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e Georgl-Glashow SU(5)
* A minimal extension

* Neutrino masses

e Unification

* Why 3-loops accuracy !
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Georgl Glashow SU(S)

e Rank-4 Lie Groups with only one coupling strength:
U@ TOB))F [UR)I [Ga) O®B) O®F) Sp(8) F+ SU(G)
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Georgl Glashow SU(S)

e Rank-4 Lie Groups with only one coupling strength:

[SUQI* [OG)F [SUR)R G2 O©B) OF) Sp®) Fi SUE)

\

do not contain SU(3)c
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Georgl Glashow SU(S)

e Rank-4 Lie Groups with only one coupling strength:

[SUQR)T* [OG)2 [SUBT ([GE O®) O©) Sp@) FilSu()

e

do not have complex representations
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Georgl Glashow SU(S)

e Rank-4 Lie Groups with only one coupling strength:

[SUQR)T [OG)[ [SUB)E [Ga O@B) O©) Sp@B) Fi SU()

\

cannot describe quarks

U(l)o c SUGB) = > Q(quarks) =0

Luca Di Luzio (KIT) 02/14



Georgl Glashow SU(S)

e Rank-4 Lie Groups with only one coupling strength:

[SUQR)T* [OG)P [SURPE G OB) O©) Sp(8) F+lSUE) |

e Gauge sector: SM embedding

24y — G(8,1,0) ® W(1,3,0) ® B(1,1,0) ® X(3,2,—2) ® X(3,2,+2)
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Georgl Glashow SU(S)

e Rank-4 Lie Groups with only one coupling strength:

SUQR)T* [OG)P [SURPE [G OB) O©) Sp(8) FilSU()

e Gauge sector: SM embedding

24\/ — G(S, 1, O) S, W(17 37 O) D B(la 17 O) N> X(37 27 _%) D Y(37 27 —I_%)

e SM fermions live In the same GUT multiplets:

V)]

SF — (§7 17+%)F b (1727 _%)F 10F = (gv 1, — )F 8% (3727+%)F 87 (17 17+1)F
—— N — e’ —— N —— N ——
dc E uc q ecC
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Georgl Glashow SU(S)

e Rank-4 Lie Groups with only one coupling strength:

SUQR)T* [OG)P [SURPE [G OB) O©) Sp(8) FilSU()

e Gauge sector: SM embedding

24\/ — G(S, 1, O) S, W(17 37 O) D B(la 17 O) N> X(37 27 _%) D 7(37 27 —I_%)

e SM fermions live In the same GUT multiplets:

V)]

SF — (§7 17+%)F b (1727 _%)F 10F = (gv 1, — )F 8% (3727+%)F 87 (17 17+1)F
—— N — e’ —— N —— N ——
dc E uc q ecC

* Symmetry breaking sector: 24y @ 5y

SU(5) f;—ﬂh SU3)e © SU2), © U(1)y % SU(3)e ® U(1)o
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Georgl Glashow SU(S)

e Rank-4 Lie Groups with only one coupling strength:

SUQR)T* [OG)P [SURPE [G OB) O©) Sp(8) FilSU()

e Gauge sector: SM embedding

24\/ — G(S, 1, O) S, W(17 37 O) D B(la 17 O) N> X(37 27 _%) D Y(37 27 —I_%)

e X connects quarks and leptons: proton Is unstable |

exp 2 1033 VT

P 4 ) — My >10% eV
U d th o M
d
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Why is the GG SU(D) ruled out ¢

* Gauge couplings do not unify (even after including scalar thresholds)

\

| lOg 10 (,Lt/ GeV)
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Why is the GG SU(D) ruled out ¢

* Gauge couplings do not unify (even after including scalar thresholds)

e Neutrinos are (practically) massless

_ 1 _
Ly = Y15F10F5}<{ + Y510710p5y + K [Y35F5F5H5H + .. ]
N—— N——

Mp = Mg My
02
My, ~ YgK <107 % eV < > My, 2 \/Amﬁtm ~ 0.05 eV

for A =100 x Mg ~ 10*" GeV (b-tau + perturbativity)
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Add a fermionic 24

* Solves both the problems at once* [Bajc, Senjanovic (2006)]
[Bajc, Nemevsek, Senjanovic (2007)]

24p = (1,1,0)r ©(1,3,0)r © (8,1,0)r & (3,2, ~2)p & (3,2, +2)
— Y Y Y Y

- Neutrino masses through seesaw

- RGEs are modified

*Minimal extension of GG SU(5) is not unique: e.g. add a | 5H

[Dorsner, Fileviez Perez (2005)]
[Dorsner, Fileviez Perez, Gonzalez Felipe (2005)]
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Neutrino masses

e New Yukawa terms with 24F

* Mixed type-lll + type-| seesaw

H H H H
\\\ Triplet /// \\\ Singlet ///
Yyt > X YT Ys X Ys

mr ms \\
L L L L
] |
Yy Ysy
(my)m _ ’U2 ( TIT + S S)
mr ms
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Unification patterns

e States which can contribute to the running btw Mz and Mg

a; proton decay

SU(5) origin|Field content|(bs, b2, b1) 60 L |
i !

S B L-3n | (501)| 50 |
24n (1,3,00x | (0,%,0) 10l |
241 (8,1,0)r | (3,0,0) 305 |
24 (1,3,0) | (0,%,0) | |

u I

2| 3.2-2r | (22)] 10 :
........................... L.

log,,(1/GeV)
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Unification patterns

e States which can contribute to the running btw Mz and Mg

cz,-_l triplets proton decay
SU(5) origin|Field content|(bs, ba, b1) oLl |
1 1 1 : |
SH (3L, —3)m | (5:0.75) | 509 |
W (1,3,0) | (0,2%,0) wh |
241 (8,1,0)n (%7070) 30;?__,,i |
245 (1,3,00r | (0,2,0) T |
- | '
247 (8,1,0r | (20,0 | 2. :
24 (3,2,-2)r | (5,2,%) ] 101 |
3 I S R T R R |

| - 1 GeV
* by > by in order to delay the meeting of | and 2 O810W/OeV)
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Unification patterns

e States which can contribute to the running btw Mz and Mg

1

a;  triplets octets proton decay

SU(5) origin|Field content|(bs, ba, b1) 6oL | |
_1 1 L 5 ' |
OH (3717 3)H (6’01’ 15) 50_ : I :
24 1 (1,3,0)H (07 §70) 403_ : : :
245 (8,1,0) | (%,0,0) 2 | |
4 30— 1 ! |
24 F (1,3,0)F (0, £,0) ) i |
i | | |
e | 3,100 | 200 | 0, : :
2 (3,2,-2)r | (2,2,29) 10=—"1 | l

3 A I I R R I

| - I
* by > by in order to delay the meeting of | and 2 081o(H/GeV)

* b3> b and by for the convergence of 3 with | and 2

* unification patterns require mr < mo < Mg
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How heavy the triplets can be !

e RGEs constrain the quantity ms = (m4TFmTH)1/5

e which i1s the maximum value allowed for ms !

- maximize the mass of the extra thresholds with b > b»

- depends on the convergence of a1 and aa (precision observable )

@ triplets proton decay
1 :

60\:& (M) ~ 0.02%
50; : a1
40 ¢ : Acrs

i | a2
0 N
I 043
10~ 293 M) ~ 0.6%
llll I T T S S R R CMS
2 4 6 8 10 12 14 16

log,,(u/GeV)
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M3 - Mg correlation

* one-loop

logyo(m3™*/GeV)
35!
307

2.57

2.0/
155 156 15.7 158 159 160 16.]

10g10 (MG/GGV)
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M3 - Mg correlation

1—2—loop exp
* one-loop » two-loops (A]y(?) — 70% (AAJXG) = 9%
G G
10 mma’X Gev A 1—2—loop exp
B0(ms ™ /GeV) ( m3> a0 (Am3) o

35;
30

2.57

2.0/
155 156 15.7 158 159 160 16.1

10g10 (MG/GGV)
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M3 - Mg correlation

* Interplay btw LHC and HK will cover most of the parameter space

logyo(m3™*/GeV)
Hyper-Kamiokande - 2025

350

3.0 ™

LHC - 4 TeV
2.5

|||||||||||

2.0
155 156 157 158 159 160 16.1

10g10 (MG/GGV)
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Ingredients for a 3-loop analysis

e [ffective field theories: n-loop running + (n-1)-loop matching

extra

SM SM + T SM+T o thresh gy

I I I | I
>
I I I 1 I

° 3—IOOp beta functions in the SM [Mihaila, Salomon, Steinhauser (2012)]
* )-loop matching for SM —> SM+T — SM + T + O (here)
* 3-loop beta functions in SM +T and SM + T + O (here)

* )-loop matching at Mg (missing)
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Analytical results

* )-loop matching for SM —> SM + T

SM

" (1) = Cay (1 (), My (1)) ()

a9 1 ,u2 1 /12
o, =1+ —= 1 —= | Np,, — — | N
C 2 + - ( 6C(GL) Ilm?r Tk 24C(GL) Ilm?r Ty
o5 7 1 2, W L 2, 2 p
2 2
—~Z |l —-—=—C(G1) — —=C(G)"1 C(Gr)1 N N
+ w2 [( 288 (Gr) 12 (Gr) nm?pF + 36 (Gr)"In m2TF TF) hr

37 , 11 2, p 1 2,2 W
2L 0GR = =0 (G2 (G2 N+ | N
+(576 (GL)” = 56¢ (GL) nm%pH+576 (GL)"In mz, )

72 mZTF m%H
2% (g VNG - L0(GL) — —C(GL) N (Gr)In s _Leowe)m B\ 2
Tom o\ 48 F Bog T T g P mE 24 T g )
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Analytical results

* 3-loop beta-functions in SM + T

a2 (1 1 as (1 7
APy = W—g {60 (Gr) N7, + ﬂC’ (Gr) N1, + ?2 (gC(GL)Q Nr,. + 4_80 (GL>2 NTH)
11

+ % [(%o (G1) = O (GL)* T (Re) (N (Re) Ny + Np) = 22C (G1) O (Re) T (Be) (N (Re) Ny + No)

L ? 25 145 3 277 3
a6 C (GL) T(RL) Ni = = C(GL) C(RL) T (Rp) Ni = 572 C(GL)" N1y — 5 C(GL) NTH> Nr,
2749 13 ’
* (69120 (GL)” = 55C (GL)" T (Rr) (N (Re) Ny + Ne) = 5202 C(Gr) € (Rp) T (Ry) (N (Re) Ny + No)

143 5 49 145 5
@C(GL) T(RL) Nh - mC(GL) C(RL)T(RL) Nh — MC(GL) NTH> NTH]

Q2 Qng, O 2 o a2 Oxgyp 1
C(G N,
T m 64 <L) TH+7T 7w 16

a? 1 1
+ ;gT (—6—40(GL)N(RL)Nh - 6—4N(GL)T(RL)Nh> NTH}
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Scale dependence

SM —— SM + triplets

0.02672
, Mr,=mr,= 10* GeV
0.02670  ~ _ '_
S o~
& 0.02668 L
& : : \\\\
= 0.02666 . -~
3 | : S o
0.02664 : ~ .l
002662+ ot
2 3 4 5 6

logl()(:u/GeV)
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Sample Unification

002830+ :

0.02828 > /
002826 -
S 0.02824 /
$'0.02822 I
S 0.02820 T
0.02818---"" N
002816 S o
1580 1585 1590 1595  16.00
log,,(1/GeV)
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Sample Unification

0.02830,
0.02828 :
0.02826
0.02824
0.02822
0.02820 .
0.02818
0.02816 " R

15.80 15.85 15.90 15.95 16.00
log,,(u/GeV)

A 2—3—loop A 2—3—loop A 2—3—loop
(ﬂ> = 0.015% ( O‘2> — 0.061% (ﬁ> — 0.08%

o

a, @p, @3
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Sample Unification

0.02830 ~ R :
0.02828 > '
- 0.02826 .~ / |
S 0.02824 JIK —f
S 0.02822 .//‘ I
S 0.02820. /— o
0.02818 =" 7NN ;
0.02816. 8NN NOONL :
1580 1585 1590 1595 16.00
log,,(1/GeV)
(%>2—>3100p 0015% (ACZ2>2—>3—loop  0.061% (%>2—>3—100P — 0.08%
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M3M - Mg correlation @ 3-loops

/GeV)

max
3

loglo(m

159 16.0 16.1
log,(Mg/GeV)
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M3M - Mg correlation @ 3-loops

/GeV)

max
3

loglo(m

159 16.0 16.1
log,(Mg/GeV)
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Conclusions

* Minimal extension of GG SU(S) surprisingly predictive (falsifiable)
- light O(TeV) electroweak triplets
- unification scale < 10'® GeV

* Joint effort btw experiments (LHC, HK ...) and theory

e On the theory side 3-loops needed to match exp precision
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Backup slides
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Iriplet decay

pp — TTT? — [F[F 4+ 4 jets

B T T T | T T T
10* |

LHC ]
T:7° 5> 1*1* + 4 jets
z
Yr 10°
2 ] E
u - ' S
Z J
10°
J
W_ ~
a 70 wr J 1072 i
200 400 600 800 1000
My (GeV)
Yr [Arhrib, Bajc, Ghosh, Han, Huang, Puljak
z Senjanovic (2010)]

- AL = 2 process (SM background free)

- (fermionic) triplet mass can be probed up to 700 GeV for 14 TeV and 100 fb
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- / H ratio dependence

a,(10" GeV)

a,(10"° GeV)
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