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* 5SM phase diagram

* GGauge dependent SM effective potential
* Physical observables in the vacuum stability analysis

e Gauge dependence of the SM vacuum Instabllity scale
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SM phase diagram
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Fffective Potential (EP)

* Provides a geometrical language for the survey of the vacuum structure of a QFT
[Schwinger (1951), Jona-Lasinio (1964), Coleman, VWeinberg (1973) ]
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Background field method (BFM)

* The EP is most conveniently computed with the BFM  [Jackiw (1974)]

|. Change of variable in the path-integral expression of the generating functional

Wil — / D exp (z / d*x (L(D) + j@))

oL 0°L
:/DQbeXp(i/d4x(£(§bc)‘|‘j¢c+¢(8_¢‘¢ ‘|‘j)+% 2W¢ ‘|‘>>
\ ) / H,_c/

T =0 e.om. D~ { ¢, x}
(I)(SC) — Cbc + Qb(x)
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Background field method (BFM)

* The EP is most conveniently computed with the BFM  [Jackiw (1974)]

|. Change of variable in the path-integral expression of the generating functional

Wil — / D exp (z / d*x (L(D) + j@))
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T =0 e.om. D~ { ¢, x}
(I)(SC) — Cbc + Qb(x)

2. Gaussian path integral (one-loop approx.)

—_

eV~ exp (z / d'x (L(o) +j¢c)) (det iD™ e,z — y}) 2
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Background field method (BFM)

* The EP is most conveniently computed with the BFM  [Jackiw (1974)]

3. Effective action

iod = Wil — [ dlajoc [ d'wL(6.)+ 5 logdetiD ™ oo~ y)
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Background field method (BFM)

* The EP is most conveniently computed with the BFM  [Jackiw (1974)]

3. Effective action

iod = Wil — [ dlajoc [ d'wL(6.)+ 5 logdetiD ™ oo~ y)

4. Effective potential

Io.] = / d*z [—Veg(de) + .. ]

[ Ve "(¢c) = V(de) +i ) m / rayT Lo det iD; {de: b}

n=—%(1) for bosons (fermions)
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Origin of the gauge dependence

* £P Is gauge dependent [Jackiw (1974)] C. Discussion

o~

propertles 'of V( ) Ihave alreadyr'emarked that
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Origin of the gauge dependence

* £P Is gauge dependent [Jackiw (1974)] C. Discussion
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* 4-boson scattering amplitude at zero external momentum

- >

FIG. 6. External wave-function renormalization

FIG. 5. Gauge-dependent contribution to V(¢). graph which removes gauge dependence of Fig. 5.

Vet (¢c) = Z ¢”F(”)(p = 0) Not one-particle-irreducible
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SM gauge dependent EP ()

* Classical SM Lagrangian
Lo=Lym+ L+ Lr

1 1
Lyv = —7 (05 — 0, Wi + .. )? - 7 (OuBy — 0,B,)°

L = (D,H) (D"H) - V(H) V(H) = —m*H'H + \(H'H)?
Lp=...

* Gauge fixing: e.g. Fermi gauge (for unbroken phase problems)

* Shift the Higgs doublet in a specific SU(2)xU( 1) direction

1 xNz) 4+ ix*(x)
Hw) = % ( b+ h(z) + ix3(x) )
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SM gauge dependent EP (2)

* Work out the quadratic part of the SM Lagrangian after the shift (see BFM)

L = Th (-0 —md) h+ 3x* (-0 —m2) 6°X° + Lmd, WIW + Lm% B, B* + mympW; B

- Field-dependent masses
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SM gauge dependent EP (2)

* Work out the quadratic part of the SM Lagrangian after the shift (see BFM)

L = Th (-0 —md) h+ 3x* (-0 —m2) 6°X° + Lmd, WIW + Lm% B, B* + mympW; B

- Field-dependent masses

- Ghosts decouple at one loop
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SM gauge dependent EP (2)

* Work out the quadratic part of the SM Lagrangian after the shift (see BFM)

LU = FWa(@g™ — 019”) §°°W) + § B, (O g™ — 0"0") B,

. 00 B
Ly TG —m)t+... Tr——
1 o 1
Fermi . PV - (OB 2
’Cgf 2£W (8 WM) 2€B <8 ,u) L, , ,
my = —m” + 3\
. mi = —m? + \¢?
- Field-dependent masses mw = 1g
_ . l /
- Ghosts decouple at one loop mp = 2y9 ¢
— t
Co : : t — T =
- Goldstone-Gauge boson mixing is retained V2
X' = (W, W2, W, B x', X%, x%) xT (iD3") X
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SM gauge dependent EP (3)

* After some standard manipulations ... [DL Mihaila (2014)]

—2 ~2 —2 — 2
(1) _ 194 (100 ™ — 3 4 gmd MW 9\ 43 (100 ™2 — 2 4t (10e b 3
Vg = 1(4n)? [ 12m, (log 2 2) + 6myy, (log 2 6) + 3m (log 2 6 + m;, | log 25
2

m%. 3 m%y_ 3 m 3 my_ 3
‘|‘27’7’Lf14—|— (log ,LLIL;_ — 5) + 277_?,?4 (10g A~ _ _) ‘|‘mB_|_ (10g IUJ BY _ 5) —|—’ﬁz%_ (log B2 — 5)]
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SM gauge dependent EP (3)

* After some standard manipulations ... [DL Mihaila (2014)]
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SM gauge dependent EP (3)

* After some standard manipulations ... [DL Mihaila (2014)]

1 n? 3 m%, b ms 5 m2 3
Vé(é) — —4(477)2 [—1277121 <log % — 5) + 6173 (log _I;V — 6) + 3my, (log —2Z — —) + (log —h_ —)

1 p* 6 pr 2
—2 2 2 — 2
4 My+ 3 4 My 3 4 Mp+ 3 4 mp- _ 3
+2m 44 (Iog 2 — 5) +2m - (1og 2 — 5) + My (log 2 — 5) + My (log 2 -3
1
Mm%s = 57 (mx + \/ m2 — 4§Wm1%v)
e = 2y (1 £ /M2 — 4(Ewmd, + Epm)
BE T 5T \Mx my Wiy, T GBI R
X Mo+ = M+ =M
- Landau gauge: &w =& =0 e _ _ :
map— = mp- =
- Tree-level minimum: my = 0 ma+ = mp+ =0

Luca Di Luzio (KIT) - On the gauge dependence of the SM vacuum instability scale  08/13



Vacuum stability bouna

* Take all the parameters of the SM fixed but the Higgs mass:

Vett (¢7 Mh7 f)

Critical Higgs mass

Vet (Gews MF; €) — Veg (@, MF;€) = 0
OVt _ OVeg

— 0
0 |goyrae 09

¢, M¢

e 4 ,
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Vacuum stability bouna

* Take all the parameters of the SM fixed but the Higgs mass:

Vetr (¢7 Mh7 f)

Critical Higgs mass

Vet (Gews MF; €) — Veg (@, MF;€) = 0
OVt _ OVeg

— 0
0 |goyrae 09

¢, M¢

o N/ 4

* Which are the physical observables ?
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Nielsen Identrty

: : [Nielsen (1975), Aitchison, Fraser (1984), Johnston (1985),
* Nielsen Identity (NI) Metaxas, Weinberg (1996), ...]

o e

OBRST (TAF) =0 woelly

* Interpretation:

- the value of the EP at the extrema Is gauge independent
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Nielsen Identrty

: : [Nielsen (1975), Aitchison, Fraser (1984), Johnston (1985),
* Nielsen Identity (NI) Metaxas, Weinberg (1996), ...]

OBRST (TAF) =0 sl (8_.5 + C(o, 5)—) Vet(6,6) = 0

* Interpretation:

- the value of the EP at the extrema Is gauge independent

* By using NI one can formally prove: [DL, Mihaila (2014), Patel, Ramsey-Musolf (201 I)]

OM¢

. T 0 (gauge indep. of the critical Higgs mass)
2. g? C(p,€) (gauge dep. of the extrema of the EP)
3. _g = C(A,€) (gauge dep. of the Instability scale)
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Nielsen Identrty

: : [Nielsen (1975), Aitchison, Fraser (1984), Johnston (1985),
* Nielsen Identity (NI) Metaxas, Weinberg (1996), ...]

OrST (NAF) =0 ool <— +C(9, 5)—) Vet (¢,£) = 0

* Interpretation:

- the value of the EP at the extrema Is gauge independent

* By using NI one can formally prove: [DL, Mihaila (2014), Patel, Ramsey-Musolf (201 I)]

oMy

. T 0 (gauge indep. of the critical Higgs mass)
), %0 _ C(p,€) (gauge dep. of the extrema of the EP)

3 (gauge dep. of the Instability scale)
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RGE improvement

* Resum the large logs by means of RGEs

3, 3, 0 B Y _ pdg
<Ma—u+5ia)\i—7¢a—¢)%ﬁ—0 52—Nd,u Y= b
* Formal solution: Vet (14, Aiy @) = Ve (1(t), Ai(t), 9(t))
t .
uO=pet o =cV == [H0wna B s A0 =
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RGE improvement

* Resum the large logs by means of RGEs

(M%‘Fﬁiaii —vcba%) Vet = 0 5¢=uf;j vz—g%
* Formal solution: Vet (11, Aiy @) = Ve (1e(t), Ai(t), o(t))
R Saena PO _soie) A=
e > m limit . Vet (¢, 1) =~ Aeﬁif’ ) 4
Aett (6, 1) = e A1) + : 471T)Q Epj Nphip(t) <1og “p(ti?j;;t)¢2 Op>

- Choose 1 so that the convergence of perturbation theory is improved: e.g. u(t) = ¢
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RGE improvement

* e.g. for the Fermi gauge

D t W Z h AT B~
N, | -12 6 3 1 2 1
C 3 5 5 3 3
p 22 6 6 2
r y_t ﬁ 92_|_g/2
p 2 4 4
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SM Instability scale in the Fermi gauge

* Instability scale operatively defined as Ag(A) = 0

13.0;
12.5-

12.0°

11.5

log,,(A/GeV)

11.0-

10.5"

E=éwM,)=Eg(M,)

4
Cl&Q(Mt)

Ew (My)] < ~376  (perturbativity)
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Conclusions

* The fate of the EW vacuum is a physical statement

- Critical Higgs mass (analogously for Top mass ...) Is gauge independent

- Tunnelling probability of the EW vacuum is gauge indep. as well [Einhorn, Sato (1981),
Metaxas, Weinberg (1996),
sidori, Ridolfi, Strumia (2001)]
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Conclusions

* The fate of the EW vacuum is a physical statement

- Critical Higgs mass (analogously for Top mass ...) Is gauge independent
- Tunnelling probability of the EW vacuum is gauge indep. as well

* Absolute stability condition (sometimes) formulated as:

Vet (dew) < Vet(¢) for ¢ <Asm ===  gauge dependent !

- where Agy Is a physical threshold (e.g. the Planck scale)
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- gauge-fixing scheme dependence
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Conclusions

* The fate of the EW vacuum is a physical statement

- Critical Higgs mass (analogously for Top mass ...) Is gauge independent
- Tunnelling probability of the EW vacuum is gauge indep. as well

* Absolute stability condition (sometimes) formulated as:

Vet (dew) < Vet(¢) for ¢ <Asmu ===  gauge dependent !

- where Agy Is a physical threshold (e.g. the Planck scale)

* Gauge dep. of Ais in principle unbounded

- no physical principle restricts the range of the gauge-fixing parameters
- gauge-fixing scheme dependence

* - physical identification of A should be addressed with care
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