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* Recap of PB method
@ Application of PB TMDs to

® 7o production at the LHC
(based on Phys Rev D.100.074027 (2019))
® 7o+ b jet production at NLO
® sensitivity to TMD
* sensitivity to TMD initial state parton shower
® Zo+band bb correlations
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Recap of

Parton

Sranching method
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DGLAP evolution — solution with parton branching method

- - . 0 dz o T
o differential form: 2 2\ _ s p (_ 2)

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020 3



DGLAP evolution — solution with parton branching method

® differential form: 8 f(.’L’ 1 ) /dz (2343 P+(z) f (%aﬂz)

g dp? gy
Ag(u? —exp( / dz://;2 o i P (Z))

* differential form using f/As with

, 0 flz, 1) /dz a; PU(2) f(fc 2)

Moz A, (12) 2 21 A (u2) ' \ZF

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020 4



DGLAP evolution — solution with parton branching method

- - . 5 O dz o x
* differential form: s L2
s o 5 fa, p1°) = / P+(Z)f(z,u)

27

s di?
Ag(u? —exp( / dZ/;;? o i P (Z))

* differential form using f/As with

, 0 flz,p?) /dz a; P (2) f(fc’lﬁ)

Moz A, (12) 2 21 A(u2) ' \2
® integral form
d 3 2 /
fz, 1?) = f(x, uo - 5,2 P (z)f (E,MQ)

NO — branchmg probability from p2g to p?

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020 5



DGLAP evolution — solution with parton branching method
o) = Jed)d) + [ L [U LU pmyp (2,07)

* solve integral equation via iteration:

folz,1*) = flz, pg)Ap®)

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020 6



DGLAP evolution — solution with parton branching method
o) = Jed)d) + [ L [U LU pmyp (2,07)

* solve integral equation via iteration:

) 5 5 from p' to L': N———— from 4 to p'
foloi®) = Sl A [oencny | [FEemear ] |viobending

Fad)ae) + [ L T [ PO o) M)

0

.fl(x: ﬂz)

VN

]

t P(z)
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DGLAP evolution — solution with parton branching method

ZM d
o) = Jed)d) + [ L [U LU pmyp (2,07)
&
* solve integral equation via iteration:
from p' to p from u to u'
fO (ZE, MQ) _ f(ﬂi, M%)A(ﬂz) w/o branching Ibranching at 1’ I w/o blrLatncﬁing
p dﬂl2 A MQ M ]y
.fl(xaﬂz) — f(xap“g)A(lJJz) +L2 MIQ A((NJQ))/ > P(R)( ) (CC/Z&M%))A(M,Q)

* with P,(B) (2) real emission probability (without virtual terms)
® zy Introduced to separate real from virtual and non-emission probability
@ reproduces DGLAP up to O(1 — zas)

2 make use of momentum sum rule to treat virtual corrections
@ yse Sudakov form factor for non-resolvable and virtual corrections

AEYNTNT —exp( Z/: d‘””Z/ dz z Py," (o), z))

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020 8




Transverse Momentum Dependence

® Parton Branching evolution generates every
single branching:

: : +
® kinematics can be calculated at every step TaP" s Ko

* Give physics interpretation of evolution scale: 2= Ta/Th
@ angular ordering:

H = qT/ (1—2) oop, Kt

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020
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Transverse Momentum Dependeng

® Parton Branching evolution generates every
single branching:

® kinematics can be calculated at every

@ angular ordering:

p=qr/(1-2)

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020 10



PDFs from

Parton

Branching method: fit to H

RA data

* Convolution of kernel with starting distribution

— /dm /d.’L’”AOb Al (2", 1?) §(a'2" — )
/ L 1b
= [arao@) 5 & (5?)

* Fit performed using xFitter frame (with collinear Coefficient functions at NLO)

zfa(z, 1%

* using full HERA 1+2 inclusive DIS (neutral current, charged current) data
* in total 1145 data points
» 3.5 < Q% < 50000 GeV?
® 4.107° < x < 0.65
@ using starting distribution as in HERAPDF2.0
@ v2/ndf=1.2

=> Can be easily extended to include any other measurement for fit !

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020
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Fit with different scale in o

B = 3.0 GeV? | S E = 3.0 GeV? i - - 1
E 5: WPQZB Nng (sie¥1 a,(u? Spiter Cx" 0.95 '79223 N?.g ge¥1 as(ll? xFitter ? flt -1 Wlth @ S(q )
2 [ =PBNLO Set2 ay(p)) I3 0.8F > PB NLO Set 2 o (p)
T 0.7R @ as good as
06 HERAPDF2.0
o x2/ndf=1.2

o
>

e ©
N W

o
o
'1TI'|'1'I'|'II|I|||||||1|||1|||||lll|l|"

@ fit 2 with as(g(1-2))

ofF NS N °® y2/ndf=1.21
1074 1072 1072 107! 1 1074 1073 1072 10" 1
X X
& [ o?=8317GeV? N S [ a?=8317 GeV? P ? '
%100—',@,4PB NLO Set 1 a(1?) % 8F #4#PBNLO Set 1. (?) very different g|UOﬂ
X [ SwPBNLOSet2 alp) % gp YSPBNLOSet2 ayp) distribution obtained at
80 A
_ 6F small Q?
so} 5?
i ar
o 3F
- of
20 :
i 1
o Lol Y oF Lol Ll T T
10 1073 102 10" o 107 10°° 102 1077 .
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TMD distributions from fit to HERA data

anti-up, x =0.01, u = 100 GeV

gluon, x = 0.01, u = 100 GeV

T IIIIIII

T IIIIIII

= PB-NLO-HERAI+II-2018-set1
PB-NLO-HERAI+II-2018-set2

T T

cod ool oo comd o o o o o ol

|II|l|

experimental uncertainties —

I |||||I|

T

1

IIIIII

I IIIIIII

full uncertainties

llllll

| lllllll

T

—

_.
I|I|I|I

|

—

— TTTT T T llllll] T T IIITIII T T llllll] T T T E III'I T T T ']]]ll T
1 -~
- - 10
-~ 107 ——— PB-NLO-HERAI+I1-2018-set1 i—
‘%’ 10 PB-NLO-HERAI+|I-2018-set2 “5’ 10
E
E: 10—555
é 10‘7;5
10—8 bl 1 Lol 1 Lol 1 Lol 1 1 |: 10_8_"" L Ll L
1.1 T T T T T T T T T T T 1 1'1_"”| T T TTTTT T
1.05— experimental uncertainties — 1.05 _—
1= - U
0.95— — 0.95—
09_||||| Lol Lol Lol Lo 09 L] Ll
1.1 TTTT] T T T TTTTT] T T T T TTTT] T T T T 1 1'1_””| T T TTTTT T
1.05— full uncertainties — 1.05 ~
= —~ =
0.95 _ 0.95
09_||||| Ll Lol Lol L1 |_ 0.9 Ll Ll 1
1 10 102 10° 1 10

k, [GeV]
* model dependence larger than experimental uncertainties
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TMD distributions (light flavors)

PB-NLO-HERAI+I1-2018-set2, x = 0.01, u = 100 GeV
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TMD distributions (heavy flavors)

PB-NLO-HERAI+I1-2018-set2, x = 0.01, u = 100 GeV
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* experimental+model uncertainties larger than for light flavors

® uncertainties from intrinsic k7 very small !
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Application to Drell — Yan production

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020
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Drell -Yan production: qr - spectrum

* DY production — C
°» 90 — X
® add k; for each parton as function of x
and p according to TMD
* keep final state mass fixed:

® r1 and xz; (light-cone fraction) are fk>0
different after adding k;

® use NLO calculations: MC@NLO

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020 17



Matching to hard process:

MC@NLO method

* MC@NLO subtracts soft & collinear parts

The transverse momentum spectrum of low mass Drell-Yan production
at next-to-leading order in the parton branching method
Bermudez Martinez, A. et al, arXiv 2001.06488

from NLO (added back by TMD and/or parton shower)
* MC@NLO without shower and/or TMD unphysical

@ use herwigb subtraction terms

Madgraph_aMCatNLO: Drell-Yan production at /s = 13 TeV

[
o
[

[ I | I ‘ I | [ I

1/odo/dpy (GeV™ ')
I
|

LT T T LLURALLL

—+— MCatNLO subt.
—+— MCatNLO subt.+PB_.TMD
76 < M;t+;t_ < 116 GeV

| [ [ | [ | I [ | |

IIIIIII| IIIIIlI|| II|IIII|| II|IIIII| IIIJIIII| L LI
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Matching to hard process: MC@NLO method

* MC@NLO subtracts soft & collinear parts
from NLO (added back by TMD and

shower)

* low qrregion affected by subtraction

of soft & collinear parts
* filled by TMD ( + PS)

* DY production very well described by

TMD with MC@NLO
* TMD fills low qr part

@ angular ordering with as(q(1-2)) is

best

® intrinsic Gauss plays little role

do/dpY [pb GeV ']

MC /Data

DY with PB TMDs: Bermudez Martinez, A. et al,
arXiv 1906.00919, PhysRevD.100.074027

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

:llHl I IIIIIIII I IlIlIlll I | I

° ]

|T| T IIIII|T| I IIIlI|T|

T TTI

[ —4— Data
—— MCatNLO PB-NLO-2018-Set2 (exp+mod)
— intr. kt (up)

— intr. kt (down)

— MCatNLO PB-NLO-2018-Set1

I IIII|T|| I |IIII|'|| T TTI

LT

Illl‘ |I|II|lI| IIIIIILIJ |IIIIllIJ lIIIIILIJ IlI|l||.|.|

[ llllllll | JJlJIJI| ]
== IIIIIII IIIII|

1 * 1

[IRENND NN lII|Il
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ATLAS (2016). DY at 8 TeV,

EPJC76, 291, 1512.02192
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/ - production at 13 TeV (CMS)

Bermudez Martinez, A. et al, arXiv 2001.06488 SMP-17-010, JHEP12 (2019) 061
Z—utu T, s =13TeV, |my —my| < 15GeV, |y,| < 2.4

; 60 B T T T T [ I I 1T 17 [[ | [ [ T T TT]
S - Data . CMS 3591b" (13 TeV)
N 50 - — McatNLO PB—NLO‘ZOIS—Setz (exp+m0d) 7 [ T TTTI I[ I T TTTTI | I TTI |.[ I I I TTTIL]
:Eu - ——— MCatNLO PB-NLO-2018-Set2 (scale) ] © - 46 mi<24, p,>25GeV Zly —»pu,e'e
u . R T 12K V4 —
S E g e ol ol :
s ] s . = N ANEL 3 ERRRPPIRIIIS
= 30 — ] - ]
: . & 1 l | E
20 [ = ) STNETTT BRI W RIS, f) 7] R R
: ] 45 1.2 __ *_‘. ——
10 — o — ‘*-8-- 10 = : . as A —
0 111 - &) — ]
S I R = o 0.8
1.4 - —= = —
13 E = ] as
8 1.2 E —= % 12~ 7
‘Q“ 1.1 & —3 a it i
= 1 = * = S - | ]‘
U 0.9 E= = S 1.0 : — ! Iy 4
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g:gg_l I | | 1 I I 1 | I | ’ [ 1 ||||| | | ||||||| | | ||||l|| | L1
1 1 2

10
pr (GeV) 1 10 102

@ very good description of low pr region

@ at larger pr contribution from higher order matrix elements important
* Uncertainties in PB method mainly from scale of MC@NLO matrix element
@ intrinsic kr distribution only small effect at very small pr

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020


mailto:MC@NLO

so far ...

® prspectrum of DY production very well described with PB -TMDs and NLO
calculation a la MCatNLO

* PB - TMDs obtained from NLO fit to inclusive HERA data
* parameters of collinear initial distribution obtained

* intrinsic Gauss distribution with: @germudez Martinez, A. et al, arxiv 2001.06488)

Ao,b(ﬂf, k%a M%) — fO,b(ma Mg) - €XP (_‘k%‘/QO-Q) /(27T0_2)
constrained width o2 = ¢2,/2 of Gauss distribution (default gs=0.5 GeV')
* association of evolution scale with gr

p=qr/(1-z)
* no further free parameters !

2 Can
Multi-

this method be applied to other processes involving

nartonic final states 7

= Is there a PB-TMD initial state parton shower ?

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020
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MC

-G TM

Ds and parton shower - CASCA

® pasic elements are:
s Matrix Elements:
= MC@NLO or POWHEG

s PDFs

=2 TMDs

= enough for inclusive distributions,

N
U

l.e. DY qr spectrum

-

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020




MC

-G TM

Ds and parton shower - CASCAD

® basic elements are:

s Matrix Elements: C:-

s Parton Shower

2> MC@NLO or POWHEG
s PDFs

=2 TMDs

5’"

= following TMDs for initial state !

-

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020



MC

=G TM

Ds and parton shower - CASCA

@ pasic elements are: p
s Matrix Elements:

s Parton Shower

2 MC@NLO or POWHEG _—
« PDFs

2>TMDs

= following TMDs for initial state !

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020



MC

=G TM

Ds and parton shower - CASCA

@ pasic elements are:

s Matrix Elements:
=2 MC@NLO or POWHEG

« PDFs

s Parton Shower

2>TMDs

a
-

= following TMDs for initial state !
* Proton remnant and hadronization

nandled by standard hadronization
orogram

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020



PB-TMD, PB-TMD shower & MCatNLO: Z+b jets

* MCatNLO for Z+b: (5-flavor scheme, since PB TMD in 5-flavor)
@ using herwigb subtraction terms
* PB-TMD to generate initial state kr

@ initial state parton shower following PB TMD (same as, same NLO splitting
functions(!), same cut-off params)

® uncertainties:
* NLO scale uncertainties
* PDF (TMD) uncertainties
* fixed order — TMD/parton shower matching scale
* BUT NO further parton shower or intrinsic k7 uncertainties

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020
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PB-TMD, PB-TMD shower & MCatNLO: Z+b jets

CMS Measurements of the associated production of a Z boson and b jets in pp collisions
@ Cuts: at 8 TeV, Eur. Phys. J., C77(11), 751, CMS-SMP-14-010, arXiv:1611.06507

@ leptons: |n| < 2.,4 p7> 20 GeV, 71 GeV < mj] <111 GeV
@ Jets: anti-k7, R=0.5, |n| < 2.4, p7> 30 GeV, b-Hadron

CMS, 8 TeV, Z boson pt, at least one b jet
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@ comparison PB-TMD and P8 shower shows good agreement,

* differences in details :)

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020
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Z+b jets: sensitivity to Initial state kt

4 d-type = b

I di 12 D=2, QED=2
born diagram 2 QCD=1, QED=2 real diagram QC Q

s iNLO: A¢p(Zb)=m @ real NLO correction: A ¢ (Z,b) <
 TMD introduces k7 ongandb — @ TMD introduces kron g
deviation from A ¢ (Z,b) = — additional decorrelation A ¢ (Z,b)

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020 28



Z+ |ets: sensitivity to Initial state &t

DeltaPhi_Zjet, at least one jet DeltaPhi_Zb, at least one b jet
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* TMD important at large and small A ¢ e TMD important at large A ¢
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Z+ |ets: sensitivity to initial state &t

DeltaPhi_Zjet, at least one jet

DeltaPhi_Zb, at least one b jet
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* TMD important at large and small A ¢ e TMD important at large A ¢
? initial state PS only small effect (on top

? initial state PS at small A ¢
of

TMD)
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Z+ |ets: sensitivity to initial state &t

DeltaPhi _Zjet, at least one jet DeltaPhi_Zb, at least one b jet
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* TMD important at Iarge and small A ¢ * TMD important at |arge A ¢
® initial state PS at small A ¢ @ initial state PS only small effect (on top

* FSR only small effect at large A ¢ of TMD)
* FSR only small effect at large A ¢
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Z+b-jets: A ¢ (Zb) - comparison to measurement

CMS, 8 TeV, DeltaPhi_Zb, at least one b jet
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® Good description in large A ¢
region where TMD effects are
relevant

® decorrelation comes
essentially from kr from
INnitial evolution

*C
G

G

details of shower are less
important (see slides
before)

Istribution essentially
etermined by TMD
Istribution

® uncertainties only from TMD

= /+b correlation
tests TMD
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Z+ 2 |ets: sensitivity to initial state shower

DeltaPhi, at least two jets

DeltaPhi bb, at least two b jets
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* TMD has little impact
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Z+ 2 |ets: sensitivity to initial state shower

DeltaPhi, at least two jets
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Z+ 2 |ets: sensitivity to initial state shower

DeltaPhi, at least two jets DeltaPhi bb, at least two b jets
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* TMD has little impact
® initial state PS large small effect (on top of TMD)
* FSR significant at small A ¢ : g — bb

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020

35



Z+2b-jets: A ¢ (bb) - comparison to measurement

CMS, 8 TeV, DeltaPhi bb, at least two b jets
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* (Good description

® decorrelation comes
essentially from kr from
INnitial evolution

@ Space shower is important

@ Time shower only at small
A ¢(bd)

* sensitive to b-quark TMD
density AND
b-quark TMD-shower

=> bb correlation
tests space shower
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Correlations: Z and b-jet

* pr(Z) dependence of Zb correlation
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® large pr(Z): correlation between Z+b-jets
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Correlations: bb-jets

* pr(Z) dependence of bb correlation

DeltaPhi bb, at least two b jets, p1(Z) > 30 GeV
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* small pr(Z): correlation between bb-jets
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Conclusion

* Parton Branching method to solve DGLAP equation at LO, NLO and NNLO

®» method directly applicable to determine k; distribution (as would be done in
PS)

=2 TMD distributions for all flavors determined at LO and NLO

= TMD evolution implemented in xFitter — fits to DIS processes at the moment

@ Application to DY processes In pp:
= DY ¢gr - spectrum without new parameters for Z and low mass DY

= matching TMD with MC@NLO

* NEW: application to Z + b-jets
@ distributions well described — no additional uncertainties from shower

® Regions of sensitivity to TMD and space shower identified:
= b-quark TMD density AND b-quark TMD shower !

= Z + b-jets interesting tool for studying initial state parton radiation in very
detail: TMDs and TMD showers
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Appendix

H. Jung, Z+b production at NLO with the PB method, LHCEW Jet and EW bosons, March 30, 2020

40



Validation of method with QCDnum at NLO

N
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® Very good agreement with NLO - QCDnum over all x and 2
* the same approach works also at NNLO !
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Validation of method at NLO: zps - dependence
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Fits to DIS x-section at NLO: Fa and FYy
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Matching to hard process: MC@NLO method

DY with PB TMDs: Bermudez Martinez, A. et al,
arXiv 1906.00919, PhysRevD.100.074027

* MC@NLO subtracts soft & collinear parts
from NLO (added back by TMD and

Z — ee, dressed level, 66 GeV < m,, < 116 GeV, |y,/| < 2.4
shower)
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@ low g7 region affected by subtraction =
of soft & collinear parts =
. © 0 —4— Data
* filled by TMD ( + PS) ~—— MCatNLO PB-NLO-2018-Set2 (exp-+mod)

—— MCatNLO PB-NLO-2018-Set2 (scale)
— DY+1 PB-NLO-2018-Set2 (scale)

® DY production very well described by .
TMD with MC@NLO B
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s TMD fils low gr part &
» small uncertainties in small p; region - Eﬁg_l - TSR
@ scale uncertainties from hard process sizaf:‘) el o T e
® at large qr contribution from DY+1 et significant ATLAS (2016). DY at 8 TeV,

EPJC76, 291, 1512.02192
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