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5 1Small-x QCD (1)

- Term ,small-x" corresponds to a small fraction of proton momentum
carried by an interacting parton (gluon or quark).

M\
\
P xP
- Why interactions between small-x objects are so interesting?
(it is not a full list, of course...) it

1. In small-x region standard approach to NLO QCD
perturbative calculations (DGLAP) is predicted to be Regpon
not sufficient. An alternative is BFKL/CCFM.

2. Non perturbative effects, Multi Parton Interaction -y .
(MPI) etc. models have to be tuned to data. We
gain new region of phase space that can be used in

tuning.

mesons
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Small-x QCD (2)

- A tool to study small-x QCD _
are forward jets — jets emitted 3,
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Apparatus

=
- CMS has calorimeter coverage up to |n|<5.0.

Hadronic CMS Hadronic
Forward (HF) Forward (HF)

(3.0 < |n| <5.0) (3.0 <[n| <5.0)

ZDC CASTOR
(In| > 8.4) -5.2<n<-6.6

i

-

ZDC
(Inl > 8.4)

Central region:
HCAL and ECAL
- For analyses presented here crucial are:

- Brass/scintillator hadron calorimeter (HCAL) and crystal electromagnetic
calorimeter (ECAL) for central rapidities.

- Cherenkov-light Hadronic Forward (HF) calorimeter at 3<|n|<5 rapidity.
- Some detectors may extend measured n range up to 6.6 or even further.
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- Inclusive measurement of two JHEP 1206 (2012) 036

topologies:
- Forward jet present (3.2<|n|<4.7). CMS, pp—>jet_+XNs=7TeV, L =3.14pb’
- Forward jet and central jet (|n|<2.8) 10°F —e— Data (before unfolding) -
present. : —— PYTHIA6 (D6T)

------- HERWIG 6 (+JIMMY)

- 2010 data analyzed, 7 TeV.
- prin the range 35-150 GeV.

- Jet reconstruction with anti-k, algorithm, 3 10
R=0.5. |

T

d?c/dp_dn [pb/(GeV/c)]
o

. 2L i
- Raw jet energy corrected for the 10% ]
calorimeter response (jet energy scale). - Atk R=05 0 L, —
. . . 105— 32<|T||<47 3

- Right — forwarQ jet spectrum aftgr jet VRS R T (R R
energy correction, before unfolding. incl. forward jet p_ (GeV/c)
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- The problem is not only JES, but also Jet Energy

CMS, pp — jet, +X\E

7TeV,L =3.14pb’

= 12 T T T T
(o) L
Resolution. Migrations between bins at steeply [T S — HERHIG & (o)
. . c 1r [ Resolution Uncertainty
falling spectrum cause large uncertainty. S L[
- Results unfolded to the stable particle level with £ 08
. . (&) r
Pythia&Herwig. 0.6k
CMS, pp—>1et S HXNs=7TeV, L _314pb1 i
60 - 0.4+ -
501 I:Itotal C
Y jet energy scale -
401 777) p, resolution & unfolding 0.21 Antik,, R=0.5 ]
30 [ 32<h<47
20F 0 40 60 80 100 120 140

Experimental Uncertainty (%)

10r

incl. forward jet P, (GeVlc)

:  Systematical uncertainty is estimated: ~30%.
;2 \\\\\\\\\\ \\\\ « Largest input from JES
-30F  32<mi<47
4050 60 80f 1000I 120 (Guio)

incl. forward jet eV/c
o « Final observable: do/dp;dn compared to different

d20 _ Chad | Nevts MC models: P)_/thia (DGLAP), Herwig (DGLAP),

dprdy L-e Apr-Ay Cascade & Hej (CCFM/BFKL) and also NLO

calculations (POWHEG and NLOJET++).
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- First topology: presence of a jet in HF
rapidity region (3.2<|n|<4.7).

- Results corrected for detector effects,
syst. uncertainty as a gray band.

CMS, pp—jet +XNs=7TeV,L =3.14pb"
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| NLO uncertainty
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I:lbl T I.o’

—
\Y)
T T

[ — . POWHEG (+PYTHIA 6)

T T |
— — PYTHIAG (22)

PYTHIA 8 (Tune 1)
HERWIG 6 (+JIMMY)
........ CASCADE

1
0.8
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CMS, pp—jet +XNs=7TeV,L =3.14pb"

[ ® ] Data

NLO ® NP

— —- PYTHIA® (22)

PYTHIA 8 (Tune 1)

= = POWHEG (+PYTHIA 6)
HERWIG 6 (+JIMMY) 7
=== CASCADE
HEJ

.......

.............

Inclusive fwd jet

3.2<hl <47

40

120 140
P, (GeV/c)

60 80 100

 Inclusive forward jets described properly
by different MC models within uncertainties
(experimental and theoretical).
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- Second topology: Forward-central jets; same selection as for forward
jet topology, additionally requiring at least one jet in the central

reglon. 5CMS pp—>Jet +Jet +XT_7TeVL _314pb1 5CMS pp—)Jet +Jet +XT—7TeVL _314pb1
ol | 'CeData BRI 'CeData ‘
S —— PYTHIA 6 (D6T) S T —— PYTHIA 6 (D6T)
(“5’ = — —: PYTHIA 6 (Z2) 8 " — —: PYTHIA 6 (Z2)
S LU o ——— PYTHIAS (Tune 1) 3= 107 ~e%1 .. PYTHIAS (Tune 1) 7 .
g — - POWHEG (+PYTHIA6) | S — . — POWHEG (+PYTHIA 6) Pyth|a 6, 8
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510 S 151 e Powheg
ke) q o
2 107 - 13 12t | Cascade
o tS e = © TEmnmnmnmn=—n—
central forward
or 1 10f R S
r d| t| n nl <2.8 32<hl <47
predie |O > 20 60 80 100 120 140 20 60 80 100 120 140
are tOO arge central jet o (GeV/c) forward jet o (GeV/c)
CMS, pp—jet +jet _+X,Ns=7TeV,L  =3.14pb” s CMS, pp—>jet +Jet LFXNs=T Tev, L =3.14 pb!
— 10 T T T T T T — 10 T T T
L [[® ] Data o E Data
> Lo e HERWIG 6 (+JIMMY) [ FHg*& ..o HERWIG 6 (+JIMMY)
S 10*F — = HERWIG++ 10 10*F — = HERWIG++ 1
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CMS, pp — jetfwd+ jetce

+XNs=7TeV, L =314 pb”

. . . _ .1
CMS, pp— jet +jet  + XNs=7TeV, L =3.14pb

T
[ ® ] Data

3.5 :
PYTHIA 6 (D6T) InCIus'V?
gl ——= PYTHAB(z2) fwd+cen jet.
(

PYTHIA 8 (Tune 1)
— . — POWHEG (+PYTHIA 6)

CASCADE

3L [ ® | Data

HERWIG 6 (+JIMMY)

——— HERWIG++

HEJ

POWHEG (+HERWIG)

Inclusive
fwd+cen jet

100 120 140
central jet P, (GeV/c)

140
central jet P, (GeV/c)

100 120

« Discrepancies for central jets observed, predicted values larger than

measured.

« Herwig provides the best agreement (angular ordering for parton showering).

« Cascade predicts different behavior than observed in data.
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- Forward jets measured at the collision
energy of 8 TeV (even smaller x).

- New measurement (8/2013): CMS-PAS-
FSQ-12-031 based on 2012 data, 5.8 pb™

- Dedicated low pile-up run (4 interactions /

bunch crossing), requirement on one
“‘good” primary vertex in the event.

- Inclusive jet spectrum up to forward

rapidities |n|<4.7.

« Low p;: 21 GeV < p, <75 GeV (even

smaller x) in bins of y.

- Zero bias trigger ( > 2 tracks in Pixels).
- PF jets reconstructed with anti-k;

algorithm, R=0.7
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L,=58pb"  CMS Preliminary
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« Jet energy scale is
estimated, results were
unfolded to the stable
particle-level.

« Systematic uncertainty
is estimated to 60%

(largest input from JES).

« Theoretical predictions
seem to overestimate
measured cross-
sections.
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ppVs=8TeV L, =58pb’  CMS Preliminary

e — — 10°
» At forward rapidities -> similar L i Data
lusions as for the central a3 — NLOSNPASMID)
conclu s .-NLO®NP(CT10)
rapidities: e 10 .-NLO®NP(HERAPDF15)
» Theoretical predictions systematically ~ 6|2” :ﬁ:g‘:jﬁl‘s’fgf”
overestimate x-section for both central 10° - ( )
and forward rapidity, but within 3.2<|y|<4.7
experimental and theoretical il
uncertainties. -
ppis=8TeV L, =58pb"  CMS Preliminary ot32<li<47  Antik (R=0.7)
P === Data/CT10 B Lo b b 1
18 0000 e ABM11/CT10 21 30 40 50 60
o-F e HERAPDF15/CT10 P, [GeV/c]
1.6 == MSTW2008 / CT10
12F
k: » Results for different PDF sets
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(’2_1'“13101”'410””5;)'"I \9
p[Ge Ic]
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Low p; jets at 8 TeV (4)

=
- Combined jet spectrum (with CMS-PAS-SMP-12-012) with NLO
predictions at 8 TeV.

- Cross-section: 15 orders of magnitude!
o8 pp Vs =8 TeV CMS Prellmlnary

1

]

open: Lint =58 pb (low PU runs)
filled: L, = 10.71 fb™ (high PU runs)

— NNPDF 2.1 NLO®NP

d’c [ pb
dedyLGeV/c

10’

—-0.0<lyl< 0.5 (x 107
+05<Iy|<10(x104)
-—10<|y|<15(x103)
B +15<Iy|<20(x1
3- —2.0<lyl<2.5 (x 10
10 — —+—25dyl<3.0 (x 107)
= -6—32<Iy|<47(|><10 o

10751730 20 100 200 1000 2000
Jet P, [GeV/C]

M. Misiura (Univ. of Warsaw) Low-x QCD (CMS talk) 14

10

II I| I| II II II.

107




y~ | Cross-sections ratios (1)

010 data, 7 TeV, merging different triggers to collect data with large
rapidity separation.
All events: two jets with p>35 GeV in |n|<4.7 range.
Three samples:
- Inclusive (incl.) — all pairwise combinations of jets,
- “Exclusive” (excl.) — exactly one pair of jets in each event,

- Mueller-Navelet pair (MN) — from inclusive sample pair with the largest
separation in n is selected.

Observables we consider are ratios of inclusive/MN to exclusive cross-
section:

Eur. Phys. J. C
(2012) 72:2216

O;nc/(dijet) Run — O'MN(dijet)

Rin — == ) —_— as
‘ Texci(dijet) Texci(dijet)

Some systematical (luminosity, ...) and theoretical (PDF, ...) uncertainties
cancel.

Results corrected to the stable-particle level.

Such observables, as a function of An (up to 9.2), should be sensitive to
BFKL effects.
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CMS pp Is = 7 TeV
O O[TTrrprrrTrIoaT L L B L L R
£ : 2010d t
= 4, 5 PYTHI::Z2 duets —
p.>35GeV I
........... PYTHIAS8 4C T
4 lyl <4.7
---------- HERWIG-++ UE-7000-EE-3
------------ HEJ + ARIADNE
35 :

CASCADE

- o(inclusive) is of the order of (1.2-1.4)*o(exclusive), ratios rise and for large
|An| and then drop due to kinematic limits

CMS, pp, s =7 TeV
IIIIIIIIIIII lIIIIlIIIIIIIIIIIIIIIIIIII
|I| 2010data ]

— PYTHIA6 22 dijets =
p.>35GeV ]
........... PYTHIAS 4C T
lyl <4.7
---------- HERWIG++ UE-7000-EE-3
------------ HEJ + ARIADNE
------- CASCADE

Both the Pythia 6 and Pythia 8 describe data properly

Herwig++ predicts too large R at large and medium separations

M. Misiura (Univ. of Warsaw)

BFKL/CCFM-based MC generators, Hej and Cascade predict too large R
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- Recently approved results (CMS-FSQ-12-002); more exclusive measurement
of Mueller-Navelet dijets: its angular decorrelation.

- Measurement as a function of An (<9.4), sensitive to BFKL effects.
- 2010 data, 7 TeV, requirement of one primary vertex.

- Events with at least two jets passing cuts: p>35 GeV in |n|<4.7.

- For a pair of jets with the largest An (MN dijet) the angular distance is
calculated: Ag = ¢, — ¢,

- We study A¢ distributions for different An, and correlation factors C,, C,, C,4
and its ratios C,/C,, C;/C,

Cn(AY, pTmin) = {cos(n(rr — Ad)))

« For high correlation between jets (A¢=1T) correlation coefficients are equal to 1.

- C,, may be considered as Fourier coefficients in Fourier expansion of a cross-
section.
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- Results are corrected to the stable particle level and compared to predictions
of different MC generators and NLL calculations.

- Largest input to the systematic uncertainty comes from JES.

- We observe decreasing correlation between jets with An growth due to
increase of parton activity.

- For large and mid separation DGLAP-based MCs show deviation from the
data.

- CCFM Cascade predicts large too strong decorrelation.

CMS Preliminary, \s =7TeV,det=5pb" CMS Preliminary, \/s =7 TeV, det 5pb™ CMS Preliminary, \s =7TeV,J.Ldt=5pb"
- _IlIl|IIIIIIIII|IIII|IIII|IIIIII % CTrrrrrrr IIIIIIIIIIIIIIIIIIIIIL % _|||||||||||||||||||||||||||1||I_
®F [®1Data ® L lZIData 1 B¢ =] .
= [ — Pythia 6 22 Jz [ =—Pythia6 22 i e [ —Data
32 —— Pythia 8 4C 32 [ — Pythia8 4C 82 [ ==Pythia6 22
LA | = Herwig++ 2.5 4 TP 1 = Herwig++ 2.5 i "° 1 —— Pythia8 4C
- = Sherpa 1.4 3 - = Sherpa 1.4 : F = Herwig++ 2.5

~== Cascade 2 [ == Cascade 2

I Sherpa 1.4

| Mueller-Navelet dijets

10 0<ay<3 94 10 4 10 x
- P> <4. 3 = 3 = 3
:P' % Gev, <47 : - Mueller-Navelet dijets ]

Mueller-Navelet dijets ¢ 6<Ay<9.4
3<Ay<6 § . P;>35GeV, lyl <4.7 -
Py>35 GeV, lyl <4.7

10‘2 Ll L1 l Ll 1Ll l ; 10—2:[ 11 1 l 11 1 1 I 11 1 1 I 111 1 I 11 1 1 I 11 1 1 l ; 10—2:' Ll I Ll 1l I Ll 1.l I Ll 1Ll l Ll Ll I Ll L.l I ‘-

0 05 1T 15 2 25 3 0 05 1 15 2 25 3 0 05 1 15 25 3
Ad A Ao
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« Average cosines decrease

with An increase.

 Pythia 6/8 show stronger
decorrelation than observed

in data.

« Herwig++ provides the best

description of the data.

« Sherpa and analytical BFKL
calculations underestimate

decorrelation.
» Cascade strongly

overestimates decorrelation.

BFKL NLL: B. Duclou’e,

L. Szymanowski, S.Wallon,

arXiv:hep-ph/1302.7012
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* Ratios of cosines are

L CMS Preliminary,\'s =7 TeV,JLdt =5 pb" CMS Preliminary,Ns =7 TeV,J.Ldt =5 pb'1
expected to be more sensitive T Ty e T T T T
~ EI DATA ] N 1_— Mueller-Navelet dijets ]
to BFKL effects. © — Pythia 6 72 E © I P, >35 GeV, lyl <47 -
C - e — T ’ o
« At low Anp agreement between oo ~ Pythiag 4Cc  j o8-
] . .. —— Herwig++ 2.5 ] N
data and Pythia/Herwig. ot _. S
« At high An differences s . ' s -
. . 0.7~ b, : : L -
between Pythia and Herwig. : liT ¢ | 0.4 .
« NLL BFKL calculations are o ueller-Navelet difets | | ; | COoata  —shepats ]
consistent with data within osp  Prmseev i<z g -~ Cascade2 [RIBFKLNLL+
uncertainties. °-4o"""""5""3""'i'“'é“"é“"%"“""A"y Go"""“'5"“é"“i‘“'é""é“"#""""A"y
Conclusions: g e Py =TT fusgpn’ oM prmna G Tew Jusse
° At mld and hlgh y deSCrlptIOH 30 15 E DATA E :)\,h 1_— Mueller-Naveletdi]ets—_
Y - —— Pythia 6 72 . i !
of data by DGLAP predictions : T s ae ; Pr> 36 GV, yl<47 4
. 0.9 ‘ - 0.8 e
is worse for both A¢ and C.,. 3 —— Herwig++25 —
* On the other hand BFKL/ S T o
C e 4 L
CCFM generators do not o7t —tg,i__* L | ol
prOVIde gOOd descrlptlon Of 06; Mueller-Navelet dijets - 1 r ElDATA _Sherpa 14
data in full Ar] range. 05  P;>35GeV,lyl <47 4 - 02" __ cascade2 [XJBFKL NLL+
° Large unC- OfNLL BFKL 04:||||I||||I||||I.|||I|...Iunl....l....l....I.“ G_l|||||||||||||||||||||||||||||||||||||||||||||
. 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
calculations. Ay Ay
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1 Conclusions

- | have presented selected results for low-x QCD.

- Such kind of studies are important for understanding of QCD
(tuning parameterization of models to data) and in searches for
BFKL effects.

- No clear indication of BFKL effects in the data was found.

- Outlook: working on M-N decorrelation paper, combined high-pT/
low-pT spectrum at 8 TeV; Stay tuned!
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Thank you for your attention!
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