Beyond the Standard Model:

Searches at HERA

Gaby Rädel CEA-Saclay

for the and collaborations

Introduction Contact interactions Leptoquarks High-p_T leptons Excited fermions Conclusions

XXXVth Rencontres de Moriond electroweak interactions and unified theories 11 – 18 March 2000

Introduction to HERA

HERA: ep-collider, unique ! e p 27.5 GeV 820/920 GeV ⇒ √ s ≈ 300/320 GeV

Annual integrated luminosity:

Data samples:

year lepton √ s [GeV] ∫ L [pb^{−1}] charge /exp.

92,93 e^−p 300 0.5 94–97 e^+p 300 40 98–99 e^−p 320 15 99 e^+p 320 20 ∑ 94–sep 2000 (expect.) ≈100

G. Rädel, CEA-Saclay 1 Moriond, March 2000

Physics at HERA

• study structure of the proton in deep inelastic scattering:

p p l l^′ e q γ (Z^0, W)

current jet remnant jet

Q^2 = −q^2 = sxy x =^{Q2}_{2p·q} y =^{p·q}_{p·l} s = 4E_eE_p

M = √ xs dσ/dy|_x ∝ 1/y^2

• but hera also very well suited to search for phenomena beyond the SM, e.g.:

∘ direct production of

f^∗’s or resonant state

leptoquarks: L, B ≠ 0 dσ/dy|_x∝ (1 − y)^2 or const.

∘ indirect phenomena at large scales → distortions of sm distributions

e

q_i qj l_n LQ λ_{1i} λnj

G. Rädel, CEA-Saclay 2 Moriond, March 2000

Contact Interactions

at large scales (≫ √ s) new phenomena indirectly observable as deviations from SM

prediction

can be parametrised as contact interaction (c.i.) q q e e

tevatron lep

hera ϵ g 2 Λ^2

possible sources for c.i., e.g.: composite fermions exchange of a new heavy particle, like leptoquark, or heavy boson low scale quantum gravity effects

effective Lagrangian:

considering only vector terms:

L_V = ∑ a,b=L,R q=u,d η^q_{ab}(ē_aγ^μe_a)(q̄_bγ_μq_b)

η^q_{ab} = ϵ(g/Λ^q_{ab})^2 depend on model, ϵ = ±1 determines interference with SM g coupling strength, Λ effective mass scale)

G. Rädel, CEA-Saclay 3 Moriond, March 2000

Contact Interactions - Compositeness Scales

for compositeness models η^q_{ab} = ϵ^{g2}_{Λ2} = ±^{4π}_{Λ2}

results from ZEUS and H1 for 94-97 e^+p-data

no evidence for CI signal ⇒ set limits

•(∘) best fit for η = +(−)1 – limits at 95% C.L.

Models considered:

V V, AA, V A: vector/axial couplings U_i: parity conserving combinations X_i: same as U_i with η^{eu}_{ab} = η^{ed}_{ab}

limits range from 1.7 tev to 5 tev

G. Rädel, CEA-Saclay 4 Moriond, March 2000

− aleph − D0 − opal − L3 − H1

Contact Interactions - other models

H1 studied also other models as sources for c.i.

study compositeness of quarks in terms of quark radius by using form factors dσ dQ^2 = dσ^{SM} dQ^2 · f^2_q (Q^2)

f_q(Q^2) = 1 − 1 6 R^2_qQ^2 R_q < 1.7 · 10^{−16} cm (95% c.l.)

by exchange of a heavy LQ (M_{LQ} ≫ √s) contract propagator ⇒ four fermion interaction η_{ab} ∝ ϵ( λ M_{LQ} )^2

a, b depend on LQ type

• best limits for vector LQ coupling to u-quark: M_{LQ}/λ > O(1) tev (95% c.l.)

G. Rädel, CEA-Saclay 5 Moriond, March 2000

Contact Interactions - large extra dimensions

N. Arkani-Hamed, S. Dimopoulos, G. Dvali, Phys. Lett. B429 (1998):

• consider n very large extra dimensions of radius R → gravity is characterized in 4 + n dimensions by M^2_{P l} ∼ R^nM^{n+2}_S , where M_S ∼ O(Tev)

• possible modification of gravitational law for r < R; no experimental test in sub-millimeter range!

• graviton propagates in extra dimensions, in 4 dim. → series of “KK excitations”

• large density of KK states compensates the ∼ 1/M_{P l} coupling q, g q, g e e

G^{J=2}_n → λ/M^4_s

q, g q, g e e

→ effective CI coupling η_G =^λ_{M 4s}

H1 c.i. results interpreted in this frame:

M_S > 0.48 tev...λ = +1 0.72 tev...λ = −1 (95% c.l.)

G. Rädel, CEA-Saclay 6 Moriond, March 2000

LeptoQuarks

• Appear in many extensions to SM • Scalar or Vector colour triplet bosons • carry B, L ≠ 0 and couple to quarks and leptons

e^+

q_i qj l^+_n (ν) LQ λ_{1i} λnj e^+

q̄_j q̄_i l_n(ν)

LQ λ_{1i}

λ_{nj} in ep collisions:

produced in s-channel exchanged in u-channel

• F = 0 (e^+ + q → LQ); |F | = 2 (e^+ + q̄ → LQ)

First generation LQ’s couple to 1^{st} generation fermions only ⇒ DIS like final state, but different angular (y) distributions:

• DIS: ∼ 1/y^2 • LQ: flat or (1 − y)^2 depending on type & channel

→ search for narrow mass peak in high y events!

Buchmüller, Rückl, Wyler (BRW) model • classifies LQ’s depending on quantum numbers S^J_{L,R} and V^J_{L,R} (S, V .. scalar/vector LQ; L, R...couples to

left/right-handed fermions; J...weak isospin)

• branching ratios fixed: β_e = β(LQ → eq) = 0.5 or 1

G. Rädel, CEA-Saclay 7 Moriond, March 2000

1^{st} generation LQ’s: 1994-97 e^+

• select high Q^2 DIS

• increase signal/bg ratio by optimising y or cos θ^∗ = 1−2y cut example ⇒

no significant deviation from sm → limits

for e^+p: highest sensitivity for F = 0 LQ’s

in BRW model, for λ = √ 4πα_{em} = 0.3 scalar (vector) LQ’s excluded at 95% c.l. up to 275 (285) gev

G. Rädel, CEA-Saclay 8 Moriond, March 2000

1^{st} GENERATION LQ’s: 1998/99 e^−

preliminary results from H1 and ZEUS from 1998/99 e^−p-data

e^− in initial state → higher sensitivity to |F | = 2 LQ’s

both experiments:

M spectra compatible with NC DIS

⇒ derive limits

limits complementary to those from e^+p-data L = 14.4pb^{−1}, for |F | = 2 LQs sensitivity already better than with 1994-97 e^+ sample

For λ = 0.3: F = 2 LQ’s excluded up to 290 GeV

G. Rädel, CEA-Saclay 9 Moriond, March 2000

1^{st} GENERATION LQ’s: 1998/99 e^−

• Relax BRW model: β_e free parameter

• H1 limits extend into new β_e − M range • discovery potential for small β_e with ↗ L

G. Rädel, CEA-Saclay 10 Moriond, March 2000

FIRST LOOK AT 99 e^+ DATA

ZEUS had a first look at 18 pb^{−1} of e^+-data taken in 1999 at √ s = 320 gev

kinematics (x_{DA}, y_{DA}) reconstructed with “double angle” method (use measured scattering angles of electron and jet) M = √ xs

compare data to SM MC:

• DATA − NC DIS MC

more data coming in 2000 (already ≈ 10 pb^{−1}/exp.)

G. Rädel, CEA-Saclay 11 Moriond, March 2000

lepton flavour violating LQ’s

• LFV can be mediated by LQ’s coupling to eq and μq or τ q pairs, search in 94-97 e^+p sample

τ +jet final states, where τ → hadrons studied by H1 no τ +jet candidate compatible with LQ → limits

μ +jet final states with p^{miss}_t in calorimeter studied by H1 and ZEUS no μ +jet candidate compatible with LQ → limits

However, H1 found 5 events (0.8 exp.) with: • isolated μ with high p_t • large missing p_t • high p_t hadronic jet

Possible explanations inside SM:

• W production • inelastic γγ interactions → observed events show outstanding kinematics ← statistics of SM MC 500 × data

P^X_T = ∑ p_t of all particles except the μ

G. Rädel, CEA-Saclay 12 Moriond, March 2000

lepton flavour violation: high M LQ’s M_{LQ} ≫ √s_{ep} ⇒ σ ∝ (λ_{1i}λ_{3j} /M^2_{LQ})^2

Several indirect bounds considerably improved

G. Rädel, CEA-Saclay 13 Moriond, March 2000

Isolated Leptons

hera mode e^+p (300 gev) e^−p (320 gev) e^+p (320 gev) year 94-97 98/99 99 H1 lumi 37pb^{−1} 14pb^{−1} events observed observed (expected) (expected) H1 e 1 0 (2.4 ± 0.5) (0.37 ± 0.07) H1 μ 5 0 (0.8 ± 02) (0.14 ± 0.04) ZEUS lumi 48pb^{−1} 16pb^{−1} 18pb^{−1} events observed observed observed (expected) (expected) (expected) ZEUS e 3 2 2 (3.5 ± 0.7) (0.8 ± 0.4) (1.8 ± 0.4) ZEUS μ 0 0 4 (2.0 ± 0.4) (0.8 ± 0.1) (0.9 ± 0.1)

H1, ZEUS preliminary

in total ZEUS observes (preliminary):

e: 7 (exp. 6.1 ± 0.9) μ: 4 (exp. 3.7 ± 0.4) rate agrees with SM, μ-kinematics still under study

G. Rädel, CEA-Saclay 14 Moriond, March 2000

Excited Fermions

Excited fermions are signals for compositeness at energies O(Λ), (Λ = compositeness scale)

at HERA: single production of e^∗, ν^∗, q^∗ possible, followed by f^∗ → f(f^′) + V

p e^+

γ/Z e^∗ γ Z W e^+ ν̄

p X q e^−

W ν^∗ γ W Z ν e^−

q^′ phenomenological model of Hagiwara, Komamiya & Zeppenfeld: L_{f f} ∗ = 1 Λ · f^∗_R[fSU(2)_L + f^′U(1)_Y + f_SSU(3)_c]f_L

with: (f^∗_R, f^∗_L) doublets of SU(2)_L

f^′, f, f_S couplings to U(1), SU(2), SU(3) bosons

Search for fermion-boson resonance signatures: e + γ, e + jets, e + p^{miss}_t , γ + p^{miss}_t

G. Rädel, CEA-Saclay 15 Moriond, March 2000

LIMITS ON e^∗ No evidence for a resonance peak observed limits are set on f/Λ, assuming |f| = |f^′|

f/Λ = 1/M(e^∗) > 229GeV at 95% CL HERA limits: M(e^∗) > √ s_{LEP} ⇒ competitive

G. Rädel, CEA-Saclay 16 Moriond, March 2000

LIMITS ON ν^∗

σ(e^−p → ν^∗X) ≈ 100 σ(e^+p → ν^∗X) ⇒ better sensitivity for ν^∗ with 16 pb^{−1} e^−pdata, than for full e^+p sample!

ν^∗ → νγ assumes f = −f^′ f/Λ = 1/M(ν^∗) → M(ν^∗) > 161GeV, 95% CL limits extend beyond LEP kinematical lim- its

G. Rädel, CEA-Saclay 17 Moriond, March 2000

R-parity violating SUSY

• resonant q̃ production in /R_p susy

/R_p part of superpotential: W_{/Rp} = λ_{ijk}L_iL_jĒ_k + λ^′_{ijk}L_iQ_jD̄_k + λ^{′′}_{ijk}Ū_iD̄_jD̄_k ⇒ single production of sfermions e^+ probes mainly λ^′_{1j1} couplings: e^+d → ũ_L, c̃_L, t̃_L σ(ep → ũ^j_L) ∝ λ^′_{1j1}^2 • /R_p decays: ⇒ cf leptoquarks

final state: high-p_t e(ν)+ jet, with dσ/dy|_x ∝ const.

• Gauge decays:

/R_p ⇒ LSP (χ^0_1) unstable, assume m_{q̃} < m_{g̃} (q̃ ↛ q + g̃)

G. Rädel, CEA-Saclay 18 Moriond, March 2000

Limits on λ′1j1 for /Rp squarks

• H1 & ZEUS search for eq, e^± + jets topologies • no deviation from SM found ⇒ channels combined for rejection limits, which depend on MSSM parameters via masses and mixtures of χ^0_i , χ^+_j

• ZEUS:

LSP is pure γ̃ – β_{eq} + β_{γ̃q} = 1 • H1: LSP dominated by γ̃, Z̃

• for given M_χ0_1 better sensitivity if χ^0_1 ≃ γ̃ • limits improve with larger M_χ0_1 (better ϵ) • M_{q̃}(λ^′ ≃ 0.3) > 260 gev; M_{q̃}(λ^′ = 0.03) > 175 gev • comparable/better λ^′_{121}, λ^′_{131} sensitivity than indirect limits (APV)

G. Rädel, CEA-Saclay 19 Moriond, March 2000

Conclusions and Outlook

no evidence for new physics was observed in ≈ 2 × 40 pb^{−1} of e^+p-data in the searches for excited fermions, leptoquarks, and contact interactions (and /R_p susy)

preliminary analysis of ≈ 15 pb^{−1} of e^−p data showed no evidence for LQ signal

models of lq, f^∗, c.i. have been constrained & compared to other experiments:

new limits on lq’s are competitive with lep and TeVatron results still discovery potential, e.g. for 1^{st} generation lq’s with low β(lq → eq), lfv lq’s, contact interactions and f^∗ with M_f ∗ > √ s_{LEP} zeus had first look at 18 pb^{−1} of √ s =320 gev positron data;

30 pb^{−1}/exp. will be taken in 2000

septembre 2000 - summer 2001 shutdown for lumi upgrade

after summer 2001: 170 pb^{−1}/year ⇒ 1 fb^{−1} until 2005 polarised e-beam

G. Rädel, CEA-Saclay 20 Moriond, March 2000