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Supersymmetry

Still an attractive extension of the Standard Model!

Features:
e can predict the SM-like Higgs mass (see later)

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

e possible connection to super-gravity models and string theory
(EsSSM, 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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Current limits on SUSY particle masses

ATLAS SUSY Searches* -
May 2017
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CP-even Higgs masses in the real MSSM

(Im H, Im HO) £ (GO, A), (Re HO, Re HO) % (b, H):

Mhn = 5 [+ \J R~ AmmAcE)
If ma>mz =
ms & m%czﬂ (91.2 GeV)? (tree-level)
= M) ~ 125 GeV requires large loop corrections!
M? = m? 4+ Am? = Am? > (85 GeV)?

Because of large loop corrections Am,%:

AMP® > (1...2)GeV at least!
AM;XP = 0.24 GeV  [ppc-2017]
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Fixed loop order calculation

Dominant contribution to M, at the 1-loop level:

(Amp)tt = =23 () + 2 ;
v t;

t i (A‘.

/’\ \ /
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Summary of fixed loop order calculation

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
= effectively: separation of scales Ms and M;.

M,

MSSM

— AN Ms) =3 (g% +82) 25+

SM

RG running

SM(5)

— (MPM)2 = \(M,)v2 + (Am2)tt + ...
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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):

M, = mh+Am,1,L+Amf,L+Amf,L+---
~ [0(124) + O(0.5...1) + 0(0.1...0.2) + O(0.02...0.04)] 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
= large theoretical uncertainty when v ~ Ms
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Comparison of fixed-order and EFT approaches

Xy =0,tan3 =5

——=- 2L fixed-order ||
— - 2L EFT

I I I I PR § L L M
10% 10° 104
Ms | GeV
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FlexibleEF THiggs approach povis0 007

Idea: Determine A(Ms) from the condition

|
(MP)sm = AM(Ms)v2 + (Amp)ey = (Mi)wssm 1L, Q = Ms

MSSM
Ms — A(Ms) = & [(M2)mssm — (Am?)dk|
SM RG running
M, — (MpM)? = A(Me)v? + (AmR) &y + - --
SM(5)
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Summary FlexibleEFTHiggs approach

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

Advantages:
e large logarithms o In(Ms/My;) are resummed to all orders

e all suppressed terms O(v?/M2) are incorporated in A

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

Disadvantage:

e tricky to extend to 2-loop accuracy
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Comparison of the three approaches
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Summary

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

Approaches to calculate M,:

low MS high MS
Ms <2TeV Ms > 2TeV
fixed-order v X
EFT X v
mixed (FlexibleEF THiggs) v v

FlexibleEF THiggs:
e full NLO + (N)LL resummation
e can be applied to any BSM model (SUSY or non-SUSY)

e can be easily automatized
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Comparison of the three approaches

Mg =2TeV,tanf =5

=== 2L fixed-order

105 —=-- 2L EFT

weses 1L EFT

—— 1L FlexibleEFTHiggs
100 — L L L . L .
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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

2

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

4 %802

1 5 2\ 2 m%()/tSM)z 2 012 pp2
/\(’V’s)zz(gy +g2)C2,3—127(4 122 Bo(mp,, Ms, Ms)
_ 15 2y 2 1Ml T)”
= Z(gv +85)chp — 47r 2 2
P

2 2 4
G b o)

W

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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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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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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