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Photon production in pp collisions at LHC I /
—) photon

e Photon production in pp collisions allows 9 ?
— tests of perturbative QCD
— experimental information on the proton PDFs &
— ?)))9} \
e Possibilities to study inclusive production p \%‘t
of photons or in association with jets Jet

— 'ﬁ/;oton

e Prompt photons represent a cleaner probe p q

of the hard interaction

photon
e Diphoton production is of special interest as A . N
the major background to H — ~~ p Q\JJ\P

e V~ and V~~ production (V = W, Z) W 7
probe the electroweak sector of the SM . ;
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Other sources of photoni

e Quarks and gluons are sources of Tt

photons
guark/gluon M TTO0—>y

— Quarks and gluons fragment mostly
Into pions and, by isospin symmetry,1/3 \\AL -
are w°’s, which decay into two photons
= ~’s are produced copiously inside jets!

— Quarks have electric charge and radiate

photons Y
= fragmentation function D, (2, 1) quark ai i 9i

= Distinct feature: photons inside jets, i.e. not isolated!
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Photon isolation.

ISOLATION CONE

PHOTON

Direct-photon Fragmentation

e It is essential to require the photon to be isolatedlt is achieved by requiring
Ei° =Y. EL < ET°® with the sum over the particles (except the photon!) inside
a cone of radiusR centered on the photon in then — ¢ plane

e The isolation requirement suppresses the contribution of potons inside jets:
70 (as well as other neutral mesons) decays and the fragmentati contribution
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Corrections for non-perturbative effects; photon isoIationI

e The measurements are corrected for
detector effects to the “particle” level ISOLATION CONE
— to isolated photons, whereE?s°
IS calculated using all the final-state 0
particles and the jet-area method is also
applied (= EL5°*)

This is performed using MC simulations

PHOTON

n
e Corrections for non-perturbative effects (hadronisationand underlying event)

— Applied to fixed-order pQCD calculations
o~+x(MC, particle — level, UE)
o~+x(MC, parton — level, no UE)

Cnp =

— Less dependence on the modelling of the final state by havinged the jet-area method
to subtract the “extra” transverse energy contribution to E?°
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Inclusive photon production
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Inclusive isolated photon production inpp collisions aty/s = 7 TeVI

e Measurement ofdo /dE7]. in the phase-space EloZ:L
region defined by:
— 45 < EJ < 400 GeV

_ o Data 201oI Ldt=35pb"

-------- luminosity uncertainty

do/dE; [pb G
=
o
I
*
|

- JETPHOX CTEQ 6.6
. . E;°(AR<0.4) < 4 GeV
— four regions in |n7|: [0,0.6], [0.6,1.37], - ATLAS
1 . 4

[1.52,1.81] and [1.81,2.37],

using £L = 35 pb~1 0L _
e Data-driven signal extraction using o Nsoe —eee———rd
two-dimensional sideband method: >,10_2%HH|”H|HHI””i””IH”IHHF
— Eis (corrected for pileup+underlying event)g 12| o 3
— photon quality (shower shape ID criteria) g 821 ;
T b b v b v L
e Cross sections for isolated prompt photons >0 100 150200 250 300 gf([’Ge\‘,‘]oo
— photons not coming from hadron decays ATLAS PLB706-150

— E°(R = 0.4) < 4 GeV (corrected for underlying event)

e Comparison to NLO QCD calculations with Jetphox

J. Terron Il Workshop on Photon Physics and Simulation at Hadron Coliders May 18th, 2015



SM (non-Higgs) photon measurements at the LHC 8

\ Photon isolation in ATLAS I

¢ EX°(R = 0.4) computed using
the calorimeter cells (EM and HAD) [ \

in a coneR = 0.4, but excluding I | e
the contributions from 3 x 5 EM /
cells around photon

e The leakage of the photon energy
outside that region is subtracted
(few %)

e The underlying event and pileup
contribute to E’s°!
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\ Photon isolation in ATLAS I

> :""I"'.;I""I""I""I'"'I""I""I""I""
%12000:_ RN ATLAS
. . . . o - -
e E27° Is corrected by subtracting the estimated =, ,..b . Jro=ssons’
contributions from the underlying event and £ o0l - " Dam2010Ns=7Tev
L T e
pileup; the correction is computed on an 60001 .

¢
III|III|III|III|III|III|III

: . . . *. Tight Photons
event-by-event basis (to avoid the large fluctuationg),, .. £ > 15 GeV
using the jet-area method (M. Cacciari et al.) 2000E-* ...

— ambient transverse-energy density ST TUP T TUTTTOTI  OROE
0O 05 1 15 2 25 3 35 4 45 5

040 MeV (m R = 0.4 Cone) fOI’ events Wlth at leaSt Ambient Transverse Energy Density [GeV/Unit Area]

one photon candidate withEr > 15 GeV and 3 goof 77T T T
exactly one PV (-170 MeV for each extra PV) g 8- ¢+ s=7Tev, [ia=800 n° E

e After the correction the E%*° distribution £ E =060 7 E
_ _ _ = + 25 GeV < E; <30 GeV E
IS centered at zero with a width of1.5 GeV 500F- « Data, y passes tight ID cuts
in simulated signal events w00 T spaayfaistghiDans
300 * . ¢ =

e A photon candidate is considered isolated if so0E = X, E
Erfﬁso < 3 GeV 1082_,;: L . —

i i S RS T R T T Tl s R

e Residual background still expected ATLAS PROS3-052005 ooy
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‘ Background subtraction I 2 e

e Residual background still expected even after  uiiges| D
the tight identification and isolation requirements
e A data-driven method necessary to avoid relying
on detailed simulations of the background processes
e The two-dimensional sideband method: e A ®
— photon identification vrp vs E4° plane TN B T T
— four regions are defined _ £50 [Ge]
— region A (signal): tight and isolated photons E#%° < 3 GeV)
— region B (bkg): tight and non-isolated photons E5° > 5 GeV)
— region C (bkg): non-tight and isolated photons E25° < 3 GeV)
— region D (bkg): non-tight and non-isolated photons E£%° > 5 GeV)
e It is assumed that for background eventghere is no correlation betweenyrp and E,jfo

NUFa — kg = IN 4~ = INA B NPk

further assuming that signal contamination is small in B, C and D
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‘ Background subtraction'

e The effects of the small signhal contaminations can be accoted for

bkg bkg stg stg
Nt N® Ns—N¥ Ne—ec N

bkg bkg stg stg
NY NY ; Np—egN? Np—epN&

where the leakage fractions éx, K = B, C, D) are estimated using MC samples of
signal processess g = Ng7 /N

e Purity of the sample as a function of E}. for different ranges in |77

— purity = 90% for E]. > 45 GeV
ATLAS PLB706-150 (aux. mat. STDM-2011-04)

L A A WA WL L N 2 F T L A L B B N B 0 = 0 L O A0 O LA
T E :
-+ T _+_ © —+—+ ]
0.9/* -4 5 09 <+ - g 09 4 -
— — _¢_ i
B n 1 0 L ]
o InY| < 0.6 0.6 <|n7| <137 17 U 1.81 < |n7| « 2.37]
0.7 } ® Data ATLAS { 0.7 } ® Data ATLAS { 0.7 } ® Data ATLAS —
i Dsystemaﬁcs \s=7TeV,|L dt=35pb’ ] i Dsystemaﬁcs \s=7TeV,|L dt=35pb’ ] i Dsystematics \s=7TeV,|L dt=35pb
0.6 . Inl < 0.60 7 0.6 . 0.60<n| < 1.37 ] 0.6 . 1.81<n| < 2.37 ]
05:|HH\H"\‘H‘\HH\HH\HH\HH’ 05:|HH\H"\‘H‘\HH\HH\HH\HH’ 05:|H"\HH\‘H‘\HH\HH\HH\HH:
50 100 150 200 250 300 350 40 50 100 150 200 250 300 350 40 50 100 150 200 250 300 350 400
E; [GeV] E; [GeV] E; [GeV]
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‘ Inclusive isolated-photon production inpp collisions aty/s = 7 TeVI

[pb GeV

In7| < 0.6 06<|77’7|<137 181<|77'Y|<237
| IIIIIIII | T T TT | T T TT | T T 1T | T TT | T T 1T FI'|_' ul 1T | IIIIIIIIIIIIIIIIIIIIIIII FI'|_' | T T TT | IIIIIIIIIIIIIIIIIIIIIIII
102L 3 >10° 3 >1 ZE E
e Data 201OILdt:35 pb & - e Data 2o1oj'Ldt 35pb N _ e Data 2o1oj'Ldt 35 pb &
- 1 8 g2 [~
-------- luminosity uncertainty — E -------- luminosity uncertainty — -------- luminosity uncertainty

=
o
I
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=
o
T
#

JETPHOX CTEQ 6.6
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ATLAS
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ATLAS
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#
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e Uncertainties on the photon signal yields< 10% and decrease withE.; luminosity
uncertainty 3.4%

e Comparison to NLO QCD (Jetphox) calculations using CTEQ6.6°DFs and BFG set Il
— theoretical uncertainties~ 10%, dominated by terms beyond NLO

= Good description of the data by NLO QCD within uncertainties (exp < theo)
ATLASPLB706-150
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Inclusive photon production in pp collisions aty/s = 7 TeV
pp
I 1 T T T T T | + R + T T
e Measurement ofd?o /dE}.dn” = 10°- cws (s=7Tev  Prp VX E
_ _ _ ) 107 = Lm=36pbhE<5Gev ~— JETPHOX —
In the phase-space region defined by: X —6-21<p|<25(X10%
c i —e— 157 <|n<2.1(X10%
— 20 < E7 < 400 GeV '; 4-_ —A—0.9<n| <144 (X107 T
— four regions in |n|: [0,0.9], [0.9,1.44], 'O 10°= = Inl <09 B
[1.57,2.1] and [2.1,2.5], Q i ° _
using £ = 36 pb—1 (\_Jg 10\ —
e Two methods used to extract signal: = ) DE
210 —
— photon conversion method E1 /pr) 10 [ 2 B
— isolation method - (N;i)oplQBcl::ZJI:ELPHL?XuE - |7
— and results are combined 105 — MPI and hadronization correclzted :T_:_
. . 2 2
e Cross sections for isolated prompt photons 30 4050 10 2X1EO GeV]
— “direct” photons, ISR/FSR photons, photons from PS '
CMS PRD84-052011

— E¥°(R = 0.4) < 5 GeV

e Comparison to NLO QCD calculations with Jetphox

J. Terron
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Inclusive photon production in pp collisions aty/s = 7 TeVI

’S T 1T 1 7T I T 1T 1 7T I T 1T 1 7T I T 1T 1 7T I T 1T 1 7T I T 1T 1 7T
2 @ CMS\S = 7 Tev N 2 [ ‘
2500 Lyy = 2.4 pb” 17 5 1Na@ ' i
s I 25 <E, <30 GeV a i
Z Inl <0.9 I +
4001~ —=— Data - 0.8 B ++ N
S Fitted bkg. ] I ++
300[~ D Fit result 7 0.6/ + ]
2001 - 0.4
i i CMS Vs =7 TeV
r Inl <0.9
100} . s . 0.2+ . st
i . R i g . i r stat+syst
0 L -] “'n\&\smk\\:\“m&“\\‘k 0 i | | | | | |
0 0.5 1 15 2 2.5 3 > 2
E./p 20 30 40 10 2x10
T E; [GeV]
x10°
> [T T T T > — ;
o L @ CMS \/s = 7TeV = r N
? Line = 36 pb™, [|<0.9 =R CY »f_ i
) o i Lw i
o 80 <E;<100 GeV -
~ 15_ — —i ,
n —e— Data 0.8 Chl -
c : —— Fitto data o :
q>.) - Signal -
T L Background 0.6l X 7
1- - -
B HiH
0.4 .- —
- CMS Vs =7 TeV
05 j ] | [n|<0.9
L 0.2 B —=— stat
LY > Putovesyee, i stat+syst
0l SN 407047 0 L ] ‘ ‘
0 5 10 15 20 20 30 40 12 2x10°
ISO [GeV] E. [GeV]

e |solation method:
Isolation sum measured in
tracker, ECAL and HCAL
— not statistically limited
— no restriction in Et
— low purity at low Er

e Photon conversion method:
ratio of £+ measured in ECAL
over pr measured in tracker
for converted photons
— statistically limited
— restricted to E+ < 200 GeV
— high purity at low Er

J. Terron
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Inclusive photon production in pp collisions aty/s = 7 TeVI

Conversion method CMS PRD

'3' 35 T T T T T T T | T
C\ - -
> L () CMS\/s =7 TeV ’
'% 30 Nl <0.9 —
o +— Fit bias i
LcJ = —eo— E scale .
3 250 —— Efficiency ]
g L —— Unfolding ]
g 20l —— Sig/bkg shape ]
1] B — Total 7
> ™ _
n C i
15— ]
101 =
I
: el Ay A :
O L M/: 1 | | oy 1 A ! A | ]

30 40 50 6070 10? 2x10?

E; [GeV]

e Major systematic uncertainties: shape of signal and backgrund and photon ID efficiency

84-05201 | sol ation method
'? 35 T T T T T T T | T T
O\ - -
= [ @) CMSNs =7 TeV ]
5 30F Inl < 0.9 -
o +— Fit bias i
8 = —e— E scale .
3 251 —— Efficiency ~
g L —— Unfolding ]
GE.) 20 —x— Sig/bkg shape ]
7] B —— Total .
> B _
n i i
15— ]
101 ~
SR ST
30 40 50 60 10° 2x10% 3x10?

E, [GeV]

e Total (|n7| < 0.9): 14-18% in conversion method;3.8-18% in isolation method

J. Terron
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Inclusive photon production in pp collisions aty/s = 7 TeVI

> 108~ CMS (s=7TeV " prp nyeX - g‘ - | 4 1
g 107k L =36pbhE® <5Gey  — JETPHOX ] O 2.0 @ CMS s =7 TeV, L =36 pb _
S —6-21<n<25(X10°% | IE i Nl <0.9, EiTso <5 GeV i
c —8—157<|n[<2.1(X10%) | 3 B i
— . 4 ——0.9< | <1.44 (X 10%) *C_U' B ~ I
bl_lo ~&—|n[<0.9 B ) 1.5 |77 | < 0.9 |
L = - i
o g ; :
2 10 E 1.0 | -
© a = I ) i
102 z‘j 05 L N
B 1 || i —e— Data/ JETPHOX CT10 i
~  NLO pQCD JETPHOX —T L Stat. + syst. uncertainty -
L CT10/BFG I, uF:pf:uR:ET ] B SIERERY Scale uncertainty 7]
10_5 — MPI and hadronization corrected _-_l:T: 0.0 I CT10 PDF [ ag uncertainty _
! ! Lo ! ! : ! ! R ! ! !

30 40 50 10° 2x10° 30 40 100 2x10°

E. [GeV] CMSPRD84-052011 E; [GeV]

e Comparison to NLO QCD (Jetphox) calculations usingu = E7J. and CT10 PDFs

— small non-perturbative effects: C = 0.975 4 0.006 multiplicative correction applied
e NLO QCD calculations agree with the measurement within uncgainties

— a “tendency” for NLO QCD to be above the data at low Er
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Inclusive photon production in pp collisions aty/s = 7 TeVI

CMS PRD84-052011
0.9 < || <1.44 1.57 < 97| < 2.1 21 < |7 < 2.5
C T T T L B T T T] a C T T T L T T a C T T T L T T ]
2.0~ ® CMS Vs=7TeV,L =36pb™ 1 8 20F©CcMs Vs=7 TeV, L, =36pb” S 20 @ CMs is= 7TeV,L, =36pb™ ]
i 0.9 <l < 1.44, E¥ <5 GeV 1 I-E i 157 <[ <2.1,E¥ <5 GeV I-E i 2.1<In|<25,EX <5GeV 1
i 3 3
| © © L
1.5 S 157 A 1of
1.0 .
0.5 | —e— Data/JETPHOX CT10 ] 0.5 i —e— Data/ JETPHOX CT10 ] 0.5 | —e— Data/JETPHOX CT10
Stat. + syst. uncertainty Stat. + syst. uncertainty Stat. + syst. uncertainty
------ Scale uncertainty ---+-- Scale uncertainty ---+-- Scale uncertainty
— CT10 PDF O o uncertainty ] [ e CT10 PDF O o uncertainty ] [ e CT10 PDF O o uncertainty
00 B | | | oo | | | OO | | | Lo | | | OO | | L |
30 40 102 2x10° 30 40 102 2x10° 30 40 102 2x10°
E. [GeV] E. [GeV] E. [GeV]

e Comparison to NLO QCD (Jetphox) calculations usingu = E7J. and CT10 PDFs

— small non-perturbative effects: C = 0.975 4 0.006 multiplicative correction applied
e NLO QCD calculations agree with the measurement within uncgainties

— a “tendency” for NLO QCD to be above the data at low Er
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Entries / GeV

Inclusive photon production in pp collisions aty/s = 7 TeV using 4.6 fb—1!

ATLAS PRD89-052004

Y Y
E; > 100 GeV 500 < E4 < 600 GeV
x10°
200 _I TTT I TTTT I TTTT II IIIvI TTT I TTTT I TTTT I TTTT I TTTT I TTT I_ ';‘ 02 T T IIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIII IIIIIIII
C E;>100 GeV In'|<1.37 [ T . .
180 |- 10 Data 2011 {s=7 TeV - S|gna| purity
C ] =, i
'_ _ - i \4
160 - ., Data 2011 {S=7 TeV 1 B o1s Photons in |yr] |<1.37 B
140:_ . ° t|ght yh _— 9 | ;82<E¢,<2§§§e¥ g 1.04:\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
- non-tight 1 = ° <E'< e .
120 |- ¢ = e 1 3 & S 1.02F
B 1 = e E
C 1 € | 2 1k
w0, . 4 o 01 . 1 ® -
- ILdt: 4.6 fb . ILdt: 4.6 fb 1 oesf
80 — - 0.96F
- - L 3 N i o
- - 0.94
60 | . ATLAS ] 0.05 ] -
B ] r T 0.92
40 — * — C _ 1 S
- “ee ] § 0.9 J.Ldt_ 46fb Data 2011 \s=7 TeV
~ @, 1 L ~ m
20 *. - C ¥ n|<1.37
- %o, 1 0 $ 0.88F o 1.504n]<2.37 -
Om—l—ﬂﬁjﬂ]m I!!Em_ 1111 1111 1111 1 IIIIIIIﬂIIII I&I 1111 IIIIII 086; ;
- - - _ ' Cooaalvw b b b b b by g by a7
10 5 0 5 10 15 20 25 30iSO 35 40 10 5 0 5 10 15 20 25 30iso 35 40 100 200 300 200 500 600 700 800 900 1000
Er° [GeV] Er [GeV] E} [GeV]

e Measurement of inclusive isolated-photon production forE). > 100 GeV
using £L = 4.6 fb—! of pp collision data at+/s = 7 TeV (higher pileup during 2011)

e Photon isolation requirementE,ij < 7 GeV in order to optimize the signal purity
and the photon reconstruction efficiency at highE
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Inclusive photon production in pp collisions aty/s = 7 TeV using 4.6 fb—1!

ATLAS PRD89-052004
E} > 100 GeV InY| < 1.37 1.52 < |n7| < 2.37

do/dn'[pb]

400—————T—T——— ———— ————— s ,,,,,,,,g s L o o I L e e
B y —e— Data 2011 Vs=7 TeV 4 @ 10 o 10
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T PYTHIA (MRST 2007 LO¥) = 1 = = 1 =
e HERWIG (MRST 2007 LO® - & I Ldt= 46fb —— PYTHIA (MRST 2007 LO¥) . = I Ldt= 46fb —— PYTHIA (MRST 2007 LO*) ]
- - 1l 4 e HERWIG (MRST 2007 LO¥) 1t J HERWIG (MRST 2007 LO*)
3001— NLO (Jetphox) CT10 B 3 ERERTE = E
L J’ Ldt= 46" === Total uncertainty 4 = - NLO (Jetphox) CTl'O . © E NLO (Jetphox) CT1.0 E
| Scale uncertainty | o 10_1E == Total uncertalrlty - o 10_1E = Total uncertal_nty -
L | © E —— Scale uncertainty 3 hel E —— Scale uncertainty 3
----- NLO (Jetphox) MSTW2008nlo - - - =
~ N i [ NLO (Jetphox) MSTW2008nlo = ==+ NLO (Jetphox) MSTW2008nlo -
200 — 102 Les = 102 E
S —— i s 10° e 10
- i 3 ATLAS E 3 ATLAS E
100— — - s T . - .
- , -4 -4
~ ATLAS ’ 107 107
o = - - 1.52<|n"|<2.37
- m 5 5
R BT RS ! ! 107 10 —.€|||||||||.—
o 12F —] © 1.4 E % 1.4 = =
® C T 12F Qo 12F 3
o - o E = E | N ﬁ 3
g2 e e > fe e e o g
b b —r . e ] P —— o —_— - S T B
2 0.8 =TI o Lo oo ] g 08T LG L 0.8 =
|E r ) m— 7 |E 0.6 = F o6 — —
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Y Y Y
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e Systematic uncertainties:~ energy scale (resolution2-6% (2%); ~ ID up to 2%;
MC model 2-4%; backg. subtraction 2-3%; luminosity 1.8%
— total experimental uncertainty in barrel (end-cap) below6% (7%)

e Good description of the data by NLO QCD (Jetphox) calculations up to~ 1 TeV

e Tendency in the data to be above NLO QCD at lowE?., but in agreement within th.unc.
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Photon+jet production
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~ + jet production in pp collisions aty/s = 7 TeVI

e Further experimental information can be

. PHOTON PHOTON
extracted from photon production data by \ \

measuring the recoiling jet and /‘ '\
e Measuring v + jet for different angular JET JET
configurations (same side vs opposite side) SAME SIDE OPPOSITE SIDE

and different ranges in |yet|

= allows the separation of contributions from different « values
z1 = EJ(et +etv™)/\ /s  zy=EJ(e™ +eV")/\/5

= allows the comparison with theory in regions where fragmenration contributions are
different: fragmentation contribution in OS is 20-50% higher than in SS

e Measurement ofdo /dE7. in the phase-space region defined bf). > 25 GeV,

7| < 1.37, p’S* > 20 GeV and three ranges inyiet: |yiet| < 1.2,

1.2 < |y°t| < 2.8 and 2.8 < |y°t| < 4.4 (leading jet, reconstructed using the

anti-k; algorithm with R = 0.4), both for OS and SS;E5°* < 4 GeVandAR.; > 1

e The measurements cover the regior > 1073 and 625 < Q? < 1.6 - 10° GeV?
ATLAS PRD85-092014
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NLO QCD calculations and non-perturbative effectﬂ
ATLAS PRD85-092014

1-2""I""I""I """" [rrrorpr T T T T T T T
e NLO QCD calculations of v + jet production —— Pytia e e
— pr = pr = py = EF
— CT10 proton PDFs
— NLO photon fragmentation function (BFG set Il)

1.15 —s— Pythia, Perugia 2010 tune

ATLAS Simulation =~ Hemwig++
Envelope (central values)

11
1.05

Correction factor

[ Envelope (central values + errors)

— photon-isolation requirement at parton level Oogz
E$°(partons)< 4 GeV 0.85 v1<12,y" >0
e Corrections for non-perturbative effects 08) 56" "106 150 200 250 300 350 400
(hadronisation and underlying event) using e E[Gevl
PYTHIA (AMBT1 and Perugia2010 tunes) and & 4o ATLAS Simulation
HERWIG (UE7000-2 tune) g oo :
e Theoretical uncertainties 5 ol
— terms beyond NLO (variations of ugr, ptr, e +) 13:?}:__— A
— PDF-induced uncertainties 20 - =
— correspondence parton/particle-level isolation . F "5?:‘35%5‘?#‘]_’&7>Tev>§
— non-perturbative correction 505l 'E',pf ;50200 ' '2;;('; ' |'<g;od 'n'y\s,5do' o
E! [GeV]
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~ + jet production: same siden? -yt > 0

ATLAS PRD85-092014

jet jet jet
|lylet| < 1.2 1.2 < |y° < 2.8 2.8 < |y < 4.4
10T T T T T T T L o B e L B o O I ML e e — T T T T T T T
E § = § 107 =
L ATLAS 1 =5 ) ATLAS ] c ATLAS 3
2| - | = 10° = — - .
10°E ERRRO'E g 3 W 10 -
= Data 2010, @=7Tev,J' Ldt=37pp’ 3 - Data 2010,\g=7TeV,J’ Ldt=37pp’ | 3 = Data 2010,\g=7TeV,J’ Ldt=37pb” 3
10k <120’y =0 - e L2<ly"|<2.8,n'y* > 0 E e 2.85ly"|<4.4,n1y* 2 0 .
E E = ] ; E== seTPHOX CTEQ 10 ;
- = serpHox cTeQ 10 - 1= E== setPHOX CTEQ 10 — Al —e— Data |
1 E —e— Data 3 ; —e— Data ; 10 3 E
L . 10t 3 -2; ;
10 E : E UE
C ] _2; I L
T S 0% | $ — 10° =
2-_ T T T T T T T — E\ 2_ E\ 2_
E 3 o o
15k 4 & 1s5F 2 15F
: 5 :
05 8 o5 i i 8 os
0750100 150 200 250 _ 300 _ 350 400 0%=50~""100 150 200 250 300 350 400 0="20 60 80 100 120 140 160 180 200
E} [GeV] E) [GeV] E) [GeV]

e NLO QCD calculations corrected for non-perturbative effeds are in fair agreement
with the measurements within the uncertainties except folE}. < 45 GeV

e Data consistently lower than the calculations forE. < 45 GeV
— Inadequacy of the NLO QCD calculations at lowE?7.? higher-order effects?
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do/dE! [pb/GeV]

Data/Theory
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~ -+ jet production: opposite side,n” - y'¢t < 0

ATLAS PRD85-092014

jet jet jet
|lylet| < 1.2 1.2 < |y° < 2.8 2.8 < |y < 4.4
— — T T g e e L oA e e o — T

B %‘ i %‘ 10? —

] Q ) Q E

, ATLAS 2 10 3 ATLAS 3 2 ATLAS .
10 E é :— - = :_ * i
= = % C s ] % 10 = . 3

- Data 2010, Vs= 7 Tev,J' Lit=37pp” | F oL Data 2010, Vs= 7 TeV,I Ldt=37pb" | 3 = Data 2010, Vs= 7 TeV,I Ldt=37pb" 3
WE y™i<1.2, 0y <0 = g 125y |<2.8, 'y < 0 . e 2.84y"|<4.4,ny" <0 -
" i 1 = = E
1 E== JeTPHoX CTEQ 10 - E E== setPHOX CTEQ 10 3 - B E== serPHOX CTEQ 10 N

= —e— Data 3 - —e— Data h E —e— Data 3

C 7 10t = = ]

al | = 3 B N
107 E C : 0% 5
- : 0% E - E
0%, ; Eo 10% . =
2F > 2T > 2F ! —

E o E o E 3
15 2 15 2 15 E

5 1 5 1
T T
. [a)] 0.5 [a) 0.5

0 5I0 160 15.0 260 25.0 360 3é0 400 0 5I0 160 15.0 260 25.0 360 35.0 400 0 4I0 ﬁb Sb 160 12.0 1&0 1('.30 1é0 200
E! [GeV] E! [GeV] E! [GeV]

e NLO QCD calculations corrected for non-perturbative effeds are in fair agreement
with the measurements within the uncertainties except folE}. < 45 GeV

e Data consistently lower than the calculations forE} < 45 GeV
— Inadequacy of the NLO QCD calculations at lowE,].? higher-order effects?

e The data have the potential to contribute to the determinaton of the proton PDFs
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~ 4+ jet production in pp collisions aty/s = 7 TeVI
CMS JHEP06-2014-009

e S 10— . e
e Measurement ofd®c /dp.dn” drpet 3 L ows Lozun . seTpHOX 3
in the phase-space region defined by: S '%F =77y . WM<oopmoon
y 2 1050 == = 09<in'|<14442 (x400)
— 40 < P < 300 GeV o] ?Z\:-:\Eﬁllzz s 1566<n|<2.1(X20)
_ 'et > 30 GeV >.g : . v 21<n'|<25 _;I
o f . E
four regions in |n7|: [0,0.9],[0.9,1.44], 2 E
[1.57,2.1] and [2.1,2.5], -
— two regions in (leading jet) |r'¢t|: -
[0,1.5], [1.5,2.5] ; ;
using the anti-k; algorithm with R = 0.5 10" N B ;
and £ = 2.14 b1 mé— ers -
e The measurements cove0.002 < x < 0.4 108 —r————-L — -
40 50 60 7080 10 2x10 3x10
and 1600 < Q? < 9104 GeV2 p! (GeV)

e Experimental uncertainties 5-17% (7-48%) for central (forward) photons
— uncertainty on signal photon purity dominates

e Comparison to NLO QCD (Jetphox) and multi-leg MC (Sherpa,v+ up to 3 partons)
— To model exp. selection: energy in a conelf = 0.4) around the photon < 5 GeV
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~ 4+ jet production in pp collisions aty/s = 7 TeVI

CMS JHEPO6-2014-009

[
o
~

10’

/>'\ ? T T T T T | T ? />-\ ? T T T T T | ?
o - F CMS L=214fp™ 7 JETPHOX ] @ o F CMS L=214fb" 7 JETPHOX ]
Q 10°¢ SHERPA =+ O 10°¢ SHERPA —
= = \s =7 TeV e |n' <0.9 (X8000) & - - \s =7TeV e |n'| <0.9 (X8000) E
= m  0.9<|n| < 1.4442 (X400) _| = 10° = 0.9<|n| <1.4442 (X400) _]
3 s 1.566<|n'| < 2.1 (X20) 3 3 s 1.566<|n'| < 2.1 (X20) 3
;‘3_ v 21<||<25 E; ;‘—; 10'-, v 21<|nI<25 ?;
ol - 185§ ]
>Q|_ 3 >Q_l—103: ----- PY —
S, . = 2 g :
o - o Al ]
% 1 B0 %—i T
. R 105 T . 3
¥y —3 ¥ :
10 101 E
i Total uncertainty ? i Total uncertainty .
-2 _ R — msosoaoacas -2 _

10 ? <15 v 3 10 ?’ 15< <25 = ?E
10-3 | | | | | | | 10—3 | | | | | | | |

40 50 60 7080 10 2x10§ 3x10° 40 50 60 7080 10° 2x105 3x10°
p; (GeV) p; (GeV)

e Comparison to Sherpa predictions based on ME{+ up to 3 partons)+PS and CTEQG6
e Comparison to NLO QCD (Jetphox) calculations using CT10 PDBE andp = pJ-/2
— To model exp. selection: energy in a conel} = 0.4) around the photon < 5 GeV
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] r lon in llision = 7 TeV
~ + jet production in pp collisions aty/s = 7 Te I VS HHEPOB.2014.008

=
[e2)
T

T T 1T T T T T T T ] :
- 0<n'l<09 T 0<'1<09 - 16-_’ T E i
14f o<®<15 F 15< <25 ] Tt 1566<n'l<21 ¥ 1566 <n'|<2.1 ]
. 2:_ o ] 1.4:— 0< |r]jet| <15 _:_ 15< |r|jet| <25 _:

-
T

o
[e2)
LN L
|
I
]

CMS § —e— ratio of data to JETPHOX ]
- JETPHOX scale uncertainty ]

o
(o))
L L
|
I

Ratio of cross sections: Data/Theory

_ -1
04 - L =2.14fb ks ] CT10 PDF uncertainty ]
Tt \s =7TeV I ratio of SHERPA to JETPHOX ] r T ]

- " —— — — — 0.4~ o -
1.6 y T y . :. ) ) L ) ‘:. ) ) o

x 09<n'|<1.4442 I 0.9<n'| < 1.4442 ] LT T —]
14 o<n®l<15 T 1.5<n® <25 ot 21<n"1<25 1§ 21<n'|<25

- --_l . 15< ™| <25 7

L1 1 1 1 1 1 | 1 T 1 1 1 1 1 1 a1
40 50 6070  10° 2x10% 40 50 60 70 107 2x10?

e Non-perturbative corrections (applied only to NLO) below 1%
e The predictions of Sherpa and NLO QCD (Jetphox) consistent wh data

— except for photons measured in the largest and pr regions
J. Terron Il Workshop on Photon Physics and Simulation at Hadron Coliders May 18th, 2015




SM (non-Higgs) photon measurements at the LHC 28

Dynamics of~ + jet production in pp collisions at/s = 7 TeVI

e Study of the~ + jet dynamics by measuring 103E_ .g;t;\5<@=7TeV'37pb'l>§
; ; . . NLO QCD (Jetphox) O NP: ]
the differential cross sections as functions of —— — PDF: CTEQ6.6 -

——— - = = PDF: MSTW2008hnlo
a. e PDF: CT10

E- E

[pb/GeV]

Y
T
[EnN
o
N

do/dE

— Photon: E.
. Jet e -
— Jet: pl, yet 1

}

— Photon+Jet: A¢pY?, mY, cos 077
where cos 677 = tanh 2 (y/°* — n7)

077 = scattering angle in centre-of-mass frame

for 2 — 2 hard collinear scattering |
e Measurements in the phase-space region definétl **Ss—s—r-ssoms T

by: EJ) > 45 GeV, |n7| < 2.37 (excluding the region1.37 < |n7| < 1.52)E¥[Gev]

p?fet > 40 GeV, |y°t| < 2.37 for the leading jet (anti-k; algorithm with R = 0.6)

Ef°* < 4GeVandAR,; > 1
e Comparison to NLO QCD calculation (JETPHOX) corrected for non-perturbative effects
e Small experimental and theoretical uncertainties:~ 10%

e Good description of the measuredio /dEJ. by the NLO QCD calculations
ATLAS NPB875-483
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Dynamics of+ + jet production in pp collisions'
ATLAS NPB875-483

— — ; ; - 3500 e —_ _——
= 1 o) r a3 o) I
8 10° ATLAS (Vs =7 TeV, 37 pb™) | = C ATLAS (Vs =7TeV,37pb™) J o ATLAS (Vs =7TeV,37pb™) |
< = ® Data E _— 3000; e Data . = 4|
g i NLO QCD (Jetphox) ONP: 1 C NLO QCD (Jetphox) ONP: & 10F epaa e
e 2 J— . _ ol C J— . ST el
B 107 =ty PDF: CTEQ6.6 5 % 25001 PDF: CTEQ6.6 B 5 - PYTHIA ®
o g —— - = = PDF: MSTW2008nlo 3 3 B - = = PDF: MSTW2008nlo b =N «1a HERWIG -~
3 e PDF: CT10 . TH...?..‘ PHF JTTT PDF: CT10 ] 10°E = - SHERPA ks E
- 10g g =5 2000~ +- = ] ©  NLOQCD (Jetphox) ONP:  .:@u
- 3 C ; + ] - = PDF:CTEQ66 ... o
- . r XX i 2 == _
1L —egena - 1500: “?‘_ . ] 107k @ E
g 3 - ? X b F P S ~ 3
E! > 45 GeV ] 10005 P > 40 Gev = - T P> 40 Gev
1 T e S L T + ..... [ 2 — T
107 = C v ] 10 g, 8. = v —
E = - > - SN - > 3
- - 5001 ET > 45 GeV E e ET > 45 GeV :
2L _ N ] C ]
10 E L L L o | L L 3 0’ cooe by by ey by by 0 1 L L L L | L L L L | L L L L |
© : . _ © ; ; ; . = . .
g 14F = theoretical uncertaint T L4F mm theoretical uncertainty g E
S 12 Q 12 8 15
)] a S
9 1 g, 1 s 1=
0.8 0.8 S £
9 o S osf
z 06 . z 06 . . . . o . .
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jet jet yj
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e Good description of the measured:la/dpjﬁt and do /d|y'°t| by the NLO QCD
calculations both in normalisation and shape

e Not unexpectedly NLO QCD calculations fail to describedo /d A ¢ with up to
three final-state particles, the photon and the leading jetannot be in the same
hemisphere in the transverse planes> A¢Y? > 7 /2

e PYTHIA and SHERPA MC models give a good description ofdo /d A ¢7?
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Dynamics of+ + jet production in pp colIisionsI

'S‘ 102 T T T T T T T =
1 ATLAS (Vs =7TeV,37pb™) 3
Q e Data ]
g 10k NLO QCD (Jetphox) ONP: _|
= - —— PDF: CTEQ6.6 E
= C - = = = PDF: MSTW2008nlo ]
S 1= e PDF: CT10 i
107 ——eenn E
- jet Y 3
L pT > 40 GeV, ET > 45 GeV 4
E |cos 0''1<0.83, |n' +y*|<2.37 E
10° E E

o] . .

T 14 theoretical uncertainty L0000 3
S 12 :
s =
o . .
= 06 =

200 300 400 500 600 700 1000
m” [GeV]

do/d|cos 6] [pb]

NLO QCD/Data

3000 I T T T I T T T I T T [
C  eData ATLAS (\s =7TeV,37pb™) A
2500 NLO QCD (Jetphox) [0 NP: 7
— PDF: CTEQ66 ~ i==des .
- = = PDF: MSTW2008nlo ’
2000~ ..... PDF: CT10 =
1500/ P> 40 GeV, E! > 45 Gev E
F mYl> 161 GeV, Y + | < 2.37 i .
1000F ebos -
E arufuas E
500 [l n s hns -
0 : | ! ! ! | ! ! ! | ! | :
1-45_ theoretical uncertainty
0 0.2 0.4 0.6 0.8
|cos 6"

InY + yi°t| < 2.37 , |cosBV7| < 0.83 , m? > 161 GeV
e In the selected (unbiased) region the angular distributiorincreases ag cos 877 | increases
e Good description of the data by the NLO QCD calculations withn the (small)
experimental and theoretical uncertainties=- validation of the description of the
dynamics of+ 4+ jet production in pp collisions atO (aema?)

ATLAS NPB875-483
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Dynamics of+ + jet production in pp colIisionsI
ATLAS NPB875-483

e Angular distribution do /d| cos 077 | 18000 T T T ]
o _ - ATLAS (Vs =7 TeV, 37 pb™) -
sensitive to the spin of the exchanged .
(virtual) particle: quark(1/2) vs gluon(1)

10000~ ®Data -
LO QCD (Jetphox) [ NP:

direct-photon process | — Direct photon (x1.7)
. . q --- Fragmentation (x80)
do/d|cos 07| ~ (1 — | cos877|)

5000— —]

do/d|cos 0" [pb]

fragmentation.process | %7 oz '76' Y
do /d| cos 07| ~ (1 — | cos 077]) 2 cos @]

e Measured angular distribution closer to that of direct-photon processes than fragm.
= consistent with the dominance of processes in which a virtdauark is exchanged
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e Measurement of cross sections and ratios for
Z + jets and~ + jets with the aim of
— testing QCD calculations
— (improved) modelling of Z(— vv) + jets
IN njets > 1, 2,3 and large Hr final states

e Phase-space region defined by
—>p¥:'7’z > 100GeVand|y?| < 14

(lyZ| < 1.4 for ratios Z/~)

— pIo* > 30 GeV and |P°t| < 2.4
using the anti-k; algorithm with R = 0.5
and £ = 19.7fb~1

e Reduced experimental and theoretical
uncertainties in the ratios

e Comparison to NLO QCD (BlackHat, only for Z)

and multi-leg MC (Sherpa, MadGraph) calculations o s-gisdigl

o(Z + jets) /o (v + jets) in pp collisions aty/s = 8 TeV

19.7fb™ (8TeV)
FI'|_| T TT ‘ T TT T TTT ‘ T TT ‘ T TTT T TT T TTT ‘ T TT ‘ T TTT I T \7\
b 10* CMé Preliminary N 21
o ly'|<1.4 ® data ]
e}
=107 E stat+syst =
[ = =
o E o E
S - MadGraph
-8 10°E —
0 ~+ > 1jet
1

10'1E -
1111 I 1111 I L1l I 1111 I L1l I 1111 I L1l I 1111 I L1l I 111
100 200 300 400 500 600 700 800 900 ;I.OOO
p’ [GeV]
19.7fb™ (8TeV)
FI'|_| 3 LI I T 17T ‘ T T ‘ T T ‘ T 17T ‘ T T L\ \+\- T ‘ 1T \7
% 10° 2 CMS preliminar Zly - TN, 21 3
O o ® data m
e B NN ]
gL R stat+syst |
g o BlackHat(z+tjet)
B [
= ; Sherpa kNNLO
10 i =
= g — MadGraph k
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1 W Z+ > 1]
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‘O'(Z + jets) and o (v + jets) in pp collisions aty/s = 8 TeVI
e |solation requirements on the photon are imposed §i§ M premrey 'y—l— > 1jet( E
separately on pileup-corrected scalaps sum of 1:'2
PF-neutral and charged hadrons and PF photons =o 3
inside a cone ofR = 0.3 around photon candidate 1 = = @ = @ © w w W
e Photon signal purity: data-driven method based on CMSPAS SMP-14-005 ()
fitting signal+backg. templates to photon isolation ~ §xgevsramay =TT
(scalar p~ sum) distribution — corrected for pileup i Mw\
(using random cones) and energy deposit from photon .. —_ R
— signal purity from 70% (low pr) to 90% (high pr) .-~
e Experimental systematic uncertainties { 4+ jets): x
— uncertainty on the signal purity (4-10%) 5o \
— uncertainty on the integrated luminosity (2.6%) < E
—s uncertainty on the jet energy scale:5-10% for g ] -
Niets > 2,3 and 5-7% for Hr > 300 GeV selectlons;}zl = \\\\;t\\\zx\ii\f
— uncertainty on photon energy scale € 3%) E adGraon St
— uncertainty on unfolding (2%) B I TR TR
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‘0(7 + jets) in pp collisions at/s = 8 TeVI

19.7fb™* (8TeV)
T TTTT T'TTH

19.7fb™ (8TeV)
1T ‘ T TT T TT

‘_'|_| T TTT ‘ T TTT TTTT ‘ T TTT ‘ TTTT ‘ T TTT ‘ TTTT ‘ T TT ‘ I H ) 1.0 T TT ‘ T TT ‘ T TT ‘ LI LI LI T I
: é T 3 = F 7 3
> CMS Preliminary Niws 22 ] N - CMS Preliminary .
v B 2=~ [y 7
g - ly'|<1.4 e data _ S| 2 g lIc14 =
= 3 N
=, F stat+syst 3 .8 B N .
- . u 9
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e Cross sections for isolated prompt photons withE:5° (R = 0.4) < 5 GeV
e Comparison to Madgraph including up to four-quark final stat es
— good description of the ratioo (v+ > 2jets) /o (v+ > 1jet)
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o(Z + jets) /o (v + jets) in pp collisions aty/s = 8 TeV

19.7fb™ (8TeV)

19.7fh™ (8TeV)
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e Cancelation of jet energy scale and resolution and luminosy uncertainties

e Observation of a turn-on of the ratio and plateau aroundpr ~ 300-350 GeV
— good description of the shape by MadGraph (but~ 20% higher than data)

= These ratios are suitable to predict invisible decays o for searches

1 1 1
200 300 400

1
500 600 TO(Z)I 800
P;'[GeV]
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Photon pair production
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|solated-photon pair production in pp coIIisionSI — )\{’/;r:oton
q

e Measurements of the procespp — ~v~v + X with the aim i
of testing pQCD andunderstanding the irreducible N)\hoton
background to new physics processes involving photons :1[)4
or H — ~v
e Measurement of differential cross sections as CATLAS
functions of \ i 1 EXPERIMENT
— diphoton invariant mass, 1m. -, T
— diphoton transverse momentum,pr -~
— azimuthal separation in LAB frame, A¢~~
— cosine of the polar angle of highestE+ photon
In the Collins-Soper diphoton rest frame,cos 0.
In the phase-space region defined by:
EA’l’2 > 25(22) GeV, |n7| < 2.37 (excluding
the region1.37 < |n7| < 1.52), AR, > 0. 4
and E5°* < 4GeVusingL = 4.9 fb—1
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Isolated-photon pair production in pp collisions aty/s = 7 TeVI

ATLAS JHEPO1-2013-086

— - ——————————— . ———————
2 - ATLAS % ATLAS ]
212000:_ Data 2011, Vs = 7 Te V,I Ldt=4.9 0" 210000_ Data 2011, /s = 7 Te V,I Ldt=4.91""]
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e Data-driven techniques used to extract yields:

— 2dimensional sidebands method
— 2dimensional fits in E%39-E%3 plane

= YY,YJ + 77,33 decomposmon

e Data-driven subtraction of e™e~ background

e Experimental uncertainties:

— background EZ° distribution ( 37°)

— signal E$° distribution ( 1272)

— alternative MC model and budget material CZ%
— integrated luminosity (+3.9%)
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SM (non-Higgs) photon measurements at the LHC 39

Isolated-photon pair production in pp collisions aty/s = 7 TeVI

/////

— DIPHOX program; NLO calculation of
direct-photon and fragmentation contributions;
box diagram gg — ~~ (at NLO) included 10
using GAMMA2MC
e Matrix-elements plus parton shower calculation
— PYTHIA (2 — 2 + PS) ettt \\\\“\QQ\&W\\W
— SHERPA (2 — 2(3,4) + PS) e .
e The contribution from H — ~~ is neglected 1 %)
e PYTHIA and SHERPA MC diphoton samples %
used to estimate hadronization and underlying 05
event effects— typical correction of 0.95

e Comparison to theoretical calculations 5 aFe T
e Fixed-order QCD calculations (NP corrected) & [, * (=7 Tev :
— 2+vNNLO program; NNLO calculation of § O e%& N 3
direct-photon contribution (no fragm.) T J*“;@ SO RETE .

//////////////////////////////////
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ATLAS JHEP01-2013-086 ™'°*"
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dofdm,, [pb/GeV]

data/SHERPA

data/PYTHIA

SM (non-Higgs) photon measurements at the LHC 40

Isolated-photon pair production in pp collisions aty/s = 7 TeVI
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e Comparison to matrix-elements plus parton shower calculabns of PYTHIA and SHERPA
— MC normalisations rescaled by 1.2 to compare shapes
— A¢~~ ~ mand low pr ~~ (soft gluon resummation important): both MCs do well
— low A¢-~ and low m.~: PYTHIA fails

— SHERPA performs well except for highm
ATLAS JHEPO1-2013-086
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SM (non-Higgs) photon measurements at the LHC 41

Isolated-photon pair production in pp collisions aty/s = 7 TeV
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e Comparison to fixed-order calculations of Z2ZNNLO and DIPHOX+GAMMA2MC
— no re-scaling of the normalisations! (absolute prediction)
— A¢@~~ ~ mand low pr ~~ (soft gluon resummation important): both fail
— DIPHOX+GAMMA2MC predictions underestimate the data

— inclusion of h.o. (2yNNLO) improves dramatically the description of the data
ATLAS JHEPO1-2013-086
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‘ Diphoton production in pp collisions aty/s = 7 TeV using 5 fb ! I

e Measurement of diphoton production in the phase-space

oMs_ Jsz7Tev L=50f
region defined by: 3 N '
— EJ' > 40 GeV, EJ? > 25 GeV g PO
z 7 e
— || < 2.5 (except [1.44,1.57]) g e . :
— AR(’Y]_, 72) > 0.45 10‘35— h .
E +Data
e Data-driven method to extract prompt diphoton yield Zﬁmomwme
— using photon component of particle flow isolation o )
— pileup subtraction using Jet-area/median method  x < ‘
T 3F
— corrected for energy deposit from photon candidate & z—+— o §
% 1EN \\&\\m—\&\\\\\
e Cross sections for isolated prompt photons S o
— Eis°(R = 0.4) < 5 GeV 2 of .5
e Comparison to (N)NLO (resummed) QCD calculations § ;W%W | i
and multi-leg MC calculations ? Pom @ev)
CMS EPJC74-3129
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43

‘ Diphoton production in pp collisions aty/s = 7 TeV using 5 fb ! I

Events / (0.125 GeV )

CMS EPJC74-3129

Vs=7Tev L=501" Vs=7Tev L=501"

(e}
4
n

o G esmermes g e oo e oo

TAUER e R e e it
| { e 2dimensional binned maximum likelihood fit in

Isolation-1 and isolation-2 plane using templates
° T e — extraction of the components: prompt-prompt,

o o eson prompt-non-prompt, non-prompt-non-prompt

= 0:_ o rromat-pomt e Experimental uncertainties:

. Zj;; —— Non-prompt- Nor-prompr — (non) prompt template shape3-5% (5-10%)
2123-. o * — template statistical 3%, fragmen. compon.1.5%
oaf ST ‘ — selection efficiency2-4%, unfolding 1%
zj:":m_._:: ‘ — luminosity 2.2%

O;f = total experimental uncertainty: 8% both ~’s in
R ) barrel and 11% for the full acceptance
J. Terron Il Workshop on Photon Physics and Simulation at Hadron Coliders May 18th, 2015
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‘ Diphoton production in pp collisions aty/s = 7 TeV using 5 fb ! I
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e Correction factor 0.95 4 0.04 for underlying event effects
e Comparison to NLO(Diphox+gamma2MC), NLO-resummed(Resbos)2yNNLO, Sherpa
= Improved description of the data by 2*NNLO and Sherpa CMS EPJC74-3129
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Data/SHERPA

Data/RESBOS

SM (non-Higgs) photon measurements at the LHC 45

Diphoton production in pp collisions aty/s = 7 TeV using 5 fb !

Yy
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e Comparison to NLO(Diphox+gamma2MC), NLO-resummed(Resbos)2+NNLO, Sherpa

= Improved description of the data by 2*NNLO and Sherpa CMS EPJC74-3129
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V~ and V~~ production
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W~ production in pp collisions aty/s = 7 TeV using 4.6 fb !

e Measurement oflv~ (I = e, i) in the phase space R = | g
10} E Rl i “Re—
l P £ C ATLAS LA P

— pp > 25GeV, || < 2.47, Ny =1 E 7 fua e
— p > 35 GeV I =G .
ELEIE S S e S S

— EJ > 15GeV, |n7| < 2.37, AR(l,~v) > 0.7 b e oy etk
and €7 < 0.5 (energy in coneR = 0.4/photon energy) #5 fooo on® en® 0, 00 43
— jets: anti-k; algorithm with R = 0.4 gz °F .' ‘Z —
jet ‘ot . 8§ 15—41717”47L,m,,i},,,,, ¢¥*t*+1—
Ep" > 30 GeV, [’ < 4.4, AR(e/p/7v,jet) > 0.3 F %o

e Inclusive (IVje; > 0) and exclusive (V;e; = 0) measurements .
o1 (lvy)=2.77 £ 0.03(stat) =+ 0.36(syst) pb T A
NNLO (arXiv 1407.1618) o (Ivy)=2.658 £ 0.11 pb § o il

o1 (lvy)=1.76 + 0.03(stat) + 0.22(syst) pb g0 ;
NNLO o g (lvvy)=1.67410 02 pb 01

e NNLO corrections sizeable R e —
_ deficit at high EJ. with NLO (MCFM) Ozli-*z*['““d}mww“”**-i

C | | | | | ]
50 100 150 200 300 400 1000

e Sherpa and Alpgen (scaled to data) describ&., mq‘iv 7 spectra aTLAS pRD87_11258§GeW
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CMS

19.5 fb* (8 TeV)

==

-, Inclusive

(fb/GeV)
S}

Y
T

$$
e ES

= e Datacombined: pupy, eey ==
- I MCFM (NLO)
| CINNLO

do,,/dp

[E=Y
TTT T T T

10t

£ [ SHERPA (LO) up to 2 partons, stat. unc. only

20 30 4050 10? 2x10?

p! (GeV)

"

)/ (dofordp

Y
T

(do,,,/dp

,CMS 19.5 fb™* (8 TeV)
: ® Data combined: ppy, eey
181 [ InNLO .
1.6 B McFm (NLO) I nC| usive
14 i - SHERPA (LO) up to 2 partons, stat. unc. only
12F +
C 1
1 : : — ]
0.8
0.6 |
20 30 4050 10° 2x10?
p! (GeV)

e Measurement ofl 1=~ (I = e, u) in the phase space
— p > 20 GeV, || < 2.5, my1;— > 50 GeV
— EJ > 15GeV, |n7| < 2.5, AR(l,~v) > 0.7

and Igen (R = 0.3) < 5 GeV

— anti-k; R = 0.5 jets: pio* > 30 GeV, |niet| < 2.4

e Inclusive (IVjet > 0) and exclusive (Ve = 0) measur.

Oinc=2063 £ 19(stat) 4= 98(syst) £ 54(lumi) fb

NLO inc=2100 £ 120 fb; NNLO 2241 4 22(scale) fb
Oexc=1770 £ 18(stat) £ 115(syst) £ 46(lumi) fb

NLO 0exc=1800 £ 120 fb
= NNLO important to describe inclusive high-E. data

Y

7

) [ (do¥SMidp

Vs
T

(dcexcl./ dp

Clo-excl ./ d p

(fb/GeV)
2

T

Z (IT17)~ production in pp collisions aty/s = 8 TeV using19.5 fb—1

19.5 fb* (8 TeV)

. Ft

e

® Data combined: ppy, eey =
-1 [l McFM (NLO)
= [ ] SHERPA (LO) up to 2 partons, stat. unc. only

Exclusive

10—2 ! ! ! ! Lo | |
20 30 4050 10? 2x10?
p! (GeV)

,CMS 19.5 b (8 TeV)

[ e Data combined: , ee

18F HLy, eey
- B McFM (NLO)
|| SHERPA (LO) up to 2 partons, stat. unc. only

| Exclusive

20 30 4050

2x10°

2
10 p! (GeV)

CMS JHEPO4-2015-164
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‘ Z (v)~ production in pp collisions at/s = 7 TeV using 5 fb~1! I

CMS JHEP10-2013-164

> CMSL=50fb" (s=7TeV > CMSL=50fb" (s=7TeV
q) T T | 1T 17T | 1T 17T | 1T 17T | 1T 17T | T 1T T I; G_) 2 T T | T 1T | 1T 17T | T 17T | T 17T | LI I;
Q)] 10 —e— Data 3 @) 10 —e— Data 3
~ ZZ2 7y - VWY + bkg 1 1 v~ Zz2 7y - VWY + bkg i
21000000000 - TGCh2=0003+bkg 2 TGCh2=0003+bkg
cC 3 3 [ 3 3
O 7 jet -y . D) jet—y :
Li 1 ] Beam-halo - ¢ v Lﬁ | Beam-halo -
|| y+jets Wy 3 4 v y+ets, Wy 7
L _;I W- ev _;I

3 q Y
i Z,y ?
Z |

7 1
= e : : q o - ” B j
BHio G By b b i Ry i

200 00 400 500 600 700 200 300 400 500 60 70

EX (GeV) ETsS(GeV)

e Measurement ofv~y for E]. > 145 GeV and|n7| < 1.4
o(pp = Zv + X — vy + X) = 21.1 4+ 4.2(stat) &+ 4.3(syst) &= 0.5(lum) fb
NLO (MCFM) o = 24.6 £ 2.5 fb in agreement with the data

J. Terron Il Workshop on Photon Physics and Simulation at Hadron Coliders May 18th, 2015



SM (non-Higgs) photon measurements at the LHC

‘ Evidence of W~~ production in pp at /s = 8 TeV using 20 fb—1 I

e Measurement oflv~v~ (I = e, ) in the phase space

— ph. > 20GeV, || < 2.5, N; =1

— p. > 25 GeV, mr > 40 GeV

— EJ > 20GeV, |n7| < 2.37, AR(l,v) > 0.7,
AR(vy,v) > 0.4and e’ < 0.5

— jets: anti-k; algorithm with R = 0.4

ES* > 30 GeV, [iet| < 4.4, AR(e/p/~,jet) > 0.3
e Inclusive (IVjet > 0) and exclusive (V;et = 0) measurements

O.ﬁd [ﬂ)] | GMCFM [fb]

Inclusive (Njet > 0)

UUyy 7.1 T13 (stat.) £1.5 (syst.) 0.2 (lumi.)
evyy 4.3 1% (stat.) T132 (syst.) £0.2 (lumi.) | 2.90 £0.16
vy 6.1 TI¢ (stat.) 1.2 (syst.) £0.2 (lumi.)

Exclusive (Njet = 0)
Uy 3.5+ 0.9 (stat.) 1§ (syst.) £0.1 (lumi.)
evyy 1.9 T1'7 (stat.) T13 (syst.) £0.1 (lumi.) | 1.8840.20
vy 2.9 02 (stat.) T3 (syst.) £0.1 (lumi.)

e Measurement ofo;,c higher than NLO by 1.90

Events / 50 GeV
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25F
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15F

0
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I

[ T [
® Data
I Wyy
l Zy ]
3 Wyj + Wjj E
C vy +ets ’
I Other backgrounds |

Vs=8TeV,20.3 b j
electron channel (N> 0) -

500

100

200

— NNLO corrections to the rescue? (as folV~) ATLASarXiv 1503.03243

200 300 400
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> _f w w I ]
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g : ATLAS Wy
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1< C Cyy +jets
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40 {s=8TeV,20.3fb* ]
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E 3 S S 25
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0% | o T 14
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e Exploration of isolated photon production in pp collisions upto E7). ~ 1 TeV
= additional experimental information on the gluon density in the proton

e Measurement of the dynamics of photon+jet and diphoton prodction
= understanding the background to Higgs into~~ in terms of pQCD

e Measurement of W~, Z~ and W ~~ production
= testing the electroweak sector of the SM

e Overall, perturbative QCD succeeds in describing the data!
e But this is not yet the end: more 2012 data results forthcoming LHC run at /s = 13 TeV
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Backup
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‘ NLO QCD calculations for inclusive photon production'

1 1
Opp—y+X = Z/O dz; fi/p(wh“%‘)/o dzs fi/p(®2, BF) Fijosvat

7’9.770’

1 1 1
Z / dz DZ(%H;)/ dxq f'i/p(wla Hfr)/ dzs fj/p(w% H%) Gij—ab
i.G.a,b Y Zmin 0 0
e The calculations includes NLO corrections for both directphoton and fragmentation
contributions; bewarethe components are notistinguishable beyond LO
e The calculations implement the photon isolation requiremat at “parton” level:
E$° calculated with the (few) final-state partons in the perturbative QCD calculation
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‘ NLO QCD calculations for inclusive photon production'

1 1
Opp—y+X = Z/O dzy fi/p(T1, N%)/O dxs fj/p(x2, N%) Gij—vat

1,7,

1 1
> / dz DZ(Z,HJ?:)/ dx; fi/p(mlall*%‘)/ dzz fi/p(T2, 15) Gijsab
; Zmin 0 0

o ur = pr = py = Ep
e proton PDF set— CTEQ6.6, CT10, MSTW2008
e fragmentation function — BFG set |l

— Corrections for hadronisation and underlying event needed

e Theoretical uncertainties:

— higher-order terms (beyond NLO); estimated by varyingur, p1tr, ttf

— PDF-induced uncertainties; estimated using set of PDF eiggectors

— uncertainty on «,; estimated taking into account correlation with PDF

— uncertainty on non-perturbative correction; estimated with different MC and tunes
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Inclusive isolated photon production inpp collisions aty/s = 7 TeV

> : T T T 71 I T T T 7T I T T T 71 I T T 1T I T T 17T I T T 17T I T T 1T I T T T 7T I : > [ T T T 71 I T T T 7T I T T T 71 I T T 1T I T T 17T I T T 17T I T T 1T I T T T 7T I
® o * 1 7 8 100+ 1 —
@) - \'s=7TeV,|L dt=35pb B V) B \'s=7TeV,|L dt=35pb |
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0 N - nl <o. . 2 i nl < 0. i
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— L —
R 9000F Vs = 77ev. (L dt = 35 pb g O 120 Vs= 7TeV,IL dt = 35 pb” 7
& 8000 * 0.60< || < 1.37 = 3 - 0.60< | < 1.37 i
E 2000 ; 45 GeV < E, < 55 GeV é E 100 n 150 GeV < E, < 200 GeV g
C * o ] B ]
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5000F- = 8 + + §
= A Data, non-tight 3 60— A Data, non-tight —
4000 * = - + -
3000 °. ATLAS E 40l ATLAS E
— ﬁ - . N
2000 st = o t ++ ' y
= : S ] — ]
1000F  * ¥ = -+ + ¥ -
SR 6****. E T e MM‘*X *H@f'# M o obutin ait
Owﬂfn Lo o b v v v by o by Mﬂgﬂﬁ e o/ | m L P " el
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ATLASPLB706-150 (aux. mat. STDM-2011-04)
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Systematic experimental uncertaintiej
ATLAS PRD85-092014

e Distorted material: simulation of the detector ~ £ jz__ T s Wfi<is o
geometry (photon conversions and EM showers g 1o§_=
1-23% depending onEJ. and |yi°t| N

e Photon simulation: PYTHIA vs HERWIG; °=

1

direct-photon vs photons radiated off quarks; lz_ s —— Phown st
4-16% depending onE7. and || s o — oo
e Photon energy scale and resolution: negligible 20 oo
e Jet energy scale: mostly 1st binE.; 3-7% (9- 20%) o— E[Ge\’]
for central/forward (very forward) jets % 205_ ATLAS  28<|y|<44, 0 y‘etzo_i
£ oo .
0:= g
e Trigger efficiency: 0.6% (0.4%) 100 L
for EJ < 45 GeV (> 45 GeV) 28 oo — et
e Luminosity uncertainty: 3.4% I T T T

E! [GeV]
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‘7 + jet production in pp coIIisionsIg oe ™S
25 Vs=7Te <15, n'.0" >0 <15 n'n*" >0 E =

e Ratio of cross sections for different angular }

15

orientations between the photon and the
leading jet

1

— |n7| < 0.9
— two regions in (leading jet) [Pt

[0,1.5], [1.5,2.5] 5
— SS @Y - et > 0) and OS (" - et < 0)-

e Reduced uncertainties due to cancellations

1

e Comparison to Sherpa and NLO QCD

Jetphox calculations i

IS

— consistent with the data

e All in all, multi-leg Sherpa is performing :

as well as NLO i

0.5

- In'l<o0.9

{

—53.5
— _53

—52.5

EX

—@ DATA ER

—&— SHERPA
—¥- JETPHOX 05
| 3

———
IN® <15 n'n >0

— et - vt~

15<<25n"n" <0

—Vv—

T T

i |

Ir]jetl <15, I,]v'njet <0 —:3.5

—_—
15<<25n"'n" >0

—os

- <15 n'n* <0

15<IT <25, 7" <0 |

, , 3.5
15< |0 <25 ' >0 ]
15<f™ <25 " <0 3
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‘Selection of unbiased region to measure the:?? and 077 distributions I

> TT TTTT TTTT TTTT TTTT, ‘I‘III TTTT TTTT TTTT T 170 |—|1000 T | T I:III TTTT]

= [ RARRNRRARS LAARN AR x’l BERRRRARRN E % & AN

2E = & 900 : .

15F / - = K

u ’ S ]

1 = ;
- region 4

05F /ﬂJ/ E |

0F 2 :

051 / 497 3 -

a0 3 E

15 - g

2 o | E '\E¥:456ev§ .

—||||||||||||||||||||||’|’s'|’||||||||||||||||||||||_ O_III|||II|||||||||||||||||||||||||||IIII|I'III|IIII_

2 15 -1 05 0 05 1 15 2 0 01 02 03 04 05 06 0.7 08 09 1

jet Vi

y |cos 6"

Y 4+ y9°t| < 2.37 , |cos0I| < 0.83 , mY > 161 GeV
e First two requirements: avoiding the bias induced by cuts ony™ and y7¢;
slices ofcos 877 have the same length along thg” 4+ y?¢€t axis
e Third requirement: avoiding the bias due to E7. > 45 GeV in (| cos 77|, m??) plane
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Understanding the~ + jet background to H — 77'
ATLAS NPB875-483

2500_ """""""""""""" I""I""I""I.”"I"."— A L L B AL B B LU BN B LA '3'10000:' T T I T T I T T T
- 6 ?Paiao%()(]ézM) zo:ncyal anaIyS|s: F— =0 (SM) —— Background ] =3 90003_ ATLAS (Vs=7 TeV 37 pb )
2000 Background = J 02 — JP =2 (100% gg) ------ JP=2" (100% qq) ] ';; g ® Data 3
C pr— == ] ” 8000 NLO QCD (Jetphox) O NP: 3
e, e E - . 1 0 = — PDF: CTEQ6.6 E
1500F 1 157 : % 7000: - = PDF: MSTW2008nlo
r ] - 1 ©® 6000F_ e PDF: CT10 =
C ] N I 1 8 ? ]
500:_ ATLAS Preliminary _: 05: ; 7: 40002_ i i i _z
C Data2012, [Ldt=20.7fb% vs=8Tev —e— | [ ATLAS Preliminary S e M 3000 p"®' > 40 GeV =
T R T S T v [ Data 2012, Vs = 8TevJ'|_dt 20.7 b —— - ]
0 01 02 03 04 05 06 07 08 09 1 (L. ..., R 2000E- =
coser| 0 01 02 03 04 05 06 07 08 06 1 g Er > 45 GeV g
|cos@*| 1000 =
© ot : : : : =
. . . g 14 theoretical uncertainty =
e v + jet production is the 2nd largest source of S
0
o
background to H — ~y~ : 3
ORTI - - - 0 0.2 0.4 0.6 0.8 1
e cos 0™ distribution used to determine the spin of N

the Higgs-like particle discovered in 2012
e Measurement ofdo /d| cos 877 | without additional requirements (no cut onm™7!)
e Good description of the measurement by NLO QCD calculations
= precise understanding of this background both in normalizaion and shape in terms
of the Standard Model
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Rapidity distributions in ~ + jet events inpp collisions aty/s = 7 TeV

e Measurement ofl /o - do/dy for the production _ CMS,\s =7 TeV, L = 4.9 pb”
of a photon with a single jetas a function of = 0 15?_(_3?____ I S |
: el o ¥ { e o]
— photon (y.) and jet (y;et) rapidities E t
— Ysum = |Y~ + Yjet|/2 0.101- -
L v+ 1 jet
— Ydit = |Yy — Yjet|/2 0.05. — CMS Data
in the phase-space region defined by 7| —— SHERPA (NLO PDF)
----------- MADGRAPH (NLO PDF)
— pJy > 40 GeV and |n7| < 1.44 0.00l- -~~~ Owens (NLO) i
jet et 0 i I
— pr > 30 GeV and [Pt < 2.4 o 1'4_.0wen5 u, and u_uncert. |
using the anti-k; algorithm with R = 0.5 8 . Owens PDF uncert.
and £ = 4.9 pb~1 o
5
e Reduced experimental and theoretical o 1.0
uncertainties (normalised cross sections) 0.8|NSSHERPA with stat. uncert. .
_ _ /IMADGRAPH with stat. uncert.
e Comparison to NLO QCD (Owens) and multi-leg 0.6/~ MADGRAPH (LO PDF) |
MC (Sherpa, MadGraph) calculations 0.0 05 10 Yl
— consistent with the data CMS PRD88-112009 Y
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Rapidity distributions in ~ + jet events inpp collisions aty/s = 7 TeV

CMS PRD88-112009

CMS,\'s = 7 TeV, L = 4.9 pb” CMS,\s=7TeV, L =4.9 pb’ .. CMS,Ns=7TeV, L = 4.9 pb”
20.15Fp) ' ' — 4 3 () | ' S 0.31(9).. -
E E s
b e ._9 0.2_ ] :‘_t‘? 1
" 0.10 4 7 t

------------
v +1jet }" - 0.1 v+ 1jet n 0.1 v +1jet —— .
0.05{ =+ CMS Data il —+— CMSData T SHERPANLO PDE ——
——— SHERPA (NLO PDF) “T1 ——— SHERPA (NLO PDF) oo SHERPA (NLO PDF) i
----------- MADGRAPH (NLO PDF) ¥ ~weee. MADGRAPH (NLO PDF) B gADGFi(ﬁPLg)(NLO PDF)
e [T S wens
0.00L | Owenls (NLO)I | B 0.0k Ow?ns (NLO) | N o ) :
1.4 owensu andu uncert. 1 & 1.4f ' ' 1 2 q.4f 1
@ " '|pOwens He and u_uncert. o " '|pOwens Mo and e uncert. g nOwens Mo and u_uncert.
5 Owens PDF uncert. 5 Owens PDF uncert. o 1ol Owens PDF uncert. -
o 1.2 - o 1.21 . e \\\\\\\\\\\\\\\\
e} 0 Qo SN
E L ] '_': -ch' -
0.8/NSHERPA with stat. : i 0.8/ESSHERPA with stat. uncert. i 0.8{EJSHERPA with stat. uncert.
ZAMADGRAPH with stat. uncert. ZIMADGRAPH with stat. uncert. IMADGRAPH with stat. uncert.
0.6 |—MADGRAPH (LO PDF) i 06 —MADGRAPH (LO PDF) | 0.6 |—MADGRAPH (LO PDF) i
0.0 05 1.0 15 2.0I | 0.0 05 10 0.0 0.5 1.0 y
yjet Yeum dif

e Comparison to NLO QCD (Owens) and multi-leg MC (Sherpa, MadQGaph) calculations
— NLO QCD describes the data in all cases
— differences inyq;g between MadGraph and Sherpa, but statistical precision

iInsufficient to discriminate between them
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o(Z + jets) /o (v + jets) in pp collisions aty/s = 8 TeV

19. 7fb (8TeV)

19. 7fb (8Tev)

N

> 0.07 [ T 17T ‘ T 17T ‘ T 17T LI ‘ T ] > 0.07 [ T 17T ‘ T 17T ‘ T 17T LI ‘ T ]
a - CMS Preliminary . a - CMS Preliminary .
= | v | = | v |
B o[ I<LAN, 23 - B oos[yI<14H>300Gev O
~ C : =~ - :
l\é-l— ] ’\é_" 7
S 0.05— ] S 0.05— ]
B S S 8 ]

N

N
A - -
e data N e data N
0.01 - 0.01 -
Y] stat+syst 7 Y] stat+syst 7
- | | | | _— MadGra[?h n r | | | | _— MadGra[?h
00950 200 300 400 500 550 790 800 0050 200 300 400 500 550 799 800
Z / f > 3 t P; [GeV] / f '[GeV]
19.7fb (8TeV) 19.7fb™ (8TeV)
T T T =| 1 5 T T
3 £ 1 ,ECMS Preiiminary é
Q_l 2 N
5L -\f\:\.\‘\s nnn NN \
Q . .
8 0.0 NN AN N\ \
= 08E N }
. 3 07
0.6 MadGraph Stat. Err. do/dPT/do/dPT, ly'|I<1.4 Njelszsé 0.6 MadGraph Stat. Err. do/dP /dcr/dpy |y [<1.4 H_>300 GeV
000 200 300 400 500 600 700 800 000 200 300 400 500 800 70(Z>/ 800
P:V[GeV] ~[GeV]

e Observation of a turn-on of the ratio and plateau aroundpr ~ 300-350 GeV
— good description of the shape by MadGraph (but~ 20% higher than data)
= These ratios are suitable to predict invisible decays o for searches
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{s=7TeV

CMS PRD89-092005
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1 Radiation zero! )
e Measurement oflvy (I = e, p) for pJ. > 15 GeV and
AR(l,~v) > 0.7
(W) x B(W — lv)=37.0 &+ 0.8(stat) & 4.1(syst) pb
NLO (MCFM) o x B=31.8 + 1.8 pb

W ~ production in pp collisions aty/s = 7 TeV using 5 fb—1

CMS, L =5.0 fb"

(s =7 TeV

T
B McFM

—e— W(ev)y

—a— W(uv)y
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| SN
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60
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pYF threshold (GeV)

e NLO in agreement with data within uncertainties (NNLO corre ctions sizeable)
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‘ Z (1717 )~ production in pp collisions aty/s = 7 TeV using 4.6 fb—1! I

e Measurement ofl 71—~ (I = e, u) in the phase space
— pY. > 25GeV, |n| < 247, Njy = Np- =1
— my+;—- > 40 GeV
— EJ > 15GeV, |n7| < 2.37, AR(l,v) > 0.7
and e, < 0.5 (energy in coneR = 0.4/photon energy)
— jets: anti-k; algorithm with R = 0.4 :
EF* > 30 GeV, [°f| < 4.4, AR(e/p/7, jet) > 0.3 | AR L |
e Inclusive (N; > 0) and exclusive (V;o; = 0) measurements e

Theory  Theory

O'I(l+l »-)/) 1.31 :l: 0. O2(Stat) :|: 0. 12(SySt) pb E> Z.z;_ATLAS ILdIt=4.6fb'1,\E=7'II'eV !Datazon_é
NNLO (arXiv 1407.1618)o 1 (111~ ~)=1.3271 0 02 pb € o4t —— -
or(1T1=~)=1.05 £ 0.02(stat) &+ 0.11(syst) pb S Zj "

NNLO o (It1—~)=1.1075212 pp mr— e

e NNLO corrections not so important as for W~ . 18
— NLO (MCFM) agrees with data over all E. range 52 ””” b T BT
"50 150 200 300 i 1000
e Sherpa (scaled to data) describdZ;. and m#” spectra ATLAS PRDS7-112003
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e Measurement oflTl~~ (I = e, u) for pJ. > 15 GeV,

AR(l,v) > 0.7and m;+;—- > 50 GeV

o(pp — Ivy) (pb)

Z (IT17)~ production in pp collisions aty/s = 7 TeV using5 fb—*

(s =7 TeV

CMS, L=5.0fb'

B vicFM

—e— Z(ee)Y
—a— Z(upy

—— Combined

(b) -

o(Z~) x B(Z — 1T17)=5.33 + 0.08(stat) & 0.28(syst) pb 15
NLO (MCFM) o x B=5.45 + 0.27 pb
e NLO in agreement with data within uncertainties
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‘ Z (vw)~ production in pp collisions at/s = 7 TeV using4.6 fb—1 I
e Measurement ofv+ in the phase space
> I I —O—IData2011 I
— no charged lepton,N;+ = N;—- =0 R A e 7 CEURE
7 0 Ne 20, E! >100 GeV I Z(vv)+jets, multi-jet
— p > 90 GeV :

— EJ > 100 GeV, |n7| < 2.37, AR(l,v) > 0.7

and e;, < 0.5 (energy in coneR = 0.4/photon energy)
— jets: anti-k; algorithm with R = 0.4

EX* > 30 GeV, |ni*t| < 4.4, AR(e/p/~,jet) > 0.3

[N
e
.

o
i )

e Inclusive (IV;et > 0) and exclusive (NV;er = 0) measurements

o1(vv+v)=0.133 & 0.013(stat) £ 0.021(syst) pb
NLO (MCFM) o (vizy)=0.156 + 0.012 pb
or(vvv)=0.116 £+ 0.010(stat) 4= 0.014(syst) pb
NLO (MCFM) o g(rizv)=0.115 + 0.009 pb
— NLO (MCFM) agrees with data

Data
Expectation,_,

Events / GeV

g .

ol2- 7
9 § 1:*:++._ ..... ._+_. ...................... 1 ..................... ]
S|QosE ++. . Y -
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I ATIL AS I I I —— I:I)ata 201]1

. [ Z(v)+y (SHERPA x 1.0) |
I Ldt=46f" (s=7TeV gl y+ets E
N 20, Ei >100 GeV I z(vv)+ets, multi-jet

o
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ATLAS PRD87-112003
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