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Fundamental

Aspects in QCD




The Lagrangian
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Free Parameters
Quark Masses (by Higgs Yukawa Coupling)
Coupling Constant g, known as strong coupling constant Qs
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Running of as and perturbative QCD

QCD (as all other QFT) predicts a

o« 05 RS T T g
. e} E —— Running a4(Q) E
I’Uﬂﬂlﬂg Of Qs ‘gn 0-455 :gautérll.gp:]tizn Decay E
Confinement 2ok L op Qe s Soton
Asymptotic Freedom e E
Energy Dependence of as known to 0.25- 3
high precision 02 E
0.15F =
. 0.1= =
Nearly all QCD predictions are 0.055 E
. . C | 1 | I
based on perturbative calculations 10 10? old
Strong coupling constant must be - Q1GeVl
small that the perturbative series e  CMSPreliminary _
converges St T
Only valid at high energies g0, . ]
. . ©10% - SRR o E
Predictions for several processes @ HilK ; Wl ]
available at next-to-next-to-next-to ARTARRR A ARRNRAR PR il
leading order Sl 1 [ e ]
Amazing agreement between Bioe; F oL Tl ulli
i B N1 s
theory and data 0! k i th
107 i E

E 5 te >
Al results at: http://cern.ch/go/pNj7 Fiducial W and Z as with W-siv, Z-il and kinematic selection
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Non-Perturbative QCD

Nearly all physic studies at
ATLAS and CMS aim at high
energies
However, small energy scales are
always there in addition
We have nearly no predictions
based from first principles
Non-Perturbative QCD is
therefore always based on
phenomenological models

Essentially all Heavy lon Physics
is Non-Perturbative QCD
While QGP should be described

by the dynamics of QCD, we have
no way to derive that

Arn’t there any examples, where

we have (reliable) predictions at
low energies?
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The Strong

Coupling Constant



Why is the strong Coupling
Constant important?

The strong coupling constant
Is present in all perturbative
predictions at the LHC

lts measurement at different
scales might be sensitive to
physics beyond the SM

Testing the unification of forces

And my own motivation:
Measure fundamental
constants of nature better than
anybody else
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How to measure the strong

Coupling Constant

Most straight forward approach:

Look at 3-jet over 2-jet ratios
Disadvantage: Final states interact

Z
& q with each other and induce large
theory uncertainties on the
p observable
q
M— Many other approaches: Tau-
o YR eseima seem s R En R E Lepton Decay, Parton Density
o —~ Function Fits, Event shapes ...
T e | -
% b L Most Precise Determination
i 8 = Use Lattice QCD predictions of
G = hadron mass spectra, leave o free
ke and fit to observed data
Cef & 2o v " 0 L e
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The Drell-Yan Process

Drell Yan Process describes the creation of lepton pairs in proton-proton
collisions via the Z boson exchange

p remnants s [ Detector
— Lepton
----- Hadrons
p 0 remnants
T — T

We except transverse momentum of Z boson only at higher orders

! {
q m,q " q 1t q I
| \
| _ o
| z I z 1T
V4 [ [ Z
! \
q - 7 q L q I
/ | g qa q g \ q Yy g g
Leading Order Process Next-to-Leading Order Process Parton Shower
T — R —
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Relation between P1(Z) and ds

Tt O [T L BN NS B
£ [alervmz Beotons ] S [ iesTeupzax  Epew(ons
g 3 ag=0016 > . ~~ OnlyNLO :
S :_ —og= 0.020 _: g joni-pzy. penurba:%’}/};gime ]
B F ] 5 E Z 77 E
< 3 < I .

2 4 6 8 10 12 14 16 18 20 5 10 15 20 25 30 3 40
p.(2) [GeV] p.(2) [GeV]
The Sudakov Region shows a Non-Perturbative Regime
high dependence on the strong Sudakov Region
coupling constant Perturbative Regime
... and can be precisely
predicted
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The Prediction of P1(Z)

DYTurbo

Sudakov region can be described § ] o v ern
by resummation approaches I
emission of soft-gluons in the initial e
state can be formally correct - T
descr]bed in powers of the strong £ /// o
coupling constant as - e e
DYRes: Resummed Calculation s 2
with pub“c code https://arxiv.org/abs/ :x’/ B L 1 L
1507.06937 ° ° " Number of threads
T — —
DY Turbo: Reimplement g et
Integrations of DYRES using the 5. -~ PP 2,13 TeV
Cuba library and in the Cubature g F — NLLNLO
@ 2BF - T —— NNLL+NNLO
paC kagehttps://arxiv.org/pdf/1 910.07049.pdf § ook t_
Speed-Up by a factor of 10-20 150~ T
This allows for many different " \
predictions for various model 5=
SLEnaros I T R TS R
qT[GeV]
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How to measure of P1(Z)

£ :_IHII”llllllltlllllll”illl,llilllllllllIll_f
Some terIal thlngs to do :C) %— Io=8 TV pp= 22X !E:te(:::)lr Level (Electrons)—é
Correct for detector effects g ~ Detector Lovel (Muons)
Experimental precision at per-mille = E
level E
Extrapolate to full-phase space E
Problem
i [ 10 12 14 16 18 20
Extrapolation induces theory o.(2) [BeV
uncertainties (similar size than o —
experimental precision) L ——
c § Vs=8 TeV, pp— Z+X B Inclusive ]
. :; = — Fiducial (i|<2.5)
SOlUtIOﬂ s £ -~ Fiducial (m}<1.0) ]
Make use of Decomposition of g E
Drell-Yan process in angular 1 E
coefficients : ]
Perform multi-dimensional template g E
fit to data .
2 4 6 8 10 12 14 16 18 20
p,(2) [GeV]
T — —
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Determination of as(mz) from p1(2):

CDF at 1.96 ZeV, ATLAS at 8 TeV

ATLAS Preliminary

04<lyl<0.8

— E‘
E psfPP 7 \s=1.96TeV;L=2.11fb" : o
- - ) _31 8TeV,20.2fb"
o) L —e- Data
2 20 e Postit
Q.l_ E . ] . [ PDF unc.
% 15 - 08<lyl<12 ] 12<i<16 _E_IZ?(:S I'Ifj';(',yz”“‘
ko) C
10
5k
0 :_ . : 20<lyl<24
- —e— CDF Data NLO+N°LL
5F ¢ d uncorrelated 444 Post-fit

o d total NN\ Pre-fit

C 1 " " N " 1 N N " " | . L L L 1
& E ; 1
..g 14:_ \l“ 28<lyl<3.6 ;

» LY
a 1.2 N }
S ravepmtmintteattngtntthidd et -
o E . . \ .
g 0 10 20 - 3\9

pT [ e ] ! 10 p, [GeV] ! " p; [GeV]
| — —— T — ——

as(mz) fit to the double-differential pr-yz cross section measured in full-lepton phase
space

Postfit x2/dof and CDF (41/53) and ATLAS (82/72)
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Results and Uncertainties

Experimental Uncertainties can be further

reduced

PDF Uncertainties will be reduced by
combined fits at different center of mass

energies

Non-Perturbative Effects seems to be small ...

Experimental uncertainty +0.00044 -0.00044
PDF uncertainty +0.00051 -0.00051

Scale variations uncertainties +0.00042 -0.00042
Matching to fixed order 0 -0.00008
Non-perturbative model +0.00012  -0.00020
Flavour model +0.00021 -0.00029

QED ISR +0.00014 -0.00014

N4LL approximation +0.00004 -0.00004
Total +0.00084 -0.00088
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Experimental Uncertainty 0.0007

PDF Uncertainty 0.0008
Scale Variations 0.0008
Non Perturbative Model 0.0002
Flavour Model 0.0005
Total 0.0013
EN 0.122ATLAS Prelilminary l pp — z -
o C 8 TeV, 20.2 fb™ ]
0.120 -
0.118] + +—
0.116 o E
P —— 1
0.114F N
0.112 MSHT20 PDF _;
0.11 0;— Rl gcpaﬁe variations —;
0.108" - — .
NLL NNLL NeLL N‘LLa
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The Final Result

Determination at N3LO+N4LL

Overview of o4 (M) Measurements

Clean experimental signature i

TS 2 ATLAS ATEEC ——
(leptons) with highest exp S CMSJ‘t )
SenSitiVity %JHEPozgogmw _.__ :
§ Wz Prodaten BN =
Determination focusing on the | ordesysandiowa® | N se——_
Sudakov region (usually PDF Fits -

PTEP 2022 (2022) 083C01

avoided to determine as) oo ot ancl shaod
PTEP 2022 (2022) 083C01

»
®

Electroweak Fit

Observable not suitable for ‘i Electroweak Fit .
§

Lattice : ® :
Eur. Phys. J. C 82 (2022) 869 : . :

inclusion in PDF fits

. . . : |
— no correlation with as(mz) §cor L. @ veasuremen
determinations from PDF fits B rLas . W

i : EC binati E-"EWorId Average
For 60th Birthday of Bormio: N mawn i fo i |
0.115 0.12 0.125 1 2 c

Preliminary Combination of y .
CDF and ATLAS — (M) Pl Une. 1)
Most precise determination of
as(mz)=0.1185+0.0008
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Early Universe

Sakharov conditions:
Baryogenesis

Baryon number B
violation. X v (p) ~0

C-symmetry and CP-
symmetry violation.
Interactions out of

L @®
L 20 0”
thermal equilibrium, .C. N
®e
(¢> # 0 .. Segregation of particles
No sphaleron Sphaleron
Sphaleron Processes 5
Nucleated bubble A .
lead to a Baryon Number & R
Violation o
Eventually saved into
the moving bubble
Conserve the difference — —

between Baryon number
and Lepton number
Violate the sum of the
Baryon number and
Lepton number
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What are Sphalerons

and Instantons ?

What do you do in typical Quantum
. . Ay
(field) theories?
Look for a minimum & apply perturbation
theory
Sometimes there are also other solution
“Instanton” processes in non-relativistic
QM describe tunneling transitions of
finite action

*|@
t

A 4

Looking at Lagrangian of YM
theories

Locp = ¥ (iy*D;] — m&¥)w; — Zvava TN N Pl

\ , \
.\v . “,' \‘
\ Perturbation / \

also degenerate vacua (differ by ANcs = 1) | Theory
same approach: we apply perturbation / \
theory \ /) \
't Hooft: concept of instanton solutions can \/ \ i/ "\

be extended to Yang-Mills theories — — =
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Instantons and Sphalerons in

the Electroweak Sector

Electroweak instanton and sphaleron

processes imply B + L violation 3,.(1lb)
What is the cross-section in p-p QFD 3 (73]
collisions? Sphal. ¢
perturbative approach cannot be used __
3 ()
. : d
Height of the energy barrier between two d
vacua depends on the underlying theory. — —
4 My,
M;~ ~TT ~10TeV
APeff Ay
Qweak COUPliNg constant 50 1 m /d"‘R oi (P1+p2) R
et the effective instanton size pip2 2p1 - P2
Several calculations e.g. Ringwald (2002) hep-ph/0212099 X /dp/dﬁ D(p) D(p)
Problem: Exponential suppression with Msp 7 L
too small for any current or future collider X /dU e—i—’;Q(U,%,-,‘%,---)
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Big Bang plus
10743 seconds

Big Bang plus
1073% seconds?

Big Bang plus
380000 years

quantum-gravity era

Instantons and Sphalerons

inflation

Big Bang plus
14 billion years )

Sphaleron and Instanton
processes seem to be crucial for
our understand of the cosmic
evolution

However: We have never
observed them experimentally!

It would be cool to see them!
We need to look at a QFT theory,
where the barrier between two
vacua is low!

Any ideas”




Instantons in QCD

QCD Instantons are a possible Bt (o)
solution to the axial U(1) problem b
Their observation would be 10t B[4(qrTL) + gl
é grst proof of the vacuum-structure of . Sl5(qrTL) + gl
a way to study chiral symmetry breaking 1074
Barrier height is governed by as R R A
T 3
M~ ~ ~
APerr 4AsPesy A
Otot(pb)
10 |
Large as — small barrier = large cross °
section 105
What is the cross-section in proton- e 5 (V)
proton? 001
Recent calculations are based on the
Optica| theorem arXiv:2010.02287v3 10~ \/_
Problem: Huge uncertainties (x10'-103) 200 a0 60 a0 1000 Y
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Signatures of QCD

Instantons

Treat Instanton solution as the

generation and the decay of a Pseudo-
particle with variable mass M
No resonance peak, but a falling spectrum

Instanton production and decay process
Ny

g+9 = ngxg+ Y (arf+3qrs)
f=1
Chirality violation: 1 right-handed quark
and 1 anti-particle of the left-handed quark
for each accessible flavor (for ANcs = 1)
Problem: not clear which Instanton mass is

required e.g. for b-quarks (50 GeV?)
arxiv.org/abs/2101.02719v2

A certain (large) number of gluons
Problem: Not clear how many (5-10)
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Searches at the LHC:

Event Characteristics

—

o
—
=)

Experimental Signatures (@xiv:2012.09120v1)
Many tracks
Spherical events
Potentially displaced tracks

—— QCD Instanton (m|>50 GeV) — SoftQCD (x10“’)

-t
<L

- QCD Instanton (m>100 GeV) - HardQCD (p’T"">so GeV)

Cross Section [pb]
2

107
Tracks localized in eta .
10°
Backgrounds for low mass Instantons 4
10
(20-40 GeV) ’
. 10° E
Underlying Event
N B YT T N SN ST ST SN AT SN Y SR (NN SN SN SHN NN S SO SR (Y ST S S |
Multiple Parton Interactions 2 2 6 8 10 12 14
s [TeV]
T — ——
[22] 3 [2] [2]
c F 13TeV,pp =8~ QCD Instanton S 0.35F 13 TeV, pp 8- QCD Instanton *E 0.351= 13 TeV, pp =@ QCD Instanton
o 10°E 20 GeV <m, <40 GeV ~ HardaCD 9 L 20 GeV<m <40 GeV -~ HardQCD Q@ F 20Gev<em<40Gev — HardQCD
l,:l_o" 102 i_ Selection: Inclusive —— SoftQCD ..uoll 0.3; Selection: Inclusive —— SoftaCD Eél 0.3:_ Selection: Inclusive — softacd
6 - — TTBar ?1') 025; — TTBar 6 ; — TTBar
-g 10? —— EWBoson ‘g ~—— EWBoson 'g 0'255 —— EWBoson
2 i 3 ozf 5 0o
< ™t
10 * 015 015}
= = g Ij_‘.. F L ..
102 E o 0.1F [ sLl= 1% oAl
-32_ C L] ° L
10°E o . o.osz:‘I’?’?o ° . 005
qore bt b bl M T T . — = TP F ® .
0 5 10 15 20 25 30 35 40 45 50 0 01 02 03 04 05 06 07 08 09 1 Fo: s e
Ny S 0 01 02 03 04 05 06 07 08 09 1
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Searches at the LHC: Event
Characteristics — Experimental Challenges

How to distinguish QCD Instanton P
events from SoftQCD Models? EAHIF!T,\ﬁ,\ST

Multiple Parton Interactions (MPI) also
lead to high multiplicity, spherical
events

hard scattered parton

hard scattered parton

Problem: These signatures are already
included in the MC Generator tunes!
Are Instantons tuned away?

Prof. Dr. M. Schott (Rheinische Friedrich-Wilhelms-Universitat Bon



ABCD Method with

Neural Networks

ABCD method
widely used to , — -
estimate B e |
backgroundina W Backgroun
data-driven way |

C A

New approach
uses two f—
decorrelated

ClaSSIerrS to 1.0 ‘-' e DisCo = 0.002 1 -‘—-l —— Double DisCo fpp(Xo, X1, X2)
; . . KL . g 5 o 3DGauss:an—D bIDCg(XXX)
optimise signal . T ., e - — Shacoscain,
. . hd QO .\ —— Xp only
N .. 104 i «+++ ABCD Double DisCo
SeleCtlon and < ° . .g N\ — — ABCD Single DisCo
~50.6 . ° ° o N Random
background % . : 2 103 | Emel
. . S od® e ° c e
estimation Zoa §°, - = Sl N
. o ® . Qe SO
arXiv:2007.14400 2 P T :. 3 =
0.2 N, *° 0. " ‘° ‘. g 10!
0.0 Mw'&ba!ui':..u.“-l& ) 100 i
0.4 0.6 0.8 1.0 0.0 0.2 . 0.4I o 9.6 0.8 1.0
foo(Xo, X1, X2) ignal Efficiency
T— T

T — —
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More Theory Developments
Needed!

1

A 7 sl sqpud 317 Status Quo
R e 4 Sas One approach to calculate the cross-
s section of QCD Instantons
Sy o 7 [Ny, | ' Implementation in Sherpa3.0 for the
PRTERS ‘ decay of QCD Instantons available (by
FITEFE = FPrgl 1 o Frank Kraus)

We need alternative approaches to
, [t LA L 4. calculate the Instanton cross-section

\ 2,
3 The decay of QCD Instantons is
subject to hadronization and color-
; i ; reconnection
W (e et R We need different generators!
A The most striking feature of QCD

Instanton decays is the chirality
violation
We need hadronization models which
preserve the chirality information




Evidence of Sphaleron

Processes in Diffractive Events?

UAS8 Experiment in p-p collisions at 630 GeV p\*\f*’/p

= Double-Pomeron production hep-ex/0205037
Unexpected peak at 2-8 GeV
Theory Prediction by E. Shuryak and |. Zahed

arXiv:hep-ph/0302231v1 ﬁ
' 40 —————————— 800 ——————— —
Looking at angular , @ | | ©
distributions of final .
states: |20 | 11D
Observe spherical , a
symmetrical e | ¢ =
distribution for <5 GeV j b | =
Observed ,forward® - | -
distribution for >5 GeV 7 L ﬁ
0 i |
Sphaleron 0 +++##+++%# . e
0 ‘1‘0‘ | ‘2‘0‘ ‘30 0 1‘0 ‘2‘0‘ ‘30 0 0‘5 1 0 0‘5 1
M, (GeV) lcos(®)
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Most precise (combined) measurement of
the strong coupling constant presented
here in Bormio

= Physics at the LHC is not only fun at high
energies

W« Precision Physics at the LHC relies on the
| understanding of non-perturbative effects

AP Topological aspects of QCD deserve
. more attention, as they tell us about the
beginning of the universe!

e = —
:z@ a
| I )
o T

o'l
1 e

LR LELL -
]

;*‘ —"S y‘.’- g/

- iy
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For to fit as(mz)

DY Turbo interfaced to xFitter arXivi1410.4412
Evaluate x2(as) with as variations as provided in LHAPDF

Include experimental (Bjexp) and PDF (Bk) uncertainties in the x2

exp CXP tl th
Nata ( + Z Bj exp — . Zk I',k dk th)

Xz(:Bexpa IBth) — Z A2 + Z ﬁf,cxp $a Z /1(3/3.1,}1
i=1 i J k
«  SOF
At each value of as(mz) the Bk terms explore the PDF i
space to find the best fit to the pr(Z) data a0 %
— equivalent to including the new dataset in the PDF Y
without refitting, using profiling/reweighting EurPhys.J.C75 - %
(2015) 9, 458 i
20 * »
The non-perturbative form factor is added with ! J
unconstrained nuisance parameters (b = 0) i.e. left 10
free in the fit ; G
% 0.1180+00011 ooo11

Fit the region of p1(Z) <29GeV

011 0112011401160118 012 01220124
o,
— —
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Searches at the

LHC: Rapidity Gaps

Alternative Solution: Look at P _—
Pomeron-induced production ’
Process Khoze et. gl arxiv:2104.01861v2

Large Rapidity Gaps (LRG)
each MPI gg— dijet even will be
accompanied by the color flow created

by the parton cascade n
Signal Selection: Reconstructed = o
mass 20 — 60 GeV in the events
with an LRG

detecting the leading forward proton $

with beam momentum fraction close to 1 =

No activity in the forward calorimeters :"

0 =S e ——

0.0 0.2 0.4 0.6 0.8 1.0
Transverse Sphericity
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Non perturbative

QCD model

NP model is generally determined from the data, parameters values depend on the

chosen prescription to avoid the Landau pole in b-space
b, !
CQ: # om

Mmer2

Sne(b) =exp |—g,(b) — gk (b)log

<. Qo

gi(h)F ———— +sign(q) |1 —exp |-|gq| b ) gk (b)F go (l —exp |- 5
! V 1+ A b:’ ( [ ] 8o b“m

g; functions include a quadratic/quartic term: g and g free parameters of the fit
The theory should not depend on bim (freezing scale) and Qo (starting
scale), provided SNP is flexible enough. Qo and bim estimated as
parameterisation unc.

go controls the very high b (very small pr) behaviour, should be fitted to data,
but we have no sensitivity to it, so it is varied

Lambda controls transition from Gaussian to exponential: varied between 0.5-2
Test Non-Perturbative effects by excluding 0-5 GeV region
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Non-Perturbative effects which

should be investigated more

Intrinsic kr (transverse
momentum of partons) can be
studied

Only Pheno-Models available
Tune intrinsic kr parameters at
low DY mass processes (Little
room for QCD evolution)

Maybe more problematic

Resummed calculations do not
consider diffractive production of
vector Bosons

Cross-Section is at %-level
Difference on pr(ZPiff) directly
impacts as determination
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