


m Introduction:
- Studies of the SM and QCD at the LHC

m Perturbative QCD:

- LHC extraction of PDFs via jets, isolated-y, W,Z, top
- LHC measurement of o at O(1-2 TeV)

m Semi-hard QCD:

- LHC searches of gluon saturation & «beyond DGLAP>» dynamics
- LHC evidences for multi-parton-interactions & double-parton-scatterings

m Non-perturbative QCD:
- LHC measurements of elastic & inelastic cross sections
- Issues with hadronization & fragmentation functions
- Impact on ultra-high-energy cosmic rays physics

m QCD matter:
- «Ridge» In central p-p, perturbative probes (Y, jets, isolated-y, W,Z) of QGP

m Summary
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Standard Model of particles & interactions

L= _}l B,,B" — étr(wwww) - %t*r(G#uG’“”) [Gauge interactions: U, (1), SU (2), SU (3)]

+(71,81) %D, (: i) + ego*iDyer + Pro*iD,vr+ (he)  [Lepton dynamics]

- |i(L_fL, er) M er + erM" (:ﬁ )] —? {( &L, VL) ¢*MYvp + b MY ¢" ( )] [Lepton masses]
+(ug,d) %D, (E) +tro*iDyug + dro*iDudr + (he)  [Quark dynamics]

V2 (0, 2c) 60 + 8195 3 )]—ﬁ (i, m0) 6 MUun + ardto” 2 )| [Quark masses]
+(D, ) D*¢ — mi o —v¥/2)Y2w®.  [HIggs dynamics & mass]|

e Gauge-fermion dynamics via covariant derivatives:

D, (:i ) — {3# “gl Bﬁ*ﬁﬂ WF] (:i) . D, (gi ) = [3 +%B#+ %W#+ig(-}p] (gi ) ,

24

D#UR = BFVR D}AER = [3#—'1.5'18#] en, DP-'H‘R = |:3p- 3

p+1gG#]fuR DdR—|:3 %Bp+igG#]dR,

D¢ = [B +zng +Eg" W#] é.

e Gauge-boson field strength tensors:
B#u =3#By _3qu, Wpy —3‘” _3u #'I"lgﬂ (W W W Wp)/z Gpu=6#Gu _6HGP. +'ig(G#Gu_GuG#)

19 parameters: gauge couplings, H mass&vev, H-f Yukawa coupl., CKM mixings, CP phases
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Standard Model of particles & interactions

m SM: Renormalizatible QFT whose internal consistence & predictive power
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has been & is being experlmentally confirmed to great precision:

0.3

0.2 -

0.1 -

v Tdecays (N3LO)
Lattice QCD (NNLO)
a DIS jets (NLO)
o Heavy Quarkonia

April 2012

(NLO)

o ete jets & shapes (res. NNLO)

e Z pole fit ™N3LO)
PP —> jets (NLO)

g (Mz) = 0.1184 + 0.0007

" QIGeV]

100

m Issues: matter-antimatter, v masses, hierarchy (m, unprotected), dark matter, gravity...
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Quantum Chromodynamics
L= —}IBMB#“— %tr(wwwp”) [Gauge interactions: SU (3)]

+ (P, er) 644D, (:i ) + ero?iDeg + ProiD,vr + (h.c.)

—g [(FL, er) ¢MCer + erM (: )] —? |:(_EL: pr) ¢* MYvy + prRMY ¢ (_EL )]

Ly,
+@ro*iDyun + dra*iDudn ) (he)  [Quark dynamics]
L et e (3 )| [ s snie ()]

+(D, @)D" ¢ — mi [ — vY/2] Y 20%.

e Gauge-fermion dynamics via covariant derivatives:

(i) g ] (1) 2n(i) [ e 2

2

2 ) ,
Dyvr = Bwr, Dyer = [Ou—imByler, Duur=|0,+ 228 ng]u Dydr = |8,~ "3 By ng]dR,

ig iga
D¢ = [3# + TIBP + TWF] &.

e Gauge-boson field strength tensors:
B#y =3#By _3;,-.8_”_, W#y = 3#Wu _3“W#+lig2 (W#Wy —WUW#)JIZ,

«Issues»: no CP-violation (axion?), confinement, non-perturbative structure/dynamics,...
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“All” LHC physics “is” QCD physics

PDF(X,QZ) -‘ | PDF(X,QZ)

Precision SM & New physics searches

NPDF(x,Q?) ¢ .
_ nPD(x,QZ)
QGP, QCD thermodynamics
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LHC, /s =8 TeV

diJet(pr > 100 GeV)
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Typical p-p collision at the LHC

Experimentally: Theoretically: Jet

P Beam remnants

Fragmentation

................ o e e B .o Jet

¥—Beam remnants

Jet

Full Quantum Cromodynamics at work !

(1) Perturbative: Matrix elements, evolution, resummations, PDFs
(2) Semi-hard: Gluon saturation, Multi-Parton Ints., Generalized PDFs
(3) Soft: Hadronization, beam-remnants, diffraction
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Perturbative QCD at the LHC

Hirschegg 2014, Jan'14
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Fragmentation
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Hard cross sections: pQCD factorization

m Convolution of non-perturbative objects + parton-parton matrix elements:

gAB—h — 2,Q%) = Di_p(2,Q%
m Initial state: FHaton. ¥ el
Universal PDFs Parton
(+ DGLAP evolution) Lsdbdeio

m Hard scattering: paronie %,=PIPs
Matrix elements computed X,=P,/Pg
at (N)NLO in o expansion  Parton
(1000s diags., <10% scale uncertainty)

+ NLL, NNLL resummation T
of log-enhanced terms

Hard Scattering

n Jet

. . . Z:phad /pparto
m Final-state hadronization:

Universal FFs (+ DGLAP evolution) T,K,p
Bound-state formation (for QQbar) D,B,
Y
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Extraction of PDF via global fits

m e, 0-p DIS, p-p (fixed-target,collider) data vs pQCD:| ... ~ G ,.ons ©PDF iea)
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PDF constraints via light-quark & gluon jets

CMS Preliminary

m Inclusive jet p. spectra:
p,=20GeV upto 2-3 TeV!

Exp. uncertainty: ~10% (JES)

m NLO pQCD describes data
over 14 orders-magnitude !

m Impact on gluon PDF.

| Ratio to NNPDF2.1 Q@=10'Gev? | 5,
.1_2%— - NNPDF2.1 NLO
”5% ------- NNPDF2.3 NLO

% 10.,:%_ no LHC dat

=105E

0.95;

os— Ratio of gluons

0.85", e
10° 1{0—
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PDF constraints via W.Z “standard candles”

m Differential DY+Z x-section in agreement with )
NNLO at 7,8 TeV. PDF constraints at low m

IfUz uomdin |Qacv |

Data/theory

dof/dy [pb

Hirschec
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measured to ~1%. Many uncertainties
cancel in ratio. Constrains u/d PDF ratio
_do/dy(WT — (tv) —do/dp(W™ = £77)

AU = G dy (W = 6+v) + do/dy (W= = =7
R R - it PR e e
0.3\ s-7 TeV 4 ATLAS+CMS+LHCb
K . Preliminary -
0.2} p, > 20 GeV
0.1 -
U =
- e+ ATLAS (exirapolaled data) 35 pb .
-0.1— =+ cMs3spp’ -
- = |HCb 36 pb’ 7
-0.2 - MSTWOS prediction (MC@NLO, 90% C.L.) ¥ ]
[ %% CTEQSS prediction (MC@NLO, 90% C.L.) ]
N B L el sl b b e

IIIII
a 05 1 15 2 26 3 35 4

Lepton Pseudorapidity |n |
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Other PDF constraints: isolated-y, top, ...

m Isolated-y sensitive to gluon NLO PDF in wide x range:

0251

Y Isolated-y production: JETPHOX 1.3
= [ = LHC:ppVs=2767TeV NNPDF2.1
~ ol B Tevatron: ppvs = 1.96 TeV Moerr =P
L) |- ® Tevatron: pp¥s = 1.8 TeV
-g | ™ SppS, Tevation: ppys = 630 GeV
- SppS: ppy/s = 546 GeV
1.5~ . RHIC: ppvs = 200 GeV
1: ' +
0.5—
07 1 1 1111 || ‘
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Xr
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m Top (and bottom) x-sections in good agreement with (N)NLO:
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= ® CMS combined 7 TeV (1.1 fo 1) >
v r B CMS combined 8 TeV (2.8 fb") O]
o CDF =
,|  ©oDO N
10°F © %
C o
- ——— Approx. NNLO QCD (pp)
Scale uncertainty
10 [ Scale ® PDF uncertainty
r o 4 - Approx. NNLO QCD (pp)
C Scale uncertainty
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B Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
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Strong o._ coupling from jets x-sections

m Ratio of 3-jets of 2-jets & 3-jet mass x-sections constrain o,_at

so-far unprobed scalesupto Q ~ 1.4 TeV:
CMS-QCD-11-003

P [T I I I L \ Ly [ T ‘ [ ]

o’ 0.2 + - Q’, 0.24— CMS Preliminary —]

i a N - ———— CMS Incl. Jets : ag(M,)=0.1185""% | 4

0.18 - - S 0.22F oM R oot |5

- - = 0.2F 7 CMS tf cross section —

0.1 6: S = v CMS 3-Jet mass .

0.14C g 0.181 CMS Incl. Jets -

- g 0.16— —

0.12— —— - .

- . 0.14— —]

0.1— £ - - ]

- f,-iif n 012_— —

0.08— & Data (Int. Lumi. = 5.0 fb™") ' — C -

r %ff — — —— NNPDF2.10,(M,) i 0.106 - Min. Value T 0.1 — DO inclusive jets —

0.06 ,,;«;'f L Nrore e - 0120 - Max. vatue ] 0.08F- DO anguiar conelaton E

T ‘ 1 1 1 | 1 1 1 | 1 1 1 ‘ 1 1 1 ‘ 1 1 1 | 1 1 1 ‘ 1 7I : & ZEUS :

0-04500 400 600 800 1000 1200 1400 006 L L E

<I:)T1,2> (GeV) 10 10° 10° GeV

NNPDF21: a (M,) = 0.1148  0.0014 Q (GeV)
CT10: o (M) =0.1135 1+ 0.0019

Measurement dominated by TH uncertainty:

MSTW2008: a_(M_) = 0.1141 + 0.0022 : :
M) PDF & (asymmetric) scale uncertainty

(ABM11:  a(M,) = 0.1214 + 0.0020)
s (My) = 0.1148 £ 0.0014 (exp) + 0.0018 (PDF) £0-0060 (scale)

m Test of asymptotic freedom mostly: Uncertainties still large in extracted o,
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Semi-hard QCD at the LHC

Jet

Fragmentation

,(Generalize
" Parton

Densityxg

‘5
~ v

b S : Jet

¥-—~Beam remnants

Jet
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Unitarity of electroweak cross sections

m SM without a Higgs: Longitudinal W-W scattering explodes at ~1 TeV

M
WL W.

b.4
S
0.2

(“xa—
2

WL Wi

[A.Pomarol, ICHEP'12]

Unitarity is lost at high-energies

m Higgs boson restores finiteness of W-W cross sections:

W. W. W. . W.
P
+ Jﬂv )
W'— WL WL N lf';'l”WL
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Unitarity of pQCD cross sections

.. . . g 5 ?‘ . inclusive jet cross section
® pQCD (mini)jet production x-section & ™' = TR
IS bigger than total inel p-p x-section £ ¢ S e
for p_  ~5-7 GeV at the LHC ! © F /
L
s/4  do
Ohard (P Lmin) = /2 2 (jlpﬁ_ 10" [ Ghard> Ginel
Plmin 9PL 2L atp.~5-7GeV
10° ig _
... Why this happens ? o [ Hungetal arXiv:1209.6265] |
1 10 10°
Pt min (GeV)
g1-2 AL I L L LL LI LA L) B AL R
= . Q2 = 10 GeV? 1

gluon/10'!
m Very high gluon densities at small-x:
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Unitarity of pQCD cross sections

v e s . . g 5 ?‘ . inclusive jet cross section
® pQCD (mini)jet production x-section & ™' = TR
IS bigger than total inel p-p x-section £ ¢ S e
for p_  ~5-7 GeV at the LHC ! © F /
-
s/4  do
crhard(jJJ_mm) — /2 1,2 dpi 107 7 Gharo|> Ginel
Plmin 9PL w2 atp.~5-7GeV
... Why this happens ? 0 [
.| [HJungetal, arXiv:1209.6265]
m Very high gluon densities at small-x: ’ o " berin (GOV)
- 7 : ~ iy
“Malthusian” growth of radiated gluons SN _
. . . S
in linear DGLAP evolution: PN DGLAP (linear pQCD)
Y Y S
: .« p»
k Successive parton k AN
splitting/branching: Y s
. N N
R Y : e ‘s~ ‘s‘
/ ¢ :
' C L Vs v N
LS S
Aqep ki
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Unitarity of pQCD Xx-sections: gluon saturation

®m pQCD (mini)jet production x-section
IS bigger than total inel p-p x-section
forp, ~5-7GeV atthe LHC !

o
E
“E
£
o
=

=
I

o

s/4  do

G_hard(f}J_lnin) — / dpﬁ_
p

2 (.1p%_
... Why this happens ?
m Very high gluon densities at small-x

m Solution (1): Gluon saturation
- Add non-linear QCD evolution eqs

k Parton k Parton
splitting recombination
m"\
/ k,
DGLAP

BK/JIMWLK
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E“ R inclusive jet cross section
3 = 31_“*\\ ——LHC «s=7 TeV
E “~::»\“\‘ - = -LHC “/s=8 TeV
— s .~ - = -LHC +'s=14 TeV
s [ \‘:\\‘\\ - - -LHC +/s=33 TeV
E- e
“F O, >0, R
'L “hard inel N
= atp,~5-7GeV ©
E T
-3 -
E
» [H.Jung et al, arX||v:1209.6265]
l I O I I I l A O I
1 10 10°
dN Pemin (GeV)
.‘EJJ_!’i.I[JJ_

1

A

>, DGLAP (linear pQCD)

) 3
]
) 3

CGC (eff. field theory)

ki
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Searches of “Beyond DGLAP” evolution

m DGLAP equations describe parton radiation as a function of Q2:
f(Q*)~a In(Q*/Q. )" [fixed-order PDFs, collinear factorization]

m BFKL, saturation evolutions: At low-x & mid Q?, parton emission in p n
f(x) ~ a n(1/x)" [uPDFs, k -factorization]

Y=In1x?!

m Mueller-Navelet dijets with large y
separation very sensitive to BFKL:

Saturanon

chl%cc-n geometric
Pomy scaﬁng
- d"—-r
Dilute system

An ~10

‘ (Atlas,CMS)
ot In(1/ 1.]] BFKL .
mMesons @ DGLAP 0
. - Extra radiation in rapidity ?
In A . .
" Maeo na? - Enhanced azimuthal decorrelation ?
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“Beyond DGLAP” in LHC Mueller-Navelet dijets?

g - EEIZ—HHIHHII IIIIDatIall—:
o . _ a F — Pythia 6 22 3
sE T z;'::;:g 2 Ay=3-6 g 2f Pythia8 4C
—) 15 — Herwig++ 2.5 1.8;— : gﬁ::gg+1+42.5 3
F ——Sherpa 1.4 1eb ) =
L af Mueller-Navelet dijets
A 3=Ay =6 —
----- _‘> P;> 35 GeV, |y| <47
107 E 125 3
. 1'.. el
Mueller-Mavelet dijets | - 3
08— -
P;> 35 GeV, |y| <4.7 u 3
10° . T S S I e Lyva ol
0 0 0.5 1 15 2 25 ﬂL3{1}
u'l— 1_| T T u'l—  immmm T T [TTTT
= r =1 oDAaTA ]
o 0.9k PYTHIA 6 Z2 [ & DBE_
= E -- PYTHIA 8 4C i =
3 —— HERWIG++ 2.5 i e
= - - POWHEG+PYTHIA 6 C - el
0.8 R— POWHEG+PYTHIA & | 0.8— -
C e T C “
0.7 T 0.7
C - ‘I'
0.6F 0.6
L Mueller Navelet dijets ] L Mueller Navelet dijets
n_s: P, > 35 GeV, |yl < 4.7 —: 0_5:_ P, > 35 GeV, lyl < 4.7
_IIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIII L1
0-45 4 7 8 e s I T T 5% T 78

B MN dijet azimuthal decorrelations over large Ay:
Absolute Ao distribution

S & ratio moments vs Ay

B HERWIG = DGLAP +
(N)LL parton-shower
not doing bad ...

T T
=] paTa

==== SHERPA 1.4
=it MILL BFKL

—— HEJ+ARLIADNE

m Latest NLL+ BFKL also consistent with results... Final word at lower p_ ?
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Unitarity of pQCD Xx-sections: saturation scale

o
E
“E
£
o
=

=
I

o

®m pQCD (mini)jet production x-section
IS bigger than total inel p-p x-section
forp, ~5-7GeV atthe LHC !

s/4
G_hard(f}J_lnin) — /
p

... Why this happens ?

m Very high gluon densities at small-x
m Solution (1): Gluon saturation
- Add non-linear QCD evolution eqs

- Collinear factorization (leading-twist,
incoherent parton scattering) invalid:

CGC approach around “saturation scale” Q_

Q2 ~ Y xGA(xan)

2
2 ,
1 min (1pJ_

2
ﬂ'RA

Hirschegg 2014, Jan'14

~1 -5 GeV?

E“ R inclusive jet cross section
103 oSS —LHC s=7 TeV
E SO ~ == =LHC /s=8 TeV
C ~ . .. - = -LHC +'s=14 TeV
2 ‘\:\\ e - ==-LHC +/5=33 TeV
R == e
10 /
1 E
«F O > 0. e
10 [ T hard inel N
w2 atp,~5-7GeV
-3 -
10 E
[H.Jung et al, arXiv:1209.6265]
10‘4 l Dol l A O I
2
1 10 10
dN Pt min (GeV)
R
.‘EJJ_!’i.I[JJ_

. /\s DGLAP (linear pQCD)

. Y4 CGC (eft. field theory)

ki
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Unitarity of pQCD Xx-sections: saturation scale

®m pQCD (mini)jet production x-section
IS bigger than total inel p-p x-section

forp, ~5-7GeV atthe LHC !

s/4  do

1.2
3 dp?
imin (1pJ_

G_hard(f}J_lnin) — /
p

... Why this happens ?

m Very high gluon densities at small-x
®m Solution (1): Gluon saturation around

perturbative “saturation scale” Q_:
Zae o (1/20) e (£/5)"
- Equivalent to (adhoc) PYTHIA p_-cutoff:
do _ag(Pl) _ oi(pio+pP7)
dpg Pl (Pioit P1)?
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o
E
“E
£
o
=

=
I

o

inclusive jet cross section

——LHC +/s=T TeV

===LHC ~/s=8 TeV
- = -LHC ~/s=14 TeV

-—--LHC -/s=33 TeV

I\IIHTI'| IIH\|'|T| IIIIIHI‘ I\IIHIIl \IIHI'|T| IIII||T|" IIIIIIII| "'!EIFFHI

e T~ e
& ™ Sa
SR ~ .
RN
s
s
o ~
.
~
“
.

cshard > Ginel
atp,~5-7GevV  *

[H.Jung et al, arXiv:1209.6265]
| 1

-

10 10°
pt min (GeV)

PYTHIA infrared regulator

p,,~ 2 GeV, evolves with
c.m. energy as:

P~ (s/s,)", n~0.12

7 L1 \8I 1 9 10
P, (GeV)
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LHC leading minijets x-section at O(1 GeV)

m Leading charged-jet & leading track cross sections

. 1 dn
downtop.~1GeVic: D(prmin) = © dp ;
T . Tmin . T ,leadin .
N JpTmin ’ g dpr . leading
CMS Preliminary Inclusive pp Vs =8 TeV CMS Preliminary Inclusive pp Vs =8 TeV
.--.? N, (p, > 40 MeV) in 5.3 <1< B.50r -6.5< 1< 5.3 A@ N (p > 40 MeV)in53<n<B50r65<n<-53 E 1 |
5 1= g5 1 b= =
i CMS4+TOTEM| 3 g -
£ L = £ £ .
Q,-Em' _________ Q,_Em-' o 10! E
a F = a o .
107 = e 102 107 = e =
- —e— CMS (p >0.4 GeV) =% - e CMS (p,>0.4 GeV) ¥ L Pythiaé (default) : ]
10° &= e Pythia84C | 10° | ....- Pythia8 4C e 10% g o P = 1 GeV -
£ — Pythia6 Z2* F — Pythia6 22* P = ee P =15GeV 3
- --- Pythia6 D6T - ---QGSJetll-04 C pm =2 GeV 4
- Pythlaﬁ (delault, MP'O"} e ---- EPOS LHC R S i - !

10" £ ... Pythia6 (default, MPI on) 10" & ... Herwig++ EE3C 10 = ..p =2.5GeV =
E. | ) o E P :I ) ) ) L ) ) ) -
‘3 % g 16 - ' "": o P = 2 GV T 1 Gev 3
8 a E 14 & R : Loy e Pr, = 2 Gel 1.5 Gev
g g 1.2 i_ i“j‘_“j‘_‘i'"""_'_"i._.-.é..:.:l Py, = 2 GeV /2.5 (:e\.-g
| - g _.r ;.-.-.'."::':';L e —
l o8| 00U i

1 10 1 10 1 10
|:,T min, leading [GEV] IJT min, leading [GEV] pT min, leading [GGV]

- First direct test of minijet x-section behavior approaching unitarity limit.
- Strong constraints on p_-cutoff regulator (~Q__) in Monte Carlos
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Unitarity of pQCD Xx-sections: Multi-parton interactions

e . . g 5 ?‘ . inclusive jet cross section
® pQCD (mini)jet production X-section & ™" = i ierey,
IS bigger than total inel p-p x-section £ ¢ S e
for p_  ~5-7 GeV at the LHC ! © F /
i L
s/4  do § ‘
T hard (pJ_min) — /2 1 5 (jlpﬁ_ 107 %— Ghard> Ginel N .
Phmin CHL wil atp~57GeV
... Why this happens ? w0 b
.| [HJungetal, arXi|v:1209.6265]
m Very high gluon densities at small-x 1 " berin (GOV)
m Solution (1): Multi-parton interactions :
Ohard 1 mi
Interpret (n) = —— (P min)
o
inel
= average number of parton—parton
scatterings above p . in an event E

B PDF(x,Q?) densities need generalization in transverse direction: GPD(x,Q2,b)
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Partonic transverse structure in the proton

Double Gaussian

Exponential of power

Fermi-Dirac

E.M. form-factor (measured in low-Q e-p)

m Proton-proton overlap function:
3 . l]()I)H {l )O0OS {(l
0(6) = [ Exde phsich (x. it (x. 0

Underlying parton activity at b proportional to O(b)

Number of glue-glue collisions at 14 TeV:

m Explaining perturbatively (GPDs?)
vs-evolution of transverse proton profile
IS key to properly describe MPI, DPS, ...

Hirschegg 2014, Jan'14 26/43

m Empirical MC parton transverse densities:

1 F&%

Ll I L
Tune A double Gaussian 1
old double Gaussian ------- N
Gaussian 1
ExpOfPow(d=1.35)
exponenual
EM form factor

PYTHIA

-
<

;N —_ 20 100 | === np Hard-sphere

= = pp Fermi-I
|||||||||| pp Fermi-I
mms pp Exponential

~,
L Q/
- ~/
[Fnnnnng g, g hing ‘/‘
= Yoty " -
= ~,
C ~,
L w’”"’/ ‘-
- DdE et al, "ty

i} ”
— EJPC 66 (2010) 173 e
% N RN R AR AR SR SNRNENE | RN R
0 0.2 0.4 0.6 0.8 1 1.2

b/2R
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MPI at the LHC: Inclusive p-p hadron production

m MPI contributions are unavoidable in MCs to describe total inclusive

hadron production in “minimum bias” p-p collisions:

Central particle densities:

:ﬁ i pp — h', ys = 7.0 TeV
5 | O CMS (NSD)
—

=

O
=
©

21— i PYTHIA 8.130 ( MPI off )
B === PYTHIA 8.130 (Tune-1)

PHOJET 1.12 (+PYTHIA 6.11)

1O

4 -2 0 2
n

CMS, PRL 105 (2010) 022002
DdE et al., Astropart. Phys. 35 (2011) 98

Hirschegg 2014, Jan'14

Charged particle multiplicities:

Charged particle density, p, > 100 MeV, /s = TTeV

= 10~ —s— ATLAS —

2 — Fyihin 8.145, defnnlt
T e === Pyihia 8.145, oo MPI

i === Pythia £145, no MP1, no showe

I . £ T }
| '|l' g +."“:""'\-H 3
L= b S
. o
i L) .+
5 . (no MPI) *
I'I" . Il_|.| 1 =J.| =N i R 1 I_LJ..LI_| I 1 I_L|I | . -__I_L:
0 20 30 40 &0 60 VOO OBOD 90

ATLAS, arXiv:1012.5104
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MPI at the LHC: <p_>vs N_, fwd energy flow

m MPI contributions are unavoidable in MCs in order to describe
<p,> versus Nch and forward energy flow in p-p collisions:

Mean transverse momentum vs N_: Forward energy flow:
chpariide ch partcle ; . —#— Corrected Dll:l'\.:;-T TeV Minimum Bias
CMS, pp s =7 TeV i |<24,p, >0.25 GeV/c 3 - E;;fr:ée&:::aww.s TeV
O el ion madidae . —+—data 1 = = P‘;"'m',,-'g.,' ¥ .
= 1.5 all ch. particles 9.5 PYTHIA8 MPI-off 1 § L = Pythiat DGT - no Mi \/ae? TeV 4
8 i (nO MPI) E ---g--- PYTHIAS 4C ] i =:aim Pythiab DET - no MI -4/s=0.9 TeV
= [ =  --¢- PYTHIA6 Z2* 1 2
3,_ [ " E - #- Herwigr+25 UEEE3M | =
Voo = 1 -
- \ -
2F =
£ 15 7T oE 1ar
xe) i = 1.1;
O S 08 .
b R T e cegoiinvig 1 ® ‘;’E e =2
T LI g_éz $ 4 $ s l .
0.5 | ! L I L o] '3 3.2 34 36 38 4 42 44 46 48 5
20 40 60 80 100 120N mi
CMS, EPJC 73 (2013) 2674 ch CMS, JHEP 1111 (2011) 148
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MPI at the LHC: p-p underlying event

m MPI contributions are unavoidable in MCs to describe characteristics
of underlying event in p-p hard scatterings:

dn/dy
' Hard process = more “central” pp collision
jet = more overlap = more MPIs = more activity
------- pedestal height
/ underlying |event \
- Y
“towards” particle density in DY events; ~_ lransverse energy in jet events:
My 2 | :8_ E Transverse I'E.’gIDﬂ
= n e Data CMS ~Js=7 TeV £ 2 ATLAS
=" 1.8 —MadGraph zz L1 -7rev é
S 1.6 —Pythia8ac 1.6
= "PE - Hemwig++ LHC-UE7-2 =
94 qa4F Herwig++ LHC-UE7-2 (no MP1) 1.4
5 FE charged paricles 1.2
— 1.2 (p,_>0.5GeVic, | <2.0, |Ad| < 60 1
= 2 - 1 = T Ty = S
1 81 GeVic? < M, < 101 GeV/c® (}_55_ N e S zmgno |\/|Pc>9 E
- oo =i e e R =
0.8 = ———- PYTHIA DW =
= I o PR |
U‘E E E B charged+naeutral panicles p =>=0.5 GaV [n|<2.5 _E
0‘4__ E - l!lllllllll.lllll'llll
0.2F S [ —— e
s (no MPY) P e =
n " [ | PR | L1 " L1 1 | 1 1 1 0.8 .;_,?:;—_’ i :
] 20 40 60 p"E?G Uf1 ?ﬂ 5 4 & a i0 91112 1
CMS, arXiv:1204.1411 T eV ATLAS, arXiv:1208.0563 Caslll
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Double Parton Scattering cross sections

m MPI O(1-3 GeV) are unavoidable to explain:
- O(50%) of total particle production
- Underlying event activity in hard scatterings

» Double hard parton scatterings O(3-100 GeV) should also take place.
m PQCD expression for DPS x-section:

PS m : .2 2 A ik 2\ Al 2
O—Bm ' sab)y (E)folax2ablab29 Qla Qg) XO—; (xlsxis Ql)o-é()st’ga Qg)
ikl

, ;b1 — b, by — b; 02, 02) dx\dx2d X, dx,d?b dPbyd?b

' — 2
| . generalized PDFs = f(x,Q%,b) ISR,SppS
Approximated Dy: p-p overlap function Tevatron
m\ T o C T s
DPS (hh' —a) (hh’ —b) 2
T pr oy = | = Oeff = d°b ~13+2 mb
(hh’ —ab) (2) ot e \ f ]
] ] Model Form of density, Predictions Measurements
Effective DPS radius: fer density dN/d3r rms ot Scale (fm)
r~o 3 — O 7 fm Solid sphere Constant, »<r, \_Erp
. ) Gaussian o7’ V33,
smaller than e.m. ONe E.ponential T
Fermi, A /rp=02 (CAARLUEETS i 1.07rg
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—

pr(p, Er

Events / 3 GeV

(j1.j2)

AS = arccos ( )‘

T
pr(w Er)l - [

Hirschegg 2014, Jan'14

(j1,72)

DPS searches: p-p » W*+2j

0.07

0.06

0.05

0.04

0.02fH

0.018

10"

0.03[#.

C

. th unfolded data \I'_—T Tev

[ Fit distribution
A+H+J particle-level template A
—— PYTHIA particle-level template B

ATLAS, arXiv:1301.6872

j Ldt=36 pb

L I14D

Ajgis [GeV]
MS Yys=7TeV 5fb"'

)10'2_

— PYTHIAS ' ' '
— MADGRAPHS5 + PYTHIA8

-« MADGRAPHS5 + PYTHIA8, no MPI
— POWHEG2 + PYTHIAG

~.. POWHEG2 + PYTHIAS, no MPI
-8 Data

CMS, arXiv:1312.5729

m Signal in W+21ets via dl-Jet asymetry observables sensitive to DPS:

m Extracted 6_,

=15-21mb

(larger _, than at smaller Vs, more
consistent with MPI proton profile)

'E' 40 —a— CMS (W + 2 jets)
s T et ATLAS (W + 2 jets)
t':'% 35— —— CDF (4 jets)
—=— CDF (y + 3 jots)
30_ —f— Corracted CDF (y + 3 jets)
- —=— DO (y + 3 jets) -
- —— UAZ (4 jets - lower limit) ¢ “‘
25 AFS (4 jets - no errors given) , 1
E N
20 - ] ; [
- |
- |
15 ' o
[= |
o \ 3
= A )
10 I -?
5
: 1 L1 111 I 1 1 | | I - | 1 1 L L1 111 |
0.04 0.1 02 1 2 345 10
Vs [TeV]

m Theoretical uncertainties:

- Higher-order SPS contrib.
- ME-jets & MPI-jets matching
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Non-perturbative QCD at the LHC

Jet
'—_----.. .
. Beam remnants‘,
—— ‘/\~ P ‘_—---~.~
BRELE T Ll 1-\._/ S
‘Fragmentation'l
N ,

~ L 4

..-—-“

(Generalized)é
Parton

Density

s : Jet

¥-—~Beam remnants

Jet
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Ed?0" /d®p [mb GeV 2c3]

Parton fragmentation: LHC high-p_ hadrons

m NLO calculations overpredict high-p_ hadrons by factor x2 at Tevatron/LHC:

ey i <10 1
i i < 1.U A
DdE et al, ?? |
; arXiv: 1311.1415 4
1 24
I
o CMS /5 = 7000 GeV | 316}
o CMS /s = 2760 GeV { %
o CMS /s =900GeV 1912
DSS, p = pr = E
—_— ' — — _508
04
_..- ..................................................................................
e " 00
- h o *
:;:$‘_';,£_ i
0.5 1.0 2.0 5.0 100 200 50.0 100.0 200.0 .

pr [GeV/c]

m All FFs fail. Disagreement increases v/s=0.9-7 TeV
m “Old” Kretzer FF shows best agreement:

V5= "F.UTA!V B

——rr
scale uncert.

o B I ctl0Quncert, |

-

o=lECY . _ _

T T T T T T T T

" OCMS | < 10 — KRE --=-DssT © CMS [ < 10
¢ ALICE |n| < 0.8 - - KKP © ALICE |n| < (.8
2 5 0 2 5 100 20 2 3 10 20 50 100
pr [GeVie] pr [GeVic]

m Same NLO calculations reproduce well high-p_ jet and photon spectra:
Problems in the modern parton-to-hadron FFs (refitted with RHIC data)
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dg9ta

/

dera/1

dprdn

dprdn

ght+h
dprdy

do’h++h

Parton fragmentation: unknown gluon FFs

m Dominant gluon production&fragmentation up to p.~50 GeV with <z>~0.3-0.6

1.2

0.8

0.6

0.4

0.2

| /5 = 7000 GeV
10 F

™ T T L A |
— Kretzer

— DSS

——— quark — At + A~ ]
" L PR S ST |

0.0

4.0
3.5
3.0
2.5
2.0

/%%

1.5

dprdydz

1.0
0.5
0.0

0.0

5 10 20 50
pr [GeV/c]

100 200

[ [l < 1.0

[ /s = 7000 GeV Kretzer:

DSS: i
— pr =5.0GeV — pr=5.0GeV 7
-——- pr =20GeV --—- ppr=20GeV |

«<z>~0.3-0.6

Hirschegg 2014, Jan'14

0.1 02 03

Zz

04 05 06 07 08 09 10

Very large differences on gluon-to-hadron FFs

. I " | d I
DdE et al,
arXiv: 1311.1415
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m Modern gluon FFs are too hard.
Need to refit them with LHC data.
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Parton fragmentation: LHC identified hadrons

m LEP-tuned MCs ~OK for mt,p but not for most strangeness & baryons:

i 244<y<406 | Q+Q%)
j m (|) meson e g (
6 1 —] © ‘ : ¢ <=data’Po
) S LHCb E © tE* * ALICE Preliminary ¢ = dawze
z B 1_ Lot N5 =7TeV . B0 X A ® + OduaPo
E = L — — o - 6 Q data/72
e . (2011) 267-273 o $ S
Q'.'_ = 3 'OU 0 = ¢ g
- 1 . - =" l—+ -
3 - —+— LHCb Data ; ] 1 E (\5 += L
© i LHCb MC ; ] : : . , : \ ‘ 3
. Perugia 0 MC 0 1 2 3 4 5 6 7 8 9
T E &
£ = e A e 1 = 3
i 2F - A . ~ > B F' thl 6 AMBT2B .
g 2 < | A baryon ...... s :
=555 L e Pythia 6 Perugia2011
0 1000 2000 3000 4000 5000 S 107 L Pythia & 4G =
- T Herwig++ 3
p,(6) (MeVic) B s .
N V4 Q macaon- . 107 = ='i_ ,,,,, . =
= F K, MESon ‘ ] S o §
= 085ttt CMs - - =g .
2. oal A R e 104 ATLAS — -
22 EoTTTTTTTTTT S ] = A s =7 TeV =
= 2 - - 1 — -
= © 55 & 10° = .[Ldt:19"'“‘!'9_1 = -
0'2?'A: : : : _H"*—}-—%-ﬁ%.:; e e P
= 4 3E —_— MC / Data —
0_1 5 — -] 2-5; Data Uncertainties --u-"_h:"
0.1 - us=7Tev - UsS=09Tev = 2 = ,__'__'m‘_'_—_zé
' —— PYTHIA6 D6T —— PYTHIAG6 D6T I S == : = =
0.05F ~ PYTHIA6 PO PYTHIAG PO | 1 s T -
Eo- PYTHIAS PYTHIAS . 0.5 : B . . . . S
ok R R 1 2 3 4 5 [ 7 8 9 10
O 0.5 1 1.5 <O | I2 P, [GeV/c]
s Y

m Extra final-state effects in p-p ? Is hadronization “universal” ?
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Cross sections in p-p collisions

(1) Perturbative parton-parton
collisions Non diff.

inelastic
~60%

(2) Diffractive + elastic single
diff,
~40%

1 or 2 protons intact.  Pouble
+ 1 or 2 rapidity gaps: °

* No colour flux.

» Colourless exchange
with vacuum JP¢=0**
guantum-numbers: Elostic
|IPomeron = 2-gluons ~ *“°"
In colour-singlet state.

Central

-
diff.

P

‘1__I_.|.‘_|||\\||\|I|.-:"'

(gap)

(gap)

(9ap) |

i

-
2

(9ap)

1

J
A
[

E
0

{'i

N

=
ot

11
i

=
e

é% ; fi hard core

P
|
P

p
P
P
P
P
P
P
P
P

m pQCD (~60 mb) + elastic (~25 mb) + diffractive (~15mb) ~ 100 mb at the LHC.
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Inelastic, elastic & total p-p x-sections at 7 TeV

m Non-computable from QCD Lagrangian (maybe lattice?), but constrained by
fundamental QM relations: Froisart bound, optical theorem, dispersion relations.

-'_‘-\.14C| T TTT T T T T TTT
—_ — T T T T T T T T T —1 & ed), - Il d 9 -
g ® CMS-HFbased O PYTHIAS 1E gy | Tt Y FPD'(_E ue) and {gm:;} - i
5 ool M CMS-Vixbased 4 PYTHIAS+MBR 7| _ »  pp(PDG) : _ -
o - v AILAS ~  PHOJET 7 ;‘120 *  pp(PDG) e TOTEM (L indep.) L1 /] ]
C * TOTEM x  EPOS 1.99 J & = Auger + Glauber e
- 1 o™ - —]
85F + ALICE * QGSJET 01 I best COMPETE 0yt fits e 7
C o  PYTHIAG o QGSJETI-03 o F o 5 < | -
80 } v o QGSJET -04 { =Y 3 CMS -——--114—-152Ins+0.130In" s e i
- o v  SIBYLL 2.1 1 £ g F 1.- -
- 1
75— + X ER I -1 1
C ¥ v — — - —
C = . ] - L -
701 : o « 4 L Auget
- * o i | 4
65} ", 5 < —: il _— _
- + x H ; - 50 b .
60 ? + = * 'Y ] ) - ._1::\-“' -
- ] i PO W
= N # 1 T L 7]
551 s - H SE
- CMS pp\s =7 TeV 3 30fF . T —
50 [ 1 1 1 1 1 1 1 ] __ T _ - = __
7 N EN EN 20 -
ofa/f'ne,asﬁc '5—*-5.\(70-5 ”’ac/( c"rrecks Srrecks 0 B I - =i ;
Bt = TOTEM
- . _~ CI 1 1 1 1 111 II 1 1 1 1 111 II 1 1 1 1 111 II 1 1 1 1 1111
Inelastic: O oren™ (3 MD o 102 103 108 105
. : : /s (GeV)
. — _ _ W
Visible inelastic: O pas.cms ™ 00 mb 6.,=98 £25mb, 5, =251+11mb

m Most MCs over(under)estimate high(low)-mass diffraction

New data provide extra constraints on hadronic MCs
Hirschegg 2014, Jan'14 37/43 David d'Enterria (CERN;



m CR energy & identity
above 10* GeV via
comparison of air-showers
with hadronic MCs
(Regge-Gribov FT
extended to pQCD
via “cut Pomerons”).

m MC retuned to LHC data: e.g. reduced o(p-p) = deeper shower X

dF/dInE, cm2s ' ster

108

10-10

10-12

1014

10—16

10—13

’l!'

L )
RHIC (p+p) m,

6/km? ster.minute

1/km? ster.day

3/kn? ster.century

10%

Extended
Air Shower
(EAS)

?'-'-;‘.25 ~==Tevatron (p+p)

%, LHC (p+p)

knee

ankle

iﬂéég:..‘..

108 108 1070
E GeV/particle

proton
nucleus

X

m Mixed p-Fe UHECRs at GZK-cutoff after including LHC data (E_ ~ 10'" eV):

u - 900
- o HiRes-MIA 3 E iRes-
850~ . HiRes (2005) p roton? S 850E- ° HiRes (2005)
g0~ & ?:'la;(‘gtgl; 2001 &= 800 ¢ Yakutsk 2001
= = E + Fly's Eye
— ~ & Yakutsk 1993 e F
& 750F * Auger (2010) 3 £ 7500 2 Yakutsk 1993
£ £ .
o - — QGSJETO1 E S E % Auger(2010) = ~ZHRARK AT TRt
o 700 = o 700
650 5 650 F
A F 2 A - on?
é 600 = = ’é 600 =
> == Trieet 3 E 2
N 550:_+ + 8 —: ><V 550:—+ ‘{:‘ ¢ & '-:;}yf
- ——EPOS 199 3 stoE- o —— EPOS LHC
- 2 O 1 O =&~ SIBYLL 2.1 = E & 2 O 1 3 -=- QGSJETII-04
- — - It
450ETss ( ) = QGSJETIO3 = ( ) -~ - SIBYLL 2.1
4no“u‘|l Lol PR | s vl [ N ST b 400‘-|| | TR | vl TR | Lol
10" 10"® 10" 1;{}5 10" 10* 10 10" 10" 1:{‘; 10" 10*
Energy (eV) Energy (eV)
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“Many-body” QCD at the LHC

«central» proton
or Pb ion

«central» proton
or Pb ion
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“Ridge” of correlated hadron production

m Observation of long-range (over An~8 !) near-side hadron correlations
“ridge” in “central” (high multiplicity) collisions:

Pb+Pb 2.76 TeV | p+Pb5.02TeV | pp 7 TeV

CMS pPb \fS,,, = 5.02 TeV, NJ™ = 110 (®) (d) N>110, 1.0GeV/c<p_<3.0GeVic
1<p, <3 Gevic PLB 718 (2013) 795 e ey

EPJC72 (2012)2012 - 20-60%
T -._'\centrality

R(An,Ad)

m [nitial-state ? Correlated gluons around Q__ ? N

|kJ-|N‘pJ__kJ_|N‘qJ_:|:kJ_‘NQS é

Multiparton interactions enhance the near-side diagrams , .§

m Final-state ? Collective parton-flow ?
PYTHIA(pp) + B, ~ 0.5 generates such structure too

Hirschegg 2014, Jan'14 40/43 David d'Enterria (CERN;



Jet production in “central” p-p collisions

Jet spectra in most central p-p:

m Are jets modified in central p-p at 7 TeV (as seen in Pb-Pb) ?

Jet rates versus particle multiplicity:

CMS Preliminary, pp Vs = 7TeV In"*[<1.9 CMS, pp Vs =7 TeV P! > 30 GeVie, ™ < 1.9
S T Trmemem T g g
S e 10<N, <140 [T~ 22 E i Cd
< —é— PYTHIAG Z2* = - —
%°10" v —4— Herwig++ 2.5 UE_EE_3M Em = eEE 3
] == - ez e
2102 o ;ﬂ?l'3 = g 3
% 10-3 i . e et O E _+_ data E
ML S 10 = -+ PYTHIA8 4C 4
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m PYTHIA (HERWIG) over(under)predicts jet hardness & rates at the

highest multiplicities: Retuning and/or new model ingredients needed
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QCD plasma: q,9,QQ suppression in Pb-Pb

m Yields of strongly-interacting particles suppressed in Pb-Pb compared to p-p.
Weakly probes (y,W,Z) unmodified by medium:

S 250 Contrat PP, y=0, {ay= 276 Tev (pretimi PLB710(12)256,PRL106(11) 212301

medium
q: fast colour triplet | properties
Induced a
gluon
g: fast colour octet radiation ng’ dy
Q: slow colour Energy T]
triplet loss D
QQ: slow colour .
. — crit
. Dissociation
singlet/octet £

v*,W,Z: colourless

Co ntrais (nPDF)

: colourless
Y h

1

QCD medium
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R, suppression factor
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——e—— Charged pions [ALICE]
——+—— Charged hadrons [ALICE]
—=—— (Charged hadrons [CMS]
—4—— D" mesons [ALICE]
—»¥— B-mesons — J/'¥ X [CMS]
——o—— Isolated photons [CMS]
—s=—— W boson [CMS]
——a—— Z boson [CMS]

=x5 suppres'si'('jﬁ

o

PLB715(12)66, EPJC 72(12)1945

i L

&

— i
\\\I‘\\I\‘\I\\‘I\\\|\\

PRL109(12)222301

Y(1S,2S,3S) yields

expected by seq.
«melting» of b-bbar
resonances in QGP

[ B R B
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§1200j é CMS PbPb Vs, =2.76 TeV |
3 £ § Cent. 0-100%, |y| < 2.4 7
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L L B 18 |
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Summary: 3 years of QCD at the LHC

m Precision (N)NLO PDFs via m Test of fundamental O Qeneralized PDFs
jets, isolated-y, W,Z, top SM parameters: o via MPI & DPS

g 40:* —e— CMS (W + 2 jets)
R‘etiutoNNPDan Q= 10 GeV? | 013 pp \/5:?1"3\( _ CMS Prehmmary — e T . T - c% 35; +-—- é‘lgLFA(i J(:\:.'s; 2 jets)
0 E | 7 O 024 CMS Preliminary — f oy cor e oiete)
12 NNPDF2.1 NLO open: |_ 58pb (IowPUruns) — ) E CMS Incl. Jets - )20 11857000 | 30 Dgr:'fieﬁ e or jets)
’ ) - ¥ 022F ncl. Jets : g z)_ : -00041  |— L s UAZ2 (4 jots - lowsr limit) '-
T e NNPDF2.3 NLO filec: L, = 10.71 fo" (high PU runs) ek + CMSR,, 7 25[ —+ AFS (4 jets - no errors given) A
§.1.,..: — NNPDF 2.1 NLO®NP ] 0.2F CMS ff cross section - 20; l' ||
& - C v CMS 3-Jet mass 7 = l '
ook ,_ 0.18 CMS Incl. Jets ] = | . "
o Ratio of gluons B 0.16 - i ) I -
B ] C 7 sk
(LG  Tov sttty ] ] 0.141 E SN R :
1.15 -~ C i D.0. 0.1 0. 2 1 2 3 4 5 1 U
I NNPDF2.1 NLO = 0.12— - Vs [TeV]
E 1.41 [ NNPDF2: NLO + IsoPhotons 10 0.0 <lyl<0.5( x10) F a
2 oy = mMinjetsat Q_,
3 " C ! 7
§1 05, 10 154y 20( x 102 ) 0.08 : 3(1) angular correlation ]
5 F—20<yl<25( x 10’ F 3 @
2 -3 _ L -
£ 10° - +35qyi<30( x10) i 0067 B = T 12
L s24yi<aT( X107 = Lo ‘ L] Ll :
095 105 [ [ I L1 | I 02 03 n
2130 40 100 200 10002000 10 1 1 Q (GeV) =
Jetp. [GeVid] 0,
! =

m «Beyond DGLAP»

m Parton FFs problems _ o4

searches D e e R R m Intriguing dense 1 10 o]
™ Z 41 p e

I QCD- matter data: g
g‘; Pythias 4c_ 10t 10" _ _ R I
e :252:’,;2*{55 E % Ce"t"}/ il n 2 CMS PbFD VSam = 276 TeV |
16 3 = fgi* 102 e C i ]
E Mueller-Navelet dijets  J 3 = L ] Cent. 0-100%, |y| < 2.4 1
E P. >:E‘GAeV‘|y|<4,7 E E’ 107 107 < - ¥ Ly=150ub" N
2E - ) E e g F Vp$>4Gewc .
1_ ; 10° 10° E C ot ]
o8 - E P r - ata . 1
g T = d NN < ) 3 B
A £ L s 1
10 ‘()0 0 1 ()‘2 () 3 0 4 0 5 () 6 07 (7 8 0 9 1 0 10 :7 : pF()RSA':aSZ:bd) 7:
m Exciting QCD results in Run-1 p-p, p-Pb, Pb- Pb : -

m Data (up to 14 TeV) back in April 2015! Mass(10) (GoVie
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Back up slides
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Unitarity of pQCD x-sections:

saturation scale

v e s . . g 5 ?‘ . inclusive jet cross section
® pQCD (mini)jet production x-section & ™' = TR
IS bigger than total inel p-p x-section £ ¢ S e
for p._ ~5-7 GeV at the LHC ! © F /
min E .
1 =
s/4  do
Ohard (P Lmin) = /2 3 (jlpﬁ_ 107 [ Ghard> Oinel
J: . =
pJ_mln pJ— 10‘2 ;E at pT~ 5_7 Gev
... Why this happens ? we [
.| [HJungetal, arXi|v:1209.6265]
m Very high gluon densities at small-x _1 " ptm(GeJ):
m Solution (1) Gluon saturation around > t energy dependence of Pt-cutoff .
. : -
perturbative “saturation scale” Q_: ‘3 Saturation scale Q; .
~ - o
| o
2at < (1/x)"0c (\/5)" =sf NUCLEUS .~ 2 NG 20
o
.-"'...
- Enhanced in nuclei (larger g density): e HERWIG

Q% AYVP~6(Pb)= Q. ~3-7GeV

PYTHIA
PROTON

[J.L.Albacete, arXiv:1209.0336 |

Hirschegg 2014, Jan'14 45/43

500 1000 1300 2000 2300
sqri(s) (GeV)
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Double Parton Scattering x-sections

m pQCD factorized expression for DPS x-section:

m Al ’ A ] ’
(hﬁ:’s—}ub) = (E) Z fxla X235 bla b27 Q%a Q%) X O-ak(xla X1 Q%) aél(x29 X5 Q%)
i, .k,
, X,:by — b, by — b; 02, 0%) dxydxad X, dx,d? by dPbrd®b

Generalized PDFs = f(x,Q?,b)

m Assumption 1: factorization of transverse & longitudinal components

I (x1, %23 b1, b2; O, 03) = D}/ (x1, x2; OF, Q3) f(b1) f(b2)

2
p-p overlap function: t(b) = ff(bl)f(bl —b)d b,
m Assumption 2: double-PDF= product of 2 single PDF (no correlations)

DY (x1, x2;, 0%, Q2) = Di(x1; Q%) Dl (x2; O3)
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Double Parton Scattering at the LHC

m DPS-sensitive differential x-sections (fully unfolded) in W+jets, 4-jets:

CMS Vs =7 TeV det =5’ CMS, VE = 7 TeV, L = 38 pb", pp—s 4j+X
‘ElmI - —PYTHIAE T ] - i SHERFA
1. —MADGRAPHS + PYTHIAS = f 2 p. > 50 Gev T - POWHEGHPE £2°
._Ig - = MADGRAPHS + PYTHIAS, no MPI 3 o 10k T =i MADGRAFPH PG Z2"
S POWHEG? + PYTHIAS 3 o E 2): p_> 20 GeV  ——— PYTHIAS AC
o = — — POWHEG+P& 72' MPI o
B —'-- ED;JHEGZ + PYTHIAG, no MPI E - PO :J
a L
10 1 E 1=} i
- = .:-r.'I
102 & : —qﬂ,—ﬁf
107 Tﬂﬁ"
W+jets - g e~ T i =
: IIIIIIIIIIIIIIIIII JI I I L1 _# JEts
_F_‘—r"-i—-l-_ T
AS (rad)
,&S (rad)

m Measurement of the DPS o_, in W+jets:

40 —a— CMS (W + 2 jets)
L o ATLAS (W + 2 jets)

35 —a— CDF (4 jets) c.=20.7+£08+6.5mb
C —=— CDF {y + 3 jota} eff
302 —— Corrected SOF (Y + 3 jets)
[ = DO (y + 3 jets)
— LIAZ (4 jets - lovwesr limit)
[ — AFS (4 jsts - no Smors given)

0,5 [mb]

fJ
a

fd
o
RRRNRRRRRE

m Between latest Tevatron average
s I 1 (13.9+1.5 mb) & value preferred
i 2 by LHC UE tunes (20-35 mb), but
‘ PP still compatible with both

Vs [Te']
Hirschegg 2014, Jan'14 47/43 David d'Enterria (CERN;



Differential elastic p-p cross sections (Totem)

108

102

10!

drg /it b/ Gev2]

107
1071

]0—2 L

Vs =7TeV

Tﬂm = 21072 GeV?

M i = 5+ 1073 GeV?
1 1 1 Il | 1 1 1 Il

extrapolation to £ =0

do,ldt=4e™ ]

0.05

0.2

103

1074

systematic uncertainties

[ EPL 95. :
—— EPL %

EPL 101
—+— statistical uncertainties

102
0

Hirschegg 201

0.2 0.4

1.6

)

—

S
[=]

,_.
o
|

-

do/dt  (mh/GeV?)

10—2

104

Block et al.
Bourrely et al.
Islam et al. (CGQ)
Jenkovszky et al.
Petrov et al. (3P)
TOTEM

2 2.5
[t]  (GeV?)

2.2

2.4
It [Gev®
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02 ——— ——
0.15 ‘ """"""""" R S J —

—0.05 [
Fl Y —— pp (PDG)
| —a— pp (PDG)
— — — — COMPETE preferred-model pp fit
“|—Co— TOTEM indirect at /5 =7 TeV
—@— TOTEM direct at /5 = 8 TeV

102

—0.1

-0.15

—-0.2

10! 10t

Vs (GeV)

103

m TOTEM has confirmed :
- Increase of GeI/Gtot

- Decrease of inverse expo slope
- Shrinkage of diffraction peak

- Decrease of dip t-position

m But so far only partial quantitative
agreement with model predictions.
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Heavy-Q cross-sections & QQ polarization

m Bottom &top x-sections
In good agreement with
NLO (approx. NNLO)
predictions:

m Although quarkonia pol
still a puzzle ...

CMS Preliminary,\s=7 TeV

Spring 2012

CMS Preliminary

® CMS combined 7 TeV (1.1 fb'1)
= CMS combined 8 TeV (2.8 o
o CDF

o DO

——— Approx. NNLO QCD (pp)
Scale uncertainty
[l Scale ® PDF uncertainty
Approx. NNLO QCD (pp)
Scale uncertainty
I Scale ® PDF uncertainty

Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
MSTW 2008 NNLO PDF, 90% C.L. uncertainty

alue + stat. + syst. + lum. 3 —
\(I‘U:;Ds;)a sysl um. error e i
A X JpAX - 16:06:12:20 = |
P;>10 GeV, lyl<2.0 (x10000) (1900 pb™) ©
10° =
pp— B X 281+24+20 +3.1 =
Pr>5 GeV, lyl<2.4 (6pb7) B
pp— B X 333:25:3.1:36
Pr>5 GeV, lyl<2.2 (40 pb'7) r
10
pp—> B X—JyoX . 69:04:07 0.3 =
8<p <50 GeV, lyl<2.4 (x1000) . (40pb") C
Theory: MC@NLO / POWHEG I
CTEQBM PF, p=(+p) %, m =4.75 GeV r
| !
0 1

50
B Hadron Production Cross Section [ub]

arization

CMS pp\s=7TeV L=4.9fb"
CDF pp Vs = 1.96 TeV

—
o

-

HX frame. lyl < 0.6

o
tn

>
(=]

-

1
o
4]
AT A

1 CMS, tot. uncert., 68.3% CL
] —4— CDF PRL 108, 151802 (2012), tot. uncert., 68.3% CL
-1.5—: —— NLO NRQCD at /s = 1.96 TeV, PRD83, 114021 (2011)
1 - MNLO* CSM at \Js = 1.8 TeV, PRL101, 152001 {2008)
0 5I 1 Iﬂ 1 I5 2ID 2I5 3IC| 3I5 4ID 4|5 50
p, [GeV]

HIIO\/I Icgy vasr, vall -t

m Quality of

[Gev T

88
—lo
differential top
X-sections can
constrain gluon

(N)NLO PDF:
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2 3 4 5 6 7 8 9
Vs (TeV)
5 CMS Preliminary, 12.1 fb'at ¥s = 8 TeV
10
1 0 : T 17T | 1T 17T | T 17T | T 17T | T 1T | L | T 1177 | T TT I:
9 E e/n + Jets Combined * Data 3
E —— MadGraph 3
81— —-- MC@NLO —
7 E ---- POWHEG =
e Approx. NNLO 3
6 :_ (arXiv:1205.3453) _:
5F E
1
3E E
3
O L 111 | | I - | | | | L 111 | | I | | L 11 I | 1 I = :
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