arXiv:hep-ph/0204017 v2 15 Jul 2002

LBNL-49990 UCB-PTH-02/12 hep-ph/0204017 July, 2002

CP Violation and Moduli Stabilization in Heterotic Models^1

Joel Giedt^2

Department of Physics, University of California, and Theoretical Physics Group, 50A-5101, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 USA.^3

Abstract

The role of moduli stabilization in predictions for CP violation is examined in the context of four-dimensional effective supergravity models obtained from the weakly coupled heterotic string. We point out that while stabilization of compactification moduli has been studied extensively, the determination of background values for other scalars by dynamical means has not been subjected to the same degree of scrutiny. These other complex scalars are important potential sources of CP violation and we show in a simple model how their background values (including complex phases) may be determined from the minimization of the supergravity scalar potential, subject to the constraint of vanishing cosmological constant.

1Based on a talk given at the CP Violation Conference, University of Michigan, Ann Arbor, November 4-18, 2001. 2E-Mail: JTGiedt@lbl.gov 3This work was supported in part by the Director, Office of Science, Office of High Energy and Nuclear Physics, Division of High Energy Physics of the U.S. Department of Energy under Contract DE-AC03-76SF00098 and in part by the National Science Foundation under grant PHY-0098840. Additional support was provided by the organizers of the CP Violation Conference and the University of Michigan, Ann Arbor.

Disclaimer

This document was prepared as an account of work sponsored by the United States Government. Neither the United States Government nor any agency thereof, nor The Regents of the University of California, nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial products process, or service by its trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof, or The Regents of the University of California. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof of The Regents of the University of California and shall not be used for advertising or product endorsement purposes.

Lawrence Berkeley Laboratory is an equal opportunity employer.

ii

It has been argued by Dine et al. and Choi et al. [1] that CP is a gauge symmetry in string theory and that explicit breaking is therefore forbidden both perturbatively and nonperturbatively. They have shown that this is certainly true for weakly coupled heterotic orbifolds, the principal topic of this note. Thus, we envision spontaneous CP violation through complex scalar vacuum expectation values (vevs).

Compactification Moduli. One possible source is scalar fields corresponding to compactification moduli of the six-dimensional compact space. These are Kähler moduli (denoted with a “T”) and complex structure moduli (denoted with a “U”). Ibáñez and Lüst [2] have enumerated the possibilities for Z_N and Z_M × Z_N orbifolds, based on the results of [3]:

case 1: Γ = SL(2, Z)^3_T × SL(2, Z)^n_U K = − 3∑ I=1 ln(T^I + T̄^I ) − n∑ I=1 ln(U^I + Ū^I )

n = 0 : Z_7, Z^′_8, . . . n = 1 : Z_6, Z_8, . . .

n = 3 : Z_2 × Z_2 (1) case 2: Γ = SL(2, Z)_T × SL(2, 2, Z)_T × SL(2, Z)^n_U

K = − ln(T^1 + T̄^1) − ln det(T + T̄ ) − n∑ I=1 ln(U^I + Ū^I )

T is 2 × 2, n = 0 : Z^′_6, n = 1 : Z_4 (2) case 3: Γ = SL(3, 3, Z)_T : Z_3

K = − ln det(T + T̄ ), T is 3 × 3 (3)

Γ is the target-space modular duality group. It can be seen that each case has 3 diagonal Kähler moduli (I = 1, 2, 3):

T^I ≡ T^{II} (4) which transform under an SL(2, Z)^3 subgroup of the duality group Γ:

T^I → T^{′I} = a^I T^I − ib^I ic^I T^I + d^I , a^I d^I − b^I c^I = 1, a^I , b^I, c^I , d^I ∈ Z (5)

Enforcing this symmetry on the field theory limit leads to modular invariant supergravity. This symmetry constrains the stabilization of these moduli, and hence possible CP violating phases originating from arg(T^I ) [4, 5, 6, 7].

FI induced vevs. Cancelation of the trace anomaly associated with an anomalous U(1)_X by the GS mechanism [8] leads to an FI term [9] for the D-term of U(1)_X :

D_X = ∑ i K_iq^X_i ϕ^i + ξ, ξ = g^2_H tr Q_X 192π^2 m^2_P (6)

where g_H is the unified coupling at the string scale Λ_H and m_P = 1/ √ 8πG = 2.44 × 10^{18} GeV is the reduced Planck mass. The fields ϕ^i which acquire nonvanishing vevs will be (following [5]) referred to as Xiggs fields in what follows.

In [10] it was shown that the presence of a U(1)_X factor in the gauge group G is generic for semi-realistic orbifold models. For the class of standard-like orbifolds studied there, only 7 of 175 models did not have a U(1)_X . In the semi-realistic free fermionic models [11] a U(1)_X is also generic.

In [12], the scalar potential V for SUGRA with a U(1)_X was studied for vacuum configuations satyisfying ⟨V ⟩ = ⟨∂V/∂ϕ^i⟩ = 0. Supersymmetry breaking was characterized by ⟨|W |^2⟩ = |δ|^2, ⟨K_i¯_jF^iF̄^{j̄} ⟩ = αe^{⟨K⟩}|δ|^2 (7) According to expectations, it was found that ⟨V ⟩ = ⟨∂V/∂ϕ^i⟩ = 0 together with reasonable supersymmetry breaking scale requires ⟨D_X ⟩ ∼ |δ|^2 ≪ |ξ| (8) For canonical K = ∑ i |ϕ^i|^2 and ⟨ϕ^i⟩ = v^i, ⟨D_X ⟩ = ∑ i q^X_i |v_i|^2 + ξ (9) q^X_i ∼ 1 ⇒ |v^i| ∼ √ |ξ| (10) Research in progress [13] has shown that (8,10) hold in cases more complicated than those studied in [12].

Based on (10), in [10] the U(1)_X gauge symmetry breaking scale Λ_X was defined as

Λ_X = √ |ξ| (11) For the class of models studied there it was found that for the 168 of 175 cases where ξ ≠ 0, g_H 8.00 ≤ Λ_X m_P ≤ g_H 4.63 = Λ_H m_P (12)

where Λ_H ≈ 0.216 × g_H m_P is the approximate string scale obtained in [14]. With g_H ∼ 1 we have that Λ_X ∼ 0.1 × m_P is a generic prediction.

The result of this is that nonrenormalizable operators should contribute significantly to the (effective) Yukawa couplings of the lighter quarks, since they are only down by (Λ_X /m_P )^n ∼ 10^{−n}, n > 0. Given λ_{u,d}/λ_t ∼ 10^{−5} after running to the high scale, it is difficult to believe that nonrenomalizable operators would not play a role, generically speaking. Operators with 1 ≤ n ≤ 4 would typically be present. Models with flat directions where this is not the case may be able to be found; for example, the 7 of 175 without a U(1)_X found in [10]. However, if this is not the case generically, one can take the point of view that these models do not well represent “predictions” of string theory. That is, one can argue that in the absence of a dynamical vacuum selection mechanism in string theory, one should fall back on what is generic in extracting “predictions.”

For these reasons, it was argued in [5] that FI induced vevs are more likely to be the dominant source of CP violation in string-derived models. These vevs are generically complex. Indeed, (9) is completely “phase-blind,” leading to massless pseudoscalars termed D-moduli in [12]. Efforts are underway [13] to stabilize these moduli by including various terms in V (intentionally) neglected in [12]. Until this can be achieved, there is no dynamical reason to take the phases to be real. In [12] it was demonstrated that the generic case leads to nonzero KM phase.

Relevant orders. Renormalizing to Λ_X ∼ Λ_H ∼ 10^{17} GeV, m_u m_t ∼ 10^{−5} (13)

for moderate values of tan β. But for T^I stabilized at self-dual values, we do not get such a hierarchy from trilinear Yukawas. A natural source of such a hierarchy is the scale Λ_X . I.e., nonrenomalizable superpotential couplings can give effective Yukawa couplings from Xiggs vevs. The hierarchy is generically λ_{ef f} λ_{tri} ∼ ( Λ_X m_P )_n (14)

where n counts dimensionality beyond trilinear. To get (13) we need n ≈ 5. Thus, the structure of the Yukawas requires that we consider operators of rather large dimension in order to develop predictions in a realistic theory. The smallness of m_u, m_d, m_s requires that we work well beyond leading order to make firm conclusions about, say, V_{ub} vs. experiment. Not only should we work to higher orders in the superpotential couplings, but also in the Kähler potential since Xiggs vevs could give kinetic mixing which is not that small. E.g., K ∋ k_{ijk} ⟨ϕ_i⟩u^†_j u_k , j ≠ k. Such higher order terms are not well-understood and are not protected by nonrenormalization theorems. For the latter reason we will generally need to study supergravity loop corrections to any Kähler coupling extracted from string amplitudes at the string scale.

Note that all of these effects are highly dependent on the choice of Xiggs vevs. Which flat direction do we lead our expansion about? The results of [5] seem to suggest that the degeneracy is so great that we likely have the flexibility to tune the KM phase to any value we like. String theory has provided us with an empirical framework to match experimental data, while at the same time rendering our description quantum mechanically consistent in the ultraviolet limit with gravity included. But can we do better? Can we extract predictions?

Consider what Binétruy, Gaillard and Wu (BGW) did to extract predictions for the T-moduli phase [15]. They included nonperturbative effects from the hidden sector, coupled T^I to the gaugino condensate superfield U in the Veneziano-Yankielowicz lagrangian L_{V Y} and imposed reparameterization symmetries. We must envision a similar analysis to stabilize the D-moduli if we are to stabilize them and predict Xiggs phases. The mixed anomaly

tr Q_X ≠ 0 ⇒ tr T^aT^aQ_X ≠ 0 (15)

implies Xiggs couplings through gauge interactions with the hidden sector. A study of these effects is in progress.

Phase predictions from D-moduli stabilization. This is a modification of the linear multiplet toy model of [12]. The desire is to lift vacuum degeneracy by coupling D-moduli to matter condensates of the hidden sector condensing group G_C . As just mentioned, such couplings are expected from the mixed trace anomaly matching condition tr T^aT^aQ_X ≠ 0, where T^a is a generator of G_C . The notation in what follows is defined in [12].

We continue to have K = k(L) + G(A, B, Φ, Ā, B̄, Φ̄) k(L) = ln L + g(L) G = ∑ i |A_i|^2 + ∑ i |B_i|^2 + ∑ i |Φ_i|^2 (16)

On the other hand the superpotential now takes the form W (A, B, Φ, Π) = Ŵ (A, B, Φ) + W̆ (Φ, Π) Ŵ (A, B, Φ) = λ_{ijk}A_iB_j Φ_k W̆ (Φ, Π) = c_α(Φ)Π_α (17)

The functional c_α(Φ) is left unspecified at this point. The fields Π_α are chiral superfields corresponding to hidden sector matter condensate operators.

We implement dynamical supersymmetry breaking through the form of the Veneziano-Yanki-elowicz lagrangian assumed in [15]

L_{V Y} = ∫ E 8R U [ b^′ ln(e^{K/2}U) + ∑ α b^α ln Π^α ] + h.c. (18)

where U is the chiral superfield corresponding to the hidden sector gaugino bilinear condensate operator. We have no T-moduli appearing explicitly, no threshold corrections, and the only GS term is the one required to cancel the U(1)_X anomaly. Following the BGW formulation with these simplifications one obtains for the scalar potential V = 1 2 ( 2ℓ 1 + f ) ∑ a D_aD_a + (ℓg^′ − 2) | | | b^′u 4 − e^{K/2}W | | | 2

+ | | | |e^{K/2}(Ŵ^I + W G^I ) − b^′u 4 G_I | | | | 2

+ ( 1 + ℓg^′ 16ℓ^2 ) [ (1 + 2ℓb^′)|u|^2 − ℓe^{K/2}(W ū + W̄ u) ] (19) Here, ℓ = L|, u = U|. We restrict our attention to the submanifold of the vacuum manifold where D_X is the only nonvanishing D-term, and ⟨a_i⟩ = ⟨b_i⟩ = 0, with a_i = A_i|, b_i = B_i. In this case the vacuum image of V is, after straightforward manipulations, given by V = 1 2 g^2_H D^2_X + V̂ (20)

V̂ = e^K σ^2 [ b^2_c (v^2 − 2 + ℓg^′) + ( 1 + ℓg^′ 2ℓ^2 ) (2 + 3ℓb^′ + ℓb_c) ] (21)

where we take ℓ at its vev and v_i = ⟨ϕ_i⟩, v = [∑ |v_i|^2 ]_{1/2}

D_X = ∑ i q_i|v_i|^2 + ξ, g^2_H = 2ℓ 1 + f

K = k(ℓ) + v^2, b_c = b^′ + ∑ α b^α σ = 1 4 exp [ − 1 b_cg^2_H − b^′ b_c ] ∏ α | | | 4c^α(v) b^α | | |^b α/b_c (22)

From these expressions it is not hard to work out V_i = ∂V/∂v_i:

V_i = v̄_i [ g^2_H D_X q_i + σ^2b^2_c e^K + V̂ ] + μ_iV̂ (23)

where μ_i = ∑ α b^α b_c ∂ ∂v_i ln c_α(v) (24)

Notice that all of the quantities in (23) are real except v̄_i and μ_i. Thus, the phase of v_i will be related to μ_i. We expect that this provides the necessary constraint to lift pseudoscalar D-moduli. More precisely, arg v_i = − arg μ_i mod π (25)

For minimization with vanishing cosmological constant we require V = V_i = 0, which implies V̂ ∼ −D2_X . To have low scale supersymmetry breaking we demand |D_X | ≪ 1, so from (23) |D_X | ∼ σ^2 ≪ 1. Then for v_i ≠ 0 eq. (23) implies

g^2_H D_X q_i + b^2_C σ^2e^K = O(σ^4) (26)

unless v_i <∼ σ^2. Thus the delicate cancelation of O(σ^2) terms implied by (25) can, for reasonable splittings of q_i, only be achieved for one choice of charge q_i, just as was the case in [12]. Since the term μ_iV̂ in (23) is roughly O(σ^4), the result of [12] for which q_i gets vevs v_i ≫ σ^2 is unchanged: the minimum q_i must be the set getting v_i ≫ σ^2 vevs for positive mass-squared. To conclude,

|v_i| ∼ Λ_X q_i = −q σ q_i ≠ −q q = − min{q_i}, Λ_X = √ ξ (27)

since D_X = ∑ i q_i|v_i|^2 + ξ ∼ σ^2 ≪ ξ. From (23) we have

v^2 = ξ q − b^2_C σ^2e^K q^2g^2_H

+ O(σ^4) (28)

We next suppose in (17)

c_α(v) = ∑ A c_{αA}(v), c_{αA}(v) = λ_{αA} ∏ i (v_i)^{pαiA} . (29)

Then it is easy to check that (24) yields

v_iμ_i = ∑ α b^α b_c ∑ A p^α_{iA}c_{αA}(v) ∑ A c_{αA}(v) (30)

Consequently we can rewrite the minimization constraint which follows from (23) as (exactly)

0 = |v_i|^2 [ g^2_H D_X q_i + b^2_c σ^2e^K + V̂ ] + V̂ ∑ α b^α b_c ∑ A p^α_{iA}c_{αA}(v) ∑ A c_{αA}(v) (31)

In the case where the sum in (29) has only a single term, the c_{αA}(v) cancel in (31) and no phase constraints exist. Thus, a non-monomial polynomial assumption for c_α(v) is required for phase stabilization.

As an example, consider the case of only two fields ϕ^1, ϕ^2 of charges q_1 = q_2 ≡ −q and a single matter condensate field with superpotential coupling

W̆ (ϕ, π) = c(ϕ)π, c(ϕ) = λ_1ϕ_1 + λ_2ϕ_2 (32)

We can go to U-gauge by writing ( ϕ_1(x) ϕ_2(x) ) = e^{i(θ(x)+φ+)} ( e^{iφ−} cos η e^{iφ−} sin η −e^{−iφ−} sin η e^{−iφ−} cos η ) ( d(x) h(x) + v ) (33)

where ⟨θ(x)⟩ = ⟨d(x)⟩ = ⟨h(x)⟩ = 0 and

v_1 = e^{iφ1} v cos η, v_2 = e^{iφ2} v sin η,

φ_± = 1 2 (φ_1 ± φ_2) (34)

Here, θ(x) + φ_+ is eaten by the U(1)_X vector boson, while the scalar h(x) + v acquires a Λ_X mass and fills out the massive U(1)_X vector multiplet. φ_− is the phase we would like to stabilize and d(x) is the complex scalar D-modulus field. η is the mixing angle to the mass eigenstate basis which we would also like to stabilize. It is not hard to check that (23) gives

0 = b_c(λ_1|v_1|^2 + λ_2v̄_1v_2)(−qg^2_H D_X + b^2_c σ^2e^K + V̂ ) + b^αλ_1V̂ (35)

and a similar equation with 1 ↔ 2, and then 2 conjugate equations. Manipulations on these four equations lead simply to

v_1v̄_2 v̄_1v_2 = λ̄_1λ_2 λ_1λ̄_2

⇒ φ_1 − φ_2 = 2φ_− = arg( λ_2 λ_1

) mod π (36)

It is also straightforward to check

sin^2 η = b^αV̂ (|λ_1|^2 − |λ_2|^2) + b_cv^2|λ_1|^2(−qg^2_H D_X + b_cσ^2e^K + V̂ ) 2b_cv^2|λ_2|^2(−qg^2_H D_X + b_cσ^2e^K + V̂ )

(37)

Thus d(x) is stabilized and the phase and mixing are determined. In particular, the phase φ_− is not an independent source of CP violation, but is determined by whatever mechanism determines the phases of λ_i.

If we embed this toy into a string-inspired model, the source of arg(λ_2/λ_1) would be the phase of T-moduli. For example, suppose the modular weight of π is q^I_π while for the fields ϕ_{1,2} we have q^I_{1,2}. Then treating ϕ_{1,2}, π as untwisted fields we have λ_i ∼ ∏ I [η(t^I )]^{2(qIi +qIπ −1)} (i = 1, 2) (38)

Then λ_2 λ_1 ∼ λ_i ∼ ∏ I [η(t^I )]^{2(qI2−qI1 )} (39)

From (36) we have φ_1 − φ_2 = 2 ∑ I (q^I_2 − q^I_1 ) arg(η(t^I )) mod π (40)

If ϕ_{1,2} are untwisted with different compact space SO(6) weights (H-momenta), say (1, 0, 0) and (0, 1, 0) resp., then φ_1 − φ_2 = 2 [ arg(η(t^2)) − arg(η(t^1)) ] mod π (41)

For t^1 = e^{iπ/6}, t^2 = 1, arg(η(t^1)) = −π/24, arg(η(t^2)) = 0 (42)

and hence φ_1 − φ_2 = π 12 mod π. (43)

In the case of twisted fields ϕ_1 or ϕ_2, the linear coupling in (32) implies that π is also twisted by the point group selection rule. In this case a major revision to (18) would be required because of mixing under SL(2, Z)^3_T . A mixing of π with other operators would not give the right sort of anomalous modular transformation for L_{Y V} which could be canceled by L_{GS} .

Acknowledgements The author would like to thank the organizers of the CP Violation

Conference at the University of Michigan, Ann Arbor. Their hospitality is very much appreciated and was of assistance in the preparation of this work. I would further like to express my appreciation for my fruitful collaboration with Mary K. Gaillard, and would like to acknowledge her role in the development of ideas reported here. Conversations with Brent D. Nelson, Thomas Dent and Gordon Kane also proved influential on the ideas expressed here.

This work was supported in part by the Director, Office of Science, Office of High Energy and Nuclear Physics, Division of High Energy Physics of the U.S. Department of Energy under Contract DE-AC03-76SF00098 and in part by the National Science Foundation under grant PHY- 0098840. Additional support was provided by the organizers of the CP Violation Conference and the University of Michigan, Ann Arbor.

References

[1] M. Dine, R. G. Leigh and D. A. MacIntire, Phys. Rev. Lett. 69 (1992) 2030; K. Choi, D. B.

Kaplan, A. E. Nelson, Nucl. Phys. B (1993) 515 [hep-ph/9205202].

[2] L. E. Ibañez and D. Lüst, Nucl. Phys. B 382 (1992) 305.

[3] S. Ferrara, C. Kounnas and M. Porrati, Phys. Lett. B 181 (1986) 263; M. Cvetič, J. Louis and B. A. Ovrut, Phys. Lett. B 206 (1988) 227.

[4] D. Bailin, G. V. Kraniotis and A. Love, Phys. Lett. B 357 (1995) 387; B 414 (1997) 269; B 432 (1998) 343; Nucl. Phys. B 518 (1998) 92; Phys. Lett. B 483 (2000) 425 [hep-th/0004052].

[5] J. Giedt, Nucl. Phys. B 595 (2001) 3.

[6] T. Dent, hep-th/0011294; Phys. Rev. D 64 (2001) 056005 [hep-ph/0105285]; Nucl.Phys. B623 (2002) 73 [hep-th/0110110]; PhD Thesis, Univ. of Sussex, UK, 2000.

[7] O. Lebedev, Phys. Lett. B 521 (2001) 71 [hep-th/0108218]; S. Khalil, O. Lebedev and S. Morris, hep-th/0110063; O. Lebedev and S. Morris, hep-th/0203246.

[8] M. B. Green and J. H. Schwarz, Phys. Lett. B 149 (1984) 117.

[9] M. Dine, N. Seiberg and E. Witten, Nucl. Phys. B 289 (1987) 585; J. J. Atick, L. Dixon and A. Sen, Nucl. Phys. B 292 (1987) 109; M. Dine, I. Ichinose and N. Seiberg, Nucl. Phys. B 293 (1987) 253.

[10] J. Giedt, Ann. of Phys. (N.Y.) 297 (2002) 67 [hep-th/0108244].

[11] G. B. Cleaver, A. E. Faraggi and D. V. Nanopoulos, Phys. Lett. B 455 (1999) 135; Int. J. Mod.

Phys. A 16 (2001) 425; G. B. Cleaver, A. E. Faraggi, D. V. Nanopoulos, and J. W. Walker, Mod. Phys. Lett. A 15 (2000) 1191; Nucl. Phys. B 593 (2001) 471; Nucl. Phys. B 620 (2002) 259 [hep-ph/0104091].

[12] M. K. Gaillard and J. Giedt, Phys. Lett. B 479 (2000) 308. [13] M. K. Gaillard and J. Giedt, in preparation.

[14] V. S. Kaplunovsky, Nucl. Phys. B 307 (1988) 145; Erratum B 382 (1992) 436. [15] P. Binétruy, M. K. Gaillard and Y.-Y. Wu, Nucl. Phys. B 481 (1996) 109; B 493 (1997) 27;

Phys. Lett. B 412 (1997) 288.