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Produkcija naelektrisanih leptonskih parova kioz Drel-Jan proces u
proton-proten sudarima na LTHC-u

Production of clia‘:’rged lepton paits through the Drell-Yan process in
proton-proton collisions at the LHC

‘The wotk of the thesis is'in the field of particle physics ie. high energy physics. The production
of charged lepton pairs through the Drell-Yan (DY) process [1] from proton-proton (pp) callisions
at a center -of mmass energy of 13 TeV is. analyséd. The focus is on transverse momentum
distributions of the pairs. Transverse momentum is momentum projection on the plane
perpendicular to ‘the beamiline. Protons with equal energies which collide head-on are accelerated
at the Large Hadron Collider (LHC) [2] — the world's latgest collider situated at CERN in Geneva.
The experimenta] data to be analysed are obuained by the experimental apparatus. of Compact
Muon Solencid (CMS) [3] - a complex mult-purpose deféctor system. '

Protons are not pointlike particles but have many constitvents: clectrically charged quarks and
anfiquarks and neutral gluons (quarks and anuduarks are particles with fractiona-l_-_elegu;ic'ch_arge,
*2/3e or £1/3¢). The gluons inside the proton hold the charged partons together via the strong
force and the (anti)quarks interact themselves by exchanging gluons which are mediators of the
strong force, described in detail within quantum chromodynamics, (QCD) theory. Togethe, all
constituents of the proton ate called partons. The high-energy collision of protons is actually the
collision of partons they are made. of.

In the collision, 2 quark and an antiguark from the interacting protons can annihilate and create a
boson. If their nét chatge and total flavor are zero, a virtual photon (y¥) oz Z boson is.created and
if this 1s not a case a W boson is. created. The y*.or Z boson decaying mna charge'lept(m and its
antiparticle (I"1) is called the Drell-Yan (DY) process. Such 2 lepton pair is Pro'dnccd after brief
propagation of created neutral bos on, y*/7Z, after which it sphits to-an I'T pair. Since in this process
momentum has to be conserved, the momenta of 1" and I add up to the momentum of e /7.
boson. If the lepton pait is created via virtual photon then it corresponds to an electromagnetic
process while if it is created from the Z boson the process which occurs via the weak interaction
has taken place. The invariant mass of the lepton pair cozresponds to the mass of the y*/Z. Fox
massés well below the resr energy of Z, the’ c—:leCtrom'ag'_ncﬁc. process is the dominant one while at
‘masses around this value, the domiinant mechanism is the creation of DY via the weak interacton.
Tn this work, the creation of electron pairs (e¥) and muion pairs (i) will be analysed.
However, the DY mechanism, it reality, is not as simple as.explained above. Real collisions also
mclude the underlying events (UE) which consist of the beam-beam remnants (BBR) and particles
that arise from multiple-parton interactions (MPI). The BBR is what is left after 2 patton is
knocked out of each of the two initial proton beams. The MPI are additional soft or semi-hard
‘parton-parton mtefactions that occur within the same pp collision.

Before their annihilation, quark-antiquark pairs that participate in the DY process can radiate
gluons. Also, the ihteracting quark and antiquark from the protons cail come not directly from the
protons but produced by gluons of the protons. So, together with the dilepton pair {coming from
a neutral boson which is created from one quark and one antiquark) thete can be emission of
additional partons. A_ccjoj:ajng_ to the QCD, through the process called hadronisatdon such partons
matefialize into several hadrons that are emitted within 4 narrow cone whose axis 15 along the
direction of the inidal parton. Such structures in high-energy physics are called hadsonic jets.
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Although less common, from time to time energetic jets (created from quarks and ghions) will be
cmitted alongside a neutral boson. Sinice the cross section, which is 2 measure of the process
production rate, decreases with additional emissions. (because of ‘a small value of the strong
‘coupling constant at high energy), producing 2 boson with mote energetic jets is. less likely than
having fewer jets. Concerning the low encrgy jets (soft jets), the situation is different. DY pairs are
casily accompanied by soft jets. '

To gain in statistics, nowadays accelerators opetate in the condition of high luminosity which
provides a huge number of interactions pet second and the experiments deal with the problem
that the intetaction ie. the hard process of interest cannot be completely separated. The process
of intérest is contaminated by particles coming from another interaction — so-called pile-up. At the
LHC :the protons are accelerated in so-called bunches and each bunch consists, of more than a
billion of protons. The proton-proton collisions occur in the two bun‘ch-crcissing_; There are about
20 interactions per bunch_-crc')ss'hng 1.e. within 25 ns so the miluence of the pile-up is s’ig_-ni-ﬁcant..
Since particles and jets emitted from pile-up are tather soft, their contribution is reduced by
defining cuts on the esergy of the detected objects to be considered. Hence, experiments atre
Insensitive to very low enetgy products, and not everything from a pp collision will be-recorded.
Soft gluons, even if they cannot be mdividually feconstrucred, still affect the process. Because the
ghions carry-away energy, due to momeriturh conservation the system ‘will be slightly pushed and
somewhat kicked in different ditections. Therefore by measuring the momentura of the emitted
¥*/Z boson we can get information about soft processes even if undetected and identified them
éxperimentally. ' _

‘The perturbation theory is the tool used to calculate the probability of some process happening
during a pp collision. It assumes that the emitted objects (particles and jets) have much higher
enetgy than the proton at restand is thérefore dot applicable to the situation where we have an
emission of soft glions. Thetefore, for this low-energy part, the modeling of the soft processes
has to be done and compared with expetimental results.

g

Because of its great importatice and significant scientific relevance for fhe Standard Model physics
and physics Beyond the. Standard Model, the analysis of emission of DY has been performed in
expetimental and in theoretical particle physics research for many yeats.

In this part, the recent experiinental research.obfained from LHGC experiments will be mentioned,
also the CMS conclusion results will be reviewed in more detail.

Several measurements of the DY process have been performed by the LHC experiments at the
different center of mass energiesy/s: CMS [4-10], ATLAS [11-15], and LHCb [16-20].

CMS collaboration performed measuremerts of the inclusive: Z production cross sections using
data samples from pp collision events at V5 = 7 TeV collected in 2010 and cortesponding to an.
integrated luminosity 6f 36 pb™ [4]. The inclusive production cross sections of W* and W~ have
also_"b_cen measured scparately as well as the ratios of the W*/W~ and W/Z production cross
sectionts. The measutement of the W/Z cross-section ratio also.leads.to'an indirect determination
of the W width, T" (W), which isin agreement with the cumrent world average.

CMS collaboration reported the measurements of the Drell-Yan differential cross section i pp
collisions at \/E = 7TeV froma data sample collected with-the:CMS detector, corresponding to
an integtated luminosity of 36 pb™ [5]. The cross sectiod measurement, normalized to the
-measured cross section in the 7, fégion_, is fepotted for both the dimuon and diclécron channels
in the dilepton invariant mass range 15-600 GeV. The Aormalised cross. secton values are quoted
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both i1 the full phase space and within the detector acceptance. The results are found to agree
with theoretical predictions, _

CMS collaboration presented measurements of the Drell-Yan differendal cross section on
invariant mass of the pait, do/dm, ini the dimuon and dielectron channels forthe mass range 15 <
m < 1500 GeV based on integrated luminosity of 4.5 (4.8) fb™ in the dimuon (dielecrron).channel

of proton-proton. collisions at Vs=7 TeV [6]. The double-differential cross section d’c/. dmd]y|
{y being rapidl_'t_y of the pair) was also measured in the dimuon channel for the mass range 20<m
< 1500 GéV. The inclusive 7, Cross section measuremyents in the mass range 60 < m < 120 GeV'
dre also presented and these were the most precise measurements of the Z cross section ata hadron
collider at that fime.

CMS collzboration performed measurements of the Drell-Yan différential cross section do/dm
and the double-differential cross section 3%/ dmd|y| with proton-proton collision data collected
with the CMS detector at the LEC at a center-of-imass. energy of B TeV corresponding: to an
integrated luminosity of 19.7 7' [7]. In addition, the first measuretments of the rafios of the
normalized differéntial and double-differential cross sections fof the DY process at cénter-of-mass
e¢nergies of 7 and 8 TeV in hins of dilepton invariant mass and absolute rapidity are presented.
Using the channél of 7 bosons decaying to muons, CMS collaboration measured the double
differential Z boson fiducial cross section in transverse momentum, py, and the absolute value of
rapidity |y in pp collisions:at § TeV correspondifig: to an integrated Iuminosiq* of 19.7 b7 [8].
The results are compared to the next-ro-next-to-leading-order predictions and they agree wirhin
the scale uncertainties. Deviations from the data of up to 20% at high transverse momentam are.
observed ini comparison with theoretical predictions. The results are presented along with the full
covariance matrix to.enable their use in future fits. of the momentam distribution funictions of .
partons from protons.

The first paper from the CMS collaboration presenting results of DY pair distributions at 13 TeV
was published in 2019 and corresponding to an ntegrated luminosity of 2.8 fb™!(9]. The paper
presents measurements of the total and fiducial Drell-Yan differential cioss sections do/dm in the
dimuon and the ‘dielectron channels as well as their combination, in the dileptott invariant mass
range 15 <'m < 3000 GeV,

CMS collaboration: in 2019 teported the medsuremients of the differential cioss sections for 7,

bosons produced in proton-proton ‘collisions at v/§' = 13 TeV and decaying to dimuons and
dielecrrons. The data set used corresponds o an. integrated luminosity of 359 b 110].
Distributions of the transverse momentum pr, the angular variable ¢~ (a variable which is highly
correlated with pr and is used to probe the low Pr region in a _COmpIementary way - will be
discussed below), and the rapidity of lepton pairs: are measuzed. The uncertainties id the
norinalized cross section measurements.are smaller than §.5% for $* in-the regionn < 0.5 and for
transverse momentum of Z boson smaller thian 50 GeV.

The CMS collaboration has new preliminary results on the measurement of mass dependence of
the transverse momentum of Drell Yan lepton pairs in: proton-proton collisions ar \/E = 13 TeV.
University of Montenegro participated in this analysis. The double differential cross sections of
the Drell-Yan lepton pairs production (¢'e and p*u), as 4 function of its invatiant mass {from 50
GeV to 1 TeV), transverse momentum, pr, and ¢* are measured. Drell-Yan fhasses from 50 GeV
up to'l TeV are investigated. Additionally, 2 measuremient is performed:requiting ‘at least one jet
in the firial state. To benefit from partial cancellation of the systematic uncertainty, the ratios of
the differential cross sections in prand 0" for the mass bins around the 7 tnass peak over the one-
on the'Z mass peak are also obtained. The collected data correspond to an integrated luminosity
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of 36.3. fb™! of proton-proton collisions recorded with the CMS detéctgr at the center-of-mass
energy of 13 TeVin 2016. Measurements are_-compared. to several theoretical piedictions based on
QCD including soft gluon emission.

As said above, the pr di'sti‘ibut’ipﬂ of dilepton pairs i.e. the creatéd boson is sensitive to the soft
patton emission processes. Theoretical predictions make certain approximations abqut the
caleulation of the contribution of processes with 2 low cnergy gluon radiaton called soft ghion
factorization which‘includes the generalization to an abitrary number of emitted gluons [21]. Such
4 process 1s named soft gluon resummation and was first described in the work of Collins, Soper,
and Sterman.in 1985.[22].

The main goal of the thesis is to obtain DY ditferential cross section measutements as a function
of the transvetse momentum and ¢* of the pair in a wide range of pait invatiant mass using
complete statistics of data collected by CMS during the Run Il pedod of I.HC running, Therefore,
this 15 expected to be the highest precision measurement-of the DY differential cross sections
obtained 5o far in CMS collaboration.

The measurements to be obtained in this thesis are the 'fOHc)wing':

1. Detector distributions for all relevant variables of the DY pairs for both dielection and
dimuon channels: lepton momentum, lepton rapidity, invariant mass of the patrs, pair
rapidity, transverse moshéitum of the pairs (pr), vatable ¢x of the pairs.

Corpatison of the above detector distributions obtained from data and the full Monte

Catlo (MC) simulation. The MC simulation includes 4 detailed simulation of all CMS

detector component. responses including. simulation from physics contribution of lepton

paits and all significant soutces of background from pp collisions.

3. Measutement of mclusive differential cross sections in dilepton transverse rmomentum in
différent invariant mass intervals for 2016, 2017, and. 2018 data and their combination.

4. Raties of inclusive differential cross section in dilepton momentum in different invariant
mass intervals and the inclusive differential eross section in the 7, peak region for each year
and the combined ones. '

5. Measuréement of inclusive differential DY cross-section in variable 9" in different invariant
mass mtervals for 2016, 2017, and 2018 data arid their combination.

6. Ratios of inclusive DY differential cross section in vatiable ¢ in‘different invariant mass
intervals and the inclusive differential cross section in the 7 ‘peak region for each year and
the combined ones. _

7. M easurement.of inclusive oneen crg&tit:_jét di;fferegﬁal Cross sections in dilepton transverse
momentum 1n different invariant mass intervals for 2016, 2017, and 2018 data and their
eombination, "

8. Ratios of inclusive one energetic jet differential cross section ia lepton pair momentum if
different invatiant mass intervals and the inclusive differential cross section in the 7 peak
tegion for.each year and the combined:ones.

9. Compatison of the above measurerients with most recent theotetical predictions including
different scenarios. in QCI and the soft gluon résummation.

10. Comparison of the above measurements with theoretical predictions including different
tunings for underlying events available at CMS,

12

Hypothesis. 1: The detector distributions for e*¢” and P pairs are well reproduced by the. full

| Morte Carlo simulation.
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Hypothesis 2: The total uncertainty of inclusive DY differential cross section measurements and.
the ratios are improved:in compatison to the previous measurements from CMS..

Hypothesis 3: Three times larger starstics provide finer binning of inclusive DY differential cross
sectionr measutements and the ratios in comparison to the previous measurements from CMS,

Hypothesis 4: The inclusive DY differential cross secton measurements and the: ratios are
rcproduced by theoretical models which include QCD and different scefnarios of soft gluon
resumimation.

Hypothesis 5: The inclusive DY differential cross section.measurements and the ratios depend on
the set of CMS-turies of underlying events.

Hypothesis 6: The DY differenial crass section measutements where at least one energetic jet in
the final state is required and the tatios are reproduced by theoretical modéls which include QCD
and different sceénarios of 56ft gluon resummation.

Hypothesis 7: The DY differential cross section measurements where at least one energetic jet in
the final state is requited and the ratios depennd on the set of CMS tiines of underlying events.

..Matcria'l

The experimental matetial vsed in this thesis is obtained by using CMS defector at CERN in
Geneva from 2016 to 2018 (Run II perod of data collection).

For the simulation of DY signal created through the Z/y* process, including also the 1"
background, MADGRAPHS.at NLLO, AMC@NLO, with the FxFs merging scheme [23] is: used.
The parton shower, hadronisition, and QED final state tadiation will be performed with
PYTHIAS [24) using the CP5 or CUETPSM1 tune for underlying events [25). The matrix element
(ME) includes Z + 0,1, 2 jets at NLO, giving a leading order aceuracy for Z + 3 jets. The next-
to-leading-order NLO NNPDF 5.0 [26] is used for the ME calculadon. The native cross section
obtained directly from the generator will be used to fiottnalise the prediction in control plots and
for comparing to the measurement.

Experimenta]ly‘-t&consttucmd lepton paits are not coming only from DY process bur will contain
paits from other processes - background processes:

Several physical and instrumental backgrounds contributé. The main ba ckgrounds in the reglon of
high invariant tasses (above the Z peak) are due o ftand diboson production followed by
leptonic decays, while the DY production of © "t paits is the dominant source of background in
the region just below the Z peak. At low valyes of the dimuon invariant mass {up to 40 GeV),
‘most of the background events are due to QCD events with multiple jets. The situation is shighdy
different for electrons in the. final state. At low values of diclectron mvarant mass, most of the
background events. ate from 771 and L processes, whereas the contribution from the QCD
multijet process is small due to the tighter :séleg-;ion for electrons compared to muons. Tlie pairs
from such background processes have to be es tmated and subtracted from the measured sample. |
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For each set of the MC samples, the detector response on particle passage thtough it is .shnu_ia.ted
using a detailed description of the CMS detector material and acceptance based on the GEANT4
package [27]. The simulated events afe reconstructed using the same software as the real data.

Methods.

CMS detector has a compact structure with many subdetectors systems. The central patt of CMS
detectoris 2 large superconducting solenoid with a length of 12.5 m and a radius of 6 m. The valae
of the magnetic field that can be produced using this solenoid is 4T. The tracking detector, the
electromagnetic calonmeter (ECAL), and the hadron calotimeter (HCAL) are alt installed inside
the solenoid. Outside the solenoid, the iron return yoke of the magnet 1§ placed, interleaved with
layers of muon detector. _ _ _ ' _
‘Particle Flow algorithm (PF) is used by CMS collaboration for teconstriction and iden-tiﬁca'ti_on
of pardcles. P combines the information of all the CMS subdetectors. It ensures the best possible
identification and energy measurements for all types -of objects. From tracker and muon system
informatién about tiacks of particles are taken and from the ECAL and HCAL, the position,
energy and time of artival of particles can be detérmined. PF algorithin is used for the identification
and téconstructon of clectrons, muons, photons, neutral and charged hadrons. It also plavs role
in jet reconstruction and missing transverse momentum. determination. The 1'¢Constrt1ct:ion
process-of some of the parricles used in this analysis can be described shottly as follows:

® Electrons and photons — They deposit all théir enetgy onlyin the ECAL. As they propagate
throvgh the material of the detector they interact with the material. As a result of these
interactions, they may no longer be detected as'a single particle but they can form a shower
of m‘ultitnlé EIectronS"and.phb'ton's;'The enetgy deposits these particles leave in the ECAL.
are called super-clusters. In addition, electrons leave hits in the tracker layers,

¢ Charged and neutral hadrons — These particles are idenfified inside the HCAL and IECAL.
Although they initiate a shower in ECAL, it is folly absorbed in the HCAL. Charged
hadrons leave hits inside the tracker and corresponding clustets in the HCAL are used to
determiné theit position and energy. Neitral hadrons ate identified as ehergy ciepo's‘it's in
the ECAL and HCAL. that caanot be matched twith hifs in the trackér. For each event,
hadronic jets are clustered fromh these reconstructed particles using the anti-kr algorithm
with a distance parameter of 0.4, Jet momentum is determiried as the vector sum of all
particle momenta:in the jet.

¢ Nuons —-They dotiize the gas in the muon chambers, thus the electric signal is produced
on wires and strips. This signal together with the signal obtained from the tracker is used
for the determination of muon properries. "

The position along the beam axis where the PP interaction happens is called 2 vertex, For ‘high
pile-up, many vertices belong to the main event, but one'is called a primary vertex. The candidate
vertex with the largest value of summed physics-object transverse momenta squared is.taken to be
the primary vettex of pp interaction. The physics objects ate the jets, reconstructed using the jet-
finding algorithm with the tracks (also including electrons and muons) assigned to candidate
vertices as inputs, and the associated missing transverse momentum, taken as the negative vector
sum of the transverse momenta of those jets.

Events of interest are selected using a two-tiered trigger system. The first level trigger, consisting
| of hardware processors, uses signals from the calotimeters and muon detecrors to seléct events.,
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The rate of the L1 is at around 100 kHz within a fixed latency of about 4 Us. The second level
trigger; known as the high-level trigget (HLT) contains information from a farm of procéssors.
running a version of the full evenr reconstruction software. optimized . for fast processing. HLT
reduces the event rate to atound 1 kHz before data storage.

In this arialysis, the event selection proceeds iz several steps:

® The two most-energetic lepton candidates of the same flavor, but different electri¢ chatge
signs ate selected. The cuts on the lepton transverse momenta depénd on available triggers.
The leptons:are fequired to be well reconstrucred ie. denitified and isolated and to achieve
this, additional cuts are applied;

® The lepton candidate must be emitted within the detector acceptance so the lepton
pseudorapidity is limited to [n] < 2.4

® Tracks not belonging to the primary vertex are identified as pile-up contribution and ate
not considered for jet energy and Momentur;

® The two selected leptons are not taken into account in thé jer collecton if they are enough

separated from it. A séparation AR = JaAn? + A $? is measured wich Arndnd Ap being.
differences in p'seudorap'idity and azimuthal angle bérween l_ep_tgn candidiate and jet
directions. AR between the reconstructed jets and the lepton candidates is requited to be
larger than 0.4;

®  The pile-up contamination is further reduced by requiring the jet to.have ‘a minimum
transverse momentum and good quality of the track reconstruction. Selected Jet has to be
ina rapidity range of |y| < 2:4;

¢ Identified so-called h tagged jets are vetoed to reduce the contribution from the £t
background.

Monte Carlo simulation of the detector responses, resolution, and efficiencies h4s' tq be as close
as possible to the experimental situation which also means that the efficiencies of the applied cuts
have to be reproduced. To achieve this, the additional scale factors will be applied to Monte Carlo
simulated events.

The.overall detector résolution and efficiency will be corrected b_y-the unfddin_g procedure.
Reconstruction of simulated events will be done in the same way as for the experimental data. In

order to analyse both experimental and simulated data, the programmng languages C++ and
P)_r'tho_n m CMS'-'softwm:c environtment will be used. The analysed distributions will be plotted in
ROOT (28] which is a widely used software package in particle physics.

Research plan

To obtain each of the above-listed cross section measurements, 2 cominon set of steps will be
performed. The steps are the following; '

Event selection;

Efficiency corrections tmplementation;:

Backgrounds estimation;

Background subtraction;

Yield unfolding; N
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® Correction for the effects of the migration of events among-different bins of measured
variables due to the detector resolution:

Application of the acceptance and efficiency corrections;

Correction of the migration of events due to final state. radiation;

Evaluation of systematic unicertainties associated with each of the analysis steps;

Compagson with several theoretical predictions.

Since the DY production of lepton pairs in hadronic collisions proceeds as a result of the collision
of hadron constituents (pactons), the expected high precision measurement will provide very
impo'rtan't'-iﬂ_s'ights into thé'int_ernal sttucture of 'had'ro_n as well as the parton. évolution. _

The lowest order or the leading order (LO) DY production is described as.2 so-called s-changel
exchange of Z and v bosens. In such a process, a quark from one proton and an antiguark from

another proton annihilateto 4 neutral vector boson by the electroweak process. The 7./ y" exchange
factorises to collinear quark and antiquark proton parton distriburion functions (PDF). In this

case, the DY pair transverse momenrum is equal to zero: If there is initial state radiation {ISR).then
we are dealing with highér-order processes. This ISR is QCD radiation since it 1s connected-with
radiation of gluons from incoming partons‘which gives rise o sizable DY pait pr. The contribution
of an additional emission contains multiplication with the coupling constant which is sizable for
low energy ot soft processes. Hence, the region of large pair pr which is the result of hard QCD

radiation is expected to be described with fixed-order calculation in perturbative- QCD (PpQCD)

duetothe smal] value erunnjn‘g strong couplirig-constant while the region of small péit_pr requites
the soft gluon resummation to all orders. Also, the small pr region ineludes the effect of internsl
transverse motion of the partons inside of the colliding protonis which should be extracted from
data and modt:ied'ming'pammefteﬂfzatio_ns -Hence, the pair pr measurements Provide 2 fest of the
validity of the general approach and the precision of the different model predictions, Inclusive DY
production ¢alculations can be performed as 2 fanction of pairinvariant mass 2nd pait pr and are
available up to next-to-leading-order (NLO) in the electroweals coupling and up. to next-to-next-
to-leading-order (NNLQ) in pQCD [29-32]. Therefore, a precision measutement of the DY mass
and pr differential cross sections at the LHC provides -an important test and mput for the

perturbative framework of the Standard model. In-a complementary way, the experimenta]
measutements can also be used to constrain the PIDFs.

The leptons from the final state pair can radiate photons (radiation of Quantum Electrodynamics

—QED) svhich will certainly affect the DY prispectrum. This radiation is called QED final state

radiation. Such radiation will also-have an impact on pair mass distribution, especially for masses

below Z boson mass where migrations: from the Z peak can be significant. MC simulations. that

perform parton showering, such as P.}»"‘thja&_ include QED radiation from 7, bd’son.decay-at leading

order which could be cotifirmed with high statistics sample of Z bosons recorded at LHC. This

study is  also important to  evaluate: the NLQ electroweak cotrections avsdilable ‘in

MadGraph5_aMC@NLO.

I—hgh statistdcs of DY production of dileptons is also a majoi soutce of background for rare

processes from the Standard Model as well as searches for physics beyond the Standard Model,

Therefore, 1t Is important to:measure the DY production rate accuiately up to the latgest accessible

energy.
Spisak objavlies
There has not been a
coauthor,

publication yet. There are several preprints in which the candidate is a
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SLOBODAN BACKOVI(

P_rirodno~m'atcmatiék1 fakultet, Odsjek za fiziku, zavrgio je u Beogradu., Od 1949. do 1972,
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fiziku PMF-a '._i.FaJmaceutskt)'g_ fakulteta, Magistarski rad “Multiplicitet naelektrisanih Sestica

godine. Doktorsku disertaciju “Interakcija p-mezona impulsa 40 GeV/e sa jezgrom ugljenika®
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LLFFICLEGIT Vitas

Professional Binesion

Pastdoctoral Researcher at the Lokboratoire da2 Viccélérateur Linéaire, Orsay,
France.

Postdectoral Researcaer FNRS, (HE, ULB.

Research Associate FNRS, /HE, ULB:

Fart-time. Lecturer, L3

Senior Reséarch Assocdate FLRS-FMRS, (HE UL B

Dtirector of the Farticle Physics Departement, [1HE, ULB.
SHE co-dirscior, ULE.
Research Director, F.R.E-FNRS, #HE, ULB.

Forrmal 1

Master 1 in Physics, Universite Libre de Bruxelles, Belgium, magha cum laude.
Master 2 in Physics, Université Libre de Bruxelles, Belgium, summa cum laude.
PhD in Physics, Université Lipre de Bruxeflss, Belgium, summa cum laude.
Mesiira de [a foncron de stracrure F du proton 4 HERA, citlisznt les intéractions profondé-
ment inélastiques radiatives (__ﬁ-:'”;),

Participation to High bnergy Experiments

Memaer of the H1 Collskoration ar the HESA collider '{“_DESY?Hamburg):

Memiaer of the TMS Caliaboration at the LHC colficer {CERN-Geneva)
Teaching =2 the University

Lecture : iiltrocucsion o Particle Physics (BA3 Physics, Th: 24h, Ex: 24h)
Lectyre : Physics of Stong Interactions. (MAL Paysies, Th: 24h, Ex: 24h)

University Adiriaistration

Secretary of the Jury - Master in Physics
President of tha Jury - Master in Physics
Director of the Farticty Favsics Departement
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Thesis Promotor

PhD Promato:

o Rainer Stamen : "Measurement of Deeply Virtual Compten Scattering at HERA", (cotutele - D.

Wegener - Dortmiund Universitdt (1898-2091).

o Benoit Roland : "Mesure.de Ja diffusion Compton & haute virtualité 3 HERA 117 (2002-2008,

Boursier FRIA)

o Toma Hreus ;. "Studies of Diffractive Scattering of Photons at Large Momentum Transfer And:
of the VFPS Detector st HERA” (catutelle University Pavol Jozel Safarik 3 Kogice, Slovaquie,
Boursier FRIA, 2004-2008)

Julie Delvax ; “Etude de ia producticn de jeis en diffraction ¥ HERA, & I'aide du spectrometre a
protons VFPS", {Bourse FNRS 2005-2010).

- Alexandre Léonard : *Measurement of Z beson production In asscciation with jets at the LHC
and study of a'DAQ system for the fripie-GEM detector in view of the CMS upgrade®, June 2015,
(Aspirant FNRS 2011-2015). '

‘Fengwangdong Zhang : “Measuremznt of jat production in association with a Z boson at the
LHC and’jet energy correcticn and calibration at high level trigger in CMS", June 2017, Co-Phd
with Peking University (Bourse €SC 2(14-2017).

Qun Wang ; "Measuremient of the diffsrentisl cross saction of Z boson preduction in association
with jets at the LHC", June 2018, Co-PhD with Peking University (Bourse C$SC.2015-2017)
Louis Moureaux, CMS data analysis, bourse FRIA 2017- '

Tomas Kelle, CMS data znalysis, boarse ECS - cotutelle UA 2018-

> Max Vanden Bemden, CM$ data analysis and Proton Transverse Momentum Distributions,
assistant ULB 2019-

ftana Bubanja, Study of the Drell-Yen pracess at the LHC, cotutelie ULB-Mantenegro 2020-

Master Thesis Promoies

Alexandre Rechner : “Analyse du détecteur 3 fibres scintillantes prévu pour le spectrométre 3
protons de I'expérience Hi", June 207,
- Sandrine Cnockaert ; “Prodiiction diffractive de mésons vecteurs-a HERA", {co-direction avec P.
Marage), June 2002.

Tomag Hreus: “Photon diffractive scittering off proton at high # with the H1 detector”, {Erasmus
12003-2004) - June 2004.

Julie Delvax ;| “Etide des inleractions avec production. de jets dans l'expérience H1", June 2006.
Alexandre Léonard, "Proquction diffractive de mésons p & HERA 1", June 2011, Prix A.Sc.Br.
2011,

-Rachel S5itmenj,. "Etude de.la prodiction de 2 accompagnée de jets 20 LHC", September 2013.
Patrick Connar, "Etude du processus de Dreli-Yan & haute masse invariante au LHC 3 /& = §
Tev", June 2014

Laurent Lenaerts, “Etude de la section éfficace Dreil-Yan & faible irapuision transverse du bason
Z dans les interactions proton-pretons 3 F = 8§ TeV", June 2015

Louis Moureaux, “Etude ‘de la preduction axclusive du meson p dans las données proton-plomb
prises & CMS en 2013 3 /Sy = 502 TeV*, June 2017

Max Vanden Bemden, “Study of the Proten Transverse Momentum Distributions with the Parton
Branching Method", September 2010,

Utiversitd Litve de Srevelles, HIWE ©F 230 - 1650 Bruxsies
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PhD Jury Mewrber outside ULS
Grégory Soyez, DLEP inelastic scattaring at-small x", Universtité ce Lidge, January 2004.
Thibault Frisson, "Mesure de fumingsité pour | expérience H1 et étude dé la diffusion Compton
élastigue", Ecole Polytechinigite, Paris, October 2008,
Sylvestre Baudrand. * Mesure de la po arisation _longftudlna'i_e-de-'faiscé-aux‘ de positons et d'électrons
3 HERA par effet Comptan i l'aide d'une cavité Fabry-Perot de haute finesse", Université de
Paris-Sud, 'OrSa_y,--_January'20\}? ' | '

- Maxime Gouzevitch, “Mesurs de la coristante de ‘couplage forté g avec les Jets hadroniques en

diffusion’ melastique profonde", Ecole Falyiechnrque (Paris), Septeriber 2008,

Ahmed Fradi, “Exclusive electroproduction of the #~ meson on the proton with the CLAS detector
at Jefferson Lab", IPN -Université de Paris-Sud {Orsay), July 2009.

Deniz Sunar, ° Measuremnnt of A™*¥(8062) Production in Deep Inefastic ¢p Scattering with the
H1 Detector at: HERA™, Umqultes Antwerpen (Anvers), July 2003,

- Old¥ich Kepka, “"QCD and Diffraction in the ATLAS: Experiment at the LHC”, Université de

Paris-Sud et. Charles University, Orsay, Novembey 2009.

- Séverine Ovyn, "Photoproduction of Top and Higgs Particles a7 the LHE", Université Cathohque

de Louvain, April 2010.

Nikita Beliy, “Search for top s-cuarks i bottem s-guark production in R-parity violating supet-
symmetric models with the CM3 detector”, Université de Mons, 4 Decémbar 2015,

Laurent Forthomme, “Measurement.of exclusive two-photon processes with dilepton final states
in pp collisions at the LHC", PhD. Lniversité catholique de Louvain, Aaril 2016

Matthias Saimpert, “Mesure de la section efficace de production de paires-de photons isolés

dans I'expérience ATLAS au LHC ef éuide des couplages 3 quatre photens”, PhD, rapportedir,
CEA/Orsay, 27 Juné 2016

Alex Van Spilbeeck, “Study of the very forwzrd jet energy spectrum in proton-protan collisions at
V& =7 TeV with the CASTOR calorimeter at. the CMS experimsnt’; PHD, Universitéit Antwerpen
{Anvers), June 2017

Bugra Bilin, “Measuremants of Stancard Model heavy particle production in association with jets
using proton-protors colfisior data at 8 and 13 Tev' with the ChMS expariment at the LHC*, PhDD,

‘Middle East Technicai University, Turkey, June 2017

Brieuc Francois, “Search for reasoriant di-Higgs production in CMS anc development of a model
independent approach t6 loak for new physics atthe LHC", PhD, Université catholique de Louvain,
October 2017,

Expart and Consu tuncy Manoates

1996- Internal Referes for the H1 and CM5 Collaborations

1999- Referae for Internationa Journals: Eur, Phys. J, Can. J. Phye. and Braz. Jour. Phys.

2010-2012 Member-of the "SPS aad PS experiments Committee (SPSC)* du CERN.

2012- Member of the H1 FPhysics Bosrd

2012- Representative of the FNRS at the “international Oversight and Finance Group"
(IOFG) of the leeCube experiment.

2012- Memoer of the Belgiaa {ERN Associates and Feiléws commitiee.

2013-2020 Official Represersative of the FNIRS at the “Astraparticle Physics Eurapean Consor-
tium" (ApPECH

2016- Member of the CIMS Publication Committea Board on Forward & Small-x QCD
physics (FSQ) and Detzctor and reconstruction performance (PRF)

Goiveisie
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2019~ FNRS representation in the Finance Board of the Pierre Auger Collaboration
2010- Membre of the FRIA jury
2021- Membre of the ULB univarsity ranking commission

Awards and Honours

Ph.D. Award 199% from the Friends and Sponsors cf DESY DESY ("Verein der
Freunde und Férderer ces DESY")

e - Publications

Among the 500 intern ational Jelirnal publications with peer review since 1992, the most representative

are:

o C. Adloff st.al. [H1 Col iaaor*florﬁ “Elzstic photoproduction of J2+ and ¥ mesons at HERA,
Phys. Lett. B483 (2000}, 2535 "

a C. Adloff et al. [H1 Coltiboration] “Cesp-inelastic. inclusive 3 scattering at low = and a
determination of ay", Eur. Phys. J. C21.{2001), 33-61

o C. Adloff et al. [H1 Collaboration], “Measurement of deeply virtual Contpton scattering at HERA",
Phys. Lett. B517 (2001), 47-5&

o L. Favart, M.V.T. Machado, "eeply vireual Compton scaztering and saturation approach®, Eur.
Phys. J. €29, 355 371 ’2000}

o A.-Aktas et al. [HI Collabaration], "Diffractive deep-inelastic scattering with a leading proton at
HERA", Eur. Phys. J. C48 {2006), 749-766 '

o L. Favart, M. V. T. NMachado and L. Schoeffel. “An extraction of the skewing factor from
DESY-HERA Data", Braz. 1. Phys. 37 {2007) 798-800.

o F. D. Aaron et al. [H1 Colfaboration], “Measurement of Deeply Virual Compton Scattering and
its t-dependence at HERA," Phyvs, Lett. B659 (2008); 796-80%

o F. D. Aaron et al. [H1 Collaboration], "Diffractive electroproduciion of p and ¢ mesons at HERA",
JHEP 1005 (2010}, 032

o A. Astvatsatourov, K. Cerny, J. Delvax, L. Favart, T. Hreiss, X. Janssen, R. Roosen and T. Sykora,
P. Van Mechelen, "The H1 viery forward preton spectrometer at RERA”, Nucl. Instrum. Methods
A736 (2014), 46-65 _

o V. Andreev et al. [H1 Collaberation}, *Diffraceive Dijet Production wita a Leading Proton in ep
Collisions at HERA", JHEP 1505 (2015}, 056 [arXiv.1502.01683].

o Khachatryan, Vardan, et al, [CMS Csllabaratlon} ‘Measurements of tﬁe differential production
crass sections for a Z bosor n zssaciaticn with jeis in gip collisions st /8 = 8 TéV", JHEP 1704
(2017}, 022 [arXiv:1611.03544]. '

o L. Favart, M. Guidal. T. Hom and P Kroll, *Deenly Virtual Meson Production on the rucleon”,
Eur. Phys. J. A (2016) 52:158 drXiv1511.04535 [hép-phl.

o [CMS Collaboration], “Measurement of cﬁFerennaE cross sections for Z boson production in
association with jets.in proton-proton collisions at /s = 13 TV, Eur. Phys. J (78 (2018), 965
arXiv:1804.05252 [qep-'m

o [CMS Collaboratlorﬂ “Measurernent. of exclusive. p‘”??(}) photoproguction in ultraperipheral pPb.
collisions at = 502 Tav", Eur. Pays. ). C 79 (2019) 702, arXiv:1902.01339 [hep-éx].

o J. D'Hondt, L I—avarL and F. Maitoni, “Research activities in Fur‘clarﬂef\t&zi Interactions, from
Elemzptary Particles to Cosmology, in Belgium®, in the BNCPAP serie - Royal Academies for
Science and the Aris of Balgium BPy {2019) - o be published

o V. Andreev et al. [F1 Collaboration}, *Meastrement of Exclusive w7~ and p Meson Photopro-
duction at HERA” arXiv:2005.14471 fhep-ex], DESY=20-080.
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s Oral Communications

Among the 45 oral communications at conferences and seminars, the most representative are :
o "Diffractive Physics at HERA", revievs talk at the “Internationat Nuclear Physics Conference 1998
(INPCO8)", 24-28 Augustus 1998. UNESCG, Paris, France.
o "Deeply Inelastic Compton Seattering at HE RA®, XXX International Conference on High Energy
Physics (ICHEP 201003, Osaka, Japan, 27 Jily -2 Augustus 2000.

o “inelastic scattering and diffraction at hign 2nergy - HERA results”, tecture for the “European
Graduate School Rasel-Tiibinzen". Lniversitat Tibingen, 14 May 2004..

o “Experimental review of diffractive phenomena”, invited plenary talk at the 10! International
Baryans Conference (BARYONS 2004, Pars, 25-29 O-:tober 2004.

o "Diffraction and Vector Wesons: Ssssion Summary", WG session sumimary talk at the 15%
International workshop on Deep-inelastic Scattering \DIS 2007}, Munich {D),.16-20 April 2{}07

o: "Inclusive diffraction and a measurement of the diffractive ionulti.dmaf structure function F{
HERA", 2009 Eyrophysics Conference on High Energy. Physics Search {EPS HEP-09), Cracowe,..
Pologne, 16-22 July 2009.

o “Physics at-Accelerators”, RECFA - open session, Brussels, 5 Marea 2010,

o. “Exclusive electroproduction of vector mesots”, 14th Workshop on Elastic and Diffractive Scat-
tering (EDS Blois Workshop), Quy Mhon, Vietnam - 15-2i December 2011.

o “Recent Results on Diffraction at HERA”, Workshop on Muli-Parton Interactions at the LHC
(MPI@LHC 2013), Antwerp, Belgium; 2:6 December 2013

o "Parton Distribution Functions and Low i Physics”, lecturé at the * Jaint Belgian Dutch German
Graduate School (BND 2034}, Roleuc Abbey Rerkrade {NL), 27-28 September 2014.

o "Recent HERA results on h.ard diff-action', LISHEP 2015 conference, Manaus (Brazil), 2-9
Augustus 2015,

o "Low-z and Diffraction”, invited planary talk, 24% friternational workshop on Deep-inelastic
Scattering {DI5 2016} Hamburg KD) 11-15 April 2016,

o Workshop on Resummation. Evolut on, Facforization {REF2010), member of Qrganizing and
scientific commiittees, Antwerp 8), 7-10-Mevemper 2016.

o “Belgium HEP Overview", RECFA - open séssion, Brussels, 23 Aprii 2017.
o "High Energy Physics in Belgrlum" FSS Science Seminar in Belgium, Brussels, 14 September

2017,

Universits Likre Je Sruelfes, IEE CF 230 ~ 1030 Bruxailes
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UNIVERSITATHAMBURG

Der Fachbereich Physik der Universitit Hambutg hat

HERRN
DR. RER. NAT.

HANNES JUNG
geboren am 18. Dezember 1955 m Offenbach/Queich
die Iehtbefugnis als
PRIVATDOZENT
fiar das Fach
EXPERIMENTALPHYSIK

verlichen.

Zum Zeugnis dessen wird diese mit dem Siegel der Universitit versehene
und vom Dekan des Fachbereichs unterzeichnete Urkunde ausgestellt.

Hamburg, den 7. Juli 2004

(Prof. Dz Giinter FHuber) _
Dekan des Fachbeteichs Physik




APPOINTMENT

Jan. 28, 1999 Diarienummer
' MN E 33 482/98

LUND

LINIVERSITY

faculty of Science
The Subfaculty Board of Mathematics and Physics

The Subfaculty Board of Mathematics and Physics
ax the Lund University appoints
HANNES JUNG

to be Docent *) in ELEMENTARY PARTICLE PHYSICS
at the Lund University from January 18, 1999

Ingdar Otterlund -

Lenaﬂ' gguz,c}//'

Subfaculsy Board

*} A Docentship- in the Swedish universirty system

is an academic title that can-be awarded by 4 faculty
committee ata university to 2 Doctor of Philosophy
(Medicine, Technology eic) from ‘that same university
who has reached a higher level of scientific competence
by means of additional advanced research than is required
for a doctorate.

Postal address Box 118 5-221 00 Lund Sweden Visiting address Ecological Building Salvegatan 37 LundTelephona Int. +46 46-222 71 86, +46 46-
422 00 00 Tedefax Int. +46.46-222 40 24 E-mail L.éna. Engoaulst@kanslifdN, L se internet Wtpiiwww.lu.se kansiimn



Curriculum vitae
Johann Christoph Bernhard (Hannes) Jung

Deutsches Elektronen Synchrotron (D ESY)

Notkestr 85, 22603 Hamburg, Germany

Researcher unique identifier (ORCID 1d) 0000-0002-2964-9845
Date of birth: 18. Decernber 1955

Nationality: German

E-nail: hannes.jung@pdesy.de;

URL: www desy.de/~jung

Education _ _

2004 Docent in particle physics, University of Hamburg, Germany

1999 Docent in particle physics, University of Lund, Sweden

1989 PhD i particle physics, University of Hamburg, Germany

1983 Diploma in physics, University of Freiburg, Germany

Current position

since 2004 Senior researcher at DESY, Hamburg, Germany

since 2004  Docent in particle physics at University of Hamburg, Germany

2014 - 2020 Leader/co-leader of the Standard Model Phiysics group at CMS-DESY
(> 20'members: seniors, postdocs and PhD students)

2009 ~2017  Guest Professor at University of Antwerp, Belgium

Preyious posifions

1996 — 2004

1995 - 1996
1994

1994
1988 — [993
1987 - 1988
1984 - 1987
Impact

Researcher, University of Lund, Swedeir - |
Visiting Scientist at CEA, DSM/DAPNIA, CE-Saclay, Gifsur-Yvette, France

Visiting Scientist University Paris VI, France
Rescarcher, DESY, Hamburg, Germany:

Research Associate, University of Aachien, Genmany
Rescarch Associate, DESY. Hamburg, Germany
Research Associate, University of Karisruhe, Germany

more than 1200 citable papers in peer-revi ewed high-impact journals.

The h-index is 155 (http:/finspirehep.net).

High citation rate publication (in addition to publications frori experimental collaborations):
Renowned papers (with citations of 500+)

Hard diffractive sealtering iff high-energy ep collisions and the Monte Cailo generaior
RAPGAP . _ et .

Comput. Phys. Commun. 86 (1995) 147. Cited by 537 records in INSPIRE on 13 June 2619
Famous papeérs (with citations of 250-499)

Hadronic final state predictions from CCFM- The hadion level Monte Carlo generator

CASCADE | |
Eur. Phys. 1. C19 (2001) 351. Cited by 267 records in INSPIRE on 13 June 2019

Very well-known papers (with citations-of 100-249)

The CCFM Monte Carlo generator CASCADE'

Comput. Phys. Commun. 143 (2002) 100, Cited by 244 records in INSPIRE on 13 June 2019
The CCFM Monte Carlo generaior CAS CADE version 2.2.03

Eur. Phys. I. C70.(2010) 1237. Cited by 162 records in INSPIRE ofr 13 June 2019

Fellowships and Awards

20162018
20112012
2007 - 2009

Alexander von Humboidt Polish Honorary Research Fellowship by the Foundation

for Polish Science (F NP} (in collaboration with the Germar Humboldt Foundation)

Paid Associate, CERN, Gerneva

DAAD-STINT grant (with University of Lund) on Multi Parion Intérdcetions and small x



effects at HERA and the LHC

Supe'm-isfan of graduate students and postdoctoral fellows

Since 1995 Supervisor of 28 PhD Theses and [5 '__dipioma_'(_mastcr) theses,
out of which are 20 PED theses at University Hamburg,_ 5'PhD theses at Lund University
and others at Aachien University, Freie Universitit Berlin, '
CEA, DSM/DAPNIA, Saclay, Paris (France)

present Leader of the QCD group at DESY with 4 PhD students, 3-postdoos.and regular visiting

scientists from Cracow {Poland), Havana (Cuba), Moscow (Russia) and Oxford (UK). '

Teaching experience

2018 Exercise lectures ar Monte Carle schoot of the Terascale-Alliance (DESY, Hambuig)
2015 Exercise lectures at Monte Carlo school of the Terascale Alliance (DESY, Hamburg)

since 2008 Lecture Courses: QCD and Monte Carlos, Uriiversities Antwerp, Hamburg and DESY
20052007 Léeture Courses: QCD and collider physi cs, University Hamburg

since 2005 Summer-student lectures on Mont¢ Carlo simulations, DESY Hamburg

1998 - 2001  Lecture Courses: Cosmology and particle physics, University Lund

Reviewer Responsibilities _
2012 European Research Couneil ( ERC) referee in peer review evaluations _
since 2000 Regular peer reviewer for Buropean Journal of Physics C, Physics Letters B , JHEP

Institutional Responsibilities _

2017 —  Leader of the LHC'wide working group on "Jets and electroweak bosons”

2016~2018  Leader of the Standard Model Physics-Jet group (SMP-J) in CMS (ca 30 members)

2013-2015  Leader of the Monte .Carlo generator group “Physics Comparison and Generator Tunes”
_ in CMS (ca 25 members) ' '

since 2013 Chair of the board "Theorists in CMS"

2013-2014  Chair of the.CMS publication committee for forward physics and detector performance

2012-2014  Member of the CMS publication committee for Higgs and forward physics results

20102011  Leader of the “Forward Physics” analysis group in CMS \ _

2007 2009  Leader of the Monte Carlo group at the Analysis Center of the Helmholtz Alliance

“Physics at the Tetascale™ at DESY, Ham burg.

Menibership of scientific societics

2010~ Member of the Intemational Advisory Board for the LISHEP {Brazil) workshops
2009-2014  Chair of the International Advisory Board for the MPI@LHC workshops

since 2008 Member of the International Advisory Board for the MPHALHC workshops
2008 2012 Member for the Scicatific Committee at DESY

since 2007 Member of International Advisory Commiittee for Iiiternational Symposium on
Multi-particle Dynamics (ISMD)
since 2007 Member of Intérnational Advisory Committee for International Conference on Elastic

and Diffractive Scattering (Blois Workshop;

Organization of international conferences

2021 Chair-of Mante Carlo school of the Terascale Allhance (DESY; Hamburg)

2018 Chair of Mente Carlo school of the Terascale Alliance (DESY, Hamburg)

2015 Chair of Monte Carlo school of the Terascale Alliance (DESY, Hamburgy

since 2013 Co-chair of the annual TMD-workshops (Antwerp, Amsterdam, Hamburg, Madrid, Cracow)
2012 Chair of the-workshop “MPI@LHC™ (CERN, Geéneva)

2011 Chair of the workshop “MPIGLHC” (DESY, Hamburg)

2008 — 2009  Chair of Monte Carlo school of the Terascale Alliance (DESY, Hamburg)

2008 Chair of “International Symposium on multiparton dynamics * ISMDO08 (DESY, Hamburg)
2007 Chair of “Elastic and diffractive scattering - forward physics and QCD (DESY, Hamburg)

2003 - 2008 Chair and initiator of the workshop “HERA and the LHC ™ (CERN, Geneva and DESY,
Hamburg} (with more than 50 regular participants)

Major Collaborations

2008 —2018 MCnet network (hitp:/www.montecarl onet.org} {via the node in Lund, Sweden)

since 2007 CMS collaboration {experiment at the LHC, CERN, Geneva)

since 1987 HI Collaboration (cxperiment at HERA, DESY, Hamburg)

since 1984 CELLO Collaboration (experiment at PETRA, DESY, Hamburg)

1982 - 1984 EMC/NMC Collaboration (experiirient at SPS, CERN, Geneva)



Summary of my achievements

I-am an expert in Monte Carlo technigues. Since 2005 [ am giving lectures on Monte Carlo techniques. and
QCD at the Universifies of Antwerp.and Hamburg. [ have developed and maintained Monte Catlo event
generators which are used in large particle physics collaborations. 1 wrote the first Monte Carlo event
generator (RAPGAP) to simulate hard diffractive events, which weie observed at HERA (DESY). This event
generator ﬁwa_s further developed to become the main MC generator for deep-inelastic scattering at HERA,
Jincluding al] standard (non-diffractive) processes. The citation index of 524 citations of the manual is a clear
indication of this. In 2001 I published the first Monte Carlo event generator (CASCADE) based on TMDs (in
the high-cnergy limit un-integrated gluon distributions), which was then. applied o HERA as weil as
Tevatron and later LHC measurements, The CASCADE mantals have in total 392 citations. CASCADE is
part of the standard CMS and ATLAS software packages, and comparison with predictions are included in
collaboration publications.

I have supervised 29 PhD thesis, one was dedicated ig' TMD: evolution, 3 ‘were in the field of Monte Carlo
generators, In 2015 two of my PhD students graded with the highest distinction (summa-cum-laude) at
Hamburg University. Osie of my PhD students published his thesis in the Springer Theses Series. 1 have been
very successful to promote the postdocs of my group, some of them holding leading positions in science and.
cducation and others in start-up enterprises, finance sector and industry. At present I arm supervising 4 PhD
students, onc has just completed a PhD on TMD determination, the others of experimental topics, as well as
2 postdocs.

From 2015 - 20171 led the CMS Standard Model Physics-Jet group; where many very relevant publications
were released, and now I am leading the LHC wide working group.on Jets and electroweak bosons. In 2013 1
created (and led tor 2 years) the CMS Monte Carlo group “Physics Comparison and Generator Tunes”,
which is concerned. about the global description of measurements at the LHC as welt as providing new
parameter sets (tunes) for the standard Monte Carlo event generators .for the best description of LHC data.
The results are now the basis for the whole CMS Monte Carlo sirmulation, whicl 8 used in cross section
measurements but is also {important for alt searches. Under my guidance we-published a paper on tunes.
within the CMS collaboration (Bur: Phys. J. C 76 (2016) 155), which is the first CMS paper on generator
funes and serves.as a benchmark and legacy reforence for results from LHC run]. '

I was leading the DESY QCD group with more than 20 scientists. This group: is ‘well embedded in the
gencral CMS physics program; alone from the PhD students and: postdoes T.am supervising, more than 10
CMS publications weie released since 2017, '

I have exeellent collaborations with theorists: I-was initiatoi of the Lund Small x workshop series (with niore
than 350 citations tor the proceedings), The HERA-LHC workshops which I initiated and led over § years
{with more than 370 citations for the proceedings) had more than 150 ‘participants, The HERA-LHC
workshops were also 4 basis for the participation of DESY in LHC experiments. More than 50 publications
in phenomenology (both ori HERA and LHC physics) I have written together with theorisis, Due-to my
experience in both’phenomenoclogy and experiment, I became a respected expert and translator between
experimentalists and theorists, and therefore was chosen by the CMS.collaboration board as the chair of the.
commitfee “Theorists in CMS™ to metivate theorists to join CMS.

In 2016 T won the award of a*Humboldt research s_oho]arship"" from the Foundation of Polish Scicnce {(FNP)
in collaboration with the -German Humboldt socicty. The peer-reviewed award was. given on the topic of
TMD evolution and Monte Carlo generators.
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