TMD PDFs for LHC

H. Jung (DESY, Uni Antwerp)

* Why TMDs"?
* How can TMDs be determined ?
¢ Application to measurements at the LHC 7?
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Inconsistency: example from DIS
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> Collinear approach- incoming/outgoing partons are on mass shell

(v + )2 = q : Q2 + zys =0 - x —QZ/(ys)
* BUT final state radiation:
(v + @)% = ¢2, Q2 + zys =m2 - = =(Q%+m?2)/(ys)
* AND initial state radiation:
(v + @)% = ¢2, Q% + zys +k% = 0 > = =(Q%k?)/(ys)

Collinear approach: q’2:k2 = 0 , order by order .....
NLO corrections... better treatment of kinematics... but still not all....
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Kinematic effects in PDF determination

Determination of parton density functions using Monte Carlo event generator Federicon

Samson-Himmelstjerna /afs/desy.de/group/h1/psfiles/theses/h1th-516.pdf

S

£

Q?=10 GeV? Q? = 100 GeV?

@ perform fits to F, using a Monte
Carlo event generator which
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Transverse momentum effects | N pp
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For precision predictions need
precision TMDs with uncertainties !
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small x TMDs from F,(x,Q?%) — general case

do
J2d0? = /da':g [dking@-(mg,k_QL,p)}

6(zg, k1, z, 1%, Q%)

6(zg, k7,2, 17, Q%) is (off-shell, k -dependent) haro
scattering cross section

@ until now, only gluon TMDs were determined

@ valence quarks from starting distribution of HERAPDF or
CTEQG6

LUQU(.’L', ktap) — :EQUO £z kt) /dZ/ _ZQ)

X As(pa ZQ)P(Z, kt) xQ’U (;7 kt + (1 o z)Qa Q)

1 2
P(Za kt) — 553 (k?) 1—|;Zz
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Determination of TMDs (UPDFs)

F. Hautmann and H. Jung. Transverse momentum
dependent gluon density from DIS precision data.
arXiv 1312.7875 Nuclear Physics B, 883:1, 2014.

@ Apply formalism to describe HERA F> measurements
» gtart with gluon only for small x
» CCFM with full angular ordering — no ki ordering at small x
* include valence quarks (for large x)
* starting distribution for gluon at qo :

zAo(z,k1) = Nz~ P.(1-2)°(1— Dz + EVz)exp[—k}/o?]
* gstarting distribution for valence quarks at qo:

xQUO(wa ktap) — -CUQU()(CC, ktaQO)As(pa QO)

:BQUO('Q:) kta QO) — :EQ’Ucoll.pdf(mv QO) eXp[_th/Oj]

with o2 = 93/2
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TMD - integrated

F. Hautmann and H. Jung. Transverse momentum
dependent gluon density from DIS precision data.
arXiv 1312.7875 Nuclear Physics B, 883:1, 2014.

p? = 25 GeV? p? = 25 GeV?
S 10°¢ o f
x — g:zg: JH-2013-set1 2 0.9 — up-val: JH-2013-sett
> T gluon: CTEQES ~ 0.8 lzﬁ;::.';ﬂi?i%m.seu
- ~--down-val: CTEQ66
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CCFM gluon is different from standard collinear gluon, since no sea quarks are
directly included in fit (treated only via g — qq )

@ valence quarks in CCFM are similar to CTEQ), but evolution is different due to
different as
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CMS Phys.Lett. B727 (2013)101, 1303.5900
g*g* s T97 g*g* — Xp — Y 4+ X Measurement of the Y(1S), Y(2S), and Y(3S)

cross sections in pp collisions at s\ =7 TeV

* Using TMDs with off-shell ME gives rather good description, without further tuning
* NNLO CSM is not as good !
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uncertainties of CCFM gluon

p*=mj k=10 GeV*
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X

large k¢, large p?

@ experimental uncertainties
result in 10-20 % for gluon
uncertainty at medium and
large X

@ small uncertainties at small x

@ NEW: factorization and
renormalisation scale
uncertainties

¢ fit with shifted scales

¢ large at large x, since no
constrain from data:
£<0.005, Q2 > 5 GeV?

> dominant uncertainties
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TMDs and the general pp case

A

@ pasic elements are:
a Matrix Elements:

= on shell/off shell E
s PDFs

= TMD PDFs
8 Parton Shower

= angular ordering
@ Proton remnant and hadronization

U
olpp = qi+X) = / /det1d2kt25-(§aktaq_)

X:UglA(:Cgla ktla Q)QQQA(CBQQa kt?a Cj)
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Application to W + jet production at LHC

Hadroproduction of electroweak gauge boson plus jets

Njet (Inclusive) and TMD parton density functions
) =20 [N B S. Dooling, F. Hautmann,H. Jung arXiv:1406.2994
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@ TMD PDFs with parton shower — successful describing hard
Wiz process at LHC

@ uncertainty can be estimated, large but no compensation of
scale variation yet !
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Upsilon production

CMS Phys.Lett. B727 (2013)101, 1303.5900
g*g* s T97 g*g* — Xp — Y 4+ X Measurement of the Y(1S), Y(2S), and Y(3S)

cross sections in pp collisions at s\ =7 TeV
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* Using TMDs with off-shell ME gives rather good description, without further tuning
* NNLO CSM is not as good !
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TMDIib and TMDplotter

@ combine and collect different

ansaetze and approaches:

http://tmd.hepforge.org/ and
http://tmdplotter.desy.de

TMDIib: a library of parametrization of

different TMDs and uPDFS ( similar to
LHApdf)

TMDlib and TMDpilotter: library and plotting
tools for transverse-momentum-dependent
parton distributions, F. Hautmann et al.
arXiv 1408.3015, submitted to EPJC.

H. Jung, Transverse momentum dependent PDF at LHC, Proton cuucwuie ni Lmu era, 2 uct zui14

© 3014 Deumches Clektrarar Synchrotoe DESY

High Energy Physics | TMD Plotter 4

TMD Plotier Publications

Using t*@ form below you cas catoulste, 0 el e, vebes of sAs kip| for sy of e TWOs Yoo o slso perwrste and aompars ot of
wA( D) vre 1 and ves it ot any o for g 1o 4 Sferent pano types o PDIFy

Masse chok ore of P butions 10 gerersts the scoordng form for e TRD Plotier

Piat uPDF as & function of k' is range

Won= 001 | GV, ' = [100 GV’
yorr® 000001 | peae= 1000 |
lltaﬁml

atp’e 28 | Gev®

wing cPOF. give LHAPDF werdifer tare _n“:!-
v [ue ]

por: [Feivee 3]
O

29 @)

POF

wuo-!mho |

30 [ =]

PDF: | »4-2013-s0t1 'l

scaletnzter 10|

Ak )

. . T -

@ & & 3

&
L
“I
]

¢ 0 [aven =]
POF: (#2013 5011 -]
lclb-lm



http://tmd.hepforge.org/
http://tmdplotter.desy.de/

“RC application (DESY): TMD-MCatLHC

@ develop MC using TMDs:
TMD-MCatLHC
® Needs:

* TMDs for gluon, sea and
valence quarks

 full parton shower following
exactly the TMD evolution

* [MD fragmentation functions

* (off-shell) matrix-elements for
all possible processes —
automated calculation

* systematic investigations of
factorization issues

@ Advantages:

consistency form beginning: no
kinematic reshuffling needed

small higher order corrections
scaleable to any jet multiplicity
* via parton shower

soft gluon resummation included
from beginning, no extra factors
are needed

fast calculation

@ Applications:

DY+jet, Higgs - production

. tf—(and heavy flavor) production

* jets

searches
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Conclusion

¢ TMD PDFs are important

¢ effects form transverse momentum in small x processes (Y production etc)
but also in higher scale processes (W+2jets, etc)

* precision determination TMD-gluon from inclusive DIS HERA data
* now with model- and experimental uncertainties

* TMD PDFs can give a consistent recipe for initial state parton shower
* no kinematic corrections are needed

* The big challenges:
* TMD determination over full range in z and u including quarks
* Systematic extension to higher orders

* Full TMD-MC including automated process calculation matched with TMD-
parton shower

* TMD factorization in hadronic processes
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Backup Slides
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—volution equation and TI\/IDS

dq’
rA(x, ke, q) = 2 Az, ki, qo) A /dz/ 1 A (q P(z ki, q ) ( )
@ solve integral equation via iteration:
from q'toq. T —— from q,to g’
rAo(z, ke, q) = xA(x, ke, qo)A(g) [Wo_branching 3231 lwio branching

oo kg) = wdlzha)a@)+ [T [dPE) A/ k) AW)

@ Note: evolution equation formulated
with Sudakov form factor is

equivalent to “plus” prescription, but E
better suited for numerical solution
for treatment of kinematics L  /
z=x/xg P(z)
LN
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How to obtain TMDs ? CCFM approach

@ Color coherence requires angular ordering instead of p, ordering ...

. Pti
> Ze 10k with j—
i i—14i—1 qi 1 — 2z i+1 Py
= recover DGLAP with g ordering L0 L
at medium and large x i 0. p,
ol

= at small X, no restriction on q
p¢; can perform a random walk

= splitting fct:

P,(z,q, ki) = [1iz—1+ (1_Z)+(%—1+Z(12_z))Ans)]

o [ [ o geta

> CataniCiataloniFioranilMlarchesini evolution forms a bridge between DGLAP and
BFKL evolution
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From HERA: small x improved gluon TMD

Fy(z,Q?) \F2C($3Q2
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14f G20 3 G'=27 GeV* i TG“” ; ' Q’=60 GeV’ 0'=120 GeV? 0'=650 GeV’
': 1 ] 0.6F T T
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f 1\\ h\ {®
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@ fit performed with herafitter package (full treatment of corr. and uncotr.
uncertianties)
F. Hautmann and H. Jung. Transverse momentum
- FQC(w,QQ) . Q2 Z 25 GeV dependent gluon density from DIS precision data.

arXiv 1312.7875 Nuclear Physics B, 883:1, 2014.

@ Fy(x,Q?): x<0.005, Q2>5 GeV
@ very good x2/ndf obtained ( ~ 1)
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CCFM gluon from F» and F» & Fye fit

1 p*=25 GeV? @ Fit function:
& | K=10GeV? K?=30 GeV* F K?=50 GeV* _B C
NT- 10 JH-2013-set1 | . o
R Ao(z) = Ngz=77(1 —z)~
< ' 5
g : X (1 — Dyx
—I—Eg\/ig —+ FQ:B )
| . T ¢ only 3 params used in fit: no
104 10° 10% 10" IR , significant change for more params
—~10% @ 2-loop as
Q& x=0001 _jyo0013-set] | X<0.0 - x=0. _ . . ,
¥ R | 1 . @ gluon splitting function with non-
X se :
g [ ' singular terms
b3 @ fits:
107 ¢ setl: Fr: Q2>5GeV, £<0.005
102} ¢ set2: Fh& Fo: Q2> 2.5 GeV
B I @ new fit gives x2/ndf ~ 1.2
2 1 -2 1 2 -1 . . .
0007 1R 0 T T T Wkal @ details are different from previous
uPDF set Ag
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Why off-shell matrix elements 7

—_~2r .
@ Behavior of ME as function of ki fg',_af_ aer o moram
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Application to W + jet production at LHC

Hadroproduction of electroweak gauge boson plus jets
and TMD parton density functions
Njet (Inclusive) S. Dooling, F. Hautmann,H. Jung arXiv:1406.2994
LD L L LA L L L L= First]eth_(W+Z3jels)
— —e— CMS Preliminary -
=== JH 2013 set2 mode A _|
—— JH 2013 setz mode B -

—I1[]II1[I1[T][T]I[]II1II1IIII1—

—e— ATLAS data —
s=== JH 2013 setz2 mode A -
—— JH 2013 set2 mode B

P> 20 Gev

102 ©

T IIII|1I|

L d

1071

4

{

-
|
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S.--
T II| LI
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[
[ T IIIIH][ |I lt‘ll”l
s
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;%}HH{H I }I : :
1.4 — — - -
s 1) 3 1.6 S
e 1f - s 14 £ =
g o8 E g 20
0.6 N N T g o8
1 2 3 4 5 6 0.6
Njet (Inclusive) 0.4 i I TS S S KT ST N NN T SO (Y S
50 100 150 200 250 300
_C p1 [GeV]
@ use CCFM gluon convoluted with off-shell ME
el @ uncertainty from pdf on 1st jet is small - ME !
W/Z

@ agrees reasonably well with W+jet measurement
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