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

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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General EFT recipe

Qo
o
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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—mU)? + tr(U710U)?)2 + Latr((U~10U)?)2 + O(0°)

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

W

(my) WRAA (m3)

Iklk3\

2 Gmym
dil - -

j d3q Gmymo fion Gmymo
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Newtonian potential

e g

(my) WRAA (m3)

Iklk3\

2 Gmym
de i

j d3q Gmymo - Gmymo
V(r):./ 2z ¢ &
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Leading quantum correction

For dimensional reasons the leading correction is

Bl [1 A L +2—m2) + ff; =
rc r<c

g 3 2
/ d q |Og i eiqr g 1
J (2n)° e o

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

ey &
_(/ Iqr :{})
/ )3 ¢ o(r)
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S S [1 e imz) + fhg) =
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One loop graphs

I 2 &

(mz) (nu)f&o: ."'Q:“ (ma)

“q A:lf i Q‘kg

4 ka k2 \ J ka

Y (mg) (ma) Um{ %(m))
]G; Iﬁ?] ‘ )

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

g Gm1 mo G(m1 + mg) n 41 Gh

Lt rc? 107 r2

Probably the most reliable result in quantum gravity.

GM, 2
M = Mg rc2 rg;c,:3
el L T e
r= rS(_._) 05 10_76
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GM{.) 12
M = Mo rc? rg;c,:3
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The hardest fact

- Gm1 mo G(m1 g 7 mg) N 41 Gh

1
s rc? 107 r2

Probably the most reliable result in quantum gravity.

GM{.) 2
M = Mo rc2 rg;c,:3
i H(;) 10_6 10_88
F= rS(.) 05 10_76
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The hardest fact

. Gm1 mo G(m1 + mg) > 41 Gh

1
e rc? 107 r2

Probably the most reliable result in quantum gravity.

GM{.) 2
M = Mq rc? rg;c,:3
=i 111
r= rS(.) 05 10_76
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Alternative evaluation

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

] F | ]
4 v
[~ 327T2 /dx\/_ 60F|’Iog( [2)F?+10 ,”,Iog(”z)Fi' ]

V(r) =—

Gm1m2 [1 n 43 Gh i ]

r 307 r2
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o
(]
o
)
o
o
o
o

this is a quantum theory of gravity!

(no clash between QM and GR)

experimentally indistinguishable from classical GR
consistent and predictive QFT

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

Age of Universe (sec)
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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

o -l - 1
o]
g 60 | o 1/ay - = 60 o vey
] SM MSSM
;’/
10 WV Pa . 40 e,
n" |
30 / . 30 N .
,_,’ > o
20 S - 20 .
o} / - 10 |
o Mo o,
0 0
0 5 10 15 0 5 10 1
“log Q log Q
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)

logyo(u/10eV)

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

L ED SEB—— e B e R
1 . 1 DELPHI 90
LHC: |
NO SIGN L
OF BSM e
PHYSICS!!! !
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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).

— Tt (G,.,G*" H)
Hox

[l = px/ V8T = Mp1/n with Mp; = 2.43 x 1018 GeV

New effect: running of the Planck mass.

H: Higgs field in the adjoint of GUT group.

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

IH = Mx (2,2,2,-3, *3)/! volrag
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e The kinetic terms of SU(3)xSU(2)xU(1) are modified:

l 1 14/ l T 1 Ty
_-—1(l+ €1) Fu Fy1) = gl+ea)lr ([‘l”’]‘rﬂllrul)

1 "y
e — (1+¢€3)Tk (Iﬁwl':illw:n
e with:
: o & V2 cn My
] = = e = :
-g 2 -'\‘Ti—\f](“-‘[[l

o After field and coupling constants redefinitions

1/2 44 -1/2
‘hl;:_'(lﬂ_h)l Au e—(1l+a) "o

e One obtains the new unification condition:

(1+e)an(Mx)=(14+¢€2)aa(Mx)
(1+€3)asz(Mx)

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

l W | Jiy
_T‘(_l+‘“l)[‘,m![‘|11“l_3"1+ )[ (1‘;”’1‘1][( ])

|
VAV
E ( -+ €: ;)Tl (I';uf}\-»ll(:{)
e with:
€9 €3 \E e Mx
o et ey
3 2 T Jag Mp)

o After field and coupling constants redefinitions

1/2 44 -1/2
‘hl;:_'(lﬁ_h)l Ap. gi — (1+¢€;) Gi

e One obtains the new unification condition:

(1+e)oy(Mx)=1(14¢€2)as(Mx)
(1 + e3)az(Mx)
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l W | Jiy
_t"(_l+’“l)[‘;w[‘|‘1“l___)'(1+ )l (1‘“,;1‘1”( ])

l) (1+e€3)Tr (I"Wf[“illl:\ 3)
e with:
€9 €3 \? cn Mx
i T Tl
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1/2 L4 -1/2
'hl;:_'(lﬂ_h)' Aﬂ. x—(1l+a) "o
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How big can N be?

particle physics model

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

low energy regime. N = Nop + Ny, — 4N,

no running of G'y

standard model ]
U(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
S()(]() w/ 10, 16, 45 —35
SO(10) w/ 10, 16, 210 130
SO(10) w/ 10, 16, 770 690
s‘l.’s‘\-’-s'( (5) w/ 5,5, 24 165
ISY-SU(5) w/ 5, 5, 24, 75 390
SU s\ SU(5) w/ 5,5, 200 693
SUSY-SO(10) w/ 10, 16, 16, 45, ! 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 1n a,at the unification scale due to
the new operator 1s of the order of 2.1% whereas
the two loop correction 1s 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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XC, S.Hsu & D. Reeb

Usual solution: 0;(M)=0.117, M¢,sy=1 TeV

y(M,)
s My= 3-10'°GeV \ .
N \
n=x/1+ E on =2 \
0.14 } \
M, = 10'°GeV
~a1 1 \
Each point N P, il ,
on this picture
satisfies
o : 0.1 . cn=-3 i)
unification _- : My=3-10°Gev
cn = (B SR T e
003-_7*_(‘ _ e
RN S — cn=-25
" ! Mgysy/GeV
10 310 10° 3-10° 10*

LLEP does not favor supersymmetric unification!!!

Pirsa: 12100121 Page 52/101



XC, S.Hsu & D. Reeb
Usual solution: 0,(M,)=0.117, My ;sy=1 TeV
wy(M,)

L 16
0.18 My= 310 "GeV !
| en=3

\ M, = 10'°GeV

N

n= -/I + I;J'r‘

0.14 p

Fach point
on this picture

satisfies

o . 0.1 .7 il cn=-3 i)

unification _- . My=3-10°Gev
on==10 —
U()B-_i_-__f , e —————————————
RSB e — cn=-25

" ! Mgysy/GeV

10 310 10 3-10° 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

4 M p;
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.

e

H(xb( a ¢ nx
1 - 4 T

117
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Yukawa couplings

e Usual term in SU(5)

L = {(:,f\b L H5(5) + Gutikimn U UM H™(5)} + h.c.

‘ w
o ! (Ga(dd + ee) + G, 8(uu)]

\f(])

e [ead to the unification of down type quark
masses with that of charged leptons

2M,,

mqg(Mx) =m.(Mx) =
\/_(])

(’d
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Yukawa couplings

. . a J rmk 17l 1
e Dimension 5 terms Os = —{Pmaf/™ H T}
e
U and f are fermion fields @2 (s pgmk Fi gn
. " . . g 7 -_{(r')nm f k 1}
in 10 and 5 respectively Ly
AL T o . (g B
scalar fields in the ‘ s -_C—”””Nﬂ{lpmu"qu]{k(#');\ }.‘
24 and 5 representations o

e New unification condition:
. .. S a3
mq(Mx)[1 + A (o] = me(Mx)[1 + =t 3g2]

—2vV/2 My

5G 49, Mpy

Gi

;1
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Conclusions

Quantum gravity can help to unify the gauge couplings and
Yukawa couplings.

[t spoils predictions done using low energy data.

LEP does not favor SUSY unification: Extrapolation from low
energy data 1s too naive.

[t no BSM 1s discovered, gravity induced unification should be
taken very seriously

Impossible to make any prediction without knowing the full details
of the unification group and symmetry breaking pattern.

Thanks for your attention.
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Yukawa couplings.

e It spoils predictions done using low energy data.

e LEP does not favor SUSY unification: Extrapolation from low
energy data 1s too naive.

* [f no BSM 1s discovered, gravity induced unification should be
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of the unification group and symmetry breaking pattern.
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Testing the consistency of quantum gravity with
low-energy properties of the standard model

Astrid Eichhorn

Perimeter Institute, Waterloo

Experimental search for quantum gravity - the hard facts
25th October, 2012
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How can we test quantum gravity?

@ construct dedicated experiments

Pirsa: 12100121 Page 61/101



How can we test quantum gravity?

@ construct dedicated experiments

@ use available data!
test consistency of quantum gravity with observations in our universe!

» existence of semiclassical gravity regime
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How can we test quantum gravity?

@ construct dedicated experiments

@ use available data!
test consistency of quantum gravity with observations in our universe!

» existence of semiclassical gravity regime

» properties of the standard model consistent with coupling to quantum
gravity (e.g. existence of fermions with m < Mpjanck)

[DgDpe> = [Dpe '

quantum gravity fluctuations change the effective action for matter
— not clear if properties of the standard model "survive" the coupling
to a model of quantum gravity
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Effective-field theory setting

many candidates for micro-
scopic dynamics

assume: for E < Mpipek
quantum gravity fluctuations
can be parameterised as metric
fluctuations
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Effective-field theory setting

many candidates for micro-
scopic dynamics

assume: for E < Mprga
quantum gravity fluctuations
can be parameterised as metric

fluctuations

microscopic model: determines parameters of effective description
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Effective-field theory setting

A

52 Theory space

81
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Effective-field theory setting
-I;o>k D(,f")e_s = e~ T«

A
52 Theory space

microscopic values
of couplings
(effective description
for degrees of freedom
at momentum scale k)

81
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Effective-field theory setting
-I;O>(k—a'k) D</)e_5 = e~ k-

A

52 Theory space

Effective description for
degrees of freedom at
momentum scale k - 6k

Pirsa: 12100121 Page 70/101



Existence of light fermions

observation: Mifermion <K< MI’I:m('k

Is quantum gravity compatible with this observation?

in the standard model: gluonic
fluctuations generate strong correlations § g

between fermions and lead to chiral
symmetry breaking

(most of our own mass is due to this  divergence in 4-fermion coupling A+
process)
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Is quantum gravity compatible with this observation?

in the standard model: gluonic
fluctuations generate strong correlations g g

between fermions and lead to chiral
symmetry breaking

(most of our own mass is due to this  divergence in 4-fermion coupling A+
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Pirsa: 12100121 Page 72/101



Existence of light fermions

observation: Mifermion <K< Mf’l:m('k

Is quantum gravity compatible with this observation?

in the standard model: gluonic
fluctuations generate strong correlations g g

between fermions and lead to chiral
symmetry breaking

(most of our own mass is due to this ~ divergence in 4-fermion coupling A+
process)

observation: metric fluctuations are similar to >€j°°°
gluonic fluctuations Pk W E §

Will metric fluctuations generate fermion masses?
If so, then Mfermion ™~ Ml’l;m:'k
NOT COMPATIBLE WITH OBSERVATIONS!!
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RG flow for four-fermion couplings in gravity

chiral symmetry breaks if four-fermion couplings A4 (k) diverge at a finite
scale

b’)\i = k(')k/\j:(k)

B,

/‘.+

divergent vanishing 4-fermion
4-fermion coupling

coupling at low energies

at low

energies
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RG flow for four-fermion couplings in gravity

chiral symmetry breaks if four-fermion couplings A1 (k) diverge at a finite
scale

b’)\i = k(')k/\j:(k)

B,

/‘.+

divergent vanishing 4-fermion
4-fermion coupling

coupling at low energies

at low

energies
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Existence of light fermions

ll',
40 / """""
within truncated RG flow: NS 111110009
. 20} ° 477, ;
Mk = [ d*xV& [mordagy (—R + 2X(K)] + Fgr + Mg :
} ] (fax\/gfrf'i}-"V’, r/'f' } .
0 e
: " N 2 . "2 ;
Ai(k) [ d*xyE ((’n )" F (Prursv') ) \
|,f\ E., H. Gies, New J.Phys. 13 (2011) 125012 and J.Phys.Conf.Ser

360 (2012) 012057]

||||||||

40 -2 0 2 O
Asymptotic safety compatible with the existence of light fermions

parameter space for quantum gravity models restricted

challenge: "translate” microscopic model into effective language and
determine what the microscopic values of the couplings are
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Existence of light fermions

ll',
401 \ - o / """"""
within truncated RG flow: = v
g 2() Y W R ¥y yrp r Jy 4 §
3 4 - \ - WA (VTR Vs
M = [ d*x/2 ]llﬁﬂgN(k)(--R q 2,\(k))] b Tgr + Mgh AR {4 ISP
}I]'dax\/gfrf"'}-“vﬂ ”-.i" ' =
0= et DS |y
i Liiged s 2 -t '\ 2 -
A4 (k)f d4X \/g' ((U'-'»T“ ”‘r) F (h""";“")s rf") ) g
[A.E., H. Gies, New J.Phys. 13 (2011) 125012 and J.Phys.Conf.Ser

\\\\\

360 (2012) 012057]

||||||||

40 -20 0 20 4
Asymptotic safety compatible with the existence of light fermions

parameter space for quantum gravity models restricted

challenge: "translate” microscopic model into effective language and
determine what the microscopic values of the couplings are
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Summary and Outlook

@ use available data to rule out quantum gravity theories
e Existence of light fermions (ms << Mpjanck) non trivial
@ Light fermions can exist within asymptotic safety

@ Parameter space for quantum gravity models restricted
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-l-h-é Asymp{ol-ic Scnfely 'R'o%ram
ovr

Exrerimen.{s Without Experiments

Maovtin Reuter
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Experiments without Experiments
A
A

|
RG How near UV fixed pt. ]. |
" -;-row\ conbiniim approacl, (EA A)
LOMparﬂ : i

wniversalidy ?

-

Numerical Simulahons of |

stat. mech. systemg near
(ﬂ'chl’.'ﬂZ J

4 L

wWieasur@wents ik

| veal Noatuwve

L L]

compave ;

wniversolily 2

. Cr“-c\:l I:K(-\ov\(]nﬁ\.l uf.‘mgn“m.s ‘Dnll.(’vn*.-.r\f nj‘ the Ibhf .J-n-’u|
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Kelaton conbnuum <« laffice »{Qrmu(ﬁlwh is
well wunolevitood +or the olher 3 ‘(ﬂnw(&lnru‘-uf

intevachons tn the Sianoayd r“.alh'!.

Trime example Yana - Mills +heory

Most naluval veseavcl stmteqy :

Appfy 1”19 very same (om"fr(,s of SJ‘\‘J heal fc'l’ lol {fuﬁary‘
awel their Seuﬂrnf; reol v‘\o‘:\'nvc a{: ferzg\'\mq(fM k'ah anel

I'Bnarmnf."an'n;b'L)/ to the ff'H‘) ?mui(f’ acr well ,

I. case we Stucceed T reliably 1'0(&’«41"‘[\\’?‘!1?

a cerdain uniw?r.l.‘cxff{y (/qsc) anel  Lirel twe or

wore  vepresen ta kves (EAA Pk ;si'nf systen s

CDT, EDT, Regge , =} ) chances awe wvy good
that +this wniversalily chsy +s also relevant

to P\Jq{un-‘_

kjﬂneval' w(w;'vwnd H ‘nh'ro aye Ly vevy '-CPL..\ o am’y .

C::;mPve\f\ewsi_we u.nolefs{_qnd.'uar o{' the
wniv. class vealized in the “"theovedtical

La'bomkovx " owill  albw -{-cn wiwele wove precise
awnel covielesive I'(‘ueskohs o Mbve “.
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Kelaton conbnuum <« laffice {;;vrw‘u(ﬁlwh is
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T(:/o ways os Qpp{yiut} the e{{ecJ\ue Cllfe.m'cfe QC\"O“

S

(l) Use RAE How of ["L [ <quv. Gretel> | = ]
in oveley +to 15»-9 a MP‘Q.HI‘V!'S t ( ‘define .,
"‘han - PPvLu.r ll)hl\'vf'ly rPhoqu'ig 0 ) by ‘fﬂ.k@ ff,g- r_mﬂu Catatey

it of "7 } a .l;m.cl.‘oqu {aéejmi
W e SC . "
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* Somedwmer efficient “shorcud” Cwm'of.'-..j el
wior@ demqno{.‘wc‘ (as 4o yed, z'mposr{‘-:(o)

exact calewlafons
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