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1) General proqblematics

2) Where pQCD works.

3) Where the pQCD is challenged.
4) Pushing pQCD to the limits.
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Thanks to H. Jung, S. Dooling for help in preparation



1.1) Common wisdom about QCD

@ QCD is ONE theory: SU3 + free coupling parameter.
» Well established in ee and ep colliders: a_ value and running,

interaction mediator (gluon), SU3 gauge group, pQCD at
NNLO, factorization theorem for hadrons PDFs...

®* But MANY regimes with associated approximations:

® NP regime (lattice QCD, phenomenology): spectroscopy ﬂ,ﬂ
® Common wisdom: complicated chemistry. o

| =
L

o
et
7]

® Hard interaction (pQCD): jets physics, inelastic hadrons PDFs.
® Common wisdom: “well understood,
just need to cross check it works”. —_—
@ At CMS: till now O(50) dedicated papers.
® https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults

SMP
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1.2) pQCD before the hadron colliders

% @ I would try to dispel the common wisdom that pQCD is so well

% understood and show where/why hadron colliders may and shall
s contribute. H1 and ZEUS

* At LEP/HERA we got used that 5 «’ o
‘ . e s  x=0.00005,1=21 . ep
NLO (or NNLO when possible) ¢ e T - TxedTarget
contains most of the perturbative &© il o
1 0 W xz':':nnl.luglu
effect§. UE and p.arton showering W i
are minor corrections. Y L el
10° .-W I=Tﬂ.1l:;2.1=?
. o 10 Kﬂ!—‘—- - “'.:: ‘—#xzn;u:;:hs
= @ [t seems that this is not always S et T
.= true for the hadron colliders. L L TY O
== ! . 0" M - S
== | Let's have a look on it. \""‘—*{'
= __; - w0 ; x=0.65, 10
= g 1 10 10 10 10 1(32‘! Gevz
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1.3) Kingdom of the pQCD

® Factorization theorem: hard matrix element calculated at NLO
factorized from proton PDFs, parametrized (mainly) in ep collision
and evolved by DGLAP evolution at NLO (or NNLO).

proton . prof
X4 P X5P

E“).\: [ Atlas and CM2
“~ [ Atlas and CMS rapidiety plateau
<& 10 7 0 D0 Central+Pwd. Jets
10 ¢} B
o
— ] m"‘; =9
F:-'_ “nggs and 11145 “F .
c 3 . 3 Xou
== | SMregion” [, otica
e searches
At 10 .
= region”
= 10
::E_- . . R I ‘,Iill
w1 | lerraincognita: | / iy
-'-.:'.-_-'-'i . 1 o E . ;.“,-:.i"““.l;-i..l:-... el el g g E
; forward phySICS |||'- T+ |1|"i ™ |n»_]L |||': T \]
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Where pQCD works
Central jets production
and “Exotica region”
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CERN

. \CHS Experment & he LHC,

2.1.1) Inclusive hard jets production

* pp collisions: 2 ladders.
— Central jets: symmetric collisions x1

~ X2.

DGLAP (strong kT ordering) expected to perform well.
— Forward jets: asymmetric collisions x1 << x2. May need
log(1/x) resummation and alternative evolution (BFKL, CCFM

7 TeV LHC parton kinematics

Ons
2Rl

&

10

i =3
e

central 10" F

Q@ (GeV)

~O)
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2.1.2) Experimental setup
A Compact Solenoidal Detector for LHC

Trackers

Inl <25
[cristaL eca | [reac ]
CALORIME TER 7T

Calorimeters " p

(EM and Hadronic) I

m] <3.0

Hadronic Forward (HF)
Calorimeters
2.9 <l <52

I e
._ e — 9
gl T e
.I- _— '"'I'“I-“!"!'I"EII!m-““—"'“‘"m“"'l;""llllll-"“l -
e eplepl?, [T
| ——

|

= —--m-..ll

o

Muon Chambers
] < 2.5

SUPERCONDUC TG
=t RETURN ¥OKE

CMS5-PARA-OO1-11/07/97 JLB.PP

|

* Central region |n,y|<2.5 : tracker + calorimeters. Particle Flow
reconstruction allow very precise measurement by combining all
detectors and allow pile-up (PU) removal.

* Forward region: |n,y|>3.0 : calorimeters only, but jets collimated
and have large energy. Low handle on PU and large UE.
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112.2.1) Measurement of inclusive jets

@ Measurement: corrected for detector

2 2
A0 pata _ A0 pet effect to “hadrons level” - C__..
Det
dp Tzdy dp r dy ® NLO calculation: corrected for
oy, _ Ao - hadronization and MPI effects
NP .
dprdy  dprdy estimated from LO+PS MC - C_.

1..f:---l| T T T T Trrr|

F —— Systematic Error 15<lyl<2

Non-Perburtavie Correction Factor

-
(=
LR
3

o

= =

= |
=L
=
b=
—_—
=
om=iC

L1}

L

—

R,

L

60 100 200 1000 2000
Jet P, (GeV)
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112.2.2) Inclusive jets : 7 TeV with R=0.7 | [eMs-PAS:1i004

CMS Preliminary L = 4.7 fb" Vs = 7 TeV anti-k, R =0.
015 = I | | 1

Jets reconstructed with
sequential anti-k_

algorithm with R=0.7

f""‘\1 | | | [ | ]
% - ® |y <0.5(x10% ]
— B m 05<|y<1.0(x10% ]
B 1011:_ A 10<|y|<15 (><102)_:
= v 15<|y|<2.0(x 109
= 0 20<ly| <25 x10%T
T 107 E R
T_10'¢ -
D- — ]
L i R
2 10°F -
© — —
107 E
10 - NNPDF2.1u, =y, = p; §

. —— NLO®NP | ]

0.2 0.3 2

T
Jet P, (TeV)

* Generally excellent agreement over 12 orders of magnitude

with NLO+NP calculations.
@ Let's look in more details.

M. Gouzevitch. QCD from CMS




112.2.3) Inclusive jets : 7 TeV with R=0.7 | [eMs:PAS:1i:004

CMS Preliminary L = 4.7 b Vs = 7 TeV anti-k; R =0.7 CMS Preliminary L = 4.7 fb™" s =7 TeV anti-k; R =0.7

E,| T T T T T T T T I T Z" T T T T T T
|-E - |yl <05 - |-E - 20<|y|<25 -
P 1.5~ = DataTheory — 3 1.5 = Data/Theory —
o . —— Theor. Uncertainty . ) . —— Theor. Uncertainty .
O | Exper. Uncertainty | o | Exper. Uncertainty ~ |
11— e Dl ey BT e L SRt H 11— - el el ialsin. . i +_i_+— [ s b

ST S s R = = e &

L CT1DpF_pH_pT | | "NPDFZ.1J.LFZJ.LRZPT i

I 1 I I I ooy | I I 1

D'%.I 0.2 0.3 0405 1 2 D'Ef).‘l 0.2 0.3 0. 4 GI 5 0. B

Jet P, (TeV) Jet P, (Te\."}

* Exp. Uncertainties — dominated by Jet Energy Scale.
* Theory uncertanty : low pT - NP, middle/high pT — scales, PDF.
* Promising data to constraint proton PDF within DGLAP evolution.

CMS Preliminary L = 4.7 b Vs = 7 TeV anti-k; R =0.7 CMS Preliminary L = 4.7 fb”" is = 7 TeV anti-k, R =0.7

l__ -
od i -

= ly| < 0.5 o - 20<|y]<2.5 7
& B 1 D
= 15 H o
e I { =
2 B s 2
2 B i o
[ b=
[y}
o B 3 fa

11— |
1 1 1 1 1 | TR |
% 0.2 03 0405 1 2 0% 0.2 03 04 0506 _
Jet pT (TeV) . : ‘ Jet p (TE'V}
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2.3) Dijet angular correlation

arXiv:1202.5535

0.7

0.6

0.5

0.4

0.3

0.2

0.1

—+— Data CMS
[ QCD prediction \Ns=7TeV
— — Aj mr=7TeV(NLO) L=22fb"

T I 1T T 1 | T
—

M; > 3.0 TeV (+0.5)
—____?_:_#L;#-
- 24<M;<3.0Tev (+04)

- 19<M; <24Tev  (+0.3)

L mﬂ:ﬁ:_._:F L :#

- 1.5<M, <1.9TevV  (+0.25)

= o ) o

| =gt —¢

— 12<M; <15Tev  (+0.2)

- =g O—

B 1.0<M; <1.2Tev  (+0.15)
**r.——._

Lo 0.8 < M; <1.0 TeV (+0.1)

- *—.—.*—.—'—.—'_.__ﬁ

. 0.6<M; <0.8Tev  (+0.05)
——g——O———O—O—O— O ———8—

g 0.4 <M; <0.6 TeV

_IIIII|III|III|III|III|III|III
2 4 6 8 10 12 14 16

Xdijet

M. Gouzevitch. QCD from CMS

B n
-2 0.14 |- —— Rutherford Scattering
% [ ---- QCD
8 012 + New Physics
L 0.1 |

0.08 | *

0.06 ___"-_..-'a-u-.-:.?,': ....... STT——

TEPETY T PN PR N B P
2 4 6 8 10 12 14 16

xdum = exp(|Y1_YQI}

* LO matrix element at LHC : dijet
production.

* Anti-kT with R=0.5 used.
* Each Mjj region normalised to 1.

* « Unfortunately » well described
by pQCD in shape and no CI or
resonances observed.

11



2.4) Inclusive jets : 7 TeV with R=0.5 -

CMS L =34 pb Anti-k; R=0.5 Vs=7TeV

r T LI T T T T T L L L L B S B BN | T L

186 E =+ « Data/NLO@&MP theory F -=-=--CT10 =

T F F.. — Theory uncertainty T ---- MSTW2008 ]

1.4 — \_ [MExpt. uncertainty £ e NNPDF2.0 E

5) 1 ol T T 3

5 0.8 c E

g 0.6 ; I I E

g 04f + + ;

T 02F Iyl < 0.5 + 0.5=<|y|<1.0 + 1.0yl <1.5 E

8 E | —F—— i — ]
I
=
P

02F  15<ly<20 +  20<lyl<25 + 25<|y] <3.0 .

C L TR | L L L1l T 1 Lol 1 1 Ll i 1 Lol 1 1 Lol 1

2030 100 200 100020 30 100 200 0002030 100 200 10
P; (GeV)

* The results for anti-kT with R=0.5 not so glorious even if the
difference is covered by uncertainties.

* Why ?
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= e
mlln
g
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=
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T
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=
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Where pQCD Is
challanged
Small radius
and/or
forward jets

= s
-8

1
T

CIS Experiment & the LHC, ¢
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3.1) Dijet asimuthal decorrelation |  [PhysRevewi06122003 "

L=29pb’ Vs=7TeV |y|<1.1

10° £ ¢ PI™>300 GeV (x10%) CMS g [ NLO QCD Predictions CTEQ 6.6 pT* > 300 GeV
E o 200 <pT™ <300 GeV (x10%) i u=p =pr CMS
S & 14o<p'T"“<200GeV(x102) 2 i
10 = & 110{9_?“‘-’.140 GeV (x10) 1 j-u...:.n---l:uu-..;.+....:...*...l..L....l ....... 'I..‘...I
C o 80<pI™<110GeV ol 200 < pT™* < 300 GeV
B g L
103 — L=29pb 5 C + +
- E \I§=7Tev ’’’ LE——— i ::::;:::: ------------ ‘- 111111 : .........!...ﬂ......‘..!...o........
E B b g 9_1% C | 1 1 | L
i 10° = 8|3 - 140 < p7™* < 200 GeV
8| & E i L;ii 3
5| o7 - Sy g
s F TEof L,
© =] 10 g‘/-_ﬁ' "E E i —uuuuuuu...‘ ------ ﬂu?---.----....!...’...'...‘..l......‘...
o E':‘_-’ {8 = | I I | I
| olT
o] L SR 110 < p7™* < 140 GeV
Eoni 2 — * e
s 1 [FEEEEEEEEEEE————- e S .S 9.8 A ne
P = 1 | | | | | | |
A |
= 10 e e PYTHIAE D6T a3 —T 80 < pl™ < 110 GeV
= i e PYTHIA6 Z2 44
Lt e —————— PYTHIA8 2 ¢
T3 D N L
10 Eeead  Geamae HERWIG++ i _¢==:ll-a-xu-1:.------‘;-;?--.."".---!---.--.'......-............
; - MADGHAPH (- 1 1 | 1 1 | 1 1
B I I | I I | 1 I /2 2n/3 5n/6 T
w2 21/3 5n/6 T TR U Scale Dependence A(pdm [rad ]
PDF Uncertainty !
A(pd_ . [ rad ] ----  Non-Pert. Uncertainty
ijet

* At LO 2 jets are back to back : A@ ~ n. True at large pT.
« Atlow p_ISR and FSR plays a significant role. NLO+NP start to fail
to describe decorrelation. But LO+PS MC describe well.

* Simple evidence of importance of PS : large corrections beyond NLO'
M. Gouzevitch. QCD from CMS
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3.2) POWHEG : NLO + PS + NP

=
@

2010

5=7TeV
ly] < 0.5 R:O.S

antik; R = 0.5

=
-

Ccross section ratios
=
=)

=
]

-
—

-

0.9

.dGHLOElZ"dUHLD&F\’THI&m

o= 0y 5 7o/00p

cross section ratios

1Tat P, (GeVic)

C 201
18 5=7Tev
C lyl<05
anti-k; R= 0.7

cross section ratios
T

-
.h.
I|III|III|I

ERN
|

o
et

______________

08y 5 4 72105 6 & prTHIA snower

.d'cnl.o az/9%0

'EMH Experiment at (he LHC, |

1 Jetp, (TeVic)

=
@

C 2010

1.4 (5=7TeV .dcm.oalzmsnm&wmum
E 20<|y <25 R_O 5

13:_ﬂnt.i-l:,R:l:l.S - . =0y o g 22195 0

12—

2.0<|y|<2.5

-

T i

0.9

0.2

0.7

0.6

* PS corrections are more important in forward direction and for smaller
R (leaking out effect).

* Applying NP corrections from LO+PS MC to NLO is inconsistent

when PS effects are large.
M. Gouzevitch. QCD from CMS
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3.3) POWHEG vs NLO+NP - S.Dooling, H. Jung

CMS L =34 pb™

R=0.5 ly|<0.5
Q i
S ul Data/POWHEG vl <08
g 1:2— _____________________________________________
" 1||11 ‘HI'I! Jeto (GeVic)

G I — I

I

7 R=0.5 2.0<|y|<2.5

g . .

o 18—

g S s Data/POWHEG 20<|y <25
== G e L ]
E ﬁ S .2‘.0.2.!!:rll{2.5. T 1 Jeto (Gevio

20 30 100 200 1000
pT{GeV)

* POWHEG by itself decribes better R=0.5 data than NLO+NP. PS
represent part of the missing orders.

Lk
= =
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i
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o
T
— =
em—
==
—
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e
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al .
£
= —
L ¥
-

* Agreement not perfect at large y, but covered by systematics.
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, = 3.4) uPDFs : way to include PS into PDFs

% m— parton model % = parton model =
o 1 uPDF "f_-?_ iR - uPDF &
:_._10 charm (HERA) “;:' beauty (Tevatron) ol
:S" 2 T 2 .5
g0 s% 3
=
E -3 - 10 = Tz-‘
10
-4
-4
10 10
-5
10 B | | 10 | L .
0 5 10 15 20 0 5 10 15 20
D, (GeV) p, (GeV)

J.

Collins, H. Jung hep-ph/0508280

Z/W /Higgs in pp
—b

/

k20

= parton model
uPDF

Higgs (LHC)

P, (GeV)

* Doing correctly kinematics at LO may reduce the NLO and PS
resummation corrections. May be important when including large

log(1/x).

* Finite transverse momenta plays a role in cross sections calculations.

M. Gouzevitch. QCD from CMS
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35) UPDFS : b_quarks example J. High Energy Phys. 04 (2012) 084

H. Jung
* Inclusive b production is CMS
gluon initiated at L.O : CMS L =34 pb’ 1202 468 % 7 TeV
— I T ] ] T 1 ] ]
gg - bb = « lyl <0.5 (x625)
gy EE o 0.5<lyl <1 (x125)
3 108 B s 1<lyl <1.5(x25) _
* Cahlleging measurement 2 e TR, o 1.5<lyl <2 (x5)
. L ' o 107 By i, 4 2<lyl<22
wrt to inclusive jets. © . e

Uncertainty from b-taggin g 10"
y g8IE. o 105 s

2

o 10* SN ,
== ° Test uPDF (2 tunes) of the @ e
= gluon at LO with A A = i
= CASCADEvs MC@NLO.  'OF [Exp. uncertainty
= 10

— | Anti-k R=0.5 T2

— , ! , L . et ik
-+ | * Comparable at low p_of 20 30 40 50 100 200
=8 set0 and MC@NLO, but b-jet p_(GeV)

better at large p_.

M. Gouzevitch. QCD from CMS 18
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3.6) Inclusive jets : Forward region aXiv 12020704

CMS, pp—jet + XNS=7TeV, L, =3.14pb’

% E T T T T Data T T
= s [ NLO ® NP O
8 107 —— PYTHIA 6 (Z2) I3 c
= For aremee PYTHIA 8 (Tune 1) ] e
-g_ - — = POWHEG (+PYTHIA B) 1 E
=10 ] mmmea. HERWIG 6 (+JIMMY) 3 5
5 - i = CASCADE ] haddd
— Y [ -
% 3L e
107 E <
° S high energetic jets
h—b 102 :_ llllllllllllllllllll E forward jet pt ~ 150 GeV
? - — E~ 3000 GeV
- P
105‘ 32<nl<4.7
E 1 I 1 1 1 1 1 |
L1 40 60 80 100 120 140

P, (GeVlc)

* 3.2<|n|<4.7

* JES dominating systematic.

=
==
—
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=
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=
=
Sl
.
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= —
-
o

* All models agrees within systematics.
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CIS Experiment & the LHC, ¢

3.7) Inclusive jets : 7 TeV with R=0.7 | [FwbPAS-10:003

FWD-10-003
10 ® 10%
g —— powheg_after shower g 3 powheg after shower
°°°°° heg_before_sh -===-=- powheg before_shower
S107 Gﬁ“ PETARE S107 =£,>35 GeV =
3.1 < Inl <4.7 F 3.1 < Inl <4.7
low x = [ high x
10°® : 10° |
105 ; 10°% F
| o
-5 -4 -3 -2 -1 0 5 -4 -3 -2 -1 0
log10(x) log10(x)

* Access to very low x region. But sensitive to ISR there. To be
understood.

* May be used to measure proton PDF ?

M. Gouzevitch. QCD from CMS 20
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Pushing pQCD to the
limits
large |An]

inclusive jets

74 ke

.
exclusive jets 3
3
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4.1) Inclusive to exclusive dijet ratio aXiv1204.069

* Jets with pT > 35 GeV and |y| < 4.7, R = 0.5.

* Measure ration of inclusive dijets events to exclusive dijet events :
calcelation of systematics

* |Ay| ~|An| < 9 !!! between the two most external jets (Mueller-
Navlett).

* Hope to see non DGLAP dynamics in the ladders between two jets.

* Strategic region for VBF physics : large |Ay| and central jets veto !!!

o , backward jet forward jet .
_:I;: I =
= & v & a2 :
c : B, Y 'E X F,=35GeV
== inclusive jets 3 x § ko
= 1 ' EoaE
_— R e s ;SU-‘J—;AEMLEM_LLJ“ 2 aiaas s yProton
E- R - . e
— o . L] b
;.:.=__| cxclusive jets : EE
z % . . i F, =35 GeV
= - 3 E. -
E i s & 'E E E ;: = proton
L —_— prafies plasand ot dn s measad | (i -

M. Gouzevitch. QCD from CMS



4.2) Inclusive to exclusive dijet ratio arnxiv 1204.0696

* Ratio only described by PYTHIA (surprising ?). Influence of the
tune and MPT small.

* Deviation of most of the other models at large |Ay]|.
* Cascade, HEJ : include elements of CCFM or BFKL like dynamics.

CMS, pp. Vs =7 TeV

= 5 [TTTT]TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT |_
Eﬂ: - E 2010 data diiets . S. Alioli et al arXiv 1202.1475v1
- Ie -
4.5 PYTHIAG 72 ! -
N p. =35 GeV ] —~ L L L L B L AL BB B
- - PYTHIAB 4C T|}"| sa7 a0l B
Vi ] e . - = C Inclusive dijet production [ ]
= - HERWIG++ UE-T000-EE-3 ] azk- o®rTev o g
o= ] HEJ + ARIADNE E e .
= —— CASCADE a 3 e _— =
¥ - ] - ---- POWHEG + PYTHIA I :
= 3E e - 2.8[~ - - POWHEG 1" emission " B
. pg wSssSEEEEN — [ Y T I . TR (. ]
:‘.:_-._ : --:--I : : 26__ NLO IIIII ;
= 2-5_ : | S ] N a
= - o . O i . .
= - oL R 24 TR e T .
—— 2__ lr P L YTT TTT SN—-— ] T S o ST T ]
= - P R — 22 -
= 1.5F - Y e o i _- g .
= n e = Ll .
s - = & 1 2 3 4 5 6 7
e 1 E e
ﬂ_- _l 111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 |_
- o 1 2 3 4 5 6 717 8 9
[AY]
23
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SUMMARY

1) The understanding of QCD at LHC is a still challenging question even
when considering simples observables as inclusive jets with low jet
radius.

2) There are some QCD observables which are sufficiently well
understood to use LHC data to contraint proton PDFs.

3) But for many others the NLO calculations are not sufficient in pp in
contrary to ee, ep collisions. Parton Showers and other kind of leading
log resummations seems to play an appreciable role.

4) This subject have to be understood since QCD is a background to non
leptonic QCD searches and to the VBF production.

M. Gouzevitch. QCD from CMS 24
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4) Dijets : 1 central jet + 1 forward jet |QCD-PAS-L1-004

CMS, pp— jet, +jet __+ X, \5=7TeV, L, =314 pb’ CMS, pp— jet, _+jet _+ X.N5=7TeV, L =3.14 pb”’
— T T T T T T — T T T T T T
£ 35 e Data 18 4l Data i
k=1 — PYTHIAG (DET) =} — PYTHIAG (DET)
”_E gL === PYTHIAG (Z2) i “_'E —_——— PYTHIAG (Z2)
L ——— PYTHIA S (Tune 1) — o gl eeme——— PYTHIAS (Tune 1) |
= = = POWHEG (+PYTHIAG) 5 “ — == POWHEG (+PYTHIAG)
B 250 e CASCADE 16 =i CASCADE
&= o 2 i
= 2t —~
] Q
= L é = 1.5p .
T 1.5+ MM _ h'?--_--I ——
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* All models fails. The closest is HEJ

M. Gouzevitch. QCD from CMS



	Diapo 1
	Diapo 2
	Diapo 3
	Diapo 4
	Diapo 5
	Diapo 6
	Diapo 7
	Diapo 8
	Diapo 9
	Diapo 10
	Diapo 11
	Diapo 12
	Diapo 13
	Diapo 14
	Diapo 15
	Diapo 16
	Diapo 17
	Diapo 18
	Diapo 19
	Diapo 20
	Diapo 21
	Diapo 22
	Diapo 23
	Diapo 24
	Diapo 25
	Diapo 26

