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QFT potentials typically have multiple minima

Multiple scalars in general yield

Even tree-level potentials for .
many vacua:

single scalars have in general
multiple minima:

0041

0021

Finding global minimum not trivial!
» Charge- and/or color-breaking (CCB) minima (7,7 VEVs)?

» Desired VEV combination may not be global minimum
(even non-CCB: NMSSM)
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» Has been used to investigate NMSSM
(Maniatis, von Manteuffel, Nachtmann, arXiv:hep-ph/0608314, EJPC)

» Computationally expensive, especially in terms of RAM
Homotopy continuation:

» Gradual deformation of simple system of equations into
target system

» Has been used to investigate SM with up to 5 extra scalars
(Maniatis, Mehta, arXiv:1203.0409, EPJ+)

» 3 public codes and programs: PHCpack, Bertini, HOM4PS2

Thus far only implemented on a model-by-model
basis! Only done at tree-level!
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» prepares and runs homotopy continuation code (HOM4PS2)
to find all tree-level extrema

» prepares and runs gradient minimization code (PyMinuit)
to account for loop corrections

» calculates tunneling time to undesired minima if found
(CosmoTransitions)

Fast enough for scans! MSSM with additional non-zero VEVs
for 71, 7r,tr,tr: global minimum found within 5s on my
laptop. (Tunneling time calculation varies: less than a second,
up to 10 minutes.)

http://vevacious.hepforge.org/

B. O’Leary SUSY2013 3/9



CCB restricts 7 co-annihilation

B. O’Leary SUSY2013 4 /9



CCB restricts 7 co-annihilation
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Vevacious is fast enough for scans

» Creating model file with SARAH takes minutes

» Evaluating stability of a parameter point depends on model
For example, MSSM (not just CMSSM), vg, v,+ 4 extra VEVs
for 71, g,tr g, on my laptop

» Finding all tree-level extrema takes < 0.5s

» Determining 1-loop global minimum takes 3s

» Estimating tunneling time stongly depends on relative
depth and location of global minimum compared to input
minimum: 15s typical, 500s for borderline cases
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Analytic conditions

V/tree —
3% (91 (wF —vf + 03, — 202)* + g%(v3 —vi = v4)?) = Buvgv, +
3 (|u| (02 +v2) +devd +mH v2 + mTLUTL + mTszR) +

1 (Y2(vdv + vdv +vZ v )+ \);%UTLUTR (Arv, — pvy,) + ...

TL TR

Some conditions in the literature have often been (mis-)used:
> A2 <3(mfy, + |ul? +mZ, +mi) [“A7

> AP <3(my, + [ +mE +m? ) [“A]

s |(Yrvup) /(V2my)| < 56.9, iz, ey, +57.1(mz, +1.03mz,) —
1.98 x 10%GeV + L67x10GeV2 ¢ 17 100GeV3 (- + 0.953)

mxz msz
. LR L MR
[“numeric”
(“A.”, “Ay”: L. Alvarez-Gaumé, J. Polchinski, M. Wise,

Nucl. Phys. B221;
“numeric”: Kitahara, Yoshinaga, arXiv:1303.0461, JHEP)
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sting formulae rather weak

My /5 = 1000 GeV, mo = 1000 GeV, >0
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Evolution of a CCB minimum
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Evolution of a CCB minimum
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Conclusions

Minimizing potentials not trivial:

» Vitally important if extending Higgs sector with extra
scalars

» Multiple VEV-ing fields — rich vacuum structure
» Difficult, but feasible with modern techniques
» Automated by SARAH + Vevacious

The CMSSM is an excellent example:

» Non-trivial VEV structure
» Often has CCB global minimum

Thank you for your attention!
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Bonus content
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CCB and ¢ mass

M, /5 = 1000 GeV, tan 3 = 10, pp > 0; mz, (GeV) contours
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Tunneling times

» I'/ volume = Ae=B/"(1 + O(h))

» A is solitonic solution, should be ~ energy scale of potential

» B ~ ([surface tension]/[energy density difference])?

» typically TeV-scale energy barriers, energy depth differences
= roughly tunneling times of (factors of 1672 etc.)/TeV <
age of Universe



Scale and loop order depen : halving @

0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
my [GeV] my [GeV]

4000 4000 -

2000 2000
= =
k) L)

1S3 0 O, 0

o -
< <

—-2000 - —-2000 -

—4000 | —4000 |

0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500

mg [GeV] mg [GeV]



Scale and loop order depen : doubling @
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