arXiv:hep-ph/0303036 v2 20 Nov 2003

Single Squark Production at TeV Scale γp and γe Colliders

Z.Z. Aydin, N. Karagöz^∗ and A.U. Yılmazer Ankara University, Faculty of Engineering Department of Engineering Physics 06100 Tandoğan, Ankara - Turkey

We calculate the total cross sections for squark productions at future γp and γe colliders in Rp violating MSSM. The λ^′_{ijk} couplings offer several ways of producing single squarks in photon colliders. The results are discussed and compared with those of the existing colliders.

PACS number(s) : 14.80.Ly, 12.60.Jv.

I. INTRODUCTION

Supersymmetric particles can be produced singly in the R-parity violating version of the minimal supersymmetric standard model (R/_p − M SSM ). Although the production cross section is suppressed by R/_p coupling constants the relevant processes have higher kinematical reaches compared with the case of pair (or associated) productions of superparticles through the R_p-conserving mechanisms. Also R_p violation leads to a totally different phenomenology and the detailed studies for the specific colliders (LEP2, HERA, TEVATRON) have already appeared in the literature [1].

On the other hand in recent years in addition to the existing colliders the possibilities of the realization of γe, γγ and γp colliders have been proposed and discussed in detail [2]. Colliding the beam of high energy photons produced by Compton backscattering of laser photons off linac electrons with the beam of a proton ring is the idea leading to TeV scale high luminosity γp colliders. Also γe option has been included in the conceptual design of the linear colliders such as TESLA. Physics program of the photon colliders are studied in [3]. Also search for SUSY in polarized γp collisions have been investigated in [4].

In searching the superpartners squarks (except the third generation ones) might be too heavy to be produced at HERA, LEP or TEVATRON, but sleptons are generally expected to be lighter than squarks so single slepton production would be interesting. Also pair production of sleptons via R_p conserving mechanisms might be closed kinematically. The s-channel slepton resonance production via R/_p interactions in e^+e^− collisions through e^+e^− → ν̃ → l^+l^−, and in pp̄ collisions through pp̄ → ν̃ → l^+l^−, pp̄ → l̃^+ → l^+ν have been examined in the literature [5]. In e^+p collisions at HERA squark resonance productions via e^+d^k_R → ũ^j_L (ũ^j = ũ, c̃, t̃), e^+ū^j_L → ¯d̃^k_R, (d̃^k = d̃, s̃, b̃) have been investigated in [6]. Although HERA, LEP, FERMILAB and LHC should be sufficient to check the low energy SUSY however experiments at all possible types of colliding beams would be useful to explore the new physics around the TeV scale, and hence with their additional polarization facilities future γe and γp colliders might play complementary roles to the existing accelerators.

In this letter we mainly focus on the single squark productions via R/_p − M SSM interactions at photon-proton and photon-electron collisions as an alternative to the above-mentioned s-channel resonance production.

II. SINGLE SQUARK PRODUCTION WITH AN ESCAPING NEUTRINO AT GAMMA-PROTON COLLIDERS

R_p violating superpotential terms can be written in four-component Dirac notation as

∗Abant Izzet Baysal University, Physics Department, Bolu - Turkey

L_{R/p} = λ_{[ij]k} [ ν̃_{iL}ē_{kR}e_{jL} + ẽ_{jL}ē_{kR}ν_{iL} + ẽ^⋆_{kR}(ν_{iL})^C e_{jL} − ν̃_{jL}ē_{kR}e_{iL} −ẽ_{iL}ē_{kR}ν_{jL} + ẽ^⋆_{kR}(ν_{jL})^C e_{iL} ] + λ^′_{ijk} [ ν̃_{iL}d̄_{kR}d_{jL} + d̃_{jL}d̄_{kR}ν_{iL} +d̃^⋆_{kR}(ν_{iL})^C d_{jL} − ẽ_{iL}d̄_{kR}u_{jL} − ũ_{jL}d̄_{kR}e_{iL} − d̃^⋆_{kR}(e_{iL})^C u_{jL} ] + λ^{′′}_{i[jk]}ϵ_{αβγ} [ ũ^⋆_{iRα}d̄_{kRβ}d^C_{jRγ} + d̃_{jRβ}ē_{kRγ} u^C_{iRα} + d̃^⋆_{kRγ}(u_{iRα})^C d_{jRβ} ] + h.c. (1) where i, j, k are the generation indices. In photon-proton collisions a single slepton or a single squark production is possible. Single productions of charged sleptons (stau) and sneutrinos have been considered in a previous letter [7]. Here let us examine the single squark production associated with an escaping neutrino γp → d̃^j_Rν_LX. We note that γp → d̃^j_Lν_LX is also possible from the second λ^′ term in Eq.(1). One of the relevant subprocesses, γd → d̃^j_Rν^k_L, proceeds via the s-channel d-quark, t-channel squark exchanges. The invariant amplitude in four-component Dirac notation (which could be written equally in two-component Weyl language) is

M = e_dg_eλ^′ϵ_μ(k)ū(p^′)Q^μu(p) (2)

Q^μ = 1 2 (1 − γ_5) [ ̸k+ ̸p ŝ − m^2_d γ^μ +

(p − p^′ + k^′)^μ

t̂ − m_{d̃}2 ] (3) where g_e = √ 4πα, ϵ_μ(k) is the photon polarisation, q_d is the charge factor and k, p, k^′ and p^′ are the four momenta of the photon, d-quark in the proton, squark and escaping neutrino respectively. The differential cross-section for the subprocess is given by dσ̂ dt̂ = 1 16πŝ^2

M^2 (4)

and to obtain the total cross section for the subprocess γd → d̃^j_Rν^k_L one should perform integration over t̂. The total cross-section for the main process γp → d̃^i_Rν^k_LX is obtained after the integration of σ̂ over the quark and photon distributions. For this purpose we make the following change of variables: first expressing ŝ as ŝ = x_1x_2s where ŝ = s_{γq} , s = s_{ep}, x_1 = E_γ /E_e, x_2 = E_q/E_p and furthermore calling τ = x_1x_2, x_2 = x then one obtains dx_1dx_2 = dxdτ /x. The limiting values are x_{1,max} = 0.83 in order to get rid of the background effects in the Compton backscattering, particularly e^+e^− pair production in the collision of the laser with the high energy photon in the conversion region, x_{1,min} = 0, x_{2,max} = 1, x_{2,min} =^τ_{0.83}, ŝ_{min} = m^2_{d̃}. Then we can write the total cross-section as : σ = ∫_{0.83}

m^2_{d̃} /s dτ ∫_1 τ/0.83 dx 1 x f_γ ( τ x )f_q(x)σ̂(τ s, m_ẽ) (5)

where f_q (x) is the distribution of down-quarks inside the proton [8]

f_q(x) = 0.67x^{−0.6}(1 − x^{1.5})^{4.5} (6)

and f_γ (y) is the energy spectrum of the high energy real photons (Ginzburg et.al. in ref.[2]

f_γ (y) = 1 D(κ) [ 1 − y − 1 1 − y − 4y κ(1 − y) + 4y^2 κ^2(1 − y)^2 ] (7) with y =^{Eγ}_{Ee} , κ ∼= 4.8, D(κ) ∼= 1.84,and y_{max} ∼= 0.83. Q^2 independent proton structure function used above is satisfactory for the present analysis; use of the Q^2 dependent quark distributions f(x, Q^2) does not alter the results significantly.

The current upper bounds on the relavant R/_p coupling constants are λ^′_{311} = λ^′_{312} = λ^′_{313} = 0.11 ×^{md̃}_{100GeV} [12], consequently we may look for the productions of d̃_R, s̃_R or b̃_R. The results of the numerical integration for γp → q̃_Rν_{τL}X, where q̃_R being either one of the above three down-type squarks is plotted in Fig.1.

As can be seen from the figure the total cross-section for a d̃ mass of 400 GeV is about 0.1 pb. Hence around one thousand events per running year can be seen at HERA+LC up to d̃ masses of 400 GeV. For comparison we note that for the resonant production of squarks of masses up to 200 GeV at the HERA the total cross-section is 0.1 - 1 pb (see E.Perez et.al. in ref.[6]). On the other hand, if one uses the Weizsacker-Williams approximations for the quasi-real photon distribution at the HERA machine a similar γ^∗p → d̃^i_Rν^k_LX process is possible but with an almost hundred times smaller cross-section since WW-spectrum is much softer than the real γ-spectrum. Clearly for the HERA machine resonant production of the sparticles in R-parity violating MSSM is the dominant process.

Signature: In models with R-parity violation the LSP is unstable, which leads to signatures which differ strongly from the characteristic missing energy signals in usual MSSM. In our case the produced squark (d̃,s̃ or b̃) will decay either by direct R/_p couplings into matter fermions d̃_R → τ + u (or ν_τ + d) through the same coupling λ^′_{ijk}) leading to the signals 1 lepton + 1 jet + E/_T or 1 jet + E/_T (however there are large SM backgrounds); or by cascading through MSSM to the LSP which in turn decays via R/_p: d̃^i_R → q_R + χ̃^o_1, χ̃^o_1 → τ^+dū or dd̄ν_τ leading to the signals 2 leptons + 1 jet + E/_T or 1 lepton + 3 jets + E/_T . Within MSSM it is forbidden for q̃_R to decay into charginos. These LSP decays depend on couplings λ^′ but also on the supersymmetry parameters M_2, μ and tan β (see E.Perez et.al. ibid). In the special cases involving only the operators L_iQ_jD̄_j the LSP can also dominantly decay via the radiative process χ̃^o_1 → γ + ν [9]. On the other hand the above R/_p decays of the produced squark have the following partial decay widths : Γ_{q̃R→ντL+qd} = m_{q̃} (λ^′_{313})^2 16π (8) Γ_{q̃R→τ+qu} = m_{q̃} (λ^′_{313})^2 16π (9) thus they are equal to each other.

III. SINGLE SQUARK PRODUCTION ASSOCIATING TAU LEPTON AT GAMMA-PROTON COLLIDERS

R/_p Yukawa couplings λ^′_{ijk} offer also the opportunity to produce a single squark with an associating lepton in gamma-proton collisions. The relevant subprocess γu → d̃^i_Re^{+k}_L , proceeds via the s-channel u-quark, t-cannel squark and u-channel lepton exchanges. The invariant amplitude is given as in Equ.(2), with Q^μ as,

Q^μ = 1 2 (1 − γ_5) [ e_u ̸k+ ̸p ŝ − m^2_u γ^μ + e_d

(p − p^′ + k^′)^μ t̂ − m_{d̃}^2

+ e_τ γ^μ ̸p^′− ̸k û − m^2_τ ] (10)

R/_p coupling constants λ^′_{311} = λ^′_{312} = λ^′_{313} = 0.11 ×^{md̃}_{100GeV} favor the productions of d̃_R,s̃_R or b̃_R respectively, associating the τ -lepton. Since instead of a heavy sparticle, a τ -lepton is exchanged in the u-channel the cross section for squark production becomes considerably bigger than the case analysed in the previous section. The details of the calculation is similar and taking again the simplistic Q^2 independent distribution of up-quarks inside the proton as [8] f_q (x) = 2.751x^{−0.412}(1 − x)^{2.69} (11)

the results of the numerical integration for γp → d̃^i_Rτ_LX is plotted in Fig.2. Similarly d-quark in the proton gives rise to the production γd → ũ_Rτ̃^c_LX, which contributes roughly half of the u-quark distribution, and leads to the same signature. Hence around 10^3 events per running year can be seen at HERA+LC up to d̃_R masses of 300 GeV. For single squark production at LEP and hadron colliders see [1],[5] and [9-10].

Signature: Considering leptonic τ -decay via SM- W boson to τ^− → ν_τ W → ν_τ ν_ll and also taking into account the squark decays listed above we hence point out that the signature might be 2 leptons + 1 jet + E/_T or 1 leptons + 1 jet + E/_T or 3 leptons + 2 jets + E/_T or 3 leptons + E/_T .

IV. SINGLE SQUARK PRODUCTION AT ELECTRON-PHOTON COLLIDERS

The same R/_p Yukawa couplings λ^′_{ijk} (i.e. eleventh term in Equ.(1) ) offer the opportunity to produce squarks in photon-electron collisions. One of the relevant subprocess γe → ũ_{jL}d_{kR}, proceeds via electron (left-handed) exchange in s-channel,squark exchange in the t-channel and quark (right-handed) exchange in u-channel. The invariant amplitude in two-component MSSM language is given as

M = g_eλ^′ϵ_μ(k)ψ_+(p^′)Q^μψ_−(p) (12)

Q^μ = [ e_d (k + p)_ν ŝ − m^2_e σ^νσ̄^μ + e_{t̃}

(p − p^′ + k^′)^μ t̂ − m^2_ũ + e_s (p^′ − k)_ν û − m_q^2 σ^μσ̄^ν ] (13)

where ψ_+(p^′) (ψ_−(p)) is the Weyl spinor for the right-handed quark (left-handed electron). Taking λ^′_{132} = 0.33 (present upper bound) the total cross section for the particular process γe → st̃ may be written as σ̂(ŝ, γe) = ∫_{tmax} t_{min} 1 16πŝ^2

M^2dt̂ (14)

where t_{max/min} = ( m^2_{t̃} − m^2_q 2 √ s )^2− { √ s 2 ∓ [ (s + m^2_{t̃} − m^2_q )^2 4s − m^2_{t̃}

]_{1/2}}_2 (15)

The total cross-section for e^+e^− → est̃ is given by

σ(s, e^+e^−) = 2

∫_{0.83}

m^2_{τ̃} /s f_{γ/e}(y)σ̂(ys, m_{ν̃} )dy (16)

where f_{γ/e} is the distribution of high energy real photons at a given fraction y =^{Eγ}_{Ee} . The results of numerical integration for e^+e^− → est̃ is plotted in Fig.3 for a linear collider with center-of-mass energy of 500 GeV. As can be seen from the figure around ten thousands events per running year can be observed up to t̃ masses of 275 GeV. On the other hand using the Weizsacker-Williams approximation for the photon flux the same process can also be studied at the ordinary modes of LEP2 and NLC. The relevant calculations are completely similar to the above analysis, the only difference is in taking the upper limit of the integral as unity in the Equ.(16) and the insertion of the WW distribution, which is given by f_{γ/e}(y) = α 2π [ 1 + (1 − y)^2 y ln Q^2_{max} Q^2_{min} − 2m^2_e( 1 Q^2_{min} − 1 Q^2_{max} ) ] (17)

The results of the numerical integration for the total cross section at a center of mass energy of 500 GeV is shown in Fig.(4) as a function of the sneutrino mass. The total cross section is approximately a hundred times smaller than the value obtained at the γe collider mode of NLC, and consequently the discovery mass reach for t̃ is less than 150 GeV.

Here we should note that the production of a single scalar leptoquark in γe collisions is a similar process and has been studied in some detail in a series of papers by Doncheski and Godfrey [11]. The total cross section is the same up to a trivial relabeling of the couplings. They have also taken into account the resolved photon contribution, which can surprisingly give values higher than the direct photon interactions. On the other hand the best place to produce squarks singly is an ep-collider (namely HERA) [1].

In this paper we have first investigated three different ways of producing single squarks (down-type) at TeV scale γp colliders considering R-parity violating LQD̄ interactions. In one of them the particle associating the squark is a neutrino and in the latter case it is a tau-lepton.Then single production of squarks through again LQD̄ interactions at γe mode of the NLC colliders has been discussed. For comparison, it is shown that for t̃ production the γe collider mode of a future NLC gives much higher values of the total cross section than the normal operation mode through soft WW photons. The production cross sections are functions of only sparticle mass and R/_p coupling constants, and lead to detectable signals. Polarizations of the initial photon beam [8-9], which can be accomplished relatively easily, constitute additional advantages. Our results show that γe and γp colliders can play complementary role in searching for supersymmetry in the future.

[1] H.E.Haber and G.L.Kane,Phys.Rep.C117,(1986)75

H.P.Nilles, Phys.Rep.C110,(1984)1 Perspectives on Supersymmetry, ed.by G.L.Kane, World Scientific (1998) Jonathan L.Feng et.al. preprint hep-ph/0210390 D.Choudhury and R.Raychoudhuri,Phys.Lett.B401 (1997)54 H.Abramowicz and A.Caldwell, DESY report 98-192. R.Barbier et.al. preprint hep-ph/9810232 B.Allanach et.al. preprint, hep-ph/9906224 G.Moreau, preprint hep-ph/0012156 (Ph.D thesis) J.C.Romao, preprint hep-ph/9811454 Y.Okada, preprint hep-ph/0304286 L3 Collaboration, preprint hep-ex/0011087 ALEPH Collaboration, preprint hep-ex/0011008, hep-ex/0210014 D0 Collaboration, preprint hep-ex/0207100 H1 Collaboration, DESY preprint 96-056.

[2] I.F.Ginzburg et al.,Nucl.Instrum. and Meth.205(1983)47

V.I.Telnov, Nucl.Instrum.and Meth.A294(1990)72 V.Telnov, preprint hep-ph/0001029 (to be published in Nucl.Instrum.Meth.B) I.F.Ginzburg, preprint hep-ph/0101029.

[3] Z.Z.Aydin et al.,Int.J.Mod.Phys.A 11(1996)2019 and references therine.

J.A.Grifols and R.Pascual, Phys.Lett.B135(1984)319 E.Boos et al., Phys.Lett.B273(1991)273 J.E.Cieza Montalvo and O.J.P.Eboli,Phys.Rev.D47 (1993)837 M.Nadeau and D.London,Phys.Rev.D47(1993)3742. G.Jikia,Nucl.Phys.B333,(1990)317.

[4] A.Kandemir and A.U.Yılmazer, Phys.Lett.B,208 (1998)175

A.Kandemir and A.U.Yılmazer, Nuovo Cim.A,112 (1999)597 Z.Aydin and O.Yılmaz, Europhys.Lett. 50(2000)22

[5] J.Kalinowski,preprint hep-ph/9807312

P.Richardson, preprint hep-ph/0101105 (Ph.D thesis). [6] J.Butterworth and H.Dreiner,Nucl.Phys.B397(1993)3

E.Perez, Y.Sirois and H.Dreiner, preprint, hep-ph/9703444. published in the Proc.of Workshop on Future Physics at HERA, Sept.1996 (Ed.G.Ingelman, A.De Roeck and R.Klanner) [7] Z.Z.Aydin et.al. Phys.Lett.b 515 (2001) 125-130 [8] E.Eichten et al.,Rev.of Mod.Phys.56,(1984)579

A.D.Martin and W.J.Stirling, Phys.Rev.D50(1994)6734 [9] H.Dreiner and G.G.Ross, Nucl.Phys.B365(1991)597. [10] T.Plehn, preprint, hep-ph/9809319.

[11] M.Doncheski and S.Godfrey, Phys.Rev.D49, 6220(1994)

M.Doncheski and S.Godfrey, Phys.Rev.D51, 1040 (1994) M.Doncheski and S.Godfrey, Phys.Lett.B393, 355 (1997).

[12] M.Herz, preprint, hep-ph/0301079.

FIG. 1. Production cross section of a down-squark ( d̃R, s̃R or b̃R ) as a function of its mass for HERA+LC γp collider via the process γp → d̃^i_Rν^k_LX.

FIG. 2. Production cross section of a down-squark ( d̃R, s̃R or b̃R ) as a function of its mass for HERA+LC γp collider via the process γp → d̃^i_R + τL + X.

FIG. 3. Production cross section of a stop ( t̃R ) as a function of its mass for γe mode of LC collider via the process γe → st̃.

FIG. 4. Production cross section of a stop ( t̃R ) as a function of its mass for NLC ordinary mode with WW-photons via the

process γ^∗e → st̃.

0.01

0.1

1

10

100 200 300 400 500 σ(pb)

m_{d̃R} (GeV)

√ s=1.28 TeV HERA+LC ∫ L_{γp}dt = 20 fb^{−1} / year

λ^′_{31k} = 0.11

Fig.1

0.1

1

10

100

100 200 300 400 500 σ(pb)

m_{d̃R} (GeV)

√ s=1.28 TeV HERA+LC ∫ L_{γp}dt = 20 fb^{−1} / year

λ^′_{31k} = 0.11

Fig.2

0.1

1

10

100

50 100 150 200 250 300 σ(pb)

m_{t̃R} (GeV)

√ s=500 GeV NLC ∫ L_{γe}dt = 200 fb^{−1} / year

λ^′_{132} = 0.33

Fig.3

0.01

0.1

1

10

50 100 150 200 250 300 σ(pb)

m_{t̃R} (GeV)

√ s=500 GeV NLC

γ^∗e mode with W-W photons

λ^′_{132} = 0.33

Fig.4