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Supersymmetry

Still an attractive extension of the Standard Model!

Features:

e can solve the hierarchy problem (heavy BSM particles can give
large corrections to the Higgs mass)

e gauge coupling unification at ~ 10*® GeV (due to extra
matter)

e possible connection to super-gravity models and string theory
(E6SSM, MRSSM)

e can explain deviation of (g —2),
e can stabilize the electroweak vacuum (see later)

Problem: LHC has not found any SUSY particles so far = SUSY
particles are probably heavy
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Minimal supersymmetry (MSSM)

MSSM = supersymmetric extension of the 2HDM
Particle content (superfields):
Q:(3,2,Y), o:(3
[:(1,2,-)), &,
Hy:(1,2,-1), A,:(1
B:(1, 1 0) W (1
Superpotential:

WMSSM - ( u)u QI : u A": + (Yd)u Qi . 'L\Id 8jc + (Ye)ij Zi . 'L\Id Ajc
'+/iHu'fm
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Minimal supersymmetry (MSSM)

SUSY particles have not been observed = SUSY must be broken.
Here we consider soft breaking:

Lidlom = —% [MBOBO + My WW + MZE]
— miy, [Hul* — mfy, | Hal” — {B,u H, - Hy + h.c.}
- [Q,T(mé),-j@j + db(m3)dr; + Ty (m?) iRy
+ Lj(m})yL; + ek, (m2) ]
+ [( Tu)ij@i : HUDEJ + (Td)ij@i : Hda’;r{j + (Te),-jz,- . Hdég{j

+ h.c.]
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Higgs sector of the MSSM

The two Higgs doublets develop VEVs as

+H° H+
H Y 4 HY
=
> 1,5 2y 2 2 1,5
Z:Z(gY+g2)V7 My = 782V
m; = yevu/ V2, mp = YpVa/ V2,
v2i=v2 4 v, tan B 1= v, /vy

Mixing of Higgs fields in the CP-conserving MSSM:
(Re HY, Re HS) — (h, H)
(Im HY, Im H) — (G°, A)
((Hg)" Hi) = (6" HY)
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Considered SUSY scenarios

In the following | set for simplicity

(m?)j(Ms) = 6;MZ,  (f = Q,u,d,L,e)
Mi(Ms) = Ms, (i=1,2,3)
p(Ms) = Ms,

_ Bu(Ms)
ma(Ms) = sin 3(Ms) cos B(Ms) 5

(Xe)iy = (Te)i/(Ye)ij — {M* tanﬁ} for { :; _

Abbreviations:

Xi = (Xu)33, Xp = (Xd)33, X7 := (Xe)33,
sg i=sin 3, cg := cos 3, tg :=tan
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Current limits on SUSY particle masses

ATLAS SUSY Searches* -
May 2017

95% CL Lower Limits

ATLAS Preliminary
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CP-even Higgs masses MSSM
(Re HY, Re H2) % (h, H) with the mass matrix

Y mf\sé + m%c% —(m3 + m%)sscs
: micﬁ + m%sg

=
Mo =5 [+ f(m2 )~ ammacE,]
=
m,27 < min(mzz, mf\)czzﬁ
If ma > mg:
m? ~ micls = - (gh + g3)v2cks

4
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Higgs mass in the CP-conserving MSSM

If ma> mg:
1
2 2 2 2 2\ 2 2
my, = mzC = Z(gy + g3)v e

In the MSSM the tree-level Higgs mass is restricted to be smaller
than mz!

Q: How can M) =~ 125 GeV be possible in the MSSM?
A: Large loop corrections are to be expected!

M2 = m? + Am? = Am? > (85GeV)?
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Current status of MSSM Higgs mass calculation

Usual approach: Spectrum generators calculate r.h.s. of
M2 = m? + Am?,
as a function of all SM and SUSY parameters. Because of large
loop corrections Am%:
AME® > (1...2)GeV at least!

AMZXP = 0.24 GeV [ppc2017]

Theory calculation needs to improve! Current workshop series:

kuts

KATHARSIS OF ULTIMATE

THEQRY STANDARDS Katharsis of Ultimate Theory Standards
WORKSHOP-2014-04

Precision SUSY Higgs Mass
Calculation Initiative

As Is well known, the experimental accuracy of the mass measurement of the

b caruad clanal ic alraady holry the o\ lousl whorsac in Hhe AWACSA Hhe
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Higgs mass at 1-loop level

In the MSSM the following diagrams give the dominant
contribution to My, at the 1-loop level:

tlL
(AnR)tt = —Tt(p?) + B )
1




Higgs mass at 1-loop level

12m2y?2 m? X2 X4

L Y

(Amp)™ = (any ('" e e v B NG
t t

Xt = At — |1/ tg = stop mixing parameter

Observations:
e logarithmically enhanced by m;/m;
e maximal for X; ~ v/6m;
e high sensitivity on m;, due to prefactor m?y? = 2m¢ /v?
e ambiguity of definition of m;: pole mass or DR mass?
M; ~ 173.3 GeV, mPR ~ 165 GeV

= huge theoretical uncertainty!
= 2-loop calculation needed to resolve this ambiguity

e to get My ~ 125GeV, m;y 2 1 TeV needed (see later)
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Higgs mass at 2-loop level

Known contributions: O(as(ar + ap) + (ar + ap)? + a2) for
p

2 — O [hep-ph/0105096,hep-ph/0112177]
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Higgs mass at 2-loop level

2.4 M2 M2
(Am?)2t ~ MeYe <c1 In? m— +cln m— + C3>

t t
222 M2 MZ
+tytg3< In? —+c|n +C6>

s

Observations:
e logarithmically enhanced by Ms/m;
e still high sensitivity on m;
e ambiguity of definition of m; is resolved

e ambiguity of definition of as: a?M(Mz), aM>SM(Ms), ... 7
= 3-loop calculation needed to resolve this ambiguity
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Higgs mass at 3-loop level

Known contributions: O(a;a?2) for p? = 0 faxiv100s 570

2.2 4 M2 M2 M2
Am? 3Lzm crln® =2 4—c8|n2 —2 + cgln S + c10
(Amj) (4m)o m? m? m?

Observations:

logarithmically enhanced by Ms/m;

still high sensitivity on m;
ambiguity of definition of m; is resolved

ambiguity of definition of «y is resolved
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Summary of fixed loop order calculations

Typical order of magnitude of loop contributions (depends on
parameter scenario):

Mh—mh—i—Am +Am +Am
~[91+4+ 0(20...30)+ O(2... )+O(1...2)]GeV

Advantages:

e includes logarithmic, non-logarithmic and suppressed terms of
the order O(v?/M32) at fixed loop order

e precise prediction if Mg ~ m;
Problem:

e large logarithmic corrections, if Mg > m;
= slow convergence of perturbation series
= large theoretical uncertainty, (1-2 GeV, or more)
M;® = (125.09 £ 0.24) GeV
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Higgs mass calculation in an EFT

Idea: Integrate out SUSY particles at Ms (expand in v2/M2)
= A(Ms) is fixed by the MSSM (Remember: in the SM m? = Av?)

= effectively: separation of scales Ms and M;.

Ms

MSSM

SM

SM(5)

~— fix A
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EFT procedure

Match all renormalized n-point functions at p2 =v2=0 Q= Ms
of the SM and MSSM:

SISO Oty

77777

1
A(Ms) = 8% + 83| 35 + AN+ AN 4

RG running of A(Ms) to Q = M;.
Calculation of My, in the Standard Model:

(MEM)2 = X(Mo)v2 + (An)tE o+ (An)2t o -
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EFT avoids large logarithmic corrections

@ Calculate A at @ = Ms:

1
NQ) =7 8% +83] 35 + +oo

12m3y? [l Mg X2 X
4

LA
(47)2v2 Q> M2z 12Mi

= no large logs

® RG running from Q = Ms — M;.
= logs are resummed to all orders

© Calculate My, in the SM at Q = M;:

12m?y? Q@

MIMY2 — )2 n ¥4
(M) v +(47T)2V2 nm%+

= no large logs
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Summary of EFT approach

Typical order of magnitude of loop contributions (depends on
parameter scenario, here X; = 0, Ms =20 TeV):

/\/Ih:mh+Am,17L—|—Am,27L—|—---

= /AM)v +Amit + am?t + ...

~ [0(124) + 0(0.5...1) + 0(0.1...0.2)] GeV
= \/MMs)v + logs + Amit + Am3t + ...
~ [0(84) + O(40) + 0(0.5...1) + 0(0.1...0.2)] GeV

Advantages:
e large logarithmic fixed order loop corrections are avoided
e large logarithms o In(Ms/M;) are resummed to all orders

Disadvantage: usually terms O(v?/M2) are neglected
= imprecise when v ~ Mg = then large theoretical uncertainty
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Comparison of fixed-order and EFT approaches

M, ] GeV

X;=0,tan8 =5

130

120 |

110

100

80

‘7 — - 2L fixed-order

--- 2LEFT

102

Il
10°
Mg | GeV

104
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Summary of fixed-order and EFT approaches

low Mg high Mg
Ms <2TeV Mg 2 2TeV
fixed-order v X
EFT X v
? mixed v v

Q: Can the fixed-order and EFT approaches be combined?

A: Yes! [arXiv:1312.4937, arXiv:1609.00371]
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Mixed fixed-order and EFT approaches

Goal: resum large logarithms and include suppressed O(v?/M2)
terms

Two known approaches:

e FeynHiggs xiv13124037: Replace logs from fixed-order
calculation by resummed logs

Mf2; = (Mfzy)fixed—order - (M%)Iogs + (Mf%)resummed logs

o FlexibleEFTHiggs fxv1600005711: Incorporate O(v2/M2) terms
into A by using the matching condition

(M2)sm = (M7)mssm at 1L level at Q = Ms
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FlexibleEF THiggs approach

Idea:
@ Determine A\(Ms) from the condition

(M3)sm = (M3 )mssm 1L, Q = Ms

No suppressed terms are neglected. = A\ contains all
O(v?/M2) suppressed terms

® RG running of A(Ms) from Ms — M;
Note: M}, is RG invariant.

© Calculate M, in the Standard Model at Q = M;:
Mp = M(Me)v? + (Am;)sy

= M}, contains all suppressed terms.
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FlexibleEF THiggs — EFT equivalence

Proof of equivalence: Start with matching condition:

(M3)sm
AV + (Amp)iy

(M} )mssm 1L, @ = Ms

2
h
(M?)mssm

M Ms) = {(M%)MSSM - (Am%)%m

[(m)ussm + (Ami)iissm — (Amp) |

1
V2
1
V2

Now insert (m2)mssm and (Am?2)isom - - -
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FlexibleEF THiggs — EFT equivalence

Inserting (m?)mssm and (Am%)lu'ssm for X; =0:

1|1
A(Ms) = 2 Z(g»% -+ g22)V2C22;3
2 2 12 2.2
+ (At — 5 2O gt 2, 1)
S5 S5 (4m)?

_ (Ammﬂ

Now go to the decoupling limit Co%/sé —1...
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FlexibleEF THiggs — EFT equivalence

In the decoupling limit ¢, /sﬁ — 1

1 5 2\ 2 m%()/tSM)z 2 012 pp2
/\(’V’s)zz(gy +g2)C2,3—127(4 122 o(mip, Ms, Ms)
1 5 2y 2
= Z(gv —|—g2)c25—12 47r 2 2

2

1
= (gy + gz)Cz/a + 12

4 og

B
[ o Ms | ;272 o( 2k
Q 6 Mg

MZ
EFT tree EFT,1L
= AEFTtree 1 AN +O(M2)

In the decoupling limit A(Ms) in the FlexibleEFTHiggs approach is
equivalent to the EFT approach at 1-loop, up to suppressed terms

O(v?/Mg)
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Summary FlexibleEFTHiggs approach

(MP)sm = (M2)mssm 1L, @ = Ms

)\(MS) — )\EFT,tree + )\EFT,lL + O(V2/M§)

Observations:
e large 1-loop logarithms cancel in matching condition

e for v = p = 0 FlexibleEFTHiggs is identical to a 1-loop EFT
calculation

o all suppressed terms are incorporated in A
e RG running resums (N)LL to all orders

= FlexibleEFTHiggs leads to a correct Higgs mass prediction at
the full 1-loop level (including suppressed terms) with additional
(N)LL resummation.
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Comparison

M, | GeV

of the three

X;=0,tanf3 =5
T

approaches

130

120

110+

100

90 - a — - 2L fixed-order H

’ --- 2LEFT

— 1L FlexibleEFTHiggs

80 .

10? 10° 10

Mg /| GeV

100

Ms =2TeV,tan3 =5

— - 2L fixed-order

--- 2LEFT
1L EFT
— 1L FlexibleEFTHiggs
I I T T T
-2 -1 0 1 2
X/Msg
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Ways to estimate the theoretical uncertainty

Good ansatz: Change the calculation by higher orders beyond the
calculational accuracy.
Examples:
e variation of the unphysical renormalization scale(s)
e change m; or as by higher orders
e re-parametrization of M
Potential pitfalls:
e some changes alone are an under-estimation of the uncertainty
— a combination of multiple changes should be used
e potential over-estimation of the uncertainty when large
cancellations occur at higher orders
e some changes are sensitive to the same kind of higher order
contributions — potential “double counting”
e new higher order dependencies might be difficult to estimate
Example: How would one estimate s dependence of M,%L
when only M}EL is known?
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Example: under-estimation of the uncertainty

The variation of the renormalization scale alone might be an
under-estimation of the uncertainty:

My / GeV

140

130

120

110

100

90

80

X¢=0,tanB=5

SPheno - - - -
scale variation =

FlexibleSUSY —— ||

I

0.2

10
MSUSY / TeV

100

37 /41



Example: over-estimation of the uncertainty

When large cancellations between the same kind of corrections
from different sources occur, including only one source might lead
to an over-estimation:

)] /GeV

0L
s

[My = M (v o

—10

15

X;=0,tan =5

10 H

shift from y'L — y2%
shift from 0% — ol

sum

102

10*
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Higgs mass uncertainty estimate

fixed-order:
® |M%L(onle = Ms/2) — MEL(onle = 2Ms)|
o IMFH(yh) — MRH(y2h)|
EFT (SUSYHD):
o ‘M/%L(onle = M,;/2) - M%L(onle = 2M,)|
o IMFH(yh) — MRE(y2h)|
° ‘M;%L(Qmatch = MS/2) - MﬁL(Qmatch = 2MS)|
o [MFt— Mt = A1+ v2/M3))]
FlexibleEF THiggs:
o [M2H(Qpote = M¢/2) — MZE(Qpole = 2My)|
o IMFH(yEh) — MRE(y2h)|
o |MZH(Qmatch = Ms/2) — MEH(Qmatch = 2Ms))
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Higgs mass uncertainty estimate

Xy = Mg, tan3 =5

|| — - 2L fixed-order
; -.- 9LEFT
i — 1L FlexibleEFTHiggs ||

t
T

AM, | GeV
w
T
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Summary

Supersymmetry is still viable, but LHC continuously excludes
light SUSY scenarios

Approaches to calculate M,:

low Mg high Mg
Ms <2TeV Mg 2 2TeV
fixed-order Ve X
EFT X v
mixed v v

Uncertainty of M, in SUSY:
e tricky to estimate and still ongoing effort!

e AM) 2 1-2GeV at least, but continuously improves
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Effect of higher-dimensional operators

one-loop cg

two-loop ¢ + ¢
indirect effect of ¢;
EFT uncertainty

0.5 0.5
mg = Mg
" 0
= e
) = ©
o ~ 3
Q - ©
£.05 £
/Ez — — one-loop ¢ E
& ——  two-loop ¢+ ¢ 2]
- Rl indirect effect of ¢; » - 1 _—
EFT uncertainty .- R
15 . -15
500 600 700 800 900 1000 500

My [GeV]

tan 8 = 20, X = V6 Ms

[1703.08166]
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700 800 9
Mg [GeV]

0

1000
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Effect of higher-dimensional operators

1 1
my =2 TeV my; =1 TeV
0.5
=
o
g
\ =
: W a .
one-loop ¢ 1 one-loop ¢ .
two-loop ¢5 + ¢ . R ¥ two-loop ¢ + ¢
indirect effect of ¢; | indirect effect of ¢
EFT uncertainty i I ------ EFT uncertainty
-1
0 1 2 3 -3 -2 -1 0 1 2 3
X,/ Ms X,/Ms

Ms = 1TeV, tan 3 = 20

[1703.08166]
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Numerical comparison

140 e ey —
130 =
120 .
>
R
Z 110 .
-
= - -
FlexibleEFTHiggs/MSSM 2L
100 FlexibleEFTHiggs/MSSM 1L = = = |_|
FlexibleEFTHiggs/MSSM 1L*
FlexibleSUSY/MSSM 2L — - — -
FlexibleSUSY/HSSUSY 2L = = =
FlexibleSUSY/HSSUSY 1L + + + + +
90 SOFTSUSY 3.6.2 — — ||
SARAH/SPheno
FeynHiggs 2.12.2 — - — -
SUSYHD 1.02 - - -
80 L L PR S S S S | L L RN ST S S S | n n P S S R
0.2 1 10 100

tan ,8 =5, Xt,b,T =0
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Numerical comparison

10 — —T— T T ————T T
FlexibleEFTHiggs/MSSM 2L ———
FlexibleEFTHiggs/MSSM 1L = = =
8 H FlexibleSUSY/MSSM 2L — .
FlexibleSUSY/HSSUSY 2L = = =
FlexibleSUSY/HSSUSY 1L » «
SOFTSUSY 3.6.2 — —
6 SARAH/SPheno
FeynHiggs 2.12.2 — - — -
SUSYHD 1.0.3 - - -
FlexibleEFTHiggs/MSSM 1L*

(Mh _ MhFIexibIeEFI’Higgs/MSSM 2L) / GeV

100
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Numerical comparison

130 T T T T T T T
125 LRI 7]
R \
7 R\
120 b
3 115 .
(O]
NG
-
£ 110 :
FlexibleEFTHiggs/MSSM 2L
FlexibleEFTHiggs/MSSM 1L =
FlexibleEFTHiggs/MSSM 1L*
105 FlexibleSUSY/MSSM 2L — - — - !
FlexibleSUSY/HSSUSY 2L =
FlexibleSUSY/HSSUSY 1L *
SOFTSUSY 3.6.2 —
100 SARAH/SPheno
FeynHiggs 2.12.2 — - — -
SUSYHD 1.0.2 = = =
95 1 1 1 1 1 T T
-3 -2 -1 0 1 2 3

Xt/ Mg

tan3 =5 Ms=2TeV, X, =0
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Numerical comparison

(Mh ~ MhFIexibIeEFTHiggs/MSSM ZL) / GeV

tan3 =5 Ms=2TeV, X, =0
For large X; deviation from HSSUSY-1L due to p # 0 # v.

10

T
FlexibleEFTHiggs/MSSM 2L ———
FlexibleEFTHiggs/MSSM 1L = = =
FlexibleSUSY/MSSM 2L — - — -
FlexibleSUSY/HSSUSY 2L = = =
FlexibleSUSY/HSSUSY 1L + + v v v
SOFTSUSY 3.6.2 =+ —

SARAH/SPheno

FeynHiggs 2.12.2 — - — -

SUSYHD 1.0.3 = = =
FlexibleEFTHiggs/MSSM 1L*

X¢ / Mg
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Uncertainty estimation

A M/ GeV

A M,/ GeV

of original FlexibleEFTHiggs-1L

AM, 0LV 10)

AM},Qmatch) i

PARE
; ;
0.2 1 10
Mg/ TeV
anfiliDy
i,
L AMp 0L vs. 10) —
AMh(Qn\akh) [
ANy Qo0
I I
1 0 1 2 3
X¢/ Ms
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Incorrect 2L logs in original FlexibleEFTHiggs-1L

Matching condition:

A [(mEMY? + (MYSSMYR — (M)

Expansion of momentum iteration up to 1L level:
1 MSSMy2 2 2 2
A=3 [(mh )"+ Amp mssm — Amp sy + O(h )}
with

2 1L 1L
Amj vyssm = —Zivssm T tvssm/ VMssm
2 ¢l 1L
Amjgm = —Zsm + tsm/Vsm
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Incorrect 2L logs in original FlexibleEFTHiggs-1L

Problem: yMSSM — y5M /5511 4 O(h)]
=

MSSM

m
Amp vssm — Amj sy o< B[ (y27Msg)* log -t — (yM)* log
I\/I Ms

- h[O +oc hytlog 8 4 O(h2)]
Ms

— O(K2y%log 1t s =)

=
incorrect 2L logs remain in FlexibleEFTHiggs-1L
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Summary original FlexibleEFTHiggs-1L

Advantages:
v/ easily automatizable
v correctly resums LL

v all non-log terms correct at 1L,
including all terms O(v"/MZ2)

Disadvantage:
X incorrect 2L logs O(h? log(m;/Ms))
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Improved FlexibleEF THiggs-1L

strict handling of loop orders in matching condition
SM

t
(MEM)? = Av2 — S5 ((mfSSM)2) 4 o

(MMSSM)2 _ Ey/ of [Mél) _ Zgb/ISSM((mll\{ISSMV) + '{.qIZ/ISSM}
with

I\/lél) = tree-level mass matrix w/ 1L parameters

ZQ,ASSM = 1L self-energy w/ OL parameters

té\)/i'SSM = 1L tadpole w/ OL parameters
MSSM _
my, = tree-level mass w/ OL parameters

(Z.(I;/ISSM)I, — thSM/Vi
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Improved FlexibleEF THiggs-1L

Advantages:
v easily automatizable
v correctly resums LL + NLL

v all non-log terms correct at 1L,
including all terms O(v"/M¢)

Disadvantage:
non-logarithmic 2L terms arise at Ms
X difficult to add 2L corrections
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Numerical comparison

140 T T T T
135 - .
130 ot
125 . BN BT =l
> -y e
o 120 |
G
~
Z.: 115
FlexibleEFTHiggs/MSSM 2L ———
110 FlexibleEFTHiggs/MSSM 1L - = = |_|
FlexibleEFTHiggs/MSSM 1L*
FlexibleSUSY/MSSM 2L = - = -
105 | FlexibleSUSY/HSSUSY 2L = = = |[_]
FlexibleSUSY/HSSUSY 1L « + + + +
SOFTSUSY 3.6.2 = =
L SARAH/SPheno .
100 FeynHiggs 2.12.2 — - — -
SUSYHD 1.0.2 = = =
95 PR | s s P | n n F—————
0.3 1 10 100
Ms / TeV

tan3 =5, X; = —2Ms, Xy, =0
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Numerical comparison

(Mh _ MhFIexibIeEFI’Higgs/MSSM 2L) / GeV

10

FlexibleEFTHiggs/MSSM 2L ———
FlexibleEFTHiggs/MSSM 1L = = =
FlexibleSUSY/MSSM 2L — - — -
FlexibleSUSY/HSSUSY 2L = = =
FlexibleSUSY/HSSUSY 1L « « + + «
SOFTSUSY 3.6.2 — —
L] SARAH/SPheno
FeynHiggs 2.12.2 — - — -
SUSYHD 1.0.2 - - -
FlexibleEFTHiggs/MSSM 1L*

Ms / TeV

tan3 =5, X; = —2Ms, Xy, =0

100
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Numerical

0.118
0.116
0.114

0.112

A(Mg)

0.108

0.106

0.104

comparison

FlexibleEFTHiggs-1L = = =
FlexibleEFTHiggs-1L*
= FlexibleEFTHiggs-2L ———

HSSUSY-1L = =+

HSSUSY-2L = = =
T

0.2 1

tan ,8 =5, Xt,b,T =0

Ms / TeV
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Numerical comparison

A(Mg)

FlexibleEFTHiggs-1L = = =

0.12 FlexibleEFTHiggs-1L*

FlexibleEFTHiggs-2L ———
HSSUSY-1L =+ = -

HSSUSY-2L = = =
0.11 L i — S
03 1 10 100

Ms / TeV

tan3 =5, X; = —2Ms, Xy, =0
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Numerical comparison

0.16
0.15
0.14
0.13
~ 0.12
=
< 011
0.1
0.09 FlexibleEFTHiggs-1L = = =
l]  FlexibleEFTHiggs-1L*
FlexibleEFTHiggs-2L ———
0.08 e S0l — -
HSSUSY-2L = = =
0.07 T T I I I I I
-3 -2 -1 0 1 2 3

tan3 =5 Ms=2TeV, X, =0
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Equivalence of pure EFT and FlexibleEFTHiggs
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Equivalence pure EFT and FlexibleEFTHiggs O(hy})

MM = MMM 5t Q = Ms, 1L
where
(MM = a2 — M 4 M)y
i v = —6(y)?Ao(me) / (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 pure EFT and FlexibleEFTHiggs 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)
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) — 1452log ('g;)

— 48((3) + 2053 + 167*(1 + log 4)} “a

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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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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