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UUniVGersityofSussex i Jet Substructure : Why ?

Many applications: (examples)
o 2-pronged decay: W — qg, H — bb
@ 3-pronged decay: t — qgb, X — qqq

@ busier combinations: ttH

@ new physics: e.g. R-parity violating x — gqq, boosted tops in SUSY

Increasingly important:
@ Increasing LHC energy
@ Increasing bounds/scales

@ More-and-more discussions about yet higher-energy colliders

More and more boosted jets
Needs to be under control
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Jet Substructure : How?

University of Sussex

STOP and think

can we stop blindly running Monte-Carlo and understand
things better (from first-principle QCD)?

Empirical Monte-Carlo approach is limited

@ Hard to extrapolate parameters

@ No understanding of the details

Analytic/first-principle tools have a larege potential

@ Understand the underlying physics

@ Infer how to improve things further

@ provide robust theory uncertainties (competition with performance?)

Summary and Outlook : QCD



Jet Substructure : How?
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[M.Dasgupta,A.Fregoso,S.Marzani,G.Salam,13]
First analytic understanding of jet substructure:

Monte Carlo Analytics
quark jets: m [GeV], for p; = 3 TeV analytics quark jets: m [GeV], for p, = 3 TeV
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@ Similar behaviour at large mass/small boost (region tested so far)
@ Significant differences at larger boost
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QCD resummation
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CE/RW

The analytical tool to understand the structure of jets is QCD resummation
LL NLIL NNLL

Y1 do |

| N rn+l | NN | nrnt 1
!(U):/ /dv’! el s LT DL U ILY T
0 OBorn dU ( 1 + 15 )

Challenges to reach NNLL accuracy
Factorisation of observable

_ ~ constraint not needed
¥ Complicated observablesO

definitions General method for recursive IRC
safe event-shape and jet rates

ARES1.0: semi-numerical NNLL
for event shapes in ete-

Extension to jet rates and hadron
collisions in progress
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QCD resummation

University of Sussex

The analytical tool to understand the structure of jets is QCD resummation
LL NLIL NNLL

Y1 do |
| N rn+l | NN | nrnt 1
| (v) = / /dv’! el s LT DL U ILY T
0 O-Bornd’U ( 1 + I's )

Challenges to reach NNLL accuracy

¥ Complicated observablesO
definitions

¥ Correlations between radiation
Inside and outside the jets

Recently formulated at all orders
beyond large-Nc limit: ready for NNLL?
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QCD resummation

The analytical tool to understand the structure of jets is QCD resummation
LL NLIL NNLL

Y 1 do '
| N n+1 | N n | N n! 1
!('U):/ /dvl! 6.SL —I—.SL —|—.SL +...
0 OBorndv ( 1+ 1 )

Challenges to reach NNLL accuracy
% my Example: H+1jet

¥ Complicated observablesO z H
definitions e Not well-formulated
Pt jet for all possible

¥ Correlations between radiation hierarchy of scales

Inside and outside the jets

n-global

:)'n 0]
S
<
Ly
S}

¥ Multi-scale problems
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QCD resummation

University of Sussex

The analytical tool to understand the structure of jets is QCD resummation
LL NLIL NNLL

Y 1 do '
| N n+1 | N n | N n! 1
!(v):/ /dv’! el s LT F O LY T
0

OBorn dv ( 1 + I'g )
Challenges to reach NNLL accuracy ] State of the art: tt
N Vs = 8TeV NNLL+NLO
: ~ - POWHEG+PYTHIA
¥ Complicated observablesO 4 :] PYTHIA
definitions s
s 3
_ o s f Soft large-angle relevant
¥ Correlations between radiation fd_ ol
inside and outside the jets g8 2,
S
¥ Multi-scale problems N T -
0 50 100 150 200 250 300
o qT(GeV)
¥ More than two emitting legs Well-formulated, mostly analytical
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PS: colour connections
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Improvements in parton-shower: include exact colour correlations

averagerapidity w.r.t. hj

Colour-exact radiation patterns

' ' full
" . A 2 shower ----------
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= 09 I ISR
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PS: colour connections
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Colour connections are now included in PYTHIA hadronisation and MPI

Ordinary String Reconnection  Double Junction Reconnectior

—

g—qQ q

qg———41 q

Triple Junction Reconnection  Zipping Reconnection

q _
q q I, 50 N \q q g ¢ 31
q q — CI> <q q 99 - J q
q q q q \g/\a qa/ 99

Beam Remnant 1

Beam Remnant 2 Beam Remnant 2
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85 E Leading Jet E; = 200 GeV
o [ —— NLO+NLL
~NRYy. e Tune A Hadron
10 EXN Ny, e Tune A + CDF Sim.

10" M%:7AA%B";4<;7<496
E 369$"8&"J+K"N=64"
. LGO,GMP

0 1 1 I I 0\1 I 1 1 I 0[2 I I 1 1 03 =
L*TR"+$(:CM%=C*U15-/00VR/0-

102

What about jet observables?
Cancellation does not happen

Clean theoretical formulation missing
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85 E Leading Jet E; = 200 GeV
o [ —— NLO+NLL
~NRYy. e Tune A Hadron
10 EXN Ny, e Tune A + CDF Sim.

10" M%:7AA%B";4<;7<496
E 369$"8&"J+K"N=64"
. LGO,GMP
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What about jet observables?
Cancellation does not happen

Clean theoretical formulation missing
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Double-parton interactions

<«— 'Hard’ part \; 3t

ki %1'

« Part absorbed—>
into PDF
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Spin and colour correlations give additional effects!
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PDF-SENSITIVE MEASUREMENTS

arton Distribution Functions

Ji (Q% x) « HERA DIS: quarks, gluon
provided/ . determined @ low medi.uqu o
by theory experimentally ’
* HERA heavy-quarks:

T g|UOﬂ, Me, Mb

Atlas and CMS (7 TeV)
Atlas and OMS rapidity plateau

DO Central+Fwd. Jets

CDF/D0 Central Jets /" /’l
. St ll | HC \\ 7
ZEUS / W .
g light quarks
at low and high x

* | HC W+c:
s-quark medium x

o | HC jets:
gluon at medium x

* | HC HQ-pairs:
gluon at low&high x

DEQBEORODOD

u||||||||||||||||l!m e

L |||nn| ol vl vl v v ol el

LLLLL R L B LB AR B B L1 B R AL B SRR B R R R R A

10'6 10° 10* 107 10?7 10!
partonic fraction x of proton momentum
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University of Sussex @ P D FS : Wh at n eXt?

*

* HERA I+II combination

* Loads of new data from LHC combination

and new observables to be
investigated

*Fast interface to NNLO
observables
N(N)LO+NLO EW fits with
initial photon
Effect of parton shower
resummation in PDF fits
Small-x resummation
Definition of theoretical
uncertainties in PDF fits

4 )
* Statistically-sound PDF

* Closure tests and measure of

data consistency
\. J

¢ Many groups, ABM, MSTW (—-MMHT), CTEQ (—CT and CI),
HERAPDEF, NNPDEF, JR, provide PDFs based on QCD analysis of DIS
and pp data.

¢ In some cases, results of these groups do not agree with each other
within quoted uncertainties.

— HERAFitter is an open source platform to include coefficient function
codes from different groups, common ground for benchmarking.

— HERAFitter is a tool to optimize experimental measurements to maximize
their PDF sensitivity.

Summary and Outlook : QCD 16
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Alpha$S : Why?

0.2 K effects of extra spacetime dimensions
C QUigg 0175 ;_ on the running of the strong coupling
— - —_— e ; - 0.15 E— n: No. of extra dimensions
1/a 14 T E
~0.125
fine structure g E
SM: 7/21t = 01 T
18 [ . s = W
0.075 | Hp=200GeV ' N o4
oe i 005 £
Em 12 | m 0.025 E_ K. Dienes, E. Dudas, T. Ghergetta \\ n=2
- e : E arXiv-hep-ph/9803466 n=3"_ ™
Prag MSSM3/2.I-I- 0 '|||| 1 1 ||||||| 2 1 L1111l 3
| 11 ] 10 10 10
Q (GeV)
24 X o | |
. 0.120 . - . : - .
1015 1016 25 3.0 35 4. o
Q [GeV] log(Q [GeV]) 0.115¢ arXiv:1403.7411 _NLO
o110k PRD 91 (2015) 015010 I
0.105F ~ / —
¢ 0.100} . e ]
0.095p o\ -
0.090F —— SM + color triplet
—— SM + color octet = _—
0.085F —— SM + color sextet e
¥ F d t I C D t't —— SM + color decuplet N
irunaamenta quantity 0.080 : A . o
200 300 500 700 1000 1500 2000 3000

Q [GeV]

¥lLeast known of the three coupling constants

¥Running of ag sensitive to new physics!
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Alpha$S : How ?
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CMS :
The running of o
—~~ _I | | I I I I T T I I I I I T | I I_
C o024 CMS incl. jets : ag(M.) = 0.1185°°%%%°
w u Z -0.0042 —
S 0.22 — A CMSR,, .
N . CMS tt cross section 3
0.2F :E[ . CMS inclusive jets o
C v CMS 3-Jet mass 7]
0.18— —
0.16 — =
0.14 = Incl. Jets B
0.121 3let-Mass |
0.1 . Doinclusive jets RS i —
— o DO angular correlation _
0.08° . i S :
- o ZEUS = .
0.06— I 32 | =
10 107 107

Q (GeV)

No deviation from the predicted running of ais observed.
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University of Sussex i } AI p h aS : Wh at n eXt?

1 1Use 13 TeV to further extend the measurement of the
strong coupling constant into the > 1 TeV regime.

' 1tAdd more measurements like ratio of events with four
to three jets, instead of three to two in order to have
smaller theoretical uncertainty.

| 1Interpret more carefully measurement vs Q.

| 1 Extract results with the most appropriate jet cone-size
and study dependence.

Summary and Outlook : QCD 19



MC Tunning
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o Monte-Carlo tuning results show significant improvement in
description of UE, MPI| and hard-scattering processes.

o Valuable input for MC tuning:

o Events shapes variables provide good sensitivity to the
structure of QCD radiation.

o Color coherence effects are not described by MC at desirable level
— larger coherence effects are supported by data.

o Inclusive jet cross-section with different radius parameter values
Is sensitive to perturbative effects from parton showers and
non-perturbative effects from hadronization and underlying event.

Summary and Outlook : QCD 20
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MC Tunning

Event shape variables are sensitive to the structure of

QCD radiation.

Sl 0sst  ATLAS | temoeviy o] B E U ATIAG | sisznceny, o ] ATLAS EPJC 72 (2012) 2211
5 —.— Data20101s-7TeV] 5 r —e— Data 2010 {5-7 TeV] CMS JHEP 10 (2014) 087
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% vk Alpgen E
~z 0.25f comes vamoe Pythia = L
- t 10"5 3
02 E E
0.15} ]
: 10 E
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3 - - - -
0.05 10 wassd  \yith Pythia predictions.
g 15 § 15 1 mmmnn e e
5 3 O Best description is given
o o5l Q o5 by Madgraph.
= =
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= = I e O { g AT g ..
S 020 ° 025_ R ! +— Data
Z £ Z B e ¢ ,
=0 - 0:??;)— : . ; ' 5 [ ] Total uncertainty
g 15 8 2E =
§ 15 § 1.55_ _._J__,.;-'-"'“-r'g —— Pythia6é Z2
g C g 1W ; ----------- Pythia6 Perugia-P0
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MC Tunning

CENTRAL REGION FORWARD REGION
llllllllllllllllillllllllllll'l

CMS, L= 36pb” Ve=7TeV
0.8 <In,|<25 .

\ ‘ \ ' "
ﬂ----un-----uuninndb--ﬁhunull.n-----l
WO I S - 0 0 o2 W0 0O 0 3 0 40 B
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MC/Data

N Stat+ Sys. uncertainty
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@ None of the models describe the data satisfactorily.

@ Data clearly support larger color coherence effects than in present
MC implementations.

@ Further study of color coherence models of Monte-Carlo generators is needed.
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#0 Multi Parton interactions
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* large variety of processes

* different kinematics range g gjitative and quantative testing the basic principles of DPS
* different DPS purity paradigm

* .. and search for factorization violation

vvv
LHCb, JHEP1206(2012)141, JHEP 1403(2014)108

L ] o -
pipd HeH DPS with charm is not rare
[ ] -
DD+ . DPS dominates over SPS
. - -
DD " Ceit Ext.ra clean environment and large signals
w
DD+ s . DPS factory” -
DDt e.g. look for factorisation vielation
s —e—1
D¥Af —
0 Mode o [ub)] ooc/oce %] oc,0c,/0c,c, [mb]
J l"‘lD —o— Done G90 =+ 40 £ 71 10.0 4 0.8 2x (424 3 +4)
JAp D* Gt p'n’ 6230 £ 120 & 630 B 2% (4.740.1£0.4)
. o+ DiDF H20= 30 £ 70 19,8421 174+ 7 +4
JD: DO~ 3000 = 90 4500 e G0+02+05
’ s o DD} 270 £ 50 & 4 R Wk 8 4
JAT DD 1680 = 110 4 240 Lo 56405406
¢ H—e— DVA- 2010 = 280 % 600 0+ 2 +1
I I DD 8= 10 £ 10 0.G4 1.6 2x (66411 +£7)
| | I . | 1 | D'D T8O 40 + 130 L 2% (64404+0.7)
N D'D; 0= 15 4 10 a1kas 594 15 £6
I 10 10 DD 530 % 60 490 e 7+ 1 %1
. . DA G0 = 30 + 2 07450 140+ 70 + 20
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Other processes with high DPS purity but statisitically limited with run |

m,.. . [GeV]
(T~/_ sutpu—=.Do ol

m,.,- [GeV]

57 it
OZ—utu=D* measured

NMNCENM massless

Z+D 250+£1.12+£0.22| 0857082 011 £0.05
N e e 3y 2~+0.05 +0.05 - .
Z 4 DT 0444023+ 0.03) 0.37550: Zoos +0.03

More data is needed,

NCFEN massive
0.647001 To0s £0.04

1 He+0.01 +0.01 N )¢
0.2819:91 1001 + (.02

DES Z+D (LHCb)

9 0oe+0.68
3287068

5(+0.27
.29 523

Ver'y inter'esting r'egion: 30-90% violation of factorization formula is expected

T ATLASNE =7 TeV Il di=451b"
o W <+ prompt J'y data

Events /0.5

15 Estimated DPS contribution

Small statistics ~30 events

Very interesting region for DPS. DPS is large but not dominant

T [[JDPS uncanainty

Ri

W+)/psi (ATLAS)

ncl

BR(J/v — )

do(pp — W= 4+ .J/4)

I/v —

ona(pp — W) dy

o—

ol

el
25 3
AO(W.,J/y)

R

Ri

J/

DPS sub

ncl

]/

(126 + 32+ 9731) x 1078
= (78 £ 324+ 22%31) x 1078,

® DPS processes have different energy dependence from SPS
* data at Vs=13TeV will be very useful for better DPS understanding
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