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e
~~ pair production in QCD...

B ...constitutes a large irreducible background in searches for
H — ~y

» assumptions about the v~ fransverse momenta @ affect
significance of Higgs discovery and measurements of Higgs
production cross sections

B ...is measured with increasing precision in the Tevatron Run-2

W ... tests rich properties of QCD interactions!

» large radiative contributions distributed in a complex
kinematical pattern
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e
Theoretical studies of v~ production

B Perturbative contributions to direct v~ production
Aurenche et al.; Berger, Braaten, Field; Bailey, Owens, Ohnemus; Balazs, PN, Schmidt, Yuan, de Florian, Kunzst;
Bern, De Freitas, Dixon; Bern, Dixon, Schmidf; Del Duca., Malfoni, Nagy. Trocsanyi;...

» Resummation of initial-state @+ logarithms

Balazs, Berger, Mrenna, Yuan; Balazs, PN, Schmidt, Yuan; Catani, de Florian, Grazzini; PN, Schmidft;...

» ~v production via final-state fragmentation at NLO
Binoth, Guillet, Pilon, Werlen;...

B Our new study
» computes NNLL/NLO resummed Q1 distributions for direct

production

» includes essential information about photon fragmentation

» Numerical implementation: improved MC integrator program
ResBos
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Direct diphotons

The dominant production mode; evaluated up to NLO in a;,
Balazs, Berger, Nadolsky, Yuan, 2006

0@ | 1 F{ pedk, a7+ ag channel
(resummed)

B NLO matrix elements:
Final-state Aurenche et al.; Bailey, Owens, Ohnemus
qg collinear _ q 1
{m singularity B (g scaftering dominates

ggm @ m m at the Tevatron

B (g scattering is strongly
99 "::I { enhanced at the LHC
by photon radiation off

final-state quarks
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Direct diphotons

The dominant production mode; evaluated up to NLO in a;,
Balazs, Berger, Nadolsky, Yuan, 2006

- Direct yy
a9 l [ Ez production g + gg channel

(via the quark box)

k- ;{L B contributes ~ 20% at
the LHC
ggm @ m m B NLO gg matrix elements:

Balazs, PN, Schmidt, Yuan; de Florian, Kunzst;

Bern, De Freitas, Dixon,; Bern, Dixon, Schmidt
aq .
B ¢¢ matrix element:

derived by our group
from the ggggg matrix
element
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Resummation for gg + g¢ — 7y X at O(a?)

1-loop 2 — 3 diagrams

B obtained in the helicity amplitude formalism from

Ms(qui, @25, 95°, 95 95°)
~ g Y (@1, A1y, 251 03,04, 05) + ..

Uesg345)

» to obtain Ms(qi4, 325, 73,74, 927 ), replace
gt — eei 2T oq

B ¢9yvg9 checked against the “sector
decomposition” calculation @ioth, cuitet, Mahmoud, 2003)

H A
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Resummation for gg + g¢ — 7y X at O(a?)

Soft and collinear limits

B Derived at the matrix-element level with the
splitting amplitude method @em, chamers, bixon, bunbar,

Kosower;...)

Aé1[1/2]( 5,1, .. 5H1 Z Spmjzu (5 1)A41( )

Ar==%1
+ subleading terms

A A

B Soft singularities are cancelled against 2-loop box
diogroms (Bern, De Freitas, Dixon; PN., Schmidh

B Collinear singularities are factorized into gluon
PDF's
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e R
9192 — 737195 amplitude in the 5||1 collinear limit

(see also Bern, Dixon, Schmidt)

B includes an unusual log term proportional to interference
between 2 — 2 matrix elements with opposite spins of
gluon 1 and a universal spin-flip splitting function P;/q(;u)

B also arises in the Catani-Seymour dipole formalism

affects dependence on the azimuthal (¢.) and polar (6.)
angles of photons in the Collins-Soper v+ rest frame

constitutes up to of the conventional collinear
term

may need all-order resummation in the future

Pavel Nadolsky (Argonne) Loopfest VI April 18, 2007 6



e R
9192 — 737195 amplitude in the 5||1 collinear limit

(see also Bern, Dixon, Schmidt)

0
5(|1 O g N A
IMs(1,2,3,4,5))2 215 m {Pq/n(ﬂfl)L.o(H*) + Pyyg(T1) Ly (6) C°S2’P*}

Py /4Lg is the usual collinear term, with

T 1 =¥ p
Py =20y {(1 Yy + p + (1 —2z)| + Bod(1 — z),

Ly(e*) = Z ‘M4(/\1,/\2,)\3,)\4)‘2

A1,A2,)3, Aa==1

P(; / qL’g cos 2¢, is the interference (spin-flip) term, with
!;/57(17) =2Cs(1 - 2x)/z

L (0.)cos2p, = > ML A2, A3, M) Ma(= A1, Ao, As, Aa)
A1,A2,A3,\==+1
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e R
9192 — 737195 amplitude in the 5||1 collinear limit

(see also Bern, Dixon, Schmidt)

includes an unusual log ferm proportional to interference
between matrix elements with opposite spins of
gluon 1 and a universal spin-flip splitting function

also arises in the Catani-Seymour dipole formalism

B offects dependence on the azimuthal (p,) and polar (6.)
angles of photons in the Collins-Soper ~~ rest frame

B constitutes up to ~ 25% of the conventional gg + gg collinear
tferm

B may need all-order resummation in the future
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Resummation for gg + g¢ — 7y X at O(a?)

pp - YyX, VS=14TeV, ATLAS cuts

% il - i
80 1o . gq 5-leg matrix element
s B M;s(gq — y7q) correctly

reproduces its known
behavior in the collinear
asymptotic limit (Q+ — 0)
B It does not confirm an earlier
calculation wesuy , Wwhich does
o | | | not agree with this

0 20 40 60 80 100 1‘20 osymp’ro’ric behavior
Q, (Gev)

—— Fixed-order (g only)
------- Asymptotic (gq only)

Pavel Nadolsky (Argonne) Loopfest VI April 18, 2007 7



R ———N—————
Resummation for gg + g¢ — 7y X at O(a?)

pp - YyX, VS=14TeV, ATLAS cuts

2 4 - :
Swti N oo gq 5-leg matrix element
g B The gq contribution is

subleading in the inclusive
rate, but has more
pronounced effect at high
Q1 (improves matching)

—— Resummed (gg only)
------- Fixed-order (gg only)

e,
.,

10 -4 I I I I I ]
0 20 40 60 80 100 120

Qr (Gev)
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R ———N—————
Resummation for gg + g¢ — 7y X at O(a?)

pp - YyX, VS=14TeV, ATLAS cuts

3 4t . ;
Su’ s, N oo gq 5-leg matrix element
g B The gq contribution is

subleading in the inclusive
rate, but has more
pronounced effect at high
Q1 (improves matching)

—— Resummed (gg+gq)
------- Fixed-order (gg+gq)

10 -4 I I I I
0 20 40 60 80 100 120

Qr (Gev)
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Qr resummation in impact parameter space

Q% ~ Q?

3 |
3 | L
g L
& 1 b - inite-order 0
% »Hﬁf . (F:DI;, 205 pb(ll\‘LO) ==\
107 -—I-"'--.___‘t? :
Collinear factorization at NLO;
unstable at Q2. < Q2

| | 1 1 1 I L
0 5 10 15 20 25 30 35 40

Q Gv)
do S [ dordeafu(ar, Q)folez, Q) [Hab— V)P
_ dridxs fo(z1, Q) fo(xo, i) =>
d(22dyd(2%“ partons
} - 2k—1
(ﬂ> ~ 3ok {(:A.(E(QT) + Q7 Y dur M™(Q?/Q7)
dQ7 QZ<KQ? k=0 ="
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Qr resummation in impact parameter space

PP — YyX, VS=1.96 TeV

Resummed (NNLL)

-------- Finite-order (NLO)
* CDF, 207 pb!

do/dQ; (pb/GeV)

Factorization in terms of a soft factor S
kr-dependent PDF’s P,, and LO hard

0 5 10 15 20 25 30 ineevw) vertex HLO
d ' (12[ (
e E e QT bII b,Q,x1,T
szdUin (2“)2 ab() Q I, T2)

partons *

—Sb.AP, (21,b)Pp(x2,b)

Wap(b, Q, 21, 22) |H5bo
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Qr resummation in impact parameter space

PP — YyX, VS=1.96 TeV

i Resummed (NNLL)
1 = Finite-order (NLO)
g - * CDF, 207 pb!

I I I I I I I
0 5 10 15 20 25 30 35 40

do/dQ; (pb/GeV)

The region b < 1 GeV ', where S and
P ~ [C @ f] are computed in PQCD,

i dominates at @ > 10 GeV
do I .
d02dud02. e~ QT (b Q, 21, @
dczzdu{l(g% pa;ns' (27‘_)2 ab() Q 1, r2)
W;nb(ba @, '/1;2) |H£bo (b'Q)ﬁn (41717 b)ﬁb(mZ7 b)
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Qr resummation in impact parameter space

PP — YyX, VS=1.96 TeV

3 |
i Resummed (NNLL)
Q 1 % -------- Finite-order (NLO)
E > - + * CDF, 207 pb1 i B \
107 i"‘--.,__‘t’ :
The region b < 1 GeV ', where S and
P~ [C® f] are computed in PQCD,

I I I I I I I
0 5 10 15 20 25 30 35 40

Qr ) dominates at > 10 GeV

At NNLL accuracy, we include perturbative coefficients up to
OrdeI’S ./4(3) (from Moch, Vermaseren, Vogt, 2004), 8(2) 0 Gnd C(l)

April 18, 2007 8
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Qr resummation in impact parameter space
i PP — YYX, VS=1.96 TeV 2 2
:":_ QT S Q

Resummed (NNLL)
-------- Finite-order (NLO)
* CDF, 207 pb?

do/dQ; (pb/GeV)

Add small-Q, and large-Q
X-sections, subtract the overlap

ORI
0 5 10 15 20 25 30 35 40
Qr (Gev)
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Our calculation vs. DIPHOX (Binoth et al. )

R e aciokky. Yuan. 2006 Binoth, Guillet, Pilon, Werlen, 2001

Direct yy
production Direct yy
(resummed) production
(finite—order)
;;‘L[\; ‘_ fCollinea{aI‘
ragmentation
e Single—photon
fragmentation
:::}::{: m Z}:;i:i 1-fragm. 2—fragm.
h Leading order

Pavel Nadolsky (Argon Loopfest VI



Fragmentation model

B Typical isolation: hadronic Er < E4°in a AR cone around each ~

B The final-state singularity is removed by quasi-experimental
isolation at @+ > Ei:°; by subtraction or smooth-cone isolation at

Qr < Eis°
Balazs, Berger, Nadolsky, Yuan, 2006 B sufficient for description of
j 3 Direct yy fragmentation
3 B e contributions at the

Collinear
‘_ fragmentation
model

e L

L EEE

Tevatron and LHC

B approximately
reproduces the inclusive
NLO fragmentation rate
@Binoth et al.; DIPHOX programy I OOTH
colliders

B good agreement with the
Tevatron data

Pavel Nadolsky (Argonne)
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Y prOdUCtion at the LHC (ATLAS cuts, E%S° = 15 GeV, AR = 0.4)

pp(qa,09,99) — YYX, VS= 14 TeV

pp - YYX,VS=14TeV : : : :
3 = ---- Fixed order (NLO)
o g Resummed (NNLL)
e L Fixed-order (NLO) 05 |- —— Resummed (NNLL)
K P I ey DIPHOX (di i ’ 1
2 (direct+frag.) 1 DIPHOX
o
2
S 04
©
3
9
o]
£03
o
) 2
10 S
© 02
i 0.1
AR o= 04,ER =15GeV, AR > 0.4
A pry > 40 GeV, p' > 25 Gev " :
lo Il Il L L Il
0 20 40 60 80 100 120 50 75 100 1(225(G]e.?/)0 175 200 225 250

Qr (Gev)
B DIPHOX agrees with the resummation at large Q7 ;

exhibits integrable logarithmic singularities at Qr < Ei5°

B RESBOS shows a mild discontinuity at Qp = E%°

April 18, 2007 11
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Light Higgs boson search at the LHC

W g9 — h — v (via t-quark loop) is

the leading search mode for
115 < My < 140 GeV

Signal significance

Bl A 50 discovery of SM Higgs boson
may be possible with £ = 10 —30 fb *

W Statistical significance depends

on the (hew) physics model,
QCD contributions, etc.

0%,

ttH(H — bb

H - zz9 _ 4
H - ww® - v
H - ZZ 5 llw

ATLAS

JL dt=100fb"
(no K-factors)

10
HiggsmassM,, (GeV)

Pavel Nadolsky (Argonne)
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NNLL/NLO distributions for Higgs — ~~ signal and
bClengUﬂd (ResBos, normalized; My = 130 GeV, 128 < Q < 132 GeV)

rr *’WX NS = 14 TeV - HX — yyX, VS= 14 TeV
0.035F T T T T T 0.4F T T T T T E
—  Signal
QT Ond @uoE)|= — Background | @3 5
1 0.3f E
1 —_ 0.025 - 4
Yn — Ypinthe - N ]
= o 4 3
lab frame =l E o2 ]
So.015 47
E 0.151 |
0.01 = o01b - g
0.005 — 0.05F —— Background g
G 0 I‘() 2‘() 3‘{) 4‘() 5‘() 6‘0 7‘() 0'3 "2 "1 6 i ‘2
Q. (GeV) Ynara = Yeoft
Decay angles op = yv6, Vo 14 TeV (e ey
9*7 99* N The [oX:1= E
~ rest frame 3
© 0.6 | §
g o5F E =
L
no singularities, s °* 1 %
0.3F E|
in contrast to — sona i — ]
) el — Background 1 et — Background ]
the fixed-order R gl i

. L . L , L L L L L L
-1 -08 -06 -04 -02 O 02 04 06 08 1 o 0.5 1 15 2 25 3

rate cos(8") ¢ (rad)
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e
Summary of new features

B NNLL resummation for gg + gq — ~~ at two loops

B combined with the resummed direct ¢7 + qg cross section

B improved freatment of the fragmentation region

B improved model for nonperturbative resummed
contributions (A. Konychev, P N., PLB 633, 710 (2006))

B resummed form factor in two resummation schemes

B predictions for differential distributions in the H — ~~ search
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Backup slides
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e
Impact on the Higgs boson search

B Information about the shape of diphoton Q1. 6., and ¢,
distributions increases discrimination power of the likelihood
analysis

B Radiative corrections have strong kinematic dependence.
Selection of vy events at E%° < Qr < Q, central 6, and ¢.
increases the signal significance, while reducing theory
uncertainties

B The resummation calculation improves our understanding of
the Higgs signal and background. It will be nevertheless
important to experimentally examine ~~ distributions in a
wide range of @ to facilitate further improvements in theory
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Comparison with the CDF Run-2 data ;- - icevar -0

do/dQ; (pb/GeV)

-1
10

pp - yyX, CDF Run-2, 207 pb™*

DRy =04,0R  >03
Resummed

---- DIPHOX, E*=1GeV

-=== DIPHOX, E® =4 GeV, . = Q/2

0

B

10 15 20 25 30

Pavel Nadolsky (Argonn

do/dQ; (pb/GeV)

10"

10"

pp — YYX,V S=1.96 TeV

— Resummed (NNLL)
---- DIPHOX, E* = 1 GeV
DIPHOX, E* = 4 GeV,
He=Q/2

Qr<Q

35 40
Q (Gev)

100 15 20 25 30



e
Kinematical distributions at the CDF

Kinematical distributions in the Tevatron Run-2 (CDF)
100 | z g

Q (Gev)

0 e :

Qr (GeVv)
[e)]
o

cos b,
o

[Ay|
—

0 0.5 1 1.5 2 2.5 3
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vy invariant mass () and transverse momentum
(Q7) distributions at CDF

PP - yyX,VS=1.96TeV pp - yyX, VS=1.96 TeV

o
©

o
©
T

o
3
T

o CDF, 207 pbt

do/dQ (pb/GeV)
do/dQ; (pb/GeV)

=
(o))
T

o
(4]
T

1*
#l * CDF, 207 pbrt
-1
Lov v by b a1y
15 20 25 30 35

o
i
T

o
w
T

o
N
T

o
[
T

-+ _ .

clevebeve b beve e b beven b beven b a by PRI SR R T
10 20 30 40 50 70 80 90 100 0 5 10 40
Q(Gev) Q; (Gev)

o
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vy invariant mass () and transverse momentum
(Q7) distributions at CDF

PP - yyX,VS=1.96TeV pp - yyX, VS=1.96 TeV

o
©

o
©
T

o
3
T

o CDF, 207 pbt

do/dQ (pb/GeV)
do/dQ; (pb/GeV)

=
(o))
T

o
(4]
T

1*
#l * CDF, 207 pbrt
-1
Lov v by b a1y
15 20 25 30 35

o
i
T

o
w
T

o
N
T

o
[
T

-+ _ .

10 20|30 40 50 tTJ 70

o

S S PRI SR R T
80 90 100 0 5} 10 40
Q(Gev) Q; (Gev)

typical Q
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v~ invariant mass (¢)) and transverse momentum

(Q7) distributions at CDF

PP - yyX,VS=1.96TeV pp - yyX, VS=1.96 TeV
—~ 09 -
8 8
S o8k g
S =]
g o7t « CDF, 207 pbl g 1
S o6} 5 * CDF, 207 pb
05 [
04 1 Pherd > 14 Gev, pift > 13 Gev
03F \_1
10
02F
01F
0 t et
cleve b bev e b b b b b benn by I SR R A n L
10 20|30 40 50 70 80 90 100 0 5 10 15 40
Q(Gev) QT cev)

typical Q
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vy invariant mass () and transverse momentum
(Q7) distributions at CDF

do/dQ (pb/GeV)

PP - yyX, VS=1.96 TeV

pp - yyX, VS=1.96 TeV

* CDF, 207 pbrt

0.9 .
3
08 [ g
Z
07 F « CDF, 207 pbt S 1
k=)
06 [ 3
05
04 ¢ plrd > 14 GeV, pift > 13 Gev
\\
03Fp,>c¢ El
2r 2 Q 10
02
01F
oL t et
cleve b bev e b b b b b benn by
10 20|30 40 50 70 80 90 100
Q(Gev)
-——————

typical Q

10 15 40

QT o)
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vy invariant mass () and transverse momentum
(Q7) distributions at CDF

o
©

PP - yyX, VS=1.96 TeV

do/dQ (pb/GeV)
o o o o o
S (¢, o ~ [ee]

o
w

L)
V

L)

o
4\
E+<—z

@
N}

o
[

o CDF, 207 pbt

phard > 14 GeV, pjf

+

ot > 13 Gev

do/dQ; (pb/GeV)

Bl
10

30 40 50 tTJ
-

tley
70 80 90 100
Q (GeV)

typical Q

pp - yyX, VS=1.96 TeV

* CDF, 207 pbrt

+

lO 40

QT o)

Predictions for do /dQ)+ affect the behavior of do/d() and other dis-

fributions

Pavel Nadolsky (Argonne)

Loopfest VI

April 18, 2007

19



e
DGLAP evolution of P, (z,

=
o

" 4 =2 GeV 1 =10 GeV
6 [Py ®fypl () X3

n ST ey ®fgplosex® 1

2 === \‘\\

0 S~ \‘~~.
2

12 e = 100 GeV RS e = 1000 GeV
6

4

2

0

2

an-5 n-4 an-3 n-2 n-1 n-4 n-3 n-2 n-1

3 (Pég ® -(/) (z, pr)

> (Pyg ® g) (, F)

)andP( b)

Scaling violation in

P, (x,b) due to mixing
with gluon PDF g(z, pup) is
determined by

(73/ g) (z.), With
P(;q( ) =2C4(1 —x2)/x
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Comparison with the CDF Run-2 data i - 1cev.ar-o0s

BP0 05 Fun 2, 2077 B The DIPHOX cross section...

DR, =04,0R >03

- A ...agrees with NLO RESBOS for

-- DIPHOX, Ef® =1GeV

T pmoERsie =z the nominal B0 = 1 GeV, same g

A ...can reproduce the
“shoulder” by choosing £%° = 4 GeV,
smaller . o increase the
1-fragmentation rate by 400%

B The “shoulder” occurs at @ < 25

GeV, Q < Qr. Ap < /2, where
large unknown corrections are

do/dQ; (pb/GeV)

10

0 5 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5410
o @) present

The “shoulder” is a low-@) effect, not relevant for the LHC Higgs
searches; can be removed by a cut

April 18, 2007 21
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Comparison with the CDF Run-2 data i - 1cev.ar-o0s

BP0 05 Fun 2, 2077 The DIPHOX cross section...

) OR,,,=04,0R > 0.3

%1 s ...agrees with NLO RESBOS for

g T DIFHOXER=AGV=Q2 | the nominal GeV, same

B

b ...Ccan reproduce the
“shoulder” by choosing GeV,

smaller to increase the
1-fragmentation rate by 400%
The “shoulder” occurs at
GeV, , , where
gt sl lQrge unknown corrections are
Q- Gv) present

The “shoulder” is a low-() effect, not relevant for the LHC Higgs
searches; can be removed by a Qr < Q cut
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Azimuthal angle separation Ay

g PP — YYX, CDF Run-2, 207 pb* g pp - YWX, VS=1.96 TeV
5 [ OR,,=04,4R >03 5 [ BOR,e=04,40R, >03
g | RESBOS, EI¥ = 1 GeV & RESBOS, E = 1 GeV
= r Mg = Q (lower), Q/2 (upper) = r He = Q (lower), Q/2 (upper)
3 ---- DIPHOX, E=1Gev g ---- DIPHOX, E®=1GeV
3 10 F - DIPHOX, E®=4GeV, p-= Q2 g 10 F - DIPHOX, E®=4GeV, p= Q2
© i ° i
I I Qr<Q
1F . o 1F
10| 10 F
L 1 1 1 1 1 1 L 1 1 1 1
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