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All order resummation - kinematics
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All order resummation - kinematics
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All order resummation - kinematics

Ellis, Fleishon,Stirling, PRD 24,1386 (1981)

* mpose kinematic constraints ... delta function for k;
N

1 dU(N) 2 (N) 7 —
s I1 / Pkyde, MM | § (Z i +pt)
t

* with for soft gluons MW~ H 2
t1

= in limit of strong ordering:

1de®™ N U Phy s ] ,

— ~ “log —| ( ki + 15’)

o dp; };[1 ki, ki, Z t t

1 doV) » log—/d ke n— L S /d2/€t,N—2 log s

g dp% t ; thN 1 th,N—l kt2N—2 k?N 2
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All order resummation

* |terative procedure:

doM) 1 S
e ~ —log—5=A4

t pt pt
do(?) d’ky . s 1 s

~ A log — = A=log”® —

dp? / OOk T2 R
do® /kotlo sdo® 1 [Pk g5 1(1 5 s\
d? K2 k2 dp? 2] K2 2 T2\2 % &2
do [Pk, s do® 11 [k g5 11 (1 505"
dp2 B2 B2 g 24 | k2 2 23\ 298 §2

t i t t t t (4
do ™ ~ A ! 1lo 2 2 o
a2~ TN \2 % R

® X- section for up to N gluons:

do(® 1 1 s\
~ A Zlog? —
=2 dp; Z;(i—n! (2 o p§>

)

dpt

~ Aexp {2 log? S}

p? (
H. Jung, QCD at the Extremes, Lecture 4, 21. March 2024 \_/\‘\_//c> QW@L&MM @A ﬁg\@/{%\f y



All order resummation - kinematics

» impose kinematic constraints ... delta function for k, =" FeshnSiring PRO 24,1386 (1581
/ 2 kyda;, M) | § (Z ks —I—pt)

o with for soft gluons M) ~ H )
te

1 do®™ X / 2k, S
— ~ ’ 10g —0 ( k i TP )
o dp; 21;[1 ki, ki, Z t t

* relaxing strong ordering constraint = keep delta function...

* Instead of nested integrals... integrals are coupled

=2 Collins Soper Sterman (CSS) formalism

2 implement energy momentum conservation by Fourier transform to b-space
= obtain sub-leading corrections from energy-momentum conservation !

o dp?
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All order resummation — kinematics |

Ellis, Fleishon,Stirling, PRD 24,1386 (1981)

* relaxing strong ordering constraint = keep delta function...

* |nstead of nested integrals... integrals are coupled
->

>

or alternative formalism in k: space (Ellis, Veseli NPB511, 649 (1998))

do o d
~ 2 a 9 < b
dM?3dydp; Eq: 70 dp? (lg(za; Pr)q(@b, pt) + @ ]
M2 d/,l,2
X exp —/ _Q[AlOg(M2/,u2)—|—B]
p; M ‘ -
2 with coefficients from energy momentum conservation as in CSS: A(as), B(as)

?:"
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Correspondence of PB — TMDs with CSS
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Correspondence of PB — TMDs with CSS

Pub(102) = Susda(@2)6(1 — 2) + Savha(0s) 7 + Run(z: )
2 e ) >/ L pe) 5 (L)
> [E (bubas =2+ 25 1 ra) 50 (2)
= 2 () 2 (2)
ule) [z (G - das )
AS (42, u2) = exp (— / d;ff [ / ka0 —dz - d“(%)D
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Correspondence of PB — TMDs with CSS

https://arxiv.org/abs/2309.11802

® Essential part of soft gluons is missing: zmw<z<1
® non-perturbative region — non-perturbative Sudakov

B2 gg2 | (pzaya(@) ko (ts) ]
S/ .2 2\ q (g
Aa (:u ,,u()) T eXp ( /u q2 pd 1 — 2 o da(as)
u

0

zM%/] |
X exp @ del—z ) Q

NP) (M2 Mo»ﬁ QO

O

ﬁr\&/ — A(P) :“ » Hos 90

1>, L < g,

* Non-pert. Sudakov form factor is calculable under certain conditions:
@ coming from soft gluon treatment within evolution equation
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Correspondence of PB — TMDs with CSS

* Check correspondence of PB Sudakov form factor with CSS

1 2 2
2 35— 2) | 25(1_@

1 —z 2 1 —z

@ use only Py(z) inlarge z limit: Pyy(z) ~
® apply angular ordering constraint for 2 Zdyn = 1 — qo/q

Olg B -
AS(ZMa HO, :u) — ©eXp (_ 9 / Iu / dZP ‘I‘ Py )
pa

O ue d,u’2 W { 2 } |

~  €EXP — %

,u

O ,u d /2 2 3
= exp (—27'(' / ,u 210g 5 + 5 )
,u

* Sudakov from PB formalism follows exactly to form of Sudakov from CSS:

A5~ exp (—/M d,u Alog (M?/ )—I—B])

2
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Role of soft gluons in inclusive distributions

https://arxiv.org/abs/2309.11802
dt cut

® Perform evolution with PB method with and without cut Zdyn = 1 — —
v

down, u =10 GeV, k from 0.000001 up to 1000 GeV down, u = 100 GeV, k from 0.000001 up to 1000 GeV down, u = 500 GeV, k from 0.000001 up to 1000 GeV
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Role of soft gluons in TM

D distributions

® Perform evolution with PB method with and without cut

down, x=0.01, u =10 GeV

down, x =0.01, p = 100 GeV
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https://arxiv.org/abs/2309.11802
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Transverse Momentum of W//

Fred Olness, CTEQ summerschool
2003

The complete P spectrum for the W boson

= - . .
8 Perturbative contributions
\E 55 i J+power corrections
O
&
O
= 100
O
The full P spectrum 20
for the W-boson
showing the different 60
theoretical regions
40 pp— (W = ev.)X
CTEQ6M
20 Perturbative
physics dominates
O l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

D? & 1.6 19 20 2 K18
Nenperturbative Qr, GeV
dynamics ("intrinsic k¢")
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ransverse Momentum of /
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CMS Coll. Measurement of the Rapidity and Transverse
Momentum Distributions of Z Bosons in pp Collisions at\s =7 TeV.
Phys.Rev., D85:032002, 2012.
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Q. - Resummation

VARAARALA VARAARFA IARARAAS
EESUMMED TEARNSUERESE
MIOMEMTUM DISTEIBUTIONS

qo directly Lo Ghe plotter)

On this website, you can plot transverse momentum distributions for cross sections of several particle reactions. Currently, the following

processes are implemented (p corresponds both to protons and antiprotons):

e Massive vector boson production: Pp = WX  pp— 2°X
e Photon pair production: #» = 717X
e Z-boson pair production: #p = 2°2°X

e SM Higgs boson production #» = H°X

do
The output figure shows distributions 40/d@%dyder for the production of on-shell particles (or pairs of dQZdydq_

on-shell particles in the case of the 77 and ZZ production) with specified invariant mass @,

rapidity ¥ and transverse momentum ¢r in the lab frame (the center-of-mass frame of the hadron

beams). You can plot resummed, fixed-order and asymptotic cross sections. For a short explanation
of these quantities, visit this page (for a detailed explanation see, for instance, a paper by J.C.
Collins, D.E. Soper and G. Sterman in Nucl. Phys. B250, 199 (1985)).

http://hep.pa.msu.edu/wwwlegacy/
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Monte Carlo approach

* simulate explicitly parton radiation with
evolution of parton densities

® advantage to include properly energy
momentum conservation in each step

@ perform resummation numerically

* will be done in exercise !!!

H. Jung, QCD at the Extremes, Lecture 4, 21. March 2024
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Monte Carlo vrs ResBos

Campbell, Huston Stirling

* Comparison of pt spectrum from ResBos and PYTHIA Rep.Prog.Phys 70 (2007) 89

CDF Preliminary

30""|""I""I'

PP = 7/Z + X
vY'7 — ee

66 < M.,yz< 116 GeV/c?

2O

1992—95 Data

NNLO ResBos (CTEQ4M) =+
rescaled up +8.4% et

] 1 1 1 I ] 1 ] ] I 1 ] ) 1 | ] ) ) .
0O o 10 15 20

P , GeV/c

dg/dP, [pb/(GeV/c)]
[+
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Transverse Momentum of Z - bosons

Z — ee, dressed level, 66 GeV < m,, < 116 GeV, |y | < 2.4 Bermudez Martinez, A. and others.

T T T T T T T I N = Production of Z-bosons in the parton branching
) — ] method, Phys. Rev. D, 100(2019), 074027
10 E
- 1 —
I 1  * Sensitivity to ordering
10 5 -
= E condition: Set1 vrs Set?
= 10=2 —¢— Data .
“g ~——— MCatNLO PB-NLO-2018-Set2 (exp+mod) E
Y 1073 intr. kt (up) _
o intr. kt (down) S
104 —— MCatNLO PB-NLO-2018-Set1 _
16 EHH S A R I DY PR i
1.4 F —
© - -
& 12F =
R ———— =
LE) 0.8 - =
0.6 E— F; =
0.4 :lllll | | | Illlll | | 1 lllllI | | | -
1 1 2

10 10
pt [GeV]

@ Comparison with measurements from ATLAS (Aad, G. and others Measurement of the
transverse momentum and $\phi A*_\eta $ distributions of Drell--Yan lepton pairs in proton--proton

collisions at $s=8$ TeV with the ATLAS detector, Eur. Phys. J., C76(2016), 291)
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Determination of intrinsic kr



Intrinsic kr In DY - production at 13 TeV (CMS)

CMS, 13 TeV, Z/y* = £T0~,76 < myy < 106 GeV

Illll[ |

I
—4— Data
, |t MCatNLO+CAS3 Set2
107 == correlated
1+ uncorrelated
—+— MCatNLO+CAS3g9; =0
—+— MCatNLO+CAS3 g5 = 1.3 GeV

[

I

do/dpr(££) [pb/GeV]

|

5

101

| I I I I

IIIIIII

III III]IH T 1T |

o
O
Illl]lllll mln
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101
pr(£€) [GeV]

https://arxiv.org/abs/2312.08655

® in TMD, intrinsic k7 distribution:

® (Gauss with zero mean,

@ Focus on small k7 region:

® in lowest pr bin, sensitivity to
Intrinsic kr

* Use DY production at different
mpy and s to determine gs

 |s intrinsic k7 dependent on
mpy and Vs ?
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-1t of Intrinsic k7 In

2.0

— ¢s = 1.04£0.08 GeV -+ D@ (2000) 1.8 TeV
g & CMS (2022) 13 Tev 4+ CDF (2012) 1.96 TeV
' %+ LHCb (2022) 13 TeV %+ PHENIX (2019) 200.0 GeV
4 ATLAS (2015) 8 TeV 4 E605 (1991) 38.8 GeV
1.69 @« CDF (2000) 1.8 TeV
1.4 -
o
[«5]
©.12-
Si T r ﬁ_.—‘
1.0 - g_ﬂfﬁ
0.8 - 1
I } !—r—l
0.6 - )
10 102 103
™Myye [GGV]

Fit to determine gs of intrinsic kr distribution from DY production as a function of mpy

@ obtain ¢s rather independent on mpy

H. Jung, QCD at the Extremes, Lecture 4, 21. March 2024

DY — production vers mpy

https://arxiv.org/abs/2312.08655

® (3auss with zero mean,

~ exp (—|k7|/q2)
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-1t of Intrinsic k7 In

2.0 - — ¢s = 1.04+0.08 GeV ¢ D0 (2000) 1.8 TeV
¢ CMS (2022) 13 TeV ¢ CDF (2012) 1.96 TeV
1.8 1 ¢ LHCb (2022) 13 TeV ¢ CMS (2021) 8.16 TeV
¢ ATLAS (2015) 8 TeV ¢ PHENIX (2019) 200.0 GeV
1.6 - ¢ CDF (2000) 1.8 TeV » E605 (1991) 38.8 GeV
1.4 -
5
5}
D, 1.2 1
S
= —1
0.8 - } 4 1
0.6 -
0.4 -
101 10° 101

V5 [TeV]
Fit to determine ¢s of intrinsic kr distribution from DY production as a function of s

@ obtain ¢s rather independent on s

H. Jung, QCD at the Extremes, Lecture 4, 21. March 2024

DY — production vers s

https://arxiv.org/abs/2312.08655

® (3auss with zero mean,

~ exp (—|k7|/q2)
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Comparison to MC event generators

S. Taheri Monfared at

Non-perturbative effects: lessons from Physics In Collision 2023

fixed target,Tevatron, and LHC data, - dauss with zero mean,
Weijie Jin, Armando Bermudez Martinez, width

Sara Taheri Monfared, Mikel Mendizabal ds

Morentin, Kyle Cormier, Saptaparna 9 .,
Bhattacharya ~ €XP (_|kT|/qS)
(paper in preparation)

gs VS VS
- CASCADE3
— PYTHIAS8
- HERWIG7
- * MC generators need gs
dependent on s
§ » PB TMDs work with
@ constant gs |
10° * Why ?
102 103 104
Vs [GeV]

H. Jung, QCD at the Extremes, Lecture 4, 21. March 2024
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Parton Shower MC event generators

® Parton shower follows backward evolution:

B / ' (s pnf @z )

w2 M2 2 f(x, p?)

II = exp

® Emitted partons should have resolvable energy (or pr) with:  pr > g4 cut ~ 1GeV

dt cut
1/
® With zayn < 1 soft gluons with pr < 1GeV are neglected.

* \What is the role of these soft gluons ?

H. Jung, QCD at the Extremes, Lecture 4, 21. March 2024



Parton densities including photons



DGLAP evolution equation — including photons
* Start from QCD evolution

dlog 112 =5 § {Qz(f M )qu ( ) g(faﬂz)PqQ (g)}

dg(z, 12 . [td '
22 [ % (St (2) oo (2

@ extend to include ~
dq;(x, u? L d
sea) o [ [t (2) sacstn (2
+y(&, 1°) Py, (%)]

dg(x, 112 L d '
dgl((fg’:z) — 27T ;. ;CZi(gvﬂ2)qu (%) +g(€7:u2)ng (g)

dy(z, u?) df 5 z\ g
Jlogﬁ? = € _;“’Z’“’“)P”q (E) )

H. Jung, QCD at the Extremes, Lecture 4, 21. March 2024
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The Collinear Photon Density and DIS

® The photon density and its relation to DIS 2 »qx 8y =1,
5 Oéemef Q d,LL dCU Z 2 2
12,Q%) = Py ( ) +7(z Qo)
Qeme> @ d,u 2\ F(z, pu?)

? offers possibility to determine photon density directly from DIS measurement

o%@% - @@ j:(x @

Py q

érbs’ |
oty ~ %ML e &
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The Collinear Photon Density

https://arxiv.org/abs/2102.01494

® The photon density determined from PB

photon,u = 10 GeV photon,u = 10000 GeV
/5. 1OE 1 I IIIIIII 1 1 Illllll 1 1 lllIIII ] ] IIIIIII 1 1 IIlIIE —_ 10 1 | lllllll ] 1 Illllll 1 ] IIIIIlI I 1 IIIlIII 1 I IIIII-:I-
><' — PB-TMDNLOQED-set2-HERAI+II, Kfrom 0.1 up to 1000 GeV E’ PB-TMDNLOQED-set2-HERAI+II, lﬂfrom 0.1 up to 1008P0 GeV
S — CT14qed_proton . = CT14qed_proton =
X - - > _
e E L3 E
107E E 107 =
107 B 107 =
- 4 ™ — 40 ™
- J o - 1«
- 4 N | 1
31 | 2 -3 _ 1 2
107°E 35 107 e
- 1 o = 414 o
— 10 — 10
| 4 = | 41 =
= =
10—4 L L lllIIII 1 1 IlllIII 1 1 lIIIIII L L IIIIIII 1 11 Lill 10—4 1 1 lIIIIII L L IIIIIII 1 1 IlIIIII l 1 IIIlIII L
107 107 107 1072 107" 107 107 10 107 107"
X X
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Application of photon density to DY production

9 5
CMS, 13 TeV, DY, full phase- space

IIIII| IIIII|

o

I| IIIII||| lllllllll IIIIIII“ lIIIIIl\I LI Illll|||| lllllll“ IIIIIIIJ IIIIIIIIJ [ 1]

do/dm [pb/GeV]

S
I| llllll’ll Illllll" IIIIII||‘ IIIIIIII‘ RLLL IIIII|||| IIIIIIW [T IIIIIIIII

—¢— Data
104 —+— MCatNLO PB-NLO-Set2 (scale
1075 —+— PI PBNLOx100 ¥
106 i
10—7 | | | | I N T | | | | | | [ 1 1 1 | L1
102 103

m(pp) [GeV]

® calculate x-section In democratic order: same size of xsection or in formal order
(order of expansion in coupling) (see https://arxiv.org/abs/1708.01256 )

H. Jung, QCD at the Extremes, Lecture 4, 21. March 2024
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The TMD photon

‘ ' ' https://arxiv.org/abs/2102.01494
* The TMD photon density determined from PB
PB-TMDNLOQED-set2-HERAI+II, x = 0.01,u = 10 GeV PB-TMDNLOQED-set2-HERAI+II, x = 0.01,u = 100 GeV
— 10 1 T |l L I T T T LI I T T T E — 1 = T T LU ll T T LI l]l T T rrrT lll T T =
j-‘... gI#on = j—:_. = glrtaon =
0 - - -
2-(: p oto 5 2-(: - P oton -
% - E < _ N
- 3 o = E
" ] __ ]
107 E - -
1072 = = E E
107 13 : o
S 1 B 1«
C 18 | _ I
0 ER : 32
= =) u 10
- 1 = u 4 =
5 : | 1F 10 5 | | =
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k, [GeV] k, [GeV]
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Including W/Z bosons



General Splitting functions

______________________________

qq->qX qV->gq qq->gV

® First attempts to calcualte equivalendt W approximation in 1980°s

* Kane, G. L., Repko, W. W., and Rolnick, W. B.. The Effective W+-, Z0
Approximation for High-Energy Collisions, Phys. Lett. B, 148(1984), 367

* Dawson, S. The Effective W Approximation, Nucl. Phys. B, 249(1985), 42
@ for discussion of SSC !

H. Jung, QCD at the Extremes, Lecture 4, 21. March 2024
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The eftective coupling of V to quarks

o, _ 1

o(qqg — ") = %5 [4m§m] — §7T AT e ]
1 o

olad—2) = 35 |ZEmb(VE+43)| =m0 [V2GrmL (V7 + A)|

) [ 2|VyqPGrmd 1 T ~

U(q@'qj' — W) = %m%v { \/§F W} — §7T _\/iGFm%V‘quﬂ
t Z - Xem V2 A2 W . - Oéem|qu|2
0 - Qeff = 4 sin? Oy cos? QW( f T f) - Qeff = 4 sin? Oy

— ~
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—ffective Coupling and Splitting functions

Splitting function V=g V=~ V=% V =W
2 2 2
_ Oeff 1422 4 O‘em(vf _l_Af) Xem | Vgq]
qu(Z) 27 1—=z 3 s Cem 4 sin? Ow cos?2 Oy 4 sin? Ow

e aem(V2—|—A2)
PQV(Z) — a2—7j:f% (ZQ -+ (1 o 2’)2) s Cem 4 sin? Ochos2f(9W
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DGLAP evolution equation — including V-bosons

* extend DGLAP to include ~, W, Z bosons

s - 3 [ Flaesn(2) oesn (3
(&, %) Pyy (E) + W(& 1*) Pyw (%) +2(E 1) Pz (%)]

AW ( d _
dloZ: %k/ B Zqz Sle PW‘Z(E)
d7Z( d _
dl:gz 3@%/ d zi:%(fa/ﬂ)PZq (%) +W(€,u2)PQ_V (%)

dry(z, p12) . e | '
dlog 12 = % ? Z;Qi(ga,UQ)P'yq (g)

T
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Collinear densities for V bosons

W~ boson W *hoson
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Collinear densities for W bosons

® determination with PB method

u= 100 GeV u =500 GeV
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TMD densities for W bosons

® determination with PB method

x = 0.01, u = 100 GeV

W+, TMD-EW
photon, PB-NLO+QED-HERAI+lI-set2
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XA(X,kt,u)

x = 0.01, u = 500 GeV
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W-densities and Z production

EW PDF

® Similarity of Z production off quarks with Z production off W’s !
@ generalization of parton densities
® natural extension of TMDs

H. Jung, QCD at the Extremes, Lecture 4, 21. March 2024
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W-densities and VBF process

PDF

EW PDF
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EVW bosons In final state



W/Z bosons In Final State

Parton Shower
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Great prospects for highest energies and
highest luminosities;:

democratic zoo of particles, including bosons

Eventually determine PDF and TMD of Higgs !
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.... what you should have learned

@ | ecture:

* QCD is still a interesting and challenging field

* basic QCD calculations

* important role of gluons, which comes from gluon self-coupling

* understanding of parton evolution equations in terms of parton radiation

* importance of “soft” gluon resummation
* Exercises:

* basic Monte Carlo techniques
* MC integration and generation of variables according to distributions
* solution of parton evolution equation with MC technigque

* advantage of MC technigue to solve complex problems like multiparton radiation
(example pt spectrum of Drell Yan)
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There are many open questions
in QCD at highest energies and
at highest scales ....



Your ideas, Imagination
and help Is very much
needeq !



The End



