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Motivation

NNLO NLO NLO+NLLA
L s e s T

o Why NNLO? Wi o s
o Impose stronger constraints on the SM

o Improve the scale dependence
o Better description of hard scattering

o Better description of the initial state
o Better description of final-state jets

o Why Higgs production? TRt ER SRR TREES
o Understanding the Higgs production rate
o Measurements of Higgs properties

o Gluon fusion to Higgs (dominant process at
130GeV)

o Why Higgs + jets?
o Nonzero transverse momentum for Higgs
decay (new jet topology)
o Better understanding for jet vetoes to 107
enhance H — bb signal from background i
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The Higgs Model

o Higgs production via gluon fusion through a quark loop

—————

@ In the large top mass limit, we have the effective interaction

--H => Zzng»H

@ The effective interaction term in Lagrangian

) C o
t v S
wmt — T v = s =
L 2H rG .G C 6V
Wilczek, Shifman, Vainshtein, Zakharov 1970’s

@ Compact expression for H 4+ 5 parton amplitudes have been calculated using
BCFW method
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Higher Order Cross Sections in Perturbation Theory

o Renormalized cross sections contain infra-red (IR) singularities:

o Loop integrations result in Laurent expansion of e =D — 4

o Kinematic poles form phase space integration of real emission s;; = (p; +pj)2 —0
o Kinoshita-Lee-Nauenberg (KLN) theorem:

o IR singularities cancel when summed over degenerate initial and
final states

e Problem

o Need singularities cancellation in the same form of € expansion
o Disallow numerical phase space integration
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Cross Section Structure at NLO

o Structure of NLO H + jet cross section

donro :/[<M(O)|M(O)>}H+4d@f1+2

+ / (MOLM®D) 4 (MOIMOY 5D

_ R v
—/ donro +/ donro
d<1>H+2 dq)H+1

o tree level 2—2+4-H amplitudes L. Dixon, N. Glover, V. Khoze; V. Del Duca, A.
Frizzo, F. Maltoni

@ 1-loop 2—1+4H amplitudes D. de Florian, M. Grazzini, Z. Kunszt; V. Ravindran,
J. Smith, W.L. van Neerven; C. F. Berger, V. Del Duca, L. Dixon
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NLO Unresolved Factorization

@ Single Unresolved Tree Factorization

o From the study of singular limits of the cross section
o Squared colour-ordered amplitudes obey universal factorization

o Soft gluon emission, p; — 0 Eikonal factor

M1 (oo ks )12 = Sy MO (- LK, )P

o (ik)
SOfto 0,5,k) = v
©28) = Gham
o Collinear limit p;||px
PO
MO,y (g ky L )2 = %\M%(mi%l”')\z’
J
1
Split (g5, 9;) = ——=——=—
plit” (94,9, ) 2(1 - 2){ab)

Split® (g%, 9%),  Splitd (¢F,3%), Split (¢7,9%), Split® (¢F,q")
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NLO Subtraction

. R R,S
donro :/ (donro —donro)
d®p 2

R.S
+[/ donro + / dox o)
d¢H+2 dq>H+1

@ Then explicit e—poles in loop integral cancel the analytically integrated kinematic
poles

@ Each line above is IR safe and ready for numerical evaluation

o Factorize the kinematic poles in NLO subtraction terms

o Dipole subtraction S. Catani, M. Seymour

o E—prescription S. Frixione, Z. Kunszt, A. Signer

o Antenna subtraction D. Kosower; J. Campbell, M. Cullen, N. Glover; A. Daleo, D.
Maitre; A. Gehrmann-De Ridder, T. Gehrmann, N. Glover
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Cross Section Structure at NNLO

@ Structure of NNLO H + jet cross section
dowxio = [(MOIMO)] 5
+/[<M(O)|M(l)> + (MOIMO) y4d® s

# [UMOIMO) 4 MOIMO) - MOIME) 0B

_ RR
—/ doN'NLO +/
dPgy3

RV 8%
donnLo + / donNLO
dPg 2

dPrg i1

o tree level 2—3+H amplitudes L. Dixon, N. Glover, V. Khoze; V. Del Duca, A.
Frizzo, F. Maltoni;

@ 1-loop 2—2+H amplitudes C. F. Berger, V. Del Duca, L. Dixon; S. Badger, N.
Glover, P. Mastrolia, C. Williams; S. Badger, R. Ellis, C. Williams

@ 2-loop 2—1+4+H amplitudes T. Gehrmann, M. Jaquier, N.Glover, A. Koukoutsakis
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NNLO Unresolved Factorization

@ Double real unresolved factorization

o Double soft /
o Triple collinear — C - -
o Soft and collinear

Factorization holds —new universal functions

Sabed  Sd,abe Pijk%f( Pijkﬁf(

@ Single unresolved loop factorization (Amplitude level)
o Collinear limits

My (oo, oy 23, § (Splitg(ix,i7jxj)M}n(...p,}...)
A==+

Splith (%, )M (- Py, ))
o Soft limits

M'}n+1("'i7j7k7"') 7 solt ——So ft (Z j7 ) '}n(7/7k7)
+Soft! (i, j, k)Mo (- -i, b, -+ -)
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NNLO Subtraction

. RR s
donNLo =/ (doNNLo —doyNLO)
dPrgy3
RV T
+/ (doNNLo —doNNLO)
d®p 2

A% U
+/ (doxnro —donnLo)
dP i1

@ Each line above have unique singular behaviour
o Double-Real line has implicit singularities in certain phase space region
o Real-Virtual line has implicit poles & explicit poles up to 1/¢* form loop integral
o Double-Virtual line has explicit poles up to 1/54 from loop integral

o Factorize the kinematic poles in NNLO subtraction terms
o E—prescription S. Frixione, M. Grazzini, V. Del Duca, G. Somogyi, Z. Trocsanyi
e gr subtraction (NNLO) S.Catani, M.Grazzini
o Antenna subtraction (NNLO) A. Gehrmann-De Ridder, T. Gehrmann, N. Glover,
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Antenna Subtraction Method

o Construct counterterm to mimic singular limits

APy ({pm}) ~ d®n({pn}) - d®x ({px})

reduced M E
S ~1)\|2 -~
doxnro ~ X({pa}) - IM{paDI"- T{Pn})
antenna jet function

@ Analytically integrate antenna function over antenna phase space

/d{)m+2 dO'J%NLO ~ /d(b X({pa;}) /d<1>n |M({%})|2\7({ﬁ;})

singular € finite
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Phase Space Factorization

o Factorize a sub space {px} from the m + 2 parton phase space {p,+2} using
mapping operator that

O({pm+2}) = {pn}

where {p,} is the redefined mementa
o n=m+1 (NLO mapping) d®m+2({pm+2}) = d®mi1({Pm11}) - dPx ({px})
o n =m (NNLO mapping) d®m12({pm+2}) = d®m({Pm}) - dPx ({px})

(a) FF PS Factorization at NLO (b) FF PS Factorization at NNLO

Figure: Phase space factorisation example

o Redefined two composite momenta (on-shell and momentum conseration)
pi =pk =i =0
Pr + Pk =1i + )+
P+ P =p + 0 + o+

Xuan Chen (IPPP, Durham) Progress in NNLO Process Involving Higgs plus Jets Ravello, SEP 17-20, 2012 12 / 26



Phase-Space Splitting for da%fv”fo

e Final-Final (FF) phase-space splitting

@ momentum mapping:

pr = ap] +ripi +rapy + 2p)
pr =1 —2)p + (1 —r)pi + (1 —r2)p) + (1 — 2)p;’

o phase-space factorisation:

dq)m+2(pll7“' yPiyPj, Pk, Ply - - 7pm+2) :de(pa,"' yPI,PL," " apm+2)
dq)Xijkl (piapj7pkapl)

D. A. Kosower, 03
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s RR,S
Phase-Space Splitting for do 7o

o Initial-Final (IF) phase-space splitting

o Initial-Initial (I1) phase-space splitting

ol —0-0¢
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Matrix Element Splitting to Antenna Functions

@ Three possible colour ordering of double unresolved particles

R R

(a) S® colour connect X§ ® A%, (b) S¢ colour almost connect X9 ® X2 ® A9,

1 1 i "
e h w1 ———%f "'.%"
g k K k P

- —— .
n 'N 1 N
me2 m+2 K P
(c) S¢ colour not connect X9 ® X3 ® AY,

@ Antenna function form physical matrix elements

|Mzgk|2

0/: - |M?jkl|2 0/: -
X4(Za.77kal):5’z X3(7f7jak):Sz]k ILT 0 |2
M, |

KLIL T340 13
MY
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Matrix Element Splitting to Antenna Functions

@ Antenna function at one-loop
A= XI® A, + X3 0 AY

Z. Bern, L.D. Dixon, D. Dunbar, D. Kosower; S. Catani, M. Grazzini; P. Uwer
V. Del Duca, W Kilgore, C.R. Schmidt

m+1 m+1

ka |./\/l0 |2

X”k Szgk IK |M0 |2

o Obtained from the colour-ordered renormalised one-loop three-parton matrix
elements (at scale of s;;x)
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Matrix Element Splitting to Antenna Functions

o Antenna function form physical matrix elements

A, Z, B, C ~ ~" = qq + partons (hard quark — antiquark pair)
D, E, E ~ X J + partons (hard quark — gluon pair)
F, G, é, H ~ H — partons (hard gluon — gluon pair)

A. Gehrmann-De Ridder, T. Gehrmann, N. Glover, 05
o Complete set of Antenna tool box

phase con fig. ® colour order ® parton types
[FF,IF, 11 ® X3, X}, X3] © [A ~ H]

o All antenna functions are analytically integrable
o Final-Final X9, X and X} A. Gehrmann-De Ridder, T. Gehrmann, N. Glover
o Initial-Final Xg, Xfl) and X% A. Daleo, T. Gehrmann, A. Gehrmann-De Ridder, G.
Luisoni, D. Maitre
o Initial-Initial Xg, XB and X§ R. Boughezal, A. Daleo, A. Gehrmann-De Ridder, T.
Gehrmann, D. Maitre, P.F. Monni, M. Ritzmann
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; S
Antenna Subtraction Terms for doR;n ;o
@ Colour ordering of gg — gggH matrix element

S>oooMPE= Y Al (i k1 H)

colour&spin P(i,7,k,l)
=2 Z ASH 1,2,i,j,k,H)+2 Z AgH(l,i,Q,j,k,H)
P(i,5,k) P(i,5,k)
X2,(1,2,3,4,5,H) Y2:(1,3,2,4,5,H)

e Topology structure (colour leading)
X ~--FIIF -
Y ~-- - FIFIF--
Z ~  FIFFIF-..

N. Glover, J. Pires, 10

2

dUﬁ%Lo :NJI\?]I\{ILOd(I)él(p?n L DHIDP1,D2) 5 31
[XgH(1273a4a57H) +YgH(17372a4a5;H)]
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Antenna Subtraction Terms for daﬁi@fo

@ Double unresolved subtraction structure

s _ , Sa S,b S,c S,d
doxnro =doNNLo T doNNLo T doNNLo T doN N Lo

doy% o one unresolved parton with Jet function missing additional parton
1
doyipo ~ X3 @ Ay @ T35 Y

5,d
doX/nLo two colour-unconnected unresolved partons

dUJ%II%JLO ~ X3 ® X3 ® A, j(m 2

5,b .
do¥/ Lo genuine colour-connected double unresolved partons

Ao o ~X8 @ AN @ TP =3 X§ @ X5 @ A, 0 IS

S,c
doR/vLo two almost colour-unconnected unresolved partons

o Contains Xg ® Xg ® A% J<m 2 structure and large angle soft subtraction terms

o Predictable (related to d"NNLo ) — automated construction
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. RR,S
Antenna Subtraction Terms for do 7o
e Colour connection of X{ antenna

AZ(lfI’39749’2¢7) N(ma%
D(14,3,44,55) ~(134,543
F£(39’49’59’69) N(ﬁg,@

(346, 564

143,234)

154, 345), (135,453), (153, 435)
365,456), (436,563), (543, 634)
364, 546), (435, 653), (453, 635)

)

)

)

NN N 2
N

9

@ Symmetry properties

Af 1(1q:3g,49,27) = A2(2qa4gv3ga1§)
D} 1(1q:3g,44,54) = D2(1q75g74g»39)
Ff(3g74ga 5¢, 69) = F4 (6g,5g74ga 3g) = Ff(‘lgv Sg, 6gv3g) =
/H(lqa 3g>4g; 2(7) = ;12(1(1’4% 395 2@) = ;12(2@4% 395 lci)
@ Spurious poles form non-complete sub-group

113l|5 =
DY(14,34,44,54) —— Pizsq(w, z,y)
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Antenna Subtraction Terms for daﬁiﬁfo

e Over subtraction form IF X9(1,4,7, k)
°qq—g---g(H) ~X

D3(4,9n,9m,91)
/_/% —
Xw~-vg 9999 qGggg g -
—_——

DY(4,94,9591)
X ~ - D(q, gn, gm» 1) + DT, g+ 95, 91) — AL(. 1.7 gr) - -
0 gg—g-g(H) ~X+Y+---
X~ (91,96 95, 91) + F (92, 9ns G 1) — Fi (91,90, 92, 98) -+

F(91,90,92,9:)+FL(91,90,92,9n)
Y ~-g g g 9 9z g9 g9z g g g9 g

F9(92,9n,9m91) F{(91,9:,95,9%)
Y~ F(91, 9o, 92, 1) + Fi (91, 9o, 92, gn)
+ F{ (92, Gns Gm» 91) + F2 (92, gns Gms g1) — FL (91, 91, 92, gi) -+
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Application to gg — gggH Process

@ X topology
b 2
doyNro = NNRLodPa(ps, - pripLp2) gy D Asu(1,2,1,5.k, )T
" (i,5.k)

b1 gb2 2
donnro +doNNLo :NII\?JI\%TLOd(I)‘l(pS:"' 7PH;P17P2)§ E [
" Pe(ing,k)

(p3a ' 7pH)

+Ff(2,i,j, k) Az (1,

1
FP(1,k,5,1)A3x (1,
F (1,i,2, k)A a1,

k), H)Jy ><p<m,k> pr)
k),

) P (pgi k) Pr)

2,
2,
2 m)J, (p~ PH)

(
(isk)
s

Xuan Chen (IPPP, Durham) Progress in NNLO Process Involving Higgs plus Jets Ravello, SEP 17-20, 2012 22 / 26



Application to gg — gggH Process

@ X topology
b 2 ..
do—f}]\?io :Nll\fzﬁLOdq:%(pf%"' >pH;p17p2)§ Z AgH(172717]1k>H)j2(4)(p3a"' 7pH)
" (i,5.k)
b b 2
da’i’]ifLO +d01%131:o :NII\?ﬁLOd(I)4(p37"' 7PH;P17P2)§ Z [

" Pe(ing,k)

+F£(2,i,j, k)ASg (1,2, (
FP(1,k,j,1) A3 (1,2, (
F (1,2,2,k)A a(1,2, 7,

) ) (p(’b,],k) pH)
k),

H) TS (0,00, PH)
H) <2)(P” pH)

{ (f3(2,z,J>F3( , (i), )+f3(z 5, K)FY(2, (i7), (GR)) + f90, k, 2)F9 (2,4, (jk)))
A8 (1,2, (iy 4, k), H)TSD (0 0y D1
(k)

{ —(r3(1, ’w)F (1, ) )+ f9(k, 4, ) FS (1, (k7). (G)) + 3G, i, DFS (1, k, (i)
ABH(l 2, ( ) H (p(z,J,k)apH)

{ +(F5(1,4,2)F3 (1,2, k) + F5 (1,k,2)F5(1, 2, ))A3H(i§,§,H)J;z)(p(?),p}[)
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Application to gg — gggH Process

@ X topology

dJNNLO _NNNLOd(I)4(p3a' : 7pH7p17p2 Z A5H 1 27Z7.77k H)j (p3a"' 7pH)
(m,k)

by b 2
dUifNLo + dUzNLO = NﬁﬁLod¢4(p3, T 7pH;p17p2)§ Z [
" Pe(irgik)

1,2 (A/) )«72 (Pu,j,k),pH)

(i), k) + 9, 4, K)FS(2, (i), Gk)) + £90j, b, 2)FS (2,4, (k)
7H)j2(2)(p(l,],k)apH)

Ni (k3), )+f:?( L3 ) FS (L, (k7), (7)) + f9Gi, i, VES (1, k, (7))

7H)~72 (P(i,j,k)apH)

{+(F (1 2 FS (1,2, 8) 4+ F§ (1,5, 2) F (1,2,0)) ASr (1, 2,5, ) TS (b ) o)
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Application to gg — gggH Process

@ Y topology

b 4
do’]%]{’YLO :NI{?J}\?LOd©4(p37"' 7PH:P17P2 Z A5H 1 Z 2 ],k H) 2( )(pg7 7pH)
(Uk)

b b 2
dUZ%]i’LO erUJS(rJSrLo :NﬁﬁLod¢‘4(P3a“' ,pH;p1,p2)§ Z {
" Pe(iik)

+FP(1,4,2,5) A3 (1,2, , H) T3 (p gy i)
+F(1,1,2,k) A3y (1,2, 5, H) T3> (G, par)
+FD(1,k,5,2) A3 (1,7,2, H) T3 (p;, prr)
+F(1,5,k,2) A3 (1,7,2, H) T3 (py, prr)

7 0 = (2)

Xuan Chen (IPPP, Durham) Progress in NNLO Process Involving Higgs plus Jets



Application to q¢ — gggH Process

@ Only X topology

b 1 ..
dgjs\‘]ﬂ]XLo _N NLOdq>4(p3, : 7pH;p17p2)§ Z AgH(1CI717]7k72¢7>H)t72(4)(p37"' 7pH)
RCAD)

b b 1
dofinro +dofinLo = NNNLod®a(ps, - 7PH;P17P2)§ Z {
" Pe(ingk)

( qalvja )BSH( qa(ljk) 2117H)L7 ( DP(i,g,k)» pH)
2(2(17k .77 )B3H( m(”k) 2Q7H)~7 (p(ZJk) pH)

—AQ(1g, ki, 29) B (10,5, 20, H)T3”) (0. p11)
_(dg( (Zalvl)DS(l ( ) )+f3(zv.]7 )DB( Q7(Z])7(.]A];))+d8(1f1k])D(B)(iq7a(/./\k/)))
BgH(i (Zvjvk) 2Q7H)'—72 (p(i,j,k) pH)

{ —(d3(24, k, ) DS (24, (k3), ) + £3 (k, 3,3) D3(2q, (k3), (51)) + d8 (24,7, ) DS (24, k. (i7)))

+D9(1
+

BgH( 7(1 Jsk), quH)jz (p(i,j,k)»pH)

+(AS(1,6,2) AS(L, K, 2) + AS(1, %, 2) AS (1,7, 2)) BSw (1,5, 2, )73 (b 5, 1)

Xuan Chen (IPPP, Durham) Progress in NNLO Process Involving Higgs plus Jets Ravello, SEP 17-20, 2012 25 / 26



Future Work

o Short term

o Numerical testing of subtraction terms

o Tackle subleasing colour terms systematically
o Include remaining channels:

° q§ — QQgH process
© qG — qqgH process

o Automated double unresolved counterterms
@ Long term

o Monte Carlo integration of counterterms
o Real-Virtual subtraction terms + integration
o Combine with Double-Virtual contribution to final program
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