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Precision QCD at the LHC: Outline

m Introduction. Observables: Jets, (di)photons, W,Z bosons, heavy-Q, Higgs

. Y q_wvw}f

Q=c,b,t 9 mEDR

—_— -3=-H
_Cﬁ‘ , q —aam }/ o
Q=c,b,t 990009909
O Data vs. state-of-the-art N(”)LO+N<”>LL pQCD
0 . prtT  oMs  feo7Tev Losom -
ol @ CMS Open L_ -55pb 0= r 1 = L e s e e —— > = T T T T T T 7 > L ) ! ! EERERRIS L T
Qg 104 Filed: Ly - 197" ECI N | 280 sy wo ot ] 8wk 4¢ [t o 1
o B%&ee@% """ CTIONLO ©NP @ EWK 5 °g Y = ERE Ty WD, (W) o MSTWOS ] =r . Fiducial phase-space § =r- | + e e
%%10"%%%..% — CT10NLO ® NP == =k - 1560 ity B i+ D PR TRMROREE | =21 . 2} date, ocne m syet
54 ™ = ot 1] a2 e Data = R
10° M*;"o I i - == 1daiiE 2q0l [pata, W) «ctio ] Tl — PWGHPY6 hy,,,=m, 8 _-%"_ 15=8TeV, 20310
0 Vog ke 5 _ = 1 s ul L - PWG+PYS hvem, G ) ATLAS ppost
i *-*_:w-... 5 31 3400 [ thpsady, g Dath,, (W) = aBMIZ B e = N s - MC@NLOsWAUET2 ] T~
105 £ .‘.*+: — F % 1 [ g gy tTEOYT « HERAI5 = = e —— MadGraph+PY6 P2011C =
= = R ° C wreely ; i ] E — ::/:te;rcws AUET2 3
102 E —o-Jy| <05 ( x10°) @ E ER ) e - F Stat +Syst. unc. ]
F -#05<lyl<10(x10°) S + R 1 L o
1075 e 10<l <15(x10") oD [ }>20CeVic B aemen : g . S REIIET
E - 15<ly]<20( x1g:) 10 S DIPHOX+GAMMA2MC 5 E ; ! ! RS =R i i 1 ¢ : +
niEaz s T | § EEEE T B SO E
£ ¥ s - t t t t 4 B £ 1My
10’7::+32<|y|<47()<100) | ) | 1 E t‘)‘i- E . e T T o L al R & 8l l e
oAb el | TS S e L 10 L L Lt =2 a - . 4 0 100 200 300 400 500 600 700 800 L L L L L L L L
21 30 40 100 200 300 1000 2000 10 LR (GeV) Bl 25 3 35 4 45 ol [GeV] % 20 40 60 80 100 120 140 160 180 200
Jetp, [GeV] 4 - P!l [GeV]
m (N)NLO PDFs & FFs improvements: O (N)N LO QCD cou pling extraction:
NNLO, ag = 0.118, @° = 10* GeV? CMS, 1= 7TV, L=2315" NNLO+NNLLforu“,m”°[5-1732+14GeV - 24_
eI QE T i -] 3 ) e . [ o —— CMS Incl.Jet, 15 = 8TeV, oy(M,) = 01164 or
1 3: . T y i N BAB,}R 1 dc BELLE 1 do" 8: o S 022: —+— CMS Incl.Jet, fs = 8TeV
<0 NNPDF3.0 Global s dz o dz Default ag(m ) of respective PDF set 18 lee— —#— CMSR,,, 15=7TeV
B 10 1L ot ] - % A E§ —— CMS InclJet, {5 = 7TeV
& [ - 02 —v— CMS, f5=T7TeV
—~ 1.2 ===+ NNPDF3.0no Jet Data ; L 4+ CMS 3-Jet Mass, 5 =7TeV
?3 F | Ju J ABM1 ; H 0.18 —e— DO Incl.Jet
% = T = DO Angular Cotrelation
~ 1IE . ' 016 —— 1
2 r 10 kR E CT10 i —o— ZEUS
'E‘ 1 —— \ 0.14 - -~ World Avg (M) = 0.1185  0.0006
c 10k with 68 and 90% C.L. bands N | HERAPDHS H
:-09 ---- DSs | 0-12f
‘b, : B MSTW2008 o1E-
* 0 8 0:2 E (dam theory)/theory /' { I (data - theory)/theory . =
s N e AL ' NNPDF23 008~
0.7 0.4 %\ 1 L ! 1 |l ! L L i A ] | ot il | :\ I = é%é'#o 2b 3b 4‘0 = ‘]1[‘)0 260 360 L |1K0|00 20b0
10? 10’(‘ 02 o4 06 03z 02 o4 06 08z 1 (0108 011 012 0114 0116 0118 0.2 (0.;22 Q(GeV)
0e(M
. , 5 - .
Theorie LHC-France, Orsay, Nov'16 2/4z z David d'Enterria (CERN)



Precision QCD at the LHC: Outline

m Introduction. Observables: Jets, (di)photons, W,Z bosons, heavy-Q, Higgs
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(Almost) All LHC p-p physics “is” QCD physics

Jet

ﬂ "perimemft \ LHC | .' Th eor Etl C al Iy

P Beam remnants

E ----;1..;;.._... ....--................Ig.é .................. g
] i %p:rtcl)n W QY : FSR

Fragmentation

8 (Generalized): Intseasticns

,
: “y
Parton i e e 1 2 Uy
i : Hard s
Density i 1 .
AN Scatter ) 1

...... & -—--- Jet
S O\ ,’/
S & Z
Experimentally: | - Beam remnancs
T e Vv LT RN
Jet

Full Quantum Cromodynamics at work :

(1) Hard scattering (large p,,mass): perturbative matrix elements, DGLAP evol.,
Resummations, Parton Distribution Functions, Fragmentation Functions

(2) Semi-hard dynamics: Multiparton interactions, Generalized PDFs

(3) Soft: Beam remnants, color reconnection, diffractive scattering,...

m High-precision (experimental & theoretical) studies of QCD are key to
understand production/properties of all (B)SM particles at the LHC
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(Almost) All LHC p-p physics “is” QCD physics

b ’ .“;'[ “ ._-:'__,,‘_'.-" " Jet
e R 9y 77 2 Theoretically:
- _ : . __ o~ Beam remnants
I 1Lb"‘Fragmentation
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j Parton (RS N NS
= Density |
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Experimentally:  pem remnats
Jet

Full Quantum Cromodynamics at work :

(1) Hard scattering (large p,,mass): perturbative matrix elements, DGLAP evol.,
Resummations, Parton Distribution Functions, Fragmentation Functions

(2) Semi-hard dynamics: Multiparton interactions, Generalized PDFs

: : : Not yet high-precision
(3) Soft: Beam remnants, color reconnection, diffraction,... [TH/nyp C?C[?]

m High-precision (experimental & theoretical) studies of QCD are key to
understand production/properties of all (B)SM particles at the LHC
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Master formula for pQCD cross sections

m Collinear factorization for hard process cross sections in p-p collisions:
Convolution of non-perturbative objects + parton-parton matrix elements:

e @) S Iao2 @) olnren @) DialnQh) 5B

J/9,Y

1) Initial state:

Universal PDFs fitted from
data + DGLAP evolution

Z=phad /pparton
2) Hard scattering: partonic X1=P+/Px

Matrix elements computed momenta X,=P./Pg
at N"LO in o, expansion

+ N"LL resummation of logs

3) Final-state hadronization (q,9,Q-7,k,p,D,B)
or bound-state formation (ccbar,bbar):

Universal FFs fitted from data + DGLAP evolution
m NOTE: Transverse parton density (key for MPI/UE/DPS) not accounted for.
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pQCD x-sections: Perturbative oi_expansion

m Theoretical cross section calculations obtained via o, expansion with
Increasing # of real parton emissions (legs) + virtual corrections (loops):

o Q>ﬁ< O(1-10) diagrams
(scale) TH uncert.~50-100%
g

q Z
z% 0O(100) diagrams
Z q g (scale) TH uncertainty~20%
q rd pp - JetS‘i'_X (upcoming NNLO)
k“”( pp — cc,bb+X; W+Q
g g pp - y+X

q

O(10®) diagrams
ale) TH uncert.~1-5%

é\ ??"Qz 2‘7@ pp - W,Z+X (+jet,+Y)
NNLO % pp - VV+X (V=W,2)
;E;ITK pp 7Y +X
pp — ttbar+X, t+X
First-ever N°LO: gg—H+X (~10° diags. ~5% uncert.) pp — H+X=jets,V,ttbar
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pQCD x-sections: Soft gluon resummations

m Theory calculations with increasing # of real emissions + virtual corrections
+ soft & collinear log resummations (improves p_ differential distributions):

O(1-10) diagrams

LO

+LL (scale) TH uncert.~50-100%
O(100) diagrams

NLO (scale) TH uncertainty~20%

Pp — JetS‘i'_X (upcoming NNLO)
pp — cc,bb+X; W+Q

O(10®) diagrams
ale) TH uncert.~1-5%
pp—~W,Z+X (+jet,+y)
pp - VV+X (V=W,2)
pp—vy+X
pp — ttbar+X, t+X
(State-of-the-art calculations include also QED+EWK corrs: o *= o) pp — H+X=jets,V,ttbar
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pQCD x-sections: Higher-order corrs. (examples)

m Theory calculations with increasing # of real emissions + virtual corrections:
(i) (usually) increased x-sections, (ii) reduced theoretical uncertainties

G(pp%Z,Y*) at NNLO: H|ggs G(gg%H) at NSLO
o— b
i NLO |
— | N
= |
& 6o % _
N b +35%
A [
> i Lo
T 401 |
N L
=
o
~
b i -
o 20 Vs = 14 TeV —
I M = Mz : e =
H/E spsa2M i 0.15----------'?-“_
I[Grazzini, }|<idonakis, Pletriello, Mellnikov, ...] | : . e —
R DY S " e corene e SR |
V3 mev
R
----# +10° diagrams more
g 0099909
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pQCD Xx-sections: Resummation (examples)

m Theory calculations include increasing # of real emissions + virtual corrections:
+ soft & collinear log resummations: (i) (usually) increased x-sections,
(i) reduced theoretical uncertainties, (iii) Improved p_ differential distributions:

o(pp—ttbar) at NNLO+NNLL: Higgs do/dp, at NNLO+NNLL:
Scale variation
280 u.m | I I".__--l 1 I 1 LI L | I 1 T | T 1 LI I
i e pp~+H+A-+7y+X
260 L. NLO 0 OO oOoY FO OO OO 5 ;_I'"-rl rH'-T__—__-:___Hh va=8 TeV, MSTW2008 -
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MSTW2008 LO; NLO; NNLO S R B P R )
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g ?}{\%3\ Bgdog—>—-1 R Pn (GeY)
Mitov, Czakon, ... A . .
[HeymeS, Beneke,_u] &999@"50‘6 s [DeFlonan et al. arX|V12036321]
g b g Gdi—=—1 g 9999999
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Organization of the talk

m What have we learned from the hard QCD data at the LHC about...

» = et Parton-to-hadron
‘l Fragmentation
¢+ Functions

Soft & collinear ¢
gluon resummations |

- v
Fragmentation

"F;R\ Higher-order
¢ (N"LO) corrections

parton L |

Parton interactions ; ‘ /’ :
- -y f’
Dlstrlbutlonl S A

Hard 1 ._ -
Functions Siatter ®.

— === /‘

/I
&
’/
(7

Jet

o, extraction

Jet

m Any precision observable depends chiefly on all these pQCD ingredients, e.g.:
) BSM (SUSY, DM, Z'..) resonances on high-x PDF, ii) m , on resummations,

i) m__(via o) on higher-order corrs, Iv) b,c Yukawas on o,
op tt S
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Precision QCD: LHC Data
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Wealth of precision QCD data: jets, 7y, diphotons

g

.

m Vs=2.76,7,8,13 TeV (central): m Vs=2.76,7,8,13 TeV (central): m Vs=7,8,1

— 10'7 T | [ R R S 8Te\{_
alz Open:L =5.6pb’ s
o [ . int 1 =
S 1g14 Filled: Ly = 19.7 fo° 3
o8 BRdee, CT10NLO ® NP @ EWK
1 - ]
%% 10 ::%’ CT1I0NLO ® NP =
103 "'-A-_:"'-I-".' :
7 w""-ﬂ:""ﬂ-_‘l ]
5 '*'-*-_h_*:-v-. ‘5‘.‘, —
10 he g —
0 -+ 3
10 = —o-|y| <0.5( x 10°) o
= 05<|y]<1.0(x10°) .
107 = 1.0<y| <15( x10%) -
+15<ly| <20( x10%) n
104 E -~ 20<|y|<25(x10?) % i
+25<|y|<3.0(x10") H
107 - 32<|y|<47(x10") T
1 L L L L1 ‘ 1 L L L L L1l | L [
21 30 40 100 200 300 1000 2000
Jetp_[GeV]
;1012;%“ . . T ‘ g
© 101°EF anti-kjets, A=0.4 ATLAS Preliminary 2
O] C 13Tev,3.2M" ® | <05(x10) 3
= 107 O 08 < <100 10% =
[o8 E B 10z <16(x10% 2
— 104:: hd L T O 15<py|<20(x10%) =
% E Tay A 20 <[y <25 (x 1077 —
Q_'_ 10:: 000000 \A 2.5 < | < 3.0 (x 10°%
2 =
g 107 .“."'M.. . 3
5 - =
oG 10 = DDDDDD-\OO% 3
10%F aa, . gy @ 3
- Ay - ;
10—11 = .QAAA ‘lAA“ Y =
10ME 8any “““‘-..m _E_ =
= Syatematic 2 —
1 0_17 :: . uncertainties AA%A%B% 3 ::
ook memeene. w13 TeV -
10723:—'””"9 -I grz'glsmm\e. 1 1 L1 I.lmn- L 1 L _:

2 3
1 10 p- [GeV]

g

{;_Mw}f
g_

3 TeV (central):

wana Y

- T T ]
%‘ 108F ‘oms 1s=7Tev’ | prpoveX B E Data 2010,y5=7 TeV, | Ldt=37 pb” ]
(5 107 Lwm=36pb7E°<5Gev  — JETPHOX . = * p'>16 GeV, E;"™" < 4 GeV, AR™>0.4 7
re) =gl si25 (X0 )‘ - = & % In'|«2.37 excluding 1.37< <152 1
= —e— 1.57 < [n] < 2.1 (X 10%) E °
— —5— 0.9 < In| < 1.44 (X 107) | E . & + measured (stat) ]
_g'_1 o* = ini<09 . CMS ,"{;= 7TeV L=5.01b A + measured (stat @ syst)J
L - 1 o Ty s8¢ DIPHOX :
% = E i —4— Data 3 @\\ ¢ ##% ResBos ]
10 1 3 k- S5 DIPHOX+GAMMAZMC | .
E o i .
I = Py 2/NNLO ; i B
SR | == !
F NLO pQCD JETPHOX % E o] 5 4 3 —
[~ CT10/BFG I, u_=n =y =Er - C W A ] 2 ]
1075,_ MPI and hadronization corrected r N T e s L
: : : : = : [ & \—.— T B0 100 120 140 160 180 200 220
30 40 50 10% 2x10°% . : m,, [GeV]
E,[GeV]  1°F N E
5‘105{' LA T Ov<rv0|6\1\00||‘ = E B
2 106 ATLAS 0 02l <08 (x10) - B G
O 10 0 06| <137 109 3 "
3 P e, & 156< ] < 181 (x10%) E i
[*} E % 3 | I P AP PN AP AP I I I R
S 0= e & 1815 | <237 (x107) - 1075 55 o) ES 300
F oy e, %, B MO S : - 7 Gy
L 10'E o, te, 3 ATLAS Preliminary p; (GeV)
B -0 -, O 10°F \s=13TeV,6.4pb" 3 3
-\102r -~ -‘-'A'.n. -3 E o P E ,:_—10EH“Hyl...lyu‘Hy|...|uwuy|...yuz
L g8 é-d—_n_ "'-l-..._‘_ - § N —— SHERPA (norm.) ] > E ATLAS Preliminary ]
10:; rooota, e, oy Il < 1.37 & 1.66 < | < 2.37 % - Data 2015 (1s = 13 TeV,det= 6aps)
107 - - 10 3 g i i
1%k " N E E £ ; 5 'l < 2.37 (1.37 < | < 1.52 excluded)
4 F 3 k) = -ts 2 |
107 - Data 2012 "'*__ - [ ] > 10 o *e  E[">15GeV,E® (R=0.4) <4 GeV, AR, > 0.4]
BF . L N 9 C T 7
109_r - r ]
el = B . L= = | 5 - o
10105-\‘S=8TeV, 20.2 1" 1¢ E = ——
10'” r E ] I |
R = | L L I & = —e— il
" 30 40 1 200 300 - 13 TeV l 10 E
? * - 13 TeV ’
1071k : e r —_— :
% 1.4 systematic uncertainty E L e i
1.2F E £ ]
© i _]____‘ —
a 1: i i 1 l' 3 = background not subtracted o
0.8F 3 S A S A S I AP IS I A
0.6F B 0 20 40 60 80 100 120 140 160 180 200
200 300 GeV
El [GeV] : o Miglee]
13/42 David d'Enterria (CERN)



Wealth of precision QCD data: charm, bottom

mVs=7,8, 13 TeV (Central rapidities):

ms=5,7, 8,13 TeV (forward):
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Wealth of precision QCD data: top-pairs
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Wealth of precision QCD data: W, Z bosons

m Vs =7, 8, 13 TeV (central rapidities): —O, ) T
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Wealth of hard QCD data: Higgs boson
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Higher-order & resummations

Soft & collinear e
gluon resummations
w = N
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Total hard cross sections: Data vs. pQCD

m NNLO calculations in excellent agreement with all measured total x-sections:

Status: August 2016
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Total hard cross sections: Data vs. pQCD

m NNLO calculations in excellent agreement with all measured total x-sections:

June 2016 CMS Preliminary
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Higgs x-sections: Data vs. NNLO+NNLL

m Theory calculations include increasing # of real emissions + virtual corrections

+ soft & collinear log resummations (improves p. differential distributions).
m Higgs production is a paradigmatic example:

Higgs o(pp—H) vs N3LO:

Theorie LHC-France, Orsay, Nov'16
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m Decent agreement within still large experimental statistical uncertalntles

21/42

David d'Enterria (CERN)



Higgs x-sections: Data vs. NNLO+NNLL

m Theory calculations include increasing # of real emissions + virtual corrections
+ soft & collinear log resummations (improves p. differential distributions).

m Higgs production is a paradigmatic example:

Higgs o(pp—H) vs N3LO: Higgs do/dp. vs NNLO+NNLL:
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m Decent agreement within still large experimental statistical uncertainties
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Diphoton x-sections: Role of NNLO corrections

m NLO largely underestimates increasingly collinear y's (Ap<2.5):
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Diphoton x-sections: Role of NNLO corrections

m NLO largely underestimates increasingly collinear y's (Ap<2.5):

cms .‘J.;.T 7TeV L=501b I"ﬂ m Cured by latest state-of-the-art
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Z+] boson x-sections: Role of NNLO corrections

m Zyields at high p. are ~10% underestimated by NLO.

m NNLO-data diff.: <5% at high-p; Antenna [Gehrmann-de Ridder et al (2016)]
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1/c do/do*

REesBos / Data

Z boson x-sections: Role of resummations

m Very precise differential measurement (uncert. <1% in ¢x)
. . . .M.
strongly constrains modeling of soft/collinear gluon emission.

m NLO+NNLL resummations are crucial m NLO+parton-showers (effective
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Parton distribution functions

Jet
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Extraction of PDFs via global fits

m Fixed-target & collider DIS (£*,v-p) and p-p data:| Su.. ~ Sparons @PDF e
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Gluon PDF constraints from jets

8 TeV
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Gluon PDF constraints from vy, charm, t-tbar
(LHCh):

m Isolated photon p_ spectra:

@ 1.5 3 1
T 1.4 3 1s=8TeV,202fb
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m Top-pair differential
x-sections (NNLO):
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Gluon PDF constraints from vy, charm, t-tbar

m Isolated photon p_ spectra:

[ LHC 7 TeV isolated+ data | N%'J
1.15 S
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X
m Top-pair differential
x-sections (NNLO):
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Reduced gluon uncertainties at high (x,Q?):
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Quark PDF constraints from W, Z “std. candles”
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Lepton charge asymmetry

m Differential DY+Z x-section in accord with
NNLO over 9 orders-of-magnitude & forward:

L)

m W electron charge asymmetry vs |n|
measured to ~1%. Many uncertainties

cancel in ratio. Constrains u/d PDF ratio
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Quark PDF constraints from W, Z “std. candles”

m Differential DY +Z x-section in accord with - 2(0) T
NNLO over 9 orders-of-magnitude & forward: 7 W)
S CECMS | wrwemmmen m W
2 10
o *[7 _s + -, e
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= 10_11 measured to ~1%. Many uncertainties
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Quark PDF constraints from W, Z “std. candles”

m Differential DY +Z x-section in accord with - 2(0) T
NNLO over 9 orders-of-magnitude & forward: ’
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Updated PDF sets with LHC Run-1 data

m Run-1 data constraints: New generation PDFs (global fit) for Run-2:

NNPDF2.0 - NNPDF3.0 MSTW08 — MMHT14

CT10 - CT14 HERAPDF1.0 - HERAPDF2.0
m Parton-parton luminosities pre-&post-LHC Run-1 (biggest mods. from PDF benchmarking):
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Strong coupling determination

Jet

Fragmentation

Jet

¥-—~Beam remnants

Jet
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Determination of the QCD coupling o,

o, = Single free parameter in QCD
(in the m,— 0 limit).
Determined at a given
reference scale (usually m,).

Decreases as ~1/In(Q?%/A?),
with A~0.2 GeV

0. (Q?)

» Determined through

® Least precisely known of all couplings:
o ~1%(!), Sa. ~3-10°, §G_~5-108, §G~10°
® Impacts all LHC cross-sections.

% Key for precise SM studies. Uncertainties:
+4% o(ggH), £7% H—cc, £4% H-gg

% BSM physics (e.g. new colored sector, GUT).

October 2015

PDG'16

v Tdecays (N3LO)
a DIS jets (NLO)
0 Heavy Quarkonia (NLO)

0.3+ o e'¢ jets & shapes (res. NNLO) 7
Comparison of ® c.w. precision fits (NNLO)
, : v pp—> jets (NLO)
various experimental | Iattice v PP —> {t (NNLO)
(ee, ep, pp) observables 02} -, DIS
to associated pQCD ‘\' £'e” shapes
predictions at (at least) - ttbar (jets)
NNLO accuracy. 0.1} i ""
= QCD 0ox(M,)=0.1181£0.0013  ~======
1 0 100 1600
Q [GeV]
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QCD coupling from t-tbar cross sections

m Total top-antitop cross section (theoretically known at NNLO+NNLL) is
the 1% p-p collider observable to constrain o,_at NNLO accuracy:

Data-theory x-section comparison for e s ey L|= 2310 NINLIOﬁNNLL[fO{Gt;: nj?°'|e s |1 A
, - : O o
Varylng PDF+(X‘S as a funCtIon Of mtop' . Default og(m. ) of respective PDF set == é
15 = 7 TeV; og(my) = 0.1184 i
== EEEEEE ' Gl s : L
a . = cms,L=231b" i ABM11 H B H
CRE " e Top++ 2.0, ABM11 N . =
. 3 | --- Top++2.0,CTH0 ; Sl = . E=
2001 i, | 1| e Top++ 2.0, HERAPDF1.5 | PR E .
R o Top++ 2.0, MSTW2008 - ' = B
‘¢ . |
L S . - :
160}\ B = NNPDF2.3 H y e
i i ," :::::: il ||||||||||||||||||||E|||||||
140 i ' i, e 0108--=0H= 0 2 SONidS S0 1E 08 012 = 0 [22
M S e Qi = OCs(m )
it s e - Precise measurement dominated by
B | | | 1 1 IE 1 | | | 1 | [ 1 ™ | |...l:;’l.' """" = 1 I o
e 0 i T 18 T associated PDF uncertainty (+2.5%)
pole
[CMS, PLB 728 (2014) 496] g (juZ) — U. —0.0027
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QCD coupling from t-tbar cross sections

m Total top-antitop cross section (theoretically known at NNLO+NNLL) is
the 1 p-p collider observable to constrain o, at NNLO accuracy:

[G.Salam et al. arXiv:1512.05194]

Data-theory x-section comparison for

: ; 5':0'16—_ G =173.3 pb Uncert. sources: A8
varying PDF+a,_ as a function of Mg < % =7 P - ]
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[ igiN ~'~'~, Qi 4] 0 [ o b b I '_U
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pole .
m (GeV) Inclusion of full set of t-tbar data
[CMS, PLB 728 (2014) 496] increases the extracted o (m.) value.
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QCD coupling from jet observables (CMS)

m Ratio of 3-jets of 2-jets, 3-jet mass & inclusive jets x-sections constrain
o, (at NLO accuracy only) up to so-far unprobed scales Q ~ 1.4 TeV:

ol " I 1 i T I 1 1 L I 1 1 I 1 1 T ! 1 1 I 1 B CMS [arXiV:1 609-05331]
o’ 02— CMS [EPJC73 (2013) 2p04]7 G 024 —— CMS InclJet, s = 8TeV, a (M) = 0.1164"%%
- Vs=7TeV 1 & - —#— CMS Incl.Jet, s = 8TeV
0.18— anti-k; R =0.7 N 4;3 — 0.22— —=— CMSR,,, 1s=7TeV
- - = - N N —«— CMS Incl.Jet, ys = TTeV
0.16 |— :|> A 02— —x CMSH, f5=T7TeV
’ [ s ] = —+— CMS 3-Jet Mass , {s =7TeV
- e 0.18— —e— DO Incl.Jet
0.14— \_ C DO Angular Correlation
N ) <] 0.16— —+— Hi
012 — i L +— ZEUS
- % - 0.14— - - - World Avg o (M) = 0.1185 + 0.0006
- e 0.12—
0.08 — Data (Int. Lumi. = 5.0 fb™) = =
C .Ig-“ NNPDF2.1 (M} = 0.106 - Min. Value 7] 0.1~
= — NNPDF2.1c(M)=0.119 . C
0.06 :— _[ —— - — NNPDF2.10 (M) = 0.124 - Max. Value _: 0.08 :_
0.04TII.III‘IIIIIIIIIIIIIIIIIIII- :I\II\I | | | ||||\| | | ||||||| 1
200 400 600 800 1000 1200 1400 567810 20 30 40 100 200 300 1000 2000
Py, ) (GeV) Q(GeV)

as(Mz) = 0.1148 + 0.0014 (exp.)
+ 00018 (PDF) + 0.0050 (theory) #s(Mz) = 0.1185 4 0.0019 (exp) 700z (theo)

m Measurements dominated by TH uncertainty: PDF & (asym.) scale uncertainty.
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Theorie

QCD coupling from jet observables (ATLAS)

m Ratio of 3-jets of 2-jets, 3-jet mass & inclusive jets x-sections as well as

angular correlations in multijet events constrain o_(at NLO accuracy):

—&— Experimental Uncertainty

Total Uncertainty
|: PDG Total Uncertainty

ATLAS Energy Energy Correlations
CERN-PH-EP-2015-177

ATLAS N,,
ATLAS-CONF-2013-041 (2013)

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

CMSR,,
Eur. Phys. J. C 73 (2013) 2604

CMS inclusive jet cross section
Eur. Phys. J. C 75 (2015) 288

CMS 3-jet mass
Eur. Phys. J. C 75 (2015) 186

World average 2014
Chin. Phys. G 38 (2014) 090001
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Upcoming jet x-sections NNLO calculations
will provide improved o extractions.
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Summary: Perturbative QCD at the LHC
m Wealth of (differential, central &fwd) data: Jets, (di)y, W,Z, heavy- Q Higgs

TeV
Ll = 8TeV o NNLOJET  pp~Z+20 R
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m Improved (N)NLO PDFs V|ajets y, W+c 7. charm, ttbar:

NNLO, ag = 0.118, Q° = 10* GeV?
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(asymptotic freedom tested up to ~2 TeV)
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m EXP/TH pQCD precision <5% = Cornerstone for any (B)SM signals & bckgds studies.
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Back up slides
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v+jet x-sections: Role of EWK corrections

m At high energies, negative W,Z corrections increasingly reduce by O(10-30%)
the y x-sections. Explanation of the data/theory<1 for m >1.5 TeV?

T ]
B 10 e [arXiv:1512.05910] -
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— WV ——— (T = - - ]
Vg;h N: l Zi St e [ |SHERPA N
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1035_ 4‘,‘ =
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C e .
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Eﬁj Eﬁi i‘ﬁ: ﬂ e
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é é g% 1=—|||||Q
2l & Q S —T— :
[J.H.Kuhn et al., JHEP 0603 (2006) 059] E O;W&%wﬁrﬁ'ﬁf%:* ____ :* g’.?EHTEFﬁHPSX_
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Parton fragmentation functions

Jet

. M &
D § Fragmentation S
e e : Samm=
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Parton --ﬁ-d---
Density 2

..................... e e R e Jet

““Beam remnants

Jet
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High-p_ hadron spectra vs. NLO

m NLO pQCD overpredicts high-p_ hadron cross sections by factor x2:

EEN | m All Fragmentation Functions (FFs) falil.
10 K | < 1.0 4
— 41 . .
e g Disagreement increases from +/s=0.9 to 7 TeV
|
g i m “Old” Kretzer FF shows best agreement:
= 24 T T Lk hed AT E R T R 0 " v |
E 10° V5 =T0TeV scile uncert. | /5 — 9760 GeV
) 20 b B s P ctl0uncert. | - R
T 10 ] i e n v i e Sl
H‘: o 8 - = "ﬂ'ﬂ"‘“—t'nl.—.r;.‘l —-,‘_‘.1“ - :;ﬁ:'.;ﬂd;-:;-___;::‘::&‘":‘:‘==-‘l\‘w.
L ' b © CMS /s =T7000GeV 1§ 16T <l M ] 2 R R
= o CMS /s = 2760 GeV o ~ =
E " E o CMS /5 =900GeV 1 %1-2
. — DSS, p=pr < =
10"3 +——— t — H QOS
16 | .
o l4r 04 F o (CMS |ﬁ| <10 — KRE - DSS T © CM5 |?}| <10
= 12 F ¢ ALICE || < 0.8 -= KKP © ALICE|5 < 0.8
%1_0._.- .................................................................................. 00 L L — — )
=Y B 25 0 0 0 100 W 2 5100 2 0100
06 “mtee, 1 ' et pr [GeVIc] or [GeVIc]
4| e
0.5 1.0 20 50 100 20.0 50.0 100.0 200.0 [Dd E. et al, NPB883 (2014) 615]

pr [GeV/c]
m Same NLO calculations reproduce well high-p_ jet and photon spectra:
Problems in current parton-to-hadron FFs obtained from e*e'=hadrons data.
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Badly-known gluon-to-hadron FFs

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

Very large differences on gluon-to-hadron FFs

AT +h” (2, Q = 20 GeV)
3

g

2D

FF,/Kretzer

S
=]

10§ ' I

¥

w2
I

[DJE. et al, NPB883 (2014) 615]
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Z
m Current NLO gluon FFs are too hard.
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Improved gluon-to-hadrons FFs

m Refitting of recent BaBar/Belle e*e—=hadrons data yields softer gluon FFs
& better agreement W|th hlgh pT LHC hadron spectra:

[DeFlorian et al, PRD91 (2015) 014035]
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0.2 % E with 68 and 90% C.L. bands
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Quantum Chromodynamics

m Quantum Field Theory describing the strong interaction between

guarks & gluons via local gauge symmetry: non-Abelian SU(3) color group

QCD sector in the Standard Model : | - .
L= __F,LLUF(; +Z lbqgf)(?’Dﬂ_ mf)?vbiff)

mass = =2.3 MeVic? ;‘,; =1.275 Gel/c? & - =173.07 GeV/c? =126 GeV/c? 4 f
charge — 213 d | o 4 Gluon dynamics Quark-gluon dyn.+quark mass
spin = 1/2 i 1] b b
. a a a abe C
gl(;%gﬁ F,u,r/ = 8“1411 8,//1“ —-f A,u,Ar/
J— a (23
D, =0, Tiggt.A;, ocoEsuplingesnstant
A, n
t bott hot =
ran m n : —
Sl ot photo Infrared confinement = Hadrons
0.511 MeVie? 105.7 MeVic? 1.777 GeVic? 91.2 GeVic? 24 Deep Inelastic Scattering
oal ocoe ete— A!lllili]i?ﬁtiOll B}l a b
-1 e -1 'll -1 T 0 Z ©  Hadron Collisions —igs téan’.-.u
112 o 112 ,.s" 112 b 4 2 @ ®m Heavy Quarkonia
electron muon tau Z boson O ]
3 s [ Asymptotic freedom’
<22 eVic? <0.17 MeVic? <15.5 MeV/c? 80.4 GeVic? 32
21, ) ) ) - ° = quarks & gluons
] De ]).B' 1)} W @ N g (p — q)rg™
ln__ 12 b 112 112 : 1 4 oz} : - (g — r)rger
electron muon tau b +(r — p)’g
“ " neutrino neutrino neutrino W boson g PSS Do A
o1l Z B
= QCD o MZ)=0.1189 + 0.0010 c o By
1 10 100 —ig2 fRACFXBD | gw gpa
. Q1GeV] . g"7g" +(C.7)
(lattice QCD) (perturbative QCD) ©.)+ (5.« (c.)

Theorie LHC-France, Orsay, Nov'16 49/42 David d'Enterria (CERN)



Quantum Chromodynamics

£ = —1B.B" - %tr(wwwﬂ”)(— %tr(GwG‘“’)

[Gauge interactions: SU (3)]
+ (P, er) 644D, (:i ) + ero?iDeg + ProiD,vr + (h.c.)

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

Yy,

(+(@z,d2) 51D, ( 4" ) +@ro*iDyur + dro*iDudn } (he)  [Quark dynamics]
S avtomse s ()] 2 s s ()

Uy,

+(Dup)D*¢ — mi b — v/ 2 207

J Gauge—fermion dynamics via covariant derivatives:

(2o ] (). (3)- s 20 2wl ] ()

2 i
D,vr =8,vr, Duer=[8,—igrB,ler, Duur= [3#+ 3ng,‘+ng#]uR' D,dgp = [Bp—ﬂaﬂ igG#]dR,

3
D,¢ = [3#+%Bp+%wp] &.
e Gauge-boson field strength tensors:

Bu=0,B,~0,Bu, Wy =8, Wy~ W, +iga (W, W, =W, W, /2, (G, =8,G,—8,G,+i9(G,G,—~G,G,.). )

«Issues»: no CP-violation (axion?), confinement, non-perturbative structure/dynamics,...
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Higgs cross sections: pQCD predictions

m Theory calculations include increasing # of real emissions + virtual corrections
+ soft&collinear log resummations (improves p_ differential distributions).

m Higgs production is paradigmatic example:

Higgs c(gg—H) at N3LO:

Higgs do/dp, at NNLO+NNLL:

50
1 1 | ! /-
s ‘DLODNLODNNLOINNNLO‘ ; ] 6001 T — T
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i g O o Y B Hy=pg=2Q=mg=125 GeV
i} -1 +10° diagrams more 0 N " s
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g | 90090000 5 y Al £ oo ! ' =
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i o “ { - |
il | W S— 18 [
E = o I 1 & --E _-'3_'1.
[ o = T ot | =
afon et 0, = 1947 mb (+0.3%-3.0%) — 1 § | | ;
e . 005 | NNLL+NNLO -
/ : L e NNLO R .
og = i i : i ; i B i .......... HLL"'HLG h..
3 e - -. ARSI NLO
EEE—— S e s B N
00; : : : ? ! I 1 1 I 1 1 11 | I 1 1 | 1 |1 II 1'; :
o1 T E s e ; . \ i E 1 2 5 10 20 50 100
02 e : ..... __. I _. L : = ] P (’Gﬂﬂ
2 4 6 8 10 12 14 . .
JE ey [DeFlorian et al. arXiv:1203.6321]
[Anastasiou et al. arXiv:1503.06056]
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Gluon PDF constraints via LHC vy, charm, t-tbar

m Isolated photon p. spectra:

025

< I Isolated-y production: JETPHOX 1.3
> [ = LHC ppVs=2767TeV NNPDF2.1
~ o = Tevatron: ppNs =196 TeV Heprr = Dl
8 4 m Tevatron ppVs = 1.8 TeV
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- SppS: pp\'s = 546 GeV | ‘ ‘
1.5~ RHIC: ppVs = 200 GeV " n H“ |‘
- ||| o I’
] T Wl |
- ;ISR ,ﬁ :
A 4
05—
- i
; q Al
Chy | . DdE&Rojo, F’ré 60(2012)311
0 1 1 11111 1 1 1 11111 1 1 11111
107 102 10" 1
X
-

m Top-pair total

x-sections (NNLO):

>, st
;%]”fm |
3

g U g 60T i

Reduced gluon uncertainties at different (x,Q?)
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Theory / Data

m Forward D-mesons (LHCDb):

8]

10™ x do/dp, [ub/(GeV/c)]
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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) ~ o In(L/x)"

Y=In1x?!

mesons

A

"l 3 L
\(\Q‘B ’,#

geometric
scaling

[UPDFs, k_ -factorization]

Dilute system
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In A2

Qcp

- Extra radiation in rapidity ?
- Enhanced azimuthal decorrelation ?

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

An ~10
(Atlas,CMS)
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“Beyond DGLAP” in LHC Mueller-Navelet dijets?

B MN dijet azimuthal decorrelations over large Ay:
Absolute Ao distributions & ratio moments vs Ay
" T T pata S
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m Latest NLL+ BFKL also consistent with results... Final word at lower p_ ?
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