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Beyond the Standard Model

Standard Model of electroweak and strong interactions despite its astonishing
phenomenological success has some difficulties:

* massive neutrinos
* dark matter
* hierarchy problem

x electric charge quantization
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Beyond the Standard Model

Standard Model of electroweak and strong interactions despite its astonishing
phenomenological success has some difficulties:

* massive neutrinos
x dark matter '

— new physics beyond the Standard Model?
* hierarchy problem

x electric charge quantization

Supersymmmetric Grand Unification is one of the most promising candidates, at
the same time predicting also proton decay, existence of magnetic monopole(s)
and some yet unobserved new particles.

The simplest GUT model is the minimal renormalizable SU(5).
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Introduction

Motivation

The minimal renormalizable supersymmetric SU(5) model excluded according to
Murayama-Pierce 01 , ...

» gauge coupling unification (no unification within MSSM —
mt < 1.4-10'° GeV)

» proton decay (mr 2 2.0 - 10Y GeV)
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Introduction

Motivation

The minimal renormalizable supersymmetric SU(5) model excluded according to
Murayama-Pierce 01 , ...

» gauge coupling unification (no unification within MSSM —
mt < 1.4-10'° GeV)

» proton decay (mr 2 2.0 - 10Y GeV)
Assumption:

low-energy supersymmetry spectrum - 3™ generation sparticles at the O(1 TeV)
scale, and gauginos around the EW scale (M, = 200 GeV, M3/M, ~ 3.5).
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Motivation

The minimal renormalizable supersymmetric SU(5) model excluded according to
Murayama-Pierce 01 , ...

» gauge coupling unification (no unification within MSSM —
mt < 1.4-10'° GeV)

» proton decay (mr 2 2.0 - 10Y GeV)

Assumption:

low-energy supersymmetry spectrum - 3™ generation sparticles at the O(1 TeV)
scale, and gauginos around the EW scale (M, = 200 GeV, M3/M, ~ 3.5).

Can all the phenomenological constraints be fulfilled by relaxing that request,
allowing for some more general superpartner mass spectrum?

Can we bound the parameter space of allowed soft supersymmetry breaking terms
in MSSM (soft masses and trilinear a-terms) and learn something about SUSY
breaking?
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Minimal Renormalizable Supersymmetric SU(5) model [EVACSTLT

Our starting points

1. Why minimal renormalizable SUSY SU(5)?

x predictiveness - probably the only way to ever test the high scale
Yukawas (no SU(5) singlets used, small number of parameters —

the masses are calculable)
QiQQkL .
C=

x smallness of terms W D C <1077 experimental fact

N

perturbativity (of couplings) at least up to the unification scale

w

. soft terms at the GUT scale SU(5) invariant (supergravity mediation)

>

studying the mass scales of the theory (the effects of running), not its flavor
structure [the only constraint is small FCNCs |

5. correcting the down-sector quark masses by generation dependent
supersymmetric thresholds (a-terms)

[e)}

. neutrino masses (bilinear R-parity violation?)

~

. dark matter (gravitino?)
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Scales in the theory

Decomposition
MSSM

SU(5) D (SM particles & superpartners) & heavy thresholds
light thresholds
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Minimal Renormalizable Supersymmetric SU(5) model Assumptions

Scales in the theory

Decomposition

MSSM

SU(5) D (SM particles & superpartners) & heavy thresholds
—_————

light thresholds

Matching scales

weak scale ~ O(mz) — Mgy = /Mg Mg, & | /Mgemg, (SM)
Mgy ~ O(10° —10*TeV) — Meyr  (MSSM)
Maur ~ O(10%° GeV) — Mplana.  (SU(5))
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Minimal Renormalizable Supersymmetric SU(5) model Assumptions

Scales in the theory

Decomposition

MSSM

SU(5) D (SM particles & superpartners) & heavy thresholds
—_————

light thresholds

Matching scales

weak scale ~ O(mz) — Mgy = /Mg Mg, & | /Mgemg, (SM)

Mgy ~ O(10° —10*TeV) — Meyr  (MSSM)
Maur ~ O(10%° GeV) — Mplana.  (SU(5))

Running of model parameters between matching scales (RGEs)

single scale effective theory 2-loop RGEs + 1-loop thresholds

v
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Minimal Renormalizable Supersymmetric SU(5) model SIS TTEREN T N@ 11

Content

1. Higgs sector:

adjoint representation: SU(5) — SU(3). x SU(2), x U(1),

24, =(8,1,009(1,3,0)®(1,1,0)® (3, 2, —§) @ (3,2, §)
mg(m):) m;;(m:) my my

2

- 3
X T_\/_?TOU

fundamental & antifundamental representation: SU(2), x U(1), — U(1)_,

1 1 — =, 1 1
5H :(3717—3)@(17275) ) 5H :(37175)@(]"27_5)
—_————  —— ———
mr mpy mr my

Timon MEDE (IPhT) realistic minimal SUSY SU(5) 4 Jun 2014 7 /20



Minimal Renormalizable Supersymmetric SU(5) model

Content

2. Gauge sector:

24, = (8,1,0)% (1,3,0) ¢ (1,1,0) 5 (3.2, —2) & (3,2, )

3. Matter (Yukawa) sector:

1

10; = (3,2, 6) S

——
i
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Structure and Content
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Structure of the theory (high energy)

Higgs sector superpotential
I 2 A 3 3 (o)

Wy ==Tr24 V30=Tr24 54 ( 24 3—= 15
H2fH+ 3rH+7]H<H+m>H

Yukawa sector superpotential
o 1 .
Wy = 5iy5l’110j 54 + g 10; Ylt)’J].Oj 54 , i=1,2,3
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ST TR
Structure of the theory (high energy)

Higgs sector superpotential

I 2 A 3 E (o)
Wy ==Tr24 V30 = Tr24 50 ( 24 3—=1]5
H 5 r24y” + 3 r24y” +n H( H+ m) H

Yukawa sector superpotential

| -
Wy = 5iY5I’J10j 54 + g 10iY1’()”10j 54 , i=1,2,3

mr = —2=no) .

my = mg=m3=>5u=>5\c .. <

m = p=Ao) = perturbativity (mr, mg < my)
my = \/L;O gaur (o)
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ST TR
Structure of the theory (low energy)

MSSM superpotential
Whassm = u®Y,QH, + d“YgQHg + e“Y.LH4 + uH Hqg

soft Lagrangian (SUSY)
Loy = miy, HiHy -+ m?, HiHy
+ (NQTm%(N? + 0m2. i 4+ & mi. et + ZTm%Z + ElcmscacT
+ % (M1 Bb 4+ My i + M3gg—) +hee.
+ A, QH, + dAyQHy + & AcLHy + bH,Hy + h.c.
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Minimal Renormalizable Supersymmetric SU(5) model Structure and Content

SU(5)-invariant boundary conditions at the GUT scale

= QQuT

ai(Mgur) = a(Mgur) = az(Mgur) =
Yu(Mcut) = Y] (Mcur)
Ya(Mcur) = Y. (Mcur)
Ay(Mcut) = Al (Mgur)
As(Mcur) = Al (Mgur)
M;(Mcut) = Ma(Mgut) = M3(Mgutr) = My,
ma,(Mcut) = mae(Mgut) = mze(Mcur) = i,
m[[(MGUT) = maf(MGUT) = ﬁ‘lgi

All the splittings within SU(5) representations are only due to running !
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Phenomenology

Theoretical and experimental constraints

* Higgs mass (mj ~ 125.7 GeV)

* correct down-sector fermion mass relations (dmy, dmg, dmy)

* vacuum (meta)stability (UFB 1,2,3 and CCB 1,2,3)

* gauge coupling unification
« perturbativity (mr, my < my < Mplanck)
+ proton lifetime bounds & (p — K¥7) > 23 x 10%yrs  — mr 2.

P (p — e") > 13x1083yrs  — my > ...

* LEP and LHC bounds on sfermion and gaugino masses
(Mg, ,»mg 2 1TeV; mg,, mg 2 300 GeV)
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Light Higgs mass
Mass of the light Higgs

matching scale between SM and MSSM RGEs

msusy = \/mfl (msusy ) mfz (msusy) ~ \/mfl3 (msusy ) m("33 ( msusy)

is determined by (2-loop) SM running of the Higgs quartic coupling

A
VHiggs = —m,%HjHu + 5 (HIHU)2
with the matching condition

tree—level

3 2(2
)‘(msusy) = (gglz(msusy) + g22(msusy)) %(6) +

. 6 (AesinB)* [ X 21_i X, \?
(47T)2 Msusy 12 Msusy

in 8)4
1-loop stop-mixing contribution to Higgs mass < %

+...

x3
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Light Higgs mass
Mass of the light Higgs

2-loop SM running of couplings

RED =2
BLUE= (g + }5 217/ 4
PURPLE = 6 h* / (dn)’ % 3

0.25

LUl ] 5

0.15F
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Light Higgs mass
Mass of the light Higgs

For each tan 3 exist a minimal mg,sy which fits the measured Higgs mass

U . .

ok

s

MRl Gev ]
Sm
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Allowed values of Mzyysg from measured Higgs mass:

‘GREEN = pasitive contribution of sparticle mixings

RED = negative contribution of sparticle mixings
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Phenomenology Down-type quark masses

Mismatch between measured and SU(5)-respecting masses

SM running between mz and mg,sy and MSSM running between mg,g, and
Mgyt for leptonic and down sector Yukawas

. m Mo MSSM 1 no susy threshold corr.
YerYpu> ¥ - z susy GUT | @, instead of a3 depen.
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Phenomenology Down-type quark masses

Mismatch between measured and SU(5)-respecting masses

SM running between mz and mg,sy and MSSM running between mg,g, and
Mgyt for leptonic and down sector Yukawas

i m Mo MSSM 1 no susy threshold corr.
Yer Yy ¥r - z susy GUT | @, instead of a3 depen.

SU(5) symmetry + minimal renormalizable model — charged lepton and
down-type quark masses (Yukawas) equal at the GUT scale

minimal renormalizable me(Mcur) = my(Maur)
SU(5) model — 9 Mu(Maur) = ms(Mcur)
mT(MGUT) = mb(MGUT)
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Down-type quark masses
Mismatch between measured and SU(5)-respecting masses

SM running between mz and mg,sy and MSSM running between mg,g, and
Mgyt for leptonic and down sector Yukawas

SM, MSSM

no susy threshold corr.
Ye; Yur Y7 ° mz —— Mgysy — Maur

ay instead of a3 depen.

SU(5) symmetry + minimal renormalizable model — charged lepton and
down-type quark masses (Yukawas) equal at the GUT scale

minimal renormalizable me(Mcur) = my(Maur)
SU(5) model - m,(Mgur) = ms(Mgur)
mT(MGUT) = mb(MGUT)
MSSM SM
Yd;¥s; Yb - MGUT — msusy —_— mz
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Down-type quark masses
Mismatch between measured and SU(5)-respecting masses

SM running between mz and mg,sy and MSSM running between mg,g, and
Mgyt for leptonic and down sector Yukawas

SM, MSSM

no susy threshold corr.
Ye; Yur Y7 ° mz —— Mgysy — Maur

ay instead of a3 depen.

SU(5) symmetry + minimal renormalizable model — charged lepton and
down-type quark masses (Yukawas) equal at the GUT scale

minimal renormalizable me(Mcur) = my(Maur)
SU(5) model —\ mMulMeur) = me(Mcur)
m;(Mgut) = mp(Mgur)
MSSM sM
Yd:¥s: Yb : Mgur — Mgy — Mz
— wrong mass relations when run down to the electroweak scale
me(mz)/mq(mz)
my(mz)/ms(mz) » =wrong — threshold corrections needed
m(mz)/my(mz)

Timon MEDE (IPhT) realistic minimal SUSY SU(5) 4 Jun 2014 13 /20



Phenomenology Down-type quark masses

Correcting light fermion masses with a-terms

Diagrams for the finite corrections to the quark Yukawa couplings.

H | Hy |
)\ Aip* )\ aj
/ N\ / N\
Qi/ \ 4 Qi/ N
/ \ ) / \ )
Y o~~~ Y o~~~
qu U YU g qu U YU g
9 9
Wassm O 1 Hu Ha + A Qi df Hg Loore D a; Qi df Hy
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Phenomenology Down-type quark masses

Correcting light fermion masses with a-terms

dmi = m:”
at

Xi = — —
W

Xp=— —
b "

X, = — —
X

T
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~2
mg

i Mo,
-
i My
N AN
suGs) 203 272 27 .
—m === cosﬂmgl3[ma’,maLi,mg] i X;
2043 mg 2 )\i Xi O43(rnsusy) aj
~——v cosﬁ /1 —= — —
3 m; m;j mj m;
—_— ——
IN
0.57 at £ =2.12
Ho o at . .
ang N Problem is accommodating the measured
tab b quark mass - apart from using large a-terms
ptan g~ . other sources can not account for more than
ai’ 10 % of required corrections.
utan ﬁ ~ A_
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Down-type quark masses
Vacuum (meta)stability

1. absolute vacuum stability — our vacuum is a global minimum

UFB 1,23 — m} >0

CCB 1’2,3 — %N|X’| /f/ \/3(mi,d+mi~?l+m§f)

2. vacuum metastability — our vacuum only a local minimum, but its lifetime
longer than the age of the Universe

CCB 1,2%,3* — |\ Xi| ~ |aj| < \/mgd +m3 + m%ic

*more complicated situation, numerical analysis required
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Down-type quark masses
Vacuum (meta)stability

20, , . 5 5 Ai Xi
5mi z_gvcosﬂ mg I3[ dc’mQ’m ] maic—’_méi—’—m"

L /2 2 2
maic + mz, + mz.

-z 2 1
Mz I;;[m‘c,m ﬁi’m E]\[(m i +m é‘_)ncé‘lm

LOOP FUNCTION: , . ; . = [

=

2 > > 2 4
mg Iy [md” mQ ] \ Mae T M +mg,

"
¢ m E
§m,-|:mé’, §:|<1forma<<mQ:m§ :,:-5;
A Xi 1
2 2 2
m-= m= ms= -
(VACH + Qi + L =i
0
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Down-type quark masses
Vacuum (meta)stability

Allowed values of Mgysg from the measured b—quark mass
in connection with CCB 2,3 vacuum metastability:
Megr = 2.x10% Gev

‘GREEN = SUSY thresholds alone could account for the correct b quark mass
RED = SUSY thresholds could account for 90% to 100% of required corrections
ORANGE = SUSY thresholds could account for 80% to 90% of required corrections

Combining corrections to b-quark
mass and vacuum metastability
constraints

MEwsp(TE)
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Gauge coupling Unification

No unification in MSSM — high-energy thresholds m+, mg, m3, my required

single scale (msusy) MSSM 2-loop RGEs + 1-loop thresholds

)
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OGN Colour Higgs triplet mass

Gauge coupling Unification

No unification in MSSM — high-energy thresholds m+, mg, m3, my required

single scale (mgusy) MSSM 2-loop RGEs + 1-loop thresholds J

2

mr
A
~= 1/3 - B B B
m? (m3m8)1/2} = Mgyt X exp [E (5a; 305t - 2a;5 1)2_/oop (/\/IGUT)}
2 Y9 3 g\ 1/36
sus, ZIIC élc
wite i=1 Qi
4
o)
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Gauge coupling Unification
No unification in MSSM — high-energy thresholds my, mg, m3, my required

single scale (mgusy) MSSM 2-loop RGEs + 1-loop thresholds J

m =~ 101 GeV x (Teusy)*/°
Il

5t _ - -
mr = MGUT X exp |:F (—041 ! + 30[2 1 2a3 1)27/oop (MGUT):|

1/12

5/2 5/3 3 4 2 4 1/6
() (= () (e
- 3 . 2 5
mg mg 1 Mie Mge M=, Mgysy
—— ——’ i i
|1| T 2
mg & Msusy 0(1)

Light mt mediates too fast proton decay.

Large mg,sy poses the opposite problem: my can be too heavy (perturbativity).
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LN Colour Higgs triplet mass:

Gauge coupling Unification

|l

Timon MEDE (IPhT)

2 2 2 2
m2, — m%, tan
= Hd 5 Hy P _ Mz (tree-level EWSB condition at mgysy)
tanc g —1 2
= |yl
'can2 B+1
_ m?,
= \/(u2—|—mf_,d)(1+1/tan \/(de H, m
- az(mz) az(Mgur) 0 e (2
a3(mé) a2(MGUT) T= e TTeV

- + 3042_1 - 20[3’_1)2—loop (MGUT):|

1/12

5t
mr = MGUT X exp |:? (—

1/6
5/2 5/3 3 4 2 4
(m) () Tt ) (2

e e 2

mg mg) 1 m3 Mee mZ_ m3..y
—— —_— = i

I T !

mg = Mgusy o(1)
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el
Perturbativity

Mewsp(TeV)

Timon MEDE (IPhT)

Perturbativity of Mr:
mey =g, M1/ Mplage: = 0.1
Myt = 2. 10% GeV

GEEEN = 0.1 = p/Mpwsg =1
RED =0.01 = _j.lf_-\afgwgg =01
OFRANGE = 0.001 = p/ Mpwsg = 0.01

feEakes:

1

g

Ten[ 5]

Mgwrsp (T=V)

50000

40000

30000

20000
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Perturhativity of M7:
my; = Mewsg . M7/ Mplana: = 0.1
Mgyt =2.% 101 Gev

GREEN =0.1 = g/ Mrwsg <1
RED =0.01 = i Mgysp =01
OFANGE = 0.001 = pf Mpwsg = 0.01
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LN Colour Higgs triplet mass:

Proton decay bounds

Dimension 5 colour Higgs triplet exchange operators get dressed by winos which
leads to Weinberg type 4-fermion effective operators

Q Yio Q Q £ Q
77777 R
Q -
/
7 TR T W

>

I Q\Q

L Y; Q L # Q

Dominant proton decay channel is p — K" that scales approximately as

mj 2 2tan 2
K+_ 1 2
TP KT7) o (mv*v/'""ill(mfv/ﬁ"'?)) (1+ta“2ﬁ> mr
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Conclusions

Results & Conclusions

Mewsp(Te)

Allowed values of Mewss from the measured Higgs mass and
b—quark mass in connection with CCB 2,3 vacuum metastability:
(minimal | Xp[, X, 1Xal)

Meur = 2. 10 GeV

‘GREEN = SUSY thresholds alone could account for the correct b quark mass
RED = SUSY thresholds could account for 90% to 100% of required corrections
ORANGE = SUSY thresholds could account for 80% to 90% of required corrections

50000 |-+

40000 =

30000 -«

20000

10000

POINTS TO TAKE HOME:

mp + dmp + vacuum metastability

strong correlation between tan 3
and allowed ,/m; my

importance of 2-loop running for A

Timon MEDE (IPhT)

realistic minimal SUSY SU(5)

work in progress . ..
TO DO list:

numerical analysis of the CCB 2,3
vacuum metastability

RGEs for a-terms and soft masses
— check of SU(5) boundary
conditions
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Future prospects

WHAT \ 1M PORING QUER [
PHYSICS BOOKS IN
AN ATTEMET T0 UNIFY

THIS.

ICS INTO ONE umFlED; 3
THEORY THAT GOVE RNES g

& Stophan Pastis/Dist. by UFS, Ina.

I DIDNT KNOW IT

Beer WAS THAT SIMPLE .

Thank you for your attention!
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