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Introduction

@ Several breaking patterns for SO(10) to SM

@ The gauge group SU(3)c x SU(2), x U(1)r x U(1)p_1,
may survive down to TeV scales, this is the "BLR" model

@ More popular is B — L model, U(1)y x U(1)p_p,
@ Both B — L and BLR offer Z’', which we may compare at the LHC
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U(l)B,L Review

e Gauge group, Gpr, = SU(3). x SU(2)r, x U(l)y x U(1)p—r,
@ Cannot be embedded into any known GUT theory
@ Particle content: MSSM and in addition,

Chiral Superfield Spin 0 | Spin 1/2 Gp-1,
RH Sneutrinos / Neutrinos (x3) | © U% % (1,1,0 3)
Bileptons/Bileptinos 7 n il (1,1,0 -1)
nloom 1 (1.1,01)
Vector Superfields Spin 1/2 | Spin1 Gp_1,
BLino / B’ boson B B (11,0,0)

@ However, Z’ will not interact with the 2HDM sector, as the Higgs
have B—L =0

@ Type-| see-saw explains light neutrino mass
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BLR Review

) 30(10) — SU(3)C X SU(Q)L X U(l)R X U(l)B_L
o At TeV scale, U(1)g x U(1)p_1, — U(1)y, broken by new Higgs x

Particle Ty, Tsr T |Y=T3p+T_1 | Q=T3.+Y

v 0 | +1/2| 12 0 0

X}z 0 -1/2 | +1/2 0 0

X2 0 | +1/2| -1/2 0 0

S 0 0 0 0 0

oF +1/2 | +1/2 0 +1/2 +1

=1 4 /2 [ +1/2] 0 +1/2 0
H N

(0 12| <12 ] 0 1/2 0

Ha=| = 12| 12| o -1/2 1
Pa ),

o Z' will interact with 2HDM, as it is charged under T3

@ Light neutrino mass explained by linear see-saw mechanism, require
additional SM singlets S, which do not affect phenomenology
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Renormalisation Group Equations - BLR

@ Multiple scales: BLR breaking and separated SUSY scale

o ay' =3ag +3ap,

e ay(Myz) =1/98.4 Experimentally measured
= 1/102.4 BLR Predicted*

BLR
B-function T
. 701 . . :7
coefficient | Q < vsysy | Q > vsusy R Y ususy Mgur
by -19/6 +1 ' H
by -7 3 ®r —
Q <vp sl el
b 41710 ol
‘d af — aj!
aof — !
-function
coefficient | vp < Q < vsysy | Q@ > vsusy 2r — o'
br 13/3 15/2
by 17/4 27/4 °F HE ‘ ‘ \
100 10° 10° 10" 10"

*One-loop S functions, no threshold corrections, gauge-kinetic mixing included
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BLR at the LHC - Z' Higgs

@ /' coupling to 2HDM *,

g

- . "

L7 scatars = (Dp®1)1(Du®1) + (Dyu®2)" (D P2) A

. v o
D=0 - ZSBiZBL (Tsr - 82BL7) y:S\\
x,

Vertex 975155 7 /,19,

Z/HQA(] —gR COS HB_QL Sin(ﬂ — Oé) M\F\p

N
1.0 40 grcosOp_r COS(B — a) iy

Z'hP A 5 ' %

0 z ,/ p

- . grCOSYB—L AN

Z'HTH A \R\p
Hf\

@ The Feynman rule for the vertex is given by (gz:5,5,)(p + ')
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BLR at the LHC - Z' Fermions

Z' coupling to fermions from U(1)r x U(1)p—r, — U(1)y

These two groups mix to produce SM hypercharge gauge boson and a
massive Z'. The coupling of fermions to Z' is |

—EgLR = ZLfT’)/ng (COt QBLTgR — tan GBLTB—L) f

May write this in terms of vector (L+R) and axial (L-R) couplings
/ -1 _
—£% = 7,15 @l — gh) f

Couplings determined using the SARAH program to calculate vertices

Model | Gauge Coupling | gt | g4 | g | g4 | g0 | g4 | o | 94
B—-L gp1r.=0.592 0.197 0 0.197 0 -0.592 0 -0.296 | -0.296
BLR gr = 0.448, -0.0103 | -0.135 | -0.279 | 0.135 | 0.300 | 0.135 | 0.217 | 0.217

gpr = 0.459

tFor this talk, we neglect gauge-kinetic mixing, but all numerical results take this
into account
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Drell-Yan

@ The most promising channel to search for Z's at the LHC is Drell-Yan
production, pp — v, Z, Z' — eTe ", utu~

@ In this work, we include interference
(S=wp—7.2,2 —ete ,yuu™)—(pp— Z,y = etem,upu7)]
and finite width effects f

fSame code used as in 1504.01761
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Drell-Yan

Results - |

@ Set Z' mass using 20 significance — My = 3750GeV (current limit)

Model = BLR

25 pp - Z »e‘e” /uty” @NNLO -

(s =13Tev

My =3750 GeV !

20 Lum = 30 fb™" ]

515 ae—IS1

|S+B| |
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Drell-Yan Results - 1l

@ By the end of Run 2, this Z' may be easily seen!

7
Model = BLR i
6 pp->Z ->e‘e /'y~ @NNLO
s =13Tev !
5 Mgz =3750 GeV
Lum = 300 fb™"
N we 181
5 =
. J1s+B]
2 ]
1 —,_,_,— |
300 3400 3600 3800 4000 4200

My [GeV]
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Drell-Yan & AFB

o If a Z' is discovered, one needs to differentiate to which model it

belongs
@ To characterise different models, one may measure the
Forward-Backward Asymmetry, which varies depending on the specific

vector and axial couplings

dép — do L0 ds
App = u, dorp = / g dcosf
0

dop +dop —1 dcosf
lepton
b 4
%”’
it <
anti quark’,’ quark
y ¢
anti lepton
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AFB Results

@ The purely vector-like couplings for the B — L model allows one to
distinguish it from the BLR in the continuous case

0.5
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AFB Results

o At HL-LHC, including statistical errors, §App = /1 — A% /N,
one may be able to disentangle B — L and BLR models

Models = U(1)s_r

Js =13Tev

Mg = 3750 GeV
Lum = 3000 fb™"

-1.0

3000 3500 4000
M, [GeV]
SO(10) at the LHC
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Higgs Results

@ Exotic Z' decays in the BLR to Higgses may not only differentiate
models, but also, the Z' acts as a portal to the 2HDM!

Branching Ratio for Z'

cos(B-a)=0.1
0.001 E M,=3750GeV
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Conclusions

@ The BLR is a well motivated model, with motivations from GUT
theories

@ Low scale phenomenology of Z' is an interesting way to probe
different high-scale models

@ ldentifying which model a Z' belongs to may become an important
task in the near future, as candidates undetectable now offer clear
signals in the next runs of the LHC
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Backup Slides - 5 functions

dgr 1 15g%

= 1
dt (4m)2 2 7 (1)
dg 1 27 \/§ _ 15, - \/§ N\
P W [(ZQBL 59BLY + 599 + 59BL +15g | 9»
(2)
dgpr, 1 (27 , \/§ _ 15,
dt— (4m)? ( 4 9BL ~ \[g9BLI T 59 | YBL- (3)
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Backup Slides - Mass Limits from Run 2

Model = BLR
25 pp > Z' - e*e” / u*u” @NNLO
s =13Tev
2.0 My =4750 GeV
Lum = 300 fo™"
S
515 qe—IS1

J1s+B]

1.0
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Backup Slides - LHC Cuts

No rapidity cut on dilepton pair
NNLO in QCD calculating using WZPROD and CTEQ for pdfs

We include published acceptance x efficiency factors (A X ¢)

CMS analysis uses dedicated cut on invariant mass
| My — Mz/| <0.05 x Eppc to keep error in neglecting finite width
and interference effects below 10%

Including this effect we reproduce CMS limits within 1 — 2%
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Backup Slides - Gauge-Kinetic Mixing

The kinetic sector for a gauge group U(1); x U(1)2 will have a mixed
term:

1 v
Lyin = — —FA2FZ2 -

14w
_F 1FZI_4 i

4w

Lint = VyuQia1 Al vy + ¥y, Q792450

The mixed kinetic term may be rotated away:

R Ay puw
§FHV FAz

1 B
Lrmry

1
Lin = _FBlFEi/ 4w

— 1w

Lint = Vp1u(911QF + 921Q7) Bty + ¥ yu(912Q) + 920Q7) Bh g
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