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Y otivation

< Each generation of Standard Model
(SM) is anomaly-free

@)

“ No gauge coupling unification (GCU)
in the SM

100 10° 108 101 104 107
1 (GeV)
Goal:

- To find the minimal anomaly-free chiral sets of fermions beyond the SM that are
simultaneously vector-like particles under SU(3)¢ and U(1)em
- Does this new fermion content allow for GCU at a high energy scale?

- What is the minimal anomaly-free chiral set of fermions that belong to
SU(5)-multiplets?

- Would we obtain GCU at a high scale?
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Anomaties (c)

Anomaly: is the breaking of the symmetry of the Lagrangian at the quantum level

« Triangular chiral gauge anomaly [S.Adler, 1969]
[J.Bell & R.Jackiw, 1969]

¥

“If a unified field theory is to be renormalizable, it must be free of triangular anc

[D.Gross & R.Jackiw, 1972]

T [{ T3, T} TC] =0

“ Mixed gauge-gravitational anomaly [R.Delbourgo & A.Salam, 1972]
[L.Alvarez-Gaumé & E.Witten, 1983]

« Witten’s anomaly

Any SU(2) gauge theory with an odd number of Weyl doublets is mathematically inconsistent!

T[TT]= Z t,(R) must be an integer number
R

ﬂ; [E.Witten, 1982]
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- Triangular anomaly: Tr [{ T3, TP} TC]

u(t) u(t)

u) U SU(2) SU(2)

- mixed gauge-gravitational anomaly

g
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Anomaly conditions that must be verified:

anomaly index, a(R)

[SU(3)-SU(3)-SU(3)] :
[SU(3)-SU(3)-U(1)] :
[SU(2)-SU(2)-U(1)] :

[U(1)-u(1)-u()]:

[gravity - gravity - U(1)] :

.
université || I
de Liege [ gt

S a(R) cx(R) = 0

R
> vr t8(R) da(R) =0
R
> vr b(R) ds(R) =0
R

> YA &(R) ds(R) =0
R

S ¥a d(R)ds(R) = 0
R
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Anomaly index
a(R) Tr ({ti, f/} tk> - T ({TL‘U T;/:;} T,év) [J.Banks & H.Georgi, 1976]

TA generator for the representation R
t' generator for the fundamental representation

Dynkin index  #(R)§?° = Tr [Ta Tb]

Su(2):
R 2 3 4 5 6
Ut)y: Young diagram | [ [T [T [I11] [IT111]
4(R) = y3 Dynkinlabel | (1) (2  (3) ) ()
t 2 5 10 2
SU(3):
R 3 6 8 10 15 15
Young diagram 0 | H:‘ [T EEEN
Dynkin label (1.0 2.0 () (3.0) @1 4.0
fs 5 3 3 2 10 %
as 1 7 0 27 14 77
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Anomaly cancellation cu the ST
“The imposition of all three types of anomaly conditions on the SM gauge group leads to correct minimal

number of Weyl representations and their hypercharges.”
[Geng & Marshak, 1989]

1 SM generation: (3,2)y,, (3, 1)y, (3,1)y,, (1,2)y,, (1, 1)y,

[SU(3)-SU(3)-SU(3)] : 1.3.2—-1-3:-1-1-3-2=0
1 1 1
[SU(B)-SU(3)-U(1)] : yo<5»2+yu-541+yd»5-1 =0
1 1
[SU(2)-SU(2)-U(1)] : yQ<§-3+yL-§ 1=0
. 3 3 3 3 3 _
[U(1)-u@)-u@): yg-3-2+y, 3 1+yy-8-1+y-1-24+y,-1-1=0
Witten’s anomaly : 3+ 1 Weyl doublets

< This conditions are not enough to determine hypercharge relations!

[gravity -gravity -U(1)]: ¥g-83-2+y, 8- 14+y;-3-1+y -1-24+y,-1-1=0

Université 0
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Auomaly-free chiral sets beyond S (c)

% SM + 1 extra chiral fermion Ry (d5 (A1), a2 (Ry))y
1

[SU(3)-SU(3)-SU(3)]:  as(Ry) da(Ry) = 0
[SU(8)-SU)-U(M)]:  yr (A1) d(R) =0
[SU(2)-SU@2)-U(1)]:  ypt(R1)as(Ry) =0

[U()-U(1)-UM)]:  yB da(Rr) ds(Ry) = 0

[gravity -gravity -U(1)] = yp, d2(R1) 65(R1) = 0

> Ry must be in the adjoint representation with zero hypercharge

unersie S C.Simdes - DISCRETE 2014 8/26



% SM + 2 extra multiplets chiral fermion: Ry and R»

[SU(3) - SU(3) - SU(3)] :
[SU(3) - SU(3) - U(1)] :

[SU(2)-SU(2) - U(1)] :

[U()-u)-u)]

2 2 - - B
[gravity - gravity - U(1)] :

> YRy = VYR, = VYR

2 types of solutions:

ag(Ry) dx(Ry) + a3(Rp) dx(Ry) = 0

YR, 3(R1) 0a(Ry) + ¥R, 15(Fp) dp(Rp) = 0
Yr, 2(R1) 05(Ry) + v, tp(Fp) d5(Rp) = 0
yl3?1 dy(Ry) d3(Ry) + ygzdz(Rz) d3(Ry) = 0

Yr, %(F1) d5(Ry) + yg,0o(Rp) d3(Ry) = 0

YR (6b(Ry) d5(Ry) + dy(Ro) d3(Ry)) = 0 = yp =0

- anomaly cancellation between multiplets, e.g. (6,1)y ® (3, 7)o
- anomaly cancellation for each multiplet, i.e. az(Ry) = 0 = a3(R5)

> YR1 :*Vnz #0

a(Ry)  H(Ry)

dy(Ry)  1,(Ry)

Vector-like particles after the electroweak symmetry breaking:

> vector-like set:

.
université || I
de Liege [ gt

(d,d), & (d,d')_

> chiral fermions in adjoint representations with zero hypercharge

y
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% SM + 3 extra chiral multiplets: Ry, R, and Ry

[SU(3)-SU(3)-SU(3)] :

[SU(3)-SU(3)-U(1)] :
[SU(2)-SU(2)-U(1)] :
[U()-u()-ua)j:

[gravity - gravity - U(1)] :

a5(Ry) dy(Ry) + a5(Ry) dy(Ry) + a5(Ry) dy(Rs) = O
Vi t(Ry) da(Ry) + Vi, t(B2) b(Ra) + Vi () Ga(Ry) = O
Vi, t(Ry) d5(Ry) + Va, t(Be) (Re) + Vi, b(Rs) dy(Rg) = O
V8 0a(Ry) d(Ry) + Y3, 0b(Re) dy(Ry) + Y3, ch(Ro) dy(Ry) = 0

YR, d>(Ry) d5(Ry) + YRZdz(Rz)ds(Rz) + YRSdz(Hs)ds(R3) =0

y—=zy
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Auomaly-free chiral sets beyond S (év)

> d3(R) <10, dx(R) < 5, rational hypercharges

Set Particle content

Pl (d1)sz6 @ (d,2) 2,3 @ (d,3),
P2 (d,1)7;6 @ (d,3)5,6 @ (d,4);3
P83 (d1)sz2 & (d,4)-: © (d,5);2
P4 (d,2)4z3 @ (d,3) 7256 @ (d,5)zs8

Solutions with different values of d3(R) :  (15,1),,6 © (6, 2)_,39(1,3),2

> vector-like particles after electroweak symmetry breaking:

(6,2)X~>6_%+X€BG%+X

3
Z Z Uo+yp(2)]" =0 is an odd positive integer
p=1 jp

>m=1orm=3: \/ automatically for any z

T, >m = 5 determines z: z|=0,10r3
Ve vee g C.Simdes - DISCRETE 2014
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Renormalisation group equations (RGEs) for gauge couplings at 1-loop level :

[A.Pérez-Lorenzana & W.Ponce, 99]

d 4 b; -1 —1 b; H

—a = — — | a; =«a; (Mz)-— In{ —

at i 27k, EX’ (k) = o (Mz) 27k, : Mz
()

For N intermediate particles

_ TMT)
T W)

N
1 A
—1 —1 SM !
=a; (Mz)— —|b; E biry)In{ —
C‘{U al ( Z) 271_%[ ( i + Irl) n (MZ)

1=1

with In(A/M)
n |
r= W Mz <M <A
1/2
1
dos(RGA]dR)  s(R) =
R j#i

—11
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For each set with 3 intermediate multiplets

A
a7 () = a1 (Mg) — (bSM +b'r, + b2, + b3r3) In (Mz)
I

At unification scale a; ' = a; ' and oy ' = ag ':

> 1, rz €[0,1]

where [A.Giveon, L.Hall & U.Sarid, 1991]
1 b! b} 1
Bj =8/ - 8§, Bf:i(bisM +17/'2’2+bi3r3>’ A}/_ L, B =B+ —bin
. Ko O
sin 0w — % or [ 1 11
Knq Qs ~ vy .
B= 3 , B="" | —— | —+ — | sin0n
K K ) a | Ky Ky Ky
2 14 =2 ) sin26,
Ky 1

5 [Particle Data Group, 2012]
Kj (5,1,1) : B=0.718£0.003 B =185.0+0.2

~1 = 127.944 £ 0.014
as = 0.1185 4 0.0006

sin? 6y = 0.23126 £ 0.00005
C.Simdes - DISCRETE 2014 13/26
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P1: (d,1)gz ) (d,z)%z @ (d, 3);

z=3
1018 L
S 10} |
0]
)
s
1014 L
1012 I I I I I
1 3 6 8 10
d

u M(dn)% B Maz)_, BMgs EA
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z=1

P2:  (d,1)

7
gZ

©(d,3) 5,9 (374)5

z=3

10]8
10]5
10]4
10]2
10]0

108

M; (GeV)

104
10

1 3 6 8
d

B Mg 1y, ® M(dy3)75/6 LB}

7/6 (d4)1/3

u @

mA B M1
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P3: (d71)3z/2®(d74)*2@(a75)z/2

z=1 z=3
1018 L 10]8 L
S i
1014} 10ML I
—~ 1012} — 102}
g 100 E 10000
;: 108} g 108
100+ 100+
104 104}
102} 102}
1 3 8 10 1 3 6 8 10
d d
B Ma,1)), ™ Ma4)_, Mg, WA B Ma,1)/, B Maa)_, M5 EA
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10[8 L

1016

|0I4

M; (GeV)

102

1010 L

108
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P4: (d,2)4,/3®(d,3)_7,/6 ®(d,5),/6
z=1 z=23
10]8 L
: - I
L % 10]4,
L <} L
L ) 1012}
I 10]0:
L L L L L 108 L L L L L
1 3 6 8 10 1 3 6 8 10
d d
B Ma,2),/5 ™ Ma3)_;,c ®Mggs), . BA W M2), ™ Ma3)_;,, MMgps), , WA
;
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Which is the minimal anomaly-free
chiral fermion sets inspired in SU(5)
multiplets?
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SU(5)-cuspened anamaly-free clhinal sets (c)

Université
de Lige

Label  Multiplet SU(5)-rep \ Label  Multiplet SU(5)-rep \ Label  Multiplet SU(5)-rep

1 (1,2)42 545 | 8 (1,4) 4, 3 | 15 (B1)ys 45

2 (31)_45 54550 | 9 (33),, 3540 | 16 (32),4 4550

3 (1,1), 10 | 10 (6,2); 35,40 | 17 (6,1) 43 45

4 (3:1) 23 10, 40 \ 11 (10, 1), 35 \ 18 (8,2)) 45, 50

5 (3.2)15 10,1540 | 12 (1,2) 4, 40 | 19 (1), 50

6 (1,3), 15 | 13 @®1) 40 | 20  (6:3) s 50

7 (6,1)_5/3 15 | 14 (33)_y3 45 | 21 (6,1)y)3 50
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SU(5)-cusperned anamaly-free clhinal sets (éc)

[SU(3)-SU(3)-SU(3)] - Ny — ng + 2ns + 7n7 — 3ng — 14nqy — 27n41 + 3ny4 — Ny5 — 2n1g — 7N47
—21npg +7np1 =0

[SU@B)-SU()-u()] - ng 4+ 2n4 — ns + 10n7 4+ 6ng — 5ny9 — 45n11 — 18n43 + 3ny4 — 4ny5 + 7Ny
+5n17 — 18n4g + 15ny — 20np1 = 0

[SU(2)-SuU(2)-u(1)] - ny + ns + 8ng — 30ng — 16ng + 2nyg — 3nyp — 8ny4 — 7n4g + 8nyg — 165 =0
[U(1)-u@)-u) - 9ny — 4ny + 36n3 — 32n4 + ns + 108ng — 64n; — 486ng — 96ng + 2n4g
+360n11 — 243n4 + 288ny3 — 12n44 + 256n15 — 343n1g — 8ny7 + 72n4g

—288n4g — 24N + 512051 = 0

[gravity - gravity - U(1)] ny — np + ng — 2n4 + ns + 3ng — 4ny — 6ng — 6ng + 2n4g + 10011 — 3nq2
+8ny3 — 3ny4 + 4ny5 — 7nyg — 2n47 + 8nyg — 2nyg — By + 8y =0

urersie LSS C.Simdes - DISCRETE 2014 19/26



SU(5)-cusperned anomaly-free clhinal sets (éic)

> Vector-like particles after electroweak symmetry breaking

(3:2)1/3 =32/303_1/3

14: nf +ng+ng —ng —np =20 575/33”9+"15=0
8_4/3: M+ N5 —ng + Ny =0 6_1/3: Mo + M7 + myp =0
S_2/3: M — M5+ Ny — Mg+ ng =0 10, nyy =0

19: Ng — Ng — Mg — Nyg = 0 8 : mg + g =20
6_5/3: N7 — nyg — nyp =0 3_4/3: Mg — Mms =0

13: ng=0 8 43 Mo — M =0

[SU(2)-SU(2)-U(1)] : 2ny +9np +3ng +17n4 — 9n5 — 5ng + 16n7 — 18n49 + 8ny3 = 0

[U(1)-U(1)-U(1)] : 54ny + 243n, + 81n + 459n, — 243ng — 135ng + 432n; — 486010 + 216ny3 = 0

v [SU(3) - SU(3) - SU(3)], [SU(3) - SU(3) - U(1)] and [gravity - gravity - U(1)]

Université 0
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SU(5)-cuspeirned anomaly-free clhinal sets (év)

Set ng Particle content GUT  String
ST 4 3012, © 21, © (124, & (11, - -
§2 5 (1,2), ® @B1)_ys @ 1,14 & (3,1)2/3 ® (3.2 4 - -
3 5 (1), & (13, & @1, & 62, & (11, - -
S4 5 2(1,2), e 2(1,1), @ (6,1)2/3 & (62 15 & 6.1) 45 - -
S5 5 (1,2), & (), @ (13, @ 3012 ,, & 20,1), .
6 5 2012, e 3N, & (13, & 212, & (1), - -
7 5 2012, e 2B1)_; © 21, e 2B1),, & 2B.2)_, v -
8 5 2011, @ 213, @ 281, @ 282_, & 2011, v -
S9 6 (3,1) © (324 © (3,3)z3 ® (B33 @ (3:1)4y3 ©  (3,2) 7 * -
S10 6  (3,1)3 © @BNgs © (8.1)_,4 ®  (3.3) 4,5 @ (3 1)4y3 ® (8,2, v v
S11. 6 (3,1)y ® (@24 ® (B3)s @ (8,1) & B2y © (B2, v
si2 6 (1,2), ® BNy © (62 © (125, © Gl o L1, - -
S13 6  (6,1)y [ 2(8,1), o Bl)_q5 @ 2B2_4, o (6,3);3 o (6,1) 4/ v v
St4 6 2@ 1) © 2B3) © 6.2 © 2B2 55 © B3 © 6Ny Y v
S15 6 2(B31)53 @ 2B 1) © 20B2 ©  (61)y © (62 45 © @®N_jpy v v
S16 6 232 45 ® (6825 ©® 2B3) .5 & 2By & (635 O ENam Y v
S17 6 (1,2), ® 2@1),, © 2@N .5 ® 20B2 © (125, © (L1, v -
si8 6 (12),, & 213, e 3012, & (1, & @2, e 11, - -
S19 6 3(1.2),, o 301, © (13, e (125, & (61, o @2, = -
20 6 2(1,2)y, © 2(1,1), @ 2(1,3), @ 20123, @ (BN, o (82, * -
Amin = 5.0 x 10'° GeV ASIIG — 3.0 % 107 GeV

Université
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Set Amax[GeV] min [GeV] max [GeV] min [GeV] max [GeV]
S7 [305 376] 1.0 x 107 ., 2)‘/2 Mz 7.6 x 101 (@1 45 Mz 13 x 101
1,1, 8.0 x 103 7.8 x 1018 (3.1)z/5 2.6 x 104 9.4 % 108
(3,2)_5 Mz 5.8 x 107
s8 [1.4,18.8] 5.0 x 10'7 (1,1)_4 2.2 %103 2.8x 107 1,3), Mz 4.0 x 10°
(8,1), 8.9 x 10" 4.7 x 107 (8,2)_y, Mz 6.2 x 107
1,1)_, 9.4 x 102 3.4 %107
s10 [8.0,35.0] 5.3 x 10"7 (3.1)q3 Mz 4.2 x 107 (31)_z/3 Mz 4.9 x 10'7
(8,1)_4 6.7 x 103 5.0 x 10'7 (3,3) 15 Mz 1.1 x 1012
(3.1)y)3 Mz 5.0 x 107 (8,2); 2 Mz 4.7 x 10"
s11 [4.0,34.5] 5.3 x 10"7 (3,1)2/ Mz 4.9 x 107 (3.2) 6 Mz 2.7 x 1017
(3,3)25 Mz 9.7 x 10 (8,1), 8.4 x 10° 4.6 x 107
(3.2) 76 4.0 x 10° 5.1 x 10" (8.2)_1 /2 Mz 43 x 10"
s13 [1.0,35.5] 5.3 x 107 (6,1)55 7.4 x 104 5.1 % 107 (8,1), 1.9 x 107 5.0 x 107
®1)_1/5 5.5 x 107 5.0 x 10'7 (8,2)_y 1.4 x 1013 52 %107
(6,3);3 Mz 7.1 % 10" (6.1)_4/5 Mz 5.0 x 10'7
s14 [1.0,35.9] 5.3 x 107 B.1)3 Mz 4.7 x 107 (3.3)y/5 6.4 % 107 4.9 x 107
(6,2) 6 Mz 2.8 x 1016 (3.2) 76 2.9 x 108 5.0 x 10'7
(6.3)_y/3 25x 108 4.4 %107 (6,1)4/3 Mz 4.9 x 107
S15 [32.3,37.3] 53 x 10" (3.1)3 9.0 x 108 4.3 x 10" (B.1) 23 1.5x 10" 4.3 x 10"
(3,2);6 Mz 9.8 x 105 6.1)23 2.1 x 101 5.0 x 107
(6.2)_1/6 8.1x 100 8.5x 1016 (®,1) /5 5.4 % 1012 4.8 %107
S16 [1.0,37.1] 5.3 x 10"7 (3.2)_y6 Mz 5.1 % 10'7 (6,2);6 Mz 6.0 x 10'®
(3.3)_1)3 9.5 x 107 5.3 x 107 (@13 Mz 5.0 x 10'7
(6.3) 5 880 4.9 x 10" (8,1)_4/3 Mz 5.0 x 10"
s17 [31.9,37.1] 6.0 x 108 (1.2);2 Mz 2.0x 10 @13 Mz 8.3 x 10"
@ 1) 25 2.9 x 108 3.3 x 1016 (3,2)6 My 2.0 x 107
(1,2) 4,5 6.5x 1010 5.0 x 10'6 (1,1), 6.7 x 1010 5.9 x 1016
24y 33 ~ (1,8)0, Zg ~ (8,1)0, X ~ (8,2) _5, 54:T~ @B, 1)_1,H~(1,2)y
6 3 2
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S7:2(1,2)1 @23, 1) _1,382(1,1)_1 ©2(3,1)p/392(3,2)_4 5
M1 M2 M3 M4 M5
A=13x10°GeV, aj'~35
1 (GeV)
10* 10° 108 10" 10" 10" 10" 10"
60 - T T T T - T T T

=
3

-1
a
50 !

40

20

10

i
%)
(=1
P T S T S R A MR

e
S
<

In(u/M)

Mg, = Mgy =N My=Ms =560GeV  M; =6.9x10'°GeV My =M; =1.0 x 10'® Gev

3

z;;
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Auomaly-free sets wetthin the SU(5) (c)

Which are the minimal anomaly-free sets of complete representations of SU(5)?

> as(R) =0
R

SUG)imep 5 10 15 24 35 40 45 50
as T 1 9 0 -44 -6 6 -5

ns + Nig + 9n45 — 44n35 — 16Ny — Bngs — 15n55 = 0

> low energy vector-like particles

Label  Multiplet SU(5)-rep \ Label  Multiplet SU(5)-rep \ Label  Multiplet SU(5)-rep

T (1,2) 545 | 8 (1,4) g, 35 15 By 45

2 (B1) 13 5,45,50\ 9 (3,3) 53 35, 40 16 (3.2)_7s 45, 50

\

\
3 (1,1), 10 | 10 (6,2) 35,40 | 17 (81)_ys 45
4 B 1) 55 10, 40 \ 1 (10,1), 35 \ 18 (8,2),, 45, 50
5 (3,2)5 10,1540 | 12 (1,2) 5, 40 | 19 (1), 50
6 (1,3), 15 \ 13 (8,1), 40 \ 20 (6,3) 45 50
7 (6,1) g 1B 14 (3,3) 44 45| 21 (B1)y 50

Université
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Auomaly-free sets wetthin the SU(5) (c)

Which are the minimal anomaly-free sets of complete representations of SU(5)?

> as(R) =0
R

SUG)imep 5 10 15 24 35 40 45 50
as T 1 9 0 -44 -6 6 -5

ns + Nig + 9n45 — 44n35 — 16nyy — Bngs — 15n55 = 0

> low energy vector-like particles

N5 + Nig — Ngo = 0
Nis — Ngo — Nsg = 0
Nis + Ngs = 0
ngs = 0

@ C.Simdes - DISCRETE 2014 24/26
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Auomaly-free sets wetthin the SU(5) (cc)

Minimal anomaly-free sets of complete SU(5) representations:

5@ 10
5@ 40 ¢ 50

10 @ 40 @ 50

15 @ 45 © 50
5015 @ 40 @ 45
10® 15 @ 40 @ 45

SM in a non-standard way

3x10®4x15@® 3 x40 @ 4 x45@ 50

Q: Is it possible to obtain gauge coupling unification in this setup?

A: No, unless one allows for mass-splittings inside each SU(5)-multiplet!

u"‘jﬁ;& @ C.Simdes - DISCRETE 2014 25/26




2Gn
Qistring = o = ki — N = \/ 4magtring Ns
1=y __3
ez 3 4 17
Ng = 47/\/’/: ~ 527 x 10" GeV [V.Kaplunovsky, 1987]
s
For each set of solutions o’ Regge slope, v = 0.577, Mp = 1.22 x 10'°GeV
1 (A2 1 1
— | — =a;, (M7) — ——
4 (/\S) ! (Mz)

A
o (5™ + b1y + bfr + by ) In (/\7)
1

> ry €[0,1] f1=52*|n(/\5% = =3+ b
where

In (A/My)

a a
Ba = Bip A3y — BypAh Ba = A3 —BAY,
N 2 Al = 2 Al 2 Al
Afp Bpy — Doz By, Afp Doz — Byl
1
/7 /7 i /7 SM 3
B/ =8/ -8/, B| :—‘(b,- +b,-r3),

pa b2
a_ "“i ]
T
Kj Ki /
Université 0
de Liege O
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The unification scale is given by

W)
ar

A is uniquely determined for each set!

h(x) = xe* = x = Wy (h(x))
Wy: Lambert function
[R.M.Corless et al, 1996]

1 b} b2 _ 1/~ b b
f= <6247B1*’+Bf'> 9:‘1,'1(MZ)+*<§2*'*B1*'
K K 27 K

i Fi

where

>k=0 forf<O >k=—-1 forf>0

=
B
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GCU at string scale: nesutts (c)

Université
de Lige

Set z d A0 GeV] M, [GeV] M [GeV] M [GeV]
(d,1)s5,2 (d,2)_» (d,3)1,2

PiI 3 8 2.7 [2.7,7.3] x 108 [1.2,2.7] x 107 [2.2,2.7] x 107
(d,1)7/6 (d,3)_s/6 (d,4)1/3

1 3 2.7 [2.1,26] x 10*  [4.4,26] x 10'6  [1.3,2.7] x 10'7

P2 1 6 3.0 [3.7,45] x 1010 [6.7,40] x 10™  [1.4,3.0] x 10'7

1 8 2.9 [9.4,110] x 10" [8.7,52] x 108 [1.4,2.9] x 1017
(d,1)3/2 (d,4)_4 (d,5)1)2

1 3 2.7 [8.6,12] x 10°  [2.2,2.7] x 10"  [2.5,2.7] x 10'7

pg 1 6 2.8 [1.3,4.4] x 108 [1.2,2.8] x 107 [1.9,2.8] x 1017

1 8 2.8 [1.9,41] x 10" [17,2.8] x 107 [2.2,2.8] x 10"

1 10 3.0 [1.1,9.2] x 10" [4.7,20] x 10'®  [1.5,3.0] x 107
(d,2)4/3 (d,3)_7/6 (d,5)1/6

1 6 2.8 [3.5,13] x 10 [9.1,28] x 106 [2.4,2.8] x 10'7

P4 1 8 2.8 [2.2,3.6] x 105 [1.8,2.8] x 107  [2.6,2.8] x 1017

1 10 3.2 [3.1,320] x 105 [8.3,490] x 10'*  [1.6,2.8] x 10'7
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GCU at string scale: nesults (i)

Intermediate mass scales [GeV]

Set A[10'7 GeV] rep min max rep min max
S10 [3.5,5.3] B 113 Mz 50x 107 (3,1)_p/3 Mz 4.6 x 1017
(8,1)_, 29x 107 45x10"7  (3,3)_y,3 35x10° 24x10"
(B )43 9.8x 107 52x10"7  (8,2);), Mz 1.1 x 108
St [3.6,5.3] (3:1)53 Mz 43x 107 (3,2) 44 Mz 8.8 x 106
(3:3)53 9.6 x107 3.0x10™ (8,1), 1.3x 10" 4.4 x 10"
(3.2) 75 57x10 50x10"7 (8,2) 4, Mz 1.1 x 108
S13 [3.3,5.3] (6.1)5/3 79x10%  52x10'7 (8,1), 7.7x10°  52x10"7
(6.1)_y3 31x10° 52x10"7 (8,2)_,, 83x10% 52x10"7
(6.3)13 48x10° 13x10™ (8,1)_,;5 33x10% 5.0x10"7
S14 [3.2,5.3] (B 1) Mz 5.0x 107 (3,3),/5 7.6 x 10" 52 x 10"

(6.2)_4/6 Mz 33x10"®  (3,2)_;,5 52x10° 5.1x10"7
(6.3)_y/3 23x107 43x10'7 (6,1),, 58x10% 52 x 10"

S15 32,33  (31)5 13x107 33x107 (3,1) 5 1.7x10" 32x10"
(3.2)1)5 Mz 84x10° (6,1),5 1.0x10" 3.2x107
(62) 15 18x10" 52x10 (6,1) 4, 7.8x102 32x10"

S16 [3.2,5.3] (3:2)_4s6 Mz 52x 107 (6,2)6 Mz 3.6 x 1012
(3.3) 43 1.7x10" 53x10"7 (3,1),, 85x10* 5.2 x 10"
(6.3)1/3 1.8x10%8  52x10"7 (6,1) 45 11x105 52x10"7
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Concluscons
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<
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We searched for minimal chiral sets of fermions beyond the SM that are
anomaly-free and, simultaneously, vector-like particles with respect to SU(3),
and U(1)em

It was studied whether the addition of such particles to the SM particle content
allows for the unification of gauge couplings at a high energy scale

We looked for minimal anomaly-free chiral fermion sets that belong to SU(5)
representations with dim < 50

It was showed that some of the sets lead to GCU at a scale above

5.0 x 10'® GeV
Tteants you!
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