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“If you got a problem, ...

...just put a scalar field”



“If you got a problem, ...

...just put a scalar field”

..., massive gauge bosons, symmetry breaking, CP problem...

...inflation, dark matter, dark energy;, ...



Standard model Higgs sector

Extremely successful:

KKK

Leptons

Price to be paid:
- naturalness?

Sm? ~ N?

« # of parameters?

« UV completion?



Standard model Higgs sector

Extremely successful:

accepted currencies:

- SUSY

KKK

Leptons

- technicolor

) ) - extra-dim’s
Price to be paid:
- naturalness?

Sm? ~ N?

« # of parameters?

« UV completion?



UV completion: triviality problem

> A\¢* theory: perturbation theory predicts its own failure (Lanoru'ss)
(GELL-MANN, Low’54)
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> Ar and mp fixed:

= AL =~ mexp (ﬁ) > Mplanck
Landau pole singularity
> lim (A/mg) — oo: = -0
Triviality

> lattice evidence:

(LUESCHERWEISZ'88; HASENFRATZ,JANSEN,LANG,NEUHAUS,YONEYAMA'87; WOLFF'11; BuiviDovich’ 11; WEISZWOLFF’ 12, ...)



Triviality in nonabelian Higgs models?
> SU(N) action:

= [N [GFL 4 (040)/(0,0) + yrilo+ S (0T

Dab 8 6ab ’g Wz’/( Ti)ab

> (too) naive argument:
- gauge coupling g is asymptotically free
= UV theory may reduce to pure scalar sector

—> scalar triviality in \



Triviality in nonabelian Higgs models?

> closer look at perturbation theory: (£, Gross, WiLczex'73)
g =PBp = —bg'
ON=pBr = AN —BNg+Cg

(mass-independent reg’scheme, deep Euclidean region)

> e.g., SU(2):

43 3 9 9
by=——, A=—, B = C= "
07 4872 472’ 1672’ 6472

> analytic solution:

Mg = -,

B+\Ftanh<\/Z ng\)]
2by g

B=by—B , A=B*—4AC



Triviality in nonabelian Higgs models?

> analytic solution: (£, Gross, WiLczex'73)
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B=b,—B , A=B*—14AC

= “total” asymptotic freedom

A~ gl ifA>0



Triviality in nonabelian Higgs models?

> analytic solution: (£, Gross, WiLczex'73)

Mg’ = A B—i—\/»tanh(\/; i")]

B=b,—B , A=B*—14AC

= “total” asymptotic freedom

A~ gl ifA>0

BUT: A < 0 for all SUN > 2): E L
— Landau pole }W o w Wt

> Iatt[ce StudIeS: (LANG ET AL’81; KUHNELT ET AL’83; JERSAK ET AL. 85; MAAS'13'15)




“Total” asymptotic freedom

B=b,— B A = B> —4AC

)

> A can be made positive by adjusting N and adding fermions
(GRrOsSWILCZEK'73; CHANG'74; FRADKIN,KALASHNIKOV'75; SALAM,STRATHDEE'78)

(CALLAWAY'88; GIUDICE ET AL.14; HOLDOM,REN,ZHANG 14)

> good news:
gauge-Higgs locking A~ g* implies mj ~ mfy/z

« . . ”»
.. ‘reduction of couplings (Zwermann's4)

> bad news:
- residual symmetry generically too large: > SU(2)

+ many possibilities but no ordering principle



Asymptotically free Higgs sectors for A > 0
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> gauge-Higgs locking: \ ~ g2
> phase diagram in (\, g%) plane
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Things to ponder
general relevance/meaning of quasi fixed points

Be = 0 at finite g2

- different viewpoint: field rescalings, e.g.

e ()

= for { — £* and g — 0: large amplitude fluctuations expected

... higher dimensional operators?

life beyond the deep Euclidean region?

...quasi-fixed point potentials with a minimum?
...quasi-conformal vev?



Effective field theory

> inclusion of higher-dimensional operators, e.g. potential:

A
U(6) = 3m(610) + (6100 + i (61)' + .

> Aer: “UV” scale of effective field theory



Effective field theory

> inclusion of higher-dimensional operators, e.g. potential:

1

U6) = (01 6) + NG 0F + 22

> k: sliding scale, UV behavior visible for k — oo

(¢Td)> + ...



Effective field theory

> inclusion of higher-dimensional operators, e.g. potential:

N, n
R Ak
U9) = 2 St (z)

n=1

> with N, — oo



Effective field theory

> inclusion of higher-dimensional operators, e.g. potential:

N, N,
N e (¢Te)" S (dfe v\
U9) =2 S (2) o D e (2 B 2)

n=1 n=2

> with N, — oo

D> conventional studies: A\; and v can be ignored in deep Euclidean region

“asymptotic symmetry”

(LEEWEISBERGER'74)



Effective field theory

> inclusion of higher-dimensional operators, e.g. potential:

N, N,
N e (¢Te)" S (dfe v\
HOED ey (2) o D D (2 N 2)

n=1 n=2

> with N, — oo

> conventional studies: A\; and v can be ignored in deep Euclidean region

“asymptotic symmetry”

(LEEWEISBERGER'74)
> structure of the RG flow:

at/\n - ﬂ)\,,(g27 >\1a)\27 ceey >\n+1)

= infinite tower of coupled ODE’s



Effective field theory
> structure of the RG flow:
al’)\n = ﬁ)\,,(g27 A17)\27 ey >\n+1)

> infinite tower of coupled ODE’s

O\ = ﬁAz(gz,/\h)\z’)\s)
at)\3 = BAz(g27)\T7)\2a)\3))\4)



Effective field theory

> structure of the RG flow:

(9t)\,, - ﬁ)\n(g27 A17>\27 ey >\n+1)
> e.g., truncating at N, = 2 (in deep Euclidean region):

8tAZ - /8)\2(g277\77 >‘2a7\3)
at)\3 = ‘/ 27 ) B

2



Effective field theory
> structure of the RG flow:
a)f)\n = 5)\,,(,527 A17>\27 ceey >\n+1)
> e.g., truncating at N, = 2 (in deep Euclidean region):

8tA2 = /Bkz(g277\77 >‘2a7\?)
at)\3 = ‘/ 2', ) ) 3

P

BUT: since O: A3 # 0, setting A3 = 0 is as good/bad as any other choice:

e.g. A3 = const. or A3 =f(g%)



Effective field theory

D> simplest “agnostic” approximation N, = 2 (deep E):

1
Oy = AN — B\, g* + Cg* — D)\, Dsyx) = —

472



Effective field theory

D> simplest “agnostic” approximation N, = 2 (deep E):

1
Oy = AN — B\, g* + Cg* — D)\, Dsyx) = —

472

— asymptotically free trajectory, if
A= x g X = const.

> integrated flow:

2
n(g) = £

B—&-\/Etanh(\/EIn gﬁ\)]

2by g

A = B — 4AC, C'=C-Dy

— one-parameter family of asymptotically free trajectories
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Asymptotically free trajectory: simple approximation

o> simplest “agnostic” approximation N, = 2 (deep E):

— B' Mg+ Cg' — D),

— AN

8t)\2

o> phase diagram in (\,, g%) plane



Asymptotically free trajectory: simple approximation

> gauge-rescaled coupling:

_)\2

52 = Ev

0

> phase diagram in (&,, g%) plane
D> quasi fixed points:
Be=0 at g >0

= perturbation about £
is RG irrelevant

— trade &, for

06y = ﬁgz = g2
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Asymptotically free trajectory: higher-orders?

> same conclusion for any finite truncation

O\, = 5>\2(g2, A2, Az)
8t>\3 == 6)\2 (gza )‘27 )\37 )‘4)

at)\n

/B)\n(g27A27>\37 .. '7/\n+1)

> if
Api1 = const. x g"!

= one free parameter Y.



Existence of asymptotically free trajectories?

Crucial questions:

- Does the series expansion ~ >_ \,(¢T¢)" sum up to a
global fixed point potential : Ut(¢) ?

=  parameter — boundary condition for U*(¢)

- Are perturbations about U*(¢) self-similar? (Morwiso9)

...quantization of RG directions, predictivity

+ Classification of perturbations?

...# of physical parameters, ...



P-scaling solutions

> ...yet another parameter:

general field rescalings ¢ — ‘;gp =& =g\,
Ay
04t -
— quasi fixed points ol -
for all values of P > 0
02k ,,//
> eg., P € {0.1,0.2,0.3,0.4}, / -
X =1 ol
0,‘02 0‘()4 0.‘06 0,(‘)8 (l‘l() gz

= Y and P parametrize boundary conditions for correlation functions



Functional RG analysis

> RG flow of the dimensionless scalar potential, u = k=4U(¢)

5‘tu = 7du+(d72+n¢)ﬁu’+2vd{(d T)ZN . G)d(/,tw p)) (2N7] ( )+[(B (u +2;3u”)}

N = 8%{ﬁ(3u”+2ﬁu'”)nglfgd(u +2pu” ' +2pu" )+ (N—1)pu ) (o' )

2 (A=) S S T T (i, ) T [2af (18, )+ (ki )] }

A=Pmin

> 2nd Ol’del’ PDE in k and ¢ (GIES,SCHERER,RECHENBERGER, ZAMBELLI"13)



Functional RG analysis

> RG flow of the dimensionless scalar potential, u = k=4U(¢)

5‘tu = 7du+(d72+n¢)ﬁu’+2vd{(d 1) N71 (;LW,p)) (2N—=1)| ( )+[(B (u +2[5u”)}

Ny = 8%{ﬁ@u +2ﬁu'”) gl?)d(u +2pu" ' +2pu" )+ (2N=1) pu /2 <sz (v

—2g(d—1) N, S T T B (il ) +Hd—1) “”pv’ [za;’(u@,i)+m§“"(u@,i)}}

A=Pmin

> 2nd Ol’del’ PDE in k and ¢ (GIES,SCHERER,RECHENBERGER, ZAMBELLI"13)

> gauge-rescaled variables: (Gres. ZawmeLar'13)

Z 2
= @ 2 =

of = Br=—4f+ 241y — Pnw)xf’
{32” e (gz""’)wﬁv,;(X))+(2N—1)ISB)"(g”f’)+ISB)"(g2”(f’+2Xf”))}



Global fixed point solution

> e.g., for P=1 and SU(Z) (GIES,ZAMBELLI'15)

Fox) =3 — (1;)2 [ZX—I—XZIn <2ix>}

fixed-point solution ~ Coleman-Weinberg type, one-parameter family £




Global fixed point solution

> e.g., for P=1 and SU(Z) (GIES,ZAMBELLI'15)

Fox) =3 — (1;)2 [ZX—I—XZIn (2;{)}

fixed-point solution ~ Coleman-Weinberg type, one-parameter family £

D> leading-order scaling solution for different P:

éxz—ﬁmﬂzgsz for P € (0,1/2)
f(x) =< ex2 -2 3Jr8fgx forP=1/2
Ex?— ]ngzﬂ Px  forP e (1/2,1)




Asymptotically free UV gauge scaling solutions

> gauge scaling towards flatness, P = 1 (RECHENBERGER SCHERER HG, ZAMBELL'13; HG,ZAMBELLI'TS)
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> approach to UV k — oo:
2

1 m
g —o, |¢min|2'\’§_>oo, A~ gt =0, k—‘z)v—>const.

— deep Euclidean region is sidestepped
...no “asymptotic symmetry”



Asymptotically free perturbations

D> classification of (ir-)relevant perturbations for given £ and P:

13 »
as usual

om? relevant
— naturalness?
inally
502 @ 6f(x margina “ Y
8 f(x) relevant natural
10°(f.—f)
D> marginal-relevant direction: of

a4l

— self-similar
& polynomially bounded

as should be JH ! ’ ¢

(MoRRis’98)
-4

2k




Estimates of IR Observables

my?
. . 4 my?
> Higgs to W boson mass ratio: ozor”
2
m 015
H
w, Pt
W 0101

> UV-IR mapping
of physical parameters:

v sm? relevant
my = 0g* @ 6f marginal-relevant
my &P “exactly marginal”

= pheno-relevant parameter regime is accessible



Conclusions

« Interplay: asymptotic freedom <— boundary conditions

b.c’s for correlation functions

+ Non-abelian Higgs models can be asymptotically free and UV
complete

if our choice of b.c’s is legitimate

- scaling solutions satisfy necessary criteria

self-similarity, boundedness, predictivity



