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Search for the Higgs boson

In summary o

We h b: d
>4 Jul. 2012 MK VAV FRBAREE
125.3 £ 0.6 GeV
ATLAS & CMS ot

@CERN 4.9 o significance !

> 14 Mar 2013, CERN press release:

“...the new particle is looking more and more like a Higgs boson ...”

CMS’12: 125.3 £ 0.4(stat) £ 0.5(sys)GeV,
ATLAS12: 126.0 £ 0.4(stat) £ 0.4(sys)GeV

> Success of Experiment & Theory

(ANDERSON'62; BROUT,ENGLERT'64; HIGGS'64; GURALNIK,HAGEN,KIBBLE'64)






Numbers matter




Validity range of the standard model

> A\ ‘

e UV cutoff

SM as effective theory —1
e scale of maximum UV extension £

e scale of new physics:
Anp <A




Higgs boson mass and maximum validity scale

~ upper bound

lower bound

200

o1 I | |
103 108 109 1012 1015 1018
A (GeV)

(HAMBYE,RIESSELMANN'97)

SM: e.g. (KRIVE,LINDE'76; MAIANI, PARISI,PETRONZIO'78; KRASNIKOV'78; POLITZER, WOLFRAM'78; HUNG'79; LINDNER'85;
WETTERICH'87; SHER'88; FORT,JONES,STEPHENSON, EINHORN'93; ALTARELLI,ISIDORI'94; SCHREMPP,WIMMER'96; . .. )

BSM e.g., (CABBIBO, MAIANI,PARISI,PETRONZIO'79; ESPINOSA,QUIROS'91; .. )



Lower bound of Higgs boson mass

My (GeV)
PO

> vacuum stability / meta-stability bound

> effective potential &4 la Coleman Weinberg:

1 1
Ueii(9) = — 516" + 5A(9)¢"

> e.g., A(¢) from “RG-improved” perturbation theory:

3

I\ = 12 ( hi +hx+ 35 [29 +(9% +g%7] - A(392 +9%) + )\2)



Lower bound of Higgs boson mass

> effective potential & la Coleman Weinberg:

400
= F

1 1
Uett(0) = —§M2¢2 + 5)\(@(254

> e.g., A(¢) from “RG-improved” perturbation theory:

3 1 1
O\ = iz (h;‘ + WA+ 6 [2g* + (¢ + g'?)?] - Z)\(ng +9?) + AZ)

V/GeV*

(GABRIELLI ET AL.13)
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Lower Bound of Higgs boson mass

Vo)
> meta-stability:

bubble nuelsation

tunneling time > age of universe

> “Near critical” standard model: surmzzo er a3
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NNLO calculation (DEGRASSI ET AL/ 12)

earlier calculations, €.J., (IsIDORI,RIDOLFI,STRUMIA’'01)



V/GeV*

102

2nd thoughts on the lower bound

|

“““““““ e
5 10 15 20 25
Tog,,(h/GeV)

> True minimum of Ug(¢) at

¢ ~ 1025CieV > Mp ?

> UV—IR RG flow?



2nd thoughts on the lower bound

109+
hge
" > True minimum of Ug(¢) at
E -10" ?
ooy ¢ ~ 1025GeV > Mp H
10" 1
> UV—IR RG flow?
—10'°
S O
log,o(h/GeV)
A LA R LARAAALLAN RAARLAALL) ALARARAE
> simple top-Higgs Yukawa model: £ [~ 1-loop renorn PT with cut-off
F |=+1-loop renorm PT without cut-off
30 ¢ simulations

lattice simulation
vs. 1-loop PT with cutoff
vs. 1-loop “A-removed” PT

e/ AP

au®
e

(HOLLAND,KUTI'03; HOLLAND’04)

Criticism: to few scales? (EinHorn,JonEs'07)




Top-Higgs Yukawa models

Z> symmetric model Quarks

Sint = / ithan/; % & Forces

chiral model E. }

oo i
Sint = /’ht(l/}L(?C R+ tR¢2L;¢L) Leptons

¢ includes relevant top quark + Higgs field (+ largest Yukawa
coupling)

e discrete model — no Goldstone bosons (as in SM)

¢ avoids intricate questions arising from gauge symmetry

(FROHLICH,MORCHIO,STROCCHI'81; MAAS'12)



Top-Higgs Yukawa models

(HOLLAND, KUTI'03; HOLLAND'04)
T T T T

— 1-loop renorm PT with cut-off
~. 1-loop renorm PT without cut-off
¢ simulations

> generating functional:

Z]J] / DDED e SI:0:41+[ Jo
A

quZ, . /a®

/ D o~ Slobvl-Sealél+f Jo
A

> top-induced effective potential

1 deta(—0% + h2pTo)
UF(¢) - _E In det/\(—az) )

> CAVE: cutoff A / regularization dependent



Top-induced effective potential
> exact results for fermion determinants for homogeneous ¢

> e.g., sharp cutoff:

N 5
Uri(o) = —ﬁhtw

<0 (mass-like term)

1 41 114 N2 2| 11272 _ A4 hE|o[?
16 Ao [h | In( ht2|¢|2> + hi|o|"A= — A% In (1 + A2

>0 (interaction part)

> mass-like term: contributes to Y\SB — v ~ 246GeV

> interaction part: strictly positive

= cannot induce instability for any finite A

(HG,SONDENHEIMER'141P)



“Rederiving” the instability

> try to send A — oo:

A

2
Uri(9) = *@h?|¢\2+

1
1672

/\2 h2 ¢2
ht|ol* InW+const.+(9( ’/|\2| ﬂ



“Rederiving” the instability

> try to send A — oo:

1

2 2
+const. + O (ht|(ZSI ﬂ

N oo
Ur () = — g hrlol*+ A2

ul floi* I

h2| ‘2

> renormalization: trade (A, ma, Ap) for (u, v, A\y)

2 2
Hol* (I |¢| +const)

U ?
Fil?) = —{52



“Rederiving” the instability

> try to send A — oo:

2

A h2 2
flol* |In { e + const. +O( ’Af' )}

> renormalization: trade (A, ma, Ap) for (u, v, \y)

Uri(9) = h2|¢\2

2|¢|2

Ui ? hte* (1
F i) = — 162 [o|* [ In + const.

loop renorm PT with cut-off
- 1-loop renorm PT without cut-off
mulations

> “instability” occurs beyond "¢l > 4

(HG,SONDENHE\MER 141p)

qu; . /ad

> implicit renormalization conditions
would violate unitarity

(BRANCHINA,FAIVRE'05; GNEITING'05)

(HOLLAND, KUTI'03; HOLLAND'04)



Gauge-invariant regulator

> ¢ function regularization (interpolating reg.: propertime <« dim.reg.)

(HG,SONDENHEIMER'141P)

4 4—d/\d—2
U i(9) =t [0

(d — 2)(4m)d/2
<0 (mass-like term)

2ut=0 [ dT (et 2
+ (47r)d/2/1//\2 T11(d/2) (e + 2|92 T — 1)

>0 (interaction part)

> interaction part: strictly positive

— cannot induce instability for any finite A, u, d



Gauge-invariant regulator

> ¢ function regularization (interpolating reg.: propertime <« dim.reg.)

(HG,SONDENHEIMER'141P)
4N4_d/\d_2
~(d—2)(4m)d/?

<0 (mass-like term)

2,u4*d > dT 7h2\¢\2T 2
+ (47r)d/2/1//\2 T11(d/2) (e + 2|92 T — 1)

Ur +(¢) w2 |p[?

>0 (interaction part)

> BUT: Limit A — oo and expansion about d =4 — ¢

2 2
ot (In hi |¢| +const>

?
Ur () > 7 o -

= “instability”: artifact of dim.reg
use dim.reg. in the presence of large fields: (Brown'76,LuscHeR'82)



Summary, Part |

e no in-/meta-stability from top (fermion) fluctuations
... if cutoff A is kept finite but arbitrary

e no in-/meta-stability at all ?

Ueit(0) = Un(9) + Us(9) + Ur(¢)



Summary, Part |

e no in-/meta-stability from top (fermion) fluctuations
..if cutoff A is kept finite but arbitrary

e no in-/meta-stability at all ?

Uett(¢) = Un(9) + Us(9) + Ur(¢)

arbitrary generically stable

.in-/meta-stabilities from the bare action/UV completion
o lower H|ggs mass bounds?

= nonperturbative methods recommended if not needed

> eXtenSive Iattice Simulations: (FODOR,HOLLAND,KUTI,NOGRADI,SCHROEDER'07)

(GERHOLD,JANSEN'07'0910)

> Constraining 4th generations: (GERHOLD,JANSEN,KALLARACKAL 10; BULAVA,JANSEN,NAGY’13)



Higgs boson mass bounds as a UV to IR mapping

’

I
IR
=

eV
Masses ml




Higgs boson mass bounds as a UV to IR mapping
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Higgs boson mass bounds as a UV to IR mapping
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Higgs boson mass bounds as a UV to IR mapping
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Higgs boson mass bounds as a UV to IR mapping
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Higgs boson mass bounds as a UV to IR mapping
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QFT + RG #:i‘jgﬁ,




Higgs boson mass bounds as a UV to IR mapping

1]
| >

I
IR
=

QFT + RG V




Higgs boson mass bounds as a UV to IR mapping

> microscopic action at cutoff A:

Sy = S/\(m,z\, AA, /\6,/\7 RN h/\, .. )

= RG: mapping to IR observables

SV 246GeV, myg, ~ 173GeV, my = my[Sa]

> By contrast: “RG-improved” PT

. ) |
.o upwards RG L
fix: v,mMop My = U |




Simple Example: mean-field theory

> MFT & |arge'/Vf limit = fermion det Only: (HG,GNEITING, SONDENHEIMER'13)

Uvr(#) = Un(¢) + Ur (o)

I

> UV bare potential, e.g,

1 1
Un(¢) = §m§¢2 + gw“, A >0

> trade: my, hy <= Vv, My _

> Higgs boson mass:

m? A2 3A* +2m2 A?]
2 top top 2
mg (A, X = 2In 1 - VoA
H(A An) 4r2y2 * m, (N2 + m2,)? A




Simple Example: mean-field theory
> Higgs boson mass bound

(HG,GNEITING, SONDENHEIMER'13)

ma A2 3A* +2m2 A2
2 tOp tOp 2
mg (A, A = 2In {1 — VoA
H(A ) 4m2y? l ( * mt20p> (A2 + mg,,)? "

requirement: well defined path integral: Ay > 0 for ¢* theory

cf. lattice (HOLLAND'04; FODOR,HOLLAND,KUTI,NOGRADI,SCHROEDER'07; GERHOLD,JANSEN'07'09’10)

> extended mean field = NLO 1/N; expansion:

250F i
200‘7, -
g ,,,,:::,,,,::,,,::,,,:: 0
8 150f —— - y
£ [
100} 2/3
sof

1000 104 10° 10° 107 108
A/GeV

10°



Nonperturbative tool: functional RG

IR: &k — 0 * Uv:k— A

k

> RG flow equation:

Ol k = Kokl = Tr 8tRk(I'§(2) + Rk)_1

N =



RG Flow Equation

Ok = %Tr OiRk(T? + Ry) ™

> RG trajectory: Tken = Sh = [ 2(9¢)? + Un(¢) + . ..
A
o UV
Q
(&)
©
o
[72]
=
o
|9
=
o ©®
* == -
L ]




RG Flow Equation

1

oflk = 5

> RG trajectory:

/UV

theory space

Tr 0 R(T + Rie) ™

 J

\.



RG Flow Equation

1

oflk = 5

> RG trajectory:

uv

theory space

Tr 0 R(T + Rie) ™

 J

\.



RG Flow Equation

1
ok = 5T OiRk(M? + Ry) ™
> RG trajectory: Tkso =T = [Ustr + ...
A
uv

@D

&

&

Feny

)

£

IR




Higgs boson mass bounds from functional RG
> 22 Yukawa model (HG,GNEITING, SONDENHEIMER'13)

> Systematic derivative expansion:

My = / dx < K 9,00" ¢ + Uk(8) + Zykhidhy + Ihkww)

Il
o

8 400
£ A

1000  10* 10° 10° 107 108
A[GeV]




Higgs boson mass bounds from functional RG
> 22 Yukawa model (HG,GNEITING, SONDENHEIMER'13)

> Systematic derivative expansion:

My = / dx < K 9,00" ¢ + Uk(8) + Zykhidhy + Ihkww)

800
600
S
)
O 400 A=0
I
g Ap = 0.1
il :;j:;'::——"j‘ﬁ' ]

1000  10* 10° 10° 107 108
A[GeV]



Higgs boson mass bounds from functional RG
> 22 Yukawa model (HG,GNEITING, SONDENHEIMER'13)

> Systematic derivative expansion:

My = / dx <Z§kaﬂ¢aﬂ¢ + Uk(¢?) + Zykbid + ihk@/?w)

800
600
% 400t 1 =0

1000  10* 10° 10° 107 108
A[GeV]



Higgs boson mass bounds from functional RG
> 22 Yukawa model (HG,GNEITING, SONDENHEIMER'13)

> Systematic derivative expansion:

My = / dx (Z;’kama% + Uk(¢?) + Zykbid + ihk@/?w)

800
600F
> =0
8 00} ] An = 0.1
£ T, =1

1000  10* 10° 10° 107 108
A[GeV]



Higgs boson mass bounds from functional RG
> 22 Yukawa model (HG,GNEITING, SONDENHEIMER'13)

> Systematic derivative expansion:

Tk = / dx ( K 9,00" ¢ + Uk(8) + Zykhidhy + Ihkdww)

800
—600’ 1 )\/\:0
3 Ap = 0.1
O 400
EI =1
ol e v ] A =10
zj;;;vzzz'j':;' An =100

1000  10* 10° 10° 107 108
A[GeV]



Higgs boson mass bounds from functional RG

> 22 Yukawa model (HG,GNEITING, SONDENHEIMER'13)

> Systematic derivative expansion:

My = / dx < K 9,00" ¢ + Uk(8) + Zykhidhy + Ihkww)

800
—600’ 1 )\/\:O
= A = 0.1
O 400} ] \r — 1
£ A =
ool e o] A =10
:;:Fr/ﬂ:::'j“/;' An =100

1000  10* 10° 108 107 108
A[GeV]
— lower bound for A\, = 0 (=~ mean-field result)

agreement with lattice (HoLLanD'04; Fopor,HOLLAND,KUTI,NOGRADI,SCHROEDER'07; GERHOLD,JANSEN'07'09'10)



Conventional lower Higgs boson mass bound

o> chiral top-bottom-Higgs Yukawa model (+Goldstone decoupling):

(HG,SONDENHEIMER’141P)

1000 —
200l FRG: o
NLO derivative
> 600f 1 expansion
<
£ 400} 1 Aop = 0
2 — Aop =1
'//4/‘/_*_’_’*_,_" Xop =10
%000 10" 105 106 107 106 10 A2pn = 100

A[GeV]

— lower bound close to Z> model:

... bottom quark has little quantitative influence



General microscopic actions
> Sy is a priori unconstrained. Consider, e.g.,

A A A
Uy = J(b +ﬂ¢ + 3A¢6

>for M3\ >0 wecanchoose Mo <O0:

1401
120
100F /\3/\ = 01 )\2/\ =0

Asn =3, Aop = —0.08
80F
60k > lower bound relaxed
40}

1000 104 10° 100 107 108
A[GeV]
string models with A < 0: (HeseckeRr,KNOCHEL, WEIGAND'13)



Renormalizable field theories
> seeming contradiction with common wisdom ... ?

bl

“...observables are determined by renormalizable operators .. .

800

600

My (GeV)

200

0 L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘
103 106 109 10!R 1015 1018
A (GeV)

> y-axis: my observable v/, x-axis: A ?



RG mechanism for “lowering” the lower bound

°
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“Theory Space”



RG mechanism for “lowering” the lower bound

PY GauBian fixed point

°
\/

“Theory Space”



RG mechanism for “lowering” the lower bound

A renormalizable operators
q span a hyperplane

°
\/

“Theory Space”



RG mechanism for “lowering” the lower bound

A | non-renormalizable
q / operators are exponentially
! damped towards the IR

°
\/

“Theory Space”



RG mechanism for “lowering” the lower bound

‘ non-renormalizable
q !} operators are exponentially
damped towards the IR

<

BUT: RG “time”
(scales) is needed for
this damping

°
\/

“Theory Space”



my[GeV]

Lower bounds from generalized bare actions

> e.g.,
)\1/\¢2 >\2/\¢4+%¢6

140}
1201
100¢ Asn =0, 220 =0

801 A3p = 3, Aop = —-0.08

60

401

1000 10* 10° 10° 107 108
AlGeV]
— lowered bound ~ shifted A axis



“Lowering” the lower Higgs boson mass bound

> chiral model with g A(#7¢)? interaction

> comparison with lattice data:

160—

1401

A6 =010

120p

100p

my[GeV]

80

Higgs boson mass in GeV

601

20 CER—

401

1000 10* 10° 10° 107 108 10° 0
h 00 2000 3000 o0 5000
AlGeV] cutoft in G

(HG,SONDENHEIMER'141P) (HEDGE,JANSEN,LIN,NAGY'13)

— RG mechanism confirmed



Summary, Part I

e Bounds on the Higgs boson mass (or any other physical IR
observable) arise from a mapping

Smicro — Ophys

...provided by the RG

o For “effective quantum field theories” (with a cutoff A):
bounds on Oppys = f[Sh]
... full Sp not just the “renormalizable” operators
¢ “lowering” the conventional lower Higgs boson mass bound is

possible
... without in-/meta-stable vacuum



Implications

e if my < conventional lower bound:

e new physics at lower scales
e first constraints on underlying UV completion

o if my exactly on the convenional lower bound:
... “criticality”
¢ underlying UV completion has to explain absence of higher
dimensional operators

> flat interaction potential




Candidates

> Asymptotically free YM-Higgs-Yukawa models?
possible, but generically requires O(N) scalars with large N

— large residual nonabelian subgroup (CALLAWAY'S8)
general perturbative UV prediction:
A~g? =0

...analysis relies on the deep Euclidean region

> standard model + asymptotically safe gravity (WEINBERG'76; REUTER'96)

gravity fluctuations induces a UV fixed point A\, ~ 0

(PERCACCI ET AL03°09)

= my put onto conventional lower bound (werrerion,suarossikov10)

(BEZRUKOV, KALMYKOV,KNIEHL, SHAPOSHNIKOV'12)



Asymptotically free UV gauge scaling solutions?

(RECHENBERGER, SCHERER,HG, ZAMBELLI'13; HG,ZAMBELLI'141P)

> (Almost) flat potentials:

— large amplitude fluctuations

> If flatness is driven by asymptotically free gauge sector:

2
gauge rescaling of fields: X = ¢°° Z“ﬁk‘fl

= solution of fixed-point equation for effective potential (P = 1):
3\? X
Mille_Hi . _ 2 2
SU(2) Yang-Mills-Higgs :  V(X) =¢X (167r) [2X+ X<1In <2+X>}

—> Coleman-Weinberg type, one-parameter family ¢



Asymptotically free UV gauge scaling solutions
> gauge Scaling towards flatness (RECHENBERGER,SCHERER,HG,ZAMBELLI'13; HG,ZAMBELLI'141P)

0.030 -

o-ozsg g =0.048
0.015_é g — 003

i g=10.02
O.UIOT g _ 0.01

0.005 -

L L L L L L
X
50 100 150 200 250 300 | ¢ | 2

> approach to UV k — oo:

2

9

1 m
2 4 w
— 0, |¢min‘ ~ ? — 00, )\Ng:—W, ? — const.

— deep Euclidean region is sidestepped



Summary, Part Il

Numbers matter
- Miop, My

QFT is more than a collection of recipes
...new insight from new tools

vacuum stability: no reason for concern
...sofar...

UV complete models approaching flat potentials
...appealing also in view of current data






The IR window for the Higgs boson mass

> My ~ VAR (WETTERICH'87)

mapping: Ax  — Ag nhot surjective on R,

> e.g. for ¢* bare potential, fix A = 10’GeV (HG.GNEITING, SONDENHEIIER'13)

400F

350f

convergence check of

> 300 e derivative expansion
S 5ol ANLO /LO ~ 10%
£ @ strong coupling

200¢ ° Ueff solver

150F (polynom. exp.)

0.001 0.1 0.1 1 10 100



“Instability” in the Z> model

> mean-field potential with cutoff A (linear regulator):

1
16 72

LM o M oa
U=—5 0" +549

[Mﬁ&—ﬁwm(m+ﬁ&”.

h3 ¢?
= stable for all ¢

> expand for large A:

_ M o2 Mo 1 242 2 ph 4 N2 1

> renormalized parameters at scale u (ignore renormalization of
hy — h)

ma me + 6P,
A = A+ OA.



“Instability” in the Z> model

o> fix finite parts with Coleman-Weinberg renormalization conditions:
(atp=v)

U= @ +ﬂ¢ In— — = .

2 16 2

> supposedly accurate for:

4 2
<1, P<A, ‘h In?

6.2 ”ﬁ < 1.




“Instability” in the Z> model
> e.g., all conditions satisfiable for
35

a2 MyE =2

1 >> )\V -
= U(¢) < U(v) Instability 1?!
> BUT: reexpressing this inequality in terms of bare quantities:

3t A2

)\A+2—7T2In52<0.

> for Ap > 0: ¢ > A required

= in contradiction with large A expansion!



Towards the standard model

> chiral Yukawa model: (HG,SONDENHEIMER'141P)
S= / [amfa#qs + U(¢'¢) + tidt + bigb

+ ihp(PLdbr + bro L) + ih(Prctr + Trobir)

_ (o1 +ip2 [t
0= («m + i¢3> Vo= <bL>
> enforce decoupling of Goldstone bosons (mg = 0)

k? k?
e % e —
k2 + mZ, k2 +mZ + gvE

> choose “gauge boson” masses gv2 = (80.4 GeV)?

cf. lattice model (GerHoLD,JaNSEN'07°09°10)



my[GeV]

“Lowering” the lower Higgs boson mass bound

> generalized bare potential with A\ A(¢7¢)® interaction:

(HG,SONDENHEIMER'141P)

160
1401
1201

Aapn =0, 0 =0
Azp = 3, Aop = —0.1

100
801
601

401
1000 104 10° 100 107 108 10°
A[GeV]
— same RG mechanism at work




TODO list

study of general Sy

evolution of several minima

instabilities?




