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Motivation

Karlsruhe Institute of Technology

The SM is amazingly successful, but it has many open questions

9

© o o o 0 0

9

Why are there so many free parameters ?

What is the origin of the mass spectrum?

Why is charge quantized?

Are the fundamental forces unified?

What is the origin of the neutrino masses and mixing?
What is the dark matter?

Why is there matter-antimatter asymmetry?

Possible answers in physics Beyond the Standard Model (BSM)
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Karlsruhe Institute of Technology

Motivation

The SM is amazingly successful, but it has many open questions
® Why are there so many free parameters ?

What is the origin of the mass spectrum?

Why is charge quantized?

Are the fundamental forces unified?

What is the origin of the neutrino masses and mixing?
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o
Possible answers in physics Beyond the Standard Model (BSM)

Here aGUT prototype: aninimal extension of th&U(5) model
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Georgi-Glashow Model A“(IT

® Particle content of minimal SU(5) and SM embeddiagprgi and Glashow '74]

» Gauge sector:
24v = B(1,1,0)8W (1,3,0)8G(8,1,0)8X (3,2, - 2)®X (3,2, +2)
® SMfermionsby = (3,1,+—)@(1,2,—l) and
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Georgi-Glashow Model ﬂ(".

® Particle content of minimal SU(5) and SM embeddiagprgi and Glashow '74]
24V ’ 5F ) ]-OF , 5H ’ 24H
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Georgi-Glashow Model ﬂ(".

® Particle content of minimal SU(5) and SM embeddiagprgi and Glashow '74]
24V ’ 5F ) ]-OF , 5H ’ 24H

$» SU(5) breaking:

suG) 2 sUB) ® SUER), @ UL)y SUEK @ U(L),
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Georgi-Glashow Model ﬂ(".

® Particle content of minimal SU(5) and SM embeddiagprgi and Glashow '74]
24V ) 5F ) 10F ’ 5H ) 24H

$» SU(5) breaking:

(2411) (5m)

suG) — SUBL ®SUER) ®UL)y X SUBL ® UL

® Proton become unstable:

M4
X T X
— p g my

\d o TSP > 1033 yr
d

= My > 10°GeV
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Minimal SU(5) model is ruled out Q(IT

® Gauge couplings do not unify
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Minimal SU(5) model is ruled out ﬂ(".

® Gauge couplings do not unify

3-loop running{L.M., J. Salomon, M. Steinhauser "12]

0.05-
SM input parameters: 0.045}
S 0.04}
oS (Mz) = 0.0169225 £ 0.0000039, ;
_ <> 0.035/
oy (Mz) = 0.0033735 £ 0.000020 , 2 z
a¥S(Mz) = 0.1173 £ 0.00069 , 5 0025
aMS(Mz) =0.07514. [PDG 2012] 0.02

0.015
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Minimal SU(5) model is ruled out ﬂ(".

® Gauge couplings do not unify

® Neutrinos are massless
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Minimal SU(5) model is ruled out ﬂ(".

$» Gauge couplings do not unify

® Neutrinos are massless

Ly = Yd5F10F5f{ +¥u10F10F5I-£—|—h.C.—|— Ce

MDZML MU
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Minimal SU(5) model is ruled out ﬂ(".

$» Gauge couplings do not unify
® Neutrinos are massless
Ly = Yd5F10F5f{ ‘|‘}/u10F10F5I-£ +h.c.+ % [YVSF5F5H5H + .. ]

~

MDZML MU

m, ~Y,% = forA~107GeV: m, ~ 10 ‘eV

= much too light!
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SU(5)+ 24 XIT

Karlsruhe Institute of Technology

#® Add an adjoint fermionic multiple24g

[Bajc, Senjanovic '06], [Bajc,Nemevsek, Senjanovic '07]

24r = (1,1,0)r & (1,3,0)r ® (8,1,0)r & (3,2, - 2)r & (3,2, +2)r

A\ 7 \ & J

Ve Ve Ve

SF Tp OFf Xp X
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SU(5)+ 245 XIT

#® Add an adjoint fermionic multiple24g

[Bajc, Senjanovic '06], [Bajc,Nemevsek, Senjanovic '07]

24r = (1,1,0)r ©(1,3,0)r @ (8,1,0)r ® (3,2, —3)r © (3,2, 4+ ) F

A\ 7 \ & J

Ve Ve Ve

SF Tp OFf Xp X

® Gauge coupling can unifyde beloy
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SU(5)+ 24 XIT

Karlsruhe Institute of Technology

#® Add an adjoint fermionic multiple24g

[Bajc, Senjanovic '06], [Bajc,Nemevsek, Senjanovic '07]

24r = (1,1,0)r ©(1,3,0)r @ (8,1,0)r ® (3,2, —3)r © (3,2, 4+ ) F

A\ J \ & J

Ve Ve Ve

SF Tp OFf Xp X

® Gauge coupling can unifyde beloy
#® Neutrinos get masses
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SU(5)+ 245 XIT

Karlsruhe Institute of Technology

#® Add an adjoint fermionic multiple24g

[Bajc, Senjanovic '06], [Bajc,Nemevsek, Senjanovic '07]

ot
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A\ J \ &
Ve ~” Ve

24F = (17 17 O)F D (17 37 O)F D (87 17 O)F D (37 27 _E)F D (§7 27 -+
Sp TE OF Xp Y‘rp

® Gauge coupling can unifyde beloy

#® Neutrinos get masses

New Yukawa interactions: 0Ly = y,0p24p5, =

after EW breaking:

Vo 0?2 yzfy]T y?gy?g
] 2

(e
mTF mSF

2 nheutrinos are massive
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Unification Pattern

Renormalization Group Equations
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Unification Pattern
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Renormalization Group Equations
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Unification Pattern

Renormalization Group Equations

LY = e = - (L)

s

7; w
by + Db+
J

New particles w.r.tSM that can contribute to the gauge coupling runningdp)

Q; proton decay

SU(5) | State Abg

S5H T (2,0, &)
24 5 Ty (0, 3,0)
2451 Ox (4,0,0)
24 Tr (0, 3,0)

24Fp Or (2,0,0)

log,,(1/GeV)
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KIT

Unification Pattern

Renormalization Group Equations

LY = e = - (L)

s

7; w
by + Db+
J

New particles w.r.tSM that can contribute to the gauge coupling runningdp)

a,-_l triplets proton decay
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KIT

Unification Pattern

Renormalization Group Equations
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New particles w.r.tSM that can contribute to the gauge coupling runningdp)
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Mass Spectrum of SU(5) 24 ﬂ(".

® Unification requiresM ~ 1 TeV, My ~ 10% GeV

# Unification constraints max. value ofs = (M7, My

H

)1/5
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Mass Spectrum of SU(5) 245 %(IT

® Unification requiresM ~ 1 TeV, My ~ 10% GeV
)1/5

# Unification constraints max. value ofs = (M7, My

H

® 1-loop running analysis

logyo(m3"**/GeV)
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Mass Spectrum of SU(5) 245 %(IT

® Unification requiresM7 ~ 1 TeV, Mo ~ 10% GeV

® Unification constraints max. value of; = (M7 Mg, )"/®

® 2-loop running analysis

logyo(m3"**/GeV)
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Mass Spectrum of SU(5) 245 %(IT

& Unification requiresMr ~ 1 TeV, Mo ~ 10° GeV

# Unification constraints max. value ofs = (M. My, )5

® Interplay between LHC and HK to check the model

logy (m3™*/GeV)
. Hyper-Kamiokande - 2025

350

30"
i LHC - 14 TeV

2.51
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Mass Spectrum of SU(5) 24 ﬂ(".

® Unification requiresM ~ 1 TeV, My ~ 10% GeV

# Unification constraints max. value ofs = (M7, My

H

)1/5

Theory side3-loop analysis is required
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Effective Field Theory Approach ﬂ(".

| SM | SM+T | SM+T+0 | - | SU(5)
| | | |
M, M Mo My Mg
w5 @iy
\\]\1* | G)
S
: Matching O
S‘\/\-\-T
: Matching T
?\)(\6\@
oM
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Effective Field Theory Approach ﬂ(".

3-loop running analysis for the gauge couplings requires:

$ 3-loopgauge beta functions of SM
[L.M., Salomon, Steinhauser '12], [Bednyakov, Pikelnegli¥hanin’12]

$ 2-loopmatching coefficients fof andO (herg
3-loopgauge beta functions of SM+T , SM+T+0O, hef9
$ 2-loopmatching coefficients fosuper heavy particles M (missing

°
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3-loop gaugegs functions ﬂ("‘

Calculation ofZ,,, to 3 loops:

7 ZV Zl,gq;cq;c‘q; . Zl,gigq;gi

"o Hk V Zk,WF - Z2,Cz' V Z3,9z‘ B (\/ Z3,9¢)3 B
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3-loop gauges functions %(f“:

Calculation ofZ,,, to 3 loops:

7 ZV . Zl,gz'cq;c‘q; o Zl,gigq;gi

“o Hk V Zk,WF B ZQ,Cz' V Z3,gz' B (\/ Z3,gz')3

# (O(10°) Feynman diagrams

VW Lor - > -
7 | ‘ Ir:'
A P ;
// |l 4 A X
| . !
\ l| ’VVV‘% //“ A
\ ’| s '
~< , )
S < -- - -
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3-loop gauges functions ﬂ("

Calculation ofZ,,, to 3 loops:

7 ZV L Zl,gz'cq;c‘q; . Zl,gigq;gi

“o Hk V Zk,WF B ZQ,Cz' V Z3,gz' B (\/ Z3,gz')3

# (O(10°) Feynman diagrams

PAAAA Lor - > -
/\/| ‘ Ir:'

' L]
SN 3 X
/’ || e // [
M AN LA A
AN ll N .
RN v I

haww < - - -

® MSscheme

® 1 non zereexternal momentum & all masses setztyo
= MINCER [Larin, Tkachov, Vermaseren’'91]

Rencontres de Moriond EW 2013 Luminita Mihaila — The cost of gauge coupling unification in SU(5) at 3 loops — p.10



2-loop matching coefficients %(IT

® Effective Field Theory:
qull( (flﬂl)’ . ) — Ceff(a('eff)a . ) at energyu
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2-loop matching coefficients %(IT

® Effective Field Theory:
Efull( (fllll)’ . ) — Ceff( (eff)a . ) at energyu

$ “Matchind : low energy physics must be unchangéd

ageff) _ Cz Oé?(;full)
Cz’ — Cz’(aiy Mheavya :u)
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2-loop matching coefficients %(IT

® Effective Field Theory:
Com(a™,.0) = Leg(al™ ..) atenergyu

$ “Matchind : low energy physics must be unchangéd

ageff) _ Cz Oé?(;full)
Cz’ — Cz’(aiy Mheavya :u)

®» An example: matching of SM+T to SM+T>
4 \ ml \ll \m [ 3 } Ei | }
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3-loop results IT

Karlsruhe Institute of Technology

® Input: SM low-energy gauge couplings(Mz),i =1,2,3
® AssumptionsMr, = My, , Mo, = Mo, ~107°GeV
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3-loop results ﬂ("'

stitute of Technology

® Input: SM low-energy gauge couplings(Mz),i =1,2,3
® AssumptionsMr, = My, , Mo, = Mo, ~107°GeV

1- and 2-loop correlation

16.1

log,,(Mg/GeV)
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3-loop results ﬂ("'

stitute of Technology

® Input: SM low-energy gauge couplings(Mz),i =1,2,3
® AssumptionsMr, = My, , Mo, = Mo, ~107°GeV

3-loop correlation

16.1

log,,(Ms/GeV)
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Conclusions A“("'

o Minimal extension of SU(5)
# Unification possible ab(10'° GeV)
# Light electroweak triplets aD(1 TeV)

# Interplay between LHC and Hyper-Kamiokande to
constraint the parameter space

o Theory: precise3-loop) running analysis required
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