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Jets at LHC

e QCD processes are dominant in hadron colliders

— background to new physics
e Jet physics at LHC

=> need good understanding of multijet events

Opp—jets = > f dxp, fa/pl (wplv HF) f dzp, .fb/pg (wpza KLF) 6'ab—>jets(/)”Ra Asy Ly wpz)

— tests of pQCD and measurements of QCD parameters (

Q)

— constraints on PDFs ( especially, gluon density in the proton at high x)

— tuning of Monte Carlo models

e Jet production at LHC:
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Event shapes: understanding the soft underlying event

e Charged particles with  pr>0.5 GeV and |n| <2.5
e Event shapes (eg thrust, sphericity) are sensitive to hadro nisation and energy flow

— useful to characterize the properties of the soft underlyin g event and other
non-perturbative effects Fli ol arias | Slomamio 2y e atiAs| | omen E

— observables useful to help =2 7= w4 Ty e omasow
tunlng the models 2:%: Eﬁﬂgﬁfﬁén é i i"“’ EZrTv\':gl;éf ber2 E

e S| =1 for isotropic events | - T
— high mean value atlow pp % L
e S | =0 for balanced dijet events
— low mean value at high pp
— decrease of (S ) athigh pr
Interpreted as emergence of %=

MC/Data

MC/Data

Vs=7Tev  ATLAS

jets , :
e Comparison to LO MC based oo B af
= 0.5 _...E =+ Data 2010 — PYTHIA 6 Z1 ;-Data2010 —— PYTHIA 6 Z1
On dlfferent tuneS 045 J mee Egg:ﬁgg&BﬁB --- ::Trwl-ill}/;\rfjérz . ;:_‘_ :g::ﬁzg%BTEB ---- PYTHIA8 A2
— PYTHIAG tune Z1 (tunedto ¢ |
LHC data) closest to data e

e Sensitivity to soft underlying event

= these measurements have the potential to improve further th e MC tunes
PRD 88 (2013) 032004
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W (— £v)+2-jet events: measuring multiparton interactions

pp — W (— fv) + 2jets: double-parton mteractlons

e Extraction of fraction  fpp of

W +2-jet events with jets 'ntecrigce:t(':én
L | |
originating from hard DPI g
using a fit, based on templates, ’ :
to the data d|Str|but|OnS' 0.12*""'g"""LV"\'vavvtvi;zltzavlv'p'h)'/;cvsll:’,'(;\FH;Té\'/'
571 4 5 S o SR
Ajets — |pT | S oogi templateBpI
—Jz £
'.n/ — | p | i 0.06; J'Ldtzse pb*
JetS | |_|_| | 0.04;
— Value obtained from A” ; )
JetS 0O 01 02 03 04 05 06 07 08 09 1

fpp =0.081+0.01(stat) £0.02(sys)

q

An

e The fraction fpp is directly related to the effective

area parameter for DPI and was used to extract

O off -

oo (7 TeV) =154 3(stat) T3(sys) mb

e Sensitivity to multiparton interactions

=> measured value of effective area parameter for DPI

consistent with other experiments at lower

V3

ets

Events / 3 GeV

O, [mb]

double-parton .
Interaction

L =36pb—1

q
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Inclusive-jet cross sections at

Recent QCD results from ATLAS @

/8 =2.76 TeV: testing pQCD

nrer-p»

pp — jet + X.: inclusive-jet cross sections

e Jet search: anti- kv algorithm with R = 0.4 and R = 0.6
e Jets with 20 < pl’ <430 GeV and |yi*t| < 4.4
e Centre-of-mass energy: /s = 2.76 TeV

e Experimental uncertainties:

— 10 — 30% in central rapidity region, higher in other regions

— dominated by the jet energy scale in all regions

e Comparison to NLO predictions ( NLOJET++)

— pur=pr=pr>(y;)

— PDFs: CT10, MSTW2008, NNPDF 2.1, HERAPDF 1. 5 ABI\/I 11 NLO

— corrected for non-perturbative effects

— theoretical uncertainties:
— 5 — 15% for high/low pr (|ly| < 0.3)
— 10 — 80% for high/low pr (3.6 < |y| < 4.4)
— in high pr region, dominated by PDF

uncertainty

e Test of pQCD

= description of data within uncertainties
e Sensitivity to proton PDFs

Ratio wrt NLO pQCD (CT10)
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Ratios of inclusive-jet cross sections: testing pQCD

pp — Jjet + X Inclusive-jet cross sections L =0.2—36pb1

e Measurement of ratios of cross sections for v/$=2.76 TeV and 7 TeV

p(y, zr)= Fz(ry(i;f,;?reT\ef;[) with 7 =2pr/+/s and

F = —w%dd (cjl dimensionless scale-invariant cross section
L

e Measurement of p(y, ) provides more stringent tests of pQCD, since correlated
experimental and theoretical uncertainties cancel in the r atio

::" 2:_IyI<0-3 _E ;\'— 2l5§_2.1s|y|<2.8 _% ATLAS
e Experimental uncertainties: = 15::m$%$ S % f““ “"pi;v
— 5 — 20% in central rapidity region 2
3 Fosspyl<o0s [= 3] _E g_ 285y <36 _§ anti-k, Eataovﬁt
e Theoretical uncertainties: O 2 ? E hly
—<2%(ly| <0.3) BENE B 5 . 1 o
—2-10% (3.6 < [y| < 4.4) o ER B it
1.5 _._—0——0——;‘#*% E_ 215._ : (CT10, p=p]™™)
1E - F 3
. E 12slyl<21 E 2x102 10? 2x10*
e Stringent test qf pQCD :ﬁ_ﬂ E=: Xr
— good description of data 1:_ L
— 1.1<p(y, z7)<1.5 il e

—> approximately constant behaviour, as expected from asympt otic freedom

and evolution of PDFs
EPJ C 73 (2013) 2509

August 28 - September 5, 2013 Claudia Glasman (Universidad Aut 6noma de Madrid)




nrer-p»

ICNFP 2013 Recent QCD results from ATLAS @

Inclusive-jet cross sections:  determining the proton PDFs

pp — jet + X.: inclusive-jet cross sections

e Inclusion of inclusive-jet cross sections at v/$=2.76 and 7 TeV in a NLO QCD fit
together with HERA | data

\:-,)2 5;— ATLAS —; 51.5; '—'f ’E‘ .25—2.1s|y|<za l% :; ATLAS
A 1 = 1] & ettt ] Jra=ozp?
- . g I 3 8 osk o 3 \s = 2.76 TeV
C ] o E 1 3 E antik, R = 0.6
1.5 — 3z 15 41 2 2F 285bl<36 Data with
Z - R [ iy et ]
: = reva EI S ] o
0.5 —— HERA+ATLAS jets R=0.6 fit = 15 7 2‘ 3-GS'V'<4-4‘; NLO pQCD O
. 11121 HERA+ATLAS jets 2.76 TeV R=0.6 fit E E 15— \ E non-pert. corrections
0 s HERA+ATLAS jets 7 TeV R=0.6 fit = ‘ E S — s
g 15: _,.——/ : é 1.5;—1.25|y|<z.1 -r%_ 30 40 10° 2><1(l;2T [GeV]: _:: :E::ATLAS
® 09E . = ==
- 10° 107 10" \\ :1 -
X
e Impact on the proton PDFs when including ATLAS jet data:
=> the gluon distribution tends to be harder than with HERA data alone
= the sea quark distribution tends to be softer than with HERA d ata alone
=> the description of the data is improved, especially in high ly| region (high x)

EPJ C 73 (2013) 2509
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Multijet ratios: testing pQCD and determining «g

)

pp — jet + jet (4+jet) + X: multijet cross sections § ogl- AT TRImnay .
e Jet search: anti- kt algorithm with R = 0.6 fg’o.e:— KR R0 %%%% % t
e At least two/three jets with p’_{?t >40 GeV and |y'°t| < 2.8 s o Data 2010 N
ot AT ata i
and pJ’I?,lead > 60 GeV 0 2: $$ FAIQ?\R/%O%NPL%?M:
e Measurement of: ‘L G010 ]
Niet jet %QE i a-(MA)=0. ]
(all jots)y _ 2oi (dON,>3/dpr ;) P -

N3/2(py ) = Nt jet g 2

> “(don,>2/dpr ;) .
8 osf _
" 0.6 —

o N3/2 IS sensitive to o

70100 200 300 00

, 10
pf:" ]ets) [GeV]

e Comparison to NLO predictions ( NLOJET++) S
— pr=pr=p%; PDFs: MSTW2008NLO; 0.110 < ar,(Mz) < 0.130; %0'22* e ATLASZO0N,,
corrected for non-perturbative effects | o DPinclusivejet ]

—%— D@ R,
— good description of data

0.2

—4— H1 inclusive jet

—¥— ZEUS inclusive jet
s PDG 2012 world average
O‘s(MZ)= 0.1184+ 0.0007

0.18}

e Determination of as from N3 /o for 210 <p1 <800 GeV:oist
0.14F
as(Mz) = 0.111 % 0.006 (exp.)T0'055 (th.) ol

= consistent with world average and other experiments o.1§ =

— ATLAS Prelimi ]

e Test of the energy-scale dependence of  a: Rt SV s Y .
10 10

—> consistent with the prediction of the RGE Q[GeV]
ATLAS-CONF-2013-041
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Prompt photons at LHC

e Measurements of the production of high  p7 prompt photons (in association with
jets) and pairs of photons in hadron colliders provide

— tests of pQCD predictions ina cleaner reaction than jet production
— constraints on the proton PDFs (especially  gluon PDF : gg — g~ dominant)

— input to understand QCD background to Higgs production and BSM searches
(tuning of Monte Carlo models )

e Prompt photons in  pp collisions are produced via two mechanisms:
— direct-photon (DP) and fragmentation (F) processes

Prompt photon (plus jet) production Diphoton production
pp — y(+jet) + X pp — v+ X
August 28 - September 5, 2013
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Inclusive isolated photons:

pp — ~ + X.: Iinclusive isolated-photon cross sections

e Photon identification:  shower shapes in calorimeter

e Photon isolation: — EiTS,O < 7GeV —

Entries / GeV

200 S

180

160

140

120

testing pQCD

L =471

TT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTT L
E/>100 GeV [n'|<1.37 Q) E
Data 2011 Vs=7 TeV

[ non-tight y

(to remove contribution from neutral-hadron decays into ph otons)  wf .

] ILdt: 47" E

e Photon selection: ©0 T .| ATLAS preimnay -
— 100 < E, <1000 GeV and |n7| < 2.37 ol L T E

: : as” L L eveusososensasasses

excluding the region 1.37 < |n7| < 1.52 N

E;° [GeV]

e Comparison to LO MC predictions E e | gt
. . E - HERWIG (MRST 2007 LO*)

— good description of data by PYTHIA DO it e

—— Scale uncertainty

— HERWIG describes shape but underestimates - Mo (STHzO)
normalisation

e Comparison to NLO predictions (  JETPHOX)

— pup=pr=ps=E]; PDFs: CT10, MSTW2008NLO; FF: BFG set II
as(Mz)=0.118; corrected for non-perturbative effects

— consistent with data within uncertainties

ATLAS-CONF-2013-022
Claudia Glasman (Universidad Aut
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Inclusive isolated photons:

Recent QCD results from ATLAS @
constraining the proton PDFs
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10

pp — v + X: inclusive isolated-photon cross sections L = 4.
< L B B B L B B I I < R B I L L I I I I I
v 10 v 10
(O] - —e— Data 2011 {s=7 TeV éz (O] —8— Data 2011 {s=7 TeV éz
- IL dt= 4.7fb ——PYTHIA(MRST2007L0% - o J-|_ dt= 4.7fhY  — PYTHIA(MRST2007LO%) ]
R T S R e HERWIG (MRST 2007 LO*)  — Y 1l J HERWIG (MRST 2007 LO¥) —|
L E = L = =
° = NLO (CT10) . ° = NLO (CT10) 3
5 a == Total uncertainty 5 a == Total uncertainty
© 10 :E —— Scale uncertainty E: © 10 :E ------------ —— Scale uncertainty E:

- e L NLO (MSTW2008ni0) . - -1+ NLO (MSTW2008nl0) .
102 3 102 3
10° E- = 10° E- ATLAS limi =
= ATLAS Preliminary 3 - Preliminary 3
10* - 10* -

- InI<1.37  1.52<|"|<2.37
1?.-25 m1?.-z:E...I....I....I....I....I....I....!....I....I...:
© E = E ]
8 12f 3 (\QG 12fF . =
S e B O e T o § [ ! i =
= B Q S 2 s
g o8 3 D o E
F o6F = F osf =

100 200 300 400 500 600 700 800 900 1000 100 150 200 250 300 350 400 450 500 550 600

E! [GeV] E! [GeV]

e The NLO calculations agree with the data up to the highest E% measured (1 TeV)

e Sensitivity to proton PDFs:

— NLO calculation based on MSTW2008NLO higher than CT10 and cl  oser
to data at low EJ,
— theoretical uncertainties due to PDF become significant at h igh E%
—> these measurements have the potential to constrain further the pPDFs

ATLAS-CONF-2013-022
Claudia Glasman (Universidad Aut

August 28 - September 5, 2013 o6noma de Madrid)



nrer-p»

ICNFP 2013 Recent QCD results from ATLAS @

11

Isolated photons in association with jets: testing QCD dynamics

pp — v + jet + X.: isolated-photon plus jet cross sections L =37 pb —d
e Jet search: anti- kr algorithm with R = 0.6 e L as(=TTev e
e At least one jet with pls* > 40 GeV and |y*t| < 2.37 e, ]
e Photon selection: E7>45 GeV and |n?] <2.37 Sl S T B
excluding the region 1.37<|n?|<1.52 and EX° <4 GeV wp T e ]
e Additional requirements for  do/ dmi: . 7 _L_,_“_ plfsmevé
| cos 07| < 0.83 and |n” + y'°*| < 2.37 preTeT Er>45Gev 3
e Experimental and theoretical uncertainties ~ 10% | ;

e Comparison to LO MC predictions

3
Ag” [rad]

— good description of data by PYTHIA and SHERPA

do/dm" [pb/GeV]  NLO QCD (or MC)/Data
-
B
[

ATLAS (Vs =7 TeV,37pb™?) 3
® Data 7

— HERWIG fails to describe the data 10 MO S Getrod ON 5

e Comparison to NLO predictions ( JETPHOX) e T

— UR=HUF=f= E;; PDFs: CTEQ6.6, CT10, MSTW2008NLO; i E

© p'>40GeV, E| > 45 GeV ]

FF: BFG set ll; a,(Mz)=0.118; S

corrected for non-perturbative effects 10°F -

— good description of data, exceptfor  do/dA¢Y T

(expected since in NLO pQCD, do/dA¢™ > /2 due to o o E

transverse-momentum conservation) LT e

NPB 875 (2013) 483
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|solated photons in association with jets:

)
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testing QCD dynamics

pp — ~ + jet 4+ X.: isolated-photon plus jet cross sections

L =237pb 1

| without additional

1 with additional requirements:
mY > 161 GeV and | + y'°*| < 2.37 requirements
E 3000: T T ‘ATI‘_AS‘( {s;=‘7Te‘V, 3‘7 pl;'l)l b = 15000 L B B T T T El10000 T T T T T
.% s500k- o ae 0D Getphon) 1 NP: 18 ATLAS (s =7 TeV, 37 pb™) o :—.Ejt:HIA oo ATLAS ({5 =7Tev,37pbY) |
2 T pomeTeese > | S PYTHIA (Diliect photon) — HERWIG (L.13)
§ 2000 "- igi L\;A-?I(\)Nzoosnlo ] 8 """': 8 . j PYTHIA (Fragmentation) HERWIG (Direct photon) i
3 E et s v E o | eData \ S F— _SHERPA(L00) " HERWIG (Fragmentation) _|
1500F pJT_ OGSV B zaseey ki 12 ™ Loqep @ephox ONP: ) B ool ]
- mY> 161 Gev, Y + | <2.37 ] -8 — Direct photon (x1.7) gluon gexchange -8
1000? X X 7: --- Fragmentation (x80) o< (]_ 4 | CcOS 9* | ) —2 — _:FT
C s ] 1 YRy I L T{:
e B R - . 4000{— pimm 2 =¥=_ _ —
- 1 sl quark exchange I — _L_}_
) 12: S T L o (1 _ |COS 9*|)—1 pr'>40Gev ... ——j-
S “F mm theoretical uncertainty i 20001 E¥> 4GV — |
+ § 1'213 ..... ] / k "';:';':;':éé
o o8 E e S :
z 06 ‘ ‘ ‘ = oL VT T ] o [ SN
0 0.2 04 06 Oﬁ 0 0.2 0.4 0.6 0.8 0 0.5 1
[cos 67 lcos 0" lcos ©"]
—- Useful for tuning the relative contributions of DP and F comp onents in MC €
— e Good description of data by NLO pQCD
e Sensitivity to QCD dynamics:
— consistent with

— shape of data much closer to DP than to F processes

dominance of processes in which a quark is being exchanged
—> validity of the description of the dynamics of isolated-pho

production in  pp collisions at O (aa?).

ton plus jet

NPB 875 (2013) 483
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|solated photon pairs: understanding the QCD background

pp — v + X: isolated photon-pair cross sections L =49f1
e Photon-pair selection: - B T
E}>25, 22 GeV and || < 2.37 : 2 E
ecluding Syt [Sih2land i R B T
Ei° <4 GeV e E
e AR >0.4 ok = 1wk g
e Comparison to LO predictions P 1 fa E
— PYTHIA: LO ME plus parton shower £ | PR, Sa e = 1'51E R :
— SHERPA: also includes diphoton ) O'i_l . 0‘5;
higher-order real-emission ME c ool 1ot
(two additional partons) I R S ;EE ity :
— both models underestimate normalisation of data due to miss Ing higher-order
contributions

— PYTHIA describes m~~, except at low values, better than SHERPA
— good description at low  pp .~ thanks to soft-gluon resummation

— SHERPA describes pr -~ overall thanks to additional tree-level higher orders

JHEP 01 (2013) 086
August 28 - September 5, 2013 Claudia Glasman (Universidad Aut 6noma de Madrid)
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Isolated photon pairs: understanding the QCD background
pp — ~v + X: isolated photon-pair cross sections L =491

I L e A B R R I A RS IR T L A = 40
. 8 E ATLAS 7 £ Q = asf
= T h *, —
e Comparisonto HO & A 4 & [ S
£ g —e— Data2011, [Lit=49 fb* 13 10° = B=7Tev o T 30
H H T o N S\ DIPHOX+GAMMA2ZMC (CT10) = B P ——Daa2oil, fLdi=49m" o 8
p re d I Ctl O n S 8 = K% 7/ 2yNNLO (MSTW2008) EN [\ DIPHOX+GAMMA2MC (CT10) ’,7@\ ] 25 /
102 - e E 74/ 2yNNLO (MSTW2008) _._-;z(% 4 s0F » N
_ S - B Ky E A\
é 27NNLO. NNLO DP E &W,‘“ 7 lo; _’_;:/;////f///:&:\* E 15; \\\%\\ Vs=7TeV
10° T 3 F ——yy //////§% b } %\% —e— Data 2011, [Ldt=49 5" : WAH
R E AR 3 L _,_—0—//////// A N i N . ! : X/, H
— D I P H OX . N LO D P 10k 1 7)///7/////////// 4 //////////7;;;;@;;@&% ] 10 :ﬂ% S DIPHOX+GAMMA2MC (CT10) <;//:
_ S B 2 " oo (sTwanon Ny
and F contributions  ebeiniinn 1 R 3 TR
x 3 x ET T 1 x
: 5 3 2 3 s3F —+= S 3
with NNNLO 2 a3ty £ I B ++++++ ? .
e } ‘—+— | = a E N a
. 8 15 ’ 1 = 8 15E *y 8 15
calculation to box = A \\\\\\\\\ 3 5 OE}E\\ Shamssassssieg E . SREA= ST SN SEE
. 0 0 0
d ° ‘ — o S — I .
lagram gg — v 2 s 102,y ERNE I £
1 §> l2 3 §> l2 E E §> l2 E E
g 15 08 15 7— : % 1sE *
USIng GAM MA2 MC 5 1 ////%}}/%i# bt + = 3 1§//// 2 ///////5///{///{;///////%///// ///M 5 i e oAt
05 E 05 E 05F E
0050 100 150 200 250 300 350 400 450 500 0 05 1 15 2 25 3 017708 06 04 02 0 02 04 06 08 1

P, [CeV] Ag [rad] cosél,

— DIPHOX+GAMMA2MC: fails to describe the data for ~ A¢~~~m and low pp ~~
due importance of soft-gluon resummation in this region and underestimates
the data everywhere else due to missing higher orders

— 2vNNLO: is closest to the data, but still below the data in regions whe re the
fragmentation contribution is more significant

e Sensitivity to higher orders:

= Improved calculations are needed to understand fully dipho ton production
JHEP 01 (2013) 086
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Conclusions

e QCD@LHC:
« Charged-particle event shapes
=> possibility to tune further the MC models for the soft underl ying event

« W +2-jet production
=> measurement of multiparton interactions

* Inclusive-jet cross sections
=> tests of pQCD and determination of pPDFs

« Multijet cross sections
=> tests of pQCD and determination of g

« Inclusive-photon production
= tests of pQCD and possibility to constrain further the pPDFs

+* Photon+jet production
= tests of QCD dynamics

+ Diphoton production
=> understanding of photon-pair production via QCD (irreduci ble background
to H — ~~)

August 28 - September 5, 2013 Claudia Glasman (Universidad Aut 6noma de Madrid)
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Event shapes

e The sphericity describes the event energy flow based on the momentum tensor

Sa,@ — Zip?piﬂ
> 1Pl

where o, 3 = x, y, z components of the momentum of particle )

e The sphericity of the event is defined in terms of the two smallest eigenvalue S
of this tensor, Ao and A3: S = %(Az + A3

e The transverse sphericity is defined in terms of the transverse components only

P 2
Px,iPy,q by

2 : :
STY — Z 1 pa:,i Pz,iPy,i
S prgl?

Ty
25

NV AT where A5Y < ATY are the two eigenvalues of S%Y

and S| =

August 28 - September 5, 2013 Claudia Glasman (Universidad Aut 6noma de Madrid)
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Inclusive-jet cross sections at /s =2.76 TeV

pp — jet + X: inclusive-jet cross sections L£L=02pb1

e Jet search: anti- kt algorithm with R = 0.4 and R = 0.6 Sl

™ T T
Iyl < 0.3 (x 10'%)

= [ opemate va=o20p® 3 LIIETEaey
J ith 20 < p'®* <430 GeV and |yt| < 4.4 O E oo 2w 3 esiiehi
O 10 = [ non-pert. corr. anti-k, R=0.4 2= Iyl g :
o Jets with 20< pr’ < eVand |y <4. R=0.4E82°F e
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Inclusive-jet cross sections:  determining the proton PDFs

pp — jet + X.: inclusive-jet cross sections
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|solated photons in association with jets

pp — ~ + jet 4+ X.: isolated-photon plus jet cross sections L = 37 pb—l

e Selection of unbiased region to measure the ~ m and | cos 87| cross sections:
— |07 + | < 2.37, | cos 0] < 0.83 and mY} > 161 GeV
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— The first two requirements avoid the bias induced by cuts on nY and yJet

— slices of cos 87 have the same length along the 1Y + yiet axis
— The third requirement avoids the bias dueto ~ EJ. > 45 GeV in the

(| cos 87|, m"J) plane
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