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From DIS to pp — jets



Jet production in pp

@ x-section (i.e. for light and heavy quark (£t ) production)

- dx+1 dx
o(pp — qaX) = / - —

* with gluon densities

A AN —_—

le(mla Q)$2G(x27 6.7) X 0(37 Q)
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® hard x-section:
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owest Order Diagrams
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2 > 2 processes

invariant matrix elements for
2 = 2 processes with
massless partons

Ellis, Stirling, Webber
QCD & collider physics p249
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Remember: W+jet and dijets

* check on propagator:

CDF Collaboration (F. Abe et
al.).Phys.Rev.Lett.73:2296-2300,1994.

Ellis, Stirling, Webber
QCD & collider physics p248

82 _l_u2
MP o~
1 1
t2 (1 —cosf*)2 '°
qq — W + g _8_ 10
\g
@ (1 — cosf*) 5

1 | | I I | | | | | | 1 | | I I I | | I I |

O Photon + Jet
O W + Jet Data

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

Normalized over

| | | | | | | | | | | | | I | | |

1

H. Jung, QCD at the Extremes, Lecture 3, 20. March 2024

0.4 0.6

lcosO™|

0.8

35



Mobile User


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

H. Jung, QCD at the Extremes, Lecture 3, 20. March 2024
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Color Flow in pp

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

cess: gg — q;9;
Colour flows:
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Color Flow in pp

Process: gg — g2

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

Diagrams:
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The general pp case

® pbasic elements are: E
s Matrix Elements:
= on shell/off shell E
s PDFs el
= TMD PDFs
s P h L
arton Shower | ¥ I 4 0
= angular ordering Fo
* Proton remnant and hadronization .
K to
Koo
\U

dx,1 dx "
olpp —q7+ X) = / 91 92/d2kt1d2kt20(8£22,u)
Lgl Lg2

><ajg1~/4(ajgl7 ktla ,U)ZUQQA(ZC92, kt27 :u)
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Parton shower

® simulate explicitly parton radiation with f
evolution of parton densities

® advantage to include properly energy
momentum conservation in each step

® perform resummation numerically

3

® Parton shower follows backward evolution:

hdp'? (e dz (3267
IT = exp —/ / — P(2) :
e 2 f(x, p?)

» Emitted partons should have resolvable energy (or pr) with: PT > qtcut ~ 1GeV

@ With zayn < 1 soft gluons with pr < 1GeV are neglected.

H. Jung, QCD at the Extremes, Lecture 3, 20. March 2024



Parton shower

@ Parton shower with collinear parton densities adds new
iInformation on transverse momentum of partons, by

explicitly undoing the evolution.

® not necessarily same parameters as in evolution:

°<< 1 versus z— 1

@ order of spﬂtting functions bg
B h_eavy flavors ol ¢ CP_L)
® ordering conditions (angular ordering ?)
* atc B
@ |nconsistencies arise from energy momentum
conservation

* special treatment needs to be done to conserve
energy momentum at the end

® boost, rotation of hard process

H. Jung, QCD at the Extremes, Lecture 3, 20. March 2024
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TMD parton shower

@ TMD parton shower uses information from TMDs
(obtained from fits to inclusive data)

@ uses exactly the same parameters as in evolution
@ cut on z values
® order of splitting functions
* as, heavy flavors
@ ordering conditions (angular ordering... )

@ inconsistencies arise from energy momentum
conservation stay, when using collinear ME

* special treatment needs to be done to conserve
energy momentum at the end

® boost, rotation of hard process

H. Jung, QCD at the Extremes, Lecture 3, 20. March 2024
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Parton shower and TM

S

* Check that including initial state PS and TMDs does not change the x-section of

the hard process.

Drell-Yan production at /s = 13 TeV
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Drell-Yan production at /s = 13 TeV
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How to calculate x-sections then 7



MCatNLO method

s NLO calculation of dijets: T
do = | B(®p) + V(®p)| + R(®r)da,
@ diverging spectrunt of gluon radiation

® cancelled by virtual corrections

@ gpectrum at low pr of gluon (or pr of dijet system) unphysical
® introduce auxiliary counter term C(®r)

do = [B(@B) +V(®p) + / d@C} + R(®R)dD, — Cdd

® subtract and add collinear,soft divergent term
® calculated matrix element with subtraction

® physical quantity obtained only if C(®r) is added back by TMD or parton
shower

* method used in MCatNLO with CASCASDES for TMD or with HERWIG/PYTHIA
for parton shower

H. Jung, QCD at the Extremes, Lecture 3, 20. March 2024 a5
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MCatNLO method

* MCatNLO method (Frixione, S. and Webber, B. R. Matching NLO QCD computations and parton
shower simulations, JHEP, 06(2002), 029)):

® subtract collinear and soft part n“l S 160 G {Lv ——
‘L &

@ add it back by using TMD

Dijet https://anxiv.org/abs/2112.10465
"; 109 I | | 1 lll]lll 1 1 lll]lll 1 T 1T 1711
3 —}— MCatNLO+CAS3
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Jet production at the LHC

Tumasyan, A. and others Measurement and QCD analysis
of double-differential inclusive jet cross sections in proton-proton

CMS 36.3 b (13 TeV)  colisonsat$s$=18TeV, JHEP, 022022), 142
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Jet production to constrain PDFs

CMS SM NNLO Hessian uncertainties CMS SM NNLO Hessian uncertainties
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Tumasyan, A. and others Measurement and QCD analysis
of double-differential inclusive jet cross sections in proton-proton
collisions at $ s $ = 13 TeV, JHEP, 022022(), 142
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Jet Mass — Sudakov peak

@ Jets in final state: time-like evolution of
parton radiation

@ follows similar evolution equation as
for parton densities

@ evolution from large time-like mass
to small scale where hadronization
happens

® Evolution according to Sudakov form
factors (similar to initial state)

® Jet mass comes from parton radiation:
® |ow mass

® at low transverse momenta, suppression from Sudakov

@ large mass
@ perturbative radiation pattern

H. Jung, QCD at the Extremes, Lecture 3, 20. March 2024
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Jet Mass — Sudakov peak

Sirunyan, A. M. and others Measurements of the differential jet cross section as a function
of the jet mass in dijet events from proton-proton collisions at $ s=13 $ TeV, JHEP, 112018(), 113
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k: - factorization T
. o «
* use high energy (kt -) factorization: L :\)é K)*O
(Catani, Ciafaloni, Hautmann NPB 366 (1991) 135, f‘\‘
Gribov, Levin, Ryskin, Phys. Rep 100 ,(1983),1, ¢ E o L(
Coliins, Ellis, NPB 360 ,(1991) P |

d dx o
s with o(ep — €'qq) = / yd2 —d kota(s, ty )Tg Az g, ki)

QZ
/ kg Ay, ke, §) =~ 14,G(zg, Q%)

» t-channel gluon with virtuality k% = —k? dominates the process in the
high energy limit s > 8

@ collinear limit obtained by:  6(8,0,Q) - ©(Q — k1)

e
» BUT k -factorization is proven only for small x .... V;CL_’ >'i(\

H. Jung, QCD at the Extremes, Lecture 3, 20. March 2024
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Off-shell matrix element calculation

A.van Hameren Katie, https://arxiv.org/abs/1611.00680

® Automated tool exists for LO calculation: KaTie

® however k: factorization only proven for small x

@ NLO calculation much more difficult, since virtual corrections are also kt
dependent

® First steps toward automated NLO calculation are done
* Where are k: -dependent matrix elements relevant ?

H. Jung, QCD at the Extremes, Lecture 3, 20. March 2024
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Why off-shell matrix elements 7

Baranov, S. and others CASCADES A Monte Carlo event generator based on TMDs,

® Behavior of ME as function of k& Eur. Phys. J. G, 81(2021), 425

¢ for small k; converges to collinear result

s 2
§1 8 pp s=13 TeV
¢ for large k: has suppression °
. 1.6 — k;, =1.000000 GeV*, x =0.001000, m=5 GeV
> suppression appears at “standard —
factorization scale”: Q2+ 4 m? 145 k2, =1.000000 GeV2 x =0.001000, m=175 GeV
1.2

¢ collinear factorization:

- 0.8
k 12 ~Q2+ 4m?
0.6

0.4
,u2 0.2 {)
s (,...) B R
0 W e ki [GeV]
'T‘B’\‘D/T’f 9 -
P <
=
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Predictions with TMDs and off-shell M

® Calculate jet production with KaTie and TMDs nttps://arxiv.org/abs/1712.06982
@ no special kinematic reshuffling needed ﬂj—r_/w— "ﬁ
. - . { A
@ even without explicit parton shower, A ¢ well described (/ -7 \
{
Di-jet azimuthal decorrelation, 110 < plﬁading < 140 GeV Di-jet azimuthal decorrelation, 140 < plfading < 200 GeV
'lg ; —e— Data ’lg ; —e— Data
= |~ —— TMDnoPSu?=Qf+3 = ;L —— TMDnoPSpu?=Q?+3
S5 - — —— Powheg 2jet NLO noPS ) - — — — Powheg 2jet NLO noPS
b : —ls B
| 107!
10 = . ;
B +++ | 10~2 ; —— |
102 é_¢—++ ! %—_’:’_ |
- | - _‘_,_ I
B : 10 3 =— r_JI
-3 = -
10 §IlIlllll|l,l-_l|l‘lll‘llllllllllllll }_‘llllIll‘:llllllllllllllllllllll
1.6 1.8 2 - 2.4 2.6 2.8 3 1.6 1.8 2 2.3 2.4 2.6 2.8 3
A¢ [rad] A¢ [rad]
— -
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Predictions with TM

DS and off-shell M

* Calculate jet production with

KaTie and TMDs

® nNo special kinematic reshuffling needed

@ even without explicit parton shower, A ¢ well described

@ for small A ¢ parton shower is needed — more jets

Di-jet azimuthal decorrelation, 110 < p];fading < 140 GeV

https://arxiv.org/abs/1712.05932

Di-jet azimuthal decorrelation, 140 < p?ading < 200 GeV
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MCatNLO method

* MCatNLO method (Frixione, S. and Webber, B. R. Matching NLO QCD computations and parton
shower simulations, JHEP, 06(2002), 029)):

@ subtract collinear and soft part

@ add it back by using TMD
@ check A ¢ distribution

Dijet https://arxiv.org/abs/2112.10465
108 [ I | I L I | | | | [ | %
—t+— MCatNLO+CAS3 >
107 —+— MCatNLO(fNLO) =

—t+— MCatNLO(LHE)

do/dA¢:> [pb/rad]

-

10°% E
’_h-\lll|llllllI;llllllllllllllllllll

0 0.5 1 1.5 2 2.5 3
A
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Measurements at large pr. A ¢

[rad 1]

do
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[rad 1]
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Jets at large pr

® At large pr, jets become smaller,
pencil-like

@ much better experimental resolution
® enables studies in new environment

13 TeV,pp — two jets
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Measurements at large pr. A ¢ back-to-back
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* for pe®®™9 > 200GeV  sensitive to “soft gluon” krkick of ~ 10 GeV
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Measurements at large pr. A ¢ back-to-back
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* |n back-to-back region
o for plea®™d 5 900GeV sensitive to “soft gluon” krkick of ~ 100 GeV
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Measurements at large pr. A ¢ back-to-back

CMS, 13 TeV, A¢, inclusive 2-jet, 200 < plfading < 300 GeV CMS, 13 TeV, A¢, inclusive 2-jet, 1000 < pl{?admg < 1200 GeV
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Measurements at large pr. A ¢ back-to-back

CMS, 13 TeV, A¢y, inclusive 2-jet, 200 < pi* 4™ < 300 GeV CMS, 13 TeV, A¢y, inclusive 2-jet, 1000 < p'*™& < 1200 GeV
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@ Sensitivity in back-to-back region on differences in “small kt” region
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* differences to standard parton shower approaches are observed

® details matter
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But even this is not the full story...

7
@ factorization breaking in pp = j1j2 X > —

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

N _ Ny

7/ il / g \
D A\
=)_,/U . . \

/

FIG. 8 (color online). The exchange of two extra gluons, as in
this graph, will tend to give nonfactorization in unpolarized cross
sections.

® factorization breaking also in tt -production at large pttor

oorop

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

® No real calculations are available
* Compare with experimental measurements

® and test with scenario, where factorization effects are absent or at least much

do/dpr,z;j [pb/GeV]

smaller:

@ compare |j with Zj (in Zj color connections to of initial to final state are reduced,

since Z is colorless).

13 TeV, pp — Z+1jet (two jets)
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https://arxiv.org/abs/2204.01528
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Dijet and Z+] comparisons |

https://arxiv.org/abs/2204.01528
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Dijet and Z+] comparisons |

https://arxiv.org/abs/2204.01528
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Dijet and Z+] comparisons |l
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The role of soft gluons



Role of soft gluons in inclusive distributions

® Does evolution equation work with cut z_M 7 f da Play —s ?;}%)
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Role of soft gluons in inclusive distributions

® Perform evolution with PB method with and without cut  zgyn = 1 —
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https://arxiv.org/abs/2312.08655

dt cut
7%

L s f- F
p:

71


https://arxiv.org/abs/2312.08655
Mobile User


Role of soft gluons iIn TM

D distributions
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https://arxiv.org/abs/2312.08655
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Cutoff and connection to cross section

https://arxiv.org/abs/2309.11802

* For simplicity consider again DIS cross section (at NLO)

(z,Q°) —5’/’2 SQ){ (1—§>+g—;cm(§>+---}

CF5(2) = Cp 2(10*%1(:'2));;(liz>+‘(”z)k’g(1_z)

1 + 22
1 —z

* with:

2
logz+ 3+ 22 — (%4—%) 5(1—2)}

® to ensure proper cancellation of terms in parton density as well as in cross section,
- 1

® see similar study in Frixione, Webber https://arxiv.org/abs/2309.15587
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Soft gluons in Parton Shower

https://arxiv.org/abs/2309.11802

: dt cut ‘
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* Huge effect on soft partons
* they are important for inclusive distributions: pdfs and TMDs

H. Jung, QCD at the Extremes, Lecture 3, 20. March 2024


https://arxiv.org/abs/2309.11802
Mobile User


Soft gluons in Parton Shower

https://arxiv.org/abs/2309.11802

4t cut

e With PB-TMD parton shower study effect of Zdyn =1 — o
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* Huge effect on soft partons
* they are important for inclusive distributions: pdfs and TMDs

@ see DY qgr spectra
* in Lund string fragmentation these soft partons do not change hadron spectra

® no Issue for hadrons or jets from parton shower !
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Expectations at high luminosity



—Xpectations at highest luminosity: jets |

https://arxiv.org/abs/1902.04070
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@ At highest luminosity (13 TeV, L=3ab)
@ jets with prup to 4 TeV can be observed
@ djijet masses up to 6 TeV (~ 72 of Vs )
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—Xpectations at highest luminosity: jets |l

https://arxiv.org/abs/1902.04070
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@ At highest luminosity (13 TeV, L=3ab)
* pr distribution for different flavors (even for boosted W and top) are similar
® masses play no role

* A ¢ shows differences at smaller angles, due to different production

mechanism
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=Xpectations at highest luminosity: jets |l

https://arxiv.org/abs/1902.04070
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® At highest luminosity (13 TeV, L=3ab)
» b-jets come mainly from g — bb
® look for pairs of B-mesons inside jet:
® at high prfraction of pairs of B-mesons is large > 70 %

* b-jet comes mainly from gluon splitting
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