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e All SM matter plus some Higgs multiplets and a singlet can be embedded into a

27-plet of Eg.
e E5 has the maximal subgroup, under which the 27 representation decomposes as

e 27 516, + 105 + 1,

e There is an alternative, and also quite interesting, embedding of the SM into Eg,
which is through the subgroup SU(3)¢ ® SU(3); ® SU(3)y. 27 decomposes as

27=(33,1)e(3,1,3)(1,33) = q + g + |
up Eg N. vy
g=|d| . a=(ug d5 dg). I=|Ng E a

! C (o}
d; €r Vr IR
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Es — SU(3)c ® SU(3)L ® SU(3)H
— SU3)c @ SU(2)L @ SU(2Q)y ® U(1)x

27=(3,3,1) 2 (3,1,3) @ (1,3,3) = q + g + |
" ES N, u

a=|d|. a=(up dg d5). I=|Ng E e

d ek VR Mg

e There are three different ways to embed SU(2)y into SU(3)y:

1) Generic Left Right SM (LRSM) — SU(2)y = SU(2)r
2) Alternative Left Right SM (ALRSM) — SU(2)y = SU(2)r
3) Inert Doublet Model — SU(2)y = SU(2),
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The Left-Right Symmetric Model (LRSM)

SU(3)C X 5U(2)[_X SU(Z)R X U(l)BfL

e Fields | SU(2). < SU@)r x U)s 1 lAR
Treemign N QL 2,1,+1%
9 QIL? El 2 zg SU(2) x U(1)y
Em LLi (27 17 _1) \Ld)
L, (1,2,-1)
- q) (2 2 0) 5U(3)C>< U(l)EM
:%g AL (37132)
Ag (173,2) & oF
°=(6 @)~e20

QLi = (Zi) ~ (27 17 1/3)7 QRi = (Zg) . ~ (172’ 1/3)7

_(5f/v2 5t

L= (VL> ~ (271771)7 Lri = (VR> ~ (172771)7 6+ \/§ 6++
o), tr),; Ag= Ré/% 5Fs) ~ (13
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5U(2)R & U(l)B_L — U(].)y

(AR) = (VR;J\@ 8)
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(Ar) = (vLe”’?/\/i g) ;

SU@). @ U(l)y —s U(1)en
VR 3> (K1, K2) > vi, 4/K?+KZ = v =246 GeV
s (a2 0

Lirsm = Liin + Ly — V(P, AL, AR)

LRSM Lagrangian & Symmetry Breaking
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Gauge Sector

Z!' cosfy —sinfysing —sinfy cos o WE“
B* | = | sinfy cos@ysing  cosbyy cos Wg“
Zh 0 cos ¢ —sing VH
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Z!' cosfy —sinfysing —sinfy cos o Wl_3“
Revew of GUTs B* | = sinfy, cosOysing  cosbByy cos o Wg“
;hm:m“gﬂhd‘ Zh 0 cos ¢ —sin¢ Vi

Zh\ [ cos¢ —sing W,g”’
S Bt )]\ sing coso Vv
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Z!' cosfy —sinfysing —sinfy cos o Wl_3“
Revew of GUTs B* | = sinfy, cosOysing  cosbByy cos o Wg“
ﬁfﬁ:fm Zh 0 cos ¢ —sin¢ Vi
il Zh\ [ cos¢ —sing W,g”’
Bt )]\ sing coso (&

Correlating Wy, and v/,

mass bounds MA =0

Mz, [TeV]

1
M3, = [ [62v? + 2vR(eR + £B_.)]

2
¥ /[gv + 2363 + 82 )] - taP(ed + 262 1)
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Wi\ _ (cos¢ —sing\ ([ Wy
s Wo )~ \ siné  cosé¢ We
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e Wi\ [ cos¢ —siné W,
o Wo ) \ sin{  cos¢ Wi

In the limit of (k1,K2) < vg and gg ~ gL we

have
. ~ R1k?2 L2 - . ‘ ‘ ‘ | , | |
\ sin§ ~ 2 sin £=~0, cos¢ =1, leading to N A
and 1/ R
1 1 22
z 22 2 2 2, 22 1K5
R
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Wpg Mass Limits
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Searches for W' bosons at the LHC

Wg — tb channel

Wgr — jj channel
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Searches for W' bosons at the LHC
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Motivation for g, # gr

Breaking the symmetry to U(1)gy impose,
1 1 n 1 n 1
e gl 8k 8B

SU(2)r ® U(1)g—1 — U(1)y requires,

11 1
gy 8k &b,
tana — gRSInd) < gR

8L 8L

Theoretical constraint on gr gauge

coupling

grtanOyw < gr

My [TeV)

. ALRM (z £50)

My /Ny

My [Tev]
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Results

Scenario |

»

My,

Correlating W

mass bo

Scenario Il

v

Observable Constraints Observable Constraints
ABs [10.2-26.4] ABy [0.294-0.762]
AMy < 5.00 x10~15 AAAZs:XA [0.7-1.3]
€K < 3.00 x10~3 :,Sj‘/’ [0.7-1.3]
BR(B® — Xov) | [2.99,3.87] x 10~ * ’ﬁﬁ% [0.7-1.3]
My, [124, 126] GeV M”fzi > 535 GeV
MH47A2’H2i > 4.75 X My,

Table: Current experimental bounds imposed for consistent solutions.

Parameter Scanned range

VR [2.2, 20] TeV
Ve by ofyy o [-1, 1]
diag(h}) [0.001, 1]

/]
MVR = hxvr
R R R R R _i§
R R R CHEB is R R 13 R _i§ 517?8 RR
_ i i
Vokm = | —s1263 — Gas3e1se R C12623 — S1253513€ _('; 236
U U
s1253 — €12623513€ R —Ca63 — S1263513€ R €23¢13

Table: Scanned parameter space.
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gL # gr = 0.37, tan B = 0.01, Vi = Vi
Review of GUTS BR(Wg — W, h) o § " R
The LefeRight BR(Wg — W.Z)) invisible ; 7 VA= 13 TeV, 359
Crarged Sec BR(Wg — tb) ~ 32% - 33% =
S Y T <
8L ?é 8r = 0.37, tan B =05, VéKM - VgKM o™ 1500 2000 50 ( 5 0
2 ‘\j“’:?&‘p\1 3000 3500 4000
St BR(Wg — W, h) ~ 1.95%
oy > U BR(Wg — W, Z,) ~ 2.0%
i, < M BR(Wg — tb) ~ 31.0% - 31.8% B
lﬂA‘vaw\\;\\\m;y\, and I/, ;i o
5
gL # 8gr =037, tan 8 =05, Vi # VEim =
BR(Wg — tb) ~ 20% for high My, (4 TeV) b
~ 29% for low MWR (15 TeV) s My, > My,
v ;AD 1500 2000 2500 3000 3500 4000 4500 5000

M, [GeV]
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Scenario I: M,,, > My, Lower limits for My, (GeV) | Exclusion
channel
Expected Observed

gL = gr, tan 8 = 0.01, V&iy = V& 3450 3600 Wg — tb
gL # gr, tan 8 = 0.01, V&ry = V& 2700 2700 Wg — tb
gL # gr, tan 8 = 0.5, V& = VEu 2675 2675 Wg — tb
i;ﬁ:ﬂ;' ", g1 # gr, tan 8 = 0.5, V(IJ_KM #* V(L,?KM 1940 2360 Wgr — tb
gL = gr, tan 8 = 0.01, V& = VEiu 3625 3620 Wr — jj
gL # gr, tan 8 = 0.01, V&iy = V& 2700 2555 Wr — jj
gL # gr, tan 8 = 0.5, V& = VEeu 2650 2500 Wg — jj
gL # gr, tan 8 = 0.5, V&1 # V& 2010 2000 Wg — jj

Table: Lower limits for My, in GeV, when M, > Myy,.
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gL = gr .tan B = 0.01, V5 = VEiu

w

BR(Wg — vgf) ~ 5.8% (each family)
BR(Wg — tb) ~ 26.5% - 27.3%

Review of GUTs § N V5 =13 TeV,35.9 fb!
The Lef gh T ~ X
Symmetric Model SR N
Charged Sct gL # gr = 0.37, tan 8 = 0.01, Vi = VB g
BR(Wg — vgl) ~ 6.7% (each family) € A= M2
BR(Wg — tb) ~ 25.7% - 26.5%
10 T T T
10 1500 2000 ‘\j“ ”‘ZWE&(‘\T 3000 3500 14000
gL # gr = 0.37, tan B = 0.5, Vi = V&
o2 s BR(Wg — vgl) ~ 6.7% (each family)
l;;‘v\!;\‘:j’w‘n‘;‘:‘, and v, BR(WR — WLh) ~ 1.95%
BR(WR — WLZL) ~ 2.0% T\
BR(Wg — tb) ~ 24.8% - 25.6% =
I I NSO
gL # gr = 0.37, tan 8 = 0.5, V& # Vi M R Y
)

BR(Wg — tb) ~ 15.7% for high My, (4 TeV)

~ 24_7% for low MWR (]_5 TeV) 1 1500 2000 zsmr:‘[n:m?&ﬂssom 2000 4500 3000




Scenario Il: M,, < My,

Scenario Il: M,,, < My, Lower limits for My, (GeV) | Exclusion
channel
Expected Observed

gL = gr, tan 8 = 0.01, V& = V& 3320 3450 Wg — tb
gL # gr, tan 8 = 0.01, V&ry = V& 2375 2575 Wg — tb
gL # gr, tan 8 = 0.5, V& = VEu 2350 2565 Wgr — tb
gL # gr, tan 8 = 0.5, V&1 # VEu 1850 2320 Wg — tb
M, < Mo, gL = gr, tan 8 = 0.01, V& = V& 3500 3500 Wr — jj
gL # gr, tan B = 0.01, V&y = V& | 2500 2430 Wr — jj
gL # gr, tan 8 = 0.5, V& = V& 2460 2400 Wr — jj
gL # gr, tan 8 = 0.5, V&1 # VEu 2000 2000 Wg — jj

Table: Lower limits for My, in GeV when M, < My,.
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Scenario Il: M,, < My,

Wg — bug — LEW) — €Lqq’, L=e or p.

Wg — bug — LW, — €lqq’, =€ or u.

St
vWphe —

V2
i

V2

tanp
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\\ — BR Wil )
\\
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//
/
o0 oo ooz oo T oo
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W s LM (g PLK — grPrKg si
fl 7" (gLPLKL cos € — grPrKR sin €)

7" (grPrKR cos & — gL PLK sin§)
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0.0 0.1 02 0.3 0.4 05
. : | . .
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0s
06
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m
04 9L # 9r /
02
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PMNS mixing
matrices in the left
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q q
—_ yriyt Nr
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— Obsered it — Obsened lmit
== Bpeted it = 10, 20

Review of GUTs — lRPSM NLO g = gr.tand =0.01,Vz = Vie

— —_— = LRSM NLO g;. # gir.tand = 0.01. "
The Left-Right 2 12 L = e —— LRSMNLO g # grtan3 =03,V2 = Vie |
Symmetric Model = . — —— LRSM NLO g, # g, tom = 05,V # Vie

I: ::
Charged Sector g My, /2 g M, = My,/2

T 0 VE=13TeV,35.9 ! | T 104 VE=13TeV,35.9 7" |

= ee channel = e channel

= 2

S Y

X 100 b x 104 = E

= « ==~

S D o S s TN ST
Scenario | 107 4 E 101 4 F
My >
Scenario II: 1000 2000 3000 1000 5000 1000 2000 3000 1000 5000
My, < My, My, [GeV] My, [GeV]
Correlating Wy, and 1/
mass bounds

Scenario Il: My, < My, Lower limits for My, (GeV) Exclusion
channel
Expected Observed

g = gr. tan B = 0.01, VE i = VE | 4420 (4500) [ 4420 (4420) | Wg — qqee (i)
gL # 8r. tan B = 0.01, VEi i = VE | 3800 (3950) [ 3800 (3800) | Wg — qgee (npjj)
gL # gr. tan B =05, VE, o = VE 3720 (3900) 3725 (3750) Wg — qqee (ppjj)
gL # gr, tan B =05, Vi # VEku 3300 (3400) | 3100 (3350) | Wg — qqee (puij)
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Benchmarks (LRSM)

[BM1: M, > My,

BM I1: M,, < My,

myy, [GeV] 2557 3689
m,,, [GeV] 16797 1838
o(pp — Wg) [fb] @13 TeV 48.7 3.98
o(pp — Wg) [fb] @27 TeV 478.0 773
BR(Wg — tb) [%] 26.3 19.9
BR(Wg — jj) [%] 58.6 45.8
BR(Wg — vgrf) [%] - 6.5 (each family)
BR(Wgr — hi W) [%] 1.8 1.5
Cormating Wi i Vi BR(Wg — W, Z) [%] 2.0 1.6
BR(vr — £qq") [%] - 65.3
BR(vr — Wit) [%] 1.1x107* 33.1
BR(vr — WrY) [%] 99.9 -

Table: Related Branching Ratios and Cross Sections for BM | and BM 1.
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Alternative Left-Right Symmetric Model (ALRSM)
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Fields Repr. U(1)s
QL = “L> 3,2,1,1 0 A ul A 5 yd
' < @210 Ly = QY'd'Qr — QY x1dr — QrY? xR}
: "‘7” Qr = <ZZ) @124 -3 —LYeoLr+ LYY Rvg + LRY "Rk + hoc,
d; (3,1,1,-1) —1
1 _ 17/ o _ 170 _ 1 /o
dr (3,1,1,-1) 0 (¢) = 7 (0 k) s ) = 7 (VL) s xR) = 7 (VR)

L = <';LL> (1,2,1,-1) 1
Scenario | ) Lp = (ZR) (1, 1,2, _%)
e R _ T pu T o T pu

v Ly = Du¢'D" ¢+ Dyux; D¥x1 + Dux D" xr — Vu(9, XL; XR)

Nl

Correlating Wy and v, ne (la 1, 1,0) 2
mass bound:
VR (1,1,1,0) 1 1 1 1 1
Alternjative 5 - My = EgL \% K2 + VE = EgLV and Myyr = EER\/ K2 + V)Z? = EgRV/
Left-Right o1 o . 1
Symmetric ¢ = b #9 (1,2,27,0) 2 Py 5 B
Model 1 2 g 1, o, ga(ch , k2 +V3)
N Mz = 3 v and Mz = > 83— 1Spyy VL L S—
co ’ c
XL = (’)‘({,) (1,2,1,1) 0 w ew
L
o 88—L _&  d s 8 _ e
+ WS = WS T
XR = <f<§> (1,1,2, %) % gL ter R g t& 8L
R
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Benchmarks (ALRSM)

‘ Myo [GeV] My [GeV] My [GeV] Mg [GeV] Mg [GeV] MHli [GeV] MH; [GeV]

BM I 193 907 1546 193 907 907 194
BM Il 82 213 1578 82 167 167 82
Review of GUTs BM llI 192 894 1546 192 804 894 192
T ft-Righ
Symme Nodel
g s ‘ M, [GeV] My [GeV] Mp, [GeV] My, [GeV] My, [GeV] M, [GeV] M, [GeV] M, [GeV]
BM I 4992 1460 756 971 1202 1500 1800 2000
BM II 5113 1288 909 1134 1223 1400 1822 2200
BM llI 4992 1460 902 1023 1312 1500 1936 2821
B /’_,/" QDMhZ O_g;oton [pb] o_xSxIeutron [pb] (ov) [cm3571]
Ty : T BM | 0.118 8.08x 10710 288 x 107  7.81 x 1078
Correlating Wy and v, . BM Il 0.120 8.09 x 10710 8.37 x 10710 3.29 x 10~%7
¢ g BM Il 0.119 7.72x 10710 3,67 x 1071 1.17 x 10727
Alternative
Left-Right
Symmetric H BM Il ‘
Model o(pp — d{d{) [pb] @13 TeV 2.72 x 103
BR(d{ — W')) [%] 96.8
pp—d'd, (d — W W = fnp) BR(W’ = Inp) 1%] 214
5@% =3ab~ ! 4.7
i Z,0% =3ab 1 3.72

£ [th7
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LRSM Higgs Potential

Southampton

V(¢, AL, Ag) = —pi? (Tr [o*o]) (Tr [oaﬁ] (Tr [d’ﬁﬂ)) -2 (Tr {ALAI] +Tr {ARAH)
)

(
+ o (Tr [AA] T [A AH + Tr [ARAR] Tr [A;AH) + p3 (Tr [ALAH Tr [ARAH)

af
+pa (Tr(acA0 T [AFAL] + Tr [afA]] Tr(agAr]) + o1 Tr [007] (Tr [a,a]] + T [ara)])
Tr [@&ﬁ} Tr [ARAH +Tr [G’T&’] Tr {ALAI]) +aj (Tr [m’(&] Tr {ARAH +Tr {6‘\»} Tr [ALAH)
T

e +as (Tr [00Ta,a]] + Tr [6ToagaL]) + 51 (Tr [0areTA]] + Tr [6Ta 0aL])
ﬁ:f:f;:a’te + B (Tr [mARo’(AT] +Tr [&TALoATRD + B3 (Tr [¢AR&>TAH +Tr [MA&AH)
Symmetric

Model



