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& Complex jet final states associated with massive SM / BSM states:

e background to searches

e detailed understanding of QCD physics
(QCD tuning of MC event generators;

QCD factorization, parton shower evolution, all-loop resummations)
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Motivation
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Baseline predictions:

NLO QCD calculations + collinear evolution of QCD parton showers
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Motivation

2 However, when this approach is pushed to
increasingly high energies new effects arise due to
soft but finite-angle multigluon radiation.

? More recently, additional effects of kinematical origin
have been pointed out which arise from combining
collinearity approximations in the QCD showers with
energy-momentum conservation constraints.
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Higgs boson + jets

— MCFM
— HEJ
Sherpa

J.R. Andersen, J. Campbell, S. Hoche, arXiv:1003.1241

h+dijets (at least 40GeV).
Ayap: Rapidity difference
between most forward and
backward hard jet

Compare NLO (green),
CKKW matched shower
(red), and High Energy
Jets (blue).

All models show a clear
Increase in the number of
hard jets as the rapidity
span Ay, INnCreases.

Andersen, Terascale MC School, DESY 2015

F Hautmann: NEXT Workshop, UCL, April 2015

5



Kinematic correction from showering to

associated jets
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W + |ets
ATLAS, EPJC 75 (2015) 82
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Rapidity phase space opens up as s increases — relevant for Run |l

jets
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W + |ets
ATLAS, EPJC 75 (201 5) 82
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ATLAS, EPJC 75 (2015) 82
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Large spread in predictions for invariant mass spectrum
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OUTLINE OF THE REST OF THE TALK:
? Generalized factorization theorems in QCD
~" Examples in high-multiplicity final states

F Hautmann: NEXT Workshop, UCL, April 2015
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QCD FACTORIZATION Jqu

A) Single-scale scattering . N
pH

e necessarily sensitive to long timescales, BUT
o(Q,m) = C(Q, parton momenta > u)® f(parton momenta < u,m)

[°) Otscatter K Tparton IN “infinite-momentum” frame

I'\O/IIJ'I
The collinear parton density functions:

Pdf's: f(z,u)= / ?—ﬂ_ e~V f(y)

P

f) =(P|¥) VJ(n)v* Vo(n) %(0) | P) , y = (0,y~,0)

T@(n) = Pexp (’3:,(}3 jDDO dr n - A(y + T ?‘L)) "\ correlation of parton fields at lightcone

distances
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Single-scale scattering. /
INgle-scale scattering e
F.g.: DIS RSN

P i ==l
p“* >
{> Renormalization group invariance =
d d d
ﬂ!ln‘,mGr = dln p nf=2 dln p .

< RG evolution equations

f = fo x exp f %‘” y(eva())

- resummation of [ In(Q/Aqcp)]™ to all orders in PT

Note: expansions v ~ vO) (1 4 bya, + baa? + ...)
C =~ CUO (14 cro5 + 202 + ...)

give LO, NLO, NNLO, ... logarithmic corrections
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B) Multi-scale hard scattering at LHC energies

A
C/<f —~g s> qi > qn > Agop
() i =
b
—@. e nonperturbative components probed near kinematic boundaries
P (z —>0,1—z — 0)

e more complex, potentially large corrections to all orders in ag, ~ lnk(qf/q?)
e.g. C~CULO) (1 +ciay+ ...+ cnima™(as L) +...) , L = “large log"

— yet summable by QCD techniques that

> generalize RG factorization
> extend parton correlation functions off the lightcone
= unintegrated (or TMD) pdf's

& new nonperturbative information; generalized evolution equations

F Hautmann: NEXT Workshop, UCL, April 2015
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Transverse momentum dependent (TMD)

parton density functions

Generalize matrix element to non-lightlike distances:

| ¢ J Collins,
. Foundations of perturbative QCD
CUP 2011

i g
I I + 2 5 + ;
R e Py ] J‘)

TMD pdf's:

— 3d-2
dy 4 "yi o~ ixXpTY T Hik1y1 f'( )
o (2m)i-2 Y

Fl k) = f
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Examples: generalized evolution equations

e Sudakov form factor S:

PA k k

(a) (b)
> entering Drell-Yan production, W/Z boson ¢, distribution, ...

= 0S/0n= K ® S |CSS evolution equations| [Collins-Soper-Sterman]
N resums af In™ Q/qr

e High-energy resummation: s> M? > A2QCD

e
E. < w2
RN
— [T
¢ energy evolution: | BFKL equation| [Balitsky-Fadin-Kuraev-Lipatov]

N\ resums (as In/s/M)"

< corrections down by 1/1n s rather than 1/M

F Hautmann: NEXT Workshop, UCL, April 2015 15



FROM QCD TO MONTE CARLO EVENT GENERATORS

e Factorizability of QCD x-sections — probabilistic branching picture
» QCD evolution by “parton showering” methods:

Splitting
vertices

\ < dq’ 2 2 2
e o dp_f—2 fdz as(g?) P(2) Alg?, @)
Sudakov q
form factors A . . . .
<> | collinear, incoherent emission

{ Soft emission — interferences —> ordering in decay angles:
“—> | gluon coherence for z ~ 1

N
Xp 1

¢ | Gluon coherence for x < 1| = corrections to angular ordering:

“—> k| -dependent parton showers

CCFM equation is TMD branching equation which contains both
Sudakov physics and BFKL physics

F Hautmann: NEXT Workshop, UCL, April 2015 16



CCFM exclusive evolution

— Catani-Ciafaloni-Fiorani-Marchesini (1990's)

_ dg' As(q) 5 NE 4 (T
'T:A(m:kt:‘:?) _mA(mikt:QD)AS(Q)+/dzf q, As(q,)P(Zyktaq)zA(z:Q)

@ solve integral equation via

iteration: T - p—
. ~ |fromq _to g
- branching at 0
cAo(z, ke q) = =z Az, ke, go)A(g) [Wo_branching 02831 lwio branching

tAi(z, ki, q) = xA(z, ki, q0)A(g) —|—quq: jé;))fdzﬁ(z)gxi(m/z,kg,qD)A(q;)

® Note: evolution equation
formulated with Sudakov form

factor is equivalent to “plus” .
prescription, but better suited for t
numerical solution for treatment of gy
kinematics r=xixy O E,mw P(z)
C
e evolution code UPDFevoly Yoo €
[Jung, Taheri Monfared & H, 8 =

arXiv:1407.5935]
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“The TMDIib project” http://tmdlib.hepforge.org/

@ g platform for
theory and
phenomenology
of TMD pdfs

@ library of fits and
parameterizations
LHApdf style

arXiv:1408.3015v2 [hep-ph] 23 Dec 2014
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TMDIib and TMDplotter:

library and plotting tools for
transverse-momentum-dependent parton distributions

F. Hautmann'?, H. Jung®*, M. Krimer®,
P.]. Mulders™?, E. R. Nocera’, T. C. Rogers™?, A. Signori*®

! Rutherford Appleton Laboratory, UK

* Dept. of Theoretical Physics, University of Oxford, UK

* DESY, Hamburg, FRG

1 University of Antwerp, Belgium

7 Department of Physics and Astronomy, VU University Amsterdam, the Nether-
lands

® Nikhef, the Netherlands

T Universita degli Studi di Genova and INFN Genova, Italy

® C.N. Yang Institute for Theoretical Physics, Stony Brook University, USA

? Department of Physics, Southern Methodist University, Dallas, Texas 75275, USA

Abstract

Transverse-momentum-dependent distributions (TMDs) are extensions of collinear
parton distributions and are important in high-energy physics from both theoretical and
phenomenological points of view. In this manual we introduce the library TMDlib, a tool
to collect transverse-momentum-dependent parton distribution functions (TMD PDFs)
and fragmentation functions (TMD FFs) together with an online plotting tool, TMDplot-
ter. We provide a description of the program components and of the different physical
frameworks the user can access via the available parameterisations.
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EXAMPLES:
VECTOR BOSON + JETS
FINAL STATES

tmann: NExT Workshop, UCL, April 2015



Application to vector bosons + jets

@ Motivation: effects of not only
collinear-ordered emissions but also
non-ordered region which opens up ® Role of transverse-momentum
at high s / ptA2 (and large pt). kinematics on jets produced at
@ Finite angle multi-gluon radiation. moderately non-central rapidities

@ Push limits of high-energy

expansion beyond small-x region. | Inclusive Jet Multplcty
;‘: - : | —— !\TLla’xS data |
.E . —_— jIjIltzt:nij setz
FEECE 3 . Pl =30 GeV E
@ Jet multiplicities associated with i '
W boson production $ w0 * E
Atlas data PRD85 (2012) 092002: “F T
jet|y|<4.4 2F | | | —
8 V5F =
Note: pt-ordered shower (eg, S af —
Pythia) cannot predict = o5 | | | | -
higher jet multiplicities R T T IN

jut

F Hautmann: NEXT Workshop, UCL, April 2015 20
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Can we go to large transverse momenta”
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Total H_T distribution in
W + n jets final states at the LHC

Dooling, Jung & H, Phys. Lett. B736 (2014) 293
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mode A: uncertainties from renorm. scale, starting evol. scale, expt. errors
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mode B: include factorization scale uncertainties
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W + n jets:
Invariant mass spectra

[in progress]

Jet Invariant Mass (W4 > 2 jets)
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m(jets) [GeV]
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Theoretical uncertainties larger for larger H_T (increasing x) and,
at fixed H_T, for higher jet multiplicities

Hy [(W+ = 1 jeds) Hy (W—+ = 3 b
5]:3‘ I I -‘:—J _'I"IIII||ll||||||||.|..l_
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- —— |H 2013 sed2 mode B - S —— —— |H 2013 bz mode B 3
= 1 —— JHrmysetzmode U o . T 1 e 2013 set mode C 4
=z o™ = 30 Gev = - = GeV
w3 = 10 F -
10 1 |
A
o ®
1.6
g =
o= &
2 1 5
E:“*-'i (iF. | '::-:_".'
" oh T
) I | 1 | | T | I I T |
1% 200 300 400 1] T Fo0 200 Jou 400 K OH 700
HT |[Gev] Hy [Ge]
mu’?2 = m"2 + qTA2 Dooling, Jung & H, Phys. Lett. B736 (2014) 293

Mode C: vary transverse part of mu*2 by factor 2 above and below central value
(more closely related to standard collinear calculations)

Mode B: include variation of longitudinal component

(more conservative estimate — unlike standard collinear approximations)
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W + n jets final states at the LHC:
o1 spectra of the jets

Dooling, Jung & H, Phys. Lett. B 736 (2014) 293
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Leading jet pT: (left) inclusive; (right) n>=3
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W + n jets final states at the LHC:
o1 spectra of subleading jets

Second Jet p Third Jet p
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Subleading jets: (left) second jet pT; (right) third jet pT
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= Angular correlations in
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Conclusion: What do we gain?

@ Uses of TMD pdfs + kt-dependent

shower:

matching with 2 — n off-shell
parton calculations

(automated method, see
van Hameren, Kotko & Kutak
JHEP 1301 (2013) 078)

@ Opens possibility for full LHC
phenomenology of QCD, EWK

and BSM processes

W + 2 jets as signal
of double parton interactions

@ |Influence of TMD corrections to

shower evolution on analysis of
DPI?

F Hautmann: NExT Workshop, UCL, April 2015

@ Formalism interpolates from low pT

to high pT

@ Incorporates experimental

information from high-precision DIS
measurements

? Takes into account transverse

momentum kinematics without
approximations in the branching

=

W/Z i
| W i

I "

| ik

..... I

—t
e ry
v

{

Single chain

Double chain
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EXTRA SLIDES

F Hautmann: NEXT Workshop, UCL, April 2015
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EXAMPLES:

TMD kinematic effects
in parton shower evolution

F Hautmann: NEXT Workshop, UCL, April 2015
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Kinematic effects in parton shower evolution

S. Dooling, talk at DIS 2013, Marseille

Longitudinal Momentum Shift

In SMC:
hard subprocess is generated with full 4-momentum for the Factorized jet cross section
external lines at high rapidity
on-shell and PLoay,

Momentum of the partons k;[)] =x,p, folly ocllinoss -
initiating the hard scatter: with the incoming k\a &

Applying S " S e

shower algorithm 208
Complete final states: k 1 FX; P, no longer collinear p-" d’g*!B -
2

Energy momentum conservation > Reshuffling in X (long. mom fraction)
Collinear approximation & energy momentum conservation
D - &
kinematic shift in longitudinal momentum distribution due to showering
F Hautmann: NEXT Workshop, UCL, April 2015



TMD effects in pp collisions

E 2.2r E 2.2
i 2 y<05 z 1.5<y<20 E
? Transver 18 DY, 16<M__ <166 GeV 1. 3
P etse e 18f J-t.pl:ma; g 1. intrinsic k,, IFPS, no MPI E
momentum 1AF " pdet 20 Gev < :
dependent (TMD) M - T0<M,, <1000 1. } e
effects are relevant & osf [ ‘ S o. [ i
X 1 ' I 3
for many processes é'?: Lt E;" * .
at the LHC 0.2} ;..: 0. i :

0_4 35 <3 2.5 2 1.5 1

@ parton shower

matched with NLO

generates additional g 22 g 23

k.. leadi t 1 T 2f 20<y<25 3 < 25<y<3.0

ts Ing 10 energy E 1.8} 3 E 1.

momentum 3:: :-.:

mismatch £ 12} e i—»_._*_i E .. 1‘_‘—1_.. }
: . & . . o = S d

9 avoided by using S . ] & o J ;

formulation with TMD £ e i £ - P

distributions from the gn.zf- e Ful

outset % X 85 3 25 2

log(x)
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NONPERTURBATIVE (NP) AND SHOWERING (PS) CORRECTIONS

e Estimates using leading order (LO-MC):

NP (ps+mpi+had)
Kf} NLO MC /NLO MC

[CMS, PRL 107 (2011) 132001; ATLAS, PRD86 (2012) 014022]
— natural definition with LO-MC
— but affected by potential inconsistency if combined with NLO parton-level results

e Alternatively, assign NP correction factors by using NLO-MC:
[Dooling, Gunnellini, Jung & H, arXiv:1212.6164 [hep-ph]|

(ps+mpi+had) (ps)
K" = Nyiomae  INNLo-mc
KPS = NP /1\*
= ‘Y\NLo-Mmc/*"NLO-MC

& KNP differs from ffp
& KP% is new
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Nonperturbative Correction

Non-negligible effect from

-

£2s 1Y]<05 KNP nonperturbative effects at
o |
‘E 2 small p_
g"’?.. Difference between LO and
o — ] H 1 NLO correction
2 anli-kTH =05 -Ky' . anti-k, R=07 ~KiP
315 20<lyl <25 ~KNP . 20<|y| <25 KNP
S |
Tt | .
&2 P Matching of MPI to the
§ _
s NLO calculation because the
[Tﬁ_—————-——’ : . e . .
2 2 % 100 20 = T w MPIp scale is different in
Jet p, [GeV] Jet p, [GeV]
LO and NLO
ps +mpi+ had ) (ps)
K KLO MC K (o= mc e
o e
NP ( ps+mpi+ had) § ¢-( ps) E‘-‘:;ﬁ?? »
K" =Kiio-uc 1Kno-uc N7 S. Dooling, talk at DIS 2013, Marseille
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Parton Shower Correction

1q. WU, R=07 K"
b Ivi<0S

1a. W0tk R=05

Ps
 lyl<0S K

bromry e by«
E.:J# g ‘*--ﬁ.gu B O Finite effect also at large p_
nEen w omom w wew W m
O Initial and Final State Parton Shower £ s« Rr=07 K% | Bis antk, R0
.._u Iyl <05 -KFSR | s [lyl<0S5
considered independently %: _ ' __g::
O But they are interconnected: 8y ——_— — 8% s
The combined effects cannot be obtained i"‘[ - i“
218 antik, R=07 K* | Sus R=05
by adding the individual contributions g ey i [ = g
O ISR largest at low p_ FSR significant & : — £}

[S. Dooling, talk at DIS 2013] é“r_,

for all p_

Jot p, (GeV)
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KpszKﬁ(ffgi-Mch(ﬂo— MC

OO
Q8
ﬁuw”',
L-Jn’?i)r

O Depends on rapidity and P, especially
in the forward region

Kﬂﬂ
- KM
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Longitudinal Momentum Shift — Inclusive Jets

Jet measurement in the rapidity range y < 2.5

EE 0.12

0.1

4 35 -3 25 -2 -5
log(x)

=

4 35 3 25 -2 -5

—POWHEG Y<05
intr. k

intr.k , + IPS

-1

log(x)

20<y<25

-1

F Hautmann: NExT Workshop, UCL, April 2015

Compute X from POWHEG before

parton showering and after parton
showering (using PYTHIAG)

55 s 25 2 as o Kinematic reshuffling in x is negligible

for central rapidities but becomes
significant for y > 1.5

D Kinematic shift can affect
predictions through the PDFs

MNEAdr]
4 [S. Dooling, talk at DIS 2013]
by
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KT-dependent gluon density from precision DIS data

Q=25 Gov' ¥ o'e12 Gev® E: @'=32 Gev'

:d :: | | [Jung & H, Nucl. Phys. B 883 (2014) 1]
e | ool | N

10° 1wt 10° 10* 110" 10t 10°  10? 1xn" 1wt 107 10? :lo"

gu-o
° 0.7
0.6}
0.5F
0.4}

| . @ Good description of inclusive DIS
=1 \ [ \ . data with TMD gluon

Teemy e ey Y @ Sea quark yet to be included at
Ji; et E g A | st 1 TMD | evel

o N ! N | @ Fit performed with herafitter

0.4
0.2F

10° 10t 10° 1wt 1w® 10t 10® 107 1}(1:‘5 w0t ' 10t 11‘0" paCkage

X
g1o
-]

i {\ ! T ol https://www.herafitter.org/

[T S 3 =120 G ] oleisngev’ ]

& e
T

ol ; _; | arXiv:1410.4412 [hep-ph]

0.4}
0.2F

G ol ol A 'l il il d rl 'l
10° 10* 10° 10° 1:0'5 w* 1wt 1t 1wt 1t 1wt 1wt 1!
x xX

X2 /ndf (F{*™) |2 Indf (Fy) |x?/ndf (F and F{"™))

3-parameter 0.63 1.18 1.43
d-parameter 0.65 1.16 1.41
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Example |:
Drell Yan hadroproduction of electroweak gauge bosons

e (SS formalism

Py Py
do .-
o= ZHij(Qz/ﬂz,tls(ﬂ))fdzbJ_ €9 fiw1,b15Crom) £(w2,b1; G ) E E
ij
Py Py
(a) (b)

+Y—term + O (A§cp/Q%) TMD factorization
Oln f dln f 5 CDF Z Run 1
h = K(b d -y - 8 3 BOG ] - .
where ot (busp) and o =r(osu), ¢/K)
iK | | -H:u:lg A\ = Ha o *‘””Lf?;,rlf

m = —yk(as(p)) cusp anomalous dimension

e Soft Collinear Effective Theory (SCET) provides
alternative approach to comparable results
[Echevarria, Idilbi, Scimemi 2012; Chiu, Jain, Neill, Rothstein 2012; S
Becher, Neubert 2011; Mantry, Petriello 2011] - ? e e 0
T

F Hautmann: NEXT Workshop, UCL, April 2015 Landry et al.
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Example |I:
DIS at high energies

§ n
% i A . i A A | A
% s " -
+ H v
1 *2‘?” F3 > R
14, K
p | Y E ol [ 5
i a#g ‘ ’

transverse momentum dependent
high-energy factorization

1
Fi@@) = [ T [ %K 3, (0/2.k/Q 0@/ e) A kime)  5=21

2G1I kernel

dk?
where A(z,k, p,e) = / 2(2m)i+e Pﬁf} G* (k,p)

K\ ,\ high-energy projector
unintegrated (TMD) gluon density (spin and momentum)
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Conclusion

*  TMD parton distributions and showers relevant to
both large pT and small pT processes, high x and low x:

TMDIib platform http://tmdlib.hepforge.org/

? First determination of TMD gluon from combined
high-precision DIS data, including uncertainties [— herafitter]

* The approach has far reaching implications for LHC physics:
treatment of kinematic corrections to parton showers;
studies of theor uncertainties in multi-particle final states;
ex.: W + jets pT spectra and angular correlations
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W + 2 jets: signal for double parton interactions?

Ayl o) between 2 jels
L e

Component of jets back to back

Ja)

=] — C-Aogg®zWq
Component of jets recoiling from W & —— PB ggaW MPI
l, 3 —— PBWsijetnoMPI
= Al -
E = = L [
= =1 9

I R -
4 1 1 Jl WIP _| | I Ir
s B - |
= E r
0 2 40 60 60 100 120 140 ”D_a:_LI :IJJ [ IL_
iy, (DY B o e -
' 2N PR oS i D ) PR
4 B0 8o 140
Apsija.fa)
apyify a1/ (P + piz) between 2 leading jets
= LS D I e B N ILE S
iy —— C-Ao gg*zWyq
o —— P8 qqaW MTI1
Component of jets back wo back Component of jets recoiling from W _?: —— P8 'I-'_.'—-—zietﬁaélo'! I
z
3
=
5 c
| |
14 F ! e
E = 3
12 = _I 4 -1
= E : E
E o = 3
o8 = -3
e 3
sfF . 14— P PR (I
0.2 ol ab o8

ﬁil.'[_uil.,i:‘\: Spa + )

[E. Dobson, talk at MPI-TAU Workshop, October 2012]

ATLAS, New J Phys 15 (2013) 033038 For jet pT = O(20 GeV) effects from
higher orders in kt-shower significant
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