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0 Recap of Parton Branching method
e Determination of PDFs at 5FL-LO, 5FL-NLO & 4FL-NLO

© What is the gain with exclusive evolution?
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@ Including the As in to the differential form of the DGLAP eq.

2 0 M) [deas P s
2 Ds(p?) )z 2w Ds(p?)
@ Integral form with a very simple physical interpretation:

) = )+ [ 297 o)

@ Solve integral equation via iteration:

fo(x, %) = F(x, 13) As(1?)
f(x, 1?) = £(x, 13) Ds(i?)

2 z
+/H d,u As (# ) /d? f(x/z, 1) A1)

13

uz)

X
PR

@ iterating with second branching and so on to get the full solution
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Transverse Momentum Dependence

@ Parton Branching evolution generates every single
2Pt ko a

branching:
@ kinematics can be calculated at every step
@ give physics interpretation of evolution scale: Z=2a/Ty | € e
@ in high energy limit: pr-ordering:
w=qr
@ angular ordering: zop ", ke b

p=qr/(l-2)
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Determination of PDFs
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PDFs from PB method: fit to HERA data

A kernel obtained from the MC solution of the evolution equation for any initial parton

@ Kernel is folded with the non-perturbative starting distribution
xfa(x,p?) = x /dx' /dX”Ao,b(X/) AB(X", 1) (X' X" — x)
= [ o) S A2
@ Fit performed using xFitter frame (with collinear Coefficient functions at both LO & NLO)
@ LO PDFs are of especial interest for MC event generators, based on LO ME + PS.

o full coupled-evolution with all flavors
o using full HERA I+11 inclusive DIS (neutral current, charged current) data

@ 3.5 < Q2 < 50000 GeV? & 4.107°% < x < 0.65

@ Can be easily extended to include any other measurement for fit.

A. Martinez, P. Connor, H. Jung, A. Lelek, R. Zlebéik, F. Hautmann and V. Radescu, Phys. Rev. D 99, no. 7, 074008 (2019).
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Standard 5FL-NLO full fit with different scale in «s

S ogE  P=306eV
< %P8 NLO Set 1 a,(4)
12 0.8F S PB NLO Set 2 a,(p?)

Q7 = 8317 GeV*
 #4PB NLO Set 1 a,(:)
N PB NLO Set 2 a,(p?)

xU(x.Q)

@ Setl-as(u?) — x?/dof =1.21
@ Set2-as(p%) — x?/dof =1.21

xg(x) = AgxBe(1 — x)% — AéxBﬂl’(l — X)Cél’

10 10‘" 10"7 0 1 10 10‘" 10"7 1:)" s XUV(X) — Auv XBUV (1 _ X)Cu‘/ (1 + EUV X2) ,

)

G S, =306V e G L GemirceV her _ By Cy,
§ GRS FOTERNSS xdy(x) = Ag,x7 (1 — x) v,
- — _ _
x0(x) = AgxBo(1 — x)0 (1 + Dgx),
E A _ A_JBj Cph
xD(x) = Apx“b(1 — x)b.
o
s
o L L L 0 L L I
10" 107 107 107 X1 107 10° 107 107 X1

@ fits are as good as HERAPDF2.0.
@ very different gluon distribution obtained at small Q2
@ the differences are washed out at higher Q2
A. Martinez, P. Connor, H. Jung, A. Lelek, R. Zlebik, F. Hautmann and V. Radescu, Phys. Rev. D 99, no. 7, 074008 (2019).

Sara Taheri Monfared (DESY) Parton branchin

ICHEP 2020 7/20



Standard 5FL-LO full fit with different scale in as

Q7 =3.0GeV”
3% PB LO Setl a(u

XUX.Q7)

[ NPBLO Set2 (P

Q7 =8317 GeV’

%P8 LO Setl ()
[ S PB LO Set2 a,(PY)

ier

C . 1
10 107 107

1 1
10° 107 107

G o a6
Es %+ PB LO Setl ﬂ‘(pz)
T |,f NPBLOSe ()

7 = 8317 GV’

£ %P8 LO Setl a,(:)

R PB LO Set2 a,(P)

. 1
107 107 107

1 1
107 107

n
0" 1
x

@ Setl-as(u?) — x?/dof =1.24
@ Set2-as(p%) — x?/dof = 1.37

xg(x) = AgxP (1 —x)%,

xty(x) = Ay, xBov (1 — x)Cu 1+ Eux?),

xdy(x) = Ag, x4 (1 —x) 4,
xU(x) = AgxBo(1 — x)%0 (1 + Dgx),
xD(x) = AgxB5(1 — x)b.

@ very different gluon distribution obtained at small and large Q2
@ the uncertainty is smaller at LO compared to NLO
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Standard 4FL-NLO full fit with different scale in «s

a5}

S osf  @=300GeV
z — PBAFLNLO Set1 a,(u)
B 7L —PBAFLNLO Set2 a,(P))

detter

7= 8317 GeV’ e
— PB 4FL-NLO Setl “‘“.9 o
—PBAFL-NLO Sew2 (P

@ Setl-as(u?) — x?/dof =1.20
@ Set2-as(p%) — x?/dof =1.23

xg(x) = AgxBe(1 — x)% — A'ngé(l — X)C;

. 1 "
10 10 107 107

1 1 N
10 107 107 107

— PBAFLNLO Se2 a,(P%)

1 1
xty (x) = Ay, xBov (1 — x)Cov (1+ EUVX2) ,
S Q?=3.0GeV’ e k Q=8317 GeV* e
kS — PB4FLNLO Setl () £ 100] —PB 4FLNLO Set a,( e
E L

— PBAFL-NLO Set2 u,(P?) - de (X) = AdVXBdV (1 - X) Cdv 5
xU(x) = AgxBo(1 — x)<0 (1 + Dgx),
xD(x) = AgxBp(1 — x)%b.

. 1 1
10 107 107 107

1
x

10

1 L n
107 107 0" 1
x

@ very different gluon distribution obtained at small Q2
@ the differences are washed out at higher Q2
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Fit to DIS x-section at 5FL-NLO: F,

How well can we describe inclusive DIS cross section with the two sets at NLO?

3 16097 - @X(NC) skitter 3 18FeP - eX(NO) biter H e'p — e'X (NC) iter
o 14 bt © 16 s o 2= s
14
1.2 .5
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A. Martinez, P. Connor, H. Jung, A. Lelek, R. Zlebik, F. Hautmann and V. Radescu, Phys. Rev. D 99, no. 7, 074008 (2019).
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Fit to DIS x-section at 5FL-LO: F,

How well can we describe inclusive DIS cross section with the two sets at LO?

5 16LeP - €X(NO) biver ¢ 18E€P - eX(NO) iter B e'p — eX (NC) iter
° 14 ° 1g s
12 14 1eb
P 1.2
B! £
08 o8
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Fit to DIS x-section at 4FL-NLO: F,

How well can we describe inclusive DIS cross section with the two sets at 4FL-NLO?

% 16ECP - €X(NC) iter & L8EeP - X (NC) it B €'p ~ eX(NC) it
Ll E o 19 E & E
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What is the gain with exclusive evolution?
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k: behavior at LO and NLO

HAGRK )

gluon, X =0.0001, = 100 GeV.

gluon, X =0.001, = 100 GeV

gluon, x =0.01, p = 100 GeV.
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@ difference coming from different starting distribution and also the evolution

@ with the same starting distribution we still get differences at small k;

@ at larger k¢, more splitting — The differences between LO and NLO are washed out
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k: behavior at 4FL-NLO and 5FL-NLO

XAGK )

gluon, x = 0.0001, = 100 GeV.

gluon, x = 0,001, = 100 GeV

gluon, x= 001, = 100 GeV.

oy z PR PR SA 3 PN PIRTRR A
EES 3 EE ]
0k 4 0k 4
0 4 07 4
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gluon, x = 0.0001, 1 = 100 GeV gluon, x = 0.001, 1 = 100 GeV' gluon, x = 001, = 100 GeV.
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0k 4 Ee 4
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0 4
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@ 4-FL gluon is larger than 5-FL gluon at small kt region.
@ at small k¢ — starting distribution
@ at large kt — the differences are washed out due to having more splittings.
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PB-TMD, PB-TMD shower & MCONLO : Z+b jets

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

@ cuts:
@ leptons: |n| <2.4, pr >20 GeV, 71 GeV < my <111 GeV

@ jets: anti-kt, R=0.5, |n| <2.4, pr >30GeV, b-Hadron

CMS, 8 TeV, Z boson pt, at least two b jets

3 E T r T ™
& E
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E
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@ p;: spectrum of z boson is nicely described with the 4FL scheme
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Z+2 jets: sensitivity to initial state shower

DeltaPhi bb, at least two b jets

L B B L I LA BL BL S R

—+— LHE

A0 iducial/dp(bb) pb/rad

Ratio

el b b b b bewen ey
o5 1 15 2 25 3 35
dg(bb) ra

A .l

@ TMD has little impact
@ Initial state PS has significant large effect
@ FSR has contribution at small A¢ : g — bb
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Z+2b-jets: A¢(bb) - comparison to measurement

@ A¢ between the b-b system is well described with the 4FL scheme

CMS, 8 TeV, DeltaPhi bb, at least two b jets

- LN B B e L e
2 ]
}& [ —+— Data
~ —+— MCatNLO PB-NLO-2018-Setz2 (;
= 4FL
,\.{rm,, 4FL-Jhe
I ﬁ ==
= r
Loy by by |
1g T =
13 E
£ 12 |
1.1 -
Sy -
g 09 E I E
Egé = E
0.6 T 1 1 —
05 £t oA L b L I3
o 0.5 1 1.5 2 25
d¢(bb) rad

@ bb correlation tests space shower

@ Space shower is important

@ Time shower only at small A¢(bb)

@ sensitive to b-quark TMD density and b-quark TMD-shower
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Conclusion

@ PB method to solve DGLAP equation at LO, NLO, NNLO.
o advantages of PB method (angular ordering)

@ method directly applicable to determine k; distribution (as would be done in PS)
@ TMD distributions for all flavors determined at LO & NLO

@ Application to pp processes:

@ NEW: application to Z+b-jets
@ Z+b-jets interesting tool for studying initial state parton radiation in very detail:
TMD and TMD showers
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Backup
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on branching method

@ use momentum weighted PDFs with real emission probability
2y _ 2 2
X, p07) = Da(p”)xfa(x; 1g)

;4 d 2 A Zp X
X[ e [ g P ) S/

/2 A (“/2)

due to step by step individual branchings, all kinematics can be calculated exactly.
zp introduced to separate real from virtual and non-resolvable branching
reproduces DGLAP up to O(1 — zy)

make use of momentum sum rule to treat virtual corrections

use Sudakov form factor for non-resolvable and virtual corrections

2
NS Ho)—eXP< Z/“ o dzzP,ii(as,z))
u3
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PB-TMD, PB-TMD shower & MCONLO : Z+b jets

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

@ cuts:
@ leptons: |n| <2.4, pr >20 GeV, 71 GeV < my <111 GeV

@ jets: anti-kt, R=0.5, |n| <2.4, pyr >30GeV, b-Hadron

_, CMS, 8 TeV, Z boson pt, atleast one b jet CMS, 8 TeV, Z boson pt, at least two b jets
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w0t T MCANLOPOMonash | 4 41| — —MOpNLOPeMonash, | |
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@ comparison PB-TMD and P8 shower shows good agreement

@ differences in details
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ge of the HERA data in t

@ This is mainly small Q2 effects rather than small x one.
Kinematic coverage
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@ Going from Qpin = 3.5 to 5 GeV?, no obvious change on x while x? change significantly.

@ No x dependence — No direct need for any small-x modification
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PB-TMD, PB-TMD shower & MCGONLO : Z+b je
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CMS, 8 TeV, Z boson pt, at least one b jet
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@ 5 FL is better for one b jet
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z+b-jets: A¢p(Zb)-comparison to measurements |l

comparison between 4FL-PB-TMD and 5FL-PB-TMD

CMS, 8 TeV, DeltaPhi.Zb, at least one b jet
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PB-TMD, PB-TMD shower & MCONLO : Z+b

MC@NLO for Z+b : (5-FL scheme & 4-FL scheme)
using herwegb subtraction terms
PB-TMD to generate initial state k1

initial state parton shower following PB TMD

@ uncertainties:

MCG@NLO for Z+b : (5-FL scheme & 4-FL scheme)
using herwegb subtraction terms
PB-TMD to generate initial state k1

initial state parton shower following PB TMD
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Z+2 jets: sensitivity to initial state shower

DeltaPhi, at least two jets DeltaPhi bb, at least two b jets
< R AR s s s s e e - T T T T T T T T T T T T
& g F 1
2 10'f  —t LHE = 32
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0.8 = = 0.8 =
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8EE Ll b b b b b 8EE Ll b bl b b b
o 0.5 1 1.5 2 2.5 3 3.5 4 o 0.5 1 1.5 2 25 3 3.5 4
d¢(jj) rad dep(bb) rad

@ TMD has little impact
@ |Initial state PS has only small effect

@ FSR has significant contribution at small A¢ : g — bb
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/Z+jets: sensitivity to initial state kr

DeltaPhi Zjet, at least one jet DeltaPhi Zb, at least one b jet
BT E A o L L L R I o L I L I
g E ER 1
= [ —+ LHE R —+— LHE 1
= o —— T™D 1 = —+— TMD
N 10® —+— SpaceShower 1 N —+— SpaceShower
= E ~—+— TMDSet2 3 5 —+— TMDSet2
> r . 7] ~ .
H F Z+jets 1 K Z+b-jets
. 4 3
§°F I
Gl PP IR PIPIN IR IR U I IO BPUE
. HHHHHHH e R
i = =
1. = =
2 = g ) -
£ o = K ' =
0. = =
0.
] T I B I R P | I A I I T e e |
o5 1 15 2 25 3 35 4 o5 1 15 2 25 3 35 4
49(Zj) rad Ap(Zb) rad
@ TMD important at large & small A¢ @ TMD important at large A¢
@ |Initial state PS at small A¢ @ |Initial state PS only small effect
@ FSR only small effect at large A¢ @ FSR only small effect at large A¢
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TMD distributions from fit to HERA data

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

T T T
—— PBNLO-HERAINI-2018-5011
—— PBNLOHERAIXI2018-5012

ol vound il v ool vl ol vl v 1l 1

L L L

T T
experimental uncertainties —|

! ! !

T T T
full uncertainties 3
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Difference essentially in low k: region.

v

XA 1)

Parton branchin

gluon, x = 0.01, u = 100 GeV

T T T
—— PB-NLO-HERAII-2018-5011
—— PBNLOHERALII2018-s0t2

L L L

ol s oo oo ool ol ol v v

sl

T T
experimental uncertainties

Different shape and dependence of the uncertainty as a function of k;.

Model dependence larger than experimental uncertainties.

Introducing pr instead of u suppresses further soft gluons at low k:.

A. Martinez, P. Connor, H. Jung, A. Lelek, R. Zlebéik, F. Hautmann and V. Radescu, Phys. Rev. D 99, no. 7, 074008 (2019).
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Z+b-jets: sensitivity to initial state kr

DeltaPhi_Zb, at least one b jet

o Fr T T T T T T
g F ]
3 —+— LHE 4
2 ot —+—T™D -
= E E
S E — SpaceShower 3
5 F —+— TMDSet2 E
N r ]
g [ Z+b-jets 1
S 1l -
s E E
= E 3
10" -
e
14 s
13 3
12 =
g u -
& o9 ,
08
o7 E
P32 S T I IO U IR | B e

o 05 1 15 2 2.5 3 35 4
d

@ TMD important at large A¢
@ |Initial state PS only small effect
@ FSR only small effect at large A¢
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z+b-jets: A¢(Zb)-comparison to measurements

@ Good description in large A¢ region where TMD effects are relevant

CMS, 8 TeV, DeltaPhi_Zb, at least one b jet

g 10! ETTTT T
3 5 E|
£ E E|
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0.7
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@ decorrelation comes essentially from k1 from initial evolution
@ details of shower are less important (see slide before)

@ distributions essentially determined by TMD distribution

@ uncertainties only from TMD
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Z+2b-jets: A¢(bb) - comparison to measurement

CMS, 8 TeV, DeltaPhi bb, at least two b jets
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@ decorrelation comes essentially from kt from initial evolution
@ Space shower is important

@ Time shower only at small A¢(bb)

@ sensitive to b-quark TMD density and b-quark TMD-shower
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PDFs from PB method: fit to HERA data

@ two angular ordered sets with different argument in a5 (either p or g¢)
@ qeur in, as(max(q2,;, \qf,i|)), to avoid the non-perturbative region, |qf7i| = (1—z)?p?
for both LO & NLO:
o u2=1.9 GeV? for setl (as in HERAPDF)
o p3 =1.4 GeV? for set2 (the best x2/dof)
fits to HERA measurements performed using x?/dof minimization

the experimental uncertainties defined with the Hessian method with Ax? = 1.

the model dependence obtained by varying charm and bottom masses and /ré.

the uncertainty coming from the gyt in set2

Central | Lower | Upper

value value value
PB Setl ,u% (GeV?) 1.9 1.6 2.2
PB Set 2 u2 (GeV?) 1.4 1.1 1.7
PB Set 2 gcut (GeV) 1.0 0.9 1.1
me (GeV) 1.47 1.41 1.53

mp (GeV) 45 425 | 475
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