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Why to Study QCD?

QCD is everywhere at LHC:
+ Study of soft QCD observables ' Smpitied visualizatiop ofapp collsion simulation:

 Flement of MC event simulation:

parton-shower (PS), hadronization,
underlying event (UE), multi parton
interactions (MP), ...

» Structure of the proton (PDFs)
e Hard QCD interactions
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https://arxiv.org/abs/1411.4085

Why to Study QCD?

LHC now in the era of

precision QCD measurements:

« Control and reduce syst. errors
Improvements BSM searches
Precision EWK physics

Test state-of-the-art predictions

Constraints on fundamental
parameters
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flmpossible to cover everything...

Presenting only a small personal
selection of mainly LHC results
from last two years

(Also note the plenary talks about flavor
and QGP measurements, by
\ Steve Blusk and James Dunlop )  J

QCD at Low & High Energy

Very simplified visualization of a pp collision simulation:
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https://indico.fnal.gov/contributionDisplay.py?contribId=509&confId=11999
https://indico.fnal.gov/contributionDisplay.py?contribId=517&confId=11999
https://arxiv.org/abs/1411.4085

Soft QCD and MC Tuning

hadronization, UE,

\_

Let's start from soft QCD: )
* Non-perturbative effects in hadron collisions:

 Pheno models used in all MC generators — correct “tuning” essential at LHC!
« Possible thanks to a set of recent (and less recent) dedicated measurements

MPI, beam-remnant interactions, long-range color-exchange

J

leading charged particle
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UE measurement in region
“transverse” to hard-event

Recent UE measurements in
“special” hard-processes:

)
« DY events: CMS-PAS-FSQ-16-008
e ttevents: CMS-PAS-TOP-15-017
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MC tuning from UE at different Vs: Charged particle multiplicity in
CMS @7 TeV plus lower Vs @CDF  min-bias down to p;=100 MeV:

TransMIN charged-particle density /s = 7 TeV
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Reasonable agreement but none of the tuned

models describes data perfectly
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http://dx.doi.org/10.1140/epjc/s10052-016-3988-x
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-17/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FSQ-16-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-15-017/index.html

Soft QCD and ngh pT Jets

Soft QCD at the basis of jet sub-structure: . ... =0 [arXiv:1706.01702]

L Proiminary <h<io0sey ERE 5

t 70007 double btg 0.9 :R‘U"_ 1 @ ATLAS + Data ]

— important new tool for BSM searches : o ooTevzoznt W

and SM in boosted environments! i “ G
How to understand this new tool? 2222%
Best way: differential measurement of

sub-structure sensitive observables 13; ++++ ] %’ gor i
‘E‘gﬂ ‘;:T;f 80 10: ‘120+ T::Te:o;w:*;)og -0-024// i Z?% %AZ
New CMS analysis (CMS-PAS-SMP-16-010): " eeiiall = ey,

« Analysis of jet-mass * Groomed jets softdrop mass (insensitive to non-global logs)
CMS Preliminary 230" (13 TeV) CMS Preliminary 23107 (13 TeV)
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« Precision improvement for groomed jets in region 0.1<m/p.<0.3

 These are first steps, but can be used for tuning
QCD at Low & High Energy F. Sforza (Tufts) 5


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-010/index.html
https://arxiv.org/abs/1706.01702
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-010/index.html

Strangeness in Soft QCD
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Current approach to MC simulations plus tuning is powerful, working fine...
— Could new studies re-define the basis of our models?
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QCD at Low & High Energy

» ALICE measurement of N. strange vs N. charged

particles (n*, 7)) production in pp, pPb, PbPb collisions
Strangeness-dependent production-rate increase
Discrepancy with respect to standard PS models

Sign of initial-state correlation (QGP in jets?)

Tested in new dipole-evolution PS models

Nat.Phys. 13(2017)535

ALICE
ol | ®pp,\s=7TeV
| O p-Pb, s, =5.02TeV

10
(dN_/dn)

Inl< 0.5
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NB: milder effect in “standard” cases

Yield ratios
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http://arxiv.org/abs/1706.10194
http://aliceinfo.cern.ch/ArtSubmission/node/2929

Hadron Correlations in Soft QCD

* Shed light on early phases of hadronization — beyond pheno models

* One specific example: excess of nearby same charge hadrons
explained by Bose-Einstein interference, could other models be better?

pr(n=1)
D A  New ALTAS study of ordered hadron chains
M Gezee (08 3 (STDM-2014-08)
: A . .
; M .05 * Test model of quantized fragmentation of 3D
yﬁ color strings
pr(n=1
: - . < § 17=0.001
Daliz plot of _ 0.5 .. e . e 0.5l- .. =
3-hadron chain: — [ ™. 7 il -
: .............. : g : Z
not reproduced by of . S
L : [ - —0.0005
current generators | } ATLAS Preliminary | 2 ATLAS Preliminary
- . E =
-0.5— Data,\ s=7TeV, 190 ub‘f —0 Data,\ s=7 TeV, 190ub
o . : s 0ta9 GV - m,,<0.59 GeV
o R T AT TSR T A i 05 I
2 X

Soft QCD take-home questions: Are current models satisfactory? How can
we understand deep mechanics? Which uncertainties will be reduced?

QCD at Low & High Energy F. Sforza (Tufts)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-08/

Analysis of Hard Collisions at LHC

Next step: accurate study of hard-scattering

» Possible thanks to running of o and factorization theorem:

O(P,P) =Y [ dx, dx,f;(x,, 1) (X, 105)5 5 (Pys P O (1), Q7 , i)
I,J

QCD at Low & High Energy F. Sforza (Tufts) 8



Analysis of Hard Collisions at LHC

Next step: accurate study of hard-scattering

» Possible thanks to running of o and factorization theorem:

O(P,P) =Y [ dx, dx,f;(x,, 1) f;(Xs 105 )5 (D1 P O (1), Q7 , i)
i,j B

6ij represents hard production of:

P P - Example, Higgs production:
* di-jet, multi-jet + jet
d. Jet’ ult Jets, v+ 18 S ] ~70% NLO to LO QCD correction,
* single V (V=W, Z), V+ jets, V+ HF-jets ~30% NNLO, N3LO also available!
* top'quark, H|ggS, etC etC g m m LO m NLO = NNLO m NNNLO

« All rely on perturbative QCD (pQCD) calculatlons
— are they good enough?

» Higher order (HO) corrections can be large for
inclusive or differential (selection dependent)
observables

PRL114,212004(2015)

QCD at Low & High Energy F. Sforza (Tufts) 9


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.212001

Analysis of Hard Collisions at LHC

Next step: accurate study of hard-scattering

» Possible thanks to running of o and factorization theorem:

o(P,P,)

PDFs are the other fundamental ingredient:

» Different processes can probe contribution form all partons
« Test of proton structure, reduction of syst. errors, SM couplings

B ©gg-jets @ qigi — jets ® qifi — jets

- Gae G SR G 220CATLAS Simulation | wdd 5 CuTe NLO+NNLL
1.0 - 2001 o 4 8007* pp > W
kS =y Powheg+Pythia 6, CT10 PDF ~ LJuU = & —V,
2. g 180-7iy 66 <m < 116 GeV et § 0.06" — Vi
=t 160 mbb R ==l
g 1400 E > 0.05] —V;
306 F ] = - — Vs
e 120 = ™ 0.04F —
E 100- 3 i
N o4 80F E 0.03
0.2 60; _i 0.02:—
405 =
205 3 0.01f-
200 300 500 1000 oC i v o o w B s alan o R
PT.avg [GEV] 5°4 32 1012 3 4 5 70 20 30 40 50
di-jet: kKinematic dependent Y(2) d g f Y _ pY [GeV]
fraction of involved partons ependence vs quark tlavor HF-quark couplings vs W-p_

QCD at Low & High Energy F. Sforza (Tufts) 10



Di-jet Cross Section Measurements

| 30.6;”‘ e .
Jets: most abundant process at LHC e L EEEEE g
- Differential measurements probe pQCD atthe 2,| . -.%o.z;
. = 4{4-—4’:#_} 2 T T T
m u ItI-TeV Scale 5 0.0 e e s TR R e 5;§;;};;;%;;;;;;;j
» Analysis of Anti-k; jets with AR= 0.4, 0.6/0.7 1 e e R
e 5-10 % experimental syst. mostly JES & JER =" w0 AR
PT.avg [GeV] 70 102 23107 10;. 2[@«33]
CMS 13 TeV, 1*' paper:  Final experimental precision reached at 8 TeV:
« CMS: EPJC76(2016)451 « CMS 8 TeV measurement * ATLAS 8 TeV:
« And ATLAS preliminary and ratio at 7, and 2.76 [arXiv:1706.03192]
ATLAS-CONF-2015-034 TeV: JHEPO3(2017)156
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>\10 - 15<|y|<2.0 (X10) @ g.1oF b 0 NNPDF3.0 ] E 08E anti-k, R = 0.4
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g’ s o o B e R S T reeors | el H {8 omoer
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https://link.springer.com/article/10.1140/epjc/s10052-016-4286-3
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-034/
https://link.springer.com/article/10.1140/epjc/s10052-016-4286-3
https://link.springer.com/article/10.1140/epjc/s10052-016-4286-3
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-01/

Di-jet Cross Section Measurements

Jets: most abundant process at LHC
« Differential measurements probe pQCD at the

multi-TeV scale

« Analysis of Anti-k, jets with AR= 0.4, 0.6/0.7
 5-10 % experimental syst. mostly JES & JER

CMS 13 TeV, 1 paper:

« CMS: EPJC76(2016)451

« and ATLAS preliminary
ATLAS-CONF-2015-034

<71pb'(13 TeV)

1015
<10
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Final experirmental precision reached at 8 TeV:

« ATLAS 8 TeV:

« CMS 8 TeV measurement
and ratio at 7, and 2.76 [arXiv:1706.03192]
TeV: JHEPO3(2017)156 _ o
L CMs No tension vs NNLO predictions
2 : d | '] ] ] ']
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https://link.springer.com/article/10.1140/epjc/s10052-016-4286-3
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-034/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-01/
https://link.springer.com/article/10.1140/epjc/s10052-016-4286-3
https://link.springer.com/article/10.1140/epjc/s10052-016-4286-3
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-048/

In-depth Analysis of Jet Production

3D differential cross section: Study of jet-jet correlations:
Y 1 N * Energy-energy-correlation in transverse
dpravedy*dy, €L ApTavg Ay* Ay plane (TEEC) and its asymmetry (ATEEC)
= EA EA
=il ; I (S(COQ ¢ — cos ;)
| : L S
S Probe of different T ¢ Z Z Zk ETk)

4. topologies and
% % ~radiation patterns « Jet-angular correlations (up to 3,4 jets
AL A in CMS-PAS-SMP-014)

X @ cioMS: « Sensitive to HO corrections away from

U i : 1arKivi1705.02628] back-to-back topology
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-014/index.html
https://arxiv.org/abs/1705.02628
https://arxiv.org/abs/1707.02562
https://arxiv.org/abs/1707.02562

Constraints on PDFs

\_

« PDFs uncertainties dominate at high p-
Measurements can constrain theory )

« QCD analysis of
jet data with DIS
data (HERA)

 Fit of free
parameters of
PDFs models

e XFITTER routines
[arXiv:1410.4412]
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» Constraints on valence quark PDF
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« Theoretical uncertainties on predictions
are often larger than experimental ones

Rel. uncert.

E.g. data/theory discrepancy
at high-pT and high boost:
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19.7fb-1 (8 TeV)

=
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CMS
L e ~
2=yp<3  [arXiv:1705.02628]
0=sy*<l1 #,—,—,7
SRS 5 e i st i
ik 77 =
A o e 2
4 Data
Experimental uncertainty
|1 Theoretical ertainty
= CT14 — NLO®EW®NP
===- MMHT 2014 — NLO®EW®NP
ABM11 — NLO®EW®NP
200 300

PT,avg [GeV]
HERAPDF method (Hessian)

[arXiv:1705.02628]

222 HERA 1+11 DIS |
' HERA 1+11 DIS + CMS dijets
02=1.9GeV? .

3D di-jet:

« Significant impact on gluon PDF
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https://arxiv.org/abs/1705.02628
https://arxiv.org/abs/1410.4412
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-01/
https://arxiv.org/abs/1705.02628

Extraction of a Fundamental Constant: Ol

» Jet cross section measurements are probing the fundamental nature of pQCD

Direct measurement of o

cMmSs
g % = CMS Incl.Jet, Vs =8TeV, ay(M) =0.1164"2%> |
s C —e— CMS Incl.Jet, Vs =8TeV : .
0.22— —=— CMSR,,, s=7TeV 3
E CMS Incl.Jet, Vs =7TeV
02— —>— CMStt, Vs=7TeV
B CMS 3-Jet Mass , Vs = 7TeV
0.18— —e— DO Incl.Jet
— D0 Angular Correlation
0.16— H1
_ —a— ZEUS
0.14 :_ - - - World Avg ag(M,) =0.1181 = 0.0011
0.12— 1
01 JHEP03(2017)156
0.08—
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V plus Jet Associate Production

/"« LHC hadronic initial states means that jets are always produced, also together I
with other particles undergoing investigation

« Associate production of W, Z bosons and hard-jets is often the main background
for BSM and Higgs physics — need of reliable simulation

\.* Comparison of unfolded distributions sensitive to MC modeling & pQCD W

First analysis of Z+jets 13 TeV on early 3 fb-1data (ATLAS EPJC77(2017)361 )
. and full-glory analysis of Z+jet 8 TeV 20 fb-1 data (CMS JHEPO04(2017)022 )

W Data

: i 19.6 fo' (8 TeV) —@&— MG5 + PY6 (< 4] LO + PS)
s 0.5 T T T T T T4 = 10 e e e e S %_, F cms S SHERPA 2 (<2]NLO 3,4jLO + PS)
Zﬂ F ATLAS ZIy*(— I'T) + jets B 8 ATLAS ZIy*(— IT) + =1 jet %) —4— MG5_aMC + PY8 (< 2NLO + PS)
*+ 0.45:— 13 TeV, 3.16 fb~' /& Data —: S 10? 13 TeV, 3.16 ! /®, Data 2 107" = Q'Q'-g-*
I%' g 4: anti-k, jets, R = 0.4 B BLACKHAT+SHERPA &._ antik,jets, R = 0.4 m Z+>1jetN_ NNLO - Fa -
. . N 5 1 M SHERPA 2.2 o 10F ot ® BLACKHAT + SHERPA £ .
re IC Ion o E P >30GeV,ly [<25 e 5 PF>30GeV,ly |<25 4 SHEmrPa2.2 T qg2l .
— 0.35 © a ALPGEN + PY6 L E gt
. + = v MG5_aMC+PY8 CKKWL © 1 - v MG5 aMC +PY8 CKKWL F -i—*
i E ] i B
COl”parISOI') 2 03 MG aMC EYShxbx : . ® MG5_aMC+Py8 FxFx 10'3% -
= 10 ] > -
+ C a ]
LO+PS i, e, e
o N Wl /.‘.‘/ % / 102 oy " - el B> 30GeY, " <24
® o2 Z - E_, = Tk ol ek AT RSP oo Fok
+ NLO+PS wiwz 3 °F e
+ 0158 =_L &=
[=aiEl | | | | | ] ot i : y | ‘ i == Q 1*( 2 P PV
© £ T T ! T T l: - —+ —+—+ —+—t ——t ——+ +—+—+ +——5 8 B B R I N
s 1.2 & b= = =
« NNLO ¢ i WA 8 = 055 s
3 oo E W A g e 2 E
|~ q 2 08 "Em g ouw — s =
© E— I ’ I I Eem O N e — L
= = = © = =] =
8 12E ) g - s g 12F TR R (et A o
3 . W S 1 Besciceaonn I ] 5 B
g 0.8 E | ! : = g 0.8 %—/‘/ - Zz — b 05 Stat. unc.
© Erel L S P A ST RO ST i E
® 12 4 = - | S 15
=} S 5 S 12w \ N/ Lo =] E
el " =  § v 4 ¥ /{/ Q Bveossuy s 3. % o . o & 74 Q B
® 08E e S E  F e 2% E
@ Ea] I L I | I L4 £ 08¢ = w0 B
>1/>0 >2/>1 >3/>2 >4/>3 >5/>4 >6/>5 >7/>6 o S S S ST O S MR S 05
a0 s s oo iaos a0 S OPF Se Mewes CopdFewuwe
(N_t+1)/N‘t 0 100 200 300 400 500 600 700 800 900 1000
jets jets

HT [GeV] m“z [GeV]

QCD at Low & High Energy F. Sforza (Tufts) 16


https://link.springer.com/article/10.1140/epjc/s10052-017-4900-z
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-013/index.html
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[ « Data 500 GeV < Leading Jet p, < 600 Ge

W plus Jets Production

W(—lv) + jets analyses : : .

Y .escapes direct detection, signaled by E-; |mbalancte. 1§Z}PLB765(201@)
« Slightly larger syst. & larger backgrounds (top, multi-jet)
« But: complementary Z+jets & larger stat. — investigation of phase “ - ANy -

space corners e.g. collinear emission, jet-jet correlations, etc. e e
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-023/index.html

W plus Heavy-Flavor Jets

 V+HF jets smaller cross section means larger relative background contributions

« HF jets identified using secondary vertexing, track Ogjj_ + gt £ B
impact-parameter, etc. Often combined using MVA :fm- e g;g;g-ﬂevj(
l\ 2 15k H
" [ 10
Experimentally challenging! 8 i
N 0
— N
« W+bb@8 TeV CMS results: EPJC77(2017)92 © o .
. . - .. S 20E LHCh S ek LHCb
« LHCDb outstanding vertexing capability but limited ﬂ\ f=8Tev H \8 =gy J{
. . . . S 14F 5 1
jet reconstruction — succeeded in simultaneous gm;g- _\_ fuap *
extraction of W+bb, W+cc, tt using a 4D fit @8TeV! & i -‘- +
ows 198078 Tev) o 3 I |h
e i e .
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Z plus Heavy-Flavor Jets

« Multi-differential Z+HF measurement @8 TeV, CMS [arXiv:1611.06507]
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« Smaller background for Z+HF jets than W+HF
« Use of ratio w.r.t. to light jets to cancel experimental syst.

* Test of 5FS vs 4FS ME calculations: b-quark from PDFs
evolution or only from gluon splitting (mass-effects)

* Predictions differ but none describe data perfectly

Analysis of Z+c¢ production: CMS-PAS-SMP-15-009
* C-jet extraction using semileptonic and D-meson decays
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« Some tension at low p; — but still large exp. uncertainties
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https://arxiv.org/abs/1611.06507
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-15-009/index.html

Analysis of Single W, Z/y* Production

Ultimate experimental precision in QCD measurements from single boson

identification in leptonic final states — clean & high stat. samples

Also partially covered in

ATLAS W, Z 13 TeV: PLB759(2016)601

Andreas Jung's plenary talk & £ Lo i nlgusiome gl e
o i Eb = ’ e MMHT14nnlo68CL
* % level accuracy already in g~ "t %% ﬁ] M:z#r:.’,f?.:
early 13 TeV analyses % 11—{‘@—;?{4 ?Hi R A ATlasspuzrzmio
« Dominant uncertainty from 0'95§_§ H R
lumi. determination (~2%) “Eow W* W ~
A =
e - Reduced impact of syst. LHCb Z 13 TeV:
S | uncertainties using ratios JHEP09(2016)136
Al cfltsal\;ztat e R or ConSIderlng differential © % . 095_ LHCh, Mm vsmmmlummmy I :i:i:;wﬁ:%_
S g~ | observables T e e I e
® MMHT14nnlo68CL —A E x x =
N n .| = Also LHCb contributing to ‘;f)ﬁ;j =3, ;
1222 T T im 1a ise 1as precision W, Z physics! oot
T g e
0.01E gt =
« Constraints on proton PDFs (valence and sea quarks) e PV BT

« V-p_high sensitivity to fixed-order, ME+PS, or resummed predictions differences
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Drell-Yan Precision Analysis

Unfortunately reaching the final precision takes time... Run | still fundamental!
« Differential analysis of DY events at 7 and 8 TeV from ATLAS and CMS
Multi-differential high-precision measurements:
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 New ATLAS at 8 TeV Z3D: dmy;dy,ed cos 0F
« 20 fb-1also allows fine binning

« Sensitivity to AFB: . _ o (cos6” > 0) - d*o(cos 6* < 0)
FB = dng(CDS H* } {]) + dgﬂ'(CDS 9* {: {-}) 0 02 04 06 08 1 12 14 18 18 2 22 |y2|4
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More Information Using 7,8,13 TeV

dxg/xg

How to achieve an even better precision? g o po2 ATLAS T o o

_ _ , - o)l e AL gy .

» Ratio & double ratios at different Vs i Ry L
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LHCb W, Z Precision Measurements

e 7,8 TeV W, Zfiducial and differential cross section
measurements in phase space complementary to

ATLAS/CMS: 2.0<n,,<4.5 JHEP01(2016)155

« Use of W, Z ratio and double ratio at different Vs to cancel
experimental uncertainties (<1% precision)
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LHC 13 TeV Kinematics
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2015-049.html
https://arxiv.org/abs/1705.04468

Strangeness Content of the Proton

What else can we learn given the amount of mformatlon we have?

Early (2010) Run I W, Z ATLAS results pointed to
possible enhancement of strangeness in PDFs

Strangeness fraction (r,) now measured in W, Z
/TeV EPJC77(2017)367:

C

S+ 5

0.02
=1.19 + 0.07 (exp) = 0.02 (mod) -5

o)

Q2—1 9Gev2 X= 0023
A ABM12

= NNPDF3.0 —=—
o MMHT14 —
v CT14 ¥
o ATLAS-epWZ12

—h—

A TLAS

ATLAS-epWZ16
exp uncertainty

I exp+mod+par uncertainty
exp+mod+par+thy uncertalnty

L1 | B
02 04 06 08 1

0
S 1.6L ATLAS Q% =1.9 GeV?
X F ATLAS-epWZ16 2 2
Proton strangeness: e 1.5 = pcspsed e W=19 GeV',ng=3
. . Bl i o e
* Tension confirmed when @ 14 9 o ATLAS 2010
: C ¥ o14f
comparing latest ATLAS =, 4 & EPJC76(2016)471
data vs results to v-DIS

experiments

No strong constrains
from CMS

oot EPJCT77(2017)367

102

10

r

.

« Previously accepted r, value was about ~0.5 A

 LHC now points to r.~1 and changing our
view of the proton!

J

QCD at Low & High Energy
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NuTeV/CCFR + NOMAD + CHORUS
CHORUS + CMS + ATLAS
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1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-20/
https://link.springer.com/article/10.1140/epjc/s10052-016-4285-4
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-20/

More About Extraction of Fundamental SM Parameters

(Indirect: D)

» Precise QCD measurements indirectly help any kind of measurement of
fundamental parameters (or BSM search) at the LHC and beyond

* ATLAS W-mass is a recent example [arXiv:1701.07240]: several measurements
(Vp,, PDFs, etc.) allowed to pin down systematic uncertainties to the current

level of precision (still QCD related systematics are dominant)

Combined Value | Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total | x?/dof
categories [MeV] | Unc.  Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unec. | of Comb.

\mT-fpﬁr, W=, e-1n [(80369.5 6.8 6.6 6.4 2.9 4.5 83 55 0.2 185])| 29/27

/Direct: A
. |V_| element of CKM matrix related to strange ATLAS el
density because of cs—W 5D oKy *
o ~25% of W cross section at 7 TeV due to it = D, >lv R
« CKM elements can be extracted from QCD " NNEDELS
analysis of precision W, Z measurement! . ﬂgfﬁﬁcgga\{xtzggxpomy S B
ﬁ/“| = 0.969 + 0.013 (exp) o005 (mod) *9:0%3 (par) 001! (thy)] iy i i L i

~0.005 08 0185 09 109 1 105

S Measurement competitive with D-meson decays |V
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-18/

Conclusions

/~ QCD, at the basis of every interaction at the LHC, is a
pervasive element of modern particle physics:

only a small sub set shown

 Each measurement usually delivers an important message to the
experimental and theoretical communities

« Comparison against state-of-the-art theory predictions
« Understanding of hadron properties and proton structure
» Reduction of uncertainties needed for “not easy” BSM searches
 Fundamental part of any SM precision measurements
\ Probe of fundamental constants of Nature

» Subject of a variety of challenging experimental measurements...

~

J

Mastering QCD is both essential for the future of the LHC
program and for the advancement of our knowledge

|

QCD at Low & High Energy F. Sforza (Tufts)
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Detectors

End Cap Toroid
Forward Calorimeters

[ MUGN CHANBERS | | INNER TRACKER [ crvsTaL EcaL

<l

Muon Chambers Electromagnetic Calorimeters
Solenoid

(AL ]

“VERY FORWARD |
CALOAIMETER

SUPERCONDUCTING COIL
Total Weight : 14,500t
Overall diameter : 14.60 m
‘Overall length : 2160 m
Magnetic field : 4 Tesla

Barrel Toroid Inner Detector Hadronic Calorimeters

Calorimeters

Shielding Yoke Tr_acker 1
plate Coil

RICH-

10 ACORDE
11 ABSORBER
12 TRACKING CHAMBER
13 MUON FILTER

14 TRIGGER CHAMBERS

15 DIPOLE MAGMET
RICH-ZE Muon

17 COMPEMSATOR MAGNET
Vertex 1 L mepe Ares 20 ssnusey 2000

18ZDC
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The QCD Domain at LHC

Standard Model Production Cross Section Measurements Status: August 2016
—
_Q » A-Ototal (x2) i
o 10 O-ATO' inelastic ATLAS Pre“mmary Theory
R
b nj21 Run 1 ,2 \/_ = 7, 8, 13 TeV LHC pp v_=7-|-ev
10 o01<pr<2Tev )
: '°'2 BEl Data 454910 3
. nj= .
5 0.3< mjj <5 TeV
10 E A LHC pp V5 =8 TeV 3
- pt>25 GeV ]
i A Data 20.3fb™* 1
il(§ges T, 20 E
- LHC pp Vs =13 TeV ]
3 nj=> 0
. EE O n=é1 = ni-g_o - total _ Data 0.08 — 14.8fb'€
B , : AN 'm | ww a
pr>100GeV n;>2n;>1 -O- %:chan Cn
16: i g o O n o WW| | ol 5
= nj> 3n:-l:zhz ) We v\/:E O o = 3
C on n; = «On i
10 E e oo vz uy 9gF
E N24 g o4 e 2 —sOs H>Ww i 3
E n J‘—’ Jb A 7T Z7 A Ve E
- nj24 nf%? s-chan N Zy i A
I nﬁsn“124 n;>6 il i g
EE ey o o A 7 o EE
C y n>5 nj=7 VBF N ]
10-1 n>6 i o] H—WW
E |
E =] i n,2n8 " L BEPN 3
E n;>7 1o ﬂ =
10_2 E = n;>7 ’ H;sz;g . 1
3 n; = ¥( =2 = A =
E (] ZA 3
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-3
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Proton-proton Cross Section

G [mb]

Total pp cross-section:
ATLAS: [arXiv:1607.06605]

TOTEM: [arXiv:1610.00603]

Inelastic pp cross-section:
ATLAS, [arXiv:1606.02625]
CMS-PAS-FSQ-15-005

250 | 104 :_ T : T T T TTTT ‘ T T T TTTT | . T T T I TTTT T T T |:

- e ATLAS 102 | - e ATLAS (MBTS) — Pythia8
B TOTEM 100 £y - m ATLAS (ALFA) - -- EPOS LHC /Z;
200~ a Lowerenergy pp % - -y TOTEM - - QGSJET-Il 5 -
~ a Lowerenergy pp 22 ] - A ALICE -
| o Cosmic rays g -0 LHCb =
- —— COMPETE HPR1R2 - 0 Auger -
150 .- 12.7 - 1.75 In(s) + 0.14 In(s) " e« pp(non-LHC) E
70 = =
- -~ o PP -
100F- 601 -
i 50 ;_ L LHC relgion | _;
507 s e M e T E
- Oy — gorereere ST 305" ATLAS i I R o=
0 7%‘%_|‘ A“I*I-I-I" """"""" ‘ II I N | | L = . ‘ ¥ | 7000 8000 QDIU? |1|OOOD 11000 12000 13000 I:

10 10° 10° 10° 10° 10° 10*
Vs [GeV]
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https://arxiv.org/abs/1607.06605
https://arxiv.org/abs/1610.00603
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FSQ-15-005/index.html

UE In Z+jets and ttbar Events

CMS-PAS-FSQ-16-008
PP(p) 22+ X oK' X CMS-PAS-TOP-15-017
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FSQ-16-008/index.html

Jet Grooming & Softdrop Mass

« Softdrop is a jet grooming procedure to remove
soft and wide angle radiation from a jet

 Formally insensitive to non-global logarithms

Soft-drop condition:

min |pri, pry] Rij
> Zcut
pPri + PTj

Observable: groomed jet mass over p_: ) m,
€. —
.

E.Q‘
04y 1 035,
Soft Drop Groomed Mass [arXiv:1603.09338] [ Soft Drop Groomed Mass
- Soft Drop, ze, = 0.1, =0 : 030t Soft Drop, zew = 0.1, 8 = 1
= 0.3F :1-3 T-?.V’ pp = Z+j, pry > 500 GeV,R = 0.8 1 o o2sh 13TeV.pp - Z+j,p>500GeV,R =038
E [ :: ‘.‘. E c: ..’ ~--q.
g [ % %‘ 0.20 Z5
é:: 0 2 - “s‘ 7] Qs-_: |
v A L VRS D © 0.15
5 f ke
5 ) ;
2 & 0.10
. -=== Pythia8 (no had+ue) | [ ==== Pythia8 (no had+ue)
------ Pythia8 (had+ue) 005k -===== Pythia8 (had+ue)
_ ——— NNLL matched —— NNLL matched
0.0 0.00L
107 1074 0.001 0.010 0.100 | 10 0.001 0.010 0.100
(352) 8(22)

QCD at Low & High Energy F. Sforza (Tufts)


https://arxiv.org/abs/1603.09338

V+jets: Unfolding & Prediction Comparison

* Define fiducial volume of the measurement in phase space
similar to experimental acceptance

» Use signal MC to remove detector effects (efficiencies,
resolution, scales) on background subtracted data

« Compare unfolded data to available MC simulations or to

fixed-order calculations (after correction for non-perturbative

effects as fragmentation, underling event, etc.)

Type of Prediction MCs & Calculations “label”

multi-partons (Np) LO ME+PS Sherpa 1.X (up to Np = 4)
Madgraph5 (up to Np = 4)
ALPGEN (up to Np = 5)
multi-parton (Np) NLO and LO ME+PS Madgraph5 aMC@NLO (NLO up to Np = 2)
Sherpa 2.X (NLO up to Np = 2)

Powheg (NLO Np = 1)

Fixed order NLO calculation BlackHat + Sherpa (NLO up to Np = 5)

Approximate NNLO LoopSim (approx. NNLO for W+>=1jets)

HEJ (approx. to all orders for W+>=2 jets)

Fixed order NNLO calculation N-Jettiness (full NNLO QCD)

QCD at Low & High Energy F. Sforza (Tufts)

E.qg. n-jets reco-vs-particle jets:
_;IATLAIS Sirr‘lulatio‘n Pre‘limina‘ry |

|- Migration matrix
ALPGEN + PY6
| ZiyH(> e'e) +jets

8
7
6
5 1s=13TeV
4
3
2
1

Particle level NJ.ets

=

Detector level N.

jets

Usage & Notes

Wide usage in ATLAS Run | analyses
Wide usage in CMS Run | analyses

Run | (and Run Il) “workhorse”

“Standard” in many Run Il CMS analyses
“Standard” in many Run Il ATLAS analyses

Tested in Run | by CMS
Tested in Run |, Il (both ATLAS and CMS)

Tested in Run | by ATLAS

I NEW !! Tested for fist time in Run Il
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Drell-Yan Precision Analysis

1 do
/
(6;]

1 do
Op

« ATLAS: EPJC76(5)1(2016) CMS: JHEP02(2016)096

« Sub-percent precision on differential shape, analysis of
Z-peak and off-peak regions

e pr << M, — soft-resummation, non-perturbative regime

« pr~ M; — fixed order calculations

. ?MS

18.4 pb™ (8 TeV)
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1 10
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QCD at Low & High Energy

e Full boson p; spectrum hard to
model with a single prediction

« Ratio of Zto W p; is important for

W-mass measurement at LHC:
— Needed to transfer calibrations
from Z to W with MeV accuracy

F. Sforza (Tufts)

‘ Unfortunately reaching the final precision takes time...

] B
< 0.8f
0.6 46 GeV <m; <66 GeV, ly|<24

1/c do/d¢* Monte Carlo / Dat

Run | still fundamental!
« Differential analysis of DY events at 7 and 8 TeV from ATLAS and CMS

A notable example: boson p-
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-12/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-012/index.html

Collins-Soper frame

* Decay angle measured from an axis symmetric with respect to the two
Incoming partons

« Decay angle uniquely defined

 avoids potential ambiguity in the case that one or both partons have
non-zero transverse momentum in the lab frame.

=

Hadron plane / : o

;/ g f.f q P El} q
f

f ’,“ i
rf' '\\
E-
Lepton plane ﬁ.

QCD at Low & High Energy F. Sforza (Tufts)

36



High-Mass Drell-Yan Analysis

_ATLAS: JHEP08(2016)009

CMS-PAS_-SMP-18-00Q9 28" (13 TeV)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-06/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-009/index.html

Differential Measurement and PDFs

Differential cross-sections (e.q. vs rapidity) can disentangle
contributicz)n form different qcéa(k flavors in proton-proton collisions:

1.8 w’ 1.8 : i - uuZ dd
16 | — ud cs 18 f — do — e -
14~—us — ¢d D — su — dc 1 o o
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y y
A practical example of shape sensitivity to peculiar effects:

Believed (i.e. in all PDFs) that . o

strange-sea suppressed w.r.t. <=

e 1.02

down-sea, what if not true? <

« Shape of Z rapidity affected
(~4% difference)

alk

. W distributions not (may o=

give absolute normalization)
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PDFs Measurement Using W, Z

The most precise W analyses:

« CMS at 8 TeV EPJC76(2016)469

« W*, W- production difference encoded in W-asymmetry: oz2-

dow. /dIne — dow_/d|n;| (5

<

0.26—
0.24

0.2

4

e Dedicated QCD analysis allows extraction of

- dow, /dIne| + dow_/d|n,l 0.14

PDFs for valence and sea quarks

CMS NNLO HERAPDF method
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-20/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-022/index.html

W plus c-jets

CMS JHEP02(201 4)013
CM ' L 50fb al\S 7TeV
Total uncertainty [:)Jet > 25 GeV, *| < 2.5
Statistical uncertainty p > 25 GeV, | < 2.1
Predictions: s 204

NLO MCFM + NNLO PDF

107.7 £ 3.3 (stat.)+ 6.9 (syst.) pb

s, d
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CMS favours the CT10

level of strangeness suppression

rs ~0.7 rather than either rs ~0.5 or equal rs =1.0
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-12-002/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-14/

Photon and Photon plus Jets

Theory/Data
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Inclusive photons:
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Photon+jets:
ATLAS CONF 2017 059
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* Inclusive photon cross section well reproduced by Pythia8
and Sherpa2 LO except for very high ET (>500 GeV)

 NNLO prediction available!
» Sherpa 2 with NLO has good description of photon kinematic
* But too hard Jet pT in gamma+jets events

QCD at Low & High Energy

F. Sforza (Tufts)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-15/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-059/
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