2F, 4F AND ALL THAT

Giampiero PASSARINO^{ab}, CERN March 12, 1999

a Dipartimento di Fisica Teorica, Università di Torino, Torino, Italy b INFN, Sezione di Torino, Torino, Italy

Summary

Why are we here if our MC doesn’t start with K?

ffl Introduction to the problem. ffl What is available and what is not.

PROTOTYPE of comparisons for 2F calculations can be found in hep-ph/9902452, D. Bardin, M. Grünewald and G. P., based on TOPAZ0 versus ZFITTER

This is LEP 1 with a particular emphasis on demanding the FOLLOWING CRITERIA:

• Comparisons, after any upgrading, should be consistently better than what they where in earlier studies.

• AT THE PEAK all relative deviations among TOTAL CROSS- SECTIONS and absolute deviations among ASYMMETRIES should be below 0.1 per-mill .

• AT THE WINGS, typically √ s = M^2_Z ± 1.8 GeV, they should be below 0.3 per-mill .

A new 2F comparison for LEP 2 energies, upgrading the one performed in F. Boudjema et al., Report of the Workshop in Physics at LEP2, must be started

TH problems and EXP questions:

• I/F INTERFERENCE is currently treated dubiously by the experiments: The MC used to extrapolate for efficiency and possibly acceptance do not contain I/F interference (eg, KO- RALZ in multiphoton mode). Thus extrapolated and quoted results somehow miss I/F interference. TOPAZ0 and ZFITTER will extend their comparison to LEP 2 ( + activity of Zeuthen group)

• There is a claim of some serious discrepancy between KORAL

/ TOPAZ0 / ZFITTER in σ_{int}, A^{int}_{FB} at M^2_Z − 3 ≤

√ s ≤ M^2_Z + 3 GeV for muons. The same applies at LEP 2. It has to do with exponentiation of ISR ⊗ FSR

• ISPP is the less satisfactory ingredient among all radiative corrections. What we have now is KKKS or JMS.

The total hadronic cross section is the sum of the two fermion cross-section plus σ(qqX)

Its is therefore an inclusive measurement of hadron production in e^+e^−-annihilation in which production thresholds can be seen, e.g. W -pair production with at least one of the W bosons decaying hadronically, or ZZ or other background

COMMENT: The following result is obtained with codes which are based on the CC03 or NC02, double-resonant , approximation. Our goal will be the perfect definition of σ(qqX).

What has been done so far in the Experimental Collaborations?

• Hadronic events are selected based on FS particle multiplicity in the detector, so both

• genuine high energy qq events,

• radiative returns and

• 4F hadronic events

are selected for the hadronic lineshape

This gives the total sample : the background is subtracted on a MC basis, using CC03 W W → all, and NC02 ZZ → all and hadronic two-photon collisions. After making a cut for non-radiative events, the hadronic cross-section at √ s = 161.3 Gev is 35.3 pb (s^′/s > 0.8). The principal background is an estimated 2.6 pb arising from 4F events.

Clearly the above strategy is good enough so far, but wrong in principle

The interplay between 2F and 4F FS in e^+e^− annihilation at LEP 2.

There are several components in the radiative corrections to fermion pair production : the less satisfactory, from a theoretical point of view, is IS (or FS) fermion-pair production .

For definiteness consider e^+e^− → bb with radiation of an e^+e^− pair

The background is therefore represented by the full 4F process the so called NC48 process, which is built from 48 Feynman diagrams .

For studies around the Z resonance we only included pairs from initial state and a cut was selected so that M(bb) > 0.25 s.

Therefore, the z_{min} cut is on the Q^2 of the primary pair . We don’t know what to do if somebody wants to cut in q^2 of the secondary pair (e^+e^−).

At LEP2 energies or higher we need a more precise separation between

• radiative corrections to 2F production and

• real 4F events

e^− e^+ γ, Z

b b

γ e^+ e^−

We will denote the evaluation of any one-loop corrected cross section, e.g. e^+e^− → bb as a 2F calculation . A typical example, IS pair production, is shown in figure

By 4F calculation we mean the tree level evaluation, e.g. e^+e^− → bbe^+e^−.

• We note that the soft pairs γ^∗ → e^+e^− are divergent in the limit of zero e^+e^− invariant mass and therefore any simulation of very soft pairs with MASSLESS 4F calculations is bound to produce wrong results.

γ, Z

e^− e^+

f f

Therefore we may ask the question:

is a massive 4F calculation enough? No, because if pairs are soft enough (e^+e^− pairs down to M(e^+e^−) = 2 m_e)

• then we must include VIRTUAL PAIRS as well, as shown for instance in figure.

Are soft+virtual I/F pairs in a 2F calculation enough?

No upper cut is imposed on the invariant mass M(e^+e^−), so that all pairs compatible with the request M(bb) > some thresholds are accepted.

Thus there is more than S+V I/F PAIRS , there are many topologies for H pairs and some of them requires a finite m_e also for H pairs. Indeed in NC48 there are MULTI-PERIPHERAL diagrams which diverge for m_e → 0.

σ(qqX) requires

A Include VIRTUAL+SOFT (up to some invariant mass Δ) I/F state pairs with a complete 2F process calculation.

B The contributions to e^+e^− → bbe^+e^− not in [A] are then included with a constraint on M(bb), but with no further restriction on M(e^+e^−), with a complete (i.e. fully massive) 4F calculation.

C The contributions to e^+e^− → bbe^+e^− that are already contained in [A], are included with M(e^+e^−) > Δ.

STEP B REQUIRES EVALUATION OF THE FOLLOWING 4F PROCESSES

– FULLY HADRONIC, with at least one invariant mass passing the cut, i.e.

1. All CC11 processes, like ducs and flavor permutations 2. All NC32 processes, like ssuu, etc. 3. All Mix43 processes, like duud, etc. 4. All NC64 processes, like uuuu, etc.

– SEMI-LEPTONIC, with M(q_jq_i) passing the cut, i.e.

1. All CC11 processes, like μ^−ν_μud, etc. 2. The CC20 process, e^−(e^+)ν_e(ν_e)u(u)d(d). 3. All NC24 processes, like uuμ^+μ^−, etc. 4. All NC19 processes, like uuν_eν_e, etc. 5. All NC48 processes, like uue^+e^−, etc.

• TO SUMMARIZE: around the Z resonance the rate for Real and Virtual radiation is known and included in the existing calculations.

• Both are enhanced by large logarithms but they cancel to a large extent, leading to a small contribution to the inclusive decay rates.

The complete evaluation of σ(qqX) would be relatively easy if we could separate sub-classes of diagrams, e.g. primary from secondary production.

For that it is necessary that the INTERFERENCE between them be zero , or very small or, at least non-singular

• In the limit of massless fermions, singularities will arise from

1. s-channel γ(g) 2. t-channel γ with outgoing e^± lost in the beam pipe.

This consideration suggests the appropriate strategy:

• EVERYTHING should be included

• classes of diagrams showing a MASS SINGULARITY must be included through some analytical calculation which also accounts for O(α^2) virtual radiation.

• All INTERFERENCES exhibiting mass singularities belong to this category

• The rest, including most of the interferences, are accounted for by some (numerical) massless 4F calculation

In order to identify mass singular contributions we are guided by IR power-counting , which is further simplified by recalling that a cross section is a sum of cut diagrams.

EXAMPLES OF IR POWER-COUNTING

1. A TRIVIAL ONE

q p_+

p_− q_+

q_− • Propagators are:

q^2 (q_+p_−)^2 + m^2 = q^2 + 2 p_− · q ∼ 2 p_− · q (q_−p_+)^2 + m^2 = q^2 − 2 p_− · q− ∼ 2 p_+ · q (q_+p_− − q_+)^2 + M^2_V = q^2 − t + M^2_V + 2 (p_− − q_−) · q

• behaving as

Z_d4_q

q^4

, IR divergent

Z_d4_q

q^5

, for t = M_V = 0.

Connection with Bhabha through K-diagrams

q p_+

p_− p_+

p_−

2. SINGLE PHOTON EMISSION

q q Q

Q + q

• For IR power-counting the behavior is

= Z_{d4Qd4q 1} (q^2 + m^2)^2 δ(Q^2)δ((Q + q)^2 + m^2)δ((q + p)^2 + m^2), ∼ Z_{d4q δ(q2 + m2) δ((q + p)2 + m2)} Z_d3_Q Q 1 (Q · q)^2 , ∼ Z_{dQ} Q , IR singular

Only the sum over all cuts is IR save

3. (Virtual) PAIR RADIATION

m_1 m_2

• This O(α^2) correction to the fermion form factor from the vacuum polarization is obtained from the O(α) result by replacing

δ_{μν} q^2 → δ_{μα} q^2

(q^2δ_{αβ} − q_αq_β ) α π Π(q^2) δ_{βν} q^2 , Π(q^2) = q^2

Z_∞

4m^2 dτ τ R(τ) q^2 + τ − i ε

• exchanging order of integration we obtain α π Z_∞

4m^2 dτ τ α π F (q^2, τ)

• where F is the vertex correction due to the exchange of a boson of mass √ τ. Therefore, NO IR divergence arise, but the result will be nevertheless singular in the limit m_2 → 0. The four-particle cut must be added.

4. (Real) PAIR RADIATION

m_1 m_2

• Let q the momentum of the internal loop, then the result is proportional to

∼ 1 q^4 I_{μν} I_{μν} = − π 2 q^2 q_{λ(−q2, m2, m2) θ(−q2 − 4m2)θ(q0) (q2δμν − qμqν)}

• the q_μq_ν part may be dropped because of gauge invariance

• NO IR divergence but the result is, again, singular for m_2 → 0.

5. If a diagram contains a subpart

γ Z

• we get

1 q^2(q^2 + M^2_Z ) √ λ q^2 q^2δ_{μν}

• which is finite in the limit m_2 → 0, or ≡ the interference between γ-radiated and Z-radiated secondary pairs has no mass singularity

A SUMMARY of the present status

• FS radiation is treated complementary to IS radiation, NO interference term is included which is justified

• as long as the (dominant) QED reactions are considered and

• axial vector couplings from neutral currents are ignored

On TOP of the Z resonance the interference is indeed vanishing small at O(α)

• One expects the same at O(α^2).

• However well above the resonance the interference may well contribute

• It is known that the interference between primary and secondary quark production is NOT enhanced. But

• What about the I/F interference? It looks like there are mass singularities

To be more specific, let us consider e^+e^− → qqμ^+μ^−, the so called NC24, i.e. 3 ⊗ 8 diagrams, C for Conversion, A_q for primary qq production and A_μ for secondary qq production:

e^+

e^−

Z/γ Z/γ q q

μ^+ μ^− C

e^− e^+ γ, Z q q q

γ/Z μ^+ μ^− + e^− e^+ γ, Z

q q q γ/Z μ^+ μ^− A_q

e^− e^+ γ, Z μ^− μ^+ μ^−

γ/Z q q + e^− e^+ γ, Z

μ^+ μ^+ μ^− γ/Z q q A_μ

In general we require M^2(qq) ≥ s_0. The following happens: • |C|^2 is IS PP, known • |A_q|^2 is FS PP, known

What about INTERFERENCE ? Few things are obviously known:

• C ⊗ A_q when one μ-pair is γ-radiated and the other is Zradiated is non-singular • |A_μ|^2 is never singular because of the cut

It remains the interference (C ⊕ A_q) ⊗ A_μ and C ⊗ A_q with QED reactions. Here we know that:

• A_q ⊗ A_μ induced by the vector (em or neutral) current vanishes, • induced by axial vector is different from zero but NOT mass-singular

NEXT level is represented by e^+e^− → QQqq, Q ≠ q, with primary Q and secondary q. There are 8 additional annihilation diagrams with gluons Interference terms are of two types:

1. CONTAINS

γ/Z g

• vanishes because ∝ Trλ^a

2. CONTAINS

• If one of the gluons is replaced by γ/Z the interference is zero

• Since the one loop vertex V = γ/Z → gg ∝ δ^{ab} a_V with a_γ = 0 and a_Z = I^3_f /(2 s_θc_θ), we have:

• V = γ does not contribute

• V = Z, for fixed Q, q = u and q = d will cancel in the total, but for q = b

Even more complicated is the case Q = q. For each diagram we have 4 permutations and the interference terms are obtained by cutting the following diagrams

+ . . .

• For the SINGLET part the four-parton cut is computed (the one in common with QQqq)

• The NON-SINGLET part for QQqq is also computed

• What about the NON-SINGLET part for qqqq?

• It is included in the classical result for the O(α^2_S) NS, however, it is not known how to separate the four-quark states from the associated virtual corrections

There are other types of mass-singularities, those associated with t-channel photons. Example is e^+e^− → e^+e^−qq, the NC48 multi-peripheral (MP) diagrams.

• For q = b at 200 GeV the double-resonant approximation e^+e^− → ZZ → e^+e^−bb is about 10^{−2} pb, while the total MP is about 1 pb, compared with a σ_{had} of about 80 − 90 pb.

• This is easy-to-handle from an experimental point of view.

It is cause by hadronic two-photon collisions, where the bb system is created by the two photons radiated by e^+e^−. Thus the bulk of the cross-section is around 10 GeV invariant bb mass and will Not materialize into many particles

• However , particle multiplicity in the detector is not directly accessible when one deals with partons.

The Final example will the the famous CC20: events of the type e^+e^− → ud, ⊕ one electron (in the beam pipe) and a neutrino. They Cannot be excluded from the hadronic lineshape . CC20 is a box full of snakes

How CC20 enters into σ_{had}? There are two regimes:

• Large angle =⇒ included with a massless MC

• outgoing e^−(e^+) within a narrow cone around the beam axis

• The CC20 process at small angles is mostly something like

X q X = ν + u + d

Singularities in CC20

• outgoing e^−(e^+) within a narrow cone around the beam axis.

Best seen within an (improved) Weizsäcker-Williams - approximation (WW )for the inside cone and for the subset of diagrams which are mass-singular in the limit of zero scattering angle, i.e. those with topology:

q_− p̂_−

The WW-approximation is defined by: Z_{dΦ3 L̂μν Ŵμν =⇒ − Ŵ1(0, ŷ) fγ (Q̂2, ŷ, x−)} Ŵ_1(0, ŷ) = −1 2 Z_{dΦ3 Ŵμμ(0, ŷ)} • Ŵ_1 is therefore ∝ the cross-section for e^+γ → e^+ud (everything massless)

• f_γ is the photon flux-function , which in the presence of ISR reads

f_γ = −m^2 (1 + x_− + 2 1 − x_− ŷ ) + Q̂^2 (1 − 2 ŷ + 2 ŷ^2 )

Therefore the Q̂^2 integration can be performed analytically.

The integrand is the sum of two terms ∝

1 Q̂2 → ln Q̂2_c Q̂2_0 , m^2 Q̂4 → m^2 Q̂2_0 + . . .

The result contains the usual logarithmic enhancement but also the constant term

For M_X = 0, i.e. massless quarks and no cut on M(du), =⇒ q^2 CROSSES ZERO even for finite m_e, giving some non-integrable singularity.

• Once a cut on M(du) is imposed we will have two MP diagrams

+ crossed

When q^2 = 0 ≡ e^− lost in the beam pipe and the (massless) u-quark is emitted ‖ to the (quasi-real) γ =⇒ the internal quark propagator will blow up.

• massive quarks =⇒ ln m^2_e ln m^2_q

• massless quarks =⇒ ln^2 m^2_e

• angular cut =⇒ ln m^2_e ln θ_c

A SUMMARY OF QUESTIONS

• EXPERIMENTAL guidance is needed to separate signal from background, e.g. we need to know how Pair Production is defined:

1. cut on PRIMARY PAIR? 2. cut on SECONDARY PAIR?

• Is there a realistic support for a combined 2F/4F generator?

If so a detailed list of requested performances MUST be produced. The possibility to separate the contributions that are regarded as either signal or background is algorithm-dependent.

• IMPLEMENTATION of p_t for ISR photons. The problem is that many searches rely upon missing p_t as a signature (especially for SUSY) and so if some p_t can be carried away by ISR it can fake such a signal. Two alternatives:

1. A wrong p_t is better than no p_t, 2. No p_t is better than a wrong p_t.

If p_t is needed then, does one really need to generate nphotons? Wouldn’t be enough to have

1. corrections beyond leading order to the showering 2. smoothly merging with the higher order calculation of single,hard photon emission?

• Concept of user-friendly generator. Everybody knows how to generate all channels in one stroke, but to do it with a complete MC is infinitely time consuming.

• It takes a mother to run a generator (?)

We have compared the CC03 predictions from three different generators: KORALW 1.21, EXCALIBUR and GRACE. The level of agreement on the cross-section predictions is reasonably good ( better than 0.7 %)

• Exact definition of theoretical accuracy needed.

• The FUDGE FACTOR syndrome: is FUDGE ⊗ WRONG numerically ≈ RIGHT good enough? If so, you still need to have one example of RIGHT. Is this the fate of producing RIGHT?

PHYSICS WISHES:

• Reliability at zero scattering angles - massive fermions. Under investigation and not yet extended to eν_eeν_e.

• Improvements in ISR (photons with p_t) and FSR. It would require a NLO generator.

• O(α) including quadruple-gauge-boson vertex (with anomalous QGCs). Again a NLO generator.

• Non-factorizable (non-naive) QCD corrections to qqqq and qqlν final state. Not fully available, cut-dependent, problematic with the resolved component of the photon.

Figure 1: Relative deviations between TOPAZ0 and ZFITTER for hadronic cross-section in CA3 mode as a function of the Higgs boson mass. The curves correspond to a cut s0 = 0.01 s.

Figure 2: Relative deviation (percent) between exact Q2-integrated flux function and its leading logarithmic approximation, as a function of y = p+ � Q/p+ � p�.