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The u problem and singlet extensions

* The u problem Need p~ 0.1 —1 TeV
Warssm = YuQpHuiig — Yy Qp-Hydg —Ye E-Hydg — pHyHy
* Add SM-gauge singlet
W =Y,QrHyup—Y, Q- Hydp—Ye E-Hydp—)\SH, H,

effective u—term

Superfield | SU3)c | SUR2)r | Uy | U(1)pg Global Peccei-Quinn
Qi 3 2 L ~1 symmetry
U; 3 1 —% 0 ~ P~
d; 3 1 % 0 v, — Qi W,
. _1 _
Ls 1 2 2 ! S — (S) = pressrHoHy .
Z; 1 1 1 0
H, 1 2 1 1 and breaks U(1)pg
& 1
Ha 1 2 e ! massless
5 ! ! 0 2 axion!
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models
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/' mass limits

Already have strong
limits on the Z’ mass,

e.g.

[ATLAS Collaboration]
arXiv:1405.4123 [hep-ex]
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TABLE VII. Observed and expected lower mass limits for Z’

and Z* bosons, using the corresponding signal template for a

given model.

Model | Width |Observed Limit [ Expected Limit
%] TeV] TeV]
Zisu | 3.0 2.90 2.87
Z 1.2 2.62 2.60
Z’ 0.5 2.51 2.46
Z* 3.4 2.85 2.82
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http://arxiv.org/abs/1405.4123

/' mass limits

Alrea dy have Strong TABLE VII. Observed and expected lower mass limits for 2’
o , and Z* bosons, using the corresponding signal template for a
limits on the Z’ mass, given model.

e.g.

Model [ Width |[Observed Limit |Expected Limit
[ATLAS Collaboration] (%] [TeV] [TeV]
arXiv:1405.4123 [hep-ex] Zisvu | 3.0 2.90 2.87
Z\ 1.2 2.62 2.60
Z, 0.5 2.51 2.46
z* 3.4 2.85 2.82
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Stop limits

-CMS Preliminary — Obaarvad
e.g. [CMS collaboration] PAS-SUS-14-011 Vs=8TeV - Expected

"ICHEP 2014
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http://cms-physics.web.cern.ch/cms-physics/public/SUS-14-011-pas.pdf
http://cms-physics.web.cern.ch/cms-physics/public/SUS-14-011-pas.pdf
http://cms-physics.web.cern.ch/cms-physics/public/SUS-14-011-pas.pdf
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http://cms-physics.web.cern.ch/cms-physics/public/SUS-14-011-pas.pdf
http://cms-physics.web.cern.ch/cms-physics/public/SUS-14-011-pas.pdf
http://cms-physics.web.cern.ch/cms-physics/public/SUS-14-011-pas.pdf
http://arxiv.org/abs/1405.4123
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Rigid structure

U(1) models link SUSY and
EWSB scales with Z" mass
Vs ~m3S* + ¢g1Q%S5* gives large fine tuning
Mg ~< § > (S)~|mg

see also talk by Dylan Harries
Impact on Mass Spectra

@red EWSB

« D-terms in sfermion masses Mm% ~ m? + m% + A; + mixing

A S

e RGE effects Soft mass fermion Aux.D term
[ ' tributi
( with exotic matter) mass  contribution

Z’ mass sets scale for sfermions and non-SM like Higgs states
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A simple idea
Can we avoid this rigid structure in U(1) extensions?{

Pure gauge singlet

~~

Simple mechanism: keep \SH,H; but add ¢, S

= Ve = mZlSIZ +m2[S|? + m2|o|? SM singlet
§ 5151 S| l ¢l¢| U(1)’ charge = —Qg
2 7’2
_|_Q591 (‘5‘2 . ‘5‘2)2 . R}Jnavyay D-flat
2 direction
(m?g—km%) <0 —— (S)=(S) = o0

But F-terms from Wq = 0(b5§ stabalise the potential

——> (9) ~ (S) = (5) ~ & /Im +m2|

g

small c = Mz > Mgy
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A simple idea

Is there a new signature associated with this mechanism?J

Ws = 0SS Issimple but ¢ has more renormalisable interactions

Very similar to the NMSSM because we added pure gauge singlet
— Wsinglets — AS(Hqu) - O'@Sg + %qu + %¢2 + A¢

PQ -symmetric PQ- breaking

—>  Asin the NMSSM small breaking of the PQ symmetry
—> \Very light pseudoscalar
= non-standard Higgs decays h — a1a1

Signature can appear with Higgsino LSP



USSM Chiral Superfield Content

[M. Cvetic, D.A. Demir, J.R. Espinosa, L. Everett, P. Langacker ]

Supermultiplet spin 0 spin 1/2 | SU3)¢ | SU2) | U(1)y | U(1)
Qi (G dp)i | (up dip); 3 2 5 Qo
U; Up; “TR?: 3 1 _§ Q.
d; Ri djrm‘ 3 ! % Q4
Li (ﬁ EL)z (U EL)i 1 2 —% QTL
e s eh 1 1 1 Q.
1, (H HY) | (HF HY) |1 2 | 43 | Qn,
H, (Hy Hy) | (Hy Hy) 1 2 -3 | @,
g S 5 1 1 0 |

WUSSM — YUQLHuUR_Yd QL'Hd dR_Ye EHd dR—)\SHqu

T

M
Problem: to avoid gauge anomalies Z Qg(l) = () etc o

1

Charges not specified in the definition of the USSM



E. inpsired models Chiral Superfield Content

[King, Moretti, Nevzorov, PRD 73, 0305009]

Supermultiplet spin 0 spin 1/2 | SUB)c | SU2), | U(l)y | U(1)N
Q; (L dp)s (ur, dr)i 3 2 2 1
u; s uly., 3 1 -2 1
d; d,, dt,. 3 1 1 2
L; (v €r); (v er); 1 2 —3 2
€ G el . 1 1 1 1
N, N7 N}, 1 1 0 0
Hs; (HF, HY,) | (Hf, HY,) 1 2 +3 —2
Hy; (Hy Hy,) | (H); Hy) | 1 2 -3 | -3
S S, S, 1 1 0 5
D, D, D, 3 1 -1 —9
D, D, D, 3 1 Lo 3

Complete E6 multiplets of matter
= anomalies are automatically cancelled!
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E6 inspired model
* Take concrete example:

E6SSM variant with an exact custodial symmetry
[R. Nevzorov PRD 87, 015029]

* Add extra singlets for mechanism
Superpotential

W = AS(H,H,) — 0SS + gqﬁ?’ + gqb? + A

FAapS(HEHY) + ki S(D;D;) + finSi(HYH,) + fioSi(HaHY)

+9;7(QiLa)Dj + hineS(HaLy) + prLaLy + 6¢LsLy + Wilsenr
Gauge group

Extra U(1) from E6
breakdown

SUB)xSUR) xU(1l)y xU(1)y
tan6 = V15 U(1l)y =cosOU(1)y +sin0U(1),

Eg — SO(10) x U(1),
L sU(s) x U(1),
SU(?))O X SU(Q)W X U(l)y



E6 inspired model

At low energies many new states in addition to Z’

* Exotic colored states from SU(3) triplets

Higgs signature is observed could indicate exotic matter nearby
Detection of exotic matter helps distinguish from NMSSM

e Extra weakly interacting matter SU(2) states
Extra Higgs-like and neutralino-like sectors decoupled
from the Higgs and neutralino states
Two dark matter candidates
* Enlarged Higgs and neutralino sectors
5 EWSB conditions to solve
5 CP even Higgs states

3 CP odd Higgs states
8 neutralinos



Model chosen because it is: very elegant at the GUT scale
extremely well motivated

But many states, masses and mixings at low energies
—> complicated expressions even at tree level.

* Five EWSB conditions, e.g.

oV AA Ao 22 g°
T = m3 v, — Wslvg + 5 V252¢ + — 5 (v + s3)vy + T vi — v |u +
2/ . - - DAV
+ % (QHC;'U% + Qu,vs + Qs(s7 — 52)>QHdU1 + 90, =0,
oV AA Ao \? g°
Ton — mgvg — 7 s1v1 + 71)15290 -+ ?(v% -+ S%)’Ug + r fug - fuf Vo +

OAV

921 (QHd’Ul + Qu,vs + Qs(s? — 32)>QH v + o 0,
U2
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Model chosen because it is: very elegant at the GUT scale
extremely well motivated

But many states, masses and mixings at low energies

—> complicated expressions even at tree level.

* Tree level expressions found by hand for understanding /intuition

* Checked with FlexibleSUSY/SARAH for certainty.

(see talk by Alexander Voigt)

* Full one-loop Self energies and tadpoles obtained with
FlexibleSUSY/SARAH

* Leading two-loop corrections for NMSSM-like CP even and CP
odd Higgs states with FlexibleSUSY using files of P. Slavich



Pseudoscalar decay rate

* For our signature we really need:

EhlAlAl = —GhlAlAl F(hl — A1A1) =

The full expression for
coupling G is a page long!




Pseudoscalar decay rate
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* For our signature we really need
EhlAlAl



Pseudoscalar decay rate
BM1 Sub-Tev Higgs and gauginos

— 1000
>
(0]
Q g00
(%)
k = 0.03 @ 800
=
o = 0.1 700
A — 0.1 aO0 |
A, = 1013GeV 500 |
A, = 1200 GeV _
Ay = 600GeV A g =420 Ge¥
m), = 2956GeV 300
200 +
mp, = 126 GeV
100 ma, = 35 GeV
_ 0 L— - ' ' '
G = -127GeV hh An Hpm Chi Cha
Ryzn, = —0.998
Rzan, = —0.0002 m%, = 827000 (GeV)? m% = —2.4-10°(GeV)?
BR(hy — A1A;) = 0.0935 2 7100 (GeV)? 2"‘_13 105 (GeV)2
T(hy — A1A)) = 0.00042 GeV ms = 7 107(GeV)" mg =1.3- 107 (GeV)

2 2
Tiotar = 0.0045 GeV myg = 61500 (Ge\/)
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Conclusions
e Usual U(1) extended SUSY models have very rigid structure
* Limits on Z’ mass imply large fine tuning
* There is a mechanism to split Z' from SUSY breaking scale
* Removes tension between Z" and EW scales

(may help with naturalness)

* Adding this mechanism to U(1) extensions allows a new
Non-standard Higgs decay:
58 Y h — a1a1q

e Same signature as in NMSSM but with Higgsino LSP
* Observation in Higgs sector may indicate more new physics nearby

* Exotic matter needed to cancel anomalies can distinguish from
NMSSM
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