2) x U(1)]j—1
and g =81 =g2,8 =81 =8
T-even: B, W3 (v, Z), Wt, W~ « L(G,+G 2
. %2) Calere Le=), [_%Tr (Wmvav) zllBWBW]

T-odd: AH, ZH, WI:I‘_’ Wﬁ — \%(Gl — Gp) j=1

Scalar sector T —QIIO, where Q= diag(—1,-1,1,-1,-1)

T-even: SM H doublet (11, 7, 7", 7) 72 . N

Ls==Te |(D,Z)T(DFE)| |5 guse boson

T-odd: the others (17, w’, w™, w =, D) 8 masses

2
with D% = 9,5 — /2i Z [ WE(QI + Q) — ¢'Bju (Y= + ZY]T)]
]_
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Littlest Higgs with T-parity

Fermion (lepton) sector || Fields

(a) Introduce SU(2); doublets:

( —io?lp

hr, lr, Ilgr and [¢

n

Yy =

1

I = ﬁ(lu + b)) = (vgr fyr)t

Inr = (vgr  fur)’

T-even Standard
IL = %(lm —Dy)= (v )"
T-odd Mirror Mirror partners (decouple?)

~

f = )T
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Littlest Higgs with T-parity

Fermion (lepton) sector

Yukawa interactions

> To obtain (heavy) mirror fermion masses preserving gauge and T

Ly, = —«xf (ng + ?12061-) Yr + h.c

(b) Introduce (light) standard fermion singlets g with mass terms preserving gauge and T

[Chen, Tobe, Yuan "06]

1)\@

Ly = 3

—=f€ij€xyz [(T/Z) x iy iz X + T—transformed} /g + h.c.

6
N>
|
-
>~
|
~
g
W
W
~—
e
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Littlest Higgs with T-parity || Fermion (lepton) sector || Masses

> So far, masses from Yukawa couplings:

A —
7%0 lrlr +he.
N~
lepton masses

Ly, D — V2«f Iyrlyr +hec.
N—

mirror lepton masses

Ly D —

(c) To provide mirror partners [¢ (RH) with (heavy) masses introduce [$ = (7%, £%)T (LH) in

. 2~c\
ir“l%

Y, = 0 ~ Ygr Ly = —MﬁTL—l—h.C.

0 )

José 1. Illana (ugr) The full lepton flavor of little Higgs



Littlest Higgs with T-parity || Fermion (lepton) sector || Gauge interactions

(d) The gauge interactions with fermions are fixed!

Lr =i¥1y"D5Y¥1 + i¥29" D2 +iFr? (ay + 1et(D,E) + %g(zoD;z()g*)) Yr+ (Yr — ¥1)

with Dy, = 9, — v2ig(Wy,Qf + W5,Q5) + v2ig’ (Y1B1y + Y2Byy)

include O(v?/ f?) couplings to Goldstones that render one-loop amplitudes
(Vid. Z—penguins) UV finite [del Aguila, JI, Jenkins "09]

(e) The gauge interactions of standard right-handed singlets (¢r)

p = ilry" (9, + 18"y By )R ye = —1

enlarging SU(5) with two extra U(1)’s to assign proper hypercharges to all fermions

[Goto, Okada, Yamamoto "09]
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LHT || (Lepton) flavor mixing

> T parity = SM (T-even) fermions do not mix with T-odd fermions

> 3 generations: Ay, xk and M are matrices in flavor space

Ag ¢ 3 0t

—v = V; diag(my;) V

/2 . diag(my;) Vi
Varf 0)  (VE 0 diag(my,) 0 Vit 0
0 M 0 0 diag(m; ) 0o Vi

> This leads to flavor mixings in both charged and neutral currents encoded in
v = vHty! W=V V!

misalignment between [y and | misalignment between [© and [y

I Guly — Iy VGl

E/\gé]{ — E(VAE)ER EK-I-ZHL — ?(WK)ZHL

ZHRK+ZL — ZHR(KV>ZL ZEKUL — E(WKV)IL
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LHT || (Lepton) flavor mixing

> W is a source of LFV, so far ignored assuming that mirror partners decouple.

> Inh — 0145 [1705.08827]
— The mirror partners [° do NOT decouple!
— They are needed to make the amplitude UV finite!
— The complex SU(2) triplet of physical Goldstones @ (®°, dF, ®*, =) plays a role

> In other LF changing processes (Z — {1{3, {1 — £»7y, £ — 1203, uN — eN) [1901.07058]
— The mirror partners [° decouple!

— @ contributions are subleading in v?/ f2 when [¢ decouple

> Study the phenomenology of the [ full lepton flavor of LHT
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LHT

(Lepton) flavor mixing

Parametrization

> To simplify the discussion consider just 2-family mixing:

cosfy sinfy

—sinfy cos By

M e <
2

cos Oy

— sin QW

My, = \/melmez ’

mgc = /mgfmgg ,

> LFV effects vanish for zero mixings or degenerate fermions
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LHT

Lepton flavor changing processes |(T-odd particles running in the loop)

h—s 710, {j(:
/ — Z1€2
21 — fz’)f
0 — 014205 K ¥ ><
UN — eN K + >:<

+ crossed ({1 <> £p)

(@=u,d)
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LHT || One-loop contributions || i — /14,

('t Hooft-Feynman gauge)

I II 111

\% S F
h ¢/

Wf{[ w* 1421
ZH (UO fH
AH n ve

PO 7e - ---- - < included

(I)P

+
e VII
cD:I::I:

< notin Vff
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LHT || One-loop contributions || Z — U0y, 01 — by | (& penguins)

('t Hooft-Feynman gauge)

M< f\/\ﬁ I AN
1 II

\% S
7 Wi . III v
7/ Vi
Wﬁf w* VH
Z H wo 14 H
A H n ve
il re
dr V
q):I:
cp:l::l:
< included
VII VIII IX X
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LHT || One-loop contributions || Box diagrams of ¢ — (1/5/3, uN — eN

('t Hooft-Feynman gauge)

Vv S F
v, Z, W* /,u,d
Wi wET | vy
ZH w? Ly
Ag n Ve
0 | 7e
®F | uy
d*t | dy
O | 1 (Q=2/3)
X (Q=5/3)
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LHT || Amplitude || & — Tu

_ _ m m
M(h — ut) = u(pz) ( 7” cr | PL+ 77 CR PR> v(p1)
gZ T)Z 3 .
3

My (At MY
+ Vi —LWIWy—2 Ve Gy (mpe, my,,, -, Mo
i,];il My, mpy, (g5 Mty M)

(terms of O(1) cancel!) G, —— Inm?, (WU 7°]

2 .2 —2 "2
§ 7 {[sin20, ][ F F "l [ i 20y, | In —2
CL(R) ™ 167‘C2j?2 sin 20y | | h(mfm) — Fu(mey,)] SN by | 1N

-~

mﬂic — 0 (9V25€H :0)

= non-decoupling of [¢ !!
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LHT || Amplitudes || Z — (105, {1 — {2

o

UV finite
T . 1 Q* 1 my
iy = e [F (@) P+ (@) 1+ 1)) < pem Eys o
Th [ rZ 2 7 & v
i, = ie _FL (Q7 )" P } b 16712j?2
F/(0) = 0: ¢; — £y7y is a dipole transition
, 3
FI;Y,,M ~ Z Vézz ilq ‘FgM me 'mWH'mAH'm‘P)
i=1
3 eHz t Mg VL
+ Wii Wi == Vie, Gp (g, o)
i,j,k=1 WhH WhH

(terms of O(1) cancel!) QZ]%/I — 0 [Vog7©]

= there is decoupling of ¢ !!
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LHT || Amplitudes || ¢ — {1403, uN — eN K + >j<

My = (g2 ) e [pOTu(p)] [(pama(p)] - (6 o )

Mz = (= ) e [FpTSu(p)] [T(p2) 70 (ZiPL+ ZePr) o(pa)] — (6

£y 2F) 1 1
- ins (Q* » 0):  Ar = Ag==-M =
> penguins (Q ) L Qz R my Oc 167-[2 f2
FZ FZ 1 1
Z— i 2 5 0): I, =—-——L7 Fr=—-L7 —
> Z-penguins (Q ) LL Mz L LR ME 2R “Tor2 P2
1 1
> Boxes: By X 167‘(2]?2
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LHT || Amplitudes || ¢ — {1403, uN — eN
( e [T Po(p)] [E(p2)p0(ps)] — (1 5 £2)
iM ( 1
(i
M7

iMupox = i€By. [1(p1)y* Pru(p)] [#(p2)vuPro(ps)]

3
B ~
ij=1

+ t
Z V£11W€V€2]‘/]£3 ‘FB(meHilmng'l“')

H

B 4

) @(p)TPLu(p)] [T(p2) vy (ZLPL + ZrPr) o(ps)] — (b1 < £2)

— (fl < 62)

me e My, My,
+ Z Vgpmeerwlq ijqvgvm M’;WJFW]S ;%g3gB(mvc,mv, )}

ijpgrs=1

(UV finite)

José L. Illana (ugr)
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LHT

UV divergences

Highly non-trivial cancellations!

{CL(R)/ 2SWCWFLZ, Fg}

2

my i
167122 pi Vit sz

(

José L. Illana (ugr)
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LHT || UV divergences

C

(0)

uv
cpry | 1[I0 | D | IV | V4VI | VII+VID | IX+X | XI+XII || sum
w,Vy - - ° ° - — 1 —1 °
wo, by | — | - ° ° — - % — % °
ntw | -] -] e ] | - - T T
all | - | - ° ° - - % —% °
2syew FZ I II I\Y V+VI | VII+VIII IX+X sum
Wy, vy 0 — _ _ 0
Wi, @, v - - - - -
W, Vi - : —1+s%, - 1 —s% o
Zp, lh . - - - 0 .
O | = | = | <1+l | R
An, . - - 0 - .
1, 1 11
n,4n - | 2+ 1% 0 - 20~ 105 °
o, " - -1 2, - 2 | e
o, e - 1—2s2, —2+4s%, - 1—2s2, .
all 0 % — %5%\/ —3 + 6% 0 %—8 — 25—3812/\/ °
F/' | all || sum
e also finite part is zero
all ° °
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120

: (1)
LHT || UV divergences || Cyy || €r(r)
CL(R) II III IV V+VI | VII+VIII IX+X XI+XII sum
Wh, vy 0 - — — ° — - 0
Wy, w, vy - — — 0 - - - 0 F‘WH
1 1 1 5 1
«w,VH ~ i 8 - - 6 24 6
7y, EH 0 - - - ° — — 0
ZH,CUO,KH — — — 0 — — — 0 P|ZH v
1 3 5
W, ly A B T - - — 3 T XH, 6 — XHgu 13
AH, EH 0 - - — o — — 0
AH/ 1, KH - - - 0 - - - 0 F‘AH v
1 23 17 11
1, 4u - ® | 1 - - — 510 — XHsty 210 + XH — 13
Zy, Al 0 - — - — - — 0
’ 0 o 1 1 Flg,ay ¥
w IWIEH - - 8 - - - - 8
WH, CI), VH - - - 0 - - - 0
Qg || -] o | o | - | - - A IS
w, @, vy - -] - - - - L g,
1 1
1 1
7, ®° g - - 24 - - - ~ 4
= d, 7%, vy - | -1l 5 - - . ~ 1 —1 G =
all 0] 0 _s 0 . — & 39 0
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. (1) Z
LHT || UV divergences || Cv || 2swewEf
25 cp FZ 1 I IV | V+VI | VII+VII IX+X sum
WH, VH 0 - - 0 - 0
WH, w,vy — — — — — 0
1 1
w,Vy - -3 3 - O 0
ZH, EH [ ) —_ — 0 _ 0
@, Ly — | g oyHE | e - g+ sk tya || 0
Ay, ly ° — _ 0 _ 0
1, lu - | s tynsh | e - —ig &Sy —yns || O
~ 1 1
CD, e — 3 -3 - L4 0
Pt fe - 0 0 - o 0
all 0 0 0 0 0 0
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LHT || UV divergences C[(Jl\), F/

Pg I | II III IV | V+VI | VII+VIII IX+X sum
Wyg,vyg | @ | O — — — 0 - 0
WH, w, vy — — — — 0 - - 0
w,vg | — | - ° % — — —% 0
Zu,ly 0 ° - _ _ 0 _ 0
W by | - | - }1 o - - —}I 0
AH, EH 0 L] — — — 0 _ 0
2 2

_ | = 1 Sw _ _ _ 1 5w

1, 4H 100 2, ¢ 100 2, 0
- 1 1
(D, ve - - L4 5 - - 3 0
Ot e | - | - —1 2 - - —1 0
2 2
3 18 9 1 s
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LHT flavor phenomenology

LFV decays

e Reference inputs (natural values)

f=15TeV
iy, = fiige = 1.0 TeV
(mg,, = myz = 2.0 TeV)
Op,, = Ope =
T
Oy = 0w = —
v=0w= 4

my,, = mz, ~ gf = 960 GeV

/
ma, ~ % = 230 GeV
2
Mg = th — 1080 GeV

José L. Illana (ugr)
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LHT flavor phenomenology

LFV decays

e Current limits

Branching Ratio 90% C.L. Branching Ratio 90% C.L.
ey 42 x 10713 u—seee 1.0 x 10712
Conversion Rate
u— e (Au) 7.0 x 10713
u — e (Ti) 43 x 10712
Branching Ratio Branching Ratio
T—ey 33 x 1078 T—>uue 1.7 x 1078
Ty 44 %1078 T—eell 1.5x 1078
T—>uee 1.8x 1078
T—eun 2.7 x 1078
T—eee 2.7 x 1078
TS UUH 2.1x1078
Branching Ratio 95% C.L. Branching Ratio 95% C.L.
Z—que 7.3 %1077 h—ue 3.5 x 10~*
Z—Te 9.8x107° h—Te 621073
Z =T 1.2x107° h—Tu 2.5x 1073

José 1.
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LHT flavor phenomenology

LFV decays

o LHT predictions for reference inputs

Branching Ratio

Branching Ratio

U—rey 43 %1077 U—reee 25x 1071
Conversion Rate
u— e (Au) 3.8x1077
u— e (Ti) 33x1077
Branching Ratio Branching Ratio
T ey 7.3 x 1071 T—>uue 0
T— Uy 7.3 x 1071 T—eel 0
T—>uee 8.2 x 10712
T—eun 2.2 x 10712
T—eee 7.4 x 10712
TS UUH 14x 10712
Branching Ratio Branching Ratio
Z—que 2.7 x 10712 h—ue 1.2x 1071
Z—Te 2.7 x 10712 h—Te 32x1071
Z =T 2.7 x 10712 h—Tu 32x10°13

v_ constrained

— unconstrained by current expts

® hopeless

José 1.
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LHT flavor phenomenology || LFV decays || Mixings
e Parameter scans
By =0 Oy =0
10" } 10°
102 } 7. 102
= 0 b = 0
B e
£ 1072 £ 1072
o) o)
s s
S 1071} g 10
32 32
2 108} -7 S u—ey T ~—~._ 41 2 107
E - — | —> eée N E
108 | y 10-8
R 1 —e (Au) \Y 0
10710 L e a e e M_e (Tl _; 10*10
————— Z — e j
1071 ' ' 1071
0 8 I T 2
Oy

> No LFV for 0y = 6y = 0, maximal for 0y w = 7

> Z and h decay rates are very small

> u — ey and y — e (Au) are most sensitive

José L. Illana (ugr)
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LHT flavor phenomenology || LFV decays || Mass splittings

e Parameter scans

10* ¢
10° ¢
10% ¢
Z g E
E oo :
: w0
= E i E =
° w0 i -
< s noe i L=
A — eee : =
10_3 Eevemnnnnnas M — e (Au) :'! E
-4 LT u—e (Ti) : // ]
—————— Z — e s
10_5 Ll . | | /‘/ .
1073 1072 1071 10V 10*
Oty
\Y vV
5(11%()./\/1(91/\/ = 0) ~ sin 29V[Q(mvi) — Q(mvg)] 5121;10./\/1(91/ = 0) ~ sm29w[g(mvi) — Q(mvg)] — 0
H
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LHT flavor phenomenology

LFV decays || Masses

e Parameter scans

103
102
ot [
10

1071 ¢

Ratio to current limits

1072 |

1073 Lo

10* —

Ratio to current limits

For large my,, = V2K f: non perturbative coupling! For large 7iyc: decoupling except & decays

José L. Illana (ugr)
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LHT flavor phenomenology

LFV decays || Masses

[ non-decoupling

(Current limit [LHC]: B(h — i) < 2.5 X 1073)

Oy =0
107%
f=1TeV
me, =V 87Tf ..
9W _— 7‘('/4 '''''''''
107" Q é "
/5‘ 7 4\9." ,”: ) -9 4 + élg/c — o ) 1
oL - i ms. = ms > M X
1 [N &\Q _- | %] Ve ) Soe>1 ve 517C
S s i)vo ///
3 7
R S o /At O s
3 ] ms. = ms > M= X Ogc
i .. /// ] 1/5 e 2 (517c>>1 I v
7
7
/
/
/
/
10_9 YA .
1072 1071 10°
m2. [TeV?]
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LHT flavor phenomenology

LFV decays

Generic constraints

e Current and Future sensitivities

Observables « sin2429
> u — e transitions: / *precision = limit/prediction
[sin20 = 1] [f = 1.5 TeV]

Process Bperiment || W e | (1| MR
u—eq [MEG] 10—* 10 — 500 15 27-71 1 03-0.04
u—eee [Mu3e] 0.04 200 — 10* 34 13-34 | 20 1-03
1 — e (Al) [Mu2e] 1073 10* — 10° 84 84—150 | 3 0.03—0.01
u—e(Al) [COMET] 1073 10% — 10* 84 2784 3 03-0.03

> T —eand T — u transitions:
Process Experiment || Prediction Current Future
B(t — £) [BaBar] || 73x10°10 ~108 102 —10"1 [Bellell, LHCb] | = ®
B(t — e0'0) [Belle] ~10712 ~107% 10°—-10"1° [Bellell, LHCb]
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LHT flavor phenomenology

LFV decays

Comments

SUSY comparison

e When v dipole contribution (

AR|?) dominates then (kinematics):

Bt = pppt) _ o (h) M 18 5 103
B(t —uy) 31

B(t — pee) « (Zln&—7) ~ 102

B(t — uy) 3m

My

me, 2

> This tends to happen when both I and I€ are included:

(as in SUSY)

B(t — pee)

~ 5

B(t — uup)

e When [° is ignored (decouples) the other terms dominate:

(in contrast to SUSY)

B(t — uee)

B(t — pufi)

~ 1

José L. Illana (ugr)
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LHT flavor phenomenology || Comments || ete~ — ¢,/ @ future colliders

Oy = Oy = /4 olete” > 7rp")/o(ete” = 7777)

T T T T T T T T 1073 é T T T T T T T T
ete” — 77~ L —— Oy =0y =1/4

10° : y
i ete” =T ] 10  ——— Oy =7/4,0p =0 _
—4 y 5 Oy =0,0 =7n/4 /.;:;::::,/‘5
10 10 /,5j§‘::/'/
=] -7 [ ‘/f;"/:/’/‘ ]
2 107°§ 1077 ¢ e Q\P :
| -8 | T e
) 2 10 TeV* | LU N P
- ] 1079 é_' K
10710 _
101 |

' ' 10-12 | ' '
50 100 200 300 400 500 50 100 200 300 400 500

Vs [GeV] Vs [GeV]

> At future FCC-ee or ILC ([£dt ~ 10 ab™* = 10’ nb™ ') one expects ~ 10! T+~ pairs
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Conclusions

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

UV-finite

when all Goldstone interactions compatible with gauge and T symmetry

and all T-odd leptons are included

e LFV is due to misalignment of standard fermions with:

> mirror leptons (vy, {g): well known source of LFV

> mirror partners (7°, /°): [new | so far ignored, needed to make Higgs amplitudes finite

e [ Mirror partners

> do not decouple in k — £1/,, involving couplings to pseudo-Goldstone scalar triplet ®

> decouple in Z — U1ly, b1 — oy, £ — 010203, ulN — eN, hence may be ignored

> BUT, if mirror partner masses are of same order as the other T-odd particles,

all their contributions have similar size in Higgs and gauge-mediated LFV processes

e Flavor provides complementary constraints to LH models

particularly for y — e transitions: small misalignment (sin26, 6 < 0.01) or heavy scale
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