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Outline

Effective operators from new physics

integrating out heavy states : - higher-dimensional

- higher-derivative operators (hdo)

SUSY hdo: - 2-derivative description

- SUSY breaking

Higher-dim + hdo in MSSM: - generation from heavy fields

- classification of dim 5

- physical consequences
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Effective operators from new physics

- Low-energy physics is described by local interactions of dimension ≤ 4

renormalizable QFT → predictive power

- However at energies lower than masses of heavy particles

some interactions may look non-renormalizable

e.g. four-fermion Fermi interactions

- Unknown new physics in the multi-TeV range parametrized by:

local effective operators O i
n of dim (4 + n)

Leff = LStandard Model +
∑

i

c i
n

Mn
O i

n E << M

M not far from the electroweak scale =>

lowest-dim operators O i
n can affect significantly the low energy physics
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Integrating out heavy fields => two types of higher-dim effective operators

- with two (or less) derivatives

from tree-level exchanges of massive states

|(∂µ − Z ′
µ)H|2 − M2

2
Z ′

µZ ′
µ → 1

M2
(H†∂µH)2

iψ̄γµDµψ −
M2

2
Z ′

µZ ′
µ → 1

M2
(ψ̄γµψ)2

- higher-derivative operators (hdo) generated by:

• mixing with heavy states

• string theory DBI action, α′/loop corrections
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L =
1

2
(∂φ)2 − λ1φ

4

4
+

1

2
(∂χ)2 + c(∂φ)(∂χ)− M2χ2

2
− λ2φ

2χ2

2

Integrate out the massive field χ =>

L =
1

2
(∂φ)2 − λ1φ

4

4
+

c2

2
�φ

1

M2 + � + λ2φ2
�φ

→ c2

M2
(�φ)2
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SUSY hdo

General 2-derivative SUSY lagrangian: 3 functions of chiral superfields φi

1 real: Kähler potential K

2 analytic: superpotential W , gauge kinetic function f

Lsusy =

∫
d4θK (φ†i e

V , φi ) +

∫
d2θ

[
W (φi ) + fab(φi )WaWb

]
+ h.c.

chiral gauge superfield W ∼ D̄2DV

Higher-dimensional operators: encoded in power expansions

K = φ†i e
Vφi +

(
c i
jk

M
φ†i e

Vφjφk + h.c.

)
+ · · ·

W = λijkφ
iφjφk +

cijkl

M
φiφjφkφl + · · · fab(φi ) = δab +

fabi

M
φi + · · ·

the first terms in the rhs are renormalizable
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hdo operators

- hdo in the superpotential

(a)
λij

M

∫
d2θΦi�Φj ∼

λij

M

∫
d4θΦiD

2Φj

↖
D̄2D2

- hdo in the Kähler potential

(b)
kij

M2

∫
d4θΦ†i �Φj ,

kijk

M2

∫
d4θΦ†i ΦjD

2Φk , · · ·

In components: Φ = z +
√

2θψ + θ2F

(a) contains ψ�ψ , F�z

(b) contains |�z |2 , ψ̄∂�ψ , F̄�F

=> higher-derivative kinetic terms → propagating auxiliary fields
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Example

L =

∫
d4θ

(
Φ†Φ +χ†χ

)
+

∫
d2θ

(
mΦχ +

M

2
χ2

)
+ h.c.

Integrate out the heavy field χ :

L =

∫
d4θ

[(
1 +

m2

M2

)
Φ†Φ +

m2

M4
Φ†�Φ + · · ·

]

−
∫

d2θ

(
m2

2M
Φ2 +

m2

2M3
Φ�Φ

)
+ h.c.
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Reformulate SUSY theories with hdo in terms of two-derivatives:

coupling to gravity much simpler →

SUSY breaking via gravity easier to study

coupling to a SUSY breaking sector

can be studied by standard methods

theories with hdo : ghost (super)fields

is the theory sick ?

no, if treated as effective at energies E � M
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hdo in the superpotential

L =

∫
d4θΦ†Φ +

∫
d2θ

(
±
√
ξΦ�Φ +

m

2
Φ2 +

λ

3
Φ3

)
+ h.c.

=> one particle + one ghost with masses:

m2
1 ' m2 , m2

2 '
1

4ξ
← of order the cutoff

L =
∫

d4θ
[
Φ†1Φ1−Φ†2Φ2

]
+
∫

d2θ
[

1
2mkpΦkΦp + 1

3 λkplΦkΦpΦl

]
+ h.c.

(
Φ√

ξ D̄2Φ†

)
=

(
a1 a2

b1 b2

)(
Φ1

Φ2

)
↗

unitary matrix
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Can hdo trigger SUSY breaking?

scalar potential not positive definite:

V =
∑

particles

|Fi |2 −
∑

ghosts

|Fj |2

No if SUSY is unbroken in the absence of hdo

SUSY minima are stable but V could vanish with SUSY broken

However SUSY� may be trivial without hdo

decoupled in a non-interacting sector
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Higher-dim + hdo in MSSM

Generation from heavy fields

• Higher-dim operators: via interactions with heavy (super)fields

Example: singlet coupled to higsses in MSSM

Strumia ’99 ; Brignole-Casas-Espinosa-Navarro ’03

Dine-Seiberg-Thomas ’07

W = λσH1H2+Mσ2 → Weff =
λ2

M
(H1H2)

2

=> can raise the Higgs mass in MSSM ?

• hdo operators: via mixing with heavy fields
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MSSM: Higgs mixing with heavy doublets∫
d4θ

3,4∑
i=1,2

H†
i Hi+

(
c1H

†
1H3 + c2H

†
2H4 + h.c.

)
+

∫
d2θ (µH1H2 + MH3H4) +h.c.

µ << M neglecting gauge interactions :∫
d4θ

(
H†

1H1 + H†
2H2 +

c2
1

M2
H†

1�H1 +
c2
2

M2
H†

2�H2

)

+

∫
d2θ (µH1H2 +

c1c2

M
H1�H2) +h.c.

↗
dominant at low energy

↘
1

M

∫
d4θ

(
H2e

−V D2eV H1 + h.c.
)

↗ ↗
gauge interactions
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Low-energy supersymmetry: main target of LHC

Quantum corrections in MSSM:

important to reconcile the tree-level relation mh ≤ mZ

with the experimental limit mh >∼ 114 GeV

Higher-dim / hdo operators: can also affect low-energy predictions

masses, couplings, interactions, . . .

→ classification of dim-5 (R-parity conserving):

L = LMSSM + L(5)

I. Antoniadis (CERN) 14 / 21



LMSSM =

∫
d4θ

(
Z1 H†

1 eV H1 + Z2 H2 e−V H†
2

)
+ gauge + matter

+

∫
d2θ

(
Q λU U H2 − Q λD D H1 − LλE E H1 + µH1H2

)
+ h.c.

soft terms: Zi (S ,S
†), λU,D,E (S), µ(S) spurion S ≡ mS θ

2

L(5) =
1

M

∫
d2θ

[
Q U TQ Q D + Q U TL LE + λH(H1H2)

2
]
+ h.c .

+
1

M

∫
d4θ

[
H†

1 eV Q YU U + Q YD D e−V H†
2 + LYE E e−V H†

2

+ADα
(
B H2 e−V

)
Dα

(
C eV H1

)
+ h.c .

]
TQ,L(S), λH(S), YU,D,E (S ,S†), A(S ,S†), B(S ,S†), C (S ,S†)

T ,Y dangerous FCNC => simple ansatz for their absence:

TQ = tQ(S) λU ⊗ λD TL = tL(S) λU ⊗ λE

λF (S) = (1 + AFS)λF YF = yF (S ,S†)λF F : U,D,E
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Field redefinitions => remove redundancy

H1 → H1 −
1

M
D

2
[
∆1e

−V H†
2

]
+

1

M
Q ρU U ∆i (S ,S

†) , ρU,D,E (S)

H2 → H2 −
1

M
D

2
[
∆2 H†

1 eV
]

+
1

M
Q ρD D +

1

M
L ρE E

=> TQ , TL, A, B, C = 0 YF = yF (S†)λF F : U,D,E

L(5)
F ∼ (η1 + η2S) (H1H2)

2

L(5)
D ∼ (yU + zUS†) H†

1 eV Q λU U + (yD + zDS†) Q λD D e−V H†
2

+ (yE + zES†) LλE E e−V H†
2 + h.c.
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Physical consequences: Higgs potential

Higgs mass & potential: not important effect

perturbativity of L(5) => only η2 can change the tree-level upper bound

mh ≤ mZ marginally when mA ' mZ

VHiggs = m2
1|h1|2 + m2

2|h2|2 + Bµ(h1h2 + h.c.) +
g2

8

(
|h1|2 − |h2|2

)2
+
(
|h1|2 + |h2|2

)
(η1h1h2 + h.c.) +

1

2

[
η2(h1h2)

2 + h.c.
]

+
(
|h1|2 − |h2|2

)
(η3h1h2 + h.c.)

g2 = g2
2 + g2

Y η3: hdo operator (can be eliminated by field redefinitions)

m2
h + m2

H = m2
A + m2

Z + 2η1v
2 sin 2β + η2v

2 v1 = v cosβ, v2 = v sinβ
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large tanβ expansion: m2
h −m2

Z =
4m2

Av2

m2
A −m2

Z

(η1 − η3)

tanβ
+ · · ·

can be made positive but breaks perturbative expansion in 1/M

requiring η-corrections to be smaller than MSSM mass matrix elements =>

η1,3 cannot change the tree-level bound mh ≤ mZ

η2 can change marginally:

m2
h −m2

Z

m2
Z

'


16% for mA = mZ (mh ≤ 105 GeV)

0.002% for mA ' 1.5mZ

=>

quantum corrections are still needed for mh >∼ 114 GeV
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Physical consequences: New couplings from L(5)
D

zF O(mS
M ):

‘wrong Higgs’ Yukawas: H1 ↔ H†
2 => Martin ’99 ; Haber-Mason ’07

tanβ enhancement of Higgs decays into bottom quarks

also in MSSM at 1-loop integrating out ‘heavy’ squarks

→ double suppression: δλb ∼ O(
m2

S
M2 )× loop factor

mb = v cos β√
2

(λb + δλb + ∆λb tanβ) ∆λb : zB

Higgs - sfermion quartic interactions h†1h
†
2 (squark)2

suppressed by (Yukawa)2

If FCNC ansatz is relaxed for the 3rd generation =>

‘wrong Higgs’ - gaugino - higgsino coupling hi − h̃i − g̃

‘wrong Higgs’ A-terms
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yF :

4 pt contact interactions: f − f − f̃ − f̃ =>

squark production enhancement for the 3rd generation

Aqq→q̃q̃ ∼
g2
3√
s

+
ytyb

M

MSSM contribution decreases with s while correction is constant

higher point gauge interactions: A− h̃− f − f̃ , A2− h†− h̃− f − f̃

g̃ − h̃ − f̃ − f̃ , g̃ − h† − f − f̃ , · · ·
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Conclusions

Effective actions with higher-dim/hdo:

appropriate tools to parametrize our ignorance about new physics

hdo can be rewritten as standard two-derivatives

ghosts artifact of the truncation in derivative expansion

General analysis of their effects in MSSM =>

classification of dim 5 (R-parity conserving):

- (spurion dependent) field redefinitions to remove redundancy

- no significant effects to the Higgs mass

- additional couplings can be important

e.g. enhancement of squark production & Higgs decays into b-quarks

Same method can be applied to other cases
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