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Why diphoton production is important?

* yy — very clean final state

* y do not interact strongly with other final-state particles
- Prompt photons represent ideal probes to test SM

 yy channel — have played a crucial role in the recent
discovery at the LHC of a Higgs boson Fhvs. Lett. B 716 (2012) 1

Phys. Lett. B 716 (2012) 30
* VY measurements — important in many new physics
scenarios: extra dimensions, supersymmetry, etc.

 yy invariant mass measurements — Recently the
LHC have shown an excess of events with invariant
mass of about 750 GeV - that may indicate the
presence of resonances over the diphoton SM

background CMS-PAS-EX0O-15-004 CMS-PAS-EX0-16-018
ATLAS-CONF-2015-081
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Introduction

¢ Owing to its physics relevance, the study of
diphoton production requires accurate
theoretical calculations which, in particular,
Include QCD radiative corrections at high
perturbative orders.

¥ pp(p) ~ VY
§ g= glo _|_O(1S gNLO _|_O(2S gNNLO 4

¢ We are Iinterested in fixed order (f.0) _
theoretical (TH) tools

Fragmentation — strictly collinear

LH-2011 SM-WG



Photon production

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

Y

Y Direct component: photon is directly

produced through the hard interaction

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

Calculations of cross sections with photons have
[Fragmentation function:] additional singularities in the presence of QCD
to be fitted from data radiation. (i.e. When we go beyond LO)




Isolation criteria

¢ Experimentally photons must be isolated
&€ Isolation reduces fragmentation component

& Standard (cone Baer, Ohnem_us, Owens (1990)

Aurenche, Baier, Fontannaz (1990)

La rge corrections

Z Ehad < gj/p%/’ Z Ehad < ma::v:
0 <Ry d<Ro

& Smooth (Frixione) s. Frixione (1998)

V() = ( 1—(:05(5)))?1 <1 Z E%ad < E;’Laajx(é)

1 —cos(Ry S< Ty




Isolation criteria

/ & Experimentalist may choose: \

Z Ehad < gypT ‘@; had < Emam
5<R0 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 physical the direct cross section
\ (Infrared safe)/

/Smooth cone Isolation \

Soft emission allowed arbitrarily close to the photon

} T
\(6) = ( 1 —cos(d) ) <1 & no quark-photon collinear divergences
1 —cos(Ry) sﬁ no fragmentation component (only direct]

Y Ehed < pravy(s)  § direct well defined by itself

T p,
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Isolation criteria
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@ No quark-photon collinear divergences

iy cﬁ No fragmentation contribution (only direct)

‘ﬁ Direct contribution well defined
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Isolation criteria
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sﬁ No quark-photon collinear divergences
sﬁ No fragmentation contribution (only direct)

@ Direct contribution well defined
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Isolation criteria

x(r)

0= ({eng) <!

o))

[— s 7| s
el i

— 0.4

/ — | -

CStandard > 2}#(5) < B},

Smooth hﬂd(g) < fphad x(6)
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sﬁ No quark-photon collinear divergences
@% No fragmentation contribution (only direct)

@ Direct contribution well defined

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

. O'F'ri:c{Ra Er ma:r;} < O-Stand{Ra Er max}‘

(both theoretically and experimentally)




Isolation criteria
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Historically the shape of this function
was born for e*e collisions

S. Frixione (1998)

x(r; R) = (%)Eﬂ

x(r) =0 if r —0

dx(r)/dr — 0if r — 0
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Higgs searches cuts

Diphoton production /s =8TeV  CTEQ6M pr = pur=M,,

pl T > 40 GeV

ot 100GeV < M., <160GeV  [n7| < 2.5 R, > 0.45
pr 27" > 30GeV
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L.C, D. de Florian 2013



Higgs searches cuts

Same Features for all distributions

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

Cone + LO fragmentation component worse than 5%
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L.C, D. de Florian 2013

It is not true that the smooth approach gives a larger Xsection

See the Full

NLO result with Fragmentation




Les Houches accord 2013

[Les Houches 2013: Physics at TeV Colliders: Standard Model Working Group Report ]
L.C, D. de Florian 2013

[ “LH tight isolation accord” ]

@ Exp: use (tight) cone isolation » Solid and well understood

@ TH: use smooth cone with

Accurate, better than usin
same R and ETmax J

cone with LO fragmentation

Estimate TH isolation uncertainties
using different profiles in smooth cone




Les Houches accord 2013

L.C, D. de Florian 2013
“LH tight isolation accord”

@ Exp: use (tight) Cone isolation — —>| Solid and well understood
sﬁ TH: use smooth cone with ‘ Accurate, better than using
same R and ET cone with LO fragmentation

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.

Recently, some calculations use the smooth cone isolation criteria to
arrive at the highest level of accuracy:

Vy production [NNLO] M. Grazzini, S. Kallweit, D. Rathlev, A. Torre (2013), (2015)

yy + 2Jets [NLO] T. Gehrmann , N. Greiner , G. Heinrich (2013) ;Z. Bern, L.J. Dixon, F. Febres
Cordero, S. Hoeche, H. Ita, D.A. Kosower, N. A. Lo Presti, D. Maitre (2013)

Yy + (up to) 3Jets [NLO]  S. Badger, A. Guffanti, V. Yundin (2013)



ATLAS SM cuts oo

pl%a’rder > 25 GeV, p§9ﬂ’er > 22 GeV,
|y7| <137 V 1.52< |y7| < 2.37,

ET mar — 4 GeV, n = 1, R = 04)
R,, =04




ATLAS SM cuts oo

pharder > 95 GeV, piRtr > 22 GeV,
|y,},| < 2.37,

ET max " 1 R = 04)
2GeV ; 10GeV




harder
Pr

ATLAS SM cuts

> 25 GeV, p§9ﬁ’er
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do / dM,, [pb/GeV]

0.01

—— smooth [n=1.0][NLO]
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ArXiv:1211.1913

LHC Run II (Marco Del Mastro P. Comm)
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ATLAS SM cuts .-

pl%a’rder > 25 GeV, p§9ﬂ’er > 22 GeV,

1, R=04,

I B B [T SRR SR N NN B S
— smooth [n=1.0] [NLO]
—— standard [NLO]

standard [LO]
—— BORN

—— smooth [n=1.0][NLO]

—— standard [NLO]
standard [LO]

—— BORN

do / dM,, [pb/GeV]
1 1 LI I
do / dM,, [pb/GeV]
T T T TTTT |

PP VY +X

PP—=VYY+ X -
vs =7 TeV [NLO] Vs =7 TeV [NLO]
Emax=2 GeV 3 E;™*=10 GeV -
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100 150 200

Myy [GeV]

| — ] T T T T I T T T
100 150 200

M,y [GeV]

The smooth-cone result in the kinematical region far away from the back-to-back
configuration is the same



ATLAS SM cuts .-
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1e+02

do/dAgYY [pb/rad]

0.1

ATLAS SM cuts
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The smooth-cone result in the kinematical region far away from the back-to-back
configuration is the same
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ATLAS SM cuts
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ATLAS SM cuts .-

pl%a’rder > 25 GeV, p39fter > 22 GeV,

R =04,

Guillet shoulder

| | | | | | | | | | | | | | | | L L L l L L L 1

! —— smooth [n=1.0] [ —— smooth [n=1.0] F

N —— standard i ' —— standard B

o ] i g [
- -

= = = = . -

- 7 C = ] C

z i - = i i

s I s [
P - °

o 0013 0y = L 001 = s =

o po Y+ X s : ®  ipp-oyy+X W £

1+vs=7TeV[NLO] R - 1 Vs =7 TeV [NLO] R B

1 Ev™*=2 GeV Ta | 1 Erf™*=10 GeV R, |

0,001 L L N SO O B By S B B E B B B E 0.001 —— T T S|

50 100 150 200 50 100 150 200

pY'r [GeV] p''r [GeV]



ATLAS SM cuts .-

pl%a’rder > 25 GeV, p§9ﬂ’er > 22 GeV,
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ATLAS SM cuts .-

pl%a’rder > 25 GeV, p§9ﬂ’er > 22 GeV,

1, R=04,
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ET max
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ATLAS SM cuts

harder > 25 GeV psofter > 99 GeV

_ < 2 37,
2GeV

— Standard cone
= smooth: X(r) = (r/R) 2"

PP yy+X
Vs = 7 TeV [NLO]
E{M¥ = 2 GeV

ArXiv:1211.1913
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- Vs =7 TeV [NLO]
E;M* =10 GeV




ATLAS SM cuts

harder > 25 GeV psofter > 99 GeV

ET max
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ATLAS SM cuts .-

harder > 25 GeV psofter > 99 GeV

| < 2 37,
2GeV
ET max M — 04)

R, =04

* be careful! CMS case!!! n=0.05 - ArXiv:1405.7225
but with even more asymmetrical cuts the effect is reduced
- The qq channel is almost constant - difference = 1.7% (E,__ =10GeV)

- The qg channel - difference = 77% (E, __ =10GeV)
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Surnmary isolation

 The LH accord is still valid for more general cuts (SM cuts).
The agreement at the level of the total cross-section between
the two approaches is at the percent level for wider range of
E: ..« Parameters (~15 GeV).

* For the presented X(r) functions, n=1 is the normal value
(motivated by comparison with standard result)

 The smooth cone result does not present the Guillet shoulder
at NLO

« Kinematical regions far away from the back-to-back

configuration (with smooth cone prescription at NLO) are not
sensible to the isolation parameter E ., -

>

It is not recomended match the standard NLO total cross-section changing the values
of the smooth isolation parameters (E, )

1) Due to the agreement between the two approaches
2) Beyond NLO there is no calculation with fragmentation in order to check unitarity
3) The initial motivation of reproduce fragmentation effects at NLO has no sense




Suramary isolation

 The LH accord 2013 is still valid for more general cuts (SM cuts). The
agreement at the level of the total cross-section between the two
approaches is at the percent level for wider range of E; ., parameters

(< 15 GeV).

» For the presented X(r) functions, n=1 is the normal value (motivated by
comparison with standard result).

* The smooth cone result does not present the Guillet shoulder at NLO.

» Kinematical regions far away from the back-to-back configuration (with
smooth cone prescription at NLO) are not sensible to the isolation
parameter E; ., -

At large invariant mass - very low gluon luminosity - small or
negligible fragmentation effects.

« Kinematical configurations of the type pHmin.~psmin_ are affected by soft
gluon emission near the LO threshold.

» A similar study is needed for other final states with photons — LH 2015.



NNLO results @ LHC



ATLAS reSU'ts ﬁ W ArXiv:1211.1913

pl%a’rder > 25 GeV, p§9ﬂ’er > 22 GeV,
|y7| <137 V 1.52< |y7| < 2.37,

ET mar — 4 GeV, n = 1, R = 04,
Ry, =04




dcfdmw [pb/GeV]

data/DIPHOX

data/2yNNLO

104

—_ M o =/ N
oOM_UNw SO w

o

ATLAS resu|ts ﬁ W ArXiv:1211.1913

% ATLAS
. *3. \s=7TeV
—e— Data 2011, JLdl 491"

2
S5 DIPHOX+GAMMA2MC (CT10)

% //////f 2yNNLO (MSTW2008)

|
L J

L
X

y
s

=
*?:\%4__
g
el
S

||||W\w

g g

Q}\%\%\k&\&a\\%\xm\%\gxw

7 /M bod m i e i

0 100

700
m,, [GeV]

500 300 400 500 600

800

[pb/rad]

ke

do/dA¢

data/DIPHOX

data/2yNNLO

10°

10

- -;
¥
-~ ATLAS 3
— \s=7TeV o8
= ¥
- —e— DataEO11,det=4_9 fo'! e -
L . LS -
[ 358 DIPHOX+GAMMA2MC (CT10) *3%%\ ]
o
7/ 2YNNLO (MSTW2008) Z'}?é%
+:'.'-’-//A\§\
:_ _’__’/_/./l//§§x _:
- —— /%\ 3
- /‘.//37/_’ A /%\\ ]
N _,_—1'—///// A, ]
‘—/t—//////,/// i N N
’?////////////////////////// m _
0

r—

N

t “+"'*'i-+-:+ |
+?k+$

\CQx>C%bﬁ&@§§§$&%&@$§§&$§&%§ﬁ@§

itk

¢t

o — t ~— 44400
)

D IIIIIII

0.5 1 15 2 25 3
ﬂ{]}w [rad]



do/dm_ [pb/GeV]

data/DIPHOX

data/2yNNLO

104

no

—
OM_othNw OO0 L ow

o

— Mo

o

ATLAS resu|ts * W ArXiv:1211.1913

y
4

||||mpﬁ;'\w

t‘¥g

ATLAS
\s =7 TeV
—e— Data 2011, _[Ldl 491"

S5 DIPHOX+GAMMA2MGC (CT10)
7/ 2yNNLO (MSTW2008)

-

zzzzzzzzzz

zzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzz

TS

e,

/Mﬁ@%ﬁ;ﬁ%ﬁ%ﬁ%ﬁfw/

700 800
m,, [GeV]

500 300 400 500 600

100

Born Threshold

dafdé.qxw [pb/rad]

data/DIPHOX

data/2yNNLO

See Francesco

10°

10

—h

D IIIIIII HETT IIII|IIIIIIIIIIIII

- ATLAS
\s=7 TeV
—e— Data 2011, f Ldt=4.9fb"

S DIPHOX+GAMMAZMC (CT10) R

{;};ﬁf 2yNNLO (MSTW2008)

7
——i

' ,/{J////ﬁ’/////’/%\\
el

A S S S 4 F L I >

ke /A///A,//ZV/V/////,//////’/////// o N
I, \\w‘?\%&

RTINS

e
1 I O I ~

»
%i

1 IIJIlII

lIII

e |
T | |

+++++

44

JI|IIlIIIIIIlIIII1]lI

4+

e

4 +— . Hoieey,
o

|

0.5 1 1.5 2 25 3

::\.¢W [ratw

Talk




dcfdmw [pb/GeV]

data/DIPHOX

data/2yNNLO

104

- N o =~ b
oOM_UNw SO w

o

ATLAS reSU'ts ﬁ W ArXiv:1211.1913

T T T T I T T T T I T T T T I T T T T I T T T T | T T T T | T T T T I T T
= " ATLAS _;
- ) . -
C e % \s =7 TeV ]
S N ’
-, . —— Data2011,JLdt=4.9fb —
3 ‘2;. S5 DIPHOX+GAMMA2MC (CT10) =
+ “Eg‘._ 7/ 2yNNLO (MSTW2008) -
S -
= e =
Eae e ad
- === =
:I 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I:
M %\%\\\%\\&a\\%\\m\%\g\w j
Ly MW m 4 il Uil
0 160 200 300 400 500 600 700 800
m,, [GeV]

Uncertainties -» 6% - 9%

[pb/rad]

ke

do/dA¢

data/DIPHOX

data/2yNNLO

10°

10

See Francesco
Talk

A4 1 A

- ATLAS }
— \s=7TeV \‘;0;
. DataEO11,det=4_9 fo! e
L . LS -
[ 358 DIPHOX+GAMMA2MC (CT10) *3%%\ i

¢!

7/ 2YNNLO (MSTW2008) o /-;§
+//../<\%\
+z £ :/,ﬁ

S
"~ N
27”N

—_—— ////
+ A P
L i . \&\%

%

e/
I

r—

=T+,
++ ++

N

S

15 2 2.
aq}w [rad]

Fixed order tools

E . . Bbass;
0

0.5 1




Isolation at NNLO

da/dCos@’,y [pb]

40

o] [hS] w
o (] o

-
(%]

2yNNLO
Atlas cuts

|
L 4

—— Erma= 4 GeV (I.I F=2*MV‘( ' [.IR=0.5*MVV)
Er max=4 GeV (UF=0.5*Myy ; yR=2.0*Myy)

2

'’

PP = Yy + X
Vs=7 TeV

Ermax =2

GeV

Ermax = 10 GeV
Etmax = 20 GeV

¢
u
s

Ermax=4 GeV {n=1} (Scales)

N 1e+02 —

- ] === Erme=20GeV {n=1}
[ l Ermax= 0.5 p¥r {n:1}
[ — : L ET max:4 GEV {I"I=2}
N -

N o -

C = i

- =

N S

:_ g‘ Te+01 —:

. 2 ]

N o -

- O i

PP2VVy+X

1 | )
0
cosO’y,

. Vs =7TeV -
NNLO
1 T 1 | T T 1 | I T T 1 | I T T 1 | 17T T 7 | T 1T 1 |
1 0.5 1 2 2 2 3
AoYY [rad]



50

Sensitivity to

Hard ; min —

—— pT YHardfm?n — pTYSoFtEmin =25 GeV
— pr YHan:l,mln =pr vS-:)Ft, min — 20 GeV

symmetrical cuts

Pr VSoFt; min — 40GeV

NLO
Vs =T7TeV

pp—yy+X

*  pr VHard;m?n = pr vSoFt;m?n = 40GeV :_ 60 4  TTTT Pry
m PT vHard : mfn =P vSoFt;mfn =25 GeV - E
DT VHard ;min = PT vSoFt;mln =20 GeV - 50
- a0 -
C a2
L & i
NNLO ol b %]
Vs =T7TeV C ]
PPyy+X C 20 -
- 10 —
i e T o T 0 —
1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 0
0 10 20 30 40 50
Apr min [GeV]
! 1 ! ! ] ! ! ! ! ] ! ! ]
: —_— pr Hard ; min — pTvSoFt;min = 25GeV [NLO]
j — I:)_l_vHard;min - I:)_l_wScrﬂ:;min =25 GeV [NN LO]
2 —_ — I:'.._l_‘erard;min = DTVSOft:min =20 GeV [NLO]
| — pTvHard;min - pTvSoft;min =20 GeV [NN LO]
% 15
U -
:E.. i
S ]
1
Z ]
"‘6- |
1 i
0.5
0
30 40 50
M,y [GeV]

60

20 30 40
Ap+min [GeV]

w
(]

2yNNLO



CMS results = yy s
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CMS results = yy s
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CMS results = yy (790 G2V excess)
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Vs=13 TeV ; Etmax =5 GeV ; R=0.3 ; |nY|<2.5 ; pTY>75 GeV
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CMS results = yy (790 G2V excess)
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Sumrmary

* NNLO corrections are substancial for diphoton
kinematical configurations of interest at high-energy
hadron colliders

* The analyses performed by the ATLAS and CMS
collaborations show good agreement between the
NNLO description of yy and data

* Transverse momentum resummation is important in
order to recover the theoretical predictivity in
kinematical regions qT-0

* The NNLO results used in the recent CMS analysis of
the diphoton invariant mass (which shows an excess
of events with Myy ~ 750 GeV) agree with the CMS fit
function
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In some cases, using LO fragmentation component can make things look very strange...

Standard cone isolation —» DIPHOX
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2yNNLO

Catani, LC, de Florian, Ferrera, Grazzini (2011)

Our numerical code is based on the qT subtraction formalism

Catani, Grazzini (2007)

The NLO corrections to the Box contribution (formally

NA3LO) are not included in the following analysis
Bern, Dixon, Schmidt (2002)

Our results agree with the recent implementation of the qT
subtraction formalism in the numerical code MATRIX, for

diphoton production
Grazzini, Kallweit, Rathlev, Wiesemann

2YNNLO was used by the CDF, DO, ATLAS and CMS
collaborations in their analyses

Our resummed results are implemented in the numerical

code 2yRes
LC, Coradeschi, de Florian (2015)



Photon production

Two mechanisms for photon production

Y Y
q@\( q@ |
g Y d Y g

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

In general the separation between them is not-physical (beyond LO)

q Y . Y
M
)@ Y _ Y
q \EA2%%Y q

Collinear divergence Cancelled by fragmentation




ATLAS SM cuts .-

pl%a’rder > 25 GeV, p§9ﬂ’er > 22 GeV,

1, R=0.4,
2GeV ; 10GeV

Reduction of 10% with more asymmetrical cuts
The origin of the peak is related to the Catani-Webber effect JHEP 9710 (1997) 005
It is not related to the subtraction formalism
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ATLAS SM cuts

pl%a’rder > 25 GeV, p§9ﬂ’er > 22 GeV,

do/dM,, [Fb/bin]
|

NLO (pt=22 GeV: p*:=22 GeV)
Real (pHy=22 GeV; pHs= 22 GeV)
==g== NLO (pH=22 GeV; p:=21.B GeV)
| m=m@== Realipt=22 GeV; pH:=21.8 GeV)
NLO (p"r=22 GeV; p*:221.5 GeV)
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ArXiv:1211.1913

Catani-Webber (1997)
Frixione Ridolfi (1997)
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ATLAS SM cuts

pl%a’rder > 25 GeV, p§9ﬂ’er > 22 GeV,

1, R=0.4,
2GeV ; 10GeV

ArXiv:1211.1913

More asymmetric cuts solve the problem in the peak of the invariant mass distribution
Double game: more asymmetric cuts increment the K-factors — missing H.O correction
terms could be more important
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harder

Pr

ATLAS SM cuts

softer

> 25 GeV, p

T

> 22 GeV,

y,| <2.37,

1

7

R =04,
2GeV ; 10GeV

ArXiv:1211.1913
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