7' production at the LHC in an extended MSSM
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Searches for heavy gauge bosons Z' among the main objectives of LHC

Sequential Standard Model (SM-like couplings), string-inspired U(1)’,
Kaluza—Klein gravitons

LHC analyses focus on SM decays, e.g. high-mass dilepton resonances
CMS: £ =49 fb~! (dileptons)

m(Zggy) > 2.32 TeV , m(Zy) > 2.00 TeV, m(Zj ) > 1.81 —2.13 TeV

ATLAS: £=1.08 fb~! (eTe™) and £L=1.21 fb~! (uTpu™)

m(Zgqns) > 1.83 TeV m(Z{](l),) >1.49-1.64 TeV , m(Zy ) >0.71-1.63 TeV

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

Z' mass constrains invariant masses; unexplored corners of phase space
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,
but for mz = 700 GeV and only one point in the parameter space

C.-F. Chang et al., JHEP09 (2011) 058: two sets of MSSM parameters
and mz=1-2 TeV, but treating sfermion, gaugino and Higgs masses as free parameters



U(1)’ gauge groups in string-inspired models:
Eg — SO(10) x U(1)y , SO(10) = SU(B) xU(1), ; Es— SM x U(1),

Z'(0) = Zycost — Z, sinf

NVodel 7 210 Qy | 2V6 Qy | 2V15 @,
7 /2 @ ! 2
A 0 U -1 1 2

- d° 3 1 -1

Z arccos 1/5/8 T 3 1 1
Z arccos y/5/8 — /2 /e 1 1 5
Z'h arctan /15 — /2 VS 5 1 5
Zy | arctan(v/15/9) — /2 H -2 -2 -1
H¢° 2 -2 -4

S¢ 0 4 5

U(1)’ coupling and charges: D 2 -2 -4
De -2 -2 -1

D .
g = \/;Ch  Q(P) = Qy(®)cost — QL(P)sind
Q=(u d), L= v)L , D exoticsquarks , S singlet



Minimal Supersymmetric Standard Model and U(1)’
The extra Z’ requires a singlet Higgs to break U(1)’ and get mass
Higgs sector: h, H, A, H* (MSSM) and a new scalar H’

Three vacuum expectation values v; < v < v3 tanf = vy /vy

Gauginos: new 7' and H’ lead to two new neutralinos, i.e. x{,... Y2

Chargino sector is unchanged, as the Z’ is neutral
New 7’ decay modes besides the SM ones:
Z'— qq*, 00, ov*, X9X0, XT X100 ZH, Zh, ZA, H*H~, 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

Examples for pseudoscalar and charged Higgs and chargino masses:
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Sfermion masses m? get D-terms like (1 soft mass at the Z’ scale):
V(6.6%) ~ 3 3G T0) ¢ m®=m3 + Am}
First contribution (electrowealz symmetry breaking):
Arng = (Ts,a97 — Yag3)(v7 — v3) = (T3,0 — Qasin® Oy )m7 cos 23
Second contribution driven by the new U(1)’ symmetry:
A2 = (@ + Qd + Qi)

e <<M{L>2 <M{R>2>

o\afp? (fp)?
(M2 = 0 \2 2 I 2 2 5 N
LL)” = (mg )"+ my + (5 - g%w | mz cos2B + Q Amg
M N2 0 12 2 I 2 2 N
(Mgr)™ = (mgp)”+my+ (5 — 32w | mz cos26 + Qyp Amg
(MER)2 =  mqy (Ay — pcot ).

Mass eigenstates u; 2, d1 2 {1 2, V1,2 — mixing term relevant only for stop quarks
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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
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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




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




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 into SM and BSM particles varying the Z’' and slepton masses
po=200, tanB =20, Ag = Ay = 500 GeV , mJ =5TeV, My = 150 GeV , My = 300 GeV , M’ =1 TeV

Z, (8 ~ 0.66):

U - - - _
m m; my mg, My M e

1000 800 736.9 665.9 732.6 379.3
1000 900 844.4 783.2 840.6 560.2
1500 | 1100 994.0 873.8 990.8 298.0
1500 | 1300 | 1211.6 11151  1209.0 754.2
2000 | 1500 | 1361.2  1205.6  1358.9 503.8
2000 | 1800 | 1686.1  1563.1 1684.2  1115.3
2500 | 1800 | 1618.0 14119 1616.1 344.7
2500 | 2200 | 2053.8 1895.6  2052.2 1311.0
3000 | 2200 | 1985.7 1744.6 1984.1 586.4
3000 | 2600 | 2421.4 22279  2420.0 1504.6
3500 | 2500 | 2242.3 1950.2  2240.9 358.9
3500 | 3100 | 2896.2 2676.5 2895.1 1867.8
4000 | 2900 | 2610.2  2283.3  2608.9 643.3
4000 | 3500 | 3263.9 3008.9 32629 20625

mg | m; | Bgg Buw  Buw Bww Bzm Boior Biogo Bppr | Bsu | Bmsu
1.0 0.8 | 3945 524 27.26 3.01 2.91 4.92 8.64 8.54 71.96 28.04
1.5 1.1 37.82 493  25.63 2.71 2.67 5.16 9.76 11.31 | 68.39 31.61
20 | 15 | 37.97 491 2554 266 264 5.33 10.33  10.61 | 68.42 | 31.58
2.5 1.8 | 3746 483 2512 2.60 2.59 5.33 10.44 11.61 | 67.42 32.58
3.0 2.2 37.60 484 2517 2.59 2.59 5.38 10.61 11.14 | 67.60 32.40
3.5 2.5 37r.30 480 2494 2.56 2.56 5.36 10.61 11.73 | 67.03 32.97
4.0 29 | 3741 481  25.00 2.56 2.56 5.39 10.70 11.38 | 67.22 32.78




, ™m oy m(é mgl ml72 m51 m,;2
» (0=0): 1000 | 400 | 5352 1042 5202 1892

1000 700 785.1 606.4 781.0 604.8

1500 600 801.7 285.4 797.7 282.0

1500 1000 1132.6 849.4 112.7 848.3

2000 800 1068.4 377.8 1065.4 375.2

2000 1300 1480.3 1092.1 1478.2 1091.2

2500 1000 1335.2 470.6 1333.8 468.6

2500 1600 1828.3 1334.7 1826.6 1334.0

3000 1100 1528.5 296.2 1526.4 292.9

3000 1900 2176.3 1577.2 21749 1576.6

3500 1300 1795.2 401.8 1793.4 399.4

3500 2200 2524 .4 1819.7 2523.2 1819.2

4000 1500 2061.9 502.7 2060.4 500.8

4000 2500 2872.5 2062.2 2871.4 2061.7

5000 1800 2523.2 343.1 2521.9 340.3

5000 3100 3568.8 2547.1 3567.9 2546.7
mg | m; | Bgg  Bw Buw Bww Bzm Byrox Broso Bppr By | Bsm | Bpsm
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
1.5 0.6 46.78 7.90 7.90 2.71 2.69 9.73 18.64 1.83 1.83 62.57 37.43
2.0 0.8 46.30 1.77 1.77 2.62 2.62 9.92 19.37 1.80 1.80 61.85 38.15
2.5 1.0 46.01 7.70 7.70 2.58 2.59 9.99 19.68 1.79 1.78 61.42 38.58
3.0 1.1 45.35 7.58 7.58 2.53 2.54 9.92 19.63 1.86 1.86 60.51 39.49
3.5 1.3 4491 7.50 7.50 2.49 2.51 9.86 19.58 1.83 1.83 59.92 40.08
4.0 1.5 44.60 7.45 7.45 2.47 2.49 9.82 19.53 1.80 1.80 59.49 40.51
4.5 1.6 44 .32 7.40 7.40 2.45 2.47 9.78 19.47 1.84 1.84 59.11 40.89
5.0 1.8 44.16 7.37 7.37 2.44 2.46 0.76 19.44 1.82 1.82 58.89 41.11




mZ/ ’I’I’LZ mgl 22 mﬂl m’;Q

/ o~ : 1000 | 400 | 601.1  249.7 5958  400.0

Zyy (0= —0.25): 1000 | 600 | 7492 5122 7450  600.0

1500 | 500 | 837.4 1654 8336  500.0

1500 | 900 | 1123.1  766.4 11202  900.0

2000 | 700 | 1136.4 3039  1133.6  700.0

2000 | 1200 | 1497.1 1021.0 1495.0  1200.0

2500 | 800 | 1375.8  131.8 13729  800.0

2500 | 1500 | 18712 12757 1869.5  1500.0

3000 | 1000 | 1673.7 3199  1671.8  1000.0

3000 | 1800 | 22453 15304 2243.9  1800.0

3500 | 1200 | 1972.6 4662  1971.0  1200.0

3500 | 2100 | 2619.4 17853 26182  2100.0

4000 | 1300 | 22116 3039 22102  1300.0

4000 | 2400 | 2993.6 20402 29925  2400.0

5000 | 1600 | 2749.8  249.7  2748.6  1600.0

5000 | 3100 | 38225 26669 3821.6  3100.0
m g m;% Bgg Bee  Buw  Bww Bzm  Birix Brogo By | Bsm | Bmswm
1.0 04 | 4951 1198 959  1.71 1.68 871 1578  1.04 | 71.08 | 28.92
15 05 | 4799 1151 921 157 1.57 9.26 1776 112 | 68.71 | 31.29
2.0 07 | 4750 1136 9.08 153 1.54 9.44 1846 108 | 67.94 | 32.06
25 08 | 4716 1126 901  1.50 1.52 9.50 1873 112 | 67.42 | 3258
25 15 | 4769 1138 911 152 1.53 9.61 1894 000 | 68.18 | 31.82
3.0 1.0 | 4643 1130 886 147 1.49 9.43 1866  1.08 | 66.36 | 33.64
35 12 | 4585 1093 874 145 1.47 9.35 1856  1.05 | 65.53 | 34.47
4.0 13 | 4542 1083 866 143 1.45 9.29 1847  1.07 | 64.91 | 35.00
45 15 | 4513 1075 860  1.42 1.44 9.24 1841  1.05 | 64.48 | 3552
5.0 16 | 4490 1070 856  1.41 1.43 9.21 1835 1.06 | 64.15 | 35.85




mZ/ m% mgl mg2 mgl m,;2
7% (0~ —0.91) : 1000 | 200 | 736.3 2047 7320 7348

1000 | 1000 | 1226.6 1001.0 1223.0 1224.7

1500 | 200 | 1080.4 2047 10774 1079.3

1500 | 1000 | 14585 1001.0 14563  1457.7

2000 | 200 | 1429.1 204.7  1426.8 14283

2000 | 1000 | 17327 1001.0 1730.8  1732.0

2500 | 200 | 1779.7 2047 17779 1779.0

2500 | 3000 | 3482.4 3000.3 34815  3482.1

3000 | 200 | 21315 2047 2129.7 21307

3000 | 3000 | 36745 3000.3 3673.7 3674.2

3500 | 200 | 2483.4  204.7 24821 24820

3500 | 3000 | 3889.4 3000.3 38885  3889.1

4000 | 200 | 28369 2047 28348 28355

4000 | 3000 | 41234 30003 41226  4123.1

5000 | 200 | 35415 2047 35406 35412

5000 | 3000 | 4637.0 3000.3 4636.4  4636.8
myi mg Bog Bee Buv  Bpytpy-— Bwn Bra BityF Byogo | Bsm | Besm
1.0 1.0 | 4406 1469 2937 0.00 ~107° ~ 107 4.31 758 | 88.11 | 11.89
1.5 1.0 | 4339 1446 2893 0.00 ~107% ~1074 4.56 8.65 86.78 | 13.22
2.0 1.0 | 43.16 1438 28.77 0.00 ~10"% ~ 103 4.65 9.03 86.31 | 13.69
2.5 1.0 | 4299 1433 28.66 0.06 ~ 1073 0.07 4.68 919 | 8598 | 14.02
3.0 10 | 4253 1418 28.36 0.53 ~ 1073 0.53 4.66 920 | 85.07 | 14.93
3.5 1.0 | 42.16 14.05 28.11 0.91 ~ 1073 0.92 4.64 919 | 8433 | 15.67
4.0 1.0 | 41.90 1396 27.93 1.20 ~ 1073 1.21 4.62 9.17 | 83.79 | 16.21
4.5 1.0 | 41.70 13.90 27.80 1.40 ~ 1073 1.41 4.61 9.16 | 83.40 | 16.60
5.0 1.0 | 4156 13.85 27.71 1.56 0.01 1.57 4.60 9.15 | 83.12 | 16.88




, ™m mg mgl mgz mgl m,;2

Zg (0 ~—1.16) 1000 | 200 | 917.0 3768 0144 10200

1000 | 1000 | 1342.6 1049.7 13402 14143

1500 | 200 | 13574 5167 13550 15134

1500 | 1000 | 16741 1107.7 16722  1802.9

2000 | 200 | 18007 6648 17989  2010.0

2000 | 1000 | 2050.0 11840 20484  2236.1

2500 | 200 | 22455 8167 22441  2508.0

2500 | 3000 | 37420 31027 37411  3905.2

3000 | 200 | 26912 9705 26900  3006.7

3000 | 3000 | 40252 31467 40244 42427

3500 | 200 | 31373 11256 31363 35057

3500 | 3000 | 43362 3198.0 43354  4609.8

2000 | 200 | 3583.6 12814 35827 40050

4000 | 3000 | 4669.3 3256.1 4668.6  5000.0

5000 | 200 | 44769 15043 44762  5004.0

5000 | 3000 | 5385.4 33914 53848 58310
mzr m% Byg Be Buy Bww Bzu B>~<j:>~<:;: B)ZOXO ng* Bq’q’* Bsm Bpsm
10 | 02 | 4229 1370 3457 015 014 333 575 007 000 | 9056 | 944
15 | 02 | 41.84 1354 3416 015 014 351 650 007 000 | 89.54 | 10.46
20 | 02 | 4167 1348 3402 014 014 357 690 008 000 | 89.17 | 10.82
25 | 02 | 4156 1344 3391 014 014  3.59 703 008 000 | 88.92 | 11.08
30 | 02 | 4125 1334 3366 014 014 358 706 008 000 | 8825 | 11.75
35 | 02 | 4099 1326 3345 014 014 357 707 008 000 | 87.70 | 12.30
40 | 02 | 4081 1320 3330 014 014 356 707 008 000 | 87.30 | 12.70
45 | 02 | 4067 1315 3319 014 014  3.56 707 008 000 | 87.01 | 12.99
50 | 02 | 3734 1207 3046 013  0.13 3.07 650 007 797 | 79.87 | 20.12




7. (0 = —1.57): (unphysical sfermion spectrum)

/ :
ZSSM'

my | Bgg By Bow Bww By+y—  Bzm Bra Bsym | Beswm
1.0 44 .35 12.44 42.29 0.90 0.00 0.02 ~ 107° 09.08 0.92
2.0 44 .32 12.34 41.96 0.84 0.00 0.28 0.26 08.62 1.38
3.0 44 .03 12.24 41.63 0.82 0.24 0.53 0.52 097.89 2.11
4.0 43.84 12.18 41.43 0.82 0.46 0.64 0.63 07.45 2.55
5.0 43.74 12.15 41.33 0.81 0.58 0.70 0.69 097.22 2.78

mZ/ mg mgl ml72 m,;l m,;2

1000 100 110.6 109.1 76.6 100.0

1000 500 502.2 501.9 495.8 500

1500 100 110.6 109.1 76.6 100.0

1500 750 751.5 751.3 747.2 750.0

2000 100 110.6 109.1 76.6 100.0

2000 1000 1001.1 1000.9 997.9 1000.0

2500 100 110.6 109.1 76.6 100.0

2500 1250 1250.9 1250.8 1248.3 1250.0

3000 100 110.6 109.1 76.6 100.0

3000 1500 1001.1 1000.9 997.9 1000.0

3500 100 110.6 109.1 76.6 100.0

3500 1750 1750.6 1750.6 1748.8 1750.0

4000 100 110.6 109.1 76.6 100.0

4000 2000 2000.6 2000.5 1999.0 2000.0

4500 100 110.6 109.1 76.6 100.0

4500 2250 2250.5 2250.4 2249.1 2250.0

5000 100 110.6 109.1 76.6 100.0

5000 2500 2500.4 2500.4 2499.2 2500.0




/ H H .
sqy branching ratios:

0

myr | m; | By Be By Bww  Bgm  Bzp Bra  Bep Bnew By By | Bom | 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 5.9 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 3.4 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 64.6
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 66.6
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

Z3sm 2.0 462 14 Z3sM 2 19570 606




Conclusions and outlook
Work in progress on Z' phenomenology in supersymmetry at the LHC

BSM modes decrease the SM rates and the Z’ may set a constrain on sparticle
invariant masses

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

Studies of mass spectra, Z’ branching ratios and production cross sections
spanning 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:
Release of the paper and documentation of the calculations

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

Revisiting the limits on the Z’ mass



