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Standard Model scalar potential
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Extensions of the SM
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Two ways to extend the scalar sector:
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Extensions of the Standard Model

Two ways to extend the scalar sector:
@ Directly - introducing additional multiplets
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Extensions of the Standard Model

Two ways to extend the scalar sector:
@ Directly - introducing additional multiplets
@ Indirectly - by extending the gauge group

M. Kordiaczynska (U.Silesia) Non-standard spontanous symmetry breaking. 13.09.2019

5 / 59



Extensons of the Standard Model

@ Left Right Symmetric Model (LRSM)
Extended gauge group: SU(2)r x SU(2), x U(1)g_.
In the most popular version for breaking the symmetry
two additional triplets are introduced.

+ ++
ALp=-L Wi R \/§5L,R
’ V2 ViRt hL,R +1ZL R —WZR

e Higgs Triplet Model (HTM)
One additional SU(2), triplet

A:i< WX \/§5++)

V2 va + hA + iZA —WX
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Extensions of the Standard Model

e Parameter p

Mz, +0.0017
= ————— = 1.0008
M2 cos? Oy -0.0007
(T4 - T3 vi
a 232 Tovi
e For example for SM doublet ¢ : (T, T3) = (5,£3): p=1
e For an additional SU(2), triplet (Phys. Rev. D 21, 1404):
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Extensions of the Standard Model

HTM MLRSM
Type Il See-Saw | Three heavy neutrinos
SU(2)r x SU(2) x U(1)g—1
Wi, W, 2y, 45, v
h, Hy, Hy, H3, A1, Ay

SU(2) x U(1)

+ ++
h7 H7A7 H , H lei:’ H;Z, Hf:i, H2:|::t
< V| = 0
a S GeV VR z TeV

eV, keV, GeV or TeV 777
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Higgs Triplet Model
HTM
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HTM - Lagrangian

V=—m3 (®10) + M>Tr (ATA) + {1 (®TiooAT®) + h.c.}
+2 (0T0)% 4 Ay (0T0) Tr (ATA) + X, {Tr (A1A) )}
FsTr [ (AT8)7] + A (¥1AAT0)
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HTM - Lagrangian

Mz = \szvA(V‘% + 4v3)
M2 = \v3cos’a + (f/d’ +2vi (A2 + )\3)> sin’a
+2 (V¢VA(/\1 + A\g) — \/_uvcp) cos v sin o
M2, = Av2sin®a + (ﬁ“’ +2vZ (M2 + /\3)> cos’a
=2 (vova(M + Aa) — \/_ump) Cos asin «
M. = B2CR(8 4 207)
I\/I,Z_,ﬁ = \%‘;’A — ﬁvd% )\3Vi

’MHii — MHi’ < 40 GeV
1209.1303, 1206.0535
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1
Ly = Efm[ CliooALy + h.c.
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V:—_—f/ ’
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1
H**

f=1

vVa

* T
PMNS DV VPMNS

DI/ = % diag{m17 ma, m3}

Neutrino parameters
VA <= f <= 6, 05, 613, cp
my, My, Mmj3
<Or <@ <=r «Er» E HAX
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Left Right Symmetric
Model (LRSM)



5U(2)R X SU(2)L X U(]-)B—L
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Left Right Symmetric Model

@ Two triplets under the SU(2); and SU(2)r groups
with hypercharge Y = 2:

OLR/V2 Ol
e =0 p/V2

<A >—< 0 O)
LR vir/vV2 0

Al r=
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Left Right Symmetric Model

@ Two triplets under the SU(2); and SU(2)r groups

with hypercharge Y = 2:
OLRIV2 Ok
0hr  —0lp/V2

<A >—< 0 O)
LR vir/vV2 0

@ 7 gauge fiels

Al r=

— —
WL/,LJ WR;M Bu [Sﬁj Wliu Wzia Zl; Z27 Y
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Left Right Symmetric Model

@ Two triplets under the SU(2); and SU(2)r groups
with hypercharge Y = 2:

OLRIV2 Ok
e =0 p/V2

<A >—< 0 0)
LR vir/vV2 0

@ 7 gauge fiels

Al r=

— —
WL/,LJ WR;M Bu [Sﬁj Wliu W2i7 Zl; Z27 Y

/WW2 ~ O.47VR, M22 ~ 0.78VR

M. Kordiaczyniska (U.Silesia) Non-standard spontanous symmetry breaking. 13.09.2019 16 / 59



LRSM - Lagrangian

V=i (Trlo1]) — 13 (THB0T] + Trd10]) — 1 (THAAL + TriarAf))
+ ((T061)?) + xa ((Tr[w]f + (Tr[<z”>f¢])2) + s (TrIBoT] TH ¢ )
e (Trloot] (Tridol] + TH6]) ) + o ((Tr[ALA{])2 + (Tr[ARAL])z)
o2 ( THALATHALA]] + Tr[ARARI THALAR]) + p3 THAL A THARAL]
+pa ETr[ALAL] Tr[ALAL] + TrlAl A]] Tr[ARAR]§
+on (Tro!] (Tr[ALA ]+ TriAgRAL ]))
+ay (Tr[od | TrIARAL] + Trig! @l Tr[A A]]
+a %Tr[wo}] Tr[ARAL] + Tr[67g] Tr[ALAL]g
+a3 (Trlgs AA]] + TroToarAL])
+5y ETr[QSARwAI] + Trlst Aol 13 + 2 (TrdReT Al + TH ALOA))
+83 ( TrloArdt Af] + Tr[ot ALGAR]
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LY, = —L%iooArhyly — LsiooAghyly + h.c.
—
states:

@ See-saw mechanism: 3 light and 3 heavy neutrino

Vey ]//J,l V’Tv

Ny, No, N3
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Experimental

constraints on LFV
vertices




@ High energy:

e Bhabha scattering: f2 < 6.0 x 107°M++

[Phys.Rev.

D40 (1989) 1521] , [hep-ph/0304069]

~ L et
vy
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@ Low energy:

e (g —2), contribution:

@ /i to e conversion: =

‘J\H\Lm ‘\,\H\»'mu
A =N
. N . N
L L
) LGl i+ a) o)
"
T T
\

e Radiative LFV decays:

o LFV three body decays :

«O> «F>r «=» «E» Q>




Experimental constraints

® (g— 2)#
Da(muong—2) = (29.34£9.0) x 1071
@ L to € (forau
BR(uN —eN*) < 7.0 x 1071
@ Radiative LFV decays
BR(p —+ey) < 57 x 10713
BR(r »ey) < 33 x 1078

BR(r —uny) < 44 x 1078
@ LFV three body decays

BR(T — ) < 44 x 1078
BR(7 — 3u) < 21 x 1078
[arXiv:1512.03681] , BR( — eutp™) < 27 x 1078
[Nucl. Phys. B299 (1988) 1-61  BR(u — 3e) < 10 x 107%2
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< «Fr o« . B

NH

LFV present bound NH

o 700
Myt = (GeV)

51l =

=
L
5

IH

LFV present bounds IH

a0 =
My: + (GeV)




HTM vs LRSM
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e L ~ < HF

LRSM

channel NH s
Tchannel IH =

S Channe| s

S=1.57 x10~3 pb
T=1.01 x1078 pb

va [eV]




H** pair production in hadron colliders

HTM LRSM

poo HOH 10000
o : 14TeV (pp > Hi* Hy)
. 1000 14 TeV (pp - H5" H3 )

\ 14 TeV (pp — Hi* Hy + HE" Hy ) ——

8 TeV (pp — HY* Hy + H3" Hy ) —— ||

Mitpages =My =Mige |

Y7y

200 400 600 800 1000 1200 1400
400
MHchargad (GeV)

arXiv:1311.4144

200 400 600 80 1000 200
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H*= decays
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BR

o H** 5 I

0 HE: o WEW=
o HE: 5 HEWE
o H*: 5 HEH*

1070

1078

M+ = 700 GeV, My = 620 GeV

102

HEE 1 —
Htx:_)wtwt [
HEE S HiwE —

10* 10°
vy [ev]

10°

Myt = My

L~ Im=023eV,NH&IH ——

m, =0, NH .
o .
my =0, IH .

10°
ﬁvA’[eV!



BR
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v, s@é%= SIS
T e b S
R R RS j\
s SsSSSEBSEE S =T, G 662.724| ,,
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- 3 x)?(x X?XX,;}(X ,Q(XX,;}(X 23, 0p=0 =
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8
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4 signal

M. Kordiaczyniska (U.Silesia) Non-standard spontanous symmetry breaking. 13.09.2019 32 /59



4-leptons signal in e

+

e~ colliders

Luminosity 1500 fb~!, /s = 1500 TeV,
MHii = 700 GeV

. HTM
signal || SM NH ‘ 0 LRSM
eeee || 235.0| 28.2 | 87.1 | 130.5
ppp | 6.9 1160.9 1 106.9 | 197.4
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Summary

e H** pair production in colliders gives possibility for
clean BSM 4l signals

@ For 013 # 0 the strongest limit on v; comes from the
i — 3e LFV process

@ T channel contribution to the H** pair production
in lepton colliders is negligible due to the low energy
constraints

@ Heavy gauge bosons (RH currents) do not influence
the pair H** production

@ 4-lepton signal in lepton and hadron colliders might
distinquish between HTM and LRSM
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4 lepton - cuts

Parton Distribution Factor (PDF): CTEQ6L1
Lepton identification: pr >
Detector efficiency for electron (muon). 70% (90%)
Lepton-lepton separation: AR, > 0.2

Lepton-photon separation ARy, > 0.2 with pr. > 10
GeV

@ Lepton-jet separation AR; > 0.4

@ Hadronic activity cut: > pr,.,.. > 0.2 X pr,
@ Z-veto: |my;, — Mz| > 6T
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crpc1ze™®l sipci3e’®2 size~ocP
Vs = | (—s12c23 — 512523513{9(;50’)5
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p and T parameters

pp— Lun©@ _ I1(0)

Mg, M3
1 1
T=-= <HWVg(O) - HZZQ(O)> =P _0.05+0.12
o M, M5 «

1

AT = _ 5—
47 sin Oy~ My,

(F(Ml?-li7 ME\) + F(Ml‘%{iia M,‘2-Ii))

AT <0.2

X+Yy Xy X
Py == =5 <)_/>
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Normal Hierarchy
1

Inverted Hierarchy
T T 1 T T T T
*/MH_VtNH_IH.dat U 1:2 mem

UMHVONHIHdat u 12 x

MH Vi NH_IH.dat U 13 s
MHVUNHHGal u 13«

Vv, (V)

Vv, (eV)

600 700 1000
My (GeV)

My (GeV)

] [ =
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‘(A Fa+8N) £/ —dh B2t 16n| < 647
(BA+16M2 + 12X3) + /(BA — 16X — 12X3)2 + 24020, + Ng)2| < 04T
Al < 327
12A1 + 3N\ < 327
201 — A < 327
|)\1| S 167
|)\1 + )\4| S 167
|2)\2 - )\3' S 16w
|>\2| S 8
|>\2 + >\3| < 8w



ttHHHHH XXX

Myt+ [GeV]

Allowed by unitarity and potencial stability, [Re(a)| < 1/2
Allowed by unitarity and potencial stability, |ag| < 1
Allowed by the T-parameter

M+ = Myt degenerated case
I L L -

600 700 800 90
My [GeV]
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Neutrino oscillation data

Normal hierarchy Inverted hierarchy
Best fit: o ‘ bfp£20 Best fit: o ‘ bfpt20
.2 +0.012 . +0.012 .
sin? 015 0.306 0o 0.282 + 0.330 0.306 oS 0.282 + 0.330
22 +0.027 . +0.020 .
sin? 03 0.441 e 0.399 = 0.495 0.587 B 0.539 + 0.627
22 +0.00075 . +0.00076 .
sin? 013 0.02166 | FOO00° | 0.02016 + 0.02316 0.02179 | +O00076 | 0.02027 < 0.02331
5cpl°] 261 i 143 =+ 363 277 e 185 =+ 357
Amdy 750 10.19 7.16 + 7.88 7.50 +0.19 7.16 + 7.88
10—5eV2 : —0.17 B : —0.17 B
o 2,524 +0.039 2.445 = 2.602 2514 1o.038 2506 < -2.438
10=3eV2 +2. ~0.040 445 <+ 2. -2 Z0.041 -2.596 = -2.
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Left Right Symmetric Model

@ Mixing angle:

W=\ [ cos¢ sin¢ Wi
W5 )~ \ —siné cos¢ W;*
tan 2¢ = — 2

Vi
@ Gauge boson masses:

Ma\ﬁg £ (1—(H1H2)>NH+

K3V
2,3
M5V2 o~ g2R~ V3
M2 ~ & (1 M)
Zy — 4cos20Oy 2cos* O v3
M2 ~ v3g?cos? Oy
- cos20

Ky = \/KS + K3
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fir coupling and parameter’s constraints

e 1077 < fir < VAT thep-ex/0309076]

@ Vp 1 GeV [Phys.Rev. D21 (Mar, 1980) 1404-1409], [arXiv:0712.4053]

M2 1+ 2‘\//—32
p=—> W — 2 = 1.00040 + 0.00024
Mz cosOw 14 4%
Z m; <2eV - Tritium decay (eoc)

Z m; < 0.23 eV - astrophysics rarxiv:1303.5076]
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5U(2)R X SU(2)L X U(]-)B—L
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Left Right Symmetric Model

@ One bidublet two triplets:
(A é >
= ( b7
0fr/V2 0%
00r  —0lr/V2

@ VEV for neutral scalar fields:

<e>= (" 1)

<A >—< 0 0)
R = vir/vV2 0
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Left Right Symmetric Model

@ Gauge transformation:
v — {e"'glge(X)—"ngé(X) Wy

e—fg/ze(x)—nggéw)} bR

VY —
@ Covariant derivative: _
D =(0 — ig' 5B, — ign W, ) .

. Py
Dn= (0 — ig' 5 B — igr§ Wy ) e,

@ 7 gauge fiels

— —
+ +
WLua WR/M B/L [SSBT Wl ) W2 7217 Z27f)/
13.00.2019
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Left Right Symmetric Model

@ Mixing angle:

W=\ [ cos¢ sin¢ Wi
W5 )~ \ —siné cos¢ W;*
tan 2¢ = — 2

Vi
@ Gauge boson masses:

Ma\ﬁg £ (1—(H1H2)>NH+

K3V
2,3
M5V2 o~ g2R~ V3
M2 ~ & (1 M)
Zy — 4cos20Oy 2cos* O v3
M2 ~ v3g?cos? Oy
- cos20

Ky = \/KS + K3

M. Kordiaczyniska (U.Silesia) Non-standard spontanous symmetry breaking. 13.09.2019 55 / 59



LRSM - Lagrangian

V=i (Trlo1]) — 13 (THB0T] + Trd10]) — 1 (THAAL + TriarAf))
+ ((T061)?) + xa ((Tr[w]f + (Tr[<z”>f¢])2) + s (TrIBoT] TH ¢ )
e (Trloot] (Tridol] + TH6]) ) + o ((Tr[ALA{])2 + (Tr[ARAL])z)
o2 ( THALATHALA]] + Tr[ARARI THALAR]) + p3 THAL A THARAL]
+pa ETr[ALAL] Tr[ALAL] + TrlAl A]] Tr[ARAR]§
+on (Tro!] (Tr[ALA ]+ TriAgRAL ]))
+ay (Tr[od | TrIARAL] + Trig! @l Tr[A A]]
+a %Tr[wo}] Tr[ARAL] + Tr[67g] Tr[ALAL]g
+a3 (Trlgs AA]] + TroToarAL])
+5y ETr[QSARwAI] + Trlst Aol 13 + 2 (TrdReT Al + TH ALOA))
+83 ( TrloArdt Af] + Tr[ot ALGAR]
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Ll = —Z(/:QI'O'QAL/'IMI_L — Z:{-QI'JQARhMI_L + h.c

—

v —
Lmass -
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See-saw mechanism

@ Mass matrix for neutrinos:

0 Mp
M, =
( Mg MR(VR) )

e Mp = %(h/lil +E/K2)

Mg = V2huvr, hl, = hy
o MD < MR

my ~ Mg
m, ~ M%/MR
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Experimental limits for models parameters

o /WV\/2 > 2.8 TeV (cus coliaboration [arxivi1212.6175], ATLAS Collaboration [arxiv:1209.2535])
MW2 ~ 0.4-7VR7 M22 ~ 0.78VR

MHS > 554 GeV (Anindya Datta, Amitava Raychaudhuri [hep-ph/9905421])

H?, A(l) ~ 10 TeV (M.E.Pospelov, [hep=ph/9611422])

1 MHii > 870 GeV
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