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2. £8P, Potetial Applications
2.4 Scalox Mass(es) from Vepp
Tn Hhe classicol a.nvox:.mo:kcon, the -bee -lovel 7&"@1\-@1, v, ($)
dictates the wminixouwn of tae theow , sasy ot <Py = ©,, and
alse gives informadion abovt Hie wnass of Lhe scalar foeMd fluc-
tuadions axound thed winimum, P= -,

V()= V() + 9V’¢P L é‘?"

M"

with e wass- sguared given simply by Yhe 2“‘A¢ﬁvacliuc of the
pofential ot the minimom. This can of covrse be 3enml~%e:5 for
Seveca) scalars & , with Jhe Squased mass wakeix 13 a;;;
The vie of an efPective potertiol dhat inchdes 3\14.:\‘\'0\'“ covec-
tious can be vsed to easily calewlode vadiative corvechiousto
scalor masses. To fact, His bas been applied with advastoge

fo uportudt pasrticle physics models Lka dha SH o dhanssw, 4o

2+ 0(¢2)

calewlate radiative corvectious to dha Higgs mass. Tor Huis
veason I will astume ¢ s fhe_Higgs scalax from now en.

Tn Lect. 4 we vnderstord the effective psfeudiol in different
Woys . In the porticolar applicaion discussed iutnis lecture we
will moke vse of 4he foct thak Vepp () is We generator of
IPT Gresn Ruchiows of & of 2-efernal momesim, see puge

1.22:
v($) = - T$(o)
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Nes\zdiuﬂ amall width e@-‘?edl's,-(:kc. Ms.‘.c«l Scalax (\-\\133:) wasS
is given by the pole of +he propagator af:’q:") or, whal (s
Bhe 3ame, the 2o of Jhe inverse of W propagdor T ()
[see foslnste in page 4.3 P EU(FD = -1 /O] . we
can write ,upto convention dependent factors of ¢ ,-1 Ll the
defimition of EUpY),

IS = $- b - Ty ()

where TT¢4,(‘>’—) s the b 4PT self- energy, and m2 is the
tree-lovel mass (eq. in the U, m3= M e 3x¢ ). The pole wass
MZ s there fore determined by e c,c_;‘ua:\'«lon

':;: 2 + 1T|‘b(M|?;)

Ty, 3*) stoxts at o@) and e above egqudion can be Solved
flx“‘urbo:}&ve'tj up ‘*o dhe Je,s:.\-ecl order . AL ﬂ-—loef ovdetr one

" HE, = md + T (w8
ot two-loops:

Mia = B+ T (M) + Tiisy (3)
and so on.
We can compare this pole mass with Hhe mass approximation
oblained fom siuply taking two- derivodives of Jhe cPlediive
?d‘\'e.w\'.‘.a.‘ :



Comparing with he previcus expression for the pole mass we
see that the only differemce is thot the eternal momen-
Lo is now 2evo. Co\.l\c“s dhe previous mass Hl-.?;v (ithe
“fo‘\'ewl{o.l approxitaciion” 4o tha. mass Y we find lha reloion:

Mp = Mus + AT, (MR | ¢n

where A“T\\\‘)(H\%\) = T\'hh(l"\?;\) - TThy (O), covrects for the

differemes in external wowesstom.
The \-eclee- CHJ)‘\'O caleslate the H\.gaa mass deserves Some

cow\mc.vc\',a :

1. It is convenest to trade the tree-\evel wmass parosneter
me bul dhe ex‘:eda:}con valve of +the H-Z333'.

&L% +:’o=d_:.(::’ aAV)' = M 0% (4: aal;:l)‘,
so +hat
th = 3_4?‘. =m +3\\9’+(aa£z N = DWW 4+ (é% i;}ﬁv‘

i,
noting thak BLV, = 22", we geb the Simpler erpression
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Mhy = &% Vepp
which allows Yo extract Mhk withoot haviug Yo worry about the
location of the winimum, simply taking derivatives of Vege.
2. To wany practical examples ik {3 o good approximedion to
neqlect the tree-level value of the Hhiggs wwess (eq (f the one-
loop radiative corvechions are dowminoted by some laxge.
coupling , Like Ha top Vohkana. covpling, while W2 depends
on Swaller couplings, Like g it the MSSH). Tn such cases,
Muyv can alveady caplore the west tuporbant radcadie
covrections . T4 i3 obulously easter to calaslode M, fromn
fhe qpotential that Mf diagrasammedically.
J. tven (F one warils to include subdominant cervrectious, it
iS advenYageous o SpUt the calelodion in ME, + BT, (W) .
The potential piece is gquite easy and AT, (MR is much
easier Yo compute A;W-\ccd\j Aok Lho HIN Ty, .
4. Tt i3 easy to show that MP is scale-independent, as Ct shodd:
From e Scole independence of Vepp ik is irmediate
that F*vepe /24F depends an dhe venorwalizadion Scale ovly
throvgh the ancwmaous divensen d/dleg® = b ,se that

i— thv = — 2 H:;,v
dlosQ
To see s, sau?LJ notice Ehak
d 3" dv

\"
—_— =0 V —_—
doga”™ " b §ndh
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that is, 9)ob and d/dlg dow't commute (as ¢=dbLlad).
In the same way, one axvives ot

d 3V ._ —ny NV
dicga. 2¢" "

with n22 giving the wewlt for Y sale dep. =@ MK, above.
On +he other hand ATy, (#) can df\\:’ depend o wase - Hudon

re.mmdi.%ai'éo“, os Yo ?"- o wt Precas cancel oat.
T move. detoil | __gbase quantidies
< = .zl(g‘h’)‘ - .% ™ ff"/ verormalized guatihes
= % (3¢|>g31"zl '“35.“’,: -S'EH (94’33 - l Sidg +.

(1+3%) (34;2)?'_ .;_ (ms_é‘&h‘)dé +-. .

\
€ e~

2

We have
2 ddo _tdde __, dleq?y
¢ =R AT.;;' > 7= pJoge” 2 dege

end ,-Fe\— the cnverse ?\'ora.sa*oors :
KT (I, = by Te(g b
[’z- wWE-Th () p- mg -Tle (7%)



Seo 'L\\a,t

dTu(eY) dMe(e®d
.:ll:gfg-=o Y A\;Q =2y To(f®) - Pt

And we have all twe .'.v.a\rd\'.ccz\s o prove dMS /d\oaQ:O d

dATt JdMi
dAT dn\,\
= -27(?1 - My + ATT(® )>+ 7 Jega
~— -~
o
B
$ dﬂ“ = O
d\oaQ

5. One can also show Lhat M{ is qouee Invoxiank jeven
(f the explicit expression cbtained from Hae gotetial can depend
erplicitly ou tue gange .F;m'.nj porosder £: W2 (D £) . Ia
ihe same manner thal one covld wale use of Wasd ¢dewtiNes
to decive (3ee sedt. 4.3):

g VAL | by Do

YR EX)
one arcives ot the e.q,oaiéen
IME (5,£) athé £ . 4.
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which, vsing C(BE)=db/dbg% , as in L84, leads
divestly 1o dn(b.5) _

dlog &
which shows ME is veally indegendent of £,as X shoold be
the case of a- physical mass.

2.4 Hiecarchy Problem from Vepe pecspective

Conscder the expression for the uw-loo‘: ?o"’en‘\ial %u\u&zecl
with oo moweritom w"io?.? ) Te4e 1.29,

N 24y, | e O
with Ste “2(“,):. EN a\'\:‘(t\% , with o lo.be,“s'.uﬁ ,\..{?Fe,\-eﬂi ?a.v'\c'.c\e.
s\»co:.es with N, de%v-ees of {‘eedom (u_aoééve %\— .?gf\ﬂ»io&&)
and - degendent masses M%(dD. Let us again cousider the
%@W‘oc Gwm M§L+3 = kg + Kuq;-. ?\033':'&3 s in S‘\l(¢3
we see that 4-bop corvections induce o comtributiow to
e Hi%%s mass Yerm c Haa Yo'\‘eu‘\'.'.a.l

X'\I(qﬁ > L-Z-(\Bn" 2 ¢K¢> 4} \Z__ : w42

which is quadradically divergesl. Such corvechion is of the
vool of the Wexarchwy problem hak offlicts sealars.
P:l'\'\\ovsh oae could ague Yol tais divergence cas be stugly
renormo.\i 2ed away (P N is considered 4o ve?\-ese_u‘\: e
Scale of @ new seddor covpled Yo the Scalar & le. a pugsicd



thveshold scale, than K » i will Yend to increase e mass
of ¢ vp 1o N, valess Huis is prevented by frne-tming dhe
laxge K cowedhion against the dree-level mass w3 o & ¢
m3 + % K/ vt = O(wd)
fou can convince yourself that this Weraschy problern does
ne¥ go away eq in dimensiona) veqularizdion by considering
the siugle example of a light scalar ¢ wopled 4o some ather
kn.awn Scalaxc B as in:

&= 2 (b 13- T O+ L HE kd?
with ME>>W2 We can look now at the effects of & on the

Scalox ?o‘\'e'\"‘c'-a.l of the Weht S L3ing the generic vesolt for
V1 L#)' See Me, .24

M= g THML g S |

where now the fidd-dependent wastes are

Hf‘; = w32

M3 = M5 ké*
Plugaing #is in Vil above and exfandieg in b5/H* ona
finds

5V(4) » —[ﬁ-“" 3"“’)-_\4’
S, m>

with M playing e vole of A.




With the qvi.'l‘z vecant duScovwnJ of the H«Z%j.s ok the W
[a..ssomiv..a it is Y -HmS) we know e last po.xand:ex g
e SH :

2.2 5+.c~b\'.LL'\'L‘ o‘: e Vacuuom inthe SM

M= 1253204 6V © Dz 0126

[#i¥h > normalized as 5,V= (akdE']. This means, in parti-
eolax that the shape of the SH polential is now frxed (vp
to ecperimantal and themvetical vacertainties, eq- in the Yop
Yoltawa coopling, hy , o the stoug gavge coupling coustadt g) .
Tn princigle this woold jost correspond o Some. particdar example
of a LOrq'Ma Mexican-hat fo-bﬁ\{a.\, bot 1t s well known sinee
Yhe lote s thal o low Higgs mass and @ heavy op Iass can
destibilize Jwa Wigys effedtive gstertial .
Let o8 Wave o doSer louk ot e S potevhial do yuderstand
duis, At 4-loop, keeping only the mast tuportant top
Loo\: covrections, we have (sect. 12):

VY= g e Do 2 (.;_hﬁ?')z{loa Zl‘_;_“f_ 24
Here @ is the venormalizodiow scale and  as we discwssed in
Sect. 13, all poraselers in V(P) are evalvated at that
Same Scale. IR we chooSe @ at the ekctvoweak Scale,
Sayy Q=M , we know e valves of Hrese paxaseters
divectly , eq. A2 0.12%, as mentioned above. We then



see that for d>>My -Ekr_m.aa.:b:ve. ‘op losp conteibution
can overcome the gosthive vale of A and drive V()
to negative vales, destakiliaing the BW vacoum . But
we ave to worry abeut how velicbla ts dus estimate
as we axe LW% o- A-loop effect qaining over the
beee level vewlt . ITn other wedds, s the ?er'\vv‘hod'i-ve-
expansion reliable tore 7 Tn grinciple, drare i3 wothing
Wdng with o loep effect winning over o tree-\evel
veso\b. APber ol e loop corvechow degeuds on o
large coupling hy that did wot appemr ok tree leveluhils
e tree-level Cpu:?LMﬁ A is M Swall. We shoold
wiher worry about b gpossibe <fects of nea\o.c."mé
higher order correchious, thal an also be ewhasnced by large
logarithens log(¥mg ».

The resence of such logarikhms in the higher ovder correchions
to v(dd) is easy o fgure vt s these loss qive the explieit
Scale ole.‘acvdewm. of the fd\'en‘l'..:a.l with B venormalization
Scale (remenber the discassien in Sect. 1.3).

Assume for Stwglietty thab &y i3 the dominauk coupling in
e loop corvechious and vie &= W fuw) a3 expansion pa-
vasneter  somilimes ewhanced by powers of bg=by(dVa? .
We can display the stwcive of higher ockes loop corvedious

Yo V(b)Y by \eoling eq ok tne correcious Yuey urply for a
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dimensionless quaiv\'ﬂ Like dne quax'hac ocv?h.vﬁ This stwctore is
Mﬁc‘l\t‘ e -@:\\ewénS
«l'_\'“ . ‘k,‘ : 0(,° ‘-r b'“.:-‘\'e “
?iea.s
lFow: -

2".00?: ’K,‘ (ot.los)"-l-( oLz‘og \-\- ol* \

..t o \03 + "

For ‘oxze, leg {:’7“1- ) the dowinant +ecen of oo 3:.\:@“
ovdar s dwa \e.a.é-nﬁ 53 (l.o) term ,(ulos\“ , %\\owecc B\'
'B\L m’t—‘ho—l&eda’.vﬂ '.03 (Nl-b) term d(ﬂbs)“_'., and So on.
We can rewrite dthe iteradive e.quo:\fov\. we dsfoined (p.1.33)
for the Scale-dependence of V, (1‘33 .

Y , &0V, 4.+ AV o0

a\oSQ

where B = B30 2 4 P 2 i decms of the Wierarchica

=Y ¢
Pieces of each loop worntelbotion Yo V. Ha.'tc\vlus powerss of
‘033 and X we 30."'
Lo
OV + IBCQ Vn‘_'_o‘ =0
v e

NO Lo
+ BV, + IV, =0

a\on

and So en.
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From the Reest Qq\bc\&oh we jee thok Vi © can be obtained
ttemtively to all ovders st fom Vo and B, fe. d-loop
Re€s. Frorm the second we see that V'@ can be obtoined
iteotively o all ordess , in additon we know V| and &%,
ie. the A-loop potenkial and fhe 2loep REES. You could espli-
citly check Hthad Huis is indeed the cale odug e exprestion

J

of goqes 131-32 for V, iw the SW.

This can be uted with advarifage 1o buprove the caleslatiow of
tue potential ak large valves of &. If we were o undude
the whole sedes of LO terms, 4o ol loops , with @ fixed
to Soma poxticolr volve, this series wold Simply resvm to the
tree level potential with paramelers evalvated ok Whe sasle
QR ond van fom W to Q with A-bep RGES. This is the -
called RG -improved tree-lve! pokstiol, and resums Lo terms
1o all loops. the wisest choice o Sola when ene is iderested in
krowing the potewtial af some Reld valve ¢ it siwply @=4.
The RE-iwguoved potenhiol is thaefre

Vo (4)= 5 M 3%+ LNy

Wi“"‘\ Jm’-(¢\>)/e|(o31|>= ‘35:\1 B’ d%¢)/4103+ = l&g:) a.nA we.

have introdued $=B($) with IBEB)/dlegd = yED.
One can See how Hais V"“sdﬂ C-ovves?w& Yo somw..'.us-\kv..
whole Seres ellher e.sc‘a\cg.:.r\'\j :
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AP) = AMY) + g e5 (ydt

R=Me dloa@
Bl ey ey 25

- ﬁ(ﬂ{)-i- S [{53({.)4- é"’t’) ot Lg).}‘}Jt
Mg tlojﬂe

= MY + PR log % 4 -;- @‘(’(Lbeog% \ 4.

or just vemembering ok V is Scale indeperdect. a A fPerent
cholce of scale simply vedistributes tua welght of differeut
loop-evder coutribitions : o 3wmoxL choice of @ moves Ane
bulle of the correchionsde tha tree-love) port.

In any case, with the RE-dnproved potential, dhe sfabi iy
pro blesn %e,ts refhm.:e‘\ aite the behauiocor 5@ Jwe (um(-s
ANP) ok large valves of & (ie. tnthe LV). The Hoop
beta. Ruction descibing svch roming is

S>I I E 2, 2 -
3 _Mz[ Chy' #1200 + = (24146") -3 (254€%) -"?—‘l)‘z]

ard & is dominated by e regedive dop corivibution. The erigin
of Hwis cortribution, a top loop, i3 of wurse axactly lwe same
ok gives the Ja.!\%est loop coddbuliow iw dne potential.

The waning % decveases in +he OV

N
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eventvally turming negedive ot some Scale N asd def(o.b'\(;.%'wj
the potentio) at P A confirming the stabilihy problesm anmon-
ced by Ha 1-lop pstential.

One can go of course beyond the Re-iugproved tree-level poten-
tial, a.c\o‘i.ws wore subdominant correciions bot Hhare ¢s no
qualilative chamge ow the effect st described. The stde-
of-the-art caleslokion makes use of Hhe 2-lop gotential

with RGEs running ak D-locps (so thek NNLO correchions

oxe vesummed). Tt (s also wecessary o determine with pre-
ciston Y input valves of A and b ot the EW Scale, relaking
AMY and B (M) Yo e physical pole. Masses of tha Higas
and top. To be consisterd with the RNLO caleslodion , those
radehing relaticus fr A and y need 4o be known vp fo 06M),
whete © heve i3 W /C4m) o g

The vumning of X at thislevel of precision for Wy=1S Gev
ond W =133 |t07 GeV, Y :
®s(1y) = 0. 184 £ 0.600F (3 as =\ '.11]110\
indkieated cu s glot, shousing \

an instabilihy at A~ic°ceVv (fr
Bo cottral Wy, ug valves ). Stabilidy
of the getertial all Yo way op to
Mg Seems 3kl possible but maaaup.\ R sl in G

a:(M;) = 0.1184 £ 0.0007

upling Afu)

juartic co

100 10* 10 10% 109 1012 10M 0l ol 00
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e oohdode .F-am -l:hn. P\-e_vious reSult -[-_\»\o.i: mos": L,\tellj '\'\\L
SM Hiﬁﬁs fa'\'eu‘\c‘.a.\ hos Hais shaye :
vy

;\w\o"’ 4

(vnder the shouﬁ assomplion thal there i3 no gwysics beyord
the SH belews A1) If His is the case,we ase kuingin a
metastable vacove and decay Yo o deeper vacvum b §sA
becomes possible (eithar by guastom t..mne\;.us thrsugh the
huge barcier at <A or by eurmal Flochiodious over thl
basciex in Hhe early vniverse). While the thermal Yonneling
depends on the early Lwiverse history (in particdar on the
reheating tewperadvre?) the Lkelihood of guariom tomelig
decay only depends on tha age (and size) o e vniverse.
The probability of dis ron-perturbodive process s cort-
led by the action of a feeld conflqueation thal probes
the Lus-\-a.b-‘.k:‘s region

btv)
. L ,

— S
- tw g
¢ ""ew Re

ConF;%um:\‘Cms Kke -l-.kLs, with size Kacbe.\- +han Some cReal



vadivs will 3&& and -ﬁ\\ ot the veniverse with dwe cl»l\ ?ha.se. .

It con be ea.st.lﬂ shown that the astion -Fu— dhe eviteal bobble,
1)

with o ?o'\‘en'\'ﬁo.\ V(c|>) == 4,‘*, as daYaa SM, is Siuply

B = BI2/(3M). As 2 rons with scale, dhe tomneling wil
occurr ot e Scale Hhat minimizes Sec and ona %e"‘S e

'(:"N\e‘:-‘ﬂs ?""’l’“b:-k"s : Ve ev\\oj scale cw the ?vobkm .

= Max 4>'+CX - iy 1
RS aoh f el 31%$)]
Sy-.a.-‘l'im volome DF- Pa.s.\'

L‘.a\d: - cone.

It toens oot thal for M, o128 cev, \N$)] stays 9‘.;:.-\2.
Small ( ~001) P A< $< Hp and tre kiztime of the
EW vacwom is hoge . Theefore, the wilastabi lity of the
vacoown pofes no preblem for the SM.

The phase-diagram of e SM in the My-Hy plane looks ble
Yuis:

180 p==

: "‘I’r_ _":'-I_ I ‘|1-010| §
> -+ Meta=stability -
5 175
=
z
=
2 170F
i
< Stability

T T
115 120 125 130 135

Higgs mass Af), in GeV



Or' %pomixss out un. Yhe sosne ?\a.\'\& .

200

150:

100:

Top mass M in GeV

50 |

0 -I 1 1 Ll | 1 1 1 1 |1 1 1 1 | 1 1 L | 1 1
0 50 100 150 200

Higgs mass M}, in GeV

IP the 3N is all Yue (2 (vpo He ), we live in a vather
sfad.aj locotion oF \»xm'\‘er Space. .



The -?ws'\' colelation of l-loo‘b rodickive corrections fo e

Beiblie 3«;.?‘\5

Higas wass i the SHM , dlagramwodic, is in
® A 3irlin, R.Zucchini , NPB 265 (14%6) 374,

The Sivgler effective psudial opproach can be found e q.i0
® f.Casas €Y o), NPRUB G (1938) D.

The stade —oB - axt ecalev\adion (s cn

® G.Degrassi ebal. TuePog (2012) 01¥.

where o detailed discossion of cwmphictions foc vaswom stoki-
L’f\'ﬂ is caxvied oat.

For an effective potadicl calevladion of the Wiggs wass in
the MM, tee e.g.

® . Okada , N.Yamagochi , T.Yanagida. | PTPES(I144V) 4. T.€WNs,
G. Ridolf: | F. 2wiener, LB 253 (1291) 33, R Bawbiert, N.Frigend,
PLB 25% (1441 395.

for e Proneeriug I-locp calededions, and

° :y,q.Es?tnoSo., R7. Zhang, THEPOD (20002) v2&

for Yo Rest 2-toop caleoldion.

For a discossiow of the hierarchy problem bated on the effec-
tive potential with aphicatious to SUSY and See-Sams nastiino
SCenoxios, See

® J.A.(asas, IR Espinosa, T.Hidalgo, JHEPH [2004) 05F .



The foss:.bi.k.-l:.s WY sue €W vacvum Mi&“‘\' be wmetastable has
a \eu.s kI.S'\'br% , with the Rest studies bd.us

& N.Cabibbo ef o)., NPB IS (199]) 295, P.Q. Hung, PRLAZODD)
333. M. Lindwer, 2PC3| (18R6)295 . M. Sher s Rap. 134 1434) 233.
and a very lowg Wt of seblegued work sn Huis, including:
® G.A\rerelll, 6. Tsidore, PLB 333 (1244) 1), JA.Casas, IR Espinasa,
. Quivss, PLBZHL (1945)131, TB332 (141€)33Y | 6. Isidor, C. Rido\fL,
A.Strowia, JUEPOL (002) Oyl , 6. Tsidori, V.S. Rychkov, A, Stwomia,
N.Tetradis, PeDd 23 (2008) 025 034, J.€lis eva, PLBEIQ (R)364,
T. Elas-Mivs e¥ al, PL® F0q (2012) 222.
One_ ?o.r‘\'t'.w\“l\j nee early paper ou this togic is

® P. Arnold , PRD D (1489) 615,



