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Introduction

Higgs search at the LHC

» Select events according to jet multiplicity
Different backgrounds for different multiplicity
Optimize signal vs. background
H+0j and H+1j of about equal importance
» Jet veto
Veto on central jet production to optimize Higgs signal
» Higgs boson transverse momentum distribution
Important input to signal predictions

Can observe high-p+ Higgs production from boosted jets
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Higgs production at LHC

» Dominant production process: gluon fusion
gg — H mediated through top quark loop

Use effective theory with m_— «

A v
£int — _ZHG'Z Ga,uy

yields tree-level couplings Hgg, Hggg, Hgggg

matching coefficients known to 3 loops
(K. Chetyrkin, B. Kniehl, M. Steinhauser)
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Higgs production: QCD corrections

» Gluon fusion: gg — H

Fixed-order QCD corrections
Fully exclusive NNLO corrections, including decays H—=VV,H— 71 7

(C.Anastasiou, K. Melnikov, F. Petriello; 30

pp~H+X->WW+X-1vlv+X MRST2004

S. Catani, M. Grazzini) Mu/2 < =i 2Ny My=165 GeV

[ selection cuts

Allow arbitrary final state cuts,
including jet veto

NNLO corrections substantial,
needed for reliable prediction ] ]

Contains H+1j at NLO accuracy : ‘ ‘ -

20 30 50 70 100
P (GeV)

Transverse momentum resummation

Known to NNLL+NLO (NNLO for inclusive cross section)
(G. Bozzi, S. Catani, G. Ferrera, M. Grazzini)
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Higgs plus jets production
NLO results

4 H+ I jet (D. de Florian, M. Grazzini, Z. Kunszt;V. Ravindran, J. Smith,WV. van Neerven)
_let veto cross section

Higgs boson p distribution

» H+2 jets

Vector boson fusion signal
(VBFNLO: D. Zeppenfeld, C. Oleari et al., E. Berger, J. Campbell)

QCD process (. Campbell, R K. Ellis, G. Zanderighi)
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Ingredients to H+j production at NNLO

» Two-loop matrix elements: H+3 partons famagamagamg;——
(M. Jaquier, E.VW.N. Glover, A. Koukoutsakis, TG)

Explicit infrared poles from loop integrals

06006666GG(
06006666GG(
06006666GG(

T T
» One-loop matrix elements: H+4 partons
(S. Badger, EW.N. Glover, P. Mastrolia, C.Wiliams; L. Dixon,Y. Sofianatos) r@@@@@@@@@@@@@g@ -

b
26666
S
I IIg 1900

Explicit infrared poles from loop integrals
Implicit infrared poles from single real radiation

0600666660

» Tree-level matrix elements: H+5\A}3artons
(V. Del Duca,A. Frizzo, F Maltoni; S. Badger, L. Dixon, E.W.N. Glover,V.V. Khoze) 66666666662; —————

@666666666\
@666666666\
faaaamamvmmmmm

Implicit infrared poles from double real radiation

Infrared poles cancel in the sum
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Two-loop corrections to H — 3 partons

Basic helicity amplitudes

» H—ggg

1 M# N 1 [pip2]?
MY — H , MIT=) =
Mggg ) = o /2 (p1pa) (p2p3) (pap1) Maga ) ﬁ\/ﬁ[pzps][mps]
» H—qqg
|M__|__|_> o 1 [p2p3]2

139/ =5 Tpipa]

» Leading order: oo = 3 = v =1

» Extract helicity coefficients from matrix elements using
d-dimensional projectors
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Two-loop corrections to H — 3 partons

Feynman Diagrams

» H—ggg

tree level: 4, one loop: 60, two loops: 1306
» H—qqg
tree level: |, one loop: |5, two loops: 228
» Diagram generation: QGRAF/FORM (r.Nogueira).Vermaseren)

» Four-point functions with one off-shell leg
Up to tensor rank 5 at two loops
Reduction with to master integrals: REDUZE (c. studerus)
Two-loop master integrals from Y *—qqg (E. Remiddi, TG)
Analytically continued to scattering kinematics (E.Remiddi, TG)
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Two-loop corrections to H — 3 partons

» Infrared structure given by Catani formula (s. cacani)

one loop:
0l — Ig(zl)(E)Q(o) 1 (), finite
two loops:
1 3 L1 =2 15}
Q) :<_§ I8O1 () = 21 () + e % ( 24 K) 157 (2€) + Hé”(e)) Q®

+ Ig(zl)(e)Q(l) 1 @) finite
» With infrared singularity operators

e’ Bo
Ié;)g( ) = _2F(1 9 N (e Ne) (S12 + Si3 + Sa23)

W () = (L3 11,3
Lagy(€) = 2I'(1 — ¢) N( +4€+2N6)(513+523) N(€2+2€ o12
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Two-loop corrections to H — 3 partons

» Finite parts (M. jaquier, EWN. Glover, A. Koukoutsakis, TG)
about 50k of HPLs and 2dHPL, 22 pages

» Further simplifications using calculus of symbols
(A. Goncharov, M. Spradlin, A.Volovich, C.Vergu)

Leading transcendentality in H—ggg from N=4 SYM
is compact and helicity-independent (A. Brandhuber, G.Travaglini, G.Yang)

Full H—ggg amplitudes fit on two pages, e.g. NcN (C.Duhr)

—(2) i1 67  Ps(x1,79,23) o
D7 = —(3+ —— = —
o (3 16 (r172 + T322 + T173) + T + 72222302 0

Ps(ziyxi—1,Tit11) Pr(zi,xi—1,Ti11)

L1241 L
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NNLO Infrared Subtraction

Structure of NNLO cross section

o R S
donnLO —/ (donNnyro —dornro)
d(I)m—i—Q
Vi1 VS, 1 MF,1
+/ (dUNNLo - dUNNLO) +/ donnTo
dCI)m+1 d(I)m—l—l
MF,2

V,2 S Vs,1
+/ donNro "’/ doynro ‘|’/ don'Nro +/ donnTo
d®,, AP,y o AP, 1 d®,,

Real and virtual contributions: dof ;. doy 0. doa o

Subtraction term for double real radiation: doy ;o
Subtraction term for one-loop single real radiation: o\,

. . MF.1 MFE.2
Mass factorization terms: doyyr o, donnio

» Each line finite and free of poles
— numerical implementation
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Antenna subtraction

» Subtraction terms constructed from antenna functions

Antenna function contains all emission between two partons

m+1

Phase space factorization

dq)m—l—l(pla c oy Pm+1; Q) — dq)m(pla S 7]5[7]5}(7 e ooy Pm+1; Q> ’ dq)ka(pzapjapkaﬁI +ﬁK)
Integrated subtraction term

Xijk = /d(I)Xiijijk
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Antenna functions

» Colour-ordered pair of hard partons (radiators)
Hard quark-antiquark pair:A,B,C
Hard quark-gluon pair: D,E
Hard gluon-gluon pair: FG,H

» NLO (D.Kosower; ). Campbell, M. Cullen, EW.N. Glover)

Three-parton antenna: one unresolved parton X.°

» NINLO (A. Gehrmann-De Ridder, EW.N. Glover, TG)
Four-parton antenna: two unresolved partons X,°
Three-parton antenna at one loop: X,/

Products of NLO antenna functions: X;%®X,°

Soft antenna function S
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Antenna subtraction: incoming hadrons

» Three antenna types (NLO:A. Daleo, D. Maitre, TG)

Final-final antenna

X%CIX%C(

Initial-final antenna

k

Initial-intial antenna /
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Final-final antenna functions

» Were derived in the calculation of NNLO corrections to
e*e” — 3j (A Gehrmann-De Ridder, EWN. Glover, G. Heinrich, TG)
» Unintegrated antennae from physical matrix elements
quark-antiquark antennae from ¥ “— qq+X
quark-gluon antennae from Y — gg+X
gluon-gluon antennae from H — gg+X

» Integrated antennae: inclusive | —3 and | —4 phase space
integrals

» Initial-final and initial-initial antenna functions obtained by
crossing
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Integrated NNLO antenna functions

» Analytical integration over unresolved part of phase space only

phase space integrals reduced to masters (C.Anastasiou, K. Melnikov)
Final-final: ¢ — k1 + ko + ks(+k4) , one scale: g2
| — 4 tree level (4 master integrals)

| — 3 one loop (3 master integrals)

Initial-final: ¢ + p1 — k1 + ko(+k3) , two scales: g2, x
(A. Daleo,A. Gehrmann-De Ridder, G. Luisoni, TG)

2 — 3 tree level (9 master integrals)

2 — 2 one loop (6 master integrals)

Initial-initial: p1 + p> — g + ki (+k2) , three scales: g%, x|, x,
2 — 3 tree level (22 master integrals)

2 — 2 one loop (5 master integrals)
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Initial-initial antenna functions

» One-loop antenna functions X'

Kinematics

p1+p2 — q+ kj; g >0

Phase space factorization

dq)m+1<]€1, coey km+1;p1,p2) :d(Dm(];la coey ]~€Z', kk, c vy ]fm+1; r1p1, 392]?2)
5(331 — ZIAS‘1) 5<$2 — fg) [dkﬂ d[lfl dIQ

1 1
. S12 — 852 S12 — S15 — 552 ? A 512 — 515 S12 — 515 — 552 ’
Ir1 = XTo =

512 512 — S1j 512 512 — 542

Phase space integral overconstrained, expand in distributions
(PF. Monni, TG)
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Initial-initial antenna functions

are crossings of final-final antennae: four-parton case
quark-antiquark antennae
A} A4(q 9.9.9), A3(.9,9,9), A}
AYq.9 9.9.9 7). A%(d,9.9,9), A
BY  BYd.4.7.7). BY@.¢.7.7), BY(¢.4.,7,9)"
¢y CY3.7.4,9). €(3.7.3.9), C3(¢.2.3.9)", C3(4.9,3.9)"

quark-gluon antennae

DYy  DY(q.9,9.9), D}(3.9.9.9), D3(4:9.9.9), D3(4,3,9.9)
Eg Eg(a’&\/7ql7g)7 Eg(a’ q/7q,7§>7 Eg(Q?;’?a’?g)? EZ(E(Q? /\/76/7@\ )
E'L(L) Eﬁ?(a’;’?a’?g)’ Eé(l)(a7 q/7q/7/g\)7 Eé(l)(q7&\,7ql7g>7 E2<q7 /\/76/7/9\

gluon-gluon antennae

Fy F4(§§gg) F2(9.9.9.9)

Gy GY9.4.4.9). GY(3.4.9,9). G3(3.4.7.9). G3(9.3, 3. 9)
G GY9.4.9.9), G1(3,9.7. g), (9,37, 9)

HY  HY(q.4.4.7). H(3.9,¢.7)
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Initial-initial antenna functions

» Tree-level antenna functions X,°

Kinematics
p1+p2 — q+ ki + ki
Phase space factorization

ABpio(kiy ..oy kmio;p1,p2) = AP (ks .o ki kry oo k1 2101, T2p2)
5(:171 — .ClAi'l) 5(112‘2 — §32) [dkj] [dkk] dib‘l dxg

1
4 (512_3j2_5k:2 512 — S1j _Slk_5j2_5k2+5jk:)2
1 p—

512 512 — S15 — S1k

=

2

4 (812 — 815 — S1k S12 — S15 — S1k — Sj2 — Sk2 T Sjk>
2 p—

512 $12 — Sj2 — Sk2

Integration: three-particle phase space integrals with fixed ¢°, 21, 75

Similar to NNLO coefficients for Drell-Yan rapidity distribution
(C.Anastasiou, L. Dixon, K. Melnikov, F. Petriello)

Towards H+j at NNLO



Initial-initial antenna functions

» Integration of tree-level antenna functions X,°

Express phase space integrals as masters with x,x, fixed
Distinguish
Hard region x,,x, # |: transcendentality 2
Collinear regions x,=1, x,7#| or x,#1,x,=|: transcendentality 3
Soft region: x,=x,=1: transcendentality 4

Determine master integrals from differential equations in x,x,

Antenna functions with secondary fermion pair: only |2 masters
(R. Boughezal, A. Gehrmann-De Ridder, M. Ritzmann)

Full set of antennae now completed: contains 22 masters
(A. Gehrmann-De Ridder, M. Ritzmann, TG)

Observe uniform soft poles in all three kinematical situations
(S.Catani, M. Grazzini)

Non-abelian antennae: 3/4/e*, abelian antennae: |/e*
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Integrated antenna functions

Three-parton tree-level and one loop

Final-final Initial-final Initial-initial
A°,D;%E%F0,Gy° | [1] [2] [2]
As'ALALDS, | TI 3] [4]
I/:\)3I’E3I’EA3I’E§|’F3I’
F,LG,, G, G,
S [5] [6] [6]

[I]A. Gehrmann-De Ridder, EW.N. Glover, TG
[2] A. Daleo, D. Maitre, TG
[3] A. Daleo,A. Gehrmann-De Ridder, G. Luisoni, TG
[4] PF. Monni, TG
[5] S.Weinzierl; A. Gehrmann-De Ridder, E.W.N. Glover, G. Heinrich, TG
[6] A. Gehrmann-De Ridder, J. Pires, EW.N. Glover
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Integrated antenna functions

Four-parton tree-level

X0 Final-final Initial-final Initial-initial
AA ['] 2] [4]
B,E,E,.H [1] [2] [3]
C [1] [2] [4]
> [1] [2] [4]
F [1] [2] [4]
GG [1] [2] [4]

[I]A. Gehrmann-De Ridder, EW.N. Glover, TG

[2] A. Daleo,A. Gehrmann-De Ridder, G. Luisoni, TG
[3] R. Boughezal, A. Gehrmann-De Ridder, M. Ritzmann
[4] A. Gehrmann-De Ridder, M. Ritzmann, TG
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Integrated antenna functions

» All-gluon contribution to H+j production

Initial-final antenna functions
!, F0
Initial-initial antenna functions
F;', F,0 (colour adjacent), F,° (colour non-adjacent)

» All-gluon contribution to 2j production (talk of |. Pires)
(A. Gehrmann-De Ridder, EW.N. Glover, |. Pires, TG)

Final-final and initial-final antenna functions
|:3|’ |:40
Initial-initial antenna functions
F;', F,° (colour adjacent), F,° (colour non-adjacent)

Observe analytical cancellation of all infrared poles poles in the
colour-adjacent and colour non-adjacent 2—2 processes for 2;
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Conclusions

Higgs-plus-jet important for Higgs studies and searches
Samples divided according to jet multiplicity
Boosted Higgs studies
Jet veto

Computed two-loop corrections to H—3 partons

Calculation of NNLO corrections: antenna subtraction

Completed integration of NNLO antenna functions for
hadron-hadron collisions: method now fully established

Prove analytical cancellation of poles in the all-gluon 2j
production at NNLO

Implementation in progress
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