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Outline of the lectures

e 12. Oct Intro to Monte Carlo techniques and structure of matter
e 13. Oct DGLAP: solution with MCs
e 26. Oct DGLAP/BFKL/CCFM: evolution for small x

e 27. Oct DGLAP/BFKL/CCFM: evolution for small x
* 16. NovW/Z production in pp and soft gluon resummation

* 19. Nov Multiparton interactions & latest LHC results: small x,
multiparton interactions, QCD in high luminosity phase:
Higgs as a gluon trigger

* Exercises

* 14 & 15 Oct

e 28 & 29 Oct

* 17 & 18 Nov
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Recap of last lecture



From DY to pp — jets



Jet production in pp

* x-section (i.e. for light and heavy quarks ( tt) production)

B dxq dx
o(pp — qdX) = / - —

A —_—

r1G(r1,q)x2G(22,q) X 0(5,Q)

L1 X2

* with gluon densities rG(z,q) —C

* hard x-section:

do 1 2

R M,
dt 64§2‘ J
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owest Order Diagrams
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Ellis, Stirling, Webber
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2 — 2 Processes

— 2 processes with
massless partons

invariant matrix elements for 2

Ellis, Stirling, Webber
QCD & collider physics p249
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Process S IM|?/g? 0% = /2
qq' — q¢' e 2.22
qq' — q¢’ PR 2.22
99 — 99 | 3 (§2;a2 | §2,gj;f2) ~ 2 | 3.26
97— q'¢ 487407 0.22
97— qq | 3 (j’“ P EaiT) B4 959
97 = 99 32849 _ gb4a 1.04
99 — qq life 3t dd 0.15
99 — 94 L 6.11
99 = 99 %(3—;—2‘—‘2—2—3’5) 30.4




Remember: W

jet and dijets

e check on propagator:

2 2
S+ U
M~
1 1
t2 (1 — cosf*)? e
"=
qq — W +g 3 10
\
=,
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CDF Collaboration (F. Abe et
al.).Phys.Rev.Lett.73:2296-2300,1994.

Ellis, Stirling, Webber
QCD & collider physics p248

O Photon + Jet
O W + Jet Data

- LO QCD Dijet
—— NLO QCD Photon+Jet
— NLO QCD W+Jet

Normalized over




Color Flow in pp

* quarks carry color
* anti-quarks carry anti-color
* gluons carry color — anti-color

* connect to color singlet systems

e watchout pp or pp
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Color Flow in pp

Process: gg — 4.4,

The Lund Monte Carlo For High P(T) Physics H.U. Bengtsson
Comput.Phys.Commun.31:323,1984.

Colour flows:
Triagrams:

4 1 4
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Lk /'*‘\
2 3 ? g
-LI_. T i) B
ZEHA 3. String configurations:

&b R 2,33 . -_"+ 4
i 3 T«l 3 5 {7
Amplitudes: 2 ;
E

L

t“['h-'}r"" s &
%1 zfﬁhc-fnﬂ"ﬂ{qd} F Clﬂ(ql'ql‘_Q1_q3}u*{qj}
gy = Colour factors: A: TP B: roTh
: _ipdpb il ——.l—i...!_':"I izt oy ‘fﬂ by ¥
i i Toy T (q“)h (3) Amplitudes:
ur  —igiTe T}ﬂuF(qq}n—#i;ﬂ?(qa} g g — ik ey
A —igwl(q,) “_’_: ¢~ Caulthges a1~ 920 [ o7 (43)
o _h_
) . =g €2 ¥ o
B —ig®mflga)| T+~ Coular g — 1~ 42 [ (aa)
{ross-sections:
2 | 1 . ]
A:waié(i—iuz); Hﬂﬂgil;_li
fz ! EE ,:1 L §:.'
~ /\2 A2 A /\2 /\2 ,\2 /\2
A+ B U 2u + 1 +t u“ +1 2u +1
/ 52 U ti 52

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015


http://www-library.desy.de/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Bengtsson,%20H.U.%22

Color Flow in pp

The Lund Monte Carlo For High P(T) Physics H.U. Bengtsson

Process: 2E —* K@ Comput.Phys.Commun.31:323,1984.

Diagyams;
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Jet production at the LHC

central

forward

13 PP Is =8 TeV CMS Preliminary
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Impressive agreement of theory predictions
with measurements

at least In some regions of phase-space

s there still anything left

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015
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Observations so far

* parton densities increase at small x
* |eads to violation of unitarity
* need saturation

* high densities — multi-partonic interactions
* experimental observations

e multiparton radiation — multi-jet production

* parton densities at small x
* require introduction of k;
* put effects are visible at large x
e [MD parton densities

* new complications
e factorization breaking
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parton densities at small x

» violation of unitarity



H|gh energy Ioehawor of X section

10
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100000

From H. Abramowicz A. Levy hep-ph/9712415

412 o

o(v*p) o (z, Q%)

- S (e, )

QZ
W2+ Q?
* rising x-section with W-
* at large energies can
become larger than “tot

* mechanism needed
which tames rise at
large energies:

=» Saturation
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Why this happens 7

107
* \Very high parton densities o S : R
| Databoses
at small x x
p> — gluon  HERAPDF10
e when — gluon CT10—(central)
E=xP~k,
. . 104 . _ -
new effects in evolution Q772 =400 Gevim2
appear:

* k1 cannot be neglected

* strong &k, ordering
broken O

Q**2 =4 GeV**2

* high energy evolution
(BFKL/CCFM)

IlJJIJl 1 IIIIIJlI 1 ll]lllll 1 IlIIJJl

'1 L L1 ||||.|I 1 |
10°° 1> 10" 10° 102 1o !
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Partonic Cross sections

* Cross section

0(]01 +p2 — 1 +j2+X) = f($1,ﬂ2)®
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o(x1p1 + x2p2 — j1 + j2)
®f(332,/,l,2)

* partonic cross section diverges
with jon

e calculate x-section as function of
Pl min

dO’h rd p2
O'hard(pa_min) :/ 2 2( J_)dpi
p 12

2
I min

18



Partonic Cross sections

e Cross section at LHC 2 donara (P1) , o
Ohard (pJ_min) d 9 dpJ_
p? P
dmin
=) 3 o S
E Eo T inclusive jet cross section E - visible jet cross section in Inl 2.5
“E 1l:!|-"3 :—H‘:: ——LHC v's=T TeV "= 1!}3 b~ T —LHC vs=7 TeV
E - - = -LHC vs=8 TeV E - - - - -LHC vs=8 TeV
o - . - - -LHC vs=14 TeV o - e - = -LHC vs=14 TeV
'§| 102 ;_ ., *a == -LHC +'8=33 TeV .45" 1[}2 L ‘:: H:-..h - = -LHC v2=91 TeV
o) = o -
10 &= 10
1 3 1 -
4t P
10 & 10 L
2 o
10 = 10 2 —
3 [ -
| =3
10 = 10 =
4 8
10 Lo | ||||||2 10—4 \ JJIIII| L 1
1 10 10 1 10 "}2

pt min {GEV}

pt min [G Ev}

=» Partonic x-section exceeds total x-section !!!

=>happens even for visible range !
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Partonic Cross Section

* Basic partonic perturbative cross section

dp*

dahard p2
Ohard (pimin) — / dp2( J_)
1

2
pJ_min

* diverges faster than 1/p2i i a@s p1min and exceeds eventually total

inelastic (non-diffractive) cross section

(P min) (MD)

» |nteraction x-section
exceeds total xsection

» happens well above Agcp
» In perturbative region

o_int
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inclusive jet cross section

——LHC vs=7 TeV

- = -LHC v's=8 TeV
- = -LHC vs=14 TeV

- = -LHC v's=33 TeV

l IIII|I| | I

10

10°

pt min (G&V)



Multiparton Interaction

* Basic partonic perturbative cross section

dO'h rd p2
O'hard(pimin) :/ ZPQ( L)dpi
1

2
mein

* diverges faster than 1/p21 uin a@s pLmin and exceeds eventually total
inelastic (non-diffractive) cross section

HELP ....

HOW to solve this ?

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015
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Comparison with CMS measurement

-
=

g ch. particle » I::’T rnin) !ﬂvis
=
o

dp’l’,_laadin
=
s

1.5

—

MC/Data

o
tn

CMS Preliminary

Inclusive pp /s =8 TeV

[ ' Nch{pT:ulD MeV)>0in5d<n<65or-6.5<n<-53

Charged Particles, Il <2.4

e CMS
. — Pythia6 Z2*
- --- Pythia6 D6T
C e Pythia6 (default, MPI on)
- Pythia6 (default, MPI off) it
E Pythia6 (default, MPI off, no sat)
1 10
I:'T min [GE“]

* Saturation effects are clearly seen !

 \What is the reason for this ?
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Parton Distribution Functions

S
-

* number of gluons in long. Fos P —
phase space dz/z: = - Q%10 GeV?
2 03
zg(z, p°)dz/z

* occupation area:
nr of gluons x (trans size)?

1
2

g(x, u°)—

12

0.7

e saturation starts when:

d
:vg(:v,xf)f > TR

Ll --.'-'-::'-'-"_'-
-1
10

s (NQ)

* gluon density is very large:~ 90 or 45 Gluons I

e with R ~ 1 GeV-'we obtain: 0.2
10GeV?

90 ~ TR?
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Parton saturation
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e define saturation scale:
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Gluon densities

e recombination best seen as function

of kt
- : p’= 25. GeV °
* density is Iargest. at small k; — - ——
|argeSt SUpPression e 1ﬂ:— x = 0.001 — cotm-JH-2013-set2 _|
. | a"—- S — GBWIight =
* density vanishes at small &; * L ;
1 .
107 E
107 E
10° &
1n-4_ | | IIIIII| | | IIIIII| | 1L 111111 | | IIIIII_
10 107 1 10 107

k? [GeV]
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Toy Model for highest energies

* relation of diffraction — multiple scatterings — saturation
(AGK Abramovsky-Gribov-Kancheli ...)

.

* single parton exchange:

' ERARE]
IAEEREE]
LEAIA SN

e 2-parton exchange:

Diffraction Saturation

i s s O 5

Multi—Parton Interaction

i

- -
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Small p, behavior of x-section

A. Grebenyuk, F. Hautmann, H. Jung, P. Katsas, and A. Knut
sson. Jet production and the inelastic pp cross section at the LHC.
Phys.Rev., D86:117501, 2012.

. 2 4
O-(pt) ~ Oés(pT )/pT E 10¢ % ______ PYTHIA: (p__ = 0) MPI off %
i ; — B —__ PYTHIA: (p_ =0) N
* simple ansatz for taming: ° 10 o
2 ( 2 _I_ 2 ) 4 102 ilu h]jetld.ﬁ :
X \Po T P Pt F Oinel ]
2 (2 2 2\2 10 = E
oz (pr) (P70 + P7) ; :
TE E
* or change kt dependence of uPDF 107 E
at small kt B e :
1 10 102
a_ _
— 10% ‘ E 10 = PYTHIA: (p_ = 0) MPI on, Z2* §
= F T e LT v :
£ 0l x=0.001 x=0.01 x=0.1 © 10° —— SRR E
L) g - 3
':'5 1 _ 102;_ n  1<2.5
] ’ _ . t inel
10 F _ . 106 E
2f ) / . TN i ]
i / 3 E
b yd - ]
10 T T N R T ot 10 E =
o~ 10 1 10 10 10 1 10 1w~ 10 1 10 10° ; E
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Hannes Jung, WLU and VL, Lecture o, 1/. NOV ZU19 p [GeV]



Multiparton Interaction

» Basic partonic perturbative cross section

dO'h rd p2
O'hard(pimin) :/ Zpg( L)dpi
1

2
mein

* diverges faster than 1/p21 min as pLmin and exceeds eventually total
Inelastic (non-diffractive) cross section eventually total inelastic (non-
diffractive) cross section, resulting in more than 1 interaction per event
(multiple interactions, MI).

* Average number of interactions per event is given by:

<n> _ Ohard (pJ_min)

Ond

* [t depends on how soft interactions are treated, BUT also on the parton
densities and factorization scheme, parton evolution

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015 28



Models for Multi-Parton Interaction

* The very simple model

= add secondary interactions

=> first model by: T. Sjostrand, M. Zi
PRD 36 (1987) 2019

e Oorder scatterings in p,

=> use of sudakov form factor

=>» result in Poisson distribution of

number of scatterings:
T

- p
with p,. = T eXP (—p)

1 Pl max dO-h rd
=)= [ e g
O-nd Pl min pJ_
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Formalism for M| (Sjostrand, Zijl)

e define: 1 do
P(ﬂ?t) —

Ond dwt
e probability for hardest scattering at X :

P = paa)esp (- [ ple/)i

e probability for second hardest scattering at x...

P, — /; dze1p(xe1) €xp (— /9; p(x')da:’) p(x2) exp <—/x

» probability for 3 hardest scattering at x.,

/ ds, / [ —— exp( / (a:’)da:’)
< pleayesp (- [ R )da' ) ) exp (- /

* for nth scattering:

P =pla) gy (e

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015

N—-1

T. Sjostrand, M. Zijl PRD 36
(1987) 2019

Ttl

t2

2

p(x’)daz’)

p(az')da:’)

exp (- / jN p(x’)daz’)
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Formalism for Ml (Sjostrand, Zijl) Il

T. Sjostrand, M. Zijl PRD 36

* compare to Poisson distribution: " (1987) 2019

Pr = 7 eXp (_:UJ)

o total probability to have any scattering at x_.:

1 1 N—1 1
ZPN = Zp(a:t) N D) (/ p(a:")da:’) exp (—/ p(m’)dm’)
N N ) Lt Tt
= p(x¢)
1 1
. - i M:/ pa)de = — [ 2 4a,
preserving total probability . Ona Jo, de)

* recovering parton model result
* Poisson distribution with mean

e recover AGK rules...

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015
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Factorization

e factorization means:

dor B 1 1 . da—ab(lu')
i ;/{M d€ 4 /wB d€p f4(€a, 1) fB(EB, 1) dy +O((

))

3 3

* MPI approach reproduces inclusive jet x-section with

<n> _ Ohard (pJ_min)

Ond

e Similar in Drell-Yan with initial state interactions...

* factorization here does not hold graph-by-graph but only for all ....

Pa

PB

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015
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Once upon a time ...

T. Sjostrand, M. Zijl

* UAS measurement of charged particle multiplicities (~1982) PRD 36 (1987) 2019
10”" - 10" | - ;
} UAS 1882 DATA | : #" } UAS 1982 DATA |
t LUAS 1981 DATA - [ ! I UAR 1881 DATA 11
' 1
. N ,
=7 -2 [
10 -3 10 E
on/Lo, | *w | s/Lo, | N
t )
‘E-J r|f* i 1':';? rrlr {1 A ]
iRy \
i \ \
i 4 ol Hlﬁ. A
. Y
oL Simple model l»«l— o* £ multiparton interaction I
F parton shower + e . and parton shower + 4
hadronization i hadronization -
L T T T T TR T S T I~ R —r
=>»Multiparton interaction help to describe particle multiplicities in minimum bias
events ....
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But, there are also other challenges!

CMS Preliminary, pp — 2 jets + X [INSIDE-JET VETO] Vs =7 TeV
8 [ —@— Daa
& | == Pythia6-P11 Tune
§ 106 E_ ARRRRARRA PYthla 6 - AMBT‘ Tune
& [~ Pythia6-2Z2" Tune S—
- Pythia 6 - Z2* Tune (No MPI)
10° e
: +
— ssssssasbrrrrrcey
\ 4 '
104 :,_ .-
'E—.—' ® n_r—n
- F—t:—ﬂ. . L, =32pb’ Anti-k_(R=05)
Y ’ ’ . Pt > 35 GeV. In| < 2.8
107 E : pUH > 35 GeV. 3.2 < | < 4.7
E : P <20 GeV
:“”]_H"_; ”l I. i i i 1 l A A i i I 1 l 1 1 L 1 1 | 1 | L
0 0.5 1 1.5 2 25 3
A¢ [rad]

CMS Preliminary, pp — 2 jets + X

[INSIDE-JET VETO]

\Ns=7TeV

< " i
5 T L, =32pb", Antik_(R =0.5) —&@— Data
g 25 Py >35GeV.lnl<28 ——— Pythia 6 - P11 Tune
= . py T >35GeV.32< <47 wosssesssss Pythia 6 - AMBT1 Tune
- pr < 20 GeV .
ol ! e Pythia 6 - Z2* Tune
N Pythia 6 - Z2* Tune (No MP1)
1.5
0.5 — T
- Lm- R—
0 “';' ;- L 'l [ 'l 'J L i. I. i A i 1 l i A 'l 1 i '} A A A 'l A 'l A
0 05 1 1.5 2 25 3
Ao [rad]
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central: j1

Jets

forward: j2

Ap*

Ap* < 120°
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Particle spectra at LHC

Charged Multiplicity /Ts) =7 TeV
|

Pseudorapidity /{s) = 7 TeV, INEL > 0

IIIIII IIIIIIIIIIIIIIIII

g =
5 —e— ALICE data 3 § TET T S 3
g0k = TR U . Z 6Lt e W
© 3 P6 noMPI E I - P65 k!
107 kg % 5 F — P6 noMPI :
104 ‘ 4 —
105 = 3 :_ _j'.:
10°°% * - 3
: E E
107 3 - 1
1.4 :I F 1 o : 1 1 i 1 ! 1 I : 1 1 l 1 1 1 :
- 1 1.4 —
B 1.2 . - 1
6 Er' E g 1.2 . —
T 1 - | _ . |
U 1J— - _— 1= .
= o8 — ) - 1
v i = o8 —
0.6 3:_ 1 | I L1 | I 1 1 1 | 1 1 I | 1 1 1 1 | | I 1 1 ? 06 :._ | | _:.
10 20 o 60 I I | 4 1 | I 1 I I | I - |
¥ 40 3 N70 1 0.5 0 0.5 1

ch

-

* |[t's not at all trivial to describe particle multiplicities
* MPI is needed, but even then the spectra are not perfectly described !

* Place for further Tuning !!!
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and at 13 TeV

* one of the very first results 8 CMS |

from LHC at v/ s = 13 TeV - ppys=13TeV inelastic:
7F .
6 | -,,;.-.1.. ) .-.-!-.-l ........... E
g N T | e ]
5 F .
= - -
2 f :
S4r -
2L :
O i ]
3 -
2 F =~ data E
1 : - -- PYTHIA8 CUETP8S1 -
C e EPOS LHC E

0 :. b o ' | . |

-3 -2 -1 0 1 2

n
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Evidence for Multi Parton Interaction

* Study of the underlying event structure:

e trigger on high p. jets, observe additional hadron activity in the transverse
regions

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015

A. Moraes, C. Buttar, and |. Dawson.
Eur. Phys. J., C50:435-466, 2007.
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ch

1/AnA(Ag) <N >

e e didatir~ R g S P R

* DY is a clean probe for studying UE
* define toward, away and transverse

=t =k =k =k
B

0.8
0.6
0.4
0.2

reg IO n S = toward
* toward region has least contribution | —| —
from hard process (except the —
decay leptons)
r ¢ Daw cMs \s=7Tev | 3 22FT o CMS \s=7 TeV
. — MadGraph Z2 ’ 2F — MadGraph Z2
R e
- - Herwig++ LHC-UE7-2 18 S Eﬂ?gff PHC.UET-2
- — Herwig++LHC-UE7-2 (no MPI) 1.6} Herwig++ LHC-UE7-2 (no MPI)
- charged particles 14 - charged particles
— (p, > 0.5 GeV/c, il <2.0, 146l < 60°) "I (p,>0.5 GeVic, Il <2.0, 60° <1A¢l < 120)
E 81 GeVic?<M,, <101 GeV/c? 1.2 g1 Gevic?<M,, <101 GeVic?
- 1f
2 i PP
- 0.6F transverse
: 04|
s 0.2}
i I R R R T A T R T N R R T 0 U_|||||||||||||||| 1
0 20 40 60 80 100 0 20 40 60 80 100
p." [GeV/c] pi [GeVic]

Underlying event study in DY

Oy

ch

1/An A(Ad) <N >

QCD-11-012

n
no 34
I | |

=k
o
L I

@ Data CMS \s=7 TeV
— MadGraph Z2
- Powheg 22
[ — Pythia-8 4C
[ e Herwig++ LHC-UE7-2
Herwig++ LHC-UE7-2 (no MPI) g

i 1 1 1 ] 1 I. L

. -
LA

toward

charged particles
[pT > 0.5 GeV/c, l <2.0, IA¢l > 120°)

81 GeV/c® <M,, < 101 GeV/c®
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Adding back what was neglected before ...

* The standard ansatz: collinear factorization
A 2\ A [z : B 2
o= fi(x1,n")o(i+j — X)fi (22, u°)

or in detalil:

1

d 1 .
iy =2 dea [ densitenmfhien ™ 2 1o

* terms which are suppressed by powers 1/ are not
covered by factorization theorem.

* The limitations:
0 =c1fgfg+cafqfqt c3fgl’ +caFF

@ |ast terms are suppressed by powers of

@ |eading to double parton scattering
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Some power suppressed terms ...

* |[n parton evolution with ki dependent splitting functions we have some of the
power suppressed terms:

PQ(J(Z7 dt, kt) — qu DG’LAP (1 -+ Z b k2/qt )

* Can at least hard perturbative Contrlbut|ons simulated by a more advanced parton
evolution ?

® Vves......t1o some extend....

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015
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Double-Parton Interactions at LHC

e xsection for p+ p — bbbb

104

1000

100

o(nb)

10

1

single parton exchange (SP)
ot ~ f26(2 — 4)

double parton exchange (DP)
ot ~ f452%(2 = 2)

* PYTHIA predictions:

oPt =0.8---11.1 pb

A Del Fabbm D. Trﬂleam PRDG66 0?4012 2002
PP->bbbb

]
-------------
-
L™
-

bl
" a
-...
-
-
.....
-
"
.‘.
I-.
-

—— Double parton sactteing
- - - Single parton sactteing

Vs=14 TeV; 1.8<7,<4.9

-
bl
LN
|

= Depending on model for underlying
event/multi-parton interactions...

0

p,min(GeV)

Hannes Jurg, Wuu dila v, Lecwuie o, 117. NdV ZU 10

10
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Multi-Parton Interactions at LHC

p+p—W+H+X

* Higgs: p+p—>W+H+ X \\
. _ 130 ) | T T T | T T T | T T T | T T T
with W —lv, H — bb "\ A Del Fabbro| D.Trel¥ani PRD 61,077502 (2000)
* Double parton scattering: ‘
> B 50 ““.‘ .
D+p— bb X I “.‘ o W—> 1
ptDp— W+ X i "-‘ single + double patton ex.
- [, “*_ ----- double parton exchange
p+p— W + bE + X é} %“'-..,&%% ‘*‘ ————— ingle parton exchange
- > b, 'I“
= e
H‘- .“
“, | ™.
Hh_ 1.“‘
i - |
10 .,
i T,
i“%‘%
- ‘.::q.“m‘
5 - - *-q.ﬂ_'_m i
| 1 1 | L | L “‘ | '.“T". 1 |
80 &0 100 120 140
M. [GeV]
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Hard multl - parton Interactions

CMS Coll Study of double parton scattering using W + 2-jet events in
proton-proton collisions at Vs = 7 TeV. JHEP, 1403:032, 2014.

CMS (s =7 TeV I Ldt=5fb"

E Eﬁ‘ﬁ - —PYTHIAB ]

T g 1 — MADGRAPHS + PYTHIAB —

) 1_| | - - MADGRAPHS + PYTHIAB, no MPI 3

] < - — POWHEG2 + PYTHIAG .

l : - POWHEG2 + PYTHIAS, no MPI
_______ J - Data

I W : 107 E_ _E

| : : ]

_____ l i |

102 . =

@ 2y .. == Uncertainty —

no MPI =epiib b o =

o 113‘ gF 'I"{:I"“':!I;I'I.H | —

. o ' —
* look at W+2jets O o
. ' ' (] 2.2
» angular correlation of W and jet pair AS = 3
. g 13
* clear evidence for double parton O 08
scattering O 23
S
™ q4f
J R
.

o
=’
tn
—
-
wn
no
o
tn
o
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Multiparton interaction at the LHC

CMS, \s =7 TeV, L = 36 pb™", pp— 4j+X

T | ——— SHERPA
8 | h”: < 1‘7 ------- POWHEG+P6 Z2
= [F2"et L ByTHiAsac o2
2 10p P, >50GeV  __ _ LERWIG++ UE-EE-3
L ord gt — — POWHEG+P86 Z2' MPI off
o -3, 4 jet: —e— Data
_8 - p.> 20 GeV [ Total Uncertainty
©
— 1__
F — '
S - arXivi1312.6440
i CMS-FSQ-12-013
107F b i Lk
C e T
e no MPI
_l_l—r"r'1111[1111]111||111||111111
(4] -
"a’ 2 S ggsvmpémps z2'
1.8 =i = == MADGRAPH+P6 Z2*
() E e PYTHIAS 4C
>~ 1.6f — — HERWIG++ UE-EE-3
O 1 4-_ —— — POWHEG+P6 Z2' MPI off
E “TE ("1 Total Uncertainty
1.2
1E
0.8f
0.6
0'4..;.Illl.I....llll.l.la.lll..l.
O 05 1 16 2 25 3

AS (rad)
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parton densities at small x

* fransverse momenta



Inconsistency: example from DIS

o —
. +PS — »
wl )l%;;

Y E

N
* Collinear approach: incoming/outgoing partons are on mass shell

(v + @)% = ¢2, Q% + zys =0 » z =Q?/(ys)
» BUT final state radiation:

(v + 9% = ¢%, Q% + ays =m? - z =(Q*+m?)/(ys)
>  AND initial state radiation:

(v + 0)? = 02 Q% + wys +k% = 0 > & =(Q*?)/(ys)

R ]

Collinear approach: q’2=k2 = (0 , order by order .....
NLO corrections... better treatment of kinematics... but still not all....

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015
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Transverse momentum effects in pp

S. Dooling, et al. _ _ 29 . 2 9 .
Longiucinal momentun shite shovering and i y<05 1 B 15<y<20 -
NLO-shower event generators. L 2 o . I .
Phys.Rev., D87:094009, 2013. g 1B DY, 16<M < 166 GeV — E 1. —:
& 1_5;_ . Jet, p>20 GeV E g 1. intrinsic k,, IFPS, no MPI E
! o t i =

* Transverse momentum M4 Bdet, p>20 Gev I 14 .

L .- 1M0<M_, <130 GeV E . ! =
effects are relevant for E 1E e ] E 1 [%ur,ﬁ_
many processes at LHC & 08f 1 B B

g HEE_ | P % 0 :. : P
* parton shower matched & %7t E I - J ; E
with NLO (POWHEG) [34 35 35 2 5 4 -3[5 '-5”! 25 2 A5
geﬂerates addItIOﬂa| kt , log(x) log(x)
leading to energy-momentum
mismatch o 2.2¢ _ 5 2.2
Yok 20<y<25 E o 25<y<3.0 e
* Transverse momentum effects = 3 E s | o E
are visible in high pt processes, g 4gb E E 1. - | 3
not only at small x %141 E <4 A 3
z " it I — -
E1.2;— - E1. Ly 3
> qF ; L 4 [ s
‘LI'-} 0.8 3 § 0 i E
s | Bok
&' uzg— .'_'l | . E’ 0 i = _f
ok ‘ECM I I B ..—.—m...l....l I B
4 35 -3 25 -2 15 -1 4 35 -3 25 -2 15 -
log(x) log(x)
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IMDs and the general pp case

* basic elements are:

s Matrix Elements: E
=2 on shell/off shell E

s PDFs

= TMD PDFs
s Parton Shower
=» angular ordering

* Proton remnant and hadronization

U

dx, d
Lg1 x92/d2k’t1d2k‘t2é\'(§pkt)(j)

ow—>ai+X) = [

Xx g1 A(Tg1, ki1, q)x g2 A(x 42, ki2, q)

Lgl Lg2

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015
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But even this i1s not the full story...

 factorization breaking in pp —j1jo X

J. Collins, J.W. Qiu hep-ph 0705.2141

FIG. 8 (color online).

=P - *
Y
A N J
-~
~ /
\i - \ \é
e
s 7N )( \
~ Al
Vs \
=t - < S

* factorization breaking also in tt -production at large pitop

S. Catani, M. Grazzini, and A. Torre. Transverse-momentum
resummation for heavy-quark hadropro- duction. arXiv 1408.4564

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015

[ ls T o

The exchange of two extra gluons, as in

this graph, will tend to give nonfactorization in unpolarized cross
sections.

[N EE

o

N e

| . &
-1'1

bl T IR TR P T ST Y

i) 20 B0 B0

100 120 140 160 180 200

p, [GeV]
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Small pt in heavy quark prod.

 Compare fixed NLO
calculation of top
production with
resummed calculation
from Monte Carlo

* Similar effects at small pt 4
are observed:
Suppression of xsection
at small pt

* At large pt, resummati
Is too small, NLO is bette

Hannes Jung, QCD and MC, Lecture 6, 15. Feb 2013

10°

100 -

103

Frixione et al, hep-ph/035252

Solid: MC@NLO ...

Dashed: Herwig

Dotted: NLO

1
=1
II

— ]

200

1000

1500

2000

P (GeV)
| I | |
1 2 3

logo(PEY /GeV)
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... and the measurements

CMS caoll.

Measurement of differential top-quark pair production cross sections in pp collisions at sqrt(s) = 7 TeV

arXiv:1211.2220 EPJ C73 (2013) 2339

CMS, 5.0fb"at\fs =7 TeV

-3
— 25::{;1? rr|rrrrrrrrjrrrr|rr1rrrrrr |
> L e/u + Jets Combined e Data ]
&; i — MadGraph i
— 20— --- MC@NLO -
o) 'ﬂD-I— L -
32 | ----POWHEG -
oo\ ;
15 \35 B
ol \ h
o -
E'_ AT AT BN AN A BN S A W

0 50 100 150 200 250 300
P’ (GeV]
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Imagine, would could probe gluons directly

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015
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Imagine ...

* all standard electro-weak currents couple to quarks:
Y, 40, W

e structure function of quarks are well measured in DIS
scattering, as well as in DY production

e structure function of gluons, as well as properties of
gluons are measured only indirectly via quark

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015
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Imagine ...

e all standard electro-weak currents * Higgs is special:

couple to quarks: e in heavy top limit,

v, 40, W couples directly to
aluons

£
U

-

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015



Hanne

QCD options at high luminosity LHC

With Higgs, we have a new and exciting result, which opens up a completely new
world for QCD studies:

(data - theory)/d ...

gluon process with color singlet final state at large masses:

CMS Coll., PRD 85, 032002 (2012)

0.06
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0.04

0.03

0.02

0.01

4

Z productionsz

ml<2.1, p, >20 GeV

J-Ldt=35 pb'at s = 7 TeV

Ay

CMS

. data (e + 1 combined)

POWHEG+PYTHIA Z2
----- PYTHIA Z2
- PYTHIA ProQ20

— — PYTHIA Perugia 2011

|
=4 =]

X
= F =

frr e — e ——

Differential cross sections of the higgs boson measured in the diphoton
decay channel using 8 TeV pp collisions. ATLAS arXiv 1407.4222

> [ amas | e osystunc ]
% _+_ " ggeH [HEE) + XH
— 1F _+_ (K = 1.15) E
_E:— %ﬂ; e XH = VBF+ VM =fiH ]
- I | H—=yy, \s=8TeV i
) Z 7 [Ldt=20310" ]
10"F 2% e
R 50 : ]
: m Higgs productjon
o T ]
102177 e =
C ] Pl | P PR | 'R PRI A L | ]
.E A T T T T
g
Pq Tttt
_E" b AT ST, S ATILLF ’f
E D'.l.|...|...|...|...|...|...|...|...|...'
T 0 20 40 60 80 100 120 140 160 180 200
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HIgQgs as a gluon trigger

Start new QCD program with Higgs as gluon trigger

P. Cipriano, S. Dooling, A. Grebenyuk, P. Gunnellini, F. Hautmann, H. Jung, and P. Katsas. Higgs boson as a gluon trigger.

Phys. Rev. D, 88:097501, Nov 2013. arXiv:1308.1655

* comparison with DY production at same mass range
e pr spectrum of DY and Higgs:

% —— Higgs
Q ---- Drell-Yan
T, 10° Vs=7TeV
o 115<M <135 GeV
lg l <2.0
©
2
[l o e
10-4 | | | | | | | | | I | | | | ] 1 | | :--I--I--I-I.-I--
0 50 100 150 200 250

pﬁGeV)
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HIgQgs as a gluon trigger

Start new QCD program with Higgs as gluon trigger

P. Cipriano, S. Dooling, A. Grebenyuk, P. Gunnellini, F. Hautmann, H. Jung, and P. Katsas. Higgs boson as a gluon trigger.
Phys. Rev. D, 88:097501, Nov 2013. arXiv:1308.1655

e comparison with DY production as same mass range
e jet + DY /Higgs: in rest-frame sensitivity to spin-coupling to gluons -

vanishina effect of auark vrs gluon propagator
2

N

18 = o \5=7TeV 1.8

=== Drell-Yan 115 <M < 135 GeV

— Higgs \s = 14 TeV
==~ Drell-Yan 115 <M < 135 GeV

16

1.6

1/0 do/dcoso*
1/0 do/dcoso*
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Inl<25

1.4
1.2
1
0.8
0.6

0.4

0.2

illlllllllllllllllIll[llll1:l[lllll[ll[

illllllllllllllllllllil]Il]l'l[l][ll[ll[

BSOS (86 10T 0070 9B OO OV W T O P 10O 1 1581 B 10 0 08 A A 00 11 |80 RIS 06 TR 080 8048 AT P4 TR 8] DT )[BT A | 004 A AT R o 00 (10 1 0 ey BT
08 -06 04 02 0 02 04 06 08 1 -08 -06 -04 -02 0 0.2 04 06 08 1
cos 6* cos 6*

1
—h
1

—h
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Challenge in QCD - another example

* Higgs + jet production

* asfctof Ay jet
multiplicity must
INncrease

* similar to dijet case

* Measure at fixed m=125GeV:

dn dn

* pileup and UE effects cancel

* isolate gluon contribution

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015

“Nje?

3.8
3.6
3.4
3.2

2.8
2.6
2.4
2.2

High Energy Description of Processes with Multiple Hard Jets
Jeppe R. Andersen. Jennifer M. Smillie.
Nucl.Phys.Proc.Suppl. 205-206 (2010) 205-210, 1007.4449

pp — h+ 2 jets ( + n jets)
Vs =10 TeV, pr > 40 GeV

o

MCFM
— HEJ
Sherpa
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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
needed !
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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 technique

* advantage of MC technique to solve complex problems like multiparton radiation
(example pt spectrum of Drell Yan)

Hannes Jung, QCD and MC, Lecture 6, 17. Nov 2015
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.... what you should have learned

Have a good time,
and enjoy when
gambling with Monte Carlos



