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Soft-Gluon Correlations and TeV Jet Production

* New physics searches and QCD effects

@ QCD factorization methods

* Applications to LHC processes
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QCD as a part of the Standard Model (SM) of
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@ On one hand, one relies on QCD to search for new physics in the
electroweak sector with high-energy experiments

* On the other hand, one investigates in QCD profound questions
probing field theory in “extreme” regions
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New physics searches and uses of QCD
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Fig: Building blocks of the SM

@ The identification and interpretation of novel physics signals in the complex
environments produced in cosmic and collider processes, containing energetic
leptons, photons and jets, require a deep knowledge of QCD effects from
radiation of “partons” (gluons and quarks), the fundamental quanta of the
strongly interacting fields.
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LHC pp collision event
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QCD uses an array of techniques to treat high-energy multi-particle production:

e factorization of long-distance dynamics
e perturbative calculat.’s of short-distance processes at fixed order in o,
e resummation of enhanced radiative corrections to all orders of PT
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A cartoon picture of collider's phase space
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Phase space in high-energy
@ Bulk ofphase space hadron collisions

treatable by methods employed routinely in collider

physics: LO, NLO, or NNLO perturbation expansions,

matched with “parton-shower” Monte Carlo algorithms
* Extreme regions near phase space boundary

call for cutting-edge factorization and resummation

methods which go beyond finite-order perturbation theory
F Hautmann: DESY Colloquium, July 2018




EXAMPLE 1: MULTI-TEV JETS

Dijet Mass = 6.14 TeV

e Motivated by searches for BSM states
and precision physics

e Nearly back-to-back kinematics
Ap —m ~ O(1 degree) +— Apr ~ O(10° GeV)

> In the back-to-back region, jets are

sensitive, despite the high pr, to infrared QCD effects
beyond finite perturbative order (LO, NLO, NNLO ...)

EXAMPLE 2: BOOSTED TOP QUARKS
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Heavy mass + |jets hadro-production
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— large range in ratios of sub-
energy scales S, sjj and sy: In 1r

multiple-scale processes —
effects from different

sectors in phase space
diagram become important
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Color correlations in jet and heavy-flavor
production in the multi-TeV region

* |nitial state / final state
soft-gluon correlations

— new “color
entanglement” effects?

* Do such terms contribute beyond NLO and LL?
* To what extent do they affect the region Mz > .&p#@
s Significant corrections in @ In* (M/QPL) , k< 2m

for any m?
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Top quark pair production:
transverse momentum spectrum

Preliminary results at NLO+NLL

» Large distortion of the spectrum due to soft radiation off the top

quarks.
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From color-neutral to color-charged final states

Color neutral: Color
charged:

/r:'

* New long-time correlations in color-charged case:

(;TC;) = > /d%u e 0 fdz:l/dzz fa, ® [Tr(HA)C1C%lijaraz @ fas
tE

"!..jﬂ.laz

* Observable at high momentum scales? soft gluons coupling
initial and final states
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STRUCTURE OF SOFT RADIATIVE FACTOR
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How to compare resummed and parton-shower calculations?
Parton Branching Formulation:
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INITIAL STATE SHOWERS
gl recoils and transverse momentum dependence

Awlon) = 5. ot + 3 [ 15 Sl 00— (e i)

x f "4z PP (as(a?),2) Ao(n/2,k + (1 - 2)d, q)

. . ~ —~ pt 1
Solve iteratively : AL (z,k, u?) = Sa(1?) Ao, K, 13) ,  yhere Sa(zag, 1%, 112) exp( / e / dz 2 P oy ,u’z),z))

d2 ! , ,
AW (a, k,u2>—Z f L o2 - q?) 0(q” — i)

f dz Paf)(ag(q"z) 2) Ab(m/z k+ (1—2)q,ud) Sp(qd?)

5‘ (q
"\ NB: angular
Jung, Lelek, / orderlng
Radescu, Zlebcik & H,
JHEP 01 (2018) 070 / zpt ke | a
i
E 2 =1I,/T) e Qe =+ M
u E“rr P(:
X0:Ho E Tupt, kep b
=
: p=lqcl/(1—2)

F Hautmann: DESY Colloquium, July 2018 18



TMDs and soft-gluon resolution effects
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Well-defined TMDs require appropriate ordering condition



Parton branching method in xFitter

@2 Determine Star’[ing distribution A Bermudez et al, arXiv:1804.11152
A. Lelek et al REF 2016
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TMD distributions from fit to HERA data

anti-up, x = 0.01, p = 100 GeV gluon, x = 0.01, u = 100 GeV
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A Bermudez et al, arXiv:1804.11152

* NLO determination of TMDs with uncertainties
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CURRENT WORK

* Drell-Yan pT spectrum from convolution

of two transverse momentum dependent
distributions

» Comparison of parton branching results
with analytic TMD resummation
(Collins-Soper-Sterman method)

* First implementation for jets (using NLO
matrix elements for color-charged final states)
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Angular ordering and soft-gluon resolution
effects in Z-boson pT spectrum

Z — ee, dressed level, 66 GeV < myy < 116 GeV, |y | < 2.4

* Parton branching TMD defined by using = 008 -7
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COMPARISON WITH TMD (COLLINS-SOPER-STERMAN) RESUMMATION

> The resummed DY differential cross section is given by

do o (0)
N2y
qdM2dy > ; Hlas) /

d2b Jiab lal
or TP A, (x1,b, M) Agz(x2,b, M) + O v where
q,q

M2
Ai(x,b, M) = exp{%/co/b2 d: Ai(as(pn'?)) In (1/[—/22) —I—Bi(as(,uﬂ))] }exp (;;,j)
> [ e (voe (52)) 5 (533)

and the coefficients H, A, B, C have power series expansions in asg.

<> The parton branching TMD is expressed in terms of real-emission PR,

Zig=X i W P

z =X /X "
it Nt N M Pz, )

> via momentum sum rules, use unitarity to relate P to virtual emission

> identify the coefficients in the two formulations, order by order in ag, at LL, NLL, ...



Di-jets from NLOPS with TMDs

Dijet azimuthal correlation ak4, 300 < pl;ading < 400 GeV Dijet azimuthal correlation ak4, 300 < pl—,.'-:ading < 400 GeV
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@ Events by NLO POWHEG 2 jets

@ Parton branching TMD (with angular
ordering)

@ TMD parton shower
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Di-jets from NLOPS with TMDs

5
10~ 7t
102

@ Events by NLO
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| g8

@ Parton branching 9)
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@ TMD parton shower
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Dijet azimuthal correlation ak4, 300 < plq'fading < 400 GeV
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CONCLUSION

® New physics searches at highest mass and shortest distances
depend on chromodynamic effects which probe the structure of
the theory beyond finite-order perturbation expansions

eX.: soft gluon correlations in multi-TeV jet production

* The Parton Branching method provides a consistent treatment

of initial-state distributions, including transverse momentum, and
parton showers, valid over a wide range in X, KT, mu:

first NLO determination of TMDs including uncertainties
NLOPS with TMDs

¢ Opens the way to new approach to make precision predictions
and estimate theoretical uncertainties, including showering



/Z-boson pT spectrum including TMD uncertainties

Z — ee, dressed level, 66 GeV < niy, < 116 GeV, |y, < 2.4
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W + n jets from NLOPS with TMD

muon channel, dressed level

muon channel, dressed level
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