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Introduction

TabF(Q%)=[ dxadxif}(x1, @) 2 (x1, @)F.p(x1, X1, Q%)
e Partonic cross section
e Parton Distribution Functions

Different final states access different scales and x values

log (1/x)

& peneion L Small-x: BFKL evolution
"’ i equation
P ,I/’ High Q? and high-x:
g »”= DGLAP evolution equation
g .. CCFM equation bridges
fom between DGLAP and BFKL
@ o® .
DGLAP e Saturation effects
© : appearing at very small-x
log (@%)

At the LHC, huge opportunity to study the different regimes
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Inclusive jet measurement (1)

Double differential cross section measurement in rapidity bins as a function of jet pr

Inclusive jet measurements - Event selection

7 TeV: ak5 - first measurement of inclusive jet cross section at CMS
8 TeV: ak7 - large increase of the phase space in p1 and inclusion of the forward region
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Inclusive jet measurement (I1)

Comparisons with theory predictions from NLO calculations with NP corrections

central region but
progressive worsening
towards forward region

CMS L =34pb? Anti-k; R=0.5 \Vs=7TeV
G T T T T T T
I E I « Data / NLOONP theory I ----CT10 E .
319 — Theory uncertainty - -+ MSTW2008 Good agreement in
é 1.4F = \_ [Exp. uncertainty T e NNPDF2.0
o
z

Data / NLO

@ Effect of pert.
corrections
(PhysRevD.87.094009)

@ Higher sensitivity to
dynamics in low-x
region

02F  15sly|<20 +  20slyl<25 +  25<ly<30 E Same trend at 8 TeV
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Phys.Rev.Lett.107:132001,2011

Soon results at 13 TeV!
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Searching for BFKL (I)

Going more forward..

Forward-central measurements - Event selection

Proton-proton collisions at 7 TeV: leading central (|n| < 2.8) jet
and leading forward (3.2 < |n| < 4.7) jet with pr > 35 GeV

JHEP06(2012)0
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Good agreement with (most of) predictions based on different evolution equations

Little sensitivity to BFKL effects
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Searching for BFKL (1)

Going more forward.. CMS-PAS-FSQ-12-002

Miiller-Navelet jets - Event selection

Proton-proton collisions at 7 TeV:
most forward and most backward jets in |y| < 4.7 with p7 > 35 GeV

CMS Preliminary, \s =7 TeV, Ldt:&Spb1 CMS Preliminary, \s =7 TeV, Ldl:5pb'1
o . e e e s o e e e e s
o F - o - B
st [®Jpata £ @ :
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g3 r : I 82 = Pythia6 z2 ]
=t Pythia 8 4C 5
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F — Sherpal4 ] F = Herwig++ 25 ]
L Cascade 2 i I — Sherpal4 i
[ Mueller-Navelet dijets 7 [ i
10t 0<Ay<3 — 101} —
F P;>35GeV, |y| <4.7 ] = Mueller-Navelet dijets ]
[ ] [ ¢ 6<Ay<9.4 ]
r B F P, >35GeV, ly|<4.7 -
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Good agreement with DGLAP-based predictions in every bin of jet rapidity separation
Same conclusion for measurements of terms of Fourier expansion (Nuci.Phys.B776 (2007))
No clear evidence for non-DGLAP behaviour!
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Sensitivity to low-x gluon

Low-x gluon distribution affects the forward region!

Charged particle [ at 7TeV, track p, > 40MeV, for Ney > 1
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CMS-PAS-GEN-14-001

New tunes available:
CUETP8S1 - CTEQ6L1
CUETP8M1 - NNPDF2.3LO
Very different behaviour at low-x for the two PDFs

Ncp in fwd region better described by NNPDF tunes

What happens if one modifies by hand the low-x gluon
distribution with an increasing density in e.g.

MC/Data
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HERAPDF?

CMS+TOTEM, /s = 8 TeV, NSD-enhanced pp
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We do improve the
description
at large n!

What happens
with saturation?
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Sensitivity to saturation scale

Total partonic 2—2 cross section given by:

o @ Divergent at low p1
U(PTmin) = / d,DT/ 5 @ Behaviour tamed in the MC
o d Tdy

Measurement of the integrated cross section as a function of the charged mini-jet pr

Tmin

CMS Preliminary Inclusive pp Vs =8 TeV CMS Preliminary Inclusive pp Vs=8 TeV
b‘%’ F N, (P, >40 MeV) >0in 53 < n<6.5 or -6.5< n<-53 OE Ny, (p,>40 MeV) >0in 53 < n< 6.5 or -6.5 < n<-5.3)
= Charged-Particle Jets, Iyl <1.9 = 10 Charged-Particle Jets, Inl <1.9 .

E Anti-Kt, R =05 E Anti-Kt, R=0.5 Sen5|t|V|ty to MC
o o models and tunes:
A A

= o) standard HEP MC

o o . .

2 P fails to describe

B0 ! . B2+ CMS h

§ — Pythia6 22 g0 Pythia8 4C the convergence

- - Pythia6 D6T - F Y
a . y Pah::s (default, MPI on) o [ ---QGSletios
T 19 E . Pythia (default, MPI off) T 1" £ —EPOS LHC Cosmic Ray MC

-- Pythia6 (default, MPI off, no sat) &= _
MC scaled to data at Pin™ 14.3 GeV == 10

Herwig++ UE-EE-3C
MCscaled todataatp =143 GeV

EPOS describes
- the data best

CMS-PAS
(submitted to

MC/Data
MC/Data

[GeV] ! [GeV]

T min T min

Saturation effects are shown towards low pr,;, where the cross section converges
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Hard multiple scatterings become relevant!

H1 and ZEUS HERA I+II Combined PDF Fit

@ Increasing contribution at the
LHC when going to higher
energy X (x0.05)

e Sizeable background for LHC
processes (SM and searches),
e.g. Higgsstrahlung

xf

Q=10 GeV*

Sep2013

HERAPDFLS LO (prel

B e uncert.

XS (x 0.05)

o Information about the o
structure of the proton, i.e.
parton correlations !

HERA Structure Functions Working Group

From Markus Diehl
Talk @QCD Evolution 2014

=]

From Tomas Kasemets [T "
Talk @DIs 2015 I
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Choice of physics channels

Scale of secondary scatter(s)

)

Wy Wiywv)
Benchmark for COMING SOON!
the detection of W(pvj+bb  Z{pp)+bb
the DPS
bb+jj 1#3i
g WlpvH Zpphi
Double J/¥

emi-hard jUE WUE  Z{up)+UE

(Minimum Bias)

Scale of primary scatter
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Measurement of a four-jet final state

Event selection

Exactly four jets in the final state in || < 4.7:
2 jets: pr > 50 GeV (hard), 2 jets: pr > 20 GeV (soft)

CMS,\s=7TeV,L=36pb™, pp— 4j+X CMS, Vs =7TeV, L=36pb?, pp— 4j+X arel oy = |p Ui k)|
= PT =
- —— SHERPA o —— SHERPA o ji j
_D-g lnl <47 POWHEG+P6 72 9 ‘n‘ <47 POWHEG+P6 72' ‘pT(J’ ) ‘ + ‘PT(_/[( )l
Eqm 1, 2" jet: - == MADGRAPH+P6 Z2* =) &, 2" jet: - == MADGRAPH+P6 72*
PYTHIA8 4C ~ PYTHIA8 4C = gk - o
2 P >50GeV  _ _ erwiGH 0 10£P,>50GeV  _ _ erwiGH+ U Bry', i) - BrG'sim
g 10 3ru 4Mjet: —_— POWHEG+P5 zz MPI off % 39 4% jet: POWHEG+P622 MPI off AS = arccos e e T
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) - = L
~ [ ©
[ag 4 1= re
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1= *“'—.'—'-w.—_ﬁsﬂﬁé [ =
Eop r )
£ :
L L P I EAE L J 4
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=14c 46 22 WP off (i) 1ar — — POWHEG+P6 22 MPI off
125 126 = .
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produced also by a 2nd scattering

005 1 15 2 25 3
AS (rad)

AS and A’ pr sensitive to MPI contribution: — ROOM for DPS! ‘

soft

‘ ‘ PRD 89 (2014) 092010 ‘
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Measurement of a four-jet final state with b-jets

Event selection

Selection of at least four jets with pr > 20 GeV:

2 b-jets: |n| < 2.4, 2 other jets: |n| < 4.7

3pbl(7 TeV), pp— 2b+2j+X

= S kYL Bl
E 102k CMS MADGRAPH+P6 72* AS — arccos ( PT(J_’?J ) Pr('Jm) )
A — CURTPESLCTEQOLL 1Br(’, ) - (', im)
%) 2b4p.>20GeV, |p <24 — — HERWIGH+ UE-EE-5-CTEQ6LL
g 10l T ' — — CUETP8SL-CTEQ6L1 MP! off
5 2j:p,>20GeV, | <47  —e— DATA =

- [ Total Uncertainty - .
5 f fowe prass Additional jets
2 - j may be

c e I i j

101 = produced also
E e e E: by DPS
— e 5
o £ CMS-FSQ-13-010

MC/data

3
AS (rad)

Sensitivity to higher orders..
_but also to MPI! |
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Measurement of a final state with v+ 3 jets

MC/DATA  MC/DATA

MC 1 DATA

Event selection

Selection of a photon and at least three jets in |n| < 2.5:

v+1 jet: pr > 75 GeV, 2 jets: pr > 20 GeV

cMs. Prenmmawd’ 7TeV, L =36 pb’, pp - y+3

CMS PreliminaryN§ = 7 TeV, L = 36 pb*, pp — y+3]
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¢ ST . Els N T nd
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CMS-FSQ-12-017
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1T Gis dk)|
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- -k
pT(v,J7) -
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No difference between predictions with and w/o MPI Need for i |mprovmg sensitivity!
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Measurement of a W+dijet final state

Event selection

Presence of a muon with pr > 35 GeV in || < 2.1 and EsS > 50 GeV
+ at least 2 jets: pr > 20 GeV in || < 2.0

cMs Vs=7Tev ILdt:Sfb] cMs s=7Tev J'Ld‘:sﬂa']
2ET—pPYTHIAS ! J@ F=pvrrise j j
— MADGRAPHS + PYTHIAS 553 — MADGRAPHS + PYTHIAS
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= HElg g g bk g i3 it
Q osff ¥ E 8 .
fr 3 b
g iF = Uncertainty Cl I
T BB E = 1 piigphinig oo
R D PR g i bbbt i ]
S o™ 3 e & The jets are expected
g uF = Uncertainty] Q = Uncerainig] to be p:;oduced also by
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Extraction of g4 from W-dijet final state

CONSIDERED OBSERVABLES: normalized AS and A" pr
BACKGROUND: MADGRAPH+P8 with hard MPI above 15 GeV excluded
SIGNAL: Two mixed independent scatterings generated with P8 and MG+P8
DRIVING UNCERTAINTY: model dependence

cms s=7Tev [Ldl:SYb] cms (s=7Tev [Lm:sm"
> F T T T T si@ F T T T T T T
d2 [ -e-Dpaa F ‘3 F —eDaa o e
ze r E ==
© %0.12 E DPS Signal H‘:z 1 DPS Signal eff
2 0.1 Bl sPs Background [ sPs Background NW+Oj . 0_2 3
£ r . ; J
0.08F 101 fops-Nw 12
’ f 5.5%
. . pu— . o
0.04F 107 bpPs '
0.02f, NW+Oj o 27 8
10° Nw 2j '
£ _Datal(f__* Signal + (1~ f___) * Background £ 22F  Datal(i, * Signal + (-1 ) * Background) ]
& DatalB%ﬁground e & 18- Data/BZ\Pcskground ore =
x T6F E JHEP 03 (2014) 032
1 Aty ks 14 3
8»2— EEEEERL SRS 1
00z 04 06 08 1 50 5 2 25 3
a®p as

T

oer = 20.7 £ 0.8 (stat.) & 6.6 (syst.) mb
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Extraction of ge# in four-jet final states

CONSIDERED OBSERVABLES: normalized AS and A" pr
NEW METHOD USED: inclusive fits to observables
DRIVING UNCERTAINTY: fit uncertainty (no model dependence included)

L . 2 (MbeDATAb)2
Minimization of the binned = ‘e AR )
X ZO Zbeo A2

Normalized AS in pp— 4j in || < 47 at v/5 = 7 TeV
E T T T T T

Normalized AL}, pr in pp— 4 in || < 47 at v/5 = 7 TeV
T mEEan g T T

:E = —— CMSdata
= B —— CDPSTP8S1-4)
‘g 1 —e— CMS data — P84C
= E — CDPSTP8S1-4j ——— P8 4C MPI off
B —— P84C 4.7
S —— P8 4C MPI off ! ?’Ueff = 190-:30 mb‘
10! — 1
] E LEFT: AS
] L 1 . rel
I N N S T S P I U N SR RIGHT: Agspr
B B s e e e T ML B e
5 12F EREREr E
| =S— = By S — = CMS-GEN-14-001 |
E ERRE E— 3
¢ Usﬁ':' E 3 nE E
Rl N N B BN - L e R N IR B
o 0.5 1 15 2 25 3 o 0.2 0.4 0.6 08 1
AS (rad) Alpr

A lower value of o.s improves the description of the measurement

Values of 0.+ are compatible between four-jet and W+-dijet final states
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Summary and conclusion

e CMS has a very rich QCD program investigating
processes at different scales, final states, and phase
space sensitive to low-x dynamics

Good description of QCD processes in central and forward region
No clear evidence of behaviour disagreeing with DGLAP eq. (yet)

Saturation of the cross section measured when going to low pr

Many DPS-sensitive measurements performed with different final
states (W+jets, four-jets, two b- + two other jets...)

o Need for DPS contribution for better data description

o Future: New energy, sensitivity to lower x
values, new phase space!
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Summary and conclusion

e CMS has a very rich QCD program investigating
processes at different scales, final states, and phase
space sensitive to low-x dynamics

Good description of QCD processes in central and forward region
No clear evidence of behaviour disagreeing with DGLAP eq. (yet)
Saturation of the cross section measured when going to low pr

Many DPS-sensitive measurements performed with different final
states (W+jets, four-jets, two b- + two other jets...)

o Need for DPS contribution for better data description

o Future: New energy, sensitivity to lower x
values, new phase space!

THANK YOU!
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BACK-UP SLIDES
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Choice of the physics channel

O.DPS — moa0g Internal structure of the proton
AB 2 O off DPS background for any physics channel J

— Which channels can be used to look for DPS signals?

O W(pv}+Wi(pv)
£| Benchmark for Published by
3| the detection of W(v)#bb Z(pybb  CMS and /or ATLAS
z the DPS :
] bb+i  y+3j Published by
: g DO and /or CDF
g 4 WM 2l
5 Double J/W How can DPS be
T e U WHE 2y detected?
S| inimum gias)
Scale of primary scatte;
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The Compact Muon Solenoid experiment

@ Silicon tracker immersed in
a 3.8 T magnetic field

@ Wide calorimeter coverage Inj< 24

o Excellent jet energy resolutionand | [ HCAL <52

muon detection efficiency Inj<30

@ Particle Flow technique for Ini< 25

jet reconstruction
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Introduction: the Underlying Event

Hard scattering In general, the UE is a

Initial and Final State softer contribution but..
Radiation some MPI can be hard!
Multiple Parton Interaction
(MP1) Double Parton
Beam-beam remnants SCatterlng
Pa=2
- . A=k
€ 40F —e—cMS (W + 2 jets) A og
e [ —%— ATLAS (W + 2 jets) PB: PP
o 35F —4— CDF (4 jets) Ttot
f — CDF (y + 3 jets) ) DPS m
s = SoeSes Rl i oS o 2PaPsol
r —— UA2 (4 jets - lower limit)
25 AFS (4 jets - no errors given)
20 l O.DPS __ mMoa0B
151 if[ AB 2 Ooff
1
E 1%
5; O-eff << O-tOt
S I .
oo ~o107 i 33t~ | Need for correlations!

(s [TeV]
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The inclusive fit method

Experimental difficulties of the template method

— How to define the background?
@ Good to exclude hard MPI..but no such possibility in some generators
— How to define exclusive and inclusive events?
@ Nwioj and Ny o) are sensitive to the jet scales
— These issues have an impact on the systematic uncertainty!
Is there a way out?

The inclusive fit method
@ Run predictions for different choices of UE parameters
Fit the MC predictions to the considered observables

°
@ Improve the data description with the examined model
°

(..look at the corresponding oef..)
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