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1. NLHT Motivation and symmetries

- Little Higgs models: solution to the little HP at the TeV
scale

O Higgs is the GB of an spontaneously broken global
group G at the scale f: CCWZ formalism

O Gauge and Yukawa interactions break the global
symmetries collectively: collective symmetry
breaking

O No quadratic divergences to the Higgs mass

O To avoid constrains from EWPD: T-parity

 Interesting model: LHT [ SU(5) £ SO(5)

f

* LHT non-gauge invariant in fermionic sector
[2103.17078 [hep-phl]]
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Solution: NLHT (minimal gauge invariant extension)

* |Global group and SSB:

SU(5) x [SU(2) x U(1)]2 2229 50(5) x [SU(2) x U(1)]

with 20 =20

d 1444 GB parametrized ala CCWZ

IT=n"X" {X"} = 14SU(5) brk. gen.
E= e'% veut = uezovTs, V € SU(5)
= gzOgT = yeyr U € SO(5)
1= ﬁ?X”, {)?"} = 4[SU(2) x U(1)]* brk. gen.
E— 7 S VENT = UEs, VT, V e [SU(2) x U(1)]?
5 = &5 & pEpT U € [SU(2) x U(1)]

Phenomenological viability of the NLHT 1/15



1. NLHT Symmetries

* | Gauge group and SSB * | SM SSB:
Zo.% SU(2); x U()y 25 U1
SU(2) x U(1)]; x [SU(2) x D)), =% SU@)1 x Uy (2) xU(l)y == U(l)g

O 8 gauge fields (same as in LHT) Q 7%, 7" eaten by W*,Z  Masses ~ v. y massless
(7, W=, Z) massless S
(A, W?I:’ Zy) massive ~ f ysical scalar fields

Q GB: Q ¢, 0%, 0", ¢" usual ones
IT:10 (1) @ 21 (H) @30 (w) © 31 (P) O Remaining comb. of (w™, &%), (w”,&"), (1,7)
~ Q Total: 11 physical scalar fields

I1: 10 (7) © 3 (@)

O A combination of (wi, @i), (WO, @0)’ (7,7)
eaten by Wi, Zy, Ay
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1. NLHT T-parity

* | Conflicts with EWPD — T-parity * |Scalar sector:
» | Gauge sector: Q Introduce Q€ Z [Gy]
! !
81,81 82,82 0 15 —Qro

a | [SU(2) x U(1)]; «— [SU(2) x U(1)],

cLofto, L ¥ =arzt0
Q1= =v2, & =g=V2

5 -1l
ELE, £h5sly
v,W*,Z — T-even gauge bosons C=G 7 E0= 20
Q
Agy, Wﬁ, Zy — T-odd gauge bosons
d H — T-even scalar fields

N, w, ®, 1, @ — T-odd scalar fields

2 1 1
£o= 1 |5t (W) - §BB]"

masses

Ls= f2 [(DP‘Z) DHZ} L [(DinDyi} _ gaugeboson
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1. NLHT Fermions

* | Fermions: leptons

(similar for quarks)

O Quintuplets

SU(5) —?'azl”, SU(5) —io?l5,
¥, [5%] = ixi. |, Y2[5] = iXoL
—ic?l¢, —i0“lyy,
SO(5) - [SU(2) x U(1)! —
—io2(I°) ~ —io*(15)R
‘IJR[E] = i(X,JF)R , Yr= i(?(_)R
—iO’ZlHR 02

O Transformation properties
< Under G :
v, S viw, v, Sy,

¥, & U¥:, Yr S U9

José M. P. Poyatos

J/

% Under T-parity:

v, Lan¥, Yr Q¥ T 5 0%

realization compatible with gauge invariance

_ hi—Dbr

— (ULI EL)T

(X+)r
T-even <

)

(%)r #)r)

i+l
Iy = 1L\/§2L _

lir = (vhR, LHR)"

(vir, fur)’

Toodd 4 X)L zj%, (X)r
), = et _ ((5c L T
(), = Wl — (), (F),

) = (@) E)x)

\

e CANGIN
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1. NLHT Fermions

* | Heavy leptons masses| (similar for quarks) * [Top quark sector
7 A o — ~ o~
Q/y, (x+)and (I°) getamass ~ xf from Ly, =— l%fﬁ‘i]‘k€xy [(Qi)izsz‘ky + (QEZOQ)iijZky} IR
Ly, =—x1f (‘F2§+‘P120§+) Yz + h.c. - /jg (Tu.XTm + TzLX*TzR) +he, X=547
Remark 1: SU(5) invariant. * |Kinetic term and gauge interactions for fermions

No x contributions alone
to the Higgs mass O LH fermions

E’FL = I?f)ﬂuD;Tl + iTQ’Y‘uDﬂ‘FQ

o~

d (x_) and (I9) getamass ~ kf from

e r = o\ o 0 RH fermions (CCWZ)
Ly = —Rif (‘Pzg 58 ) Y + he.

— .0 1 1 )
EFR = ITRTIH ay -+ Eg-l- (Dyg) + EgzOD,‘u (ZO§+)] ‘PR

= N Remark 3: No Higgs in ¢. 1 1
emark 2: New Yukawa No % contributions alone Lo = i%prt |9, + = (D,E) + =E50D" (20ft)| ¥
coupling ¥ to the Higgs mass G 2t ( yé) el ( - ) '
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1. NLHT Masses

O Gauge fields O Top sector

8v AMA
Mw = S 112
W2 \/_ 2 /A
Mz = Mw/cw
[ AT4A3
MWH = MZH = \/ng = 12 Zf
2 A
Ma, =587 r = 4
MT+ > MT_

Remark: heavy gauge fields
v/2 heavier than in LHT

O Heavy leptons

O Light scalar fields (only log. div.)

2 f? 2,2 1 2y

T, = tr (K;K;F?Qﬁ) + 3tr (quc;‘?c\qf;)

M2 — 72 Ty
775 3A2A2 6g* — £¢™* — 12T,
4
T
Mg, = 8M;; 2,2 g4+ 7, /4
BAIA; —6g* — 28 — 12T

my, =y, = = V25K, f O Heavy s§alar fields O Higgs quartic coupling
\/_ f (quad. div.) 1 A2 . ,
My =My = V2K f A= —F— (g +8 +3A)
— J 2 £2
Q Heavy quarks Mo = \/Eth lom” f
Mgy = 1,0 = Mg =2 2Kqf Relates Ajand A.
Myt = Mg = \/E’qu
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1. NLHT Masses

* | Role of T, on new GB masses

1000 T
/\1 — ].5
00T O Masses strictly increasing with T.
2 600 _ O No quad. div. — New scalars are
O, [ naturally light. Mass upper bound of 1 TeV.
@ !
g 4007 O There is a value of T, such that
5
I Mﬁ>M&3—>TK>1g4
2007
0 1 ] ] 1 ] ]
0.0 0.2 0.4 0.6 0.8
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2. Pheno Parameter space

e | Allowed Aqvalues

O Yukawa couplings Ay and A, related through

1 1 v\
2T
1 2 \/Emt

O The T-even (heavier) top partner mass must remain below A

MT+ - é
o f
A
A € [1.05,1.71], 7 € [1.49,2.32] < 4m

1.0f

— &/F

Mr/f ]

4

-~ — - m e o

_

> [

=L

T
C 1 1 1 1
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2. Pheno Parameter space

* [ EWPD on vector-like quarks: Top partners

O LHC bounds: Vector-like quarks heavier than 2 TeV

O On the T-odd (lightest) top quark partner:

Mr >2TeV= f>09TeV

* | Dark matter candidate (WIMP)

O LTP is stable and a DM candidate.
Q Light T-odd particles: 7 and Ay

O Vector DM less constrained: Ay DM

Q f>09TeV implies My,, 2 200 GeV and mass hierarchy

200 GeV < My, < Mg < Mg

José M. P. Poyatos Phenomenological viability of the NLHT
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2. Pheno Parameter space

* | DM relic density: Co-annihilators

U LHT case:

% For My, 2 150 GeV co-annihilations needed to
reproduce the current DM relic density

/

% T-odd quarks and leptons share masses nearly mass
degenerate with Agy

Q NLHT case:
< T-odd quarks too heavy due to EWPD (mn 2 2 TeV)
< Leptons less constrained: T-odd leptons co-annihilators
% Simplification 1: diagonal and degenerate Yukawas

Kii = Kj; = K]

- Ty = 3k} + 9%,

500

100

M (GeV)
200

400 =

(GeV)

300 =

200

500

1000
f (GeV)

300

[9002 17 12 Tepadg]

1500 2000

% Simplification 2: No new GB contributions to co-

annihilations:

Lighter @ Mg > My, + M,

Together with My < 1TeV | (natural mass)

lower and upper bounds for T;
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2. Pheno

Simplified model

* |Fixing the heavy leptons Yukawa coupling

Q Ap and T-odd leptons contribute to DM relic density

O Using micrOMEGAs (freeze-out) and Qh? ~ 0.12
gives the relation

My, ~ 1-16MAH

Q Using my,, = \/EKlf and My, = \/gg’f:

x; ~ 0.185

* |EWPD on vector-like quarks: rest of heavy quarks

Q0 LHC bounds on VL quarks m > 2 TeV

d Lower bound on «y:

José M. P. Poyatos
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2. Pheno Simplified model

* | Allowed regionin Ay — f plane

fe20,31] TeV, A € [1.051.71]

Remark: not all values of A4
are available for a given f.

* |Correlations

Q The Yukawa couplings A; and X
get correlated

Mg, € [2.0,3.2] TeV

José M. P. Poyatos

WO P :
: ] Ma,, € [450,680] GeV
3500f
30005_ MZH = MWH - [1.9,2.8] TeV
3‘: 2500%_ Mg € [1.5,2.2] TeV
i —
. Mr, € [2.8,69] TeV
. Mz > 2 TeV Mr € [2.0,69] TeV
1000F M all constraints _
= = & IS B N B Ky tixed = m, i € 530,800] GeV
A Tt
07— ] 0.75 [T ]
0T0F\ f 29 Tev 0.70+
< 065 g 065
f€[25,3.0] TeV
0.601 0.60¢
f=231TeV -
T I ] Al T 7
11 12 13 14 15 16 17 T 12 1 14 15 16 7
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2. Pheno Simplified model
1000 1000[ 1000[
= 900/ = 900] - 900
[4b] < ]
9 S <)
800 800} 800}
S S S
= 700} = 700} = 700}
f =22 TeV f=2.7TeV f=3.0TeV
600 L. . . . 600 L. . . . 600 L . . . .
1.1 13 15 1.7 11 13 15 1.7 1.1 13 15 17
Al Al Al

M_ € [600,800] GeV
M; € [800,1000] GeV
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2. Pheno Simplified model

: A
o000p
| T,
4000 -
';‘ I —
8 3000 Typical spectrum for
» Zn, Wn - 4 f=27TeVand A =12
% i d dH,q+, X+
5 2000}
1000_ i AH lHa Nj:: X+
| w 7 t
O h W
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Conclusions

Little Higgs models offer a solution to the HP
at the TeV scale

The LHT SU(5)/SO(5) is not gauge invariant in the
fermionic sector

We construct a New and gauge invariant LHT (NLHT)
enlarging minimally the global symmetry group to

SU(5) x [SU(2) x U(1)]? Ef—% SO(5) x [SU(2) x U(1)]

The gauge group is [SU(2) x U(1)]? Eofﬂ SU(2); x U(1)y

(same as in LHT)
O New particles

% 4 extra light T-odd scalar fields: singlet and real
triplet

% Extra (x_) and (I5 ) with masses ~ Xf

José M. P. Poyatos

* Assuming:
O No mass exceeds the cutoff scale
Q Current lower bounds on VL quarks

O Simplified model with mass degenerate heavy
fermions compatible with the usual Ay as DM

e | We found:

Q fe[2,3] TeV
O Yukawa couplings x; and A; get correlated
Q Yukawa coupling «; fixed

Q Particle spectrum bounded from above and below

 |The NLHT is viable
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C. New scalar fields lifetime and production JHEP 11 (2022), 055.

* @ and 7 decay into LH SM lepton and a RH T-odd mirror lepton

« Width and lifetime comparable with that of the Higgs

 Production:

O Pair produced with a T-odd heavy particle

Not sizeable production rates

O Produced by EW interaction
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B. Higgs mass in the LHT

* Gauge and top sector contributions are understood * | Heavy fermion sector break the global SU(5)

5 2
u2 = 1£ — log A? <6g4 s, 3/\%/@)

LY) = —xif (Fa& + F1Zo¢t) ¥r +hc,

ﬁgﬁ = (?26 15 le()QCJrQ) YR +h.c.

Contributions proportional to x;?

a) T-even

No quadratic divergences
if (x+)r livesin Y.

(X+)R not optional.

T-even case
independent of ;
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D. Top sector in the LHT

* | Top quark sector | CSB — [top partners O Yukawa Lagrangian
O Fields
—iO’zﬂL 02
7 0 Gl Hi
G = @ R 2 @ ’ @@ SU(3) invariant: B ¢ {lg)gi.mass
0, —i02Ts; ci)n ribution
O Transformation properties {
/\ 4 —_— ~ o~
Q1 = V*Ql, Q5 =VQ; Q= 0%Q5 Tig— Ty Ly, = — i feijxexy [(Qfl)izszky B (QEZGQ)iZJkay} ER
A
” o . _ Mo (T1.Tag + T21Tor) + hec.
Ti= TP = (b)) iy L2
T-even ¢ - - | J
(T4); x = (Ty) g +(T2) 1R |
\ ’ L,R \/i . . . .
non SU(3) invariant but no Higgs couplings
y
THL = HL}TZ (tu, bur)"
T-odd < (T1) L r—(T2) 1R
(Tr="—"7%

\
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E. nggS mass dependence on T, in NLHT European Physical Journal Plus 137 (2021) 42

Q Ly, SU(5) invariant — no & contribution to 7, Q E?H no Higgs couplings — no x contribution to 7
Ly, = —xf (Tzé‘ + ngg*) ¥+ h.c. Ly =-xf (?23— T@o?) ¥R +hec.

Sectors communicate through ¥y, ¥, —» CSB — m? ~ x’%” log A”
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3. NLHT

3.1 NLHT setup

* | Fermion masses and mixings (new features)

O Charged leptons (similar for down-type quarks):

Field

Mass

() — VH(E)r,
)1V E ),

lp — VLEEL,

I
Cyp — V;"lyr,

lr — Véf;{

EHR — V;{HEHR
(€)r = Vg (E)r

~ lC ~
(65)r = V" (£5)R

L= Vim Vg
V2K, f = VéHm HVI%HJ;
Vaxif = Vifmg, Vi

VIRIf = Vg Vit
Kif =V, Mie VR

O Neutral leptons at LO (similar for up-type quarks)

Field

Mass

VHL — V]iHVHL;

()L = Vi (9L,
(x+)L — Vl ( +)L,

(x)L— V*(x )L,
%)

(+)L—>V (€)1,

v — foL

VHR — legHUHR
(T)r = V&' ()R

X+)R — V (X+)r

(
(x)R%V (X_)r
( )R_>VR(+)R

0
V2K, f = ViHrngHfoJr
\/E?qf = VIiHmEH VIIQH-I-
\/_Klf = VlegHVIl{H+
VIRIf = V" Vl '

l'['
\/_’Klf VL mTCV
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O Misalignment matrices

Between x; and A;: usual one

V=V

Between x; and Xj: new one

& ANty
W=Vv"V

Old ones:
w=Vivi=1
Z=v¥viE —q
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