The bas1s for everythlng at the LHC
... end essentially everywhere else




Underlying event

Detailed knowledge on

components needed

s

Describing physics @
any proton collider is a
complicated business...
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oo Jets in hard QCD

Jet production is excellent probes
of QCD dynamics and modeling
over many orders of magnitude

* Plenty of reasons to study jets !

* pQCD calculations

 a_determination

* Constraining PDFs
* Understanding non-pQCD
* MC tuning

* New particle searches with jets
in final states

Many experimental results from
HERA, Tevatron & LHC at
different CME
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36™ anniversary of GLUON
* PETRA, 1979

— 1" observation of 3-jet events
* LHC, 2015

— jet factory

& LUON
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Hard QCD:

ATLAS 4-jets cross-sections at 8 TeV, differentially in several variables depending on the
jet momenta and angular distributions, in various event topologies

Test of LO (PS and ME+PS) and NLO predictions up to multi-TeV scales

) - — 100 Gel Total experimental

» A¢™",: 2-vs-2 from 1-vs-3 topologies B HEJ (<03 —a— 5400 Gev systematic uncertainly
BlackHat/Sherpa (= 1.0 —_— e T00 Gel _
MJetSheraa [+ 1.0) —— %1000 GaY MLO {=cala @ PDF) uncertainty

Ape" = min; ke a) (|Ady| + [Adj])

_ N S I RS [ P PR -
f#]#k ﬁ 10 ATLAS Preliminary . E 1%___‘__.___‘__'_'__,_“_._5? _____
H f 13=8 TeV, 55 r.':t'l 20. £ ﬂ:f T p{l_:_l_*_} T00 GEV

""ll g E i "W-

- 3 = Fﬁ_ﬁE R S "'pl:‘ﬂ':'i:"'.{l;OD GEV :

A
v 4
'——_'_'__
[ {:I{ﬂ::n':'”
53
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] I‘._._.'._‘.‘r_..f_.:._.‘_,_ﬂﬂ:-?lﬁfﬁﬂ.—._y._r-

—— — —

fam LI e S e S e
3 _—1—_|_1_"""‘_*_ (a) . — 1
e p( W X 000 GE W

1 2 3
5q};ri1in ﬂ{P;;in
» NLO predictions BlackHat /Sherpa and NJet/Sherpa: compatible with data within large
theoretical uncertainties (O(30%) at low momenta)
» HEIJ (all-order resummation) provides a good description of angular variables

Theory/Data

Alessandro Tricol EPS-HEP, Vienna 22-29 July 2015 40
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Jet P, (GeV)
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= [DataTheory

.
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Data / Theory

.
!

0.5 CTioNLO ® NP
1.0<lyl <15

U_

5.43 pb' (2.76 TeV

2 Theo. Prediction

R i

I

1 1 I
80 100

CMS-SMP-14-017

200

BE;IGI 4|£|G
Jet P, (GeWV)

o Ratio of jCTS @ 276 and 8 TeV

5.43 pb' (2.76 TeV)

Ratios of jet cross—sections at

different /s measured
* Proper taking into account correlated
uncertainties necessary

* Some uncertainties cancel
* Precise test of QCD at different /s
* input to global QCD fits (ErIc(2013)73 2509)

CMS 2.76 TeV / 8 TeV ratio in range
0.1-14%
« decreases with increasing jet p-

good agreement with NLO theory
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o Multi-jet production @ HERA

* Complementary measurements of multi—jet cross sections at HERA and LHC

« Different sensitivity to underlying sub—processes and parton densities, e.qg.
gluon & quarks at high x

H1 Data NLO@Chad
® 150 <Q° <200 GeV? =5 0O 400<Q® <700 GeV? (=2 NLOJet++ with fastNLO
0 200<Q®<270GeV? (i=4) 4 700<Q®<5000GeV? (=1 ﬁg%g%a - = 0118
® 270 <Q? <400 GeV? (=3 & 5000 <Q?< 15000 GeV? ji=0) R
-~ 10°F  Normalised Normalised Normalised
> E Inclusive Jet Dijet Trijet
2 107
o 10%F * .
C - . . .
£ 10°F o °
£ g . ° .
2 10, . N " —
@ F . .
& 10%F 0 . o
A E - Q [ ]
= o[ - a ]
8 107 o o
o 10p o ° o = ’
2 i .
1.— 1 § o u]
L o] a
n_l— 10—15,
% 10 S S a
Q
+ Hlalso measures o /o, o " f H1 : ;
10™¢ H |
* Good description by NLO 2030 50 7 10 2030 50 7 10 20 30
t
Pf [GeV] (P.), [GeV] (P.), [GeV]

Eur. Phys. J. C75 (2015) 2, 65
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o fundamental QCD quantity which many measurements are sensitive to

0. Mmeasurements

Inclusive jet
Dijet
Trijet

Normalised inclusive jet
Normalised dijet

Normalised trijet

Multijet

Normalised multijet

World average

PDG, Phys. Rev. D 86 (2012) 010001 (2014 update)

H1 Collaboration
T T I | [ I | LI
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Theory uncertainty dominates

* experimental even < 1%
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ATLAS Preliminary

—&— Experimental Uncertainty

Total Uncertainty
D PDG Total Uncertainty

ATLAS Energy Energy Correlations
Preliminary

ATLAS Ny,

ATLAS-CONF-2013-041 (2013)

Malaescu & Starovoitov ATLAS Inclusive jet
Eur. Phys. J. C 72 (2012) 2041

CMS Ry,

Eur. Phys. J. G 73 (2013) 2604

CMS inclusive jet cross section

Eur. Phys. J. C 75 (2015) 288

CMS 3-jet mass

Eur. Phys. J. G 75 (2015) 186

CDF Inclusive jet cross sections

Phys. Rev. Lett. 88 (2002) 042001

DO Inclusive jet cross sections

Phys. Rev. D 80 (2009) 111107

D0 Jet angular correlations

Phys. Lett. B 718 (2012) 56

ZEUS Inclusive jet cross sections in yp
Mucl. Phys. B 864 (2012) 1

H1 Multijet production at high @ in ep collisions
Eur. Phys. J. & 75 (2015) 65

Hi + ZEUS Inclusive jet cross sections in ep collisions
H1prelim-07-132, ZEUS-prel-07-025

‘World average 2014

Chin. Phys. C 38 (2014) 090001
! 1 1 1 ! 1 1 1 1 | 1 1 | | 1 1

0.1 0.12 0.13

0.14 0.15 0.16 0.17
ag(m,)

Excellent compatibility with World
Average of jet—based measurements

at hadron and ep colliders
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o, from global QCD fits

0.6
04

0.2 -

10*

uncertainties:
I experimental

; H1 and ZEUS
! LSRR T B 2L : o ]
E [ u? =10 GeV?
| —— HERAPDF2.0Jets NLO, free o (M. )
08 =

[] model xu,

[7] hadronisation
[ parameterisation

| ay(M2) = 0.1183 + 0.0009(exp)

Experimental uncertainty below 1%

+ 0.0005(model/parameterisation)

+ 0.0012(hadronisation)

0.0037
T00030(scale)

Uncertainty dominated by theory, NNLO ep jet calculations needed
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T . ——
— H1 multijets at high Q2
B H1 exp. uncertainty 1
H1 total uncertainty 1
o H1 multijets at high Q2 —]
» H1 multijets at low Q2
ZEUS inclusive jets inyp
ALEPH vy, INNLO] (Dissertori, et al)
* JADE 4-jet rate [NLO+NLLA]
= OPAL y,, [NNLO] ]
+ CMS Rap —
* D@ Ryn 4

os(,)

0.20 %

0.15}

* o sensitive to new physics

1 + Running of o, measured

to unprecedented scales in

| many different processes
] at LHC & HERA
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0.24
0.22

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06

a, running

I
— : e - _ +0.0063 |
[T CMSincl. jets : ag(M,) =0.1185" =
- CMSR,, =
BN CMS tf cross section 7
E ‘%EJ ~ CMS inclusive jets _:
— \ CMS 3-Jet mass -
- o —
— NG -
— Th Z
- o 1 Incl. Jets —
= i ‘ 3Jet-Mass -
- A% s ]
— . DOinclusive jets / Seat —
: 0 DO angular correlation \/' -
- u! H1 b a
- ttbar 2
— o ZEUS R —
- 32 ]
_I L1 1 1 | | | L 1 1 1 | | | | L 1 1 1 | 1]
10 10° 103
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:

o Charm & beClLlTy mass r‘unning

o5

* HERA combined charm data well < ZEUS beauty data well
described by QCD in FFNS described by NLO QCD

* Measure mass running * Measure mass running

H1 and ZEUS preliminary

— 1.6 | S Or ! -
s =3¢ ]
S .r o  HERA (prel) 1 =, PDG 2m, 7
5‘,—, - B PDG with evolved uncertainty ] 5-‘}; - (Iattice etc.) LEP ]
£ | 4 s B - ]
1.2 — 4 ZEUS ]
B + + * - B B PDG with evolved uncertainty *
- N ‘_ A ZEUS _
0.8 B i 30 ™ DELPHI 3-jets 7]
B I - N *  DELPHI 4-jets NLO i
- 7] n A ALEPH b ]
0.6 * 251 O  OPAL .
B - N ©  SLD ]
0.4 Ll | | | | 2 B ! | L] I | | L . Bl

1 10 10 10
u [GeV] u [GeV]
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* Charm and beauty mass running consistent with QCD
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@ K. Wichmann, PIC2015, Everything you want to know about QCD...
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Global QCD fits
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Global analysis of parton distributions

Goal: determination of the input distributions (for light quarks and gluons):

Method: Parametrizations zf(z,Q3) = Nz*(1 — z)° function(z)
and usual statistical estimation (fits): e e

|
% iterative

N . . 2 _ e fixed errofs .-"f
(p) = Z data(z) — theory(z, p) /
| — error(%) /
Position of minimum gives the value L\ /;'
A

and curvature gives the error (region
within a certain “tolerance” Ax* = 1)

(Monte Carlo methods can also be used)

Usually the chi-square definition is
more sophisticated, experimental
correlations are also treated, etc.

o111 0.112 0.113 0.114 0.115 0.116 0.117 0.118

J I gl I'\’IZ}
L - h

Pedro Jimenez-Delgado Nuclear Physics & RIKEN Theory Seminar. BNL. Mar 14, 2014 947
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PDF uncertainties important

Parton densities necessary for every process with scattering proton
Uncertainties of many variables often dominated by PDF uncertainties

NNLL QCD
+NLO EW

NNLO QCD
+NLO EW

NLO QCD

o (8 TeV) uncertainty
gg—H [195p0| 14.7% | [ EGNEGEGE
VBF [15600| 2.9% | 1N
WH [07000| 39% | HEl & Forees
ZH |0.39p0| 5.1% | N
tH |0.13pb | 14.4% | NRGNIEIGNGNG
WWI J. Campbell, ICHEP 12
i rmmamiprnhir

Will we tunnel?...

PDFs necessary for background estimate BSM searches and SM tests
Important for global electroweak fit parameters like m,,

182
180 | Unstable
BEW acuum
178
176
95% CL
174 ,
Meta
172 Stable
170
188 | e A
1 ILG
166 Stable " LHC
i Tevatron
164
Gev 120 122 124 126 128 130

hi H

132
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- Adding LHC & Tevatron data to PDFs

PROSA NLO FFNS fit
s 12 =10 GeV?

* LHC and Tevatron data gives 80
additional constrains for PDFs

[ HERADIS

* Jets — gluon, quarks

* Heavy flavors = gluon —-)

* Drell-Yan and W assymmetry —

quarks & antiquarks

1.
o 13 ——
";,; I HERAPDF1.5 =m3
(- | HERAPDF1.5 + ATLAS Wc-jet/WD data
* W + charm — strange seal 120w ATLAS-epwzi2
s, d w~ 18
> \N\N\NNN
3 0.75
CMS NLO free s fit:
HERA | DIS + CMS A, + W+c
:._ 0.5 -3 1 1 L 1 1 1 1 1 | -2 1 [ L 1 I -1
g c 10 10 10
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Present picture of PDFs

arXiv:1507.00556

NNLO, Q° = 100 GeV? NNLO, @° = 100 GeV?
1.3 L

T T T T T T TR T T T 1717

" NNPDF3.0 = NNPDF3.0

W5 CT14
1 MMHT 14

-
i

-
=
o

g(x Q%) /g (x Q) Iref]
u(x Q% /u(x Qref]

A | R | el oyl el T | T | el PRI |

“10° 107 107 10 107 0t 107 107 10° 107
X X
NNLO, Q° = 100 GeV? NNLO, Q° = 100 GeV?
| L LR LR LR ERAN | ! s & L | R R | LR
£ NNPDF3.0
¥ CT14 -
5 o
™ ‘T
< Lf
s ‘o
— o
o ©
3 »
o 2
Laaeanl NIRRT Lol s syl
107 107 10 107 ; 107 107 10 10”
X X

PDFs still differ but present ones closer together and more precise
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% ggH, ggHiggs NNLO, LHC 13 TeV, «,=0.118

T Tl NNPDF3.0 3
Alexander von Humboldt ¥ -
Stiftung/ Foundation P D FS @ 1 3 e V H.b; # g‘nl:;!wq- —g
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g- = Envelope k=
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Clear improvements in PDFs with LHC and Tevatron data added
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sty i Back to the future...

Run-2 data important

! G5 GaV) e ~—  CT10NNLO, D0+CDFonly 9085 GeV)
~—  CT10NNLO, no jet data AT B B[ 1 +ATLAS Run-2pseudodata
£ 1] +Do+CDF el HEH E
— riRd 11 | 1!
£ 15[ 11l +DO+CDF+ATLAS 7 TeV il i _i,f'r-j-;-*q\ n ®
ATt Q
E :ﬂ:_’-?ﬂ: i E E?'bt:: §1.Dllrlllllll|| |__|—|T|—|_.[_
n a Bl e e
5 e L ey &
o e HHEHHRHHHBHBH N 2
g S R L
E o I"'I!if::t-__f.:-'r E 0.5
0.5
0.05 0.1 0.2 0.3 04 05 06 07 0.05 0.1 0.2 0.3 04 05 06 07
X X
1.10
,85G
— no theory errors g(x, 85 GeV) ~ no theory errors g(x eV)
EHH with theory errors 1.51 :FH with theory ervors ) —
RN S L = L
£ T T — £ T
% S sl
31_00 =1-n||||||IIII
& w L]
g T T et g ST
£
= 0.95 N = ]
a ~ E LT .—"‘/
™ i T —
CT10NNLO, DO+CDF+ATLAS pseudodata & 0.5 CT10 NNLO, DO+CDF+ATLAS pseudodata L]
0.90 . . .
0.01 0.02 0.05 0.1
X 0.05 0.1 0.2 0.3 04 05 06 0.7
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Data for parton distributions:

Present PDF landscape

preLHC

%
S 10°F

1055—

10“;—

103} Fz—>C|2,C_I

dF,/dInQ*>g
1021
HERA

10 L

L ixed Target

'L u,d,s

Lo T i mi Lol L
10°° 107 10 10 107 10"

constraining parton distributions

W/Z

Now:from predicting LHC

measurements to using them to

10°

10° f

10° f

LHCb | 2<y<5
ATLAS.CMS |y| <2.5
= 1TeV

DGLAP |

evolution ~ HERA

i '
: i
“uul 4 I.l.illl.l].l L LJ.L“.LI] Il. I.JJJ.I.IJ.I i Jllll.l.ll i l.l.Ll.ll.Li bdlLLl

10° 10 10" 10° 107 10" 10°

sea X valence
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DIS @ HERA:
core of ever PDF extraction

N H1 and ZEUS <= Combined cross sections
+LZ:.~ ® HERA NCe'p 0.5 b
© 1} L \liT:ZgE’III?SGI-(;;RA]I * 2927 data points combined
5 v to 1307
“ * 162 correlated systematic
12 uncertainties accounted for

0.8 -

0.6

\
&

arxiv:1506.06042 21

0.2 -

Qo0 +hogp mouy| o4 fuom noA buiytAuaa] ‘G10201d ‘L




&

Alexander von Humboldt
Stiftung/ Foundation

@ moderate x

10

QCD scaling and scaling violation

H1 and ZEUS

® HERANCep0.4fb

m HERA NC e'p 0.5 b

\s =318 GeV

L] Fixed Target
msss HERAPDF2.0 ¢ p NNLO
msssm HERAPDF2.0 e'p NNLO

. Xp; = 0.00005, i=21
Xg; = 0.00008, i=20
Xp; = 0.00013, i=19
Xp; = 0.00020, i=18
Xg; = 0.00032, i=17
Xg; = 0.0005, i=16

Xp; = 0.0008, i=15
A Xp; = 0.0013, i=14
3 xg; = 0.0020, i=13
Xp; = 0.0032, i=12
Xp; = 0.005, i=11
Xg; = 0.008, i=10

”/'._r.-.-r—"":"n_::___ xBj=0'013"i=9

e PP

.
IJ.".'.—'-

r s P . XBj=0.02,i=8
LI s .- aamew serw=t X, =0.032,i=7
-HaoT T
e nweseeveeestna=t X, =005i=6
=11 " 1~ Ll R
- - —vatea—t—" xp; = 0.08, i=3

QCD scaling
2015 Wolf prize for:
J.Bjorkenl .

Xp; = 0.13, i=4
Xp; = 0.18,i=3

xy=0.25,i=2 <

!

3 Xp; = 0.65, i=0

Xp; = 0.40, i=1

—

10 102 10° 10° 10°

Q% GeV®

@ high x

Text book plot of fundamental properties of particle interactions
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Low Q? combined data

H1 and ZEUS
u - - - -
+Z“ 02 — Q*=0045Gev’ [ Q*=0.065GeV’ [ Q*=0.085GeV’ [ Q*=0.11GeV’
i - - -
© Fes
i i L
01 [ ¥ . .
[ B
“ ||III| Il ||I| | 1 I|II|I|| | | 1 II_ | I|||III|
o4 [ Q° = 0.15 GeV* Q*=02GeV' | Q'=025GeV’ [ Q'=035GeV’
K 5
e
I~ L
02 %, — - —
“ | L1l III| III| 1 IIIIII| | | II| 1 IIIIII|
075 E Q*=04Gev’ [ Q°=05GeV’ [ Q°=065GeV’ |- Q'=085GeV’
B - ¥
05 |- - - i1 [
: - § -
C *
025 — — —
“ | L il II|| | 1 |I||III| 1 I:Illlll | I||I|I| I II:I||I| I |III|||| | [
& -5 -6 -5
I ™ Q’=12GeV? Q’ = 1.5 GeV? 10 10 10 10 X..
i, &
¥ [ +
o5 [ - e HERANCe'p
r Vs =300 GeV
“ II| 1 III| 1 IIII| 1 III| 1
10° 10° 10° 10°

Combined inclusive cross
sections for low Q2
Available for two CMEs
Interesting for
* Studying applicability of
pQCD
* dipole/saturation models

* higher twists
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@ K. Wichmann, PIC2015, Everything you want to know about QCD...

Back to jets:
V + jets
V + heavy flavor jets
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Vector Boson + X Cross Section Measurements

o (y+X) (7] <1.37)
—[1.52< |i"] < 2.37]
o™(Z = ee, uy)
= [Mjer 2 1]
= [y 2 2]
= [Mjer = 3]
— [Mjer = 4]
= [M-jer= 1]
- I"h—m} 2]
— o™( Zjj ewr)
o(Z = r7)
o"(Z — bh)
oW = ev, uv)
= [Mjer 2 1]
= [Mjer 2 2]
= [yt 2 3]
= [Mjer = 4]
= [Mjer = 5]
- {l"l_'.el='|, ﬂh__'.ﬂ='|]
— [Mjer=2, Mp_jor=1]

al(Wer, pyv)ic(Z—ee, pp)|”

= [Mjer 2 1]

= [Mjes = 2]

= [Mjex = 3]

— [nje = 4]
a"(W+Z - qq)

V+jets

ATLAS Preliminary
Run1 +5=7,8TeV

R
_ﬁ LHC pp % =7 TeV
el . B B Theory
: reT] Ohserved
L .
:. LHC pp v5=8TeV
“ Theory
ﬂ - Observed
sfat
T -
e » li——a
. -
S Exam
e d
o
o
xu |
.|
prrae™ : ! L, EEEEEN .
{]{] 0.2 04 [}E 0.8 1.2 14 16 18 20 22
observed/theory

JLdt
()
4.6
4.6
0.035
4.8
4.6
4.6
4.6
4.6
4.5
20.3
4.6
19.5
0.035
45
4.8
4.6
4.6
4.6
4.6
4.6
0.035
4.8
4.8
4.8
4.6
4.6

* V+jets sensitive to
various aspects of QCD
calculations (and EWK)

* Stress test of event
generators/calculations

* Good data-theory agreement over 5 orders of magnitude in cross-sections
* Experimental accuracy high enough to expose discrepancies with predictions
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* Started at Tevatron — legacy
* New measurements coming

* LHC joined in

10

Production cross section [pb]

Standard Model Production Cross Section Measurements

—

0.1 < pr <2TeV
.

5 CDF Run lI: L = 9.7 fb” i
B WW(livv) 1 Measured cross section
N S :
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g o } R -
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Inclusive 0 jets 1jet >2 jets !
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Run 1
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CMs PrEﬁml'na.ry
19.6 i (8 TeV)

V+jets @ LHC
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Eur.Phys.J.C(2015)75:82

* Great theoretical advances in recent years/months
* NLO calculations up to W+5 partons, NNLO for W/Z+1 parton,
NLO MC matched to Parton Showering, resummed calculations
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* Very important processes as .
background to Higgs and searches

e V + heavy flavor jets

Tevatron and LHC measurements
complementary
- Challenging experimentally

Theoretical uncertainties larger than
for light jets
* heavy-quark content in proton

* modeling of gluon splitting (initial
state, final state)

* massive vs massless b-quark in
calculations

Test of QCD predictions with various
implementations (LO multileg+PS NLO,
NLO+PS)
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o 3:_ W+ brjet NLO scale uncertainty_:
2,51 =
o W + b-jet E
a4 :
C —— I E
i 0o
05 =
0:: | | | | 1 | | | | ‘ | 1 1 | | | | | 1 | | | :
O 4 T T T | T T T | T T T | T T T | T T T | T T T | T ]
2' C ) Data ]
245 DO, L=8.7fb" --- NLOCT10/MSTW2008-
K 2 SHERPA :
T L . ---- ALPGEN+PYTHIA A
T 3 W + cjet NLO scale uncertainty —
25F l W + c-jet -
2 { T =
1.5 ++ =
>
0: | 1 | | | | | | 1 | 1 | 1 | | | | | | | | 1 | | | :
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PLB 743 (2015) 6-14

W +c/b at DO

* Generally poor description

* Higher order corrections necessary?

s, d w~
-
yC
DO000000 >
g c

* W+c-jet

 Dominant contribution sensitive to

strange PDF

* Sea enhancement? (also seen @ LHC)

* Underestimated gluon splitting?

At high p_ - unlike for ¢ ———

W+b - gluon splitting
more important

8

\

TTTTTT_

4

A

b/c
B/c

o5

Qo0 +hogp mouy| 04 4upm NoA buiytAuaa] ‘G1022Id "UUDWYDIM




l\ ap

_
Alexander von Humboldt
Stiftung/ Foundation

V+ jets @ LHCb

* LHCb forward: simultaneous analysis of W+light-jet, W+b and W+c
* Comparison with with NLO QCD (4-flavor scheme MCFM with CT10)

Results SM prediction
7TeV 8 TeV 7TeV 8 TeV
2 < 102 0.66£0.13+0.13  0.78+£0.08+0.16  0.74797] 077737
T <102 58040444075 5.62+0.28+£0.73 502855 531404
A(Wb) 0.514+0.204£0.09 027+0.134+0.09 027703 (.28 oW —a(Wg)
A(We) —0.09+0.08+0.04 —0.0140.05+004 —0.15002 147002 A(Wq)= o(Wrq) + o(W-q)
6%3) 10494+ 0.28+0.53  944+0.19+047  9.90102%  9.48+0.16
alifnd 6.61+0.1940.33  6.02+0.134£0.30 579+02L 5527013
o(Zj) . :

« o(WDb)/o(Wj) consistent with W+b from gluon splitting @ O(10%)

« 0(We)/a(Wj) consistent with W-c production from intrinsic s quark in p

* Charge asymmetry for W+c smaller then predicted
* s-sea asymmetric?

* larger than expected contribution from scattering off of strange quarks?
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Amazing (crazy?) world of underlying events

»
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QN ".‘. D0000000.
()
U "‘-"_‘ -
[ J O )
)
n“’ Y ()
p ]
) \ LY A
L] [
. g P/P
L ]
B
L
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UE comprises all particles from collision except those from hard process
of interest
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—=== Pythia/Herwig Underlying Event Tunes

* hard 2-to-2 parton scattering in QCD MC

models
-Z Boson
~4 A2 2 \2 - Leading Track
1/pT — 1/(pT T pTO) - Leading Jet

PTmax Direction

» Phenomenological cut-off p_ > depends on E__

PT, (Ecm) = PrrReE| X (Ecm [ Eo)€

— use data @ various CM and tune parameters
using UE observables
* Check various PDFs

— validate against UE sensitive variables
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UE observables EPJC (2014) 74,3195

ATLAS \s=7TeV Transverse region

~ Data 2011: Z events (4.6 b))
Data 2010: Minimum bias and jet events (168 u', 37 pb'1)

-~
01

w

<yp, / om 0> [GeV]
N
O

2 o -
N 7 >

1 _5 o L [:] [::I _; -
® [:] o - :

Lt [:] ‘%:] ]

1 i | El

¢ Leading track E-
05 Leading jet _ ] =
l Z 0 5 10 15 20 25 30 35 43 [4(353 \ag E

O 50 100 150 200 250 300 350 400 450 500

* Typical observables
- Number density, Xp_ , op;

* Leading track/jet complementary - mooth transition around 20 GeV
* Consistent UE activity across processes within known selection bias
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Dependence on CM

CERN-PH-EP-2015-176

CMS Preliminary Transverse density

; 2 T T T l T T T l T T T ] T T T I T T T
(45]
S 444
s I siaiith
< Vs=7TeV g s DI
S au 0
o f»ﬁ . J ______
N 1 FVs=276TeV =8 —
W Leading jet:
ml<2,p_>1GeV
Charged particles:
0.5 Ml <2, p_>0.5GeV ]
= o a4 Data
~---—- ----. PYTHIA 8 CUETP8S1
] | s il - HFRWIG++ L‘E-EE-SC
0 ; 1 | | 1 1 | | | 1 1 1 1 1 1
0 20 40 60 80.Bt 100
Py [GeV]

B. Wynne's talk!

|

Modern tunes reproduce well energy dependence up to 13 TeV
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Validation of UE tunes

* In general good description

* Except very forward region

dN/dy

||||||!F[|1]—J_0f_

MC /data

45 E

35
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0.8
0.6

Charged particle |77| at 7 TeV, track p; > 40MeV, for N, > 1

T
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Energy flow in MB events, /s =7 TeV
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Transverse N, density vs. pff_kl, Vs =7TeV
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CMS tunes against ATLAS data @ 7 TeV

Transverse }_p | density vs. ptikl, Vs =7TeV

_L| T TT | [ | [ | T | T | T | T | [ T 1]
- —e— ATLAS data ]
- — P6 Z2* =
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p. (leading track) [GeV]

* CMS tunes describe ATLAS data remarkably well
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SUMMARYs ..,

Under's’randmg QCD pl‘hy‘s crucial r!le in ﬂsdron !)?ldgr’ ﬁwsucs

QO
Many new and rmr'e precise r'e‘.llts'fmm Hera, TevaTron and LHC

= prompﬁngﬂr"rher ‘rhep‘re;t*cal developmen’rswn C‘&f * @-*
® = 3
= S’rlll'moqe ppecnse calculations needed (e.g. NNLO 3,e‘rsg'

LHC kmelﬂa’rlc r'each at LHC allows to test SM validity to

unpr'ece'de”rea phqse spaces ¥ & :- -. b, o

Ther'; gre-\‘e.r‘y intferesting ‘rlme.s ahead for us with Run II ;-- %

x f;u:;ﬂ\e‘ msugH’r on QCD dynamfc; in new,energy regime " : e
e >4 J oo — .

Both experimentalists and theorists are striving o improve our
knowledge of QCD further and further




@ K. Wichmann, PIC2015, Everything you want to know about QCD...
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s https://www.herafitter.org ‘
. . [ H1 and ZEUS HERA I+II PDF Fit \
4 | experimental input ) * wowa
= o I mmmgm experiments: !
L e 2 HERA, Tevatron, E
ity am = LHC, fixed target :
Aespking | 35 e g
: :

ol (oihylido (G TEC 661 p il
a e o o

Processes.

NC, CC DIS, jets, diffraction,
heavy quarks (c,b,t)
Drell-Yan, W production

N
/'

Heavy quark schemes:
Jets, W, Z production:
Top production

QCD Evolution

Alternative tools
Other models
+ Different error treatme

/
theoretical calculations/tools )

\. + Tools for data combination (HERAaverager) /

MSTW, CTEQ, ABM
fastNLO, Applgrid

HERAFitter

NNLO (Hathor)
DGLAP (QCDNUM)
kt factorisation
NNPDF reweighting
Dipole model

nt models

.

PDF or uPDF or DPDF

J/

(as Mz),mc,mp, me fs, .. )

AN M

Theory predictions )

Benchmarking )

Comparison of schemes )
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Classical quark do

Search for BSM

do

SM RQ
-— = 1 ——(
Form Factor approach: ()2 d()? ( 6
ZEUS preliminary

22

o/ Ogm

1 = HERANC e'p 0.5fb"
e HERANC ep 0.4fb"

F e e
: Ll { I HERAPDF2.0 tota

|| ZEUS-prel-15-0Q4 .

| unc.

)2 (l)—v R, < 0.45-107%cm

10°

10° Q (GeV?)

o/ Ogum

1 Quark Radius Limit at95% CL|
[ ]
---RZ=(0.4510"°m)

(prel.)

- ZEUS-prel-15-004

10°

Improvement wrt previous
ZEUS and similar to L3 limit

* Inclusive DIS from HERA
used to look for CI

* Competitive limit for quark
radius

* New method (strict)
* CI fitted together with PDFs

* Otherwise BSM might hide in
PDFs
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