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Outline

Experimental mpyiges bounds

Standard Model mpiges bounds: Landau pole and vacuum instability — Fakes
Triviality and true mpyiges bounds

MHiges lOwer bound & lattice

Theoretical bounds give range of allowed Mmiggs

Bounds and mjges measurement tells us where Standard Model breaks down

Proposal: Lattice test of Standard Model — important & timely



Experimental my;q.s bounds
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Higgs is light if Standard Model LEP EW working group 2004

Is correct!



MHiges Dounds: Landau pole & vacuum instability

800 L I L R Y I B
Upper and lower bounds for SM miges

SM valid up to A, scale of = 600 my = 175 GeV = —
“new physics”, for v B
allowed range of miggs o, -
2. 400
= Landau Pole

Bounds have uncertainty — can

be reduced, in principle 200

SM cannot sustain mpyiges = 1 TeV Vacuum Instability _

0
If Tpiges = 120 GeV, SM breaks 105 105 109 101% 101° 1018
down at A = 10% — 10% TeV A [GeV]
|f MHiggs — 150 — 180 mm<_ SM could PDG 2002

be valid up to 102 GeV

Lower bound very relevant today — but these bounds are FAKE



Fake: Landau pole and myiz.s upper bound

4-d v/%% ywmtv V/WA@WV — wswwmmm\dw

B(AR) = 3)4 /1672 + O(A\3) > 0 Mr m

_ 1 _ "

A() = 53— Gae ] M= R :

Divergence at 1 = A Landau pole 'y "

H --- - 1

If Ar(vr) < A1, then SM valid up to 1 = A m m
'y A R

A decreases as A\ increases
MHiges UpPPer bound increases if SM valid only for lower energies
Landau pole supposedly represents “new physics” = used for PDG upper bound

Wrong: breakdown of perturbation theory



Triviality and true my;iq.s upper bound

4-d \¢g* L =1Im?*¢? + 52  +3(9,0)* A\, m? bare
Regulate the theory e.g. lattice cut-off A = 7 /a
Measurements in lattice units e.g. vRa, MHigesa
Critical curve for 2nd order phase transition

vra — 0 &/a=1/(muiggsar) — 00

Use vg = 246 GeV to convert cut-off m’
into physical units

In Higgs phase, close to boundary A/vgr = m/vgra — o0
Cut-off theory physically acceptable only if A /vgr sufficiently large

What is maximal miges/vr if A/vr held fixed? (Dashen and Neuberger 1983)



Triviality and true myigss upper bound

3.5 prrren IR RRR AR R frrrereres frrrerreey Trrerreres rvrerees )
AR = 3my,e /03 o 1/ In(A/vR) m M
w C In(x)™?
3.0 - .
v/mw — 0 as »\/\@W — 0 r 0_<__.__num\<m m m
. | 25 ¢
Non-interacting TRIVIAL theory : $
Interaction requires finite A /vg 2t
r=01=A/vR &8 MHiges/VR ~ 2.8 1St
1. For fixed A/vr, Muiggs/vR largest ;oomogwomfﬁw\anogoomos

crit

when A — o0 non-perturbative
Kuti et al. (1988) 4-d O(4) \¢*

2. For £/a = 1/(muiggsa) > 2, violation

of Euclidean invariance less than a few % (Luscher and Weisz 1989)

A ~ 4 TeV, Miggs < 600 —700 GeV A ~ 10 GeV, miggs < 140 — 150 GeV
mmm:_mﬁoTUmUm:Qm:ﬁ (Kuti,Neuberger,Liischer,Bhanot,Jansen,Hasenfratz, Weisz, ...)



Vacuum instability

Higgs—Yukawa system -—-- --- I_I ,HQ\ |_| coe

Ng degenerate fermions

’
s ~ ~

Higgs effective potential Vg (¢) IR I_I RN coeo

Ve () = 3m*¢° + A" + 3 [, In[1 + A¢p”/2k%] — 2Np [ In[1 + y*¢°/k?]
After renormalization (regulate, counter-terms, send cut-off — o)

Vik(¢r) = —imion + ZArdr + {og In[on/n’]/167° H{A% /16 — Nryg}

If A\r < y&, VR (#R) unstable at large ¢r due to negative fermion term

Does not require Ar or y3 to be large — perturbative (unlike Landau pole)

Linde, Politzer, Wolfram, Cabibbo, Maiani, Parisi, Altarelli, Sher, Casas, Espinosa, Quiros,...



Vacuum instability

2—loop SM calculation V¥ (¢Rr) (solid line)

0.20

A 1 TeV
If Miiges = 52 GeV, VE valid for ¢ <1 TeV *" A 1

0.10

Position of ﬁw instability varies with mpiges

MHiges lower bound if SM valid up to A

0.00

Equivalent:  RG flow for Higgs-Yukawa

—-0.05
o) 200
p(dAr/dp) =

400 600 800 1000 1200
FA
1672

wvzww + WZWVW@W — %MZﬁ@WV ¢ [GeV]
pdyp/du) = 52(3 + 2Nr)yg

Casas, Espinosa & Quiros (1996)
If AR < y&, Ba<0 Ar=0atu=A

Ar(p = cor) (thick dashed line)
Vacuum instability appears when Ar vanishes



MHiges lOWer bound from

vacuum instability
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Casas et al. (1996) Theoretical error < 5 GeV

109 1012 10195 1018

A [GeV]

similar error from mT,, and ag

A light Higgs would mean SM valid only up to 102

— 103 TeV

Strong and precise statement — but is it correct? What about Triviality?



Higgs-Yukawa and Large Ng

Large Ny limit of Higgs—Yukawa system Q |_| Q |_|

Lore: Vacuum still unstable, due to fermions

Explore phase diagram of regulated theory bare parameters \, 1y, m?

Define renormalized couplings
YR = MTop/ VR AR = wgwwmmm\dw
Gau(0) =mmop G5 (0°) = (Mg +9°)/Zo

Critical surface between Higgs and Symmetric phases

2
Moving around phase diagram, yr and Ar vary \ m
according to RG flow y

Should see vacuum instability from Ag = 0
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Vacuum instability is fake
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t=In(v;/M) t=In(v /M)

Large Ng limit  perturbation theory  Pauli-Villars regulator with mass M
continuum RG  —1/y2 = (Np/4n*)t—1/y; Ar = 12y +ciyg t = In(vr/M)
Remove cut-off t =In(vg/M) — —oc Yr, Ag — 0 TRIVIAL

For vg /M ~ 1, RG flow is NOT continuum-like — cut-off effects important
Vacuum instability (Ag < 0) appears only when cut-off effects ignored
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Constraint effective potential V;

2.0 prereeree LA RUR B rry vy rry ey ey LI 40.0 prreeee LRARARAAAL LAARARAAAL LRARRARRR |RARRRRARR LRARARRRAR LRARRRARY & LR
—— 1-loop renorm PT with cut-off —— 1-loop renorm PT with cut-off
" 1-loop renorm PT without cut-off 1-loop renorm PT without cut-off
1.5 i e simulations ] 30.0 ® simulations
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Finite volume 2 exp(—QVG(P)) = [[Dplo(P — 1/Q > ¢ (x)) exp(—S[p])
V& not convex  absolute minimum for finite (2 can measure V. on lattice

Figures: Higgs—Yukawa model single ¢ Ngp =38 dVS:/d® from lattice

Higgs phase = V.% minimum for @ # 0 V% not unstable at large @

(§

Perturbation theory fails when cut-off effects ignored vacuum instability fake
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Triviality and true mpy;q.s lower bound
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Higgs-Yukawa model with Ngp =8 summary of lattice simulations

1. For fixed mrop and A/vr, Mmuiges sSmallest when A = 0 (recall upper bound
saturated at \ = o)

2. Cut-off limit: £/a = 1/mpnya > 2 = cut-off effects (violation of Euclidean
invariance) acceptably small — left of dashed line

MHiges lower bound for fixed mrop mtop UPPER bound for fixed miiggs
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Bounds are regulator-dependent

Large N limit of Higgs—Yukawa model ¢

Choose regulator for perturbation theory oeo:

o

[6))]

o
T

1. Lattice 2. Pauli-Villars NM.
3. Hard momentum cut-off £

m
o
~
o

T

@—@ Lattice
Pauli-Villars
A—4 Momentum cutoff

Figure: mpiges lower bound, fixed mrop o0

Finite cut-off A = loss of Universality 0.20 - N

0.0 20.0 40.0 60.0 80.0 100.0
Cut-off/v,

Lower bound varies with regulator even for A /ur large
e.g. If Smwmmm\dw =0.5= >\@W ~ 10 — 40

Pure Higgs  miiges/A = Q>§H\/wv|9\mw exp(—1/BoAR) C'A not universal

Cannot make myiges bounds arbitrarily precise AND regulator-independent
Inherently fuzzy — unavoidable aspect of Triviality
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Conclusions

Higgs-Yukawa model: Large Ng limit, lattice simulations

RG flow of AR, yr non-perturbative measurement of constraint V.
Vacuum instability is fake — comes from ignoring cut-off effects

Determine mpyiges lower bound by exploring phase diagram non-perturbatively
Lower bound attained when A = 0 (upper bound for A = c0)

Bounds have a blur — regulator-dependent

Proposal: lattice study of gluon—Higgs—Top system

— most important pieces: O(4) Higgs, single fermion flavor, ag
— remainder of SM has small effect, might be included perturbatively

\Where does SM break down? We don't know — Lattice can decide
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Constraint effective potential V;

Renormalized potential with counter-terms and cut-off A

V o= m?¢?/2+ \p*/24

A A
e = V4 5\ In[1 4 V"/k?] — wzm\ In[1 4 y?¢?/k?]
k0 k40
A A
|H\M\ <\\\\aw 4+ H\%\ G\LJN\T&M 4+ \ngw
k=0 k0
A A
|_|M2m,\ @w%w\\&w |2~U\ @%%%\Tﬁ.wl_ltw_w
k=0 k=0
Naive and wrong calculation A — oo
Vg = V+{In[¢?/p?/64x°}{(V")? — 4Npy"¢"}

lgnores Triviality: A,y — 0 as A — o0
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