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h prediction

• Feynman diagrammatic calculations vs. EFT approach

• The best of both worlds

• Applicability and uncertainties
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1. Motivation

The LHC up and running . . .

→ discovery of BSM physics this year?

The ILC is still coming . . .

. . . a bit later than anticipated

→ to investigate BSM physics

⇒ New Physics is certainly around the corner

⇒ Time to get ready for BSM physics
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Which model should we focus on?

Some “recent” measurements:

− top quark mass

− Higgs boson mass

− Higgs boson “couplings”

− Dark Matter (properties)
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Some “recent” measurements:

− top quark mass
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− Higgs boson “couplings”

− Dark Matter (properties)

Simple SUSY models predicted correctly:

− top quark mass

− Higgs boson mass

− Higgs boson “couplings”

− Dark Matter (properties)
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Which model should we focus on?

Some “recent” measurements:

− top quark mass

− Higgs boson mass

− Higgs boson “couplings”

− Dark Matter (properties)

Simple SUSY models predicted correctly:

− top quark mass

− Higgs boson mass

− Higgs boson “couplings”

− Dark Matter (properties)

⇒ good motivation to look at SUSY! :-)
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The big question:

Which Lagrangian describes the world?

My guess:

It is a supersymmetric one

⇒ concentrate on the (N)MSSM from now on

other people ⇒ other guesses ⇒ other priorities . . .

In any case:

⇒ we have to measure as many observables as possible

− masses

− branching ratios

− angular distributions

− cross sections

− . . .
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The big question:

Which Lagrangian describes the world?

My guess:

It is a supersymmetric one

⇒ concentrate on the (N)MSSM from now on

other people ⇒ other guesses ⇒ other priorities . . .

In any case:

⇒ we have to measure as many observables as possible

− masses

− branching ratios

− angular distributions

− cross sections

− . . .

⇒ compare with theory calculations at the same level of accuracy
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The Minimal Supersymmetric Standard Model (MSSM)

Superpartners for Standard Model particles
[

u, d, c, s, t, b
]

L,R

[

e, µ, τ
]

L,R

[

νe,µ,τ
]

L
Spin 1

2
[

ũ, d̃, c̃, s̃, t̃, b̃
]

L,R

[

ẽ, µ̃, τ̃
]

L,R

[

ν̃e,µ,τ
]

L
Spin 0

g W±, H±
︸ ︷︷ ︸

γ, Z,H0
1 , H

0
2︸ ︷︷ ︸

Spin 1 / Spin 0

g̃ χ̃±
1,2 χ̃0

1,2,3,4 Spin
1

2

Enlarged Higgs sector: Two Higgs doublets ⇐ focus here!

Problem in the MSSM: many scales

Problem in the MSSM: complex phases
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Enlarged Higgs sector: Two Higgs doublets

H1 =




H1

1

H2
1



 =




v1 + (φ1 + iχ1)/

√
2

φ−1





H2 =




H1

2

H2
2



 =




φ+2

v2 + (φ2 + iχ2)/
√
2





V = m2
1H1H̄1 +m2

2H2H̄2 −m2
12(ǫabH

a
1H

b
2 +h.c.)

+
g′2 + g2

8︸ ︷︷ ︸

(H1H̄1 −H2H̄2)
2 +

g2

2︸︷︷︸
|H1H̄2|2

gauge couplings, in contrast to SM

physical states: h0, H0, A0, H±

Goldstone bosons: G0, G±

Input parameters: (to be determined experimentally)

tanβ =
v2
v1

, M2
A = −m2

12(tanβ + cotβ )
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t̃ sector of the MSSM:

Stop mass matrices

M
2
t̃ =






M2
t̃L

+m2
t +DTt1 mtXt

mtXt M2
t̃R

+m2
t +DTt2






θt̃−→






m2
t̃1

0

0 m2
t̃2






with

Xt = At − µ/ tanβ

⇒ mixing important in stop sector!

Simplifying abbreviation:

MSUSY := Mt̃L
= Mt̃R
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Importance of precise M
MSSM
h

predictions

The Higgs mass accuracy: experiment vs. theory:

Experiment:

ATLAS: Mexp
h = 125.36± 0.37± 0.18 GeV

CMS: Mexp
h = 125.03± 0.27± 0.15 GeV

combined: Mexp
h = 125.09± 0.21± 0.11 GeV
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Importance of precise M
MSSM
h

predictions

The Higgs mass accuracy: experiment vs. theory:

Experiment:

ATLAS: Mexp
h = 125.36± 0.37± 0.18 GeV

CMS: Mexp
h = 125.03± 0.27± 0.15 GeV

combined: Mexp
h = 125.09± 0.21± 0.11 GeV

MSSM theory:

LHCHXSWG adopted FeynHiggs for the prediction of MSSM Higgs boson

masses and mixings (considered to be the code containing the most com-

plete implementation of higher-order corrections)

FeynHiggs: δMtheo
h ∼ 3 GeV

→ rough estimate, FeynHiggs contains algorithm to evaluate uncertainty,

depending on parameter point

Sven Heinemeyer – Loops & Legs 2016 (Leipzig), 25.04.2016 8



Working group on Mh predictions: sites.google.com/site/kutsmh
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2. Feynman diagrammatic calculation vs. EFT approach

Method I:

Higher-order corrections in the Feynman diagrammatic method:

Propagator/Mass matrix at tree-level:




q2 −m2

H 0

0 q2 −m2
h





Propagator / mass matrix with higher-order corrections
(→ Feynman-diagrammatic approach):

M2
hH(q

2) =







q2 −m2
H + Σ̂HH(q2) Σ̂Hh(q

2)

Σ̂hH(q2) q2 −m2
h + Σ̂hh(q

2)







Σ̂ij(q
2) (i, j = h,H) : renormalized Higgs self-energies

CP-even fields can mix

⇒ complex roots of det(M2
hH(q2)): M2

hi
(i = 1,2): M2 = M2 − iMΓ

Sven Heinemeyer – Loops & Legs 2016 (Leipzig), 25.04.2016 10



Calculation of renormalized Higgs boson self-energies:

Σ̂(q2) = Σ̂(1)(q2) + Σ̂(2)(q2) + . . .

all MSSM particles contribute

main contribution: t/t̃ sector (t̃: scalar top, SUSY partner of the t)

Very leading 1-Loop:

t̄

t

h h

¯̃t

t̃

h h

t̃

h h

2-Loop:

To avoid large corrections:

On-shell renormalization of the scalar top sector ⇒ XOS
t

∼ m4
t

[

log2
(

mt̃

mt

)

+ log

(

mt̃

mt

)]
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Structure of higher-order corrections:

One-loop:
∆M2

h ∼ m2
t αt

[

L+ L0
]

, L := log

(

mt̃

mt

)

Two-loop: ∆M2
h ∼ m2

t

{

αtαs

[

L2 + L+ L0
]

+ α2
t

[

L2 + L+ L0
]}

Three-loop:
∆M2

h ∼ m2
t

{

αtα
2
s

[

L3 + L2 + L+ L0
]

+ α2
t αs

[

L3 + L2 + L+ L0
]

+ α3
t

[

L3 + L2 + L+ L0
] }

Partial results: [S. Martin ’07]

[R. Harlander, P. Kant, L. Mihaila, M. Steinhauser ’08] ⇒ H3m

H3m adds O
(

αtα
2
s

)

corrections to FeynHiggs

Large mt̃ ⇒ large L ⇒ resummation of logs necessary ⇒ Method II
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Advantages of Feynman-diagrammatic method:

− all contributions at fixed order are captured

− trivial to include many SUSY scales

− full control over Higgs boson self-energies

→ needed for other quantities (production and decay)

Problems of Feynman-diagrammatic method:

− always only fixed order

− large logs not captured beyond the calculated order
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Method II: EFT approach: Log resummation via RGE’s:

Excellent recent overview paper: [P. Draper, G. Lee, C. Wagner, arXiv:1312.5743]

Simple example for log resummation:

SUSY mass scale: MSUSY = MS ∼ mt̃

Above MSUSY: MSSM

Below MSUSY: SM

Relevant SM parameters: − quartic coupling λ

− top Yukawa coupling ht (αt = h2t /(4π))

− strong coupling constant gs (αs = g2s /(4π))

1. Take: ht(mt), gs(mt)

SM RGEs for ht, gs: ht, gs(mt) → ht, gs(MS)

2. Take λ(MS), ht(MS), gs(MS)

SM RGEs for λ, ht, gs: λ, ht, gs(MS) → λ, ht, gs(mt)

3. Evaluate M2
h M2

h ∼ 2λ(mt)v
2
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[HDays14, talk by T. Hahn]

Resumming Stop-sector Contributions

mt

MS

we want: M2
h = 2 λ(mt) v2

we know: λ(MS)

FeynHiggs Update – p.3
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[HDays14, talk by T. Hahn]

Resumming Stop-sector Contributions

mt

MS

we want: M2
h = 2 λ(mt) v2

we know: λ(MS)

n
o
S
U
S
Y
p
a
rt
ic
le
s

a
ss
u
m
e
d
h
e
re
SM running

FeynHiggs Update – p.4
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[HDays14, talk by T. Hahn]

Standard Model RGEs

g2′
s = 1

16π2 g4
s

(

G1 +
1

16π2 G2

)

,

G1 = 2
3 N f − 11 ,

G2 =
(

38
3 N f − 102

)

g2
s − 2h2

t ,

h2′
t = 1

16π2 h2
t

(

H1 +
1

16π2 H2

)

,

H1 = 9
2 h2

t − 8g2
s ,

H2 = 6h2
t (6g2

s − 2h2
t − λ) + 3

2λ
2 +

(

40
9 N f −

404
3

)

g4
s ,

λ
′ = 1

16π2
1
2

(

Λ1 +
1

16π2 Λ2

)

,

Λ1 = 12(λ2
− h4

t + λh2
t ) ,

Λ2 = h2
t (3h2

t (20h2
t − λ) + g2

s (80λ− 64h2
t )− 72λ2)− 78λ3 .

Espinosa, Quiros 1991 – Arason et al. 1992

FeynHiggs Update – p.5

Sven Heinemeyer – Loops & Legs 2016 (Leipzig), 25.04.2016 17



[HDays14, talk by T. Hahn]

Integrating the RGEs

mt

MS
start from

g2
s , h2

t from 1L RGE (analytic)

λ(MS) =
3

8π2 h4
t

( Xt
MS

)2
(

1− 1
12

( Xt
MS

)2
)

Carena et al. 2000

obtain g2➀
s , h2➀

t , λ➀

FeynHiggs Update – p.6
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[HDays14, talk by T. Hahn]

Integrating the RGEs

mt

MS
obtain g2➁

s , h2➁
t , λ➁

start from

g2
s (mt)

g2➀
s ,

h2
t (mt)

h2➀
t , λ➀

FeynHiggs Update – p.7
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[HDays14, talk by T. Hahn]

Integrating the RGEs

mt

MS
start with g2➁

s , h2➁
t , λ

➁

λ(MS)

obtain g2➂
s , h2➂

t , λ
➂ = λ(mt)

must subtract double counting!

FeynHiggs Update – p.8
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Advantages of RGE log resummation:

− large logs taken into account to all orders

− calculation can easily be extended to very large scales

Problems of RGE log resummation:

− not all contributions at fixed order are captured

→ sub-leading logs more difficult

→ momentum dependence

− difficult (impossible?): include many different SUSY scales

− difficult (impossible?): control over Higgs boson self-energies

→ needed for other quantities (production and decay)
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3. The best of both worlds:

to get the most precise prediction of Mh:

Combination of FD and RGE result!
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3. The best of both worlds:

to get the most precise prediction of Mh:

Combination of FD and RGE result!

⇒ example of FeynHiggs implementation
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3. The best of both worlds:

to get the most precise prediction of Mh:

Combination of FD and RGE result!

⇒ example of FeynHiggs implementation

Problem:

Some terms exist in both calculations!

One-loop:
∆M2

h ∼ m2
t αt

[

L+ L0
]

, L := log

(

mt̃

mt

)

Two-loop:
∆M2

h ∼ m2
t

{

αtαs

[

L2 + L
]

+ α2
t

[

L2 + L
]}
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Combination of FD and RGE result:

⇒ to avoid double counting:

subtract leading and subleading logs at one- and two-loop

Problem:

− FD result with XOS
t ,MOS

S ,mt

− RGE result with XMS
t ,MMS

S ,mt

mt =
mpole

t

1+ 4
3παs(m

pole
t )− 1

2παt(m
pole
t )

XMS
t = XOS

t

[

1+ 2L

(

αs

π
− 3αt

16π

(

1− X2
t

M2
S

))]

MMS
S ∼ MOS

S : no log differences!
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Combination of FD and RGE result:

∆M2
h = (∆M2

h)
RGE(XMS

t ,MMS
S ,mt)− (∆M2

h)
FD,LL1,LL2(XOS

t ,MOS
S ,mt)

M2
h = (M2

h)
FD +∆M2

h

Technical aspect:

(∆M2
h)

FD,LL1,LL2(XOS
t ,MOS

S ,mt)

:= (∆M2
h)

FD,LL1,LL2(XMS
t ,MMS

S ,mt)
∣
∣
∣
∣X

MS
t →XOS

t ,MMS
S =MOS

S

⇒ combination of best FD result with

resummed LL, NLL corrections for large mt̃
⇒ most precise Mh prediction for large mt̃ ⇒ FeynHiggs 2.10.0

[T. Hahn, S.H., W. Hollik, H. Rzehak, G. Weiglein ’13]
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Some example results [FeynHiggs 2.10.0]

[T. Hahn, S.H., W. Hollik, H. Rzehak, G. Weiglein ’13 - ’15]

Parameters:

MS =
√

mt̃1
mt̃2

MA = 1000 GeV

µ = 1000 GeV

M2 = 1000 GeV

mg̃ = 1600 GeV

tanβ = 10

Vary MS, Xt to analyze effects
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Mh(MS) for various approximations: [FeynHiggs 2.10.0]

5000 10000 15000 20000
MS [GeV]

115

120

125

130

135

140

145

150

155

M
h [G

eV
]

FH295

3-loop

4-loop

5-loop

6-loop

7-loop

LL+NLL

FeynHiggs 2.10.0

Xt = 0

Xt/MS = 2

⇒ 3-loop good for MS <∼ 2 TeV, 7-loop: ∆ ∼ 1 GeV for MS = 20 TeV
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Mh(MS) compared with H3m (2014): [FeynHiggs 2.10.0]

5000 10000 15000 20000
MS [GeV]

115

120

125

130

135

140

145

150

155

M
h [G

eV
]

3-loop, O(αt αs
2
)

3-loop full

LL+NLL

H3m

FeynHiggs 2.10.0

A0 = 0, tanβ = 10

⇒ 3-loop O
(

α2
t αs, α3

t

)

⊕ beyond 3-loop important for precise Mh prediction!
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Inclusion of further log-resummed results

[H. Bahl, W. Hollik ’16 – PRELIMINARY]

Inclusion of EW effects in RGE’s:
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Inclusion of further log-resummed results

[H. Bahl, W. Hollik ’16 – PRELIMINARY]

Inclusion of EWino mass scale in RGE’s:
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Inclusion of further log-resummed results

[H. Bahl, W. Hollik ’16 – PRELIMINARY]

Inclusion of gluino mass scale in RGE’s:
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Future improvements/work in progress:

• Inclusion of 3-loop RGEs plus 2-loop thresholds etc.

⇒ already in, not fully tested

• “Two Higgs Doublet Model” below MS

⇒ work in progress

• Splitting in the scalar top sector

⇒ future work

• . . .

⇒ Loops & Legs 2018?! :-)
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4. Applicability and uncertainties

1.) SUSY mass scales below ∼ 1 TeV require full calculation

2.) Log resum. for t/t̃ (beyond 2L) at MS

− effects at MS = 1 TeV:

− at MS = 2 TeV:

− at MS = 3 TeV:
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4. Applicability and uncertainties

1.) SUSY mass scales below ∼ 1 TeV require full calculation

2.) Log resum. for t/t̃ (beyond 2L) at MS for ∆Mdiagrammatic
h ∼ 40 GeV

− effects at MS = 1 TeV: tiny

− at MS = 2 TeV: ∆M log−resum
h ∼ 2 GeV

− at MS = 3 TeV: ∆M log−resum
h

>∼ 3 GeV

5000 10000 15000 20000
MS [GeV]

115

120

125

130

135

140

145

150

155

M
h [G

eV
]

FH295

3-loop

4-loop

5-loop

6-loop

7-loop

LL+NLL

FeynHiggs 2.10.0

Xt = 0

Xt/MS = 2

Mh(MS) for various approximations:

[FeynHiggs 2.10.0]

magenta: no log-resum for t/t̃

red: log-resum at 2-loop level

(→ included in FH)

All other logs less relevant!
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4. Applicability and uncertainties

1.) SUSY mass scales below ∼ 1 TeV require full calculation

2.) Log resum. for t/t̃ (beyond 2L) at MS for ∆Mdiagrammatic
h ∼ 40 GeV

− effects at MS = 1 TeV: tiny

− at MS = 2 TeV: ∆M log−resum
h ∼ 2 GeV

− at MS = 3 TeV: ∆M log−resum
h

>∼ 3 GeV

Mh(MS) for various approximations:

[FeynHiggs 2.10.0]

magenta: no log-resum for t/t̃

red: log-resum at 2-loop level

(→ included in FH)
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4. Applicability and uncertainties

1.) SUSY mass scales below ∼ 1 TeV require full calculation

2.) Log resum. for t/t̃ (beyond 2L) at MS for ∆Mdiagrammatic
h ∼ 40 GeV

− effects at MS = 1 TeV: tiny

− at MS = 2 TeV: ∆M log−resum
h ∼ 2 GeV

− at MS = 3 TeV: ∆M log−resum
h

>∼ 3 GeV

⇒ FeynHiggs gives most reliable predictions for SUSY mass scales

below the level of 2− 3 TeV, where log contributions are not too large

i.e. at the scales relevant/interesting for LHC physics

(e.g. with light EW SUSY particles in the spectrum)

⇒ uncertainty estimate based on diagrammatic calculation reliable

⇒ EFT gives most reliable predictions for all SUSY mass scales

in the multi-TeV range

⇒ intermediate region:

both types of calculations can be used for uncertainty estimate
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Does this mean that now there exists a better prediction for Mh in the

MSSM with substantially smaller theory uncertainty?
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Claim by SusyHD authors: [J. Pardo Vega, G. Villadoro ’15]

⇒ Predictions of high-scale SUSY model valid down to ∼ 1 TeV,

theoretical uncertainty in prediction of SM-like Higgs: ∼ 1 GeV

(“the theoretical uncertainty is within 1 GeV in most of the

relevant parameter space”)
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Uncertainty analysis (I) [G. Weiglein, HDays15]
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Uncertainty analysis (II) [G. Weiglein, HDays15]
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Uncertainty analysis (III) [G. Weiglein, HDays15]

Sven Heinemeyer – Loops & Legs 2016 (Leipzig), 25.04.2016 37



Uncertainty estimates:

FeynHiggs (diagrammatic + log-resum): linear sum of

− missing 3-loop corrections in t/t̃ sector (change of mt def.)

− missing 2-loop corrections in b/̃b sector (∆b resummation)

− missing 2-loop corrections in EW sector (change of renormalizaion scale)

⇒ reliable estimate up to 2− 3 TeV or higher

SusyHD (EFT): linear sum of

− SM unc.: missing corrections from matching at mt and RGE evolution

− MSSM unc.: missing corrections from matching at MS

− EFT unc.: effects not captured by EFT: O
(

v2/M2
S

)

(prefactor 1)

⇒ uncertainty estimate of ∼ 1 GeV

⇒ estimate for the multi-TeV range (no large scale diff.?!)

⇒ unclear to which low scales it can be extrapolated

Intermediate region:

⇒ both types of calculations can be used for uncertainty estimate
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Conclusinos

• Prediction of MMSSM
h needed at the O (500 MeV) level

to match experimental uncertainty

• Feynman diagrammatic approach:

Below ∼ 2 TeV full MSSM spectrum covered by diagrammatic

calculation up to the 2-loop level

• EFT approach:

Logarithmic contributions to Mh become larger at MS = 2− 3 TeV

Largest logs from t/t̃ sector, but many scales possible

• FeynHiggs: diagrammatic (up to 2-loop)

⊕ resummed logs from t/t̃
⊕ more scales and EW effects!)

⇒ reliable results (at least) up to 2− 3 TeV - and going up!

⇒ reliable uncertainty estimate

• Much more work needed to reach the requiered accuracy!
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Some NMSSM Higgs theory (Z3 invariant NMSSM)

MSSM Higgs sector: Two Higgs doublets

H1 =




H1

1

H2
1



 =




v1 + (φ1 + iχ1)/

√
2

φ−1





H2 =




H1

2

H2
2



 =




φ+2

v2 + (φ2 + iχ2)/
√
2





V = (m̃2
1 + |µ |2)H1H̄1 + (m̃2

2 + |µ |2)H2H̄2 −m2
12(ǫabH

a
1H

b
2 +h.c.)

+
g′2 + g2

8
(H1H̄1 −H2H̄2)

2 +
g2

2
|H1H̄2|2
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Some NMSSM Higgs theory (Z3 invariant NMSSM)

NMSSM Higgs sector: Two Higgs doublets + one Higgs singlet

H1 =




H1

1

H2
1



 =




v1 + (φ1 + iχ1)/

√
2

φ−1





H2 =




H1

2

H2
2



 =




φ+2

v2 + (φ2 + iχ2)/
√
2





S = vs + SR + ISI

V = (m̃2
1 + |µ/λS|2)H1H̄1 + (m̃2

2 + |µ/λS|2)H2H̄2 −m2
12(ǫabH

a
1H

b
2 +h.c.)

+
g′2 + g2

8
(H1H̄1 −H2H̄2)

2 +
g2

2
|H1H̄2|2

+ |λ(ǫabHa
1H

b
2) + κS2|2 +m2

S|S|2 + (λAλ(ǫabH
a
1H

b
2)S +

κ

3
AκS

3 +h.c.)

Free parameters:

λ, κ, Aκ, MH±, tanβ, µeff = λvs
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Higgs spectrum:

CP−even : h1, h2, h3

CP−odd : a1, a2

charged : H+, H−

Goldstones : G0, G+, G−

Neutralinos:

µ → µeff

compared to the MSSM: one singlino more

→ χ̃0
1, χ̃

0
2, χ̃

0
3, χ̃

0
4, χ̃

0
5
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Mass of the lightest CP-even Higgs:

m2
h,tree,NMSSM = m2

h,tree,MSSM +M2
Z
λ2

g2
sin2 2β

Mass of the CP-odd Higgs:

MSSM : M2
A = −m2

12(tanβ + cotβ ) = µB(tanβ + cotβ )

NMSSM : ”M2
A” = µeffBeff(tanβ + cotβ )

with Beff = Aλ + κ s, µeff = λ s ⇒ one very light a1

Mass of the charged Higgs:

MSSM : M2
H± = M2

A +M2
W = M2

A +
1

2
v2g2

NMSSM : M2
H± = M2

A + v2
(

g2

2
− λ2

)

Sven Heinemeyer – Loops & Legs 2016 (Leipzig), 25.04.2016 43



Mass of the lightest CP-even Higgs:

m2
h,tree,NMSSM = m2

h,tree,MSSM +M2
Z
λ2

g2
sin2 2β

Mass of the CP-odd Higgs:

MSSM : M2
A = −m2

12(tanβ + cotβ ) = µB(tanβ + cotβ )

NMSSM : ”M2
A” = µeffBeff(tanβ + cotβ )

with Beff = Aλ + κ s, µeff = λ s ⇒ one very light a1

Mass of the charged Higgs:

MSSM : M2
H± = M2

A +M2
W = M2

A +
1

2
v2g2

NMSSM : M2
H± = M2

A + v2
(

g2

2
− λ2

)

⇒ M
MSSM,tree
h1

≤ M
NMSSM,tree
h1

, one light a1, M
MSSM,tree
H± ≥ M

NMSSM,tree
H±
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Mass of the lightest CP-even Higgs:

m2
h,tree,NMSSM = m2

h,tree,MSSM +M2
Z
λ2

g2
sin2 2β

Mass of the CP-odd Higgs:

MSSM : M2
A = −m2

12(tanβ + cotβ ) = µB(tanβ + cotβ )

NMSSM : ”M2
A” = µeffBeff(tanβ + cotβ )

with Beff = Aλ + κ s, µeff = λ s ⇒ one very light a1

Mass of the charged Higgs:

MSSM : M2
H± = M2

A +M2
W = M2

A +
1

2
v2g2

NMSSM : M2
H± = M2

A + v2
(

g2

2
− λ2

)

⇒ can accomodate gg → φ750 → γγ [1602.07691]
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The 750 GeV diphoton “excess” and SUSY

ATLAS:

⇒ local (global) significance: 3.6(1.9)σ
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CMS:

⇒ local (global) significance: 2.6(1.2)σ
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What about the MSSM?
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What about the MSSM?

Problem: gg → φ750 → γγ cannot be accomodated! (Rates too low!)
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What about the MSSM?

Problem: gg → φ750 → γγ cannot be accomodated! (Rates too low!)

⇒ Extensions of the MSSM can accomodate it!
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How to accomodate gg → φ750 → γγ in SUSY I: [1512.07645]

Check the RPV-MSSM!
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How to accomodate gg → φ750 → γγ in SUSY II:

Check the MSSM with low SUSY-breaking scale: the Sgoldstino scenario

⇒ SUSY breaking at “low energies” via 〈F 〉

→ gives rise to a massless fermion: goldstino

→ “eaten up” by the gravitino

→ scalar SUSY partner: Sgoldstino with CP-even and -odd component!

Always exist, but “normally” at high energy with no implications

for phenomenology

Here: choose mS ∼ 750 GeV ⇒ m3/2 < 1 MeV (LSP)

⇒ strong Sgoldstino couplings to all gauge bosons ⇒ rate ok

⇒ “similar” to NMSSM, but “more strongly interacting”
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How to accomodate gg → φ750 → γγ in SUSY II:

Check the MSSM with low SUSY-breaking scale: the Sgoldstino scenario

Tree-level Higgs mass: [1111.3368]
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How to accomodate gg → φ750 → γγ in SUSY III:

[F. Domingo, S.H., J.S. Kim, K. Rolbiecki ’16, 1602.07691] similar: [1602.03344]

Check the NMSSM!

NMSSM: MSSM + Higgs singlet

Higgs content: 3 CP-even: H1, H2, H3, 2 CP-odd: A1, A2, 2 charged: H±
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Characteristics of this NMSSM scenario:

H1: SM-like Higgs boson at ∼ 125 GeV

Φ: H2 or H3, mixed CP-even singlet/doublet Higgses at ∼ 750 GeV

production via gg → H2,3 or b̄b → b̄bH2,3

possible mass difference of O (20 GeV) can mimic large width

Σ : A1 at ∼ 135 MeV

strong mixing with π0 ⇒ strong decay to A1 → γγ

⇒ highly collimated γγ ⇒ appears as one photon in the ECAL

stongly suppressed deacy H1 → A1A1 to keep H1 SM-like

A2, H+, H−: masses at ∼ 750 GeV, but not relevant here
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H2 and H3 appear as one resonance?

Left: our scenario as it appears in the ATLAS analysis (bin size 40 GeV)

blue crosses: ATLAS data

Right: (hypothetical) future bin size of 5 GeV

⇒ two peak structure! ⇒ clear prediction for future analyses!
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For the experts: the preferred NMSSM parameter space:

• MA = 2λvs
sin 2β ≃ 750 GeV

• κ ≃ λ
2 sin 2β

• 0.4 tan β
1+tan2 β

<∼ λ <∼
2
√
2 tan β√

1+18 tan2 β+tan4 β

• µ ∼ MA sin 2β, 100 GeV <∼ µ <∼ 500 GeV

• 5 <∼ tanβ <∼ 15

• Aκ <∼ O (0.1) GeV

• Aλ ≪ v

• other SUSY masses, mixings: free to avoid other constraints

Parameter “choice” places the scenario in the approximate R-symmetry

limit of the NMSSM

⇒ A1 thus appears as the pseudo-Goldstone boson of this R-symmetry
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How to test our scenario:

• Two peak structure of H2 and H3 can be resolved

• Enhanced photon → electron-jet conversion due to four γ

(instead of 2 γ in other explanations)

• No (relevant) decay of heavy Higgs bosons to WW or ZZ

• H2, H3, A2 → τ+τ− searches at HL-LHC

• Relatively light higgsinos (µ small) ⇒ discovery of χ̃0
1, χ̃

0
2, χ̃

±
1
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How to test our scenario:

• Two peak structure of H2 and H3 can be resolved

• Enhanced photon → electron-jet conversion due to four γ

(instead of 2 γ in other explanations)

• No (relevant) decay of heavy Higgs bosons to WW or ZZ

• H2, H3, A2 → τ+τ− searches at HL-LHC

• Relatively light higgsinos (µ small) ⇒ discovery of χ̃0
1, χ̃

0
2, χ̃

±
1

⇒ Our NMSSM scenario is

− in agreement with the “excess” and all other constraits

− clearly distinguishable from other explanations

− makes clear and testable predictions for future analyses
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Why I am very sceptical:

ATLAS: compatible with Run I?

⇒ they claim yes
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Why I am very sceptical:

CMS: compatible with Run I?

⇒ they claim yes
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Why I am very sceptical: [1512.06797]

Spin 0 analysis:

Spin 2 analysis:
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