Supersymmetric contributions to Z’ decays
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Searches for heavy gauge bosons Z' among the main objectives of LHC
GUT-inspired U(1)’, Kaluza—Klein gravitons, Sequential Standard Model
LHC analyses focus on SM decays, e.g. high-mass dilepton resonances
CMS: L=5fb~! (ete”) and L=53 b~ (uTp™), V/s=T7TeV

m(Zsgy) > 2.33 TeV , m(Z5yr) > 2.00 TeV, m(Zj) > 1.81 —2.14 TeV
ATLAS: £=59fb~! (ete™) and L=6.1 b~ (uTp™), /s =8 TeV

m(Zsgy) > 2.49 TeV , m(Z5yr) >2.09-2.24 TeV

In BSM analyses, why not BSM 7’ decays, e.g. both SM and MSSM modes

Z' constrains invariant masses; unexplored phase space; monojet events

Lower SM branching ratios with BSM decays = lower Z’ mass exclusion limits
T. Gherghetta et al., PRD57 (1998) 3178: pioneering work on Z’ decays in the MSSM
for mz = 700 GeV and one point in the parameter space

J. Kang and P. Langacker, PRD71 (2005) 035014: exotic modes vs LHC limits
M. Baumgart et al., JHEP 0711 (2007) 084: U(1)5_; and Z’ slepton decays
C.-F. Chang et al., JHEP09 (2011) 058: 2 sets of MSSM parameters and m z=1-2 TeV



U(1)’ gauge groups in GUT-inspired models:

E¢ — SO(10) x U(1);, , SO(10) — SU(5) x U(1)}

Z'(0) = Zycos — Z sinf
E¢ — SM x U(1),, 6 = arccos+/5/8 = Z,

Orthogonal combination to Z: 6 = arccos\/5/8 — /2 = Z
Secluded model (singlet S): 0 = arctan(y/15/9) — 7/2 = Z§
Representations of Eg, SO(10) and SU(5):

E¢ @ 27=(Q,u% e L,d°v°, H, D H°, D, S,

SU(5) : 10 = (Q,u%,e%),5 = (L,d°),1 = (v°),5=(H,D,5=(H" D), 1= (5
‘Conventional” SO(10) : 16 = (Q,u", e L,d° v°) , 10 = (H,D, H°, D), 1 = (5°)

‘Unconventional” SO(10) : 16 = (Q,u°, e, H, D v°),10 = (L,d°, H°, D) , 1 = (S°)

From conventional to unconventional SO(10) (Nardi—-Rizzo '94): 6 — 6 + arctan /15



U(1)’ coupling and charges in the conventional assignments:

2v/10 Q, | 2v6 Qy | 2/15 Q,,

Q| 1 2

u° -1 1 2

Model 0 d* 3 ! -1

Z;( —7'('/2 L 3 1 -1

/ ec -1 1 2
Z 0 c

Z, arccos 1/5/8 E _g 12 51

Z" arccos y/5/8 — /2 e 5 D 4

Z'y arctan /15 — /2 ge 0 4 5

Z, | arctan(y/15/9) — 7 /2 D 2 2 _4

De -2 -2 -1

g = \/g g1 ; Q(P) = Qip(q)) cos @ — Q;((CI)) sin 6
Q= (u d, L=(e ve)r, D:(s)quarks, H : (s)leptons, S : singlet

Assumption: D and H are exotic quarks and leptons much heavier than the 7’
Z 7' mixing is also neglected (J.Erler et al., JHEP0O: sinf,, ~ 1073-107%)



Minimal Supersymmetric Standard Model and U(1)’

The extra Z’ requires a singlet Higgs to break U(1)’ and get mass

& o1
¢1:(¢§),¢2:(¢§),¢3:¢§ Q= Q@)

Higgs sector after EWSB: h, H, A, H* (MSSM) and a new scalar H’
Three vacuum expectation values v; = v/2 (¢¥) v < vy <w3z tanf = va/vy
Gauginos: new Z' and H’ lead to two new neutralinos, i.e. %J,... %Y
Chargino sector is unchanged, as the Z’ is neutral

New Z’ decay modes besides the SM ones:

Z'— §q, 00, oo, X9, XToX1o ZH, Zh, ZA, HTH~, hA, HA, WW

Tree-level gaugino masses are obtained after diagonalizing the mass matrices in
terms of the MSSM parameters M, My, M’ tan 3, Ay, p



Sfermion masses get D- and F-term corrections (1 soft mass at the Z' scale):
oW

0

. 1
V(¢,¢") = F"Fi+ DDy, D* = —g"(¢"T"¢) , Fi =

First contribution to D-term (electroweak symmetry breaking):

AMZ = (T3.497 — Yag3)(vi — v3) = (T3,4 — Qq sin® Oy )m?% cos 23

Second contribution driven by the new U(1)’ symmetry:

g7
Am/? = TQQ(Q/{U% + Q4v;3 + Q3v3)

e ((M{L>2 (M{R>2>
f f 2 Y
(Mig)” (Mgg)

i \2 0 \2 2 L2 2 -
(M) = (mﬂL) + m;, + <§ — §$w> m7y cos2B3 4+ Am uL
(MQ1 )2 = ('mQ )2—|—fm2 + 1 g:p m> COSQB+A~,2

RR upR U 2 3 w Z upR
(MELR)2 = my (Ay — pcotB).

Contributions ~ m? and mixing are inherited by the F-term
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Representative Point: My =3 TeV , 6 =60 = arccos \/% _r

2
p =200, tanf =20, Ag= Ay = Ay =500 GeV
O ;0 — % —m? =8 — - =
Mg, = Mg, = mEL = meR =My, = Mpp = 2.5 TeV

M; = 100 GeV , My = 200 GeV , M' =1 TeV

My Mg mg mg, my my, My Mo
2499.4  2499.v  2500.7 1323.1 3279.0 2500.4 3278.1 3279.1
94.6 156.5 212.2 260.9 2541.4 35414 154.8 262.1
my, m ™My m gy M 7+
90.7 1190.7  1190.7  3000.0 1193.4
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Dependence of neutralino and chargino spectra on MSSM parameters
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Comparison with ISAJET: good agreement for Representative Point
Model m_ m_ m_ m_ m m m m m _ m _

X9 % %3 x4 h H A H+ XI—L xét
U(1)'/MSSM 04.6 156.6 2122  261.0 90.7 1190.0 1190.0 1190.0 155.0 263.0
MSSM 91.3 1522 210.2  266.7 114.1 1190.0 1197.9 1200.7 147.5 266.8




Lagrangian for Z’ coupling with fermions

Li=g (v —apys)fZ,

= [Q' (1) + @ Ur)| = 5 [(QU(FL) + Qu(fr) cos b — (Q4(fL) + Q4 (Fr)) sin 6]

l\)lr—\ I_\DlH
I
N | - I_\D|H

=~ [Q'(f1) = @ Un)| = = [(Q(FL) — QY(fR)) cos & — (Q4(fL) — Q) (fR)) sin 0]

Z' rate into fermions:
2 2 2
g my ; U m
Iz — C / 14+ 2 1—4 1—4
(2= [1) = Crygzm2 [Uf< i mz,> +af< m2, my,

Lagrangian for Z’ coupling with sfermions

Li=g'(vp+ap)lff r(0ufr.r) — (Oufi r)fL.RIZ™
7' rate into sfermions:

/ r r 9,2 2 m? v
(Z" = fLrfLR) = Cf487rm2'(vf *ap)’|1- 4m22/

Zero rates into sfermions if v = *ay, e.g. Z4 and Z/ couplings to frf;




Branching ratios in the Representative Point

Final state | BR (%) || Final State | BR (%)
U U 0.00 YOy 0.07
% dd, | 4067 §§§§ 0.43
S 0re | 1356 XX 0.71
S Vil 27.11 Xix4 0.27

>, @i | 0.00 Xixs | ~107°
> dids | 9.58 e 0.65
> il 0.00 ngg 2.13
it | 0.00 YOX 0.80
hA ~ 1073 I 1.31

HA 0.51 Xaxo ~ 1070
ZH ~ 1073 XXy 0.25
ZH' 0.00 XEXT 1.95
H'A 0.00 X 0.54
WEHF | ~1073 EXT 1.76




Branching ratios as a function of the U(1)’
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Z' decays into final states with leptons

Z/

=

X

X




Branching ratios into SM and BSM particles varying the Z’' and slepton masses
p=200, tan 8 =20, Ay, = Ay = 500 GeV , mg:5Tev, Mq = 150 GeV , My = 300 GeV , M’ =1 TeV

Zy, (6 ~ 0.66):

mg | m; | Bgg  Bw  Buw  Bww Bzm Bt~ Booco Byyr | Bsm | Basm
1.0 0.8 39.45 524  27.26 3.01 2.91 4.92 38.64 8.54 71.96 28.04
1.0 0.9 | 43.14 573 29.81 3.30 3.18 5.38 9.45 0.00 78.68 21.32
2.0 1.5 3797 491 2554 2.66 2.64 5.33 10.33 10.61 | 68.42 31.58
20 | 1.8 | 4247 549 2857 298 295 5.96 1156  0.00 | 76.54 | 23.46
30 | 22 | 3760 484 2517 259 259 5.38 1061 11.14 | 67.60 | 32.40
3.0 2.6 4231 545  28.32 2.92 2.91 6.06 11.94 0.00 76.08 23.92
4.0 2.9 37.41 481  25.00 2.56 2.56 5.39 10.70 11.38 | 67.22 32.78
4.0 3.5 4222 543 2821 2.89 2.89 6.08 12.07 0.00 75.85 24.15

my | m; | Bgg  Bpe Buw Bww  Bzg  Biio— Brogo Bppx By | Bsm | Brsw
1.0 0.4 48.16 8.26  8.26 3.00 2.89 9.13 16.53 1.91 1.90 64.69 35.31
1.0 0.7 50.07 8.59  8.59 3.08 2.99 9.49 17.18 0.00 0.00 67.25 32.75
2.0 0.8 46.30 777 7.77 2.62 2.62 9.92 19.37 1.80 1.80 61.85 38.15
2.0 1.3 48.03 8.06 8.06 2.72 2.72 10.29 20.10 0.00 0.00 64.16 35.84
3.0 1.1 4535 7.58 7.58 2.53 2.54 9.92 19.63 1.86 1.86 60.51 39.49
3.0 1.9 4710 7.88  7.88 2.62 2.64 10.30 20.39 0.00 0.00 62.85 37.15
4.0 1.5 4460 7.45 7.45 2.47 2.49 9.82 19.53 1.80 1.80 59.49 40.51
4.0 2.5 46.26 772 7.72 2.56 2.58 10.19 20.26 0.00 0.00 61.71 38.29
5.0 1.8 4416 737  T1.37 2.44 2.46 9.76 19.44 1.82 1.82 58.89 41.11

5.0 3.1 4583 7.65 7.65 2.53 2.55 10.13 20.18 0.00 0.00 61.12 38.88




Z' (0 ~ —0.25):

0

my | mj; | Bgg Bee  Buw Bww Bzm  Boiro— Boogo By | Bsm | Besm

1.0 04 | 4951 11.98 959  1.71 1.68 8.71 1578  1.04 | 71.08 | 28.92

1.0 0.6 | 50.03 1211 9.69  1.73 1.69 8.80 1594  0.00 | 71.83 | 28.17

2.0 07 | 4750 11.36 9.08  1.53 1.54 9.44 1846  1.08 | 67.94 | 32.06

2.0 12 | 48.02 1148 918 154 155 9.55 18.66  0.00 | 68.68 | 31.32

3.0 1.0 | 46.43 1130 8.86  1.47 1.49 0.43 18.66  1.08 | 66.36 | 33.64

3.0 18 | 46.94 1120 896  1.49 1.50 9.53 18.86  0.00 | 67.09 | 32.91

4.0 13 | 4542 1083 8.66  1.43 1.45 9.29 18.47  1.07 | 64.91 | 35.09

4.0 24 | 4591 10.94 875  1.45 1.47 9.39 18.67  0.00 | 65.61 | 34.39

5.0 16 | 4490 1070 856  1.41 1.43 9.21 1835  1.06 | 64.15 | 3585

5.0 31 | 4538 10.81 8.65  1.43 1.45 9.31 1855  0.00 | 64.84 | 35.16
Z7 (6 ~ —0.91) :
myi m% Bqg Buv  Bpyt+pg- Bw Bra Bity—  Bjogo | Bsm | Beswm
1.0 1.0 | 4406 1469 29.37 0.00 O(107°%) 010 % 4.31 758 | 88.11 | 11.89
1.5 1.0 | 4339 1446 28.93 0.00 O(107%)  0(107%) 4.56 8.65 | 86.78 | 13.22
2.0 1.0 | 43.16 1438 28.77 0.00 O(107%) 01079 4.65 9.03 | 86.31 | 13.69
2.5 1.0 | 4299 1433  28.66 0.06 O(1079) 0.07 4.68 9.19 | 85.98 | 14.02
3.0 1.0 | 4253 14.18 28.36 0.53 O(1079) 0.53 4.66 9.20 | 85.07 | 14.93
35 1.0 | 42.16 14.05 28.11 0.91 O(1073) 0.92 4.64 9.19 | 84.33 | 15.67
4.0 1.0 | 4190 13.96 27.93 1.20 O(1073) 1.21 4.62 9.17 | 83.79 | 16.21
45 1.0 | 4170 13.90 27.80 1.40 O(1079) 1.41 4.61 9.16 | 83.40 | 16.60
5.0 1.0 | 4156 1385 27.71 1.56 0.01 1.57 4.60 9.15 | 83.12 | 16.88




Z& (0 ~ —1.16) :

mgi mg Bqg By Buv  Bww Bzm  Boii— Brogo B Bggr | Bsm | Besm
1.0 0.2 42.29 13.70 34.57 0.15 0.14 3.33 5.75 0.07 0.00 90.56 9.44
2.0 0.2 41.67 13.48 34.02 0.14 0.14 3.57 6.90 0.08 0.00 89.17 10.82
3.0 0.2 41.25 13.34 33.66 0.14 0.14 3.58 7.06 0.08 0.00 88.25 11.75
4.0 0.2 40.81 13.20 33.30 0.14 0.14 3.56 7.07 0.08 0.00 87.30 12.70
5.0 0.2 37.34 12.07 30.46 0.13 0.13 3.27 6.50 0.07 7.97 79.87 20.12
/ - .
Z (0 ~ —1.57):
(unphysical sfermion spectrum)
my | Bgg By B, Bww Bpiy— Bzpm Bra Bsm | BBswm
10 | 4435 1244 4229  0.90 0.00 0.02  ©O(10 3) | 99.08 | 0.92
2.0 44.32 12.34 41.96 0.84 0.00 0.28 0.26 98.62 1.38
3.0 44.03 12.24 41.63 0.82 0.24 0.53 0.52 97.89 2.11
4.0 43.84 12.18 41.43 0.82 0.46 0.64 0.63 97.45 2.55
5.0 43.74 12.15 41.33 0.81 0.58 0.70 0.69 97.22 2.78




/ :
SSM -

g’ = g2/(2cos by)

0

my | m; | Bg By By Bww Bpm Bzp Bpa B+ Bo By By | Bsy | Bpsm
1.0 0.1 29.6 3.9 7.7 5.6 0.0 0.0 0.0 18.3 29.3 1.9 3.8 41.2 58.8
1.0 0.5 314 4.1 8.2 59 0.0 0.0 0.0 19.4 31.1 0.0 0.0 43.6 56.4
1.5 0.1 27.4 3.5 7.0 4.9 0.9 0.9 0.8 17.8 32.5 1.7 3.5 37.9 62.1
1.5 0.7 28.9 3.7 7.4 5.1 0.0 0.9 0.8 18.8 34.3 0.0 0.0 40.0 60.0
2.0 0.1 26.2 34 6.7 4.6 0.0 1.9 1.8 17.4 33.0 1.7 3.3 36.3 63.7
2.0 1.0 27.6 3.5 7.0 4.8 0.0 2.0 1.9 18.3 34.7 0.0 0.0 38.2 61.8
2.5 0.1 25.4 3.3 6.5 4.4 0.9 2.6 2.5 16.9 32.8 1.6 3.2 35.1 064.9
2.5 1.2 26.6 3.4 6.8 4.6 0.9 2.7 2.7 17.8 34.4 0.0 0.0 36.8 63.2
3.0 0.1 24.8 3.2 6.3 4.2 1.7 3.0 2.9 16.6 32.5 1.6 3.1 34.3 65.7
3.0 1.5 26.0 1.7 6.6 4.5 1.8 3.1 3.1 17.4 34.1 0.0 0.0 36.0 64.0
3.5 0.1 24.4 3.1 6.2 4.2 2.3 3.2 3.2 16.4 32.3 1.6 3.1 33.7 66.2
3.5 1.7 25.6 1.4 6.5 4.4 2.4 3.4 3.3 17.2 33.9 0.0 0.0 35.4 04.6
4.0 0.1 24.2 3.1 6.1 4.1 2.6 3.4 3.4 16.3 32.2 1.5 3.1 33.4 066.6
4.0 2.0 25.3 1.2 6.4 4.3 2.8 3.6 3.5 17.1 33.7 0.0 0.0 35.0 65.0
4.5 0.1 24.0 3.1 6.1 4.1 2.9 3.5 3.5 16.2 32.1 1.5 3.0 33.2 06.8
4.5 2.2 25.1 1.1 6.4 4.3 3.0 3.7 3.7 17.0 33.6 0.0 0.0 34.8 65.2
5.0 0.1 23.9 3.0 6.1 4.1 3.1 3.6 3.6 16.1 32.0 1.5 3.0 33.0 67.0
5.0 2.5 25.0 1.0 6.4 4.2 3.3 3.8 3.7 16.9 33.5 0.0 0.0 34.6 65.4




Dependence of branching ratios on 7’ and slepton masses
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Production cross sections in pp collisions ¢g — Z’, LO pdf CTEQ6L
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Expected event numbers (narrow width approximation):
olpp = Z' — fifs) ~o(pp — Z') x BR(Z' — f1f2) ; N= Lo

(Do) + N(xTx ™) + N(x’X?)

Charged-slepton events: N, = N(0+07)

Cascade events: N ... =

J/s=8TeV £ =201 Vs=14TeV £ =100 fb~!

Model | m s (TeV) | Ncasc Slep Moslel m o, (TeV) Neasc Nalep
Z, 15 523 - Z?/7 1.5 13650 _
Z, 2.0 55 - 237 2.0 2344 _
Zy, 1.5 599 36 Zy, 15 10241 | 622
Zy, 2.0 73 4 Z,, 2.0 2784 162
Zx 1.5 200 17 21:\1 1.5 9970 | 414
Zx 2.0 70 3 Z1>I 2.0 2705 104
Z7 15 317 _ Z{ 15 8507 ~
Z7 2.0 50 _ Z / 2.0 2230 _
Z 15 30 - Z§ 15 8242 65
Zg 2.0 46 - Zg 2.0 2146 16

ZaaM 15 2968 95 Z§SM 15 775715 | 24774

Zssm 2.0 462 12 Zism 2.0 19570 | 606




Product o x BR to obtain the 7’ mass exclusion limits

BR = BR(u"p™) + BR(e*
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Left: ATLAS Electrons: E > 35 GeV, AR < 0.2, |n| < 2.5 Muons: E > 24 GeV, AR < 0.3, |n| < 2.4
Right: CMS Electrons: E > 35 GeV, AR < 0.3, || < 1.44 Muons: Ep > 45 GeV, AR < 0.3, |n| < 2.5

Intersection of 10 and 20 bands with the theory curves yields the exclusion limits

CMS: R, = (o

BR)z/ /(o

BR),



Impact of BSM decays on the ¢BR product
G.C., arXiv:1207.5424, Proceedings of Blois2012

o BR (pb)

my(TeV)
Solid: SM+BSM decays ; Dashes: only SM decays
Black: Z&qy; Blue: Z?’7; Red: Z7; Magenta: Z{b
Impact of inclusion of SUSY decays: Zgg; 60%; Z,: 30% ; Zj: 13% ; Z,: 40%



Conclusions and outlook

Novel investigation on 7’ phenomenology in supersymmetry at the LHC
BSM modes decrease SM rates; the Z’ constrains sparticle invariant masses

Marrying U(1)’ and MSSM: two extra neutralinos, one new neutral scalar Higgs,
extra D-term contribution to sfermion masses

Studies of mass spectra, Z’ branching ratios and production cross sections for a
reference point in the parameter space

BSM branching ratios 10-30% for U(1)’ groups and up to 60% for SSM

Up to O(10°) supersymmetric events with sleptons and gauginos in the high-
luminosity phase of the LHC, especially for SSM

In progress:

Implementation of the U(1)’/MSSM models in HERWIG: parton showers, 7’
width effects, hadronization and acceptance cuts on jets and leptons

Background estimation (ALPGEN)
Interplay of SUSY /exotics LHC groups to choose SUSY /U(1)’ points

Revisiting the limits on the Z’ mass



