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FlexibleSUSY = spectrum generator generator

FlexibleSUSY

EsSSM MSSM ussm

4/25



Generating a spectrum generator

mNodeI definition
L(t,b,&.....8yf ")

SARAH

4
Mz, X3, B - -
(Mathematica)

FlexibleSUSY

4
spectrum generator

(C++)
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Available models with MSSM high-scale origin

Model RGEs h self-energy matching conditions
contributions to the MSSM

MSSM 3L 1L 4+ 2L O((at + ap)as) —

(“full model”) + 2L O((ar + ap)?)

THDM 2L 1L 1L A O((ae + ap + ar)a;)
+ 2L \; O(a%as) [1508.00576

THDM + h; 2L L 1L A O((ar + ap + ar)ay)
+ 2L A; O(afas) [1508.00576

THDM + split 2L 1L 1L A O((ae + ap + ar)a;)
+ 2L )\,‘ O(afas) [1508.00576

SM + split 2L 1L + 2L O(a¢(as +ar)) 1L g5 O(a: + «;)

+ 3L gluino O(ara2)  + 1L A O((a + «;)?)
+ 2L )\ O(O(SCV%) [1407.4081]

SM 3L 1L + 2L O(ae(as +ar)) 1L X O((ar + ai)? + a2 + a?)

(“EFT”) +2L A O((as + ar)a?)
[1407.4081, 1504.05200]

SM 3L 1L 1L X + O(p?/M2) terms

(“automatic EFT")
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Full model approach

My

MSSM
Ms M
Mz

SM(5)

Idea: Calculate My, in the MSSM as a function of the DR
parameters:

gl', -ylj' Vi, /,L, B/J/, m%_,i, m%ij M11 le
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Full model approach

Fixed by observables:

Input Output

aem D (Mz) = aMSSM(MZ) o gMSSM(py)
Gr — sinOWPM(Mz)  —  gSSM(My)
SM(5) MSSM

as (Mz) - g3 (Mz)
MZ — m'\ZASSM(Mz) — VMSSM(Mz)
M;M i —  mMSSM(MZ) —  yMSSM(My)
my O m) = mSM(M) o MSM(y)
M; — mMSSM(pZ) 5 yMSSM(p)

Fixed by 2 EWSB conditions: m; , mj,

Free parameters: tan 3, p, B, m~ ., M;, T,j
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Full model approach

(MMSSMY2 — smallest eigenvalue of

[(mfl\’/ISSM)2 — EMSSM(p2 — (MSSMY2 g — MS)}U

Advantage: includes terms O(p?/M3)
Disadvantage: suffers from large logarithms o log(Mz/Ms) if
Ms > My,

10 /25



EFT approach

My
MSSM
MS B
SM
M, M,
SM(5)

Idea: Calculate M}, in the SM as a function of the MS parameters:

g Yhovo 12 A
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EFT approach

Fixed by observables:

Input Output

amP(Mz) = oMMz) = gM(My)
GgM(s) — sin GSMD/'(MZ) — gZSM(MZ)
as ' (Mz) - g (Mz)
MZ — m%M(Mz) — VSM(Mz)
M, - mMMz) = ypM(Mgz)
meOmp)  — mM(Mz) = yEM(My)
M- = mM(Mz) = y2M(Mz)

Fixed by 1 EWSB condition: 1°

Free parameter: )\
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EFT approach: matching all Ty, 4, (Q = Ms)

Determine A(Ms) from mathching all Ty, 4 (Q = Ms):

0 0
Wrizﬂ(Pz =0,Q = Ms) 952 ——TM(p? =0,Q = Ms)

Fothn(P? = 0,Q = Ms) = TieM(p? = 0, Q = Ms)

1 {g% + gzz} cos® 283 + AN

MMs) = 2

RG running to Q = My =
(MM)? = A(Mz)v*(Mz) — T (p* = (MRM)?, Q = M)

Advantage: resums large logarithms o log(Mz/Ms)
Disadvantage: difficult to automatize; neglects terms O(p?/M3)
from SUSY particles if performed at 1L-level only

13/25



Comparison full model vs. EFT approach
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Comparison full model vs. EFT approach
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Automatic EFT approach

My
MSSM
MS -~
SM
M, M,
SM(5)

Idea: Calculate M}, in the SM as a function of the MS parameters:

g yhovi i A

where \(Ms) is determined numerically by the 1L matching
condition MM = JMSSM
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Automatic EFT approach: matching M,

MM L MMSSM ot Q = M, 1L

=

AMS) = s [(MISSMY? -+ EM24 (62 = (MEM)2, @ = )|

where

(MEM)2 = \(Ms)v3(Ms) — 22" (p? = (MEM)2, Q = Ms)

(MMSSM)2 — smallest eigenvalue of

MSSM, 1L
[(mffssiy2 — SHSSMLL (2 — (s, @ = wag)]
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Automatic EFT approach: matching M,

Next step: RG running to Q = Mz
=

(MsM)2 = N(Mz)v3(Mz) — £ (p? = (MPM)2, Q = Mz)
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Equivalence EFT and automatic EFT approach O(hy;)

MM = MMM 5t Q = Ms, 1L
where
(MpMY2 = A2 — oM 4 M
t;™ = —6(y")?Ao(me)/ (47)°

and [neglecting stop mass mixing O(m;X:/M2)]

1
(MYSSMY2 = (g% + 83)(v2 + v3) Gy — EISSM - ¢fSM
2 SMy2 .2
$MSSM _ 5-SM Ca 3(yt )ia A A
h h 55 + (471-)2 5,%{ o(mgq;) + Ao(mu,)

+ 2mt[BO(mQ37 mQ3) + BO(mU3v mU3)} }
( SM)2 2
(4n)? 5[3 [2A0(mt)_A0(mQ3) - AO(mUz)}

(MSSM _ 3
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Equivalence EFT and automatic EFT approach O(hy;)
in SM limit % — 1
N 3
1
A= Z(g% + g22)C22/3

(™)

-3 (47T)2 {Bg(p2, mgq;, mQ3) + Bo(pz, mys,, mU3)}

1
= Z(g\% + g22)C22ﬁ

(yeM)* mg, P p
-3 —log —=5 + + O ——
(47)2 { Q2 6m%?3 <m4Q3)
2 2 4
my P p
—log —3> + +O0(—
g Q2 6m%‘/3 ( ?13 )]

2
= [Bagnaschi et. al. 2014] + O<rr[7) ) + O(pz%)

20 /25



Summary of automatic EFT approach

Advantages:
e easily automatizable
e resums large logarithms log(Mz/Ms) due to RG running
e includes 1L terms O(p?/M2) from SUSY particles
e incorporates SUSY particle mixings
Disadvantage:
e large logs in matching cancel only in SM limit cos(8 — a) — 0

e only 1L calculation so far

21 /25



Contents

© Numerical comparison of the approaches

22 /25



Comparison full vs. EFT vs. automatic EFT approach
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Comparison full vs.

140

EFT vs. automatic EFT approach
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Comparison full vs. EFT vs. automatic EFT approach
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Summary

Summary:

e full model approach suffers from large logs o log(Mz/Ms) if
Ms > My,

e EFT approach resums large logs, but difficult to automatize
(also misses 1L terms O(p?/M2) if performed at 1L-level only)

e “automatic EFT" approach

can be automatized easily — incorporation into FlexibleSUSY

resums large logs o log(Mz/Ms)

includes terms O(p?/M32) at 1L

handles SUSY particle mixings

large logs cancel only in SM limit

Todo:
e perform matching and calculation of My at 2-loop level
e test non-SUSY and non-minimal SUSY models
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Determination of MSSM parameters
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Determination of gM>M(Ms)

SM
MSSM o5 (Ms)
Mg)= —————°_
with
(&% 1 my¢
Aog(Q) = = | = — > Trlog —
2m |2 SUSY particle Q
=

gy M (Ms) = \/4maMSSM( M)
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Determination of vM>M(Ms)

M;M — M%ASSM
=
(mFSSM(Ms))? = (MZ)? + NZMIH(Q = Ms)

(M
(MEM2 = % (697 + (g8™)7] (v¥M)? — NS™IL(Q = M)

2m|\Z/|SSM(MS)
V(Y52 + (ghtssM)2

VMSSM(Ms) —

V)P SM(Ms) = vMSSM(Ms) sin B(Ms)
vySSM(I\/IS) = VMSSM(MS) cos 3(Ms)
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Determination of yM>SM(Ms)

M?M — MfMSSM

=
mySSM(Ms) = MV + £FSSMAN(Q = M)
V2mM o _oms
M?M:f'vfli_sz (Q:MS)
=
\/ﬁmMSSM MS
y)'cVISSM(Ms) _ f ( )

V,-MSSM(/\/IS)
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Determination of SM parameters
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Determination of g3™M(My)

Input:  a2"® (M) = 0.1185

%
SM(5
OZSM(Mz): Qs ()(MZ)
s 1-— Aas(,\/’z)
with
. Qg 2 mg
Aas(Q) = o {—3 log Q]
=

g3 (Mz) = \/4magM(Mz)
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Determination of y>M(Mj)

_ V2mM(Mz)
)/rSM(MZ) = W

where

m"(Q) = M; + Re£7(Mz) + M| Re Tt(Mz)

+ Re zf(MZ) _i_Am}L,gluon _i_Am%L,quon}

2
4 — 3log <g§>]

2
Ame,gluon _ (Amll_L,gluon)

2 2
396 log? (gg) — 2028 log ('g;)

g
1272

Amtl_L,gluon _

s
460874

— 48¢(3) + 2821 + 167%(1 + log 4)}
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Determination of v°M

The VEV vM is calculated from the running Z mass at Q@ = Mjy:
2m3M(Mz)

&y + a3

mM(Myz) = /M3 + N (p? = M2, Q = My)

VSM(MZ) —

v®M evolves under RG running according to

[Sperling, Stockinger, AV, 2013, 2014]
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X: dependence

(default algorithm: 1L matching SM — MSSM)
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tanf =5
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Comparison full vs.

140

EFT vs. automatic EFT approach
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Comparison full vs. EFT vs. automatic EFT approach
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Comparison full vs. EFT vs. automatic EFT approach
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tan 8 =20
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Comparison full vs. EFT vs. automatic EFT approach
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Comparison full vs. EFT vs. automatic EFT approach
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Comparison full vs. EFT vs. automatic EFT approach
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X: dependence

(default algorithm: 1L matching SM — MSSM)
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Comparison full vs. EFT vs. automatic EFT approach
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Comparison full vs. EFT vs. automatic EFT approach
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Comparison full vs. EFT vs. automatic EFT approach
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X: dependence

(0L matching SM — MSSM)
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Comparison full vs. EFT vs. automatic EFT approach
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Comparison full vs. EFT vs. automatic EFT approach
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Comparison full vs. EFT vs. automatic EFT approach
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Comparison full vs. EFT vs. automatic EFT approach
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Comparison full vs. EFT vs. automatic EFT approach
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Comparison full vs. EFT vs. automatic EFT approach
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Comparison full vs. EFT vs. automatic EFT approach
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Comparison with other spectrum generators
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Comparison full vs. EFT vs. automatic EFT approach
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FlexibleSUSY's Weltanschauung

e Model is defined in terms of Lagrangian parameters:

gi, Yij» Vir - . .in the MS/DR scheme

e Input parameters:
MS MS
QSM(MZ) sS)M (Mz), Mz, M, GE, ...

L4 Output parameters:
mgp, /\/Ih, A
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Physical problem statement for the SM

Energy
scale
A
Ms BC for A
A
RGEs
4
EWSB: ?
Mz Matching to SM(5)
8i, Yf, V
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Algorithm to calculate the model parameters consistent

with all BCs

Energy
scale

Mx

RGEs

Set A

RGEs

\

Mz

Start

Calculate
8 Yf. Vs M2

Y

MS masses
= pole masses
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