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Effective Field Theory and Standard Model
QFT contains an ultimate scale Apy,s = L, ,

phys
(For notational convenience : Appys — A)

Below A:  Effective Field Theory (EFT): ok L,
Above A: UV completion needed : %



Naturalness, Hierarchy, RG Scalar ¢ theory

[ 1o}

Effective Field Theory and Standard Model

QFT contains an ultimate scale Apys = ’C/\phys

(For notational convenience : Appys — A)

Below A:  Effective Field Theory (EFT): ok L,
Above A: UV completion needed : %

STANDARD MODEL

® Higgs boson: un-suppressed quantum fluctuations = m? ~ A?
“Quadratic sensitivity” to the ultimate scale of the theory
Note: m¥ ~ A? is m?(u) at p=A

Standard Model



Naturalness, Hierarchy, RG
[ 1o}

Effective Field Theory and Standard Model
QFT contains an ultimate scale Apy,s = L, ,

phys
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Effective Field Theory and Standard Model
QFT contains an ultimate scale Apy,s = L, .

phys
(For notational convenience : Appys — A)

Below A:  Effective Field Theory (EFT): ok L,
Above A: UV completion needed : %

STANDARD MODEL
® Higgs boson: un-suppressed quantum fluctuations = m? ~ A?
“Quadratic sensitivity” to the ultimate scale of the theory
Note: m¥ ~ A? is m?(u) at p=A
® If A too large = m%(A) “unnaturally” large
= problem of “hierarchy” with Fermi scale ur
where m%,(ur) ~ (125 GeV)?

® Several attempts to “solve” this naturalness/hierarchy (NH) problem.
Let's focus on some of them ...
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RG equation for m?,(1)

ud%mi/(u) — () (1)

1. Quantum Gravity Miracle - UV completion of SM provides m#(A) < A2,
Naturalness “solved” outside SM. Hierarchy inside SM with (1).
Perturbative RG: v < 1 = m%(ur) and mZ,(A) same order!

Giudice, PoS EPS-HEP2013, 163 (2013)
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RG equation for m?,(1)

ud%mif(u) — () (1)

1. Quantum Gravity Miracle - UV completion of SM provides m#(A) < A2,
Naturalness “solved” outside SM. Hierarchy inside SM with (1).
Perturbative RG: v < 1 = m%(ur) and mZ,(A) same order!

Giudice, PoS EPS-HEP2013, 163 (2013)

2. Self-organized criticality - Assume gravity provides non-perturbative
v (~ 2). Large hierarchy between Fermi scale ur and UV scale A
accommodated = no NH problem
Pawlowski, Reichert, Wetterich, Yamada, Phys. Rev. D99, 086010 (2019)
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RG equation for m?,(1)

ud%mif(u) ) (1)

1. Quantum Gravity Miracle - UV completion of SM provides m#(A) < A2,
Naturalness “solved” outside SM. Hierarchy inside SM with (1).
Perturbative RG: v < 1 = m%(ur) and mZ,(A) same order!

Giudice, PoS EPS-HEP2013, 163 (2013)

2. Self-organized criticality - Assume gravity provides non-perturbative
v (~ 2). Large hierarchy between Fermi scale ur and UV scale A
accommodated = no NH problem
Pawlowski, Reichert, Wetterich, Yamada, Phys. Rev. D99, 086010 (2019)

3. Dimensional regularization - DR endowed with special physical properties
= NH problem absent from the beginning
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These approaches cannot solve the NH problem

Why?
The EFT nature of the SM not properly and fully taken into account
Statement: The SM in an Effective Theory
Meaning:

(A) the parameters (masses, couplings) gi(A) in [l(sl,\\}, result from integrating
out the higher energy dof related to the UV completion of the SM

(B) the same parameters gi(1) at scales 1 < A result from integrating out the
modes of the fields that appear in Eg,\&, in the range [u, A].

Wilson’s Lesson
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Wilson RG equations - One component Scalar Theory

Action  Sp[¢] = / d*xL, with  ®(x)= Y g,

0<|p|<A

() = () +¢'(x); p() = Y e G)= D g™

0<|p|<k k<|p|<A

Wilsonian Action at k < A Si[p] <« e = /D[ga']e_s"[“’“",]

Wilsonian Action at k — 6k Sk_s[p] <« e okl = /D[w']efsk[“’“’,]

o(x) = Z 0, e™ @' (x) = Z 0, ™

0<|p|<k—&k k—8k<|p|<k

Legendre Effective Action [[¢] = Sk—o[p] ; Action Sa[¢] = Sk=n[¥]
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Sk—sk[¢] = —In (/ D[(’Q’]esk[ww’])

o(x) = Z @, e™ @' (x) = Z 0, ™

0< |p|<k—6k k—dk<|p|<k

Silel = / 8 (Un(e) + 242 0,00, 4+ Yi(9) (0up 000" + Wil) (00,007 +

N———

Local Potential Approximation Zx(¢) =1, Yi(p) = Wk(e)=---=0
Homogeneous background ¢(x) = ¢o (U”(gp) 9 Uk(w))

Limit 6k — 0: Wegner-Houghton equation

KR+ U ()

16)
k—U, = ——
Dk k(‘PO) 1672 K2 + U;(/(O)
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Non-perturbative RG equation for U(¢o). Inserting in this equation the
polynomial expansion (Z(2) symmetry @o — —¢o assumed)

1 A A o AP
Uk(po) = 5 micgl + 700 + g @b + Gt +

= RG Equations for the couplings (here for d = 4, but more general)
dmp k' A
dk ~ T6m k24
D KN X
dk 1672 | k2 + m? (k2 + m2)?
de(kG) S B ST, 30
dk 1672 |2+ m (R m)E (kR +m)?
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Wilson RG equations for ¢* theory

Wilsonian action Sulo) = [d*x (% O Oud + Uk(qﬁ))

Truncating the potential ~ Ui(¢) = 2m’¢” + £\, ¢* =

dmi _ K" M
dk — 16m2 K2+ m?
dk K* 32

dk 1672 (k2 + m2)?

When m? < k? in the whole range of integration, well approximated by

dm? Ak 2 Ak o
=k k

dk 1602+ 16m2 Tk
LM _ 3N

dk — 16n2

Taking “SM-like" boundaries, m(ur) = 125.7 GeV and A(ur) = 0.1272,
numerical solutions to the two systems coincide with great accuracy (!)
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Non-perturbative, excellent approximate solution, obtained replacing
Ak = X in the rhs of the RG equation for m?

A 2 2
2 _ [ K 16x? 2 AN . Al
) = (5) <m"+32772—)\> 3272 — )

UV completion fine-tuning Quadratic running
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Non-perturbative, excellent approximate solution, obtained replacing
Ak = X in the rhs of the RG equation for m?

A 2 2
2 _ [ K 16x? 2 AN o /\M
) = (5) <m"+327r2—)\> 3272 — )

UV completion fine-tuning Quadratic running

Contains several lessons

1. Shows how fine-tuning operates in Wilsonian framework. Boundary at A:
m? and 32;% need to be fine-tuned if at ur we have m,, ~ O(100) GeV.
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Non-perturbative, excellent approximate solution, obtained replacing
Ak = X in the rhs of the RG equation for m?

A 2 2
2 _ H 1672 2 AN o /\M
) = (5) <m"+327r2—)\> 3272 — )

Quadratic running

UV completion fine-tuning

Contains several lessons

1. Shows how fine-tuning operates in Wilsonian framework. Boundary at A:
m? and 32;% need to be fine-tuned if at ur we have m,, ~ O(100) GeV.

2. For most of the running towards the IR, flow dominated by the y? term.
2 2
When (mi + #) ~ 32;% first term takes over (perturbative

running)
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.- 2
2 W 1672 2 AN A
m(“):(K) Mt 3 ox ) T 32—
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A 2 2
2 W 1672 2 AN A
m () = (K) <mA - ,\) T 322 —

me(n) =~ = mi(p) = m’(u) — mi(p)

we see that m2(u) obeys the RG equation

(v= 16#2 = mass anomalous dimension at one-loop)
™

A
1672
pm) =) = m?(u)=(/j;)” (1)
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A 2 2
20\ (K 16x2 2 AN Y
m () = (A) (mﬂ+327r2—,\) 3212 — X

M) = e = ) = M) — M)

we see that m2(u) obeys the RG equation

(v= 16% = mass anomalous dimension at one-loop)
I

A
1672
pm) =) = ﬁw=@9”mm@

= The above equation is nothing but the one-loop improved RG equation for
the renormalized running mass = mZ(u) is the renormalized running mass
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Comments: We derived the equation
d 2 A 2
= m 2
p der(u) 62 Mr(H) (2)

in the Wilsonian framework, namely from the Wilsonian RG flow equation

d 200 A 5 XA
udum(u)— o2 W T g™ (1) (3)

after subtracting m? (). Usually Eq. (2) derived in the context of “technical
schemes”: dimensional, heat kernel, zeta function regularization, ...

This gives direct access to Eq. (2). Info that m?(y) is physically obtained
only after the subtraction: m?(p) — m?(p) = m?(p) — m? (p) lost!

When quantum fluctuations calculated within the Wilsonian “physical scheme”

= we see how the renormalized mass emerges
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Questions

Question 1: Should we identify the physical running mass mﬁhys(p,) with the

original (Wilsonian) m?(t), or with the subtracted (renormalized) m?(1)?

Running couplings gi(1) < integrating out quantum fluctuations in [u, A]
gi(u) : effective couplings at the scale p. True, in particular, for the mass.

2

“hs(1) with m?(1) not with the subtracted m7 (1)

= ldentify m
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Questions

Question 1: Should we identify the physical running mass mﬁhys(p,) with the
original (Wilsonian) m?(t), or with the subtracted (renormalized) m?(1)?

Running couplings gi(1) < integrating out quantum fluctuations in [u, A]
gi(u) : effective couplings at the scale p. True, in particular, for the mass.

= ldentify mf,hys(;z,) with m?(p) not with the subtracted m?(u)

Question 2: in QFT textbooks m?, .(xt) usually identified with m?(p)1?1?

phys

Let us focus on how m?(u) and m?(i) depend on p ... and note that:

For sufficiently low values of 1 (IR regime) m?(y) and m2(u) coincide

A? poz (o AN
w3 < (7)" (" 5w
The above relation shows the limitations of the renormalized RG equation (2).

If we are interested in energy scales u above this region, we must go back to
the original flow equation (3), that has a much wider range of validity
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Standard Model - RG Equation for the Higgs mass

o) w2+ ~y(p) miy

2
Fan™ = Ton?

Standard Model
9000000000

a(p) : combination of SM couplings (gauge, Yukawa, scalar). At one-loop:

16m%a(u) = 1277 — 120~ > g — 2 g
~(u) : mass anomalous dimension
3 9
L6m™y(u) = by +12) — S g — 5 &

Integrating the RG equation for m? ()

w0 = (§) (mm) - 2““2) o
——

Quadratic running

UV completion fine-tuning

Very good analytical approximation to the flow
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Numerical sol. to RG eq.(4) and Analytical approx. (5): indistinguishable

S|
106 10
S on N
o 10 Q 104
glol‘) e
= 3
= 107 X 1000
g 104 g
100
1000 107 10! 101 10" 100 1000 10* 10° 100
n(GeV) u(GeV)
d a(p) - 2
—my = 4
an ™ = Tom2 + v(w) my (4)
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As for Scalar Theory: critical mass mj (1) and subtracted mass my; ()

2
e
M) = 5t and i () = mi() — i)

From which we immediately have

d vy
NTm%,r(ﬂ) =y mi,(p) = my(u)= <“) miy, (o)
1 1o

The above equation coincides with the one-loop improved RG equation for the
renormalized running mass = m,%,,,(u) = renormalized running Higgs mass

However the original equation (together with the solution) is

d 5 ap) - 2 2, N (ﬁ)”’/ 2 A\ ah’ ap’
Hap™ = Tom2h +y(w) my = mu(p) = (7 my(N) +
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Change in the usual paradigm

d d
u@mi = 16“2# +y()m udfumi,r(u) =~ miy, (1)

The two flows coincide for values of i such that

2 2
W " 2 _al
B S (/\) (m”(/\) 2—7)
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Change in the usual paradigm

d d
ud—umf, = 1é'u3,u + () mH ; M@m%,r(#) =7 mf,y,(u)

The two flows coincide for values of i such that

2 2
W N\ 2 _ah
2—4 € (/\) <m”(A) 2—7>

Physical Lessons

® Fine-tuning of m%(A) has a profound physical meaning: provides the
boundary at the UV scale A for the RG flow of m?(1)
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Change in the usual paradigm

d d
Hd—umi,— 1602“ () my udfumi,r(u) =~ miy, (1)

The two flows coincide for values of i such that

2 2
W N\ 2 _ah
2—4 € (/\) <m”(/\) 2—7>

Physical Lessons

® Fine-tuning of m%(A) has a profound physical meaning: provides the
boundary at the UV scale A for the RG flow of m?(1)

e Large hierarchy between UV and IR values of m? is physically necessary
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Change in the usual paradigm

® Quadratic running lasts for most of the mZ (1) flow towards the IR

® Multiplicative renormalization emerges flowing towards IR. The “elbow’
signals the “transition” additive — multiplicative renormalization

10]6
10]3
1010
107
104

mp(p)(GeV)

1000 107 10" 10 10"
w(GeV)

10°

104

1000

mp(p)(GeV)

00
100 1000 104 10° 108
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Change in the usual paradigm

Usual connection between QFT and Statistical Physics: correspondence
between the request £ > a in the Theory of Critical Phenomena (a = lattice
spacing, & = correlation length) and the request m*> < A in QFT

Phrased in RG language — tuning towards the “critical surface”, achieved
through the subtraction of the “critical mass”: mZ,(1) = m*(p) — m2,(u)

However: m7.,(u) captures the IR final part of the running of m3,,.(x)

Flow physically meaningful even far from critical surface and fixed points

GCp (/mole K)
@
o

o
o

T K
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Nice Example. Landau-Ginzburg Theory - Ferromagnetic Transition

Filol = [ &x (1(99)? + U(9)) U(9) = 3mio? + 3"
P o VI %
dk 472 (kz + m2) dk 42 (k2 + mi)z

Dimensionless couplings mi =k~ mi and )\k =k~ lAk

dm ~ Y dx, ~ 32
kﬂ:_2mi_7k~ kik:—kk"'ik,v
dk 472(1 4 m?) dk 472(1 4 m2)?

Gaussian G and Wilson-Fisher WF fixed points. G is IR repulsive (UV attractive)

Blue and Red IR flows: Different boundaries in the UV region around G (Green: linearization)
UV linearly divergent boundary (d=3) crucial for physics at WF: Ferromagnetic transition

Fine-tuning Physically needed
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Physical tuning and Cosmological Constant

Acc(N) needs to be fine-tuned to obtain AZP ~ 10_120M§ at the Fermi scale
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Conclusions and outlook

® Wilson mandatory = Fine-tuning at the UV of the boundaries physically
meaningful and mandatory

® IR region dictated by the UV completion: the Theory of Everything.

® |n schemes as DR: direct access to the renormalized flow, but no
physical content
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Thank you for your attention!
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More Slides

Wilsonian RG
versus

Dimensional Regularization
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Very useful example:  Scalar Theory in d-dimensions

d = integer dimension (no dim reg)
® Wilsonian Effective Action: S[¢] = [ d9x [ (Bud)? + Vk(qﬁ)}

Wilson (Polchinski) RG Equation (LPA)

o Kkd k2 + v;/(qs))
k= Vi(¢) = — In
9k k(¢) (47r)%r (%) ( k2

2 —
® UV boundary: Vi(¢) = Vo(¢) = Qo + 2 ¢% + ;/‘47;’&)(254

Approximating Vi(¢) in the rhs as Vi(¢) = Va(d)

One-loop effective potential

N g 2 1 acdy 2
1 d’k my+ 314N ¢
Vii(@) = Vo(9) + 3 / g hn (1 + 02k2)

5V(e)

Lesson: One-loop Effective Potential Approx. of the Wilsonian Potential
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Let us focus on the Radiative Correction dV/(¢)

GV 2
oV(¢) = %/ (;W;‘d In <1+ ng¢)> = 6Vi(h) + 6Va(e)

where M?(¢) = mp + '~ N0 ¢

4 1
5Vi (o) “dd <M2(2¢)> / dt(1— )51 %
d(4m)2r (9) 2 w2

M2 A2

L d AV M2(¢>)>
SVo(¢)= —H (2)
) d(am)fr (2) (u) <1+ A2
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Calculating 0V/(¢)

For any integer d:

o (MONE e e
5v1(¢)—d(47r)gr(d)( 2 ) /2 dtt™2(1—t)2 ' =

2 22

[Ai(2) — Ax(2)]

= lim
z—d

where z is complex, and

_ = z z _ 5 z z._ M9)
Al(z):F(z)~B(1—§,§) Az(z)zF(Z)~Bf<1—272:,\,W>

F(z) = Mzz M2(¢)>§
(2) z(47r)2r(§)( I

B and B; are (the analytic extensions of) the Beta functions

Both B and B; have poles in z = 2,4,6, ...

0Vi(¢) finite = the poles of A; and A; have to cancel each other



Backup slides
00000000000 00000O000O00000000

Example: V(o) in d = 4 dimensions

z =4 — c. Expanding in powers of ¢ and M?/A?

L€ 2( 4 2
A1(4—e):l[M2(O)]< 2+ +In M;L‘?;) + Oty

647

=€ [ M2 2
A2(4—e)—l£47r2(¢)]<—§+7+| ’Z’i(i 3)+9€5¥+O/%

uoe

A2
" 64n2 [M2(¢)]2 <I\/I2(¢>) log €V ¢))
Remember: §Vi(4) = lime—o [A1(4 — €) — A2(4 — €)]. Adding 6 Va(¢)

nme(g) M) A1 )
2 e \"mre) T2) Tk

§V(¢):5V1+5V2 =

2 242 2 2
_ mg o, X4, NM _(M) A 1
= V@) =t T4 Tt T e \ Mt 2

No reference whatsoever to ¢ (of course!)
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With Qo =Q+0Q, , mj=m"+dm. , Xo=A+0),
2 2 2
gz [0 (2) =1] ¢ omi = =25 + 3% [ (%) -]
2 2
e [ln (%) - 1}

. where 0Q, and Jm. realize fine-tunings (*) ...

_ m°A° 2A\?
and 0Q, = -3~

= Renormalized One-Loop Effective Potential (take Q2 = 0)

1 A 1 A 2 2 4 A2 3
Vi(o) = §m2¢2 + E¢4 + 6472 (m2 + §¢2) |:1n <m#22¢) B 2]

(*) Physically ... in the parameter space of the theory we go close to the
Critical region, or Critical Surface ...

. Let’s move now to Dim Reg ...
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Radiative correction §V/(¢) in Dim. Reg.

® 0V(¢) in Dim Reg. ’d—) complex, dE4—e‘

4—e 2 27% _ /€
5V(¢)—)6VL(¢)572(5T? <M#(2¢)) r(ifz)

_ M (2 L M@ 3> +0(e)

6472 4 2
T(—d/2) defined for any complex d # 2,4,6, ...
e Counterterms in MS scheme (E =€ (1 +51In %)):

m* Am? 3)2
6Qc = R LA =
€7 a2t Me = T6n2e ©~ l6n2e

® Renormalized One-loop Effective Potential (take Q2 = 0) as before

1 A 1 A 2 24 Ag2 3
Viil(¢) = 5""2(1)2 + 5474 + e (m2 + §¢2> |:ln <mM22¢> _ 2]

Before going on with our analysis ... Let's hear “news” from the Literature
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“Dim Reg" versus “Wilson" (= “successive elimination of modes”)

Views on “Dim Reg” and “Wilson”

1) Typical textbook statement ... “Dimensional Regularization has no direct
physical interpretation” (J. Zinn-Justin - Quantum field theory of critical phenomena)

2) Recent ideas (gaining lot of followers)

“Maybe power divergences vanish because the ultimate unknown physical
cut-off behaves like dimensional regularization” (M. Farina, D. Pappadopulo and A.
Strumia, JHEP 08 (2013) 022)

“Wilsonian computation techniques attribute physical meaning to momentum
shells of loop integrals” ... "The naturalness problem can be more generically
formulated as a problem of the Effective Theory ldeology” (A. Salvio and A.
Strumia, JHEP 06 (2014) 080)

Accordingly DR should have special physical properties that make it the correct
way to calculate the quantum fluctuations ... while Wilson ... incorrect ...
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Dim Reg.: Physical Meaning? ... Special Physical Properties?

Ve(9)

Vo(6) + Ve(®)

0Qint, om? ONint f OAe

int>

@ ) -=2 )
00, dmy, 6,

Vo(é) Viu(o)
2
Vo(¢)290+?¢2+%¢4:(9+6§2) (m +om)$ + iI(A+ 52,6
=(Q+069,, +6Q.)+ = (m +om’ 4 om’ )’ + — (/\+5/\,m+5&)¢>4

= Ren.Pot.: Vj(¢) =

2 A o)\? m + 3¢ 3
2(m +5¢> |:1n(u2 -3
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Dim Reg.: Physical Meaning? ... Special Physical Properties?

DR secretly realizes the fine-tuning:
m2A? m* N? m*
0Qnt = — In| =) -1| — —=p ¢
it =" T a2 2 372!
S AN? N Am? n A? 1 Am?
ms., = — i — —
nt 3272 3272 u? 167%€
32 A? 32
OAint = In|{—= | -1 —
T 30p2 [ (;ﬂ) ] 1672%¢

DR has a Physical Meaning but No Special Physical Properties. It implements
the Wilsonian iterative elimination of modes for including the quantum
fluctuations in the Effective Theory, and secretly realizes the fine-tuning
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Summary on DR

o) = V(o) + V()

Qg oy, O/\mr — @ \\w Sm2, 6Ac

|
\
00, om?, o\

A

Vo(o) V(o)

DR setting, “Bubble (2)", obtained by introducing an intermediate step, (1) —
(2), in the process of obtaining the Renormalized Potential, “Bubble (3)".

DR provides a shortcut: “Bubble (3)” is reached starting from “Bubble (2)".
The fine-tuning step “Bubble (1)" — “Bubble (2)" is skipped (secretly realized)

Lesson: DR is a way to implement the Wilson's strategy in the perturbative
regime, where the fine-tuning (in the Wilsonian language: tuning toward the
critical regime, critical surface) is secretly performed.
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Naturalness and Dimensional Regularization

What should we then say on those attempts to solve the
Naturalness/Hierarchy problem with DR?

® Classically Scale Invariant BSM. The theory does not possess mass or
length scales = only dimension four operators

® Dimensional Regularization used = Scale Invariance only softly broken =
apparently no fine-tuning needed . ..seems good ...

® _..But...we have just shown ...DR secretly realizes the fine-tuning

= No way to solve the Naturalness/Hierarchy problem with DR
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Consider now attempts to solve the NH problem in a RG framework
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“Wilson" versus “Perturbatively-Renormalized” RG Equations

2 A
Scalar Theory : Ly =3(0udy)’ + 2m o2 + 000
Wilson-Polchinski RG Equations
dQ m? 2 m* dm? A2 am? d\ 3)?
Ho— == z t 7 o b —=—5t 2 0 B = 2
du 167 327 du 167 167 du 167

€ [0,A] is the running scale. A is the UV boundary (physical cut-off)

Define:

mi(p) = 38 pop  and  mP(u— o) = mP(p— op) — mi(p)

0

2
Qo) = T8 pop and  Qu— o) = Q. — 1) — Qer(p1)

Perturbatively-Renormalized RG Equations (du — 0)

aQ  m 5 dm?  Am? -, dx 3\
a—— = ; " = =my, ; — =
’ dp 3272 @ ! du 1672 7 i du 1672

=B,

The Perturbatively-Renormalized RG Equations contain the fine-tuning
Physically: Tuning towards the Critical Surface
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Perturbatively-Renormalized RG equations in the Standard Model

Well-known Standard Model perturbative RG equations (*)

d d
MCTM/V = 5A, /t@m%—/ = m%—/“/m

Ai (i=1,...,5) are the SM couplings

(*) similarly for SM extensions
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Perturbatively-Renormalized RG equations in the Standard Model

d o> 5
H—— My = my7y,
du
Attempt 1 : Quantum Gravity “miracle” G.F. Giudice, PoS EPS-HEP2013, 163 (2013)

mi(N) < A2
With the SM perturbative ~,, (7. <1) =

Apparently no Hierarchy Problem : m?(A) ~ m#(ur)

..But ...remember . ..in the above RG Equation m7 is the tuned mass =

Fine-tuning encoded in the RG Equation above

= Can’t solve the Hierarchy Problem
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Perturbatively-Renormalized RG equations in the Standard Model

p—-miy = miy,,
du

Attempt 2 : “Self-organized criticality”
J. M. Pawlowski, M. Reichert, C. Wetterich and M. Yamada, Phys. Rev. D 99, 086010 (2019)

Assumes Quantum Gravity might give a non-perturbative v, ~ 2 =
Hierarchy can be tolerated : m?%(A) > m?(ur)

. But ... remember ... m} is the tuned mass =

Fine-tuning encoded in the above RG Equation

= Can’t solve the Hierarchy Problem
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Perturbatively-Renormalized RG equations in the Standard Model

fi——mi; = mipy,,
du

Attempt 3 : mZ () from \() and v(p) ...
P. H. Chankowski, A. Lewandowski, K. A. Meissner and H. Nicolai, Mod. Phys. Lett. A 30, 1550006 (2015)
M. Holthausen, K. S. Lim and M. Lindner, JHEP 02, 037 (2012)

Apparently no large corrections : m?%(ur) ~ 125GeV

... However ... same problem as before ... Tuning encoded in the RG equation
for the vev v(1) (equivalent to the above RG equation for mZ (1))

= Can’t solve the Hierarchy Problem
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Perturbative-Renormalized RG equations in the Standard Model

Attempt 4 : “Finite formulation” of QFT using RG equations a /a
Callan-Symanzik for the Green's functions ...
S. Mooij and M. Shaposhnikov, arXiv:2110.05175
S. Mooij and M. Shaposhnikov, arXiv:2110.15925

2

Apparently no quadratic corrections for the mass m* of scalar particles

However ... Tuning encoded in taking derivatives with respect to m? of the
Green's functions, until they become finite
Callan has shown that this is just a way of implement the subtraction of A? and

log A terms C. G. Callan, Jr., Conf. Proc. C 7507281, 41-77 (1975)

= Can’t solve the Hierarchy Problem
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dmiy X 2. M o
gk~ 162X T 1gm M
dhe _ 3
dk  16n2

Can be solved analytically with no further approximations. Second Equation:
)\/\
1- 16#2)\ |og< )

Ap) =

Inserting in the First Equation = Non-perturbative RG equation for m?(p)
(E2(x) is the generalized exponential integral function E,(x) with p = 2)
3

1

3223 (3x, log (%) — 1672)
2
A

3272 2
32
w |22302e P n x (1672 — 37, tog (“) ) Es (227 — 2iog (©
NN ) T e, A
2
1 32 3052 1673\ /3

+4)\A3 — = [ A% E> 7T +3m? X | 37 log [ I}
N AN A A N

m?(p) =
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Nice features of this Non-perturbative evolution equation for m?(p)
(replace A, — A)

1) Expanding for A < 1 and p? < A*> = well-known perturbative result

2 2 A 2 2 /\2
my, = m, + T2 A —mAlogE

2) Also: very interesting non-perturbative approximation, obtained by
replacing Ax with X in the rhs of the RG equation for m?(p)

DN 2 2
2 _ [V T6x2 2 AN Y
e = (/\) (mA+327T2)\) 3212 — A

Excellent approximation for m*(11) (see ugly equation previous page)
Important result
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Wilsonian - Polchinski RG equations

® Flow of the theory parameters:

mA2 mi d 5, XA domd d 32

d
AL Q= — L= _ L =
dh 0T T 16r2 ' 32m2 dA\"™0 T T16m2 T Ton2 dh"° " 16n2

® From the Wegner-Houghton equation for d = 4, inserting the expansion
Uk(@) = Qi + 3m2¢2 + L " + ékf)dﬁ + ... we have the flow equations:

O K k2 + m?
k— = — log | ——
ok 1672 k2

Omi k* Ak
Ok 1672 K2+ m?
LN K 3N

Ok 1672 (k% + m?2)?

e Under the condition k* > mZ, i.e. in the UV regime, they reduce to the
bare parameters flow equations.
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Critical term

® Finite difference RG equation for the mass:

SA Ao (A) SA Ao (A) m2 (A) SN2
SAN=6N) =md(N) + — PN - — 0 —
mo (A =3R) = mo (A) + 75 J62 A 16m2 o\

® Subtracted mass parameter at the scale A — §A
m?(A = SA) = m3(A — 6A) — mZ(A)

where the critical mass m?, and the boundary at A are given by

Ao (A) ~
ma(A) = = AN m*(A) = m3(A)
167
® In the limit A — 0 we recover the perturbative RG equations:
5iinm4 1 dm?\ A ﬁid)\ia,v
@ _Mdu T3 T\ M dpu ) 16w2 o _Mdu T 1672

® The renormalized RG equations contain the fine-tuning: physically, this
corresponds to a tuning towards the critical surface.
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Perturbative-Renormalized RG equations in the Standard Model

p——miy = miyy
™ HYm

Attempt 5 : hierarchy between Mp and pr generated by an instanton
configuration contributing to the vev of the Higgs field ...

M. Shaposhnikov and A. Shkerin, Phys. Lett. B 783, 253 (2018)
M. Shaposhnikov and A. Shkerin, JHEP 10, 024 (2018)

Apparently Hierarchy explained

however . ..quantum corrections calculated with DR, and flow of the
parameters studied with the perturbative RG flows ...same problems as before

= Can’t solve the Hierarchy Problem
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Gauge theories

Attempts to a gauge invariant Wilsonian RG
® V. Branchina, K. Meissner and G. Veneziano, The Price of an exact,
gauge invariant RG flow equation, Phys. Lett. B 574, 319-324 (2003)

® S.P. de Alwis, Exact RG Flow Equations and Quantum Gravity, JHEP 03,
118 (2018)
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