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CORRECTIONS TO HADRONIC OBSERVABLES: QCD VS EW
• LARGE SCALE DEPENDENCE OF HIGHER ORDER CORRECTIONS OFTEN

DOMINATES THEORETICAL UNCERTAINTIES !

• QCD CORRECTIONS TYPICALLY LARGEST:

αS ≈ 10 αEW (αEW = αEM/ sin2 θW ).

BUT ....

• THERE ARE LARGE LOG AROUND IN EW CASE: AT
√

s = 1 TeV
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• NNLO QCD CORRECTIONS WILL SOON BE AVAILABLE: RECALL α2
S ≈ αEW !



• CONSIDER LEPTONIC COLLISIONS: AT HIGH ENERGIES,
√

s � MW (ILC,
0.5 TO 3 TEV), EW INTERACTIONS BECOME STRONG:
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SUDAKOV LOGS2 IN A NUTSHELL
• CORRESPOND TO SOFT AND COLLINEAR SINGULARITIES IN THEORIES WITH

MASSLESS BOSONS, WHERE THEY ARE CANCELED BY REAL RADIATION.

• REGULATED BY BOSON MASS IN EW CASE: THEY ARE FINITE !
PHYSICAL DEPENDENCE ON IR CUT-OFF MW REMAINS

• IN FEYNMAN GAUGE THEY ARE ASSOCIATED WITH VIRTUAL GRAPHS WHERE

SOFT-COLLINEAR BOSONS ARE EXCHANGED BETWEEN EXTERNAL LEGS. (IN
AXIAL GAUGE THEY ARE ASSOCIATED WITH SELF ENERGY GRAPHS ON

EXTERNAL LEGS.)

• DL ARE UNIVERSAL: ONLY DEPEND ON EXTERNAL PARTICLES !
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• NUMERICALLY AT TeV ENERGIES THERE ARE LARGE CANCELLATIONS

BETWEEN DOUBLE LOG (DL) AND SINGLE LOG (SL) CONTRIBUTIONS.

• DL (AND SL) DO NOT CANCEL IN INCLUSIVE MEASUREMENTS (AKA

VIOLATION OF BLOCH-NORDSIECK THEOREM IN NON-ABELIAN THEORIES).



• COLOURLESS HADRONS FORCE SUMMATION/AVERAGING OVER INITIAL

COLOUR STATES: CANCELLATION IS RECOVERED IN QCD.

• EW CASE: ANALOGOUS WOULD BE FLAVOUR/ISOSPIN

SUMMATION/AVERAGING, IMPOSSIBLE EXPERIMENTALLY.

• SL ARE NOT UNIVERSAL !

• NON-LOG (FINITE) TERMS ARE PROCESS DEPENDENT.



W ∼ σBorn
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• EXAMPLE: e+e− WOULD CANCEL AGAINST e+νe



• CONSIDER EXCLUSIVE FINAL STATES, Z/W RADIATION EASILY RESOLVED

EXPERIMENTALLY:
REAL & VIRTUAL LOGS ARE FINITE, NEED NOT BE SUMMED.

• HENCE ADDITIONAL DL AND SL IN CASE OF Z EXCHANGE.

• COMPUTE ONLY VIRTUAL CONTRIBUTIONS: NEGATIVE EFFECTS DOMINATE

INCLUSIVELY.

• NON-TRIVIAL HELICITY STRUCTURE: INTRODUCE PARITY-VIOLATING

ASYMMETRIES (BACKGROUND TO NEW PHYSICS).

• LEADING (∼ αn
W log2n(s/M2

W )), SUB-LEADING (∼ αn
W log2n−1(s/M2

W )) AND

SUB-SUB-LEADING (∼ αn
W log2n−2(s/M2

W )) LOGS CAN BE RESUMMED

(INCLUSIVE FINAL STATES).

• CONSIDER FIXED ORDER (INCLUDING FINITE TERMS).

• CAN SEPARATE WEAK FROM QED CORRECTIONS IN SOME PROCESSES.
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pp, pp → Z(γ) + j [PHYS.LETT. B593:143,2004]

• LARGE CROSS SECTION PROCESS: AT LHC IN LO
σγ+j(pT > 40 GeV) ≈ 1.4 × 107 fb, σZ+j(pT > 40 GeV) ≈ 4.9 × 106 fb
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• CONTRIBUTE TO DRELL-YAN CROSS SECTION: Z EASILY SEPARATED USING

Z → l+l−, l = e, µ.

• GIVES ACCESS TO q AND ESPECIALLY g PDFS.

• USEFUL FOR ABSOLUTE JET ENERGY CALIBRATION.

• POSSIBLE LHC LUMINOMETER: WILL AFFECT ALL LHC CROSS SECTIONS.



• mb = 0, mt = 175 GeV

• MZ = 91.19 GeV, MW = 80.35 GeV

• sin2 θW = 1 − M2
W /M2

Z

• µ = MZ , α−1 = 128.07

• PDFS: MRSTLO20001

TREE LEVEL

g

γ, Z

g γ, Z

+ CROSSED



LHC: pp → γ∗, Z∗ + j: QCD CORRECTIONS

• CAMPBELL, ELLIS AND RAINWATER, PHYS.REV. D68:094021,2003.

• ARNOLD, ELLIS AND RENO PRD40:912,1989; ARNOLD AND RENO

NPB319:37,1989.

• GIELE, GLOVER AND KOSOWER NPB403:633,1993.

pT (l) > 15GeV, |ηl| < 2.4, pT (j) > 20GeV, |ηj | < 4.5, ∆Rlj > 0.4, ∆Rll > 0.2



√
s = 2 TeV: pp̄ → γ, Z + j, pTj
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 TEV (NLO-LO)/LOV
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pT > 20 GeV, |ηj | < 3

L = 2 − 20fb−1, BR(Z → e, µ) ≈ 6.5% IN A WINDOW OF 10 GeV AT

pT = 100 GeV WE EXPECT ABOUT 500-5000±22-71 Z + j EVENTS

δσ/σ ≈ −1.2% CORRESPONDS TO 6-60 EVENTS



LHC
√

s = 14 TeV: pp → γ, Z + j, pTj
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pT > 40 GeV, |ηj | < 4.5

L = 30fb−1, BR(Z → e, µ, ) ≈ 6.5% IN A WINDOW OF 40 GeV AT

pT = 450 GeV WE EXPECT ABOUT 2000±45 Z + j EVENTS

δσ/σ ≈ −12% CORRESPONDS TO 240 EVENTS



(DI-)JET HADRO-PRODUCTION

• CDF HIGH ET EXCESS !



• CAN BE CURED BY RESHAPING GLUON AT MEDIUM x:
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• OR CAN IT NOT ?



• THERE ARE 14 SUBPROCESSES TO BE CORRECTED:
if(iproc.eq. 0)write(*,*)’g g -> g g’

if(iproc.eq. 1)write(*,*)’g g -> q q-bar’

if(iproc.eq. 2)write(*,*)’q q-bar -> g g’

if(iproc.eq. 3)write(*,*)’q(-bar) g -> q(-bar) g’

if(iproc.eq. 4)write(*,*)’q q -> q q’

if(iproc.eq. 5)write(*,*)’q-bar q-bar -> q-bar q-bar’

if(iproc.eq. 6)write(*,*)’q Q -> q Q (same gen)’

if(iproc.eq. 7)write(*,*)’q-bar Q-bar -> q-bar Q-bar (same gen)’

if(iproc.eq. 8)write(*,*)’q Q -> q Q (diff gen)’

if(iproc.eq. 9)write(*,*)’q-bar Q-bar -> q-bar Q-bar (diff gen)’

if(iproc.eq.10)write(*,*)’q q-bar + q-bar q -> q q-bar + q-bar q’

if(iproc.eq.11)write(*,*)’q q-bar -> Q Q-bar (same gen)’

if(iproc.eq.12)write(*,*)’q q-bar -> Q Q-bar (diff gen)’

if(iproc.eq.13)write(*,*)’q Q-bar -> q Q-bar (same gen)’

if(iproc.eq.14)write(*,*)’q Q-bar -> q Q-bar (diff gen)’

• 4-QUARK PROCESSES (SOFT AND COLLINEAR) DIVERGENT: USE

CATANI-SEYMOUR SUBTRACTION METHOD.



qq̄ → QQ̄ (DIFF GEN)
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TEVATRON: pp → jj
√

s = 2 TeV

(THE CUT 0.1 < |η| < 0.7 HAS BEEN ENFORCED, ALONGSIDE THE STANDARD

JET CONE REQUIREMENT ∆R > 0.7.)



• FACTORISATION/RENORMALISATION SCALE DEPENDENCE

(THE CUT |η| < 2.5 HAS BEEN ENFORCED, ALONGSIDE THE STANDARD JET

CONE REQUIREMENT ∆R > 0.7.)

• CAN BE FIT BY (αW ≡ α/ sin θW) δ ≈ −c CF αW

π
log2(E2

T /M2
W ), WITH

c ≈ 2/3(4/3) FOR µ = ET /2(ET /4).



LHC: pp → jj
√

s = 14 TeV

(THE CUT |η| < 2.5 HAS BEEN ENFORCED, ALONGSIDE THE STANDARD JET

CONE REQUIREMENT ∆R > 0.7.)



CONCLUSIONS

WEAK CORRECTIONS ARE AVAILABLE FOR:

• pp, pp → j + Z, γ.

• pp, pp → bb AND jj.

IN PROGRESS FOR:

• pp, pp → tt (WITH TOP-POLARISATION RETAINED).

NEXT STEPS:

• 2 → 2 W PROCESSES (REQUIRE QED CONTRIBUTION).

• 2 → 3 (OFF-SHELL GAUGE BOSONS AND NON-FACTORISABLE CORR.S):
REQUIRE FILLY MASSIVE 5-POINT FUNCTIONS (PENTAGONS)

THEY ARE RELEVANT FOR:

• HIGH ENERGY AND HIGH pT PROCESSES.

• ASYMMETRY-LIKE OBSERVABLES.



OUTSTANDING ISSUES:

• NEED TO CLARIFY TREATMENT OF W, Z REAL RADIATION: EXP. INPUT (WILL

STUDY THIS WITH JOEY) !

• NEED TO BE COMBINED WITH QCD CORRECTIONS.

• IN GENERAL, EW TOOLS NEEDED: IMPLEMENT RESULTS IN EXCLUSIVE

MONTE CARLO (MC) EVENT GENERATION, EASIER: NO DOUBLE COUNTING

FOR W, Z RADIATION WITH PARTON SHOWER, PROBLEM SOLVED FOR QED
RADIATION (ABELIAN QCD).

• DEFINE EW PDFS AND (MORE IMPORTANTLY) PS ?


