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Abstract: <em><strong><span>Gravity Induced Grand Unification</span></strong></em><span><br>Motivated by the lack of evidence
physics beyond the Standard Model in the TeV region, we discussed an alternative path for grand unification. We show that simple grand uni
models based on e.g. SU(5) can work successfully even without low scale supersymmetry. In particular quantum gravitational effects coulc
modify the unification conditions for the gauge and Yukawa couplings.
<br> <br></span><strong><br><span><em>Testing the consistency of quantum gravity with low-energy
properties of the standard model</em></span></strong><span><br></span><span>Testing quantum gravity is possible by using, e.g. the &
data on the properties of the standard model. | will discuss how a parameterisation of quantum gravity fluctuations in terms of metric fluctL
can be used to test the compatibility of quantum gravity with the observed low-energy properties of the standard model, such as the exist
fermions with masses much below the Planck mass.<br> <br><br></span><strong><span><e
Asymptotic Safety program</em></span></strong><br><span>The effective average action approach to Quantum Einstein Gravity (QE
discussed as a natural framework for exploring the scale dependent Riemannian geometry and multifractal micro-structure of the ef
spacetimes predicted by QEG. Their fractal properties are related to the functional RG flow on theory space, and the special role of the |
cosmological constant is emphasized. The prospects of an experimental verification will also be discussed.</span>
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Introductory remarks for the session on

Effective Field Theory Framework in Quantum Gravity
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What is renormalizability good for?

Desiderata: consistency, predictivity, wide applicability.

Old point of view: only renormalizable QF Ts make sense and

are useful.
“G 't Hooft turned the Weinberg-Salam frog into a beautiful prince”

Modern point of view: renormalizability is unnecessary and
insufficient.

(Renormalizability not sufficient for a theory to make sense at
all energies, not necessary for a theory to be useful)
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SM is perturbatively renormalizable

Still it is not an UV complete theory
@ U(1) sector
@ Higgs sector
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Sufficient condition UV completion

UV complete QFT is described by a complete RG trajectory.
For UV completion in perturbative framework need asymptotic

freedom (e.g. QCD).
More generally need some fixed point (asymptotic safety).

— Reuter’s talk
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Predictivity

Let us restrict our attention to the perturbative case.

In a renormalizable theory only a finite number of parameters
have to be determined from experiment, the others can be

calculated. Renormalizable theories are highly predictive.

In a non-renormalizable theory the local terms in the action
have uncalculable coefficients. Such parameters have to be
determined from observations. Does this mean that the theory
has no predictive power at all?
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Suppose we knew the TOE. It describes particles with vastly
different masses.

In a collider with energy E we can only produce particles with
mass m < E.

We can describe all the physics that is accessible at the collider
in terms of an effective field theory where the heavy modes
have been integrated out.

The effective Lagrangian for the light fields will contain all
possible terms that are permitted by the symmetries. It will be
nonrenormalizable.

If we don’t know the TOE we can still make predictions using an
expansion in E/M.
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General EFT recipe

Qo
o

o

fix the level of precision that is required in the calculation

fix the ratio E/M. This determines the order of the
expansion that will be required

at the given order in the expansion, determine all the terms
in the action that can contribute to the given process.
By power counting there can only be finitely many.

if the fundamental theory is known, their coefficients can in
principle be calculated

otherwise, measure them with as many experiments.

use the EFT Lagrangian to compute the amplitudes to the
desired precision
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Energy expansion

There can be more observable quantities than undetermined
parameters so the theory is predictive within its low energy

domain of validity.

Nonlocal terms are independent of high energy physics and
therefore can be correctly calculated in the EFT.

One does not need to know the fundamental theory.
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Chiral perturbation theory

Strong interactions at low energy described by chiral model

. 2
S = / dx [%tr(U“i)U)z + 04 tr((U~10U)2)2 + totr((U~10U)R)2 + O(8°)

Expansion parameter E/f..

For low energy meson physics need f;, ¢4, ¢, and perhaps a
few others. One loop in f;, tree level in ¢4, (5.

Successfully describe a rich phenomenology.
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Newtonian potential

N

(my) WRAA (m32)
; ke ks

2 Gmym
~ Gp® = =

' d3q Gmymo - Gmymo
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Newtonian potential

N

(my) ¥ RAA (M)
/ ki ks \

2 Gmim
~ Gp® — =t

j d3q Gm1m2 o Gm1m2
V(r):./ (27r)3 (.12 efl = — P
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Leading quantum correction

For dimensional reasons the leading correction is

V(r) = — Gmymo [1 v G(m1 - mg) Gh

+ 0= ...
rc? recs

. 48 2\
J (2r)3 2 2m2rd

Clearly distinct from contributions of local counterterms that
give analytic corrections to the amplitude. E.g.

v 3 .
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Leading quantum correction

For dimensional reasons the leading correction is

_Gm1m2 [1+”’G(m1—2km2)+ fhs+
re r<c

. 43 2\
/ d q |Og i eft]r - 1
J (2r)3 2 2m2rd

Clearly distinct from contributions of local counterterms that
give analytic corrections to the amplitude. E.g.

. dSq ) AT ) ©
/ (27r)3('6"l = £5(r)
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Leading quantum correction

For dimensional reasons the leading correction is
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One loop graphs

(from Bjerrum Bohr, Donoghue, Holstein, 2002)
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The hardest fact

- Gmym G(my + my) . 41 Gh
rce 107 r

Probably the most reliable result in quantum gravity.

1+3

GM;, )
M = Mo 1 rg;;*
r=Rg || 107° | 10758
F=tey || 05 | 1077
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- Gmymy G(my + my) o 41 Gh
re= 10 re
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1+3

GM )
M = M(') rCE ,-2623
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The hardest fact

- Gmymy G(my + my) i 41 Gh
rce 107 re

Probably the most reliable result in quantum gravity.

1+3

GM;, )
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The hardest fact

- Gmymy G(my + my) M 41 Gh

i rc? 107 r2

Probably the most reliable result in quantum gravity.

M — M(;) rCE r2G£3
r=HRy [|107°] 10~
I=kw || 05 | 107
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Alternative evaluation

A. Satz, A. Codello, F.D. Mazzitelli, Phys.Rev. D82, 084011 (2010)

— & ]
4 v
[~ 327[_2 /d X\/_ 60R|09( !2 )R‘l‘ 10 HUlOQ(/lz )R ]

V(r) = -

Gm1m2 43 Gh
14 307 12 s 2
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this is a quantum theory of gravity!

(no clash between QM and GR)

experimentally indistinguishable from classical GR
consistent and predictive QF T

agrees with all experimental data

same status as SM

open issues in the UV, IR, strong field

motivation for further work is not to have a UV complete
theory but to have a theory that makes predictions at the
Planck scale and beyond
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University
of Sussex

Gravity induced Grand Unification

Xavier Calmet
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Classical picture of Grand Unification
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Classical picture of Grand Unification
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Classical picture of Grand Unification
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Unification of the couplings of the Standard Model?

One of LEP’s most impressive

1

" o
E’ 60 |1/ ! = 00 | u Ve,
! SM _ : MSSM
50 | 50
v d
" 1/a / ' = la,
30 ‘ ;"” i 30 N
20 ¥ - 20 o |
J'l' | .
10 ya . 10 ”~
’ 1/03 o,
' 0
0 B 10 15 0 5 10 15
L .
But the minimal
Standard Model

Supersymmetric (SUSY)
Standard Model works
beautifully

does not work
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But this is not unique! E.g. Lavoura & Wolfenstein PRD 48, 264 (1993)

(a) [ (b)

} + " . . . " | mE e s
L] " a 10.8 1] 14.8
logioin/10e¥) logglu/10av)

SO(10) with 210, 126, 10: one can lower the mass of some Higgses to
get unification but not too much proton decay
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There are four options:

-Modify the low energy regime

-Intermediate step unification

-Modify the running in the high energy regime
-Modify the unification condition

pre - NRAALL MLRLL Banil S EREALL ERmALL | my L IR maaL """q
e )
= - DELPHI 90 '

‘5 50
40 [

30

LHC: |
NOSIGN  *
OFBSM  *~"
PHYSICS!!! !
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There are four options:

-Modify the low energy regime

-Intermediate step unification

-Modify the running in the high energy regime
-Modify the unification condition

— B0 R —— S B Bt e i aa
1 . 1 DELPHI 90 '
LHC:
NO SIGN o
OF BSM e
PHYSICS!!! i
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Gravity changes the unification condition

Let us look again at operators discussed already by Hill (1984);
Shafi and Wetterich (1984); Hall and Sarid (1991).

~Tr (G, G" H)

[l

flo = Wy / VBT = f\’[m/n with ﬂ’[p] = 2.43 x 10'® GeV

New effect: running of the Planck mass.

H: Higgs field 1in the adjoint of GUT group.

Let us look at a toy model to make our point: SU(S)

(H) = Mx (2,2,2,-3,-3) /\/50rag
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Gravity changes the unification condition

Let us look again at operators discussed already by Hill (1984);
Shafi and Wetterich (1984); Hall and Sarid (1991).

= Tr (G, G" H)

[l

B = e/ V8T = ﬂ’[m/n with ﬂ’[p] = 2.43 x 10'® GeV

New effect: running of the Planck mass.

H: Higgs field 1in the adjoint of GUT group.

Let us look at a toy model to make our point: SU(S)

‘}I' == .'.\[‘\' (2. 2-. 2. -3. :;) /\’rﬁ()ﬂ-l‘}("
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The kinetic terms of SU(3)xSU(2)xU(1) are modified:

l \J JIie l 4 B 1 IR
_':'1' (l + "l)[‘[ll’[‘lﬁl[“ = —)' (1 +*'3) ll'([‘l”’}.‘iﬂ,l(‘.}])

with:
€9 €3 V2 o1 \[\
3 2 5T \JaG Mp,

After field and coupling constants redefinitions

i \1/2 L -1/2
"l;e =+ {1 +&i) "'l,u. gi — (1+¢€;) 9i
One obtains the new unification condition:

(1+e€)ai(Mx)=(14+¢€2)a(Mx)
(14 e€3)az(Mx) .

aqg
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The kinetic terms of SU(3)xSU(2)xU(1) are modified:

_—1.(1 +*'l)[‘lll’[‘|{1;|] ™ 3‘ (1 +42) 11’(1‘,;};1‘;1'[(2])

with:
€2 €3 vV2 ecn My
.; .2 -rl\’ m \-fl'(,' ‘\[[I

After field and coupling constants redefinitions

"l;a = (l + € )1;‘2 “'l;:_ gi — ( 1l + f:)_lfz i

One obtains the new unification condition:

ag=1+e)oay(Mx)=(1+¢€)as(Mx)
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The kinetic terms of SU(3)xSU(2)xU(1) are modified:

__l. (l + "l)l‘lll’l‘lﬁ:[] o 5‘ (1 +4‘2) 11’([‘,;};};],[(2])

SU(3)
with:
€ €3 V2 en My
T3 T T2 5/7 Jac M

After field and coupling constants redefinitions

AL~ +ei)/? A gi— (1+e) g

One obtains the new unification condition:

(1+e€)ar(Mx)=(1+¢€2)aa(Mx)
(1 +€3)az(Mx) .

aq
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How big can N be?

» Typical GUT model involves a lot of scalar fields to reproduce SM in the

low energy regime. particle physics model N = No + N,/ — 4N,
no running of Gy
standard model 1
SU(5) w/ 5, 24 -17
U(5) w/ 5, 200 159
U(5) w/ 5, 24, 75 58
U(5) w/ 5, 24, 75, 200 258
so(m w/ 10, 16, 45 —-35
SO(10) w/ 10, 16, 210 130
SO(10) w/ 10, 16, 770 690
SUSY-SU(5) w/ 5, 5, 24 165
SUSY-SU(5) w/ 5, 5, 24, 75 390
SUSY-SU(5) w/ 5, 5, 200 693
SUSY-SO(10) w/ 10, 16, 16, 45, 54 432
SUSY-SO(10) w/ 10, 16, 16, 210 765
SUSY-SO(10) w/ 10, 16, 16, 770 2445
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Uncertainty due to new operator 1s bigger than two loop effects!!!

E.g. the uncertainty in o, at the unification scale due to
the new operator 1s of the order of 2.1% whereas
the two loop correction is of the order of 1.7%

One interpretation: this is a problem for low scale SUSY
theories! Indeed you would have to explain why these operators
are not present!
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y(M;)

0.16

0.14 p

0.12 p

0.08 p

My= 310" °GeV

en=0

XC, S. Hsu & D. Reeb

Usual solution: a;(M)=0.117, M¢,sy=1 TeV

\ en=3

My = 3-10 "GeV

= ' Mgysy/GeV

LLEP does not favor supersymmetric unification!!!
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XC, S. Hsu & D. Reeb

Usual solution: o,(M,)=0.117, Mg sy=1 TeV
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|
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- / ] 4 N F \
wam \/ 127 cen =2
0.14 p
— \‘\“\

M, = 10'°GeV

\\‘\E:_l\ "
Fach point
on this picture

. T .
0.12 } — -
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. . 0.1 S en=-3 .

unification _ . M= 3-10"°Gev
| Rt | -
0.08 E ' 4_'__7___‘
I B e — cn=-25
. . — 4 Mgygy/GeV
10 310 10 310 10

LLEP does not favor supersymmetric unification!!!
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Grand unification through gravitational effects

The same operators can however lead to numerical
unification of the couplings in models where you naively do
not expect it.

Generically speaking there are many dimension five

operators:
Cq

AM py

We find that unification without supersymmetry can easily
be obtained.

Unification scale is typically quite high and potentially close
to the Planck mass.

No problem with proton decay.

Nice feature of non-SUSY unification: avoid Landau pole
above the unification scale.

£=

H (Lb(' a ¢ by
1 T - 4

iy
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