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1. Higgs physics: Effective supersymmetry

2. Nonminimal Z’ bosons

3. Supersymmetry, flavor physics and naturalness



Obvious possible reasons 
why no superpartners yet

• They’re not there

• Not enough energy (cf. SSC at 40 TeV)

• Enough energy in principle but somewhat “hidden”:
somewhat difficult to produce at hadron collider, 
or somewhat difficult to discover with present search 
strategies



“Unnatural MSSM”: one example

“Simply unnatural supersymmetry” (100+ TeV scalars)
Presented as “anthropic tuning”, but 10-100 TeV is 
large but not obviously unreasonable finetuning.

“generic models of supersymmetry breaking produce 
much larger scalar masses than gaugino masses, that 
is, this is what the models want to do”

“the Higgs mass mH ∼ 125 GeV already requires some 
tuning in the MSSM, or some significant departure 
from it”

Arkani-Hamed, Gupta, Kaplan, Weiner, Zorawski  ’12



Hierarchy problem

Of course, finetuning increases as 
superpartner masses increase

cf. SM fermion mass hierarchy, already spans five (or 
more) orders of magnitude

More important to have some motivation for model 
(e.g. high-energy theory is supersymmetric)
than to satisfy any given finetuning bound, like
NMSSM “finetuning 200”, GNMSSM “finetuning 30”



Hierarchy problem

Of course, finetuning increases as 
superpartner masses increase

cf. SM fermion mass hierarchy, already spans five (or 
more) orders of magnitude

More important to have some motivation for model 
(e.g. high-energy theory is supersymmetric)
than to satisfy any given finetuning bound, like
NMSSM “finetuning 200”, GNMSSM “finetuning 30”

Having said that, at some point (“finetuning 10000”?) 
it ceases to be a reasonable solution!



Fermion mass hierarchy
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a few orders of magnitude isn’t necessarily
“finetuning”, and dark matter, even if at TeV scale, is 
not required to show up at LHC (in particular no direct 
relation to colored states like gluino)
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Compare to before electroweak theory was confirmed: 
hints from Fermi theory (dimension-6 operators). 

Maybe we should hope for hints through effective theory? 
If so, would effects appear e.g. in ATLAS analysis?



1. Beyond the MSSM (BMSSM)

• No new particles

• Operators of dimension 5 and 6 mostly classified

• Generically on the order of >100 parameters
   (but fewer than in a nonsupersymmetric effective theory)

• Not all created equal, focus on some for some purposes

Piriz, Wudka ’97
Strumia ’99

Brignole, Casas, Espinosa, Navarro ’03
Casas, Espinosa, Hidalgo ’04

Dine, Seiberg, Thomas ’07
Antoniadis, Dudas, Ghilencea, Tziveloglou ’09



supersymmetry breaking by F-terms:

C��i

e.g. Martin, hep-ph/9709356

What is so minimal about the MSSM?



supersymmetry breaking:

Aijk, Bij , m�, . . .

e.g. Martin, hep-ph/9709356

Soft supersymmetry breaking



supersymmetry breaking:

Aijk, Bij , m�, . . .

gaugino masses

forget about origin:
effective renormalizable
field theory

�i � ⇥�i⇤ � ci

e.g. Martin, hep-ph/9709356

Soft supersymmetry breaking



supersymmetry breaking:

operators of dimension 4 are minimal 
(e.g Higgs self-coupling completely fixed ~ 0.07,
no free parameter there at all, unlike in SM)

coefficients of higher-dimension operators
set to exactly zero

e.g. Martin, hep-ph/9709356

What is so minimal about the MSSM?
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Microscopic vs. effective

BMSSM
(effective, slightly 

higher energy)
MSSM

NMSSM
(microscopic)

(low energy)

NMSSM = MSSM + gauge singlet chiral superfield S

energy�MS̃

Triplet
(microscopic)

other microscopic 
theories...



Microscopic vs. effective

BMSSM
(effective, slightly 

higher energy)
MSSM

NMSSM
(microscopic)

(low energy)

Let’s be clear:
microscopic is better than effective

 if you believe in it (say if it’s natural...)

but if you don’t know what to believe in, 
an effective theory is a good place to start!



Beyond the MSSM (BMSSM)

• six operators, one coefficient
• modifies Higgs sector, but also 
       charginos and neutralinos (hence dark matter)
• effective dimension 5, but scaling dimensions 4 and 5 
 • H4 terms now have one dimensionless free 
         parameter, before were completely fixed.

first BMSSM subset = MSSM Lagrangian + 

W5 =
c0
M

(HuHd)
2 ✏1 = � µ̄ c0

M



Beyond the MSSM (BMSSM)

first BMSSM subset = MSSM Lagrangian + 

• neglects baryon, lepton number violating operators
• neglects dim-5 operators in squark/slepton sector
• neglects extra CP violation: make coefficients real
• neglects dim-6 operators in Kähler potential (1/M2)

✏1 = � µ̄ c0
M



Beyond the MSSM (BMSSM)

what should M be?

what is a “natural” scale of
new physics beyond the MSSM?

✏1 = � µ̄ c0
M



Contrast the MSSM: no interesting mass scales
between the TeV and GUT scale!

Scale of new supersymmetric physics?



String theory as a source for ideas
beyond the Standard Model

Supersymmetry constructed in string theory in 1971

Strings of 1980s: no new physics below GUT/Planck scale

Since around 2000: various scales of new physics:
TeV string scale models (“String Hunter’s Guide”) to 
intermediate string scales, to Planck scale.

In general, no universal theory argument to exclude 
nonminimal physics at low scales.



Sample string model: Large Volume Scenario,
string scale around 1011 GeV.

Scale of new supersymmetric physics?

string
theory

lower thresholds

Balasubramanian, Berglund, Conlon, Quevedo ’05



Will allow the scale of new supersymmetric physics to be 
as low as phenomenologically allowed, 
typically M ~ 5 - 10 TeV.



gray area:

LEP Higgs mass bound

✏1 = 0, tree level

✏
1 =

0, 1-loop
✏1 =

0, 2-loop

✏1
= 0.0

1
✏1

= 0.0
3

✏1
= 0.05

✏2 = 0

At/m0

m
h
0
(G

eV
)

�3 �2 �1 0 1 2 3

80

100

120

140

Higgs mass: MSSM vs. BMSSM

used FeynHiggs for loop corrections

M.B., Edsjö, Gondolo, Lundström, Sjörs ’08
✏1 = � µ̄ c0

M (added
green band)



                                                                            

c0
= 0.5

tan�

c0 = 0.7

c0 = 0.8

c0 = 1.0

c0 = 0 (MSSM)
c0 = 0 (MSSM)

tan�

Mt̃ = 500 GeVMt̃ = 1 TeV

tree level (MSSM)
tree level (MSSM)

mh mh

Higgs mass: MSSM vs. BMSSM

used simple but decent approximations 
for one-loop and leading two-loop corrections. 
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“co-annihilations”: with a velocity distribution, 
a small mass difference gives increased annihilation 

prevents most light Higgsinos from giving decent dark matter

Coannihilation for near mass degeneracy
Griest, Seckel ’91

...
Edsjö, Gondolo ’97

...
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F-term K: 2
F-term K: 5
D-term: 1

Feynman rules



10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

10
2

10
3

10
4

10
5

10 10
2

10
3

10
4

St Helena

Ghana

Mauritania Niger

MSSM + BMSSM

BMSSM only

Berg, Edsjö, Gondolo, Lundström and Sjörs, 2009

Neutralino Mass (GeV)

Z
g
 /

 (
1
-Z

g
)

MSSM models that pass 
accelerator and dark 

matter constraints

LEP 
chargino 

mass
lower 
bound

WMAP 
dark matter
lower bound

co-annihilations prevent most light Higgsinos 
from being decent dark matter

Parameter scan



10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

10
2

10
3

10
4

10
5

10 10
2

10
3

10
4

St Helena

Ghana

Mauritania Niger

MSSM + BMSSM

BMSSM only

Berg, Edsjö, Gondolo, Lundström and Sjörs, 2009

Neutralino Mass (GeV)

Z
g
 /

 (
1
-Z

g
)

The Quest for New  BMSSM Models



10
-3

10
-2

10
-1

1

50 60 70 80 90 100

MSSM + BMSSM

BMSSM only

Berg, Edsjö, Gondolo, Lundström and Sjörs, 2009

Neutralino Mass (GeV)

Z
g
 /

 (
1
-Z

g
)

St Helena
(-)

St Helena
(+)

Ghana

BMSSM vs MSSM: Light Higgsinos



10
-3

10
-2

10
-1

1

50 60 70 80 90 100

MSSM + BMSSM

BMSSM only

Berg, Edsjö, Gondolo, Lundström and Sjörs, 2009

Neutralino Mass (GeV)

Z
g
 /

 (
1
-Z

g
)

St Helena
(-)

St Helena
(+)

Ghana

PDG supersymmetry searches, summary
...

if we can finetune MSSM parameters to mimic BMSSM 
physics, how could we ever decide?



“There were still two experiments that contradicted the 
[Glashow-Weinberg-Salam] theory’s predictions for the 
neutral-current weak force between electrons and nuclei 
and only one that supported them [...] 

Why then [...] did physicists generally agree that the 
theory must indeed be correct? One of the reasons 
surely was that we were all relieved that we were not 
going to have to deal with any of the unnatural variants 
of the original electroweak theory. ...”

1976 Oxford-Seattle “bismuth crisis”

S. Weinberg, Dreams of a Final Theory (1992)



“The aesthetic criterion of naturalness was being used to 
help physicists weigh conflicting experimental data.”

1976 Oxford-Seattle “bismuth crisis”

S. Weinberg, Dreams of a Final Theory (1992)



Let’s say you have two models to fit a single signature:

Model A

2 parameters, only fits signature for specific relation
between them, without explanation (e.g. symmetry)

Model B

2+1 parameters, fits signature for any value 0.1 to 1

Which one is more beautiful?

Moral for MSSM vs. BMSSM?
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Figure 1: Expected precision for Higgs coupling measure-
ments at the HL-LHC, ILC at 250 GeV and their combina-
tion. For the latter we also show the fit including �c. The
inner bars for HL-LHC denote a scenario with improved ex-
perimental systematic uncertainties.

fore, we assume

�tot =
⌅

obs

�x(gx) + 2nd generation < 2GeV . (3)

The upper limit of 2 GeV takes into account that a larger
width would become visible in the mass measurement.
The second generation is linked to the third generation
via gc = mc/mt gSMt (1+⇥t). The leptonic muon Yukawa
might be observable at the LHC in weak boson fusion or
inclusive searches, depending on the available luminos-
ity [23].

At the ILC the situation is very di⇤erent: the total
width can be inferred from a combination of measure-
ments. This is mainly due to the measurement of the
inclusive ZH cross section based on a system recoiling
against a Z ⌅ µ+µ� decay. While the simultaneous fit
of all couplings will reflect this property, we can illustrate
this feature based on four measurements [18, 19]

1. Higgs-strahlung inclusive (⇥ZH)

2. Higgs-strahlung with a decay to bb̄ (⇥Zbb)

3. Higgs-strahlung with a decay to WW (⇥ZWW )

4. W -fusion with a decay bb̄ (⇥��bb)

described by four unknowns ⇥W , ⇥Z , ⇥b, and �tot.
Schematically, the total width is

�tot ⇤
⇥��bb/⇥Zbb

⇥ZWW /⇥ZH
⇥ ⇥ZH . (4)

This results in a precision of about 10% [20] on the total
width at LC250.

In addition, Higgs decays to charm quarks can be dis-
entangled from the background, therefore a link between
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Figure 2: Expected precision for Higgs couplings measure-
ments at the HL-LHC, ILC up to 500 GeV and their com-
bination. For the latter we also show the fit including �c.
The inner bars for HL-LHC denote a scenario with improved
experimental systematic uncertainties.

the second and third generation along the lines of Eq.(3)
is not needed. A di⇤erence in the interpretation of our
results we need to keep in mind: while electroweak cor-
rections are not expected to interfere at the level of pre-
cision of our HL-LHC analysis, at the ILC the individual
measurement of Higgs couplings will most likely require
an appropriate ultraviolet completion [24]. In this largely
experimentally driven study we assume the existence of
such a picture.
At a linear collider the errors on Higgs branching ratios

BRx or particle widths �x are crucial [25]. As theory er-
rors on the latter we assume 4% for decays into quarks,
2% for gluons, and 1% for all other decays [8]. Trans-
lated into branching ratios this corresponds for example
to an error around 2% on the branching ratio into bot-
tom quarks. Further improvements on these values in
the future are possible, but we decided to remain conser-
vative. The error on the branching ratios follows from
simple error propagation, where theory errors are added
linearly,

�BRx =
⌅

k

����
⇤

⇤�k
BRx

���� ��k

=
1

�tot

⇥
BRx

⌅

k

��k + (1� 2BRx) ��x

⇤
. (5)

Higgs couplings — the result of an individual and si-
multaneous determination of the Higgs couplings are
shown in Fig. 1. For the LHC, we need to make an as-
sumption about the width, shown in Eq. (3). At LC250
the inclusive ZH rate gives direct access to ⇥Z at the
percent level. No assumption about the width is needed.
The simplest model for modified Higgs couplings is a

global factor⇥H , which arises through a Higgs portal [26]

Higgs couplings: expected accuracy

Klute, Lafaye, Plehn, Rauch, Zerwas ’13



Higgs to Z (or W), to leptons

big tree-level coupling
not optimal probe of new physics

2.2 Decays into electroweak gauge bosons

2.2.1 Two body decays

Above the WW and ZZ kinematical thresholds, the Higgs boson will decay mainly into pairs

of massive gauge bosons; Fig. 2.9a. The decay widths are directly proportional to the HV V

couplings given in eq. (2.2) which, as discussed in the beginning of this chapter, correspond

to the JPC = 0++ assignment of the SM Higgs boson spin and parity quantum numbers.

These are S–wave couplings, ∼ !ε1 · !ε2 in the laboratory frame, and linear in sin θ, with θ

being the angle between the Higgs and one of the vector bosons.

a)

•H V

V

•

b)

H
V

f

f̄
•

c)

H

f3

f̄4

f1

f̄2

Figure 2.9: Diagrams for the Higgs boson decays into real and/or virtual gauge bosons.

The partial width for a Higgs boson decaying into two real gauge bosons, H → V V with

V = W or Z, are given by [32, 145]

Γ(H → V V ) =
GµM3

H

16
√

2π
δV

√
1 − 4x (1 − 4x + 12x2) , x =

M2
V

M2
H

(2.27)

with δW = 2 and δZ = 1. For large enough Higgs boson masses, when the phase space factors

can be ignored, the decay width into WW bosons is two times larger than the decay width

into ZZ bosons and the branching ratios for the decays would be, respectively, 2/3 and 1/3

if no other decay channel is kinematically open.

For large Higgs masses, the vector bosons are longitudinally polarized [159]

ΓL

ΓL + ΓT
=

1 − 4x + 4x2

1 − 4x + 12x2

MH!MV−→ 1 (2.28)

while the L, T polarization states are democratically populated near the threshold, at x =

1/4. Since the longitudinal wave functions are linear in the energy, the width grows as the

third power of the Higgs mass, Γ(H → V V ) ∝ M3
H . As discussed in §1.4.1, a heavy Higgs

boson would be obese since its total decay width becomes comparable to its mass

Γ(H → WW + ZZ) ∼ 0.5 TeV [MH/1 TeV]3 (2.29)

and behaves hardly as a resonance.

82



Higgs to Diphoton in the SM

e.g.    Djouadi ’05

2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.

88

loop-level coupling – small

good probe of new physics



Higgs to Diphoton in the SM
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For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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Higgs to Diphoton in the MSSM

The virtuality of the final state gauge boson allows to kinematically open this type of decay

channels in some other cases where they were forbidden at the two–body level

H → AZ∗ → A(H)f f̄ , H → H±W±∗ → H±f f̄ ′ , H± → AW±∗ → Aff̄ ′

A → HZ∗ → Hff̄ , A → H±W±∗ → H±f f̄ ′ , H± → HW±∗ → Hff̄ ′ (2.22)

At low tan β values, the branching ratio for some of these decays, in particular H± → AW ∗,

can be sizable enough to be observable.

Finally, let us note that the direct radiative corrections to the H± → AW decays have

been calculated in Ref. [215]. They are in general small, not exceeding the 10% level, except

when the tree–level partial widths are strongly suppressed; however, the total tree–level plus

one–loop contribution in this case, is extremely small and the channels are not competitive.

The same features should in principle apply in the case of H± → hW and A → hZ decays.

2.1.3 Loop induced Higgs decays

The γγ and γZ couplings of the neutral Higgs bosons in the MSSM are mediated by charged

heavy particle loops built up by W bosons, standard fermions f and charged Higgs bosons

H± in the case of the CP–even Φ = h, H bosons and only standard fermions in the case of

the pseudoscalar Higgs boson; Fig. 2.8. If SUSY particles are light, additional contributions

will be provided by chargino χ±
i and sfermion f̃ loops in the case of the CP–even Higgs

particles and chargino loops in the case of the pseudoscalar Higgs boson.

•
h, H

W

γ(Z)

γ

• f, χ±
i

h, H, A
γ(Z)

γ

•
h, H

f̃ , H±

γ(Z)

γ

Figure 2.8: Decays of the h, H, A bosons into two photons or a photon and a Z boson.

In the case of the gluonic decays, only heavy quark loops contribute, with additional

contributions due to light squarks in the case of the CP–even Higgs bosons h and H ; Fig. 2.9.

• Q
h, H, A

g

g

•
h, H

Q̃

g

g

Figure 2.9: Loop induced decays of the neutral MSSM Higgs bosons into two gluons.

In this subsection, we will discuss only the contributions of the SM and H± particles,

postponing those of the SUSY particles, which are assumed to be heavy, to the next section.

91

Most of these give positive contributions, hence 
decrease the partial width

100-150 GeV sleptons would be an exception, but 
eventually will have LHC bounds.  Can be avoided by 
“hiding sleptons”. Still: for large enough excess, 
MSSM is disfavored for almost all parameter values!

Also: vacuum stability? (In BMSSM, automatic!)



Higgs to Diphoton in the BMSSM

ci
M2

Z
d2✓ (HuHd) TrW

↵W↵

One for SU(2), one for U(1): two parameters c1, c2

Also keep dimension 5 operator with coefficient c0

Antoniadis, Dudas, Ghilencea, Tziveloglou ’09
Heckman, Kumar, Wecht ’12

M.B., Buchberger, Ghilencea, Petersson ’12



Higgs to Diphoton in the BMSSM

One for SU(2), one for U(1): two parameters c1, c2

Also keep dimension 5 operator with coefficient c0

2.1 The on-shell Lagrangian

The calculation of the on-shell Higgs Lagrangian extended by O5 and O6 is detailed in the

appendix. The result is

L = � 1

2

h

Da
2D

a
2

⇣

1 +
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2M2
(hu · hd + h.c.)

⌘
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where m̃2
i = m2

i + |µ|2, i = u, d. For the explicit form of Da
2 Da

2 and D2
1, see eqs. (A.7), (A.8).

Eq.(2.4) contains all the information one needs to extract the corrections to the Higgs

masses and couplings. In particular, notice the presence of new, supersymmetric couplings:
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which are important below. There are also direct higgs-higgsino and higgsino-gaugino cou-

plings that can be relevant for dark matter models. From (2.4) we find the Higgs scalar

potential Vh

Vh = m̃2
d|hd|2 + m̃2

u|hu|2 � ⇥

µ B hd · hu + h.c.
⇤

+
g22
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|h†
d hu|2

h
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+
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2
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(|hd|2+ |hu|2) (hd · hu) + h.c.
i

, (g2 ⌘ g21 + g22) , (2.6)

which depends on two parameters: c0 from the e↵ective dimension 5 operator and the com-

bination (g21c1 + g22c2) from the e↵ective dimension 6 operator. Note that last term in the

first line above does not contribute to the neutral Higgs sector masses.

We also include dominant loop corrections, although they do not play the same crucial

role they do in the MSSM. In the small tan� regime and for dominant top Yukawa coupling,

the one-loop and leading two-loop correction to Vh is [21],

�Vh =
g2

8
� |hu|4 (2.7)
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Beyond the MSSM (BMSSM)

Point: there can be phenomenology that is not easy to 
describe in the MSSM

if so, may be better to add a BMSSM parameter rather 
than the 23rd MSSM parameter.



2.   Z’ and (4D version of)
Green-Schwarz anomaly cancellation

Nonminimal gauge bosons:
anomalies cancel between triangle
and additional axion couplings

Couplings are not only “finetuned”,
but axion coupling must contain 
loop factor.

Sometimes called “anomalous U(1)” 
– but there is no anomaly.

e.g.  Anastasopoulos et al ’08 

a



Z’ and (4D version of)
Green-Schwarz anomaly cancellation

In string theory, the two diagrams are limits of a single 
diagram, so relation between couplings is built in.

If this was found, would you believe in string theory?

short
long

a

e.g.  Anastasopoulos et al ’08 



Some nonminimal Z’ phenomenology

lightest stable fermion charged under Z’
is dark matter

Dudas, Heurtier, Mambrini, Zaldivar ’13

arise through renormalizable interactions, in the rest of the paper we include the more general case

where these masses arise from arbitrary Yukawas of type

�
ij

⇤(V/⇤)|Xi
L�X

j
R| ̄i

L

 j

R

+ h.c

where ⇤ is an UV cut o↵, such that |Xi

L

� Xj

R

| > 1 corresponds to non-renormalizable interactions.

For phenomenological applications, we consider here a model in which the dark matter is represented

by the lightest stable fermion  DM charged under Z 0 and uncharged under SM (the mass of dark

matter will be denoted by m
 

in what follows). The mediators  
L,R

are considered to be heavy

enough so that they have not been discovered yet in colliders. They can be integrated out so that we

have to deal with e↵ective operators, including new parameters. At the one-loop perturbative level,

mediators generate only Z 0 couplings to the SM gauge fields and the SM Higgs as represented in Fig.

1 in the case of Z 0 coupling to gluons. Indeed, in the absence of kinetic mixing, one-loop couplings to

SM fermions can be generated only if there are Yukawa couplings mixing mediators with SM fermions.

We forbid such couplings in what follows. One (clearly not unique) way of achieving this is by defining

a Z
2

parity, under which all mediator fields are odd and all SM fields are even.

In what follows we work in the unitary gauge where the axion is set to zero ✓
X

= 0. As usual, gauge

invariance allows to work in any gauge. In the Appendix we discuss the issue of gauge independence

in more details.

Figure 1: When heavy fermions are integrated out, they generate dimension-six e↵ective operators of
strength d

g

/M2.
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Standard Model neutral under Z’



Monojet phenomenology: 

Dudas, Heurtier, Mambrini, Zaldivar ’13

p p ! j  ̄DM  DM

4.4 LHC analysis through mono-jets

The model described in previous sections can be probed at the LHC. Indeed the Z 0-gluon-gluon vertex

makes possible to produce a dark matter pair out of two protons, provided a Z 0 is produced. Typical

production channels are shown in Fig. 5, where we consider a generic process:

p p ! j  ̄
DM

 
DM

(4.7)

of a proton-proton collision giving rise to 1 jet, plus missing energy (Emiss

T

).

G
G Z 0

 ̄
DM

 
DM

q q

G
G Z 0

 ̄
DM

 
DM

q q

G

G

G

Z 0

 ̄
DM

 
DM

G

G

G
Z 0

 ̄
DM

 
DM

G

G
Z 0

 ̄
DM

 
DM

G

q̄

q

Figure 5: Dark matter production processes at the LHC (at partonic level), in association with 1 jet:
p p ! j ̄

DM

 
DM

.

The monojet final state was first studied using Tevatron data [24] in the framework of e↵ective  
DM

-

quark interactions of di↵erent nature. In a similar fashion, bounds to dark matter e↵ective models

have been obtained by analyzing single-photon final states using LEP data [25]. An interesting com-

plementarity between these two approaches has been analyzed in [26]. Since then, the ATLAS and

CMS groups have taken the mono-signal analyses as an important direction in the search for dark

matter at the LHC (see [27] and [28] for the most recent results from ATLAS and CMS, respectively).

The most important background to the dark matter signal is coming from the Standard Model pro-

duction of a Z boson decaying to a neutrino pair (Z ! ⌫̄⌫), however, in the inclusive analysis other

processes like W ! `⌫ are considered as well. Other interesting and solid studies can be found in [29].

In this paper we use the monojet data coming from the CMS analysis [28], which collected events using

a center-of-mass energy of 8 TeV up to an integrated luminosity of 19.5/fb. We perform the analysis
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by looking at the distribution of the jet’s transverse momentum (pjet

T

), taking the background analysis

given in [28] and simulating on top the signal coming from our model. For the event generation we

use CalcHEP.3.4.2 [30].

A typical histogram is shown in Fig. 6, where we have used m
 

= 10 GeV, M
Z

0 = 100 GeV and7

d
g

/M2 = 10�6 as the model parameters.

200 400 600 800
1.

10.

100

1000

10000

Jet pT @GeVD

Ev
en
ts
ê25

G
eV

Figure 6: Histogram of pjet

T

corresponding to a particular choice of the model parameters (see text
for details). The signal is shown in orange. The background (green bars) and data (points) are taken
from the CMS analysis.

The results are shown in Fig. 7, where we show the exclusion power of the monojet analysis to the

model. We present the bounds for the quantity M2/d
g

as a function of the dark matter mass, for

three di↵erent values of the Z 0 mass: 100 GeV, 500 GeV and 1 TeV.

The shape and relative size of the bounds can be understood by looking at the amplitude of the

processes, which are proportional to c2m2

 

/M4

Z

0 , where the coupling c ⌘ d
g

/M2. For example, given a

M 0
Z

, for m
 

= 10 GeV the bounds are approximately 10 times weaker than those for m
 

= 100 GeV.

However, for m
 

& 1 TeV the dark matter starts to be too heavy to be easily produced out of the 4

TeV protons, given the PDF suppression of the quarks and gluons; so the DM production is close to

be kinematically closed. On the other hand, for example at m
 

= 100 GeV, the bound for M
Z

0 = 100

7We took for the figure the illustrative case |XL �XR|g2X = 1. Results other values of the coupling are obtained by
a simple rescaling of the number of events.
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Some nonminimal Z’ phenomenology

bkg+data: ATLAS-CONF-2012-147,
CMS-PAS-EXO-12-048

Constrains
coefficient to ~ 10-5



Dudas, Heurtier, Mambrini, Zaldivar ’13
Figure 4: Constraints from WMAP/PLANCK (red line) and FERMI dSphs galaxies (blue line) in the (M

2

dg
,m ) plane

for di↵erent values of gX (0.1 on the left and 1 on the right), MZ0 = 100 GeV (up) and MZ0 = 1 TeV (down). See the
text for more details.

Our results for a di↵erent set of charges are modified in a straightforward way. To keep our results as

conservative as possible, we plotted the WMAP limits 0.087 < ⌦h2 < 0.138 at 5�.

We show in Fig. 4 the parameter space allowed in the plane (M
2

dg
, m

 

) for di↵erent values of M
Z

0 and

g
X

. Points above the red lines region would lead to an overpopulation of dark matter whereas points

lying below the red lines would require additional dark matter candidates to respect PLANCK/WMAP

constraints. We can notice several, interesting features from these results. First of all, we observe

that as soon as the Z 0Z 0 final state is kinematically allowed (m
 

> M
Z

0) this annihilation channel

is the dominant one as soon as g
X

is su�ciently large (we checked that this happens for g
X

& 0.3)

and mainly independent on the dark matter mass. This is easy to understand after an inspection of
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3.Supersymmetry and flavor physics

f = fhid + fvis

W = Whid +Wvis

brane models strongly constrain soft terms: “sequestering” 
supposed to solve supersymmetry flavor problem

���

Aijk = 0 , m2
i|̄ = 0)

this simple ansatz “clears the way” for anomaly mediation

Randall, Sundrum ’98

(f = �3M2
P e

� K
3M2

P )



sequestering in Large Volume Scenario
is sensitive to certain operators:
limits on rare decays produce strong constraints on volume 
of extra dimensions

studies rare decays, e.g.                  (observed Nov 2012,
now also at CMS)

LHCb collaboration, 1211.2674

Blumenhagen, Conlon et al ’09 
M.B., Marsh, McAllister, Pajer ’10
M.B. Conlon, Marsh Witkowski ’12

Bs ! µµ

LHCb experiment

Supersymmetry and flavor physics



Sequestering is one strategy to deal with the 
flavor problem of gravity-mediated 
supersymmetry breaking.

Contributions to the effective action like from this 
string diagram can potentially affect 
sequestering.

Flavor physics in string models

Blumenhagen, Conlon et al ’09 
M.B., Marsh, McAllister, Pajer ’10

de Alwis ’12
M.B. Conlon, Marsh, Witkowski ’12

Aa
µ

Aa
µ

�j

�k

�i

Tuesday, June 26, 2012

superpotential de-sequestering
Z

d4x

Z
d2✓ �new

ij e�aTHQiqj

(important: e-aT is not allowed to 
be too small, by stability)



Flavor physics in supersymmetry

superpotential de-sequestering
Z

d4x

Z
d2✓ �new

ij e�aTHQiqj

“We will make the assumption that 
sequestering is not generic.”

Arkani-Hamed, Gupta, Kaplan, Weiner, Zorawski  ’12

Aa
µ

Aa
µ

�j

�k

�i

Tuesday, June 26, 2012

In field theory, can think of interactions in addition to 
gravity, mediated by semi-heavy scalar field (modulus)
... that can have many other implications.



“Other implications”
... e.g. axion dark radiation

in aforementioned string model (Large Volume Scenario) 
axion scales related to scale of superpartners

“Dark radiation” cosmic axion background,
detectable through axion-photon conversion in 
astrophysical magnetic fields,
maybe explain excess soft X-rays from galaxy clusters?

e.g. Conlon, Marsh ’13



Summary
• Higgs physics: Effective supersymmetry

• Nonminimal Z’ bosons

• Supersymmetry, flavor physics and naturalness

Exist phenomena that seem to not be easily captured 
by MSSM. Let’s keep an eye open!

For the future: if no direct production at LHC energies, 
do we learn enough fundamental physics at ILC?

GAMBIT project (talk to Pat Scott): Global fits.
Include BMSSM parameters?



Thank you!


