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Why is diphoton production important?

& It is a channel that we can use to check the validity
of perturbative Quantum Chromodynamics (pQCD)

¢ Collinear factorization approach
¢ K. factorization approach

¢ Soft gluon logarithmic resummation techniques

¢ It constitutes an irreducible background for new
physics searches

¢ Universal Extra Dimensions
¢ Randall-Sundrum ED

¢ Supersymmetry

-

¢ New heavy resonances
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Why is diphoton production important?

¢ It is a channel that we can use to check the validity
of perturbative Quantum Chromodynamics (pQCD)

¢ Collinear factorization approach
¢ K. factorization approach
¢ Soft gluon logarithmic resummation techniques

¢ It constitutes an irreducible background for new
physics searches

¢ Irreducible background

* In studies and searches for a low mass
Higgs boson decaying into photon pairs



The search for the SM Higgs boson

All these motivations are strengthened by
the spectacular observation of a
new neutral boson (M~125 GeV)
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Photon production

When we dealing with the production of photons we have to consider
two production mechanisms:

Direct component: photon directly

// produced through the hard interaction
TN

Y Fragmentation component: photon produced
from non-perturbative fragmentation of a
hard parton (analogously to a hadron)

q \ Y
7 . - 5
N alculations of cross sections with photons have additional

singularities in the presence of QCD radiation.
(i.,e. When we go beyond LO)

[Fragmentation function:]
to be fitted from data
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Photon production

Two mechanisms for photon production

e

W%M/L

Direct (point-like) Single and double resolved (collinear fragmentation)

Separation between them NOT physical in general (beyond LO)

o s

- - ‘
ol Tl la e o o)
\I}% D W‘_—__m

collinear divergence Cancelled by fragmentation
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Photon production

& Experimentally photons must be isolated
& |solation reduces fragmentation component
¢ Experimentalist may choose:

Z Ehad S gyp; ‘@} Z Ehﬂd < Ema:r:
0<Ry 0< Ro

Using conventional isolation, only the sum of the direct and

. fragmentation contributions is meaningful. .
But there is a way to isolate and make the direct cross section physical

Smooth cone Isolation (Infrared safe)

Soft emission allowed arbitrarily close to the photon

1 — cos(d) )’” & no quark-photon collinear divergences

3] =&l
x0) =6 (1 — cos(Ry)
@ direct well defined by itself

had : =
E7*9(0) < x(0) such that lim x(4) =0 S. Frixione, Phys.Lett. B429 (1998) 369-374,
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X(r)

.. Standard Photon Isolation E2094(5) < B2 .

Smooth Photon Isolation E*(6) < B3, x(6)

T max

] F ~S.Frixione
¥ no quark-photon collinear divergences
1 — cos(8) n : rE)o fragmentz_ﬂl::’ior_r com pltl:n;e;t (:;nly direct)
() <1 irect contribution well define

More restrictive than usual cone : lower limit on cross section (close for small R)

In real (TH)life... how much different? NLO comparison Ry =04 n =1

CMS Higgs cuts at 7 TeV Standard: direct+fragmentation (Diphox)
nvariant mass distribution
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X(r)

.. Standard Photon Isolation @d(ﬁ) < E%@

-~ Smooth Photon Isolation E?*(8) < B34 x(0)

F _ S.Frixione
_[: i‘ no quark-photon collinear divergences
| (5) n ¥ no fragmentation component (only direct)
—_ EDE § & - .
'X(fi) < 1 Direct contribution well defined

More restrictive than usual cone : lower limit on cross section (close for small R)

In real (TH)life... how much different? NLO comparison Ry =04 N = 1

Standard: direct+fragmentation (Diphox)

CMS Higgs cuts at 7 TeV
Invariant mass distribution
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B i standard/smooth ) B
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. Standard Photon Isolation EXHS) < BXE ..
% Sm-o-o’rh Photon Isolation ERad(§) < Ehad  3(5)
. = S.Frixione
o T : # no quark-photon collinear divergences
| (S n # no fragmentation component (only direct)
5) — B Eﬂh( :] # Direct contribution well defined
x(9) = _ <1
1 —cos(Ry)

More restrictive than usual cone : lower limit on cross section (close for small R)

In real (TH)life... how much different? NLO comparison Ry =04 n =1
CMS Higgs cuts at 7 TeV Standard: direct+fragmentation (Diphox)

Invariant mass distribution

* The smooth cone isolation criterion is more restrictive than the standard one

. O'F*r'zix{R; Er maa::} < O'Stand{Ra Er mam} ‘

(both theoretically and experimentally)
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X(r)
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x(4) = <1

1 —cos(Ry) ) —
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In real (TH)life... how much different? NLO comparison Ry =04 n =1

CMS Higgs cuts at 7 TeV
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X(r)

Smooth Photon Isolation

Standard Photon Isolation
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But the effects of the fragmentantion could appear strongly In
kinematical regions far away from the back-to-back configuration

The calculation of fragmentation contributions is very difficult:

We can find calculations in which the fragmentation
component is considered at one perturbative level less, than
the direct component.

For the next slides:

Xsection [NLO] =

Xsection [NLO] = Direct [NLO] @p (Isolation Criterion: Frixione)

(Isolation Criterion: Standard, Democratic, Frixione, etc.)

Xsection [NLO] = Direct [NLO] + Frag [LO]  (Isolation Criterion: Standard, Democratic, Frixione, etc.)
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Check less inclusive observables: any significant difference?

Diphoton production /s = 8 TeV

pLeTd > 40 GeV
pl°°7t > 30 GeV

CTEQ6M

100 GeV < M, < 160 GeV

' new
HE — R — M’y'}r at LH
<25 R, >045

full NLO Cone (DIPHOX) vs Cone with LO fragmentation vs NLO Smooth
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[Fb]

do/dCos6

Check less inclusive observables: any significant difference?

Diphoton production +/s = 8 TeV CTEQ6M  prp = pr = M., m|
Fhare = A0 CeV
M s 100GeV < M., < 160GeV || < 2.5 R, > 045
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do/dCos8” [Fb]

Same feature for all distributions

Smooth cone @NLO ~ Cone @ NLO 1-2% level

Cone + LO fragmentation component worse than 5%
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In cases, using LO fragmentation component can make things look very strange...

Cone isolation (DIPHOX)

do/dM,, [dir=NLO,frag=NLO]
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In

cases, using LO fragmentation component can make things look very strange...

Cone isolation (DIPHOX)

CMS [ 7 TeV ]

Code > BT < | ol () | agiOfb) | oy 9 (fb) | opyf (fb) | Tsolation
a | DIPHOX 2 GeV 3746 3004 239 2.6 Standard
b | DIPHOX 3 GeV 3776 3396 374 6 Standard
c | DIPHOX 4 GeV 3796 3296 488 12 Standard
d | DIPHOX 5 GeV 3825 3201 607 17 Standard
e | DIPHOX |  0.05 p) 3770 3446 320 4 Standard
f | DIPHOX 0.5 p. 4474 2144 2104 226 Standard
g | DIPHOX incl 6584 1186 3930 1468 none
h | 24NNLO | 0.05 p) x(r) | 3768 3768 0 0 Smooth
i | 29NNLO | 0.5p) x(r) | 4074 1074 0 0 Smooth
j | 29NNLO | 2 GeV x(r) 3743 3743 0 0 Smooth
k | 29NNLO | 3 GeV x(r) 3776 3776 0 0 Smooth
I | 29NNLO | 4 GeV x(r) 3795 3795 0 0 Smooth
m | 2yNNLO | 5 GeV x(r) 3814 3814 0 0 Smooth

L.C, D. de Florian 2013
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In cases, using LO fragmentation component can make things look very strange...

Cone isolation (DIPHOX)

CMS [ 7 TeV ]

Gy

Code S, ERd < | gNEO(fh) | o EO(fb [solation
a | DIPHOX 2 GeV 3746 3504 239 2.6 Standard
b | DIPHOX 3 GeV 3776 3396 374 6 Standard
c | DIPHOX 4 GeV 3796 3296 488 12 Standard
d | DIPHOX 5 GeV 3825 3201 607 17 Standard
e | DIPHOX |  0.05 p) 3770 3446 320 4 Standard
f | DIPHOX 0.5 p. 4474 2144 2104 226 Standard
g | DIPHOX incl 6584 1186 3930 1468 none
h | 2yNNLO | 0.05 pJ. x(r) 3768 3768 0 0 Smooth
i | 29NNLO | 0.5p) x(r) | 4074 1074 0 0 Smooth
j | 29NNLO | 2 GeV x(r) 3743 3743 0 0 Smooth
k | 29NNLO | 3 GeV x(r) 3776 3776 0 0 Smooth
I | 29NNLO | 4 GeV x(r) 3795 3795 0 0 Smooth
m | 2yNNLO | 5 GeV x(r) 3814 3814 0 0 Smooth

Tighter criteria

Direct component increasing

Spring Institute 2014: HEP after LHC Run I
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Les Houches accord 2013

“LH tight photon isolation accord”

* EXP: use (tight) Cone isolation solid and well understood

accurate, better than using

cone with LO fragmentation
Estimate TH isolation uncertainties

using different profiles in smooth cone

® TH: use smooth cone with same R and Etmax

While the definition of “’tight enough” might slightly depend on the particular observable
(that can always be checked by a lowest order calculation), our analysis shows that at the LHC

isolation parameters as E7'** < 5 GeV (or € < 0.1), R ~ 0.4 and R, ~ 0.4 are safe enough
to proceeed.

This procedure would allow to extend available NLO calculations to one order higher (NNLO)
for a number of observables, since the direct component is always much simpler to evaluate
than the fragmentation part, which identically vanishes under the smooth cone isolation.
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Les Houches accord 2013

“LH tight photon isolation accord”

* EXP: use (tight) Cone isolation solid and well understood

accurate, better than using

cone with LO fragmentation
Estimate TH isolation uncertainties

using different profiles in smooth cone

® TH: use smooth cone with same R and Etmax

Considering that NNLO corrections are of the order of 50% for diphoton cross sections and a
few 100% for some distributions in extreme kinematical configurations, it is far better accepting
a few % error arising from the isolation (less than the size of the expected NNNLO corrections

and within any estimate of TH uncertainties!) than neglecting those huge QCD effects towards
some “more pure implementation” of the isolation prescription.
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Avallable NLO theoretical tools

DIPHOX Full NLO for direct and fragmentation ﬁ
+ Box contribution (one piece of NNLO)

gamma2MC Full NLO (direct only) + Box K
+ correction to Box contrlbutlon partial N3LO term

Q E&&%L
I

MCFM Full NLO for direct, but only LO for fragmentation
+ correction to Box contrlbutlon partial N3LO term

Resbos NLL g, resummation for direct (with regulator

for collinear singularities)
+ correction to Box contribution partial N3LO term

+ MC generators : Herwig, Pythia, SHERPA

Spring Institute 2014: HEP after LHC Run I 27



Avalilable NLO theoretical tools

DIPHOX Full NLO for direct and fragmentation
+ Box contribution (one piece of NNLO)

gamma2MC Full NLO (direct only) + Box
+ correction to Box contribution partial N3LO term

MCFM Full NLO for direct, but only LO for fragmentation
+ correction to Box contribution partial N3LO term

Resbos NLL g, resummation for direct (with regulator

for collinear singularities)
+ correction to Box contribution partial N3LO term

2 Results tipically in good agreement with data, but some

differences observed:
& Azimuth separation for diphoton production

¢ Low mass region of the invariant mass distribution

reable to count on a NINLO desc r‘_lpxioj_n ol the
_I

It is desi
_ phenomenology of diphoton produ

N

Spring Institute 2014: HEP after LHC Run I
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Differential cross sections:
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‘ Data-to-theory cross section ratios: CDF I

NB: Vertical axis scales are not the same
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CDF Run Il Preliminary

Data-to-theory cross section ratios: CDF I

NB: Vertical axis scales are not the same
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‘ Differential cross sections for PT(VY)>MIHE: CDF I
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Spectrum suppressed for
Ad,\>1.5 rad
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The discrepancies appear
due to missing higher order correction terms
(real radiation terms)
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Diphoton production with 2yNNLO

S.Catani, D. de Florian, G.Ferrera, M.Grazzini, LC
+ Based on the g, subtraction formalism

€

Fully exclusive NNLO description(direct contnbutlon for pp(p —VYY

No fragmentation contribution

Also corrections to Box contribution, partlal N3LO terms available

(Avallable but not present in the following analysis)

Full NNLO means full control of the?)'( 1, ( )dlagrams

o

€

€

Y

ﬁ I,
L

e
RS
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Diphoton production with 2yNNLO

] ] S.Catani, D. de Florian, G.Ferrera, M.Grazzini, LC
¢ Based on the g, subtraction formalism

€

Fully exclusive NNLO description(direct contribution) for pp(p) —vy

No fragmentation contribution

Also corrections to Box contribution, partial N3LO terms available

(Available, but not present in the following analysis)

Full NNLO means full control of the¢” (az)diagrams:

s

€

€

\)
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Diphoton production at NNLO

S.Catani, D. de Florian, G.Ferrera, M.Grazzini, LC First exclusive NNLO with two final state particles

First results using 2yNNLO

woof N0 WsWOs e ]| VS =UTEV
o(fb/bin) | -------- LO 7 : “: p}hﬂrd > 40 GeV
KNNLO/NLO
3000 | b o Morbex ] - p}-‘fﬂft > 25GeV
| T
100 120 140
2000 |n’}| S 2‘5

20 GeV < M, < 250 GeV

1000 p:R - II_F - AI__?,_?

..................

..................
v I e

NNLO effect about +50 % in the peak region
Box only ~22% of NNLO correction
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Diphoton production at NNLO

S.Catani, D. de Florian, G.Ferrera, M.Grazzini, LC First exclusive NNLO with two final state particles

First results using 2yNNLO
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Huge corrections 1 : new channels

Channels @ 14 TeV

1.0
1.0
Ry=0y/0 NLO NNLO o k
L + LHC 14 TeV ..} Box/ee
ae
0.0 A A A -
100 120 140 160
0.6 '"‘c!-g——-___ 1 4__
0.4 - gg
02 | . |
0_0 'l i L A i i A i
100 120 140 160 100 120 140 160 180
M., (GeV) M,, (GeV)

Box only ~22% of NNLO correction

Main contribution from qg channel
(corrections to NLO dominant channel)
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Diphoton production at NNLO

First exclusive NNLO with two final state particles

S.Catani, D. de Florian, G.Ferrera, M.Grazzini, LC

8000
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2000

pr of harder and softer photon
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T

—— NNLO
----NLO

Harder vy

1 LHC 14 TeV

ﬂLR=1$F=Ldyr
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8000

1 6000
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1 2000

100
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120

/ The requiremelb
p’.. =40 GeV

T1 —
implies that at LO
also the
softer photon
must have

p“"T > 40 GeV

\ 4
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Diphoton production at NNLO

S.Catani, D. de Florian, G.Ferrera, M.Grazzini, LC First exclusive NNLO with two final state particles

pr of harder and softer photon

sooo | (fb/bin) — NNLO 1 LHC 14 TeV MSTW 08 | 000
Mp=Mp=M,,
6000 + [ / The requiremelb
Softer 7y p’,, =40 GeV
implies that at LO
4000 - 1 4000 also the
softer photon
must have
2000 | E 1 2000 \ p'. =40 GeV

40 60 80 100 120

not allowed at LO

Large contribution to cross-section

€ Substantial contribution from radiation in the region 25 GeV < pT < 40 GeV
- Unphysical. peak in p"ﬁ at p¥_ =40 Ge\(
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Diphoton production at NNLO

S.Catani, D. de Florian, G.Ferrera, M.Grazzini, LC

First exclusive NNLO with two final state particles

Discrepancy between NLO and experimental data
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Diphoton production at NNLO

S.Catani, D. de Florian, G.Ferrera, M.Grazzini, LC

Discrepancy between NLO and experimental data
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Diphoton production at NNLO

S.Catani, D. de Florian, G.Ferrera, M.Grazzini, LC First exclusive NNLO with two final state particles
Discrepancy between NLO and experimental data

7 TeV, L = 36 pb™

S R R N ee— T T T 7T T T T 1T T T T T T T T 1T T T 1T 71 LI B | ]
| Data2010Vs= & = I I ! T ! 3 T
| pi>16 GeV, EZ AT W —e— Data - ' e
n"|<2.37 exciuding <2 B - DIPHOX CTEQ6M o
— i - = =M/2 -
— 107 -+ measur ~ M=t =ty ]
3 E tmeasur 2. o e RESBOS CTEQ6M !
2 - == piPHO g 107 = cns. PYTHIA yy+i = |
== — © ResBos &5 = e PYTHIA yy - ]
= . = = - ]
§ - E = {7 |
[}
© 10 - _.f"f— q
10 s R :
= g . — —
- _.j.'..'I = x |
2 - - 57 (. ]
% 1 B !:...f.'_l- . :.-. - :
= " o F v n ]
gu -1 ‘ . |
2 —
= 2 - ]
= 1E ~
s I =
g =1 E—— 7] 11 1 1 I | 1 1 | | 1
a 05 1 : 2.5 3
- 1 1 | I _F A(PTY
0 0.5 1 1.0 2 2.5 3
Ao (rad)
Same discre ci1es DF: Phys.Rev.Le 7 2 2
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Diphoton production at NNLO

S.Catani, D. de Florian, G.Ferrera, M.Grazzini, LC First exclusive NNLO with two final state particles
Discrepancy between NLO and experimental data

AT R LS RERE R AT SRR SR T P L 1
u Data 2010,\Vs=7 TeV, j Ldt=37 pb"' CMS \Ns=7TeV, L =36 pb
i * p::>16 Gev’ E:"'pn“ s 4 Gev" ﬁH” }0-4 il — mll ? I2-|5’| EIT.‘lY |> |2?, |2|3 lGlel\’ T ] 1 1 | I I 1 T I 1 ] ] ]
B i % n"l<2.37 excluding 1.37<n'j<1.52 i = [~ IPH A 7]
— o - measured (stat) ) I hagey I CNIAASAC
1 i — () - —e— Measured :
> ;- -+ measured (stat @ syst) 5 = —+— Stat. uncertainties
g . s DIPHOX - -8_ 1 —— Stat. @ syst. uncertainties -
- S E | B T Theoretical scale uncertainties
?: *‘4”“1' ResBos 1 . : PDF + o, uncertainties :
£ - £ [ ]
= O : .
107 = _8 _________
: 107 =
| I A | PRI & :
Q 1
Q i
= os5f
o o —
+ o B \\\\\\_i_++\\ S 102+ L L —
8 o5F I | = =
1 E i
& ok ResBos I 1
) ] ] W 1
g °F it ' e 3 | ! ! ! !
ﬂ 05 ;_ —+—\.+ + _; 10 Il L L 1 L 1 L L L il il | i | il 1 L L L L L Ll A i |
52 S S S B T 0 50 100 150 200 250 300
0 20 40 60 80 100 120 140 160 180 200 220
m,, [GeV] m,. (GEV)
PRD 85, 012003 (2012) JHEP 01(2012)
Same dis S ¥ | 7
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do/dm,, [pb GeV']

(data-MCyMC

(data-MC)MC

Diphoton production at NNLO

S.Catani, D. de Florian, G.Ferrera, M.Grazzini, LC First exclusive NNLO with two final state particles

-

107

Discrepancy between NLO and experimental data

E 10 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIiIIIII '\JE:?TEV,L:Spr-‘I
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. ed ]
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Diphoton production at NNLO

S.Catani, D. de Florian, G.Ferrera, M.Grazzini, LC First exclusive NNLO with two final state particles

Discrepancy between NLO and experimental data at low A@

CMS \s =7 TeV, L = 36 pb™
nl < 2.5, ET‘T > 20, 23 GeV

3 1 I I I I I I I I ] 1 I I I I I L] ] ] I I ] ] | T ] ] L] _I R _I_
o Theory DIPHOX + GAMMA2MC
S —e— Measured
=1 02 ——#— Stat. uncertainties .
S . —+— Stat. @ syst. uncertainties 3
W Theoretical scale uncertainties ]
g | mam PDF + a, uncertainties |
5 3
10 =]
| a4 i |
2.0 3
| AQ
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Diphoton production at NNLO

S.Catani, D. de Florian, G.Ferrera, M.Grazzini, LC

Preliminary results

NNLO Corrections much larger in some kinematical regions
NLO effectively lowest order

— NNLO V'S = 7TeV
.| 2/NNLO MSTW 08 |

---- NLO CMS diphoton cuts

0 preT? > 23 GeV
Tk pl*oft > 20 GeV
S [] 1
3 10 T I
9 | y ~
s ; 7| < 2.5
S s 3§ ¥ rF - -
I I R-’ﬂr > Oa"—lr_)
L~ '
i
large discrepancy between e smooth
NLO and Data Uy a— I cone isolation
e S
0.0 0.5 1.0 1.5 2.0 2.5

Ad.,,
NNLO corrections essential to understand the background

Spring Institute 2014: HEP after LHC Run I 54



invariant mass below the LO threshold

.r. h’!,.d :I T '| TrT I T I T T | L I B I T T [ LI I ) I Trr TTrT I LI I_l T |:
s TV Pr > 40 GeV - Data 2010,\/s=7 TeV, | Lct=37 pb" |
= 14Te oY soft - o GeV i * pi>16 GeV, E, ' <4 GeV,AR">0.4 ]
Pr = &I xC - * % In"|<2.37 excluding 1.37</n'|<1.52 3
- aika - & -+ measured (stat) ]
% E -+ measured (stat @ syst) S
- 0] - 5= N .
o(fb/bin) R 2 n W ngs;gggq .
---- NLO % p——— =

0000fF L0 LHC 14 TeV ' = 5

. . . # =
LB o - AR, B ° 80 100 150 - > -
o ot T (GeV) ]
j‘-*' ]"'*-_5:1'"- Ll -
1000 | NLO+bax ~I1T1- 1 5 ]

. -:"I _1:]:-:.._-:._' i I ol 1
— = S B : ~ Tl S osf DIPHOX
G-t sg—box N T o %@3@&#&‘\\ ST . S,
100} = ' 8 os5F I | =
"= - : e - =
= - - 4 E ; :
80| l . : . Wiz ] & :|| A . ] H B :
55 o g osp + es os_5
E 0§77 +..+. _.+_ ) :
» g8 osf SN ;
B Ao 0 20 40 60 80 100 120 140 160 180 200 220

m., [GeV]

LO threshold at 80 GeV
“No back-to-back”

This discrepancy can be related to the discrepancy
observed in the A¢@ distribution.
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| Preliminary comparison CDF 9.5 fb' results

—
o
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E" :[|]||||||||l|.1][ A |||||||||[||||||||3:
§ [erurcwman Total cross section (pb) . 0w ]
Sl Data (CDF) 12.3+ 0.2, + 3.5, —wew
....g E ===+ SHERPA é
: RESBOS 113+2.4 ]
e DIPHOX 10.6 + 0.6 :
: MCFM 11.6 + 0.3 E
1
E et 0 SHERPA 10.9
g
.= PYTHIA yy+yj 9.2 _
L I
005 1 1 PYTHIA yy 5.0 0 120 140 160 180 20
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ml <1 R > 04

[ Preliminary comparison CDF 9.5 fb" results ]
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do/dm__, [pb/GeV]

data/DIPHOX

data/2yNNLO
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ATLAS results
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do/dm__, [pb/GeV]

data/DIPHOX

data/2yNNLO
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Higgs boson searches

X weights - Bkg

I weights / 2 GeV Evenis - Bkg

¢  Dawa

---- Bkg (41h order polynomial)

157 TeV, [Laftes B’
15=8 ToV, [Lot=5 91"

{a)

——— Sig+Bkg Fit (m =126.5 GeV)

+ Data S/B Waighted
——— Sig+Bkg Fit (m_=126.5 GeV)
Bkg (41h ordar polynomial)

I[I"I,II'II

III[

i)
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S/(S+B) Weighted Events / 1.5 GeV
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searches

5, ATLAS + oam ' E CMS f5=7TeV,L=51f"is=8TeV,L=53f"
S‘;zm:_ ——— SigeBkg Fit (m =126.5 GeV) P I I
€ B oy Eesss Bkg (4th order polynomial) > T
g 2500f E [
20005 = % ® Unweighted
'5‘00':— 187 TeV, [Lotes 81" E (0] F ftsm"
1000E- (5.8 Tov, [Lat=5.91" " W 1500 & =
250 S0 @ o 3 I ' §
f‘: % (111000
a(fb) CMS cuts (Higgs) MSTW 08 : > 1 1000 |
200
200 | Mg and up= (2,1/2) M, | 3
5
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NNLO+N3LO terms LHC 7 TeV S gyl ¢ Deo
150 o | S8
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) | Il 20
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0 'l 1 L Il Il
100 110 120? 130 140 150 180 7| < 2.5
- nggs g (Gev) excluding 1.4442 < i!lr-"l < 1.566
c = 0.05
* Scale does not represent TH uncertainties at LO and NLO * new channels @3 Bem Dixon.Schmide (2002)
* All channels open at NNLO * estimate of TH uncertainties N :E"] Lf
f‘_"‘{; - n,

Some N3LO terms known
to contribute ~5%
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Summary

Cross section with “smooth” isolation, is a lower bound
for cross section with standard isolation.

Sizeable NNLO corrections to the yy mass
distribution in kinematical regions related

to Higgs boson searches 40-55% effect over NLOI

NNLO very large away from back-to-back

configuration (effectively NLO) needed to understand
LHC data l

At NNLO starts to reliably predict values of cross
sections in all kinematical regions

(with very few exceptions; e.g Pryy 0)
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Thank you!!!
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Backup slides
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qT SUbtraCtion methOd S. Catani, M. Grazzini (2007)
For a generic pp— F+ X process:

[colorless]

§ At NLO we need a LO calculation of dofT¢®
plus the knowledge of dofj and #'®

D. de Florian, M. Grazzini (2000)
G. Bozzi, S. Catani, D. de Florian, M.Grazzini (2005)

g At NNLO we need a NLO calculation of dgftiet(s)

plus the knowledge of do{%, and H™™
S. Catani, M. Grazzini (2007)

S. Catani, L. C, G.Ferrera, D. de Florian, M. Grazzini (2009)
S. Catani, L. C, G.Ferrera, D. de Florian, M. Grazzini (2009)

F+jets
dng)NLO — HFN)NLO ® dO'EO - do’(f\-rl_)‘][;ié) = dJ%LO
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qT SUbtraCtion methOd S. Catani, M. Grazzini (2007)
For a generic pp— F+ X process:

[colorless]

§ At NLO we need a LO calculation of do"®
plus the knowledge of do¢3 and #FV

D. de Florian, M. Grazzini (2000)
G. Bozzi, S. Catani, D. de Florian, M.Grazzini (2005)

g At NNLO we need a NLO calculation of dof Hiet(s)

plus the knowledge of do{i, and H'®
S. Catani, M. Grazzini (2007)

S. Catani, L. C, G.Ferrera, D. de Florian, M. Grazzini (2009)
S. Catani, L. C, G.Ferrera, D. de Florian, M. Grazzini (2009)

This is enough to compute NNLO corrections for any

process in this class provided that F+jet is known up to

NLO and the two loop amplitude for CC — F is known




qT SUbtraCtion methOd S. Catani, M. Grazzini (2007)

DiPhoton production at NNLO

In our case

TWO-'OOP amplitudes available C.Anastasiou, EW.N.Glover, M.E.Tejeda-Yeomans

Di-photon + jet at NLO computed V.Del Duca, FMaltoni, Z.Nagy, Z.Trocsanyi

implemented in NLOJet++

Z.Bern, L. J. Dixon and D. A. Kosower (19995)
A. Signer (1995)

V. D. Barger, T. Han, J. Ohnemus and D. Zeppenfeld (1990)
V. Del Duca, W. B. Kilgore and F. Maltoni (2000)
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qT SUbtraCtion methOd S. Catani, M. Grazzini (2007)

DiPhoton production at NNLO . HE(2)

In our case

TWO-'OOP amplitudes available ""Cﬂﬁg;c;lsiou. E.W.N.Glover, M.E. Tejeda-Yeomans

Di-photon + jet at NLO computed V.Del Duca, FMaltoni, Z.Nagy, Z.Trocsanyi

implemented in NLOJet++

Z.Bern, L. J. Dixon and D. A. Kosower (19995)
A. Signer (1995)

V. D. Barger, T. Han, J. Ohnemus and D. Zeppenfeld (1990)
V. Del Duca, W. B. Kilgore and F. Maltoni (2000)
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q_subtraction method - ... c....co

DiPhoton production at NNLO . HE@)
do FHiet(s)
Two-loop amplitudes available * CAnastasiou, EW.N.Glover, M.E Tejeda-Yeomans

In our case

Di-photon + jet at NLO computed, V.Del Duca, FMaltoni, Z.Nagy, Z. Trocsanyi

implemented in NLOJet++

Z.Bern, L. J. Dixon and D. A. Kosower (1995)
A. Signer (1995)

V. D. Barger, T. Han, J. Ohnemus and D. Zeppenfeld (1990)
V. Del Duca, W. B. Kilgore and F. Maltoni (2000)
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qT S"btraCtion methOd S. Catani, M. Grazzini (2007)

DiPhoton production at NNLO . HE@)
do Ftiet(s)
Two-loop amplitudes available * CAnastasiou, EW.N.Glover, M.E Tejeda-Yeomans

In our case

Di-photon + jet at NLO computed, V.Del Duca, FMaltoni, Z.Nagy, Z. Trocsanyi

implemented in NLOJet++

[ Fully exclusive NNLO code for pp — F ]

2 NNLO First exclusive NNLO in pp collisions with two final state particles
/}/ S.Catani, L.Cieri, D.de Florian, G.Ferrera, M.Grazzini (2011)
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do/d @.. [Fb/frad]
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q.subtraction method - ......c.....o

Let us consider a specific, though important class of processes: the production
of colourless high-mass systems F in hadron collisions
( F may consist of lepton pairs, vector bosons, Higgs bosons......)

C
At LO it starts with ¢¢c — F >@: F
C

Strategy: start from NLO calculation of F+jet(s) and observe that as soon as

the transverse momentum of the F, ¢ Z 0, on can write:

4 N
F . F+jets
dU(N)NLO ‘QT#O — dU(N)LO

- /

Define a counterterm to deal with singular behaviour at gr — 0

the singular behaviour of daf;ffg Is well known from the resummation
program of large logarithmic contributions at small transverse momenta
G. Parisi, R. Petronzio (1979)
J. Collins, D.E. Soper, G. Sterman (1985)
S. Catani, D. de Florian, M.Grazzini (2000)



q.subtraction method - ......c.....o

choose doCT ~ do9) g EF(QT/Q)
(s F(n;k) QE k IQE
where g7/ Q) )l
5 (gr/ lel( ) Z 7 7

Then the calculation can be extended to include the gr = 0 contribution:
F __qyF F F+jets CT
do (NYNLO — H(N)NLO Qdoro+ ld‘f’ (N)LO —do T(N)LO

where | have subtracted the truncation of the counterterm at (N)LO and
added a contribution at gr = 0 to restore the correct normalization

The function H" can be computed in QCD perturbation theory

M =14 () HEW 4 (%)271”2) b



q.subtraction method - ......c.....o

choose do“? ~ do'"?) @ 2 (¢r/Q)
00 2n 9 9
(
where EF(QI/Q) N Z (E) Z EF n:k) Q k 1 Q
=1 " =1 q’l’ 7

do FN)NLO = Hf?N)NLo ® doy £+

:;5 - b# =

' ° . .
e iisamsaaaabaslin QCD perturbation theory

| Real + Virtual]

2
Contributions -+ (%) HF@) -+ .......
v



q.subtraction method - ......c.....o

choose do“? ~ do'"?) @ 2 (¢r/Q)
o0 2n 9 9
(
where EF((“/Q) N Z (E) Z EF n:k) Q k 1 Q
n=1 d k=1 qT qj

Then the calculation can be extended to include the gr = 0 contribution:
F __qyF F F+jets CT
do (NYNLO — H(N)NLO Qdoro+ ld‘f’ (N)LO —do T(N)LO

where | have subtracted the trungétion of the counterterm at (N)LO and
added a contribution at gr = (¥ to restore the correct normalization

The function H" can be coffiputed in QCD perturbation theory




q.subtraction method - ......c.....o

choose doCT ~ do9) g EF(QT/Q)
(s F(n;k) QE k IQE
where g7/ Q) )l
5 (gr/ lel( ) Z 7 7

Then the calculation can be extended to include the gr = 0 contribution:
F __qyF F F+jets CT
dJ(N)NLO_H(N)NL()@dJLO_'_ [dJ(N)LO do ( )LOJ

where | have subtracted the truncatioh of the counterterm at (N)LO and
added a contribution at gr = 0 to rpstore the correct normalization

The function H* can be computed in ®CD perturbation theory

HE =1 (%) 1F(1) (%)QHF@)JF _______ ; F

ﬂ' Tr Ve

- Finitezro)




q.subtraction method - ......c.....o

choose do“? ~ do'"?) @ 2 (¢r/Q)
o0 2n 9 9
(
where EF((“/Q) N Z (E) Z EF n:k) Q k 1 Q
n=1 d k=1 qT qj

Then the calculation can be extended to include the gr = 0 contribution:

F F F F+jets CT
dJ(N)NLO:H(N)NL()@dJ 6 [dJ(N)JLO do ( )LOJ

= 1 (58) 20 (5) peref

Flnl’re (NNLO) F >




@® The Normalization H

Expand to the fixed order in /g

_ 14 98 F) (“8)2 F(2) 2

i T T (qT)

LO NLO NNLO

Normalization of Jg\pNLO computational effort comparable to Jg\é)NLO
2
2 2 br 2 dUF _F Ia
pr < Q dqr T = oro R (pr/Q)
0 4T

The coefficients appear in the constant term

RF(l) _ l(2) EF(l;Z) i l() EF(l;l) i HF(l) 4+ O(p?p/QZ)

RF(Q) _ lg EF(2;4) i lg ZF(2;3) i l% ZF(Q;Q)
o (BFHY = 16¢ 272 + HIE — 4RI+ O(p7/Q)

Very hard to reach that accuracy... but...



/pT dq2 dO'F B O_(N)NLO - /OO qu dO.F—I—jet(N)LO
. T dq% tot )2 T dq%

T
Inclusive (analytic) distribution

Integral can be carried

known for Drell-Yan and Higgs! out in 4-dimensions

Method used to obtain 7 (?) for Higgs and Drell-Yan



In this requirement is manifested its weakness



2 .
F F N)L
pTd o A0 (N)NLO Ood , dotTiettN)LO
I 72 = Ttot — iy A2
0 dr p2. Yira
Inclusive (analytic) distribution
Integral can be carried
out in 4-dimensions

known for Drell-Yan and Higgs!

Method used to obtain 7 (?) for Higgs and Drell-Yan

S.Catani, L.Cieri, DdeF,

S.Catani, M.Grazzini -
HNNLO DYNNLO G Ferrera. M.Grazzini
30 i T T T T T T T T T T ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ T 80 T T | T T T T | T T T T T T T T | T T T T | T T
MRST200 _ i pp—>(Z+‘y")+X—>e+e_+X Vs=14 TeV Mp=Mp=INg |
i i | MSTW2008 MRST2004 |
R5 [~ My=125 GeV —]

o(pb/bin)

Up to now, Inclusive and analytical Momentum Distribution needed for Exclusive



q.subtraction method - ......c.....o

& Why we used a “subtraction” method for H*#?

& We didn't know the “internal” estructure of H?  Before 2yNNLO




q.subtraction method - ......c.....o

& Why we used a “subtraction” method for H™??

& We didn't know the “internal” estructure of H?  Before 2yNNLO

N— /
~

& We dind't know how to relate H? and the finite component of
the two-loops virtual matrix elements. |

Before 2yNNLO




q.subtraction method - ......c.....o

& Why we used a “subtraction” method for H™??

& We didn't know the “internal” estructure of H"®  Before 2yNNLO

N— /
~

& We dind't know how to relate H"?and the finite component of
the two-loops virtual matrix elements. |

Before 2yNNLO

N— /
~

¢ The generalization of the precedent method implies to find the
universal terms contained in H™*

F2) — F(2) . . (2X0) F
HF® = Hf@ + Finite




Why do we need NNLO corrections?
NNLO QCD corrections in diphoton production

YY production smmp some NNLO terms known to be as large as Born!

BN

o s

e

e

O (a?%) butgg Luminosity O(a?) but ggLuminosity

# Box contribution already included in NLO calculation DIPHOX: T.Binoth, J.P.Guillet, E.Pilon,

M.Werlen



Why do we need NNLO corrections?

NNLO QCD corrections in diphoton production
YY production smmp some NNLO terms known to be as large as Born!

BN

o

e

O (a?2) butgg Luminosity

+ Box contribution already included in NLO calculation

e

O(a?) but qg Luminosity

DIPHOX: T.Binoth, J.P.Guillet, E.Pilon,

M.Werlen

# Full NNLO control of Di-photon production is desired (main light Higgs bkg)



‘ Kinematic variables I

M =(p+ps) Py =| (Py+Ba) = (B +5) -2
(Pa+Bn)-2
Ag = ‘nyl _¢y2‘ mod s Y, =tanh™ ‘;ﬂ‘ +‘V;ﬂ‘
7= piy _ Low-p/high-p; ratio of the photon pair (z<1)
pT}/

. cosf — tanhM ~0 (PT << M)
2pTy1pTy2 Slnh(yyl - yyZ) 2

MM + P

cosf =

4P, Py ~1 (PT o M)
(pTyl + pTyz)

cos’ 9 —

L Cosine of the leading photon polar angle in the
Collins-Soper frame (yy rest frame with the polar

axis bisecting the angle between the colliding
hadrons)



do/dz (pb)
2 = a3 3

—
o

1
10"
10

10°

0 040203 04050607 08 09 1

‘ Differential cross sections: CDF I

llllllllI]IIIIIIIIIIIIIIIIIIIIIIIIlIIIIlIIIl|III

= CDF Il Diphoton 9.5fb"

|
= E>15,17 GeV, [|<1.0, ¢ Data E
A R?O.-4, Iso<2GevV NNLO ki
= Preliminary E
= MCFM 3
_ « ==+ SHERPA bi
- AR
i ant™
3 T 3
- T L -
i i 1
E 4-,,'1:;.:"’:’_ 3
g N E
L L 3
S : Il . =
E |l =
c 1& 5
=M =

] IIIIIIIIIIJIIIIJIIIIIIIIJIIIIII'IIII|IIIJ|IIII

z=EE,,

Good agreement between
data and theory

Valencia, Espaia

do/dY , (pb)

o i G Y
[ — I N N - N - D - - B —

(T [ T T T T [T T T T[T T T T [ T T TT ]
" CDF Il Diphoton 9.5fb" :
" _E>15,17 GeV, [n<1.0, ¢ Data ki
: A R?ﬂ.‘4, |SO<2 GQV llllllll NNLO :
" Preliminary
— MCFM 5
_ =+ SHERPA Il
s SR .
: T
- 2"':1_. :' l.l-‘ Sl =
L +i' Lo #i il
— e i il
L gm.&'- - : o
E N e 5
- LR
= . I
L L= l!' _
B ' s, =
- '.,I -'-" -
b o o b b l‘h
-1 .5 0 0.5 1
Y']"l’

Good agreement between
data and theory

do/dCos0 (pb)

| 1T 11 | L 1T 1T 1 1T 11 |
25 - CD|F Il Diphoton 9.5fb" | I
| E;>15,17 GeV, nl<1.0, ¢ Dala |

| AR>04,ls0<2GeV NNLO I

| Preliminary i
20— s MCFM ]
B « ==+ SHERPA 1
15 T
1 RAN ]
; =iy :

5 __ ._..::'hl :-?l..L _-
. I#: :*.‘ ]

[ % . [
0 ;_J’:I-‘-ﬂ'ﬂfi,". | | L1 1 1 ] |=all=sfii | ] |M

-1 0.5 0 0.5 1

Cos0

* Good agreement between
data and theory

Octubre 2012



‘ Differential cross sections for PT(yy)>M“H: CDF I

-
<
o

—
o
&

SRS SIS S S S SIS i B X X021

5 —lIII|II|||]IIIIIIIIIIIIIIIIII]IIII|IIIl|IIII|IIII
1} ~ CDF Il Diphoton 95fb ]
S [ Ep1517GeV, nl<1., ¢ Data 3
Uyl A R>0.4, Iso<2Gevy |
910 = Preliminary ML :
- v MCFM :
& =i - SHERPA :
=102 =
T 0 E
g | 3

1 IlIIllII |

L1 IIII]II

1 IIIIIII

Illlill

10'6 IIIIIIIIIIIIIJ

d_l.lud.LiJ.u..l.LL.L.u.Lu.L.d.uu.
0 50 100 150 200 250 300 350 400 450 300
vy Mass for P;>M (GeVic')

* Low statistics

Valencia, Espaia

—_
L —4
N

g _Iésilllllljl|grlloltolrllglslf|blII]I]IIIl[|III|III|III— _g Elclanlll |Dllprl|°lltolnlglslﬂlal | L | L |I 1T §
% E,>15,17 GeV, n|<1.0, ¢ Dala | % [ E>15,17 GeV, nl<1.0, ¢ Dala y
O AR>04 lso<2Gev NNLO 2 10 AR>0.4,ls0<2GeV NNLO il
X 41 | Preliminary ~ "7 E Preliminary 3
'8,10 3 MCFM qd T E . MCFM 1
e = - . SHERPA i1 B T - . SHERPA [
o I + 1 -8 1 = ﬂ 3
§ ¥ 10.1__"‘ "¢' i
-2 L e - = E
ol I - ; | T-* z
I + _— | - + f Rt
w0l | 4 10°: Y
104@ 10’5 _I Ll I Ll 1 | e S = | I S | Llzl=] l.l Ll L | [ I_
0 20 40 60 80 100 120 140 160 180 200 0 0.5 1 15 2 25 3
1y Py for P>M (GeVic) A for P,>M (rad)
* Low statistics * Low statistics
* No events below P,(yy) = 20 e Spectrum suppressed for
GeV/c Ad,,>1.5 rad

Octubre 2012
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(pb/(GeVic?)

do/dM
y

10°

‘ Differential cross sections for PT(yy)<M“H: CDF I

III|IIII|]IIII]IIIIIIIIIIIII]IIII|IIIl|IIII|III_

= CDF Il Diphoton 9.5 fb" E

= E>15,17 GeV, [n<1.0, s Data ]
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| 4 :
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AR AL
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vy Mass for P.<M (GeVic')

* Good agreement between data

d

nd theory

* No events for IVIW<3O GeV/c?

Valencia,
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do/dP ;. (pb/(GeV/c))
°. —

10

0 -E>15,17 GeV, [yj<1.0, ) Data E
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vy Py for P.<M (GeVic)

Good agreement between
data and theory

No excess of data over
theory for P(yy) =20-50
GeV/c (the “Guillet
shoulder”)
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Good agreement between
data and theory

Spectrum suppressed for
AP, <1.5 rad
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do/dA¢.,., (pb)

With Higgs search cuts at 7 TeV

10°

102
—— NNLO  2yNNLO —— NNLO  2yNNLO
----NLO Mr=MF=M,, ----NLO Mr=MF=M,,
101 | ATLAS cuts 7 TeV B 10l | CMS cuts 7 TeV
2
]
3
N
3
1072 0 1 2 3 1072 0 1 2 3
A¢77 A¢77
11T S 40 Gev Pyt > 40 Gev
plseft > 25 GeV p 7" > 30 GeV
100 GeV < M., <160 GeV 100 GeV < M., <160 GeV
07| < 2.37 ' < 2.5
excluding 1.37 < |n7| < 1.52 excluding 1.4442 < |n7| < 1.566

e = 0.05 e = 0.05



Y (pb/rad)

do/dAd

Ratio to SHERPA

DO vs CDF diphoton studies
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y (pb/rad)

do/dAd

Ratio to SHERPA

DO vs ATLAS diphoton studies
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do/dp

Ratio to SHERPA

DO vs CDF diphoton studies
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do/d|cosbt*| (pb)

Ratio to SHERPA

DO vs ATLAS diphoton studies
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DO vs ATLAS diphoton studies
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