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7’ model

* No additional fermions (except for right-handed neutrinos)
are needed for anomaly cancelation. It’s possible only
when U(1)"2 group 1s spanned by Y and B-L .



Abelian Lagrange’an

I abelian _ — ~hgy FM Fby,v 4+ Z lIJffY,u, (XT)fGabAu) \I’ 4+ Lgsflzan scalar
f

a,b € {1,2} - indices in U(1)* algebra

We choose hyp = 0,4 (at tree level)

We have a freedom to transform abelian gauge bosons orthogonaly: AY, = O, A}

We have a freedom to transform abelian generators linearly: X, = Ly X}

Both kind of transformations result in appriopriate change
of gauge coupling matrix G .

G a'b! — (LT) ;1G Oab!



! Standard, low energy parametrization

Y
We can choose X = [ B—L]

and use the freedom given by O-transformations to demand G951 = 0.

Standard parametrization

!

Y 114 g By
(XT)aGap Ay = [B—L] [0 gf;_i”z;“l

g’ is equivalent to ¢’ from the SM

9B—L, 9p_; and My are basic parameters additional with respect to the SM

How are they constrained?



! Embedding Z’ model in GUTs

* The smallest possible simple unification gauge group i1s
SO(10).

® Grand unification gives constraints on the space of Z’

parameters, to be compared to experimental constraints
from the EWPT and the LHC.

* Treshold corrections may play relevant role.



Two specific basis in U(17"2 algebra

Low energy basis (part of standard parametrization): X = [ B_T ]

- . X
High energy basis (generators of the GUT group): X = ¥
2

Parametrization, which is natural for SO(10) GUT mod-
els is different, than the standard Z’" parametrization.
After finding constraints from gauge coupling unifica-
tion in GUT parametrization, one has to make appri-
opriate transformations to obtain final constraints on

gp—r and g_;.



Symmetry breaking
Pattern 1 SO(10) Pattern 2

/ \ > 1016 Gev
U(5 )X

)e®SUR2) L SUR2)rdU(1)p_1,

\Ml Z 1016 GeV /Jq

7’ group: SU(3). ® SU(2), ® U(1)?
l po = Mz
SM Group: SU(3). ® SU(2)r @ U(1)y  *Intermediate

l Mz sloup
Final Group: SU(3). ® U(1)gm

ULl =U1)yaU1l)x =U1LproU()p_1

S



Transormation of U(vln)qn""é'"émﬁwerators

There are two diagonal generators of the intermediate group, that are linear
combinations of Y and B — L:

X v | ¥ o Y
InPatternl:[X;][X] _\E)/Tl_o V10 '[B—L]
LY;1
X ] R |1 —% Y
InPatternQ.[XZI—[ﬁ]_lo @]'[B—L]
L;?

R - third (diagonal) generator of SU(2)gr

The running below the pq scale is considered in the [Y, B — L] basis.



Two specific, supersymmetric models

Model 1 (based on Pattern 1):
Higgs sector: 210y + 54y + 1265 + 1265 + 10y of SO(10)
SO(10) 2Dy SUB)dU(1)x g g, Group —% SM Group — Final Group

Model 2 (based on Pattern 2):
Higgs sector: 455 + 45y + 126y + 126y + 105 of SO(10)
SO(10) 35 SU(3). & SU(2), & SUQR) g e U(\)p_r 287 77 ¢ 4 sM G, /5 F. G

In both models:
All SM fermions are embedded into three 16’s of SO(10)

h e (1,20, X+/— = 1, 1196, /196,



Treshold corrections

MSSM-fields, RH-(s)neutrinos and U(1)?-breaking higgses: x,_ (and their higgsinos) are assumed to
have masses below . Therefore, they contribute to treshold corrections for gauge coupling constants of
the Z' Group (SU(3). & SU(2), ® U(1l)y & U(1)p_1) or the SM Group.

All other fields are assumed to have masses between p; and pg. Therefore, they contribute to treshold
corrections for gauge coupling constants of the Intermediate Group.

To avoid large number of free parameters - masses Mg, for each gauge coupling constant g4 one can
introduce the so called effective treshold correction. It has a mass-parameter M 4, which is a weighted
average of particle masses Mg with weights being proportional to corresponding Dynkin indeces. For
example, effective treshold corrections for the intermediate group are the following

M M
e -y (=2) = S i =2) = 9 gag,
H1 P <Map <po

b
Iz i X
My = H M(biobT) Oy = by = E - by
A= % Dy <Ma <po

D:p <Mao<po




Some constraints

Planckian constraint: pug < Mp;

Perturbativity constraint: gig < 4w

All considered values of gauge coupling constants should be perturbative, but the largest one is g1g or
g3 (which is perturbative), so the above condition is sufficient.

1 > 10 TeV - important only in Pattern 2

The tull set of constraints contains both equations and inequalities. For
a given value of My, it defines the allowed multidimensional polyhedron in
the space of parameters spanned by g, ,, gp_r, treshold mass parameters
and jumps. One can project this polyhedron on the 2D plane spanned by

gp_; and gp_p, only.



R

Experimental constraints froﬁ; ATLA% and EWPT

1,0 1
Bp_ | Ep-1L | Ep—1 |
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0,6 4 0 - 0,6
0,4 0.4 - 0.4
0,2 0,2 0,2
0,0 I T T T T T T T T T T 0,0 I T T T T T T T T T T 0.0 i T T T T T
-10 -08 -06 -4 -0z 0,0 -1,0 -0,8 -0,6 -0,4 -0,2 0,0 -1.0 -0 -0.6 I -0.4 -0.2 0,0
~l ~ -
Eg-1 Ep_1 Ern_1
Wi TeV M- = 1.8 TeV M- = 2 TeV
Z Y R — ]_ . 6 e Z’ . 8 e Z

= + B allowed by EWPT [Salvioni, Villadoro, Zwirner "09)
BN+ B allowed by ATLAS [ATLAS-CONF-2012-007, 1 March 2012]

95% C.L. exclusion 2’ — [T~ o B < Observed limit

; o B calculated in narrow width approximation in LO

~1 91 ~ __ gB-L
Yp-L = gz 9IB-L = "4




Model 1 — without treshold corrections

0,430 0,430 0,430

Ep_ 11 gr—1 | EB—I.'
0,425 0,425 0,425
0,420 - \ 0,420 - \ 0,420 - \
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0,410 . . . I
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Er_; -0,325 -0.320 -0315 ¢ -0,310 -0,325 -0,320 -0315 .y -0,310
- Eg_1 Ep-1
MZ’ — 1.6 TeV sz = 1.8 TeV MZf — 2 TeV

In the [p1, po] interval: All fields
In the [Mz, p1] interval: MSSM + 3 - vp + x+ + x—

o e 1-loop unification at p; is only approximate.
Perturbativity limit s



ﬁConstraints on Model1l
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Constraints on Model 2
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P Summary and conclusions

® Constraints from Grand Unification decrease
experimentally-allowed region of the parameter space in
the minimal Z> model. They can provide a lower bound on

the Z’ mass (like 1.6 TeV 1n Model 2).

* Treshold corrections are important. They give additional
freedom, enlarging allowed region of the parameter space .

* Initial 2-loop results are in agreement with 1-loop ones.
Allowed regions are a little bit smaller, because 2-loop
corrections make gauge coupling constants larger, so
perturbativity constraints are stronger.

* Presented methods can be used beyond minimal Z’ models
unless there are 3 or more U(1)’s at the same range of
scales.




References

Minimal Z-prime models: Present bounds and early LHC reach.

Ennio Salvioni, (Padua U. INFN, Padua) , Giovanni Villadoro, (CERN) , Fabio Zwirner, (Padua U. INFN,
Padua) . CERN-PH-TH-2009-160, DFPD-09-TH-17, Sep 2009. 25pp. Published in JHEP 0911:068,200.
e-Print: arXiv:0909.1320 [hep-ph]

Gauge Coupling Renormalization With Several U(1) Factors.
F. del Aguila, G.D. Coughlan, (Barcelona, Autonoma U.), M. Quiros, (Madrid, Inst. Estructura Materia).
UAB-FT-180/88, Feb 1988. 24pp. Published in Nucl.Phys.B307:633,1988, Erratum-ibid.B312:751,1989.

Fermion Masses in SO(10) Models.
Anjan S. Joshipura, Ketan M. Patel (Ahmedabad, Phys. Res. Lab). Feb 2011. 31 pp. Published in
Phys.Rev. D83 (2011) 095002 e-Print: arXiv:1102.5148 [hep-ph]

Intermediate mass scales in the non-supersymmetric SO(10) grand unification: A Reappraisal.

Stefano Bertolini, Luca Di Luzio (INFN, Trieste and SISSA, Trieste), Michal Malinsky (Royal Inst. Tech.,
Stockholm). Mar 2009. 22 pp. Published in Phys.Rev. D80 (2009) 015013

e-Print: arXiv:0903.4049 [hep-ph]

C. Amsler et al. (Particle Data Group), Physics Letters B667, 1 (2008)

I
¥



Backup 1: Gauge boson redefinitions
{W??’ A§1 ? Agfz}

rotation O, - to obtain Go; = 0

(standard parametrization)

{wy, By, 2}

Weinberg rotation (fy ) - as in SM
{A“ 7, ZO“,}

diagonalisation of squared mass matrix M%O 2 (0"

' ;! 1,2 2 1.2 /
{AM A A u} M2 . — { 5Vn9z 2 Vp9Z9p_ L )
’ 0 Zo _%U%QZQE_L %U%{gg—L +2((B - L)X) UigJQB—L
Ma, <1-10718 eV

MZ — 91.1876 £ 0.0021 GeV ﬂfgr ="
|Amsler et al. 08|




ackup 2: Symmetry breaking — higgs fields

Names Groups and possible higgses Scales
Initial group S0(10) o — Mp
Possible higgses ' 45 54, 210 Lo
Possible SU3)® | SUMA)e SU(4)%
intermediate SU(5)E SU(2) & SU(2) @ [y — [
(maximal little) U(l)g SU(2)r
groups U(l)p—L
Possible | 115, 145, 15,1, 3210
higgses 24510.75210 115, 1]210 | ([15,1,1] 4+ [1,1,3])45 1
X5 generators R, B-1L
7’ group SU(3). & SU(2), & U(1)? fo —
Possible [1, 1] Irj,[]_, ].]]—{) []_, 1]]35,[1, 1]@, Mo
higgSE'S []_, 1]144, L ]mJL 1]5505[15 l]m
SM group SU2), e U(Q1)y Mz — o
Possible hlggSES Il 2] ][],J[]_._. 2]12[},[1, 2]@,[1, 3]m Jf?
Final group SU(3). & U(1)Ewm < My

- chosen Higgs fields

In many SO(10) models 126 = 126




Backup 3: RGE’s for gauge coupli\hégconsta nts

RGE’s for non-abelian gauge couplings:

d — 1 3 1—loop do
d 1 d 11
1 [oop “ f A - s oA o
B Z (deS ) HE Zs: (dsA52 (8)) 3
RGE’s for abelian gauge couplings:
d 1
et 1—loop . P vP
udﬂ/ Gab (471')2 GachdbdeGeb (bde)SUSYp = E (dq)Xd Xe )

P

pi-toop . 2 Z (dXIXT) + = Z (ds X5X3)
f
Can we find analytic 1-loop solutlons not, only for g4, but also for G, 7



Backup 4: Analytic 1- Ioopggui'a{ions

For g4 we can define g := flA and obtain a solution:
b
—1 —1 A 1
= A (A
ay (1) =, (p2) o n( 2)

Let’s define h := (GG*)~1
h is O-invariant (but not L-invariant)

hav = Larphpa LY,

Then one can obtain:

ba
hav (1) = hap(p2) — 87:'2 n (&)

2

|Salvioni, Villadoro, Zwirner ’09|




Backup 5: h matrices

i ] _9B-1 1 i
. g'? g—r 9'*
hYB L(ﬂ-g) = gr /
a4 9p-r 1 1 (QE—L) 1
(standard parametrization) | g5, 927 4%, g-1) 9% _
|Salvioni, Villadoro, Zwirner '09|
S . X
a b ac bd
5 + = + =5
hY B—L( ) o LhX;LXg( )LT o 9%, 9%{2 5'2;{1 9%,
H1) = H1 o ac bd c* d*
2 —|_ 2 2 —I_ 2
| 9%, IX, 9% Ix5

where L:{i 3]

Moreover G*%2(u;)

I
1
N
S X
o
| I
N
o
=~
s
=
bJ
/—-\
=
S’
I
1
Q
OHN =
- o
| I |



! Backup 6: Treshold corrections below 1 M1 > My

| 812 hl?
-~
hfl 1 \ h'zg
)
/ . . \
—1 |
/ ﬂfgg ﬂrfﬂ ﬂf;;

M M 7 Mqq Mz



! Backup 7: Treshold corrections below #1 M1 < Mz

hf]] ‘\h- hzg
8 3‘\
—1 g "
/}.———_’

ﬂ’fz ﬂ"’f]_l .Pl’fz.-'



I Backup 8: Constraints from LEP || EWPT

§B—L 10

0.8
0.6/
0.4}

0.2

0.0!
~1.0 ~0.5 0.0 ~ 05
9B—1.

Salvioni, Villadoro, Zwirner 09|

from inner to outer bound: Mz € {0.2, 0.5, 1, 1.5, 2, 2.5, 3} TeV



Backup 9: Latest constra ints from ATLAS

o = | | | | ]
o = - -
- L ATLAS PIFE“I"I'III'IET}I’ .-~ Expected limit |
o = \s=7TeV W Expected+ 16 =
- Z =l Expected+ 26 4
) — Observed limit |
107 - E
- w— L e =
—n
10° — % =
- B\ g
107 5
gee:J Ldt=4.9f" 3
:|.l|.l:J- Ldt=5.0fb" .

1{]-\4 ] 1 1 | [} 1 [ ] I 1 ] 1 1 I 1 [ 1 I | 1 [} 1 1
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m [TeV]

95% C.L. exclusion [ATLAS-CONF-2012-007, 1 March 2012



ackup 10: Latest constraints from ATLAS
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! Backup 11: Model 1

Higgs sector: 210y + 54y + 1265 + 1265 + 105 of SO(10)

SO(10) 2 SUB)dU(1)x g g, Group —% SM Group —- Final Group

p1 < Moioy, Msay, Misey, Misg,, < Ho

M[3,1]10H)M[§’1] 7M2454H ~ U1

IOH

Exception: M, < pq

X+/_ — []‘7 1]126H/126H - 11261{/%}—[

10 TeV Z, MMSSM—SMjMI/RaMX Z 1 TeV



Backup 12: Model 1 — with treshold corrections

- EE—1L
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! Backup 13: Model )

Higgs sector: 45y + 455 + 126 + 1265 + 10y of SO(10)

[1,1,3]45 5

SO(10) 25 SU(3), & SU(2), ® SUR)rdU(1)p_r, -7 7' G. =45 SM G. -5 F. G.

p1 < Masy, Masy, Mizey, Migg,, s M3 11000, M3,1,1),,,, = Ho
M 1 3

45H ! M[1’1’3]126H/ﬁ6H ~ Ml

Exception: M, < p
X+/— — [1? 1]126[{/%[—1 C []‘? 173]126}1/%[—1

10 TeV 2 MMSSM—SMjMURjMX Z 1 TeV



Kup 14: Mode
P :
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unification without treshold corrections
1-loop unification at w1 and pg is exact.



ackup 15: Experimental constraints

on Model 1
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ackup 16: Experimental constraints on Model 2
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