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FlexibleSUSY = spectrum generator generator

FlexibleSUSY

EsSSM MSSM ussm
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Full model approach

MS ~—M,

MSSM

SM(5)

Idea: Calculate My, in the MSSM at the scale Q@ = Ms as a
function of the DR parameters:

g Yf vio p, B, miy, mz M, Tf
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Full model approach

(MEASSM)2 = smallest eigenvalue of

(mMSSM)2 _ 5MSSM (1 MSSM)2 th'>sM
h h h , Ms) +

i

Advantage: includes all 1L terms O(p?/M2)
Disadvantage: suffers from large logarithms o log(M;/Ms) if
MS > Mt
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EFT approach

MSSM
Ms BN
SM
M, ~— M,
M,
SM(5)

Idea: (ﬂ:ulate My, in the SM at the scale @ = M; as a function
of the MS parameters:

g Yhovo 2 A
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EFT approach with [ matching

Determine A\(Ms) from mathching all I'((;;?”.#,,](p2 =0,Q = Ms):
=

1
A(Ms) = 8% + g3] cos?28 + A

RG running to Q@ = M; =
tSM
(MM)? = Av? — SpM((MRM)?) + L

v

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

9/ 40



EFT approach with M, matching

MM L MSSM 5 Q = M, 1L

with
MSMZ_)\M 2_zSMM2 ﬂ
(MR™)" = AM(Ms)v h(h)+v
AMSSMY2 _ (- MSSMY2 _ s-MSSM (42 tp15M
(My )= (my ) h (M) +
=
1 MSSMy2  <MssM |t oM sm
)\(MS)Zp (mp )T — Xy +—+1} v
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EFT approach with M, matching

Next step: RG running to Q = M,
=

2 2 SMops2y Lt
Mp, = M(M¢)v= — 23 (Mh)+7
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EFT approach with M, matching

Advantages:
e easily automatizable
e resums large logarithms log(M;/Ms) due to RG running
e includes all 1L terms O(p"/MZ, v"/M2)
Disadvantage:
e large logs in matching cancel only in SM limit cos(8 — a) — 0

e only 1L calculation so far
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Comparison full model vs. EFT approach
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Comparison full model vs. EFT approach

Q: Why is FlexibleSUSY/MSSM so close to the EFT approaches
and SPheno so far off?
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Calculation of yM>M(My)

A: Different treatment of 2-loop corrections to yM>SM(M):
FlexibleSUSY:
= M + Re [Z°(My)| + M. Re [T (My) + T (M)

+ M £ m) + (£ )+ 209 om )|

SPheno:
= Mq + Re [T (my)] + meRe [Z{ (me) + £ R (my)]
+ my [T (me) + £ ()|
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Calculation of yM>M(My)

yflexibleSUSY

with

t

Yt EYtSM(MS)v
e = y>SM (M),

£ = log Ms
= log —=,
M;

9

184 9
= ye + t267 <9g§yt —24g3y; + y?) +...

248
ytSPheno =y + t2/i2 <

8

27
g3y: — 16g3y7 + yf’) +...

8

83 = g?st(MS)7
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Calculation of yM>M(My)

(M,%)EFT = mf, + sz;l [12m +12t%K2 (16g32 — 9yt2)
+at%k3 (736g3 — 672g3y2 + 90y7) + ...,

(M2)FledbleSUSY: — 102 1 24 [121‘& + 12t2K2 (16g32 — 9yt2)

7363 27y}
+4t3/@3<:f3—288g§yt2+ 2yt>+}

(MR)SPhene = m? 4 2y [12¢r + 12622 (1683 — 9y7)

2

2g3 lyf
+ar33 (%—192&2)/3%—8 “) +..].
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Uncertainty estimation in the full model approach

Parametrize difference between FlexibleSUSY and SPheno by
adding

CGgiM: . 5 Ms
Am, — Ms
= Tt %% My

In the MSSM: C3 = —184/9 ~ 20 [hep-ph/0210258|
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Uncertainty estimation in the full model approach
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Uncertainty estimation in the full model approach
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Uncertainty estimation in the EFT-M}, approach

Parametrize missing 2L threshold corrections by adding

2(.,SM\4
@ _ &b )
Botas) =~ lamyr @
SM\6
A>\(2) o (.yt ) % C2

() — (471')4

In the MSSM for X; € [-3Ms, +3Ms], tan 3 € [1, 0]
[1407.4081,1504.05200];

(1 € [—314,231]
G, € [-6,489]
Problem: This is most likely an over-estimate of the EFT

uncertainty for small X;, because for small X; the 2L corrections to
A are small.
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Uncertainty estimation in the EFT-M}, approach
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Uncertainty estimation in the EFT-M}, approach

Probably better: Change calculation of A by higher-order terms:

MSSM.(0) | o yMSSM,(l)
- Jt

For example, use y; in

1 MSSMy2  <MssM | tr>oM sm
AMMs) = — | (my>2")° = &) +-—+1} ]
Vv v v
where

MSSM,(0) }/tSM
! =t

S8
SM
MSSM,(1) _ Y, V2
v o_ e . {leylsswl _ Zf’M}
5/3 ng

24 /40



Uncertainty estimation in the EFT-M}, approach
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Uncertainty estimation in the EFT-M}, approach
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Uncertainty estimation in the EFT-M}, approach
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Uncertainty estimation in the EFT-M}, approach
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Comparison of full model and EFT-M,, approach
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Comparison of full model and EFT-M,, approach
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Conclusion of uncertainty estimations

Full model approach (2L):
(Gs and Q uncertainties added linearly)

Ms/TeV  Xi/Ms AMy/GeV | X;/Ms  AMp/GeV

1 0 +1.3 2 +2.0
2 0 +2.1 2 +3.0
10 0 +4.5 2 +5.5

EFT-M, approach (1L):

(yt(") and @ uncertainties added linearly)

Ms/TeV  X;/Ms AMy/GeV | X¢/Ms AMpy/GeV

1 0 +1.0 2 +3.1
2 0 +1.0 2 +3.1
10 0 +1.1 2 +2.8
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My in the THDM

Wagner/Lee [1508.00576]:

Ai(Ms) = mo(yéb; + gi2ytz,b,7—) + K? O(gizy?,bﬂ')

Nierste et.al.: [0901.2065]:

Xi(Ms) = kO(y + &y + &)
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tan B

in the THDM

THDM, M;, m;y=200GeV, y=Ms, X,=0

THDM, M, m4=200GeV, u=Ms, X;
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My, in the THDM + Higgsinos + gauginos

HGTHDM, M;, my=M;=p=200GeV, X,=0

HGTHDM, M;, my=M;=p=200GeV, X,=

tan B

—— IL Wagner/Lee + 2L Wagner/Lee

— 1L Nierste + 2L Wagner/Lee

tan B

—— IL Wagner/Lee + 2L Wagner/Lee
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Log,,[M5/GeV]

Log,[Ms/GeV]
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M}, in the THDM as function of Ms

THDM, tan B = 5, ma = 200 GeV, X; = 0
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M}, in the THDM as function of Ms

THDM, tan B = 5, ma = 200 GeV, X; = V6
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M, in the THDM + h; + g as function of Ms

HGTHDM, tan B = 5, ma = = M; = 200 GeV, X; = 0
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M, in the THDM + h; + g as function of Ms

HGTHDM, tan B = 5, mp = 4 = M; = 200 GeV, X = V6
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Summary

EFT-M, approach

e full model approach suffers from large logs  log(M;/Ms) if
Ms > M,

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

e EFT-M, approach

can be automatized easily — incorporation into FlexibleSUSY

resums large logs o log(M,/Ms)

includes all 1L terms O(p"/M¢g, v"/MZ)

large logs cancel only in SM limit

more accurate than full model approach for Ms = 3 TeV
Todo: perform matching and calculation of M}, at 2-loop level

THDM (+ Higgsinos + Gauginos):
e Effect of threshold corrections kO(g?*) on M}, less than 1 GeV
e Uncertainty from variation of @ and M;: max. +2 GeV
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Equivalence of EFT-\ and EFT-M,, approach
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Equivalence EFT-\ and EFT-M, approach O(hy;)

MM = MMM 5t Q = Ms, 1L
where
(MM = a2 — M 4 M)y
M v = —6(y)?Ao(my) / (4)?
and [neglecting stop mass mixing O(m;X:/M2)]

1
gy & )\Vy T Vg C2 h h v
( + )( + ) 5 — ZMSSM + tMSSM/

MMSSM
(mprssiyz — 1

ZMSSM ZSM Ccy + 3(y1:SM)2 2
3, (47)2 sﬁ

+ 2mf[BO(mQ37 mQ3) + BO(mU37 mU3)] }

% {Ao(ma,) + Ao(mus,)

SMHy2 2
£MSSM 1, 3(2/4:70) ;2 [2A0(mt) AO(mQ3)—Ao(mu3)}
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Equivalence EFT-\ and EFT-M, approach O(hy;)

2
in SM limit z—g -1
— B

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%)
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Determination of MSSM parameters
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Determination of MSSM parameters

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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Determination of SM parameters

Fixed by observables:

Input Output

amP(Mz) = oMMz) = gM(My)
Gr — sinpM(Mz) —  gM(Myz)
M@ (My) - g3"(Mz)
MZ — m%m(Mz) — Vsm(Mz)
M§M5 - mMMz) = yM(Mz)
MO (m,) = mM(Mz) = ySM(My)
M- = mM(Mz) = y2M(Mz)

Fixed by 1 EWSB condition: 1°

Free parameter: )\
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Determination of gM>M(Ms)

SM
MSSM o5 (Ms)
Ms) = 25 \0S)
with
(&% 1 my¢
Aog(Q) = = | = — > Trlog —
2m |2 SUSY particle Q
=
8" (Ms) = \/4mal1SSM(Ms)
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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;)

— 48((3) + 2821 + 167%(1 + log 4)} w1

g
1272

Amtl_L,gluon _

s
460874




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. EFT-\ vs. EFT-M}, approach
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Comparison full vs. EFT-\ vs. EFT-M}, approach
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Comparison full vs. EFT-\ vs. EFT-M}, approach
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tan 8 =20
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Comparison full vs. EFT-\ vs. EFT-M}, approach
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Comparison full vs. EFT-\ vs. EFT-M,
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Comparison full vs. EFT-\ vs. EFT-M}, approach
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X: dependence

(default algorithm: 1L matching SM — MSSM)
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Comparison full vs. EFT-\ vs. EFT-M}, approach
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Comparison full vs. EFT-\ vs. EFT-M}, approach
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Comparison full vs. EFT-\ vs. EFT-M}, approach
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X: dependence

(0L matching SM — MSSM)
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Comparison full vs. EFT-\ vs. EFT-M}, approach
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Comparison full vs. EFT-\ vs. EFT-M}, approach
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Comparison with other spectrum generators
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Comparison full vs. EFT-\ vs. EFT-M}, 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

40 / 40



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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