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Introduction: TMD factorization

Collinear factorization

o= Z/dX1dXzfa(X1,uZ)?Tab(XLXz, Q% 1®)fs (32, %)
a,b

o ¢ fixed order calculation in as
e evolution of fi(x, u?) described by DGLAP

Multiple soft-gluon emissions call for effects beyond fixed
order!

Transverse momentum dependent (TMD) factorization
o low-q; factorization: CSS (resum af In™(Q?/q3.))
@ high energy (k_ -) factorization: CCFM, BFKL (resum (asIn+/s/Q)")
@ Recent ('17) development: practical application in Monte Carlo approaches:
Parton branching (PB) method JHEP 01 (2018) 070 [arXiv:1708.03279]
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The Parton Branching (PB) method

JHEP 01 (2018) 070 [arXiv:1708.03279]

PB evolution equation for TMDs A, (x, k2, i?) can be
solved iteratively with the Monte Carlo method:
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’ o ke, Kinematics in each branching governed by
momentum conservation: k¢ p = Kt 2 + Gt,c

P‘gbR)(as,z) real splitting function (resolvable branching probability),

A,(p?, pu2) Sudakov (no branching probability)
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Inclusive & exclusive observable calculations with PB

The PB method is implemented in event generator CASCADE3

@ Two modes for hard scattering events (LHE input): on-shell and off-shell
@ Associate k; to partons in the hard process according to the TMD
@ Backward evolution unfolds the TMD distribution

TMD parton shower based on PB by constructing the backward Sudakov:

“od ) Ap(x/2, K, 1)
Apw (X, kesptiy pi—1) = exp { — / / dzP ER e
ot Ko i) { >/ D Al/n ko

This is the no-branching probability in the TMD parton shower.

@ In each splitting
2ot kg a

kt,b = kt,a + qt,c
2= To/Tp « Qe = JL = kt,a + (1 - Z);,L

o Total transverse momentum:

ke = ko + Z gt,c
c

ot ke b
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Combining PB with higher orders

Matching TMD and NLO

o Match with MCONLO procedure,
subtraction terms HERWIG6

o Intermediate pr region described

o Deficit at large pr
Multi-jet merging at TMD level New!

@ Include higher fixed-order
calculations: multi-jets

e Make ME exclusive by Sudakov
suppression

@ Avoid double counting between
initial state TMD evolution &
hard emissions

figure by A. Bermudez Martinez —
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Z e, dressed level, 66 GeV < e < 116GeV, ly] < 24

do/dpf [pb Gev1]

Parton shower

P ——
>'\AM mm

- 1% emission PS: RPS(p?) x exp [7 fp: dp?
Jp?

Matrix elements

Yeut

Py
RPS(p?2)

B
i /PPS 72
- 1* emission ME: R(p?) — R(p?)xexp {7 _]p2 dp?#]
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TMD merging

A. Bermudez Martinez, F. Hautmann, M.L. Mangano Phys.Lett.B 822 (2021) 136700
TMD multi-jet merging method

@ Evaluate n-jet matrix elements: &,
@ Reweight the strong coupling

. . o 5 5
© Apply forward PB-TMD evolution with condition: |k¢|* < pZ .
@ Shower the events using the backward PB evolution
@ Apply MLM! prescription between and the

Ap(xp, ka‘nr )

1Other merging prescriptions can potentially also be used
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Differential jet rates: Z+jets

Differential jet rates (DJR) show smoothness of the transition between the TMD region / parton
shower and matrix element region.

o d(n,n+ 1): scale at which an n-jet configuration becomes an (n + 1)-jet configuration
@ merging scale um divides soft and hard region

o transition around merging scale um = 23 GeV should be smooth (log(23) = 1.36)
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Z boson pt spectrum & jet multiplicity

o Z + 1,2,3 jets in matrix element
@ @Z mass peak: 66 GeV < my < 116 GeV

Z — ee, dressed level, 66 GeV < my < 116GeV, |yy| < 2.4 Z — £+(~, dressed level
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o Consistent with PB+MC@NLO at low pr o Also jet multiplicity well described
@ Uncertainty NLO from scale variations o Accurate at Njers = 7!
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Theoretical systematics; Z + jets
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TMD merging

Variation of the merging
scale with 10 GeV gives
< 2% change in cross
sections
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Dynamical merging scale

Understand the relation of the Z boson p7 with the corresponding mass.
As in studies by
o What happens at very large masses: Q2 > M%?
o Change the merging scale um

my > 600 GeV, dp1:
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Dynamical merging scale

o Merging scale depends on hard scale: pm ~ log(my)

0 100 200 300 400 500 600 700 800 900
m, (GeV)

Work in progress
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Di-jet production

o Apply to multi-jets: including color in the initial state.
o Produce pp > jj + 1,2j
Jet multiplicity H7: sum of transverse momenta
Inclusive jet multiplicity (R = 0.4) H for events with Njgg > 2 (R = 0.4)
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Jet p7 in multi-jet events

TMD merging Collinear merging
up to 2 — 4 matrix elements up to 2 — 6 matrix elements

Transverse momentum of the leading jet (R = 0.4)
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Jet p7 in multi-jet events
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TMD merging
up to 2 — 4 matrix elements

Transverse momentum of the 3rd leading jet (R = 0.4)
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Outlook & summary

o Parton branching method combined with multi-jet final states
o Exclusive calculations within the TMD framework

TMD multi-jet merging:
o improves description of higher order emissions (large pr)
o reduces systematic uncertainty

o Merging scale dependence on the DY mass!
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