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Introduction

IR safety and factorization

~ Sept. 2013
g v 7 decays (N3LO)
<§ 2 lattice QCD (NNLO)

A l)l.\jct.\' NLO)

) heavy quarkonia (NLO)

o ¢e jets & shapes (res. NNLO)
® Zpole fit (N3LO)
v pp —> jets (NLO)

= QCD a,(M.) = 0.1185 + 0.0006
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* Asymptotic freedom “only” allows us to compute interactions of quarks and gluons
at short-distance (partonic cross-sections).

* Detectors are long-distance away. Experiments can only see hadrons and not free partons.

2



Introduction

IR safety and factorization

IR-safe observables:
* Observables which are independent of long-distance physics.
Asymptotic freedom is enough to guarantee a full theoretical (perturbative) calculation.

_|_

e~ — hadrons

* One of the simplest observable: ¢

Partons




Introduction

IR safety and factorization

IR-safe observables:

* Observables which are independent of long-distance physics.

Asymptotic freedom is enough to guarantee a full theoretical (perturbative) calculation.

* One of the simplest observable: ¢

1-loop example: individually divergent, but finite sum!
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Introduction

IR safety and factorization

* Asking a long-distance sensitive question will give sensitivity to non-perturbative physics!

i.e. €+€_ —h+ X

— Hadron h



Introduction

IR safety and factorization

e Factorization to the rescue!

Hadron
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Factorization

do.pp—)hX

o :(;:@@ fo @ |HS, ®| D"

Perturbatively computable

pp — h+ X

Evolution

d

h __ - h
= 2 e

Non-perturbative but universal

Separation of dynamics

DGLAP evolution



Introduction

IR safety and factorization

In summary,

IR safe observables

Oexrp — Opert

Factorizable observables

* Allows separation of dynamics :

Oexp — Opert,1 Opert,2 " ONP1ONP2 * "

e [ N P is a non-perturbative, but universal function.

ex: PDFs or FFs



Introduction

IR-safe observables

*]Jet cross-section is an another IR-safe observable!



Introduction

What are Jets?

Pr

Dijet event

n Clle

\d/

0
* Azimuthal angle ¢ and pseudorapidity 7 = —In (tan 5)
* We open the cylinder and plot observed particles’ Pr and it’s angular distribution.

* Jets = collimated spray of particles.



Introduction

Why do we have jets?
P
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* Production of jet is consistent with the partonic picture of QCD.

* High probability of collinear and soft splittings: with p% =0, pg — 0
1 B 1
(p1 +p2)?> 2E1E>(1 — cosb)

(Of course, probability cannot be infinities. Should really think of it as degenerate states.)

— 0o when pléo or pQ%O or P1 ™~ P2
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No unique way to define a jet

Cone-type algorithm Recombination-type algorithm

P, ( kT - type)

1.Begin with list of particles

2.Define metrics (a = -1, 0, 1 for k7,
Cambridge-Aachen(CA), anti- k1)

. 2a 2a
min (pTz ,ij)

N dij = 72 (i —nj)° + (¢i — ¢;)°]
d; = p*
n \/\% P,
dmin — min{dij, dz}
)

3.Merge particle i and j if dpin = d;;.

e Particles within some radius ‘R’ in Add i to list of jets if d,;, = d;-
(77 gb) - plane are defined as a jet 4.Back to 1 until only left with list of jets.
9 o
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Introduction

Jets at the LHC

CMS Experiment at the LHC, CERN

:, Data recorded: 2015-Sep-28 06:09:43.129280 GMT 35 \ X R %
Run / Event / LS: 257645 / 1610868539 / 1073 B all ATLAS and CMS papers 3
30 those using jets %
E
25 | =
% plot by G. Salam :
€ 20 3
a 8
z
! '.I |
5 R
oL o U | |
2010 2011 2012 2013 year
* Jets are produced copiously e At the LHC, 60 - 70 % of ATLAS & CMS
at the LHC papers use jets in their analysis!
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Introduction

nternal structure of Jets

* Precise determination of the internal structures of jets
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Introduction

Jet substructures and characteristic scales

A
Single prong observables Hard —— DT

* Jet angularities

* Energy-energy correlations Jet algorithm —— pTR

* Jet shape

Multi-prong observables Energy profile —— P77

* N-subjettiness Jet mass —— m2j / DT
e Dy

and many more Grooming —— ZcutpTR

IRC unsafe observables

* Hadron in jet

* Multiplicities
* Jet charge

Groomed observables Temperature —— [’

* All of the above
* Observables characterizing
grooming (SD): z,, 0, = R,/R

Hadronization —— A

14



Introduction

Application of jet studies at the LHC

T T T LB L | T T T T T rrr

* Precision probe of QCD O oup S o 0 =0 1152
B 0.22F A CMSR,, .
e . CMS fi cross section ]
process sensitivity to PDFs 02 E . CMS inclusive jets —:
- v CMS 3-Jet mass 7]
W asymmetry - quark flavour separation 0.18— ]
W and Z production (differential) - valence quarks 0.16 = =
W-+c production - strange quark E ]
Drell-Yan (DY): high invariant mass - sea quarks, high-x 0.14 | -
Drell-Yan (DY): low invariant mass - low-x 0.1 2:_ E
W,Z +jets - gluon medium-x B =
Inclusive jet and di-jet production - gluon and a_(M,) 0.1 4 DOinclusivejets =
S 0.08F > DO angular correlation ]
Direct photon ~ gluon medium, high-x TET Pus i
ttbar, single top ~ gluon and a_(M,) 0.06F- el el I
10 10? 10°
Q (GeV)
o -
ROC curve 100% Signal Jet,
* Constrain BSM Models . 5 o 2
c . O lpsseesssssssssssssssssee- ackgroun
'% Signal Efficiency : Background Rejection §‘ Rejection
§ < ! > ;
. ¥
. a
. :
1
1
1

Fat jet from BSM signal

1
Observable Signal Efficiency

* Probe of quark gluon plasma

and many more
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Introduction

Jet substructure tools

i
Baikov :|_|_._| -II
o . o Davier o— Q.
Some applications more relevant to this workshop : ¢« e A
SM review iy I—:—+—| 5
. HPQCD (wilson loops) [
® Determination of PDFs Inclusive Jets  wowcas Wi
Maltmann (wilson loops)
PACS-CS (SF scheme) | —e %
) . ETM (ghost-gluon vertex) :I-I—O-—I M
. a S eXtraCtlon Jet angUIQI'Ity BBGPSV (static potent.) I—.—Ii !
ABM e = »
. . . . BBG e E S =
® Boosted boson discrimination s R Tl 2.9
T MMHT e 3 o
/ low-mass resonance searches 20 12l e e
OPAL(j&s) i I : EIO i | ﬂsuL
. . JADE(j&s) . :' I' | E
® ‘Top quark mass determination Heavy quark jet mass  nors * ——Lie 4
DW m |—0|—:—I )
Abbatem Fo— | ! =)
Gehrm.hy—O—'l : ©
Hoang —> R LA
GFitter ol elect.rc')weak
, B | i precision fits
(Et,:/E ssssss tior'm)_‘__;: ‘ lct:Iclii:;)enr
0.11 0.115 0.12 0.125 0.13
. 2
April 2016 aS(MZ)
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Hadron-hadron

QCD factorization

Inclusive jet production pp — jet + X

da.pp—)jetX
=) [.® 1 ® Hg, &
PT ] a,b,c A R
QCD prr /PrT
do.pp—>hX . -
o =;Mfa®fb®ﬂab®06/

Also exclusive processes and pp — 7 / Y —+ jet -+ X

Dasgupta, Dreyer, Salam, Soyez " |5
Kaufmann, Mukherjee,Vogelsang "~ 15
Kang, Ringer,Vitev "1 6

. Dai, Kim, Leibovich " 16



Hadron-hadron

Inclusive jet production pp — jet + X

da.pp—)jetX

dprdn

:Zfa@)fb@Hgb@Jc
a.bc Aqgep pr /prR

QCD factorization

do.pp—>hX

dprdn

:Zfa@)fb@Hgb@Dg/

a,b,c

Also exclusive processes and pp — 7 / Y —+ jet -+ X

WH ~ PT

wy ~ prR

d
p——Ji = Zsz’ ® J;
du ' n ..M .
’ ol In" R resummation
d i Dasgupta, Dreyer, Salam, Soyez
H @Di - Z Fji @ Dj Kaufmann, Mukherjee, Vogelsang
J Kang, Ringer, Vitev

- Dai, Kim, Leibovich

15
15
16
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Hadron-hadron

Determination of PDFs

H1 and ZEUS HERA I+II PDF Fit . H1 and ZEUS HERA I+II PDF Fit with Jets

Q* =10 GeV? Q*=10 GeV?

March 2011

March 2011

—— HERAPDF1.5f (prel.) B —— HERAPDF1.6 (prel.)
free u.,(Mz) free a,(Mz)
B exp. uncert. A B cxp. uncert.

] model uncert. xXu, [ | model uncert. xu,
[ parametrization uncert. [ parametrization uncert. N

HERAPDF Structure Function Working Group
HERAPDF Structure Function Working Group

* Sensitivity to gluon pdfs.
* One less NP function to fit compared to inclusive hadron

19



Hadron-hadron

QCD factorization

Inclusive jet production pp — jet + X

da.pp—)jetX

= o H,, ®|J.
dedn Zf ®fb® ab &

abe Agep  pr  prR

Jet substructure 7

dopp—iet(T)X

iy ~ S e o

20

Ge(7)

abe Nocn  pr prR

and other scale(s) depending on [




Jet Angularity

Jet angularity

* A generalized class of IR safe observables (—oco < a < 2), angularity (applied to jet):

Tg — _ZpTz AR@J)

zEJ

Sterman et al. 03, 08,

Hornig, C. Lee, Ovanesyan "09, Ellis,Vermilion, Walsh, Hornig, C.Lee " 10,
Chien, Hornig, C. Lee " 15, Hornig, Makris, Mehen " 16, Kang, KL, Ringer " 18

[ Jd PO B B B B

o> [ 0-10%Pb-Pb |5, =276 TeV ALICE
e Varying sensitivity to collinear radiations as the parameter is varied. 3°} fg‘;’;d‘i’gg‘g:\‘;c R=02 -
‘3} 25 | W ALICE data -
- - ® PYTHIA Perugia 2011 E
L [T 20— O PYTHIA8 Tune4C
- 0 2F ATLAS Preliminary - T - :
N - ‘_ A o _

m2 - Pb+Pb 0-10% . a 1 L ™ -
pp _ g ppy2 = - — . -
70 5+ O((15")°) 19F 126<p.<158Gev - e o :
T C a0
P n:é 1% . ——
____________ 5o —
E E (glrth § PT,i AR’LJ) :’: +=.=” :
- =1 i€J T S
0.5_. [ o o ® ® ° 1 O r T T T T

E 1 2 2E e ]
X . . . . 3 Sk e -
—_——— e e e e 81— _________________ = g R
0.5 _._:\./:—.—-
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Jet Angularity

Factorization for the jet angularity

Fixed Order

(arbitrary units)

1 do
o dT

Relevant modes for 7, < R*™¢

* Replace JC(Z,pTR, ,u) — Qc(z,pTR, Tas W

e When 7, < R*™% refactorize QC.

2_ [ ]
Ta ~ < 0“~%  Collinear
Ze ~ 1

(Collinear-)soft

Hard-collinear

0y ~ R

1 1
0.~ 1. ° pe ~ pria °
Ta PTTa
Zes T R2—a fLs ~ Rl—a

22 Kang, KL, Ringer, arXiv:1801.00790



Jet Angularity

Factorization for the jet angularity

Non-Perturbative Resummation Fixed Order

>
« >

.Uzares(g]an

Mo : * Replace Jc(z,pTR, ,u) — QC(Z,pTR, Ta; :u)

T
1
)
1
1
1
\
1
\}
\}
)
A}

(arbitrary units)

e When 7, < R* refactorize QC.

1 do
o dT

* The ungroomed case ( 7, < RZ_a )

Gi(z,pr R, Tay 1) = > Hij (2,01 R 1) Ci (7o, prs 1) © S5(Tas P, R, 1)

st Step 2nd Step A

1
J 1 pT Ta hard-collinear soft-collinear

prit pr7g " | |

Hgy(pr) - AHH ~ pr

* Jointly resums large logs a? In” R and &? 12" Tam

|

23 Kang, KL, Ringer, arXiv:1801.00790




Jet Angularity

Patterns emerging

A U N HH ~ PT

// KX, DGLAP
£

pg ~ prR
/ (4 !

DGILAP / Sudakov
do

dprdndv

fho

* When we measure a substructure v from the jet, once we evolve
to (4 the remaining evolution to M H 1s given by DGLAP evolution!

* 'Two step factorization:
a) production of a jet
b) probing the internal structure of the jet produced.

24



Non-perturbative Effects

Non-perturbative Effects

* Non-perturbative effects:

PTTa

* * ps ~ Rl—a
< < * Multi-Parton Interactions (MPI)

Figs from P. Bartalini et al. | | (Underlymg Events (UE))
Multiple secondary scatterings of
partons within the protons may enter
and contaminate jet.

25



Non-perturbative Effects

Non-perturbative Effects

* Non-perturbative effects:

=

2

Figs from P. Bartalini et al.

* Multi-Parton Interactions (MPI)
(Undetrlying Events (UE))
Multiple secondary scatterings of
partons within the protons may enter
and contaminate jet.

* Pileups
Secondary proton collisions in a
bunch may enter and contaminate jet.




Non-perturbative Effects

Non-perturbative Effects

* Non-perturbative effects:

* Hadronization
Partons forming the jet eventually
hadronizes.

27



Non-perturbative Effects

Non-perturbative Effects

do doPert

dprdndr,  dprdndr,

1 PTTa
S Y
Large non-perturbative effects: Rl—a

! pr € (126 GeV, 158 GeV) 0.025 ¢

o — Pyrmia w/o MPI — w/ MPI ﬁ 0.02 400 < b < 500 GeV
5 15f —— w/ MPI+PU75 —— w/ Hadronization | %g 0.015
o I _
S . —6 [

o 0.01 |

I — ? 0.005 |

Of . 48

0.00 0.05 0.10 0.15 0.20 0 - 100 150 000

malpr my (GeV)

28



Non-perturbative Effects

Non-perturbative Model

pert
do_ _ / di (1) -2 (T—£k>

dndprdT

* Single parameter NP shape function:

4% 2k
Stewart, Tackmann, Waalewijn "1 5 Fm(k) <QQ ) eEXP <_Q_> Q/-a; — /dk k F(k)

* Both hadronization and MPI effects in jet mass is well-represented by shifting first-moments.

i __ ohad | OMPI
25: pr € (126 GeV, 158 GeV) : QF{, _ Q/{ _|_ Q/ﬁ;
201 PyTHIA w/0o MPI / MPI

- — W —_— W

: | Qhad <O‘O’O> ~ 1 (GeV is universal.
15[ w/MPI+PU75 —— w/ Hadronization

Lee, Sterman "07




Ungroomed Jet mass

0.025

0.02

gg 0.015

— B

0.01

0.005 |

0.025
0.02

gg 0.015

—i b

0.005 |

0.01 |

Phenomenology
NLL T . . . .
- ATLAS B single inclusive ungroomed jet
Vs =7TeV, anti-kT, R=1, |n| <2
. | 200 < pr < 300 GeV | 300 < pr < 400 GeV
a7 _ }
’I \l\ } p | } { E
(N H TAANE!
_—:’{ V }E f—: { \\\jii
EJI.E \I -j-i-i‘-‘f‘ t.-._r;l,i.i. . \ .\.%ETE.‘I.EE.—;
. 400 < pt < 500 GeV | 500 < pt < 600 GeV
“h -~
I { } Z
Sl
~ | I O N
Il’E \jiii-ii; I%E *iii.;
I N L el v
50 100 150 200 50 100 150 200
mj (GeV) mj (GeV)

Kang, KL, Liu, Ringer 18



Ungroomed Jet mass

Phenomenology
0.025 | ATIEXISJ — B single inclusive ungroomed jet
Vs =7 TeV, anti-kp, R=1, |n| <2
0.02 - | 200 < pt < 300 GeV | 300 < pr < 400 GeV
350.015:—1*\“{} : h
—i| & o \ 2 N } E
001 T \ { ] N\ N {
L \\ } [ { N }
0.005 |1 ? o - Nt
4 > \ij 3 | ¢ S ¢,
O_‘§ |...i".‘.-‘l.,_._.._'_.li...|....|....|..§.§T§T§
0.025 [ Perturbative result
0.02 |
gg 0.015 |
—| b I
0.01 |
0.005 |
0 |

Kang, KL, Liu, Ringer 18



Ungroomed Jet mass

Phenomenology
_ NLL 1 |
0.025 - ' NLL + NP(Q = 8) [ T single inclusive ungroomed jet
; s ATLAS —e— | +/s=7TeV, anti-kp, R=1, || < 2
0.02 o2 s
et B 200 < pr < 300 GeV | / 300 < p < 400 GeV
gg 0.015
—~l6
0.01
0.005
0t oo
0.025 | -
0.02 1 400 < pr < 500 GeV | 500 < pt < 600 GeV
gz 0.015

— b

0.01

0.005

200

Kang, KL, Liu, Ringer 18



Ungroomed Jet mass

Phenomenology
0.025 — ' NLL + NP(Q iLSI; : ‘ — single inclusive ungroomed jet
; s ATLAS —e— | +/s=7TeV, anti-kp, R=1, |n| < 2
0.02 ¢ 2 200 < pt < 300 GeV | / 300 < p < 400 GeV
gg 0.015
—| b
0.01
0.005
0 | » L
0.025 [ Perturbative result
& NP shape function
0.02 1 400 < pt < 50028
gz 0.015
—| b
0.01
0.005
0

Kang, KL, Liu, Ringer 18



Ungroomed Jet mass

Phenomenology
. NLL 1 | ) ) . .
0.025 - NLL + NP(Q = 8) ‘ — single inclusive ungroomed jet
; %% ATLAS —e— | /s=7TeV, anti-kp, R=1, |n| <2
0.02 ¢ HS 200 < pr < 300 GeV | / 300 < pr < 400 GeV
gg 0.015
—| b
0.01
0.005
0 F , .
0.025 L Perturbative result
: & NP shape function
0.02 _ 400 < pT < 5002
gz 0.015
—| b
0.01
0.005
0

Kang, KL, Liu, Ringer " 18



Soft Drop Grooming

Soft Drop Grooming

 Taming wide angle soft radiations, giving sensitivity to MPI, PU, and NGLs directly changing
distribution.

35



Soft Drop Grooming

Soft Drop Grooming

* Taming wide angle soft radiations, giving sensitivity to UE, PU; and NGLs directly changing
distribution.

Groom jets to reduce sensitivity to the wide-angle soft radiation.

N R

O;—. //. \\\ -

Cett) = = > (@) = —=

N / — N / —
1—=2

* Soft drop grooming algorithms:

1. Reorder emissions in the identified jet according to their
relative angle using C/ A jet algorithm.

2. Recursively remove soft branches until soft drop condition is met:

min|pr 1, pr,2] (ARl? ) ’
> Zeut
pPr.1+ P12 R

Larkoski, Marzani, Soyez, Thaler " 14

Frye, Larkoski, Schwartz,Yan 16
36



Soft Drop Grooming

Relevant modes in the groomed jet

* The ungroomed case (7, K RZ_a)

Hard-collinear
0y ~ R z2y ~ 1

Collinear _ 1
e T 1 (90 ~ Ta

a

(Collinear-)soft

HSNR Zcs ™

Ta

RQ—a

* The groomed case (7a,gr/R* " < zent < 1)

Hard-collinear

69;}{ ~J _]FR ZZQLi N ]_
Collinear -
ZC (0 ]_ 9(3 T —

¢ gr N
Qggr ~ R Zggr ™ Zcut <_> — Zcut
& gr soft (collinear-soft)

1
o\"° — T, —I— TaRB 2—a+p
Zcgr "™ Zcut E = Zcut R2—a HEgr ~

Zecut
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Soft Drop Grooming

Factorization for the groomed jet angularity
Je = Ge

e The ungroomed case ( T, <K R2_a)

gi('z?pTRa Taalu) — Z Cj(Ta7pT7ILL) & Sj(TprTaR? :u)

J

1
* Jointly resums large logs . In" R and o n*" 7 . “/R

* The groomed case (Ta,gr/R2_a < Zeut K 1) g’H ~ };
¢gr ©

gi(Z,pTR, Tay Zcuts 67 :u) — Z ngr(pTa R7 Zcutaﬁaﬂ)cj@-aap'fa ,u) X Sngr(TaapTa R7 Zcut s /67 /'L)

J

1
. ni..2n _2—a 2
e Jointly resums large logs ' In" R, o) In”" 7,7 /R and o In™" 2y

38 Kang, KL, Liu, Ringer 18



Soft Drop Grooming

Phenomenology (groomed jet mass)

0.8 : f
Ng 0.7 * - Groomed inclusive di-jet -
% : : :
N»:Q 0.6 - Vs =13 TeV, anti-kT, R=0.8 | -
B o5t pr > 600 GeV, || < 1.5 | 3
S soft drop, zcut = 0.1, 8 =0 =1 - g =2

0 0.4 f t : -
— B ® [ B

= 03} ‘ : ‘ : }
'_8 : - . -
E 0.2 N T B ¢ P B
201 F 3 g

0 L \ \ \ L 87 \ \ \
4 -3 2 1 -4 -3 -2
1OglO (mg,gr/p%‘) 1OglO (mg,gr/p%‘) 1OglO (mg,gr/pQT)

* Developed the formalism for single inclusive groomed jet mass cross-section.

* Shows very good agreement with the data. See also
ATLAS, arXiv:1711.08341

_ . Larkoski, Marzani, Soyez, Thaler " | 4
e O, =1GeV — Reduced contamination as expected. Frye, Larkoski, Schwartz,Yan * 16

NP effects mostly from hadronization.

39 Kang, KL, Liu, Ringer 18



Soft Drop Grooming

Phenomenology

0.8
NLL 7 [ Pythia

— NLL + NP(Q, = L8¢V) f

CG I _a i . . . .
% 0.6 + /8 = 13 TeV, anti-ky, R = 0.8 - Single inclusive groomed jet -
&0 pr > 600 GeV, |n| < 1.5 [ B=1, a=—0.5 i B=2
Q L L |
% 0.4 - soft drop, zcut = 0.1, 8 =0 - -
\

B
e

logy (Ta)

* General angularities show good agreement with Pythia
with reduced contamination from MPI/PU.

40 Kang, KL, Liu, Ringer 18



Groomed Angularity

s extraction

Baikov '|—|—0—| ~
Davier i|_|-.—| %

: . Pich —eo—
* World Average with 0.9% total uncertainty Boito ot s
SM review |-—:—+—| ﬁ

™M — HPQCD (Wilson loops) Igy

OéS ( Z ) o O * 1 ]‘ 8 ]‘ O * OO ]‘ ]' HPQCD (c-c correlators) :;: [
Maltmann (wilson loops) |—|-0—| g:
. . . . . PACS-CS (SF scheme) H'
* Most precise input: lattice determination ETM (ghost guonverten ®

BBGPSV (static potent.) |-@+—]

* Most numerous input: eTe™ event shape determination: ABM —e— =i
F—e—r 3 c
thrust and C-parameter. R i 2 q
NNPDF e o' £
. . . MMHT o o
* 3 — 40 tension with lattice. =~ . T — IR
ALEPH (jets&shapes) :'r O | ﬂi
OPAL(&s) I J - | rDI
. . JADE(es) | - : =
USlng Pp-eXtIaCtlonS: Dissertori 3)) I—I-QJI——I o
JADE @) : : —o | oo
° ° ° DW(T) |_._f_l
* High-quality of data pouring out of the LHC. Abbatem o | | S
Gehrm.l‘H—O—:I : '8
. _ . Hoang —e—I
e Complimentary study to ¢ ¢~ extractions. @ — LML
GFitter |__‘_| elect.rc.)weak
. , | j IF precision fits
* Currently feasible to determine with 10% uncertainty. oM —e—i| padrbn
Les Houches 2017 I. Moult, B. Nachman, G. Soyez, |. Thaler (section coordinators) 011 0115 042 0125 0.3
April 2016 aS(Mi)
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Groomed Angularity

s extraction

* Key challenges in (X5 extraction is the degeneracy with non-perturbative effects.

Non-Perturbative Resummation Fixed Order
o
§ do (72) —> do ( A)
B 0 =01 ® Fip — \Ta ? Ta — Cry <
> dr, NP dr
cs.é . Ures a a Q
= . 2 1
o) — S
z Cr. = A= 3=Tr (0 Y. Y1Er(0)Y,Y 5 |0)
bvl\ 1 — a C
SSRfs
— | B . . .
leading shift of the first moment shown to be universal

42



Groomed Angularity

s extraction

pTT
Ungroomed: [l ™~ =~ 0007 -
\Better . ,;. , ZI.;q Z+g
- a=0.5 ]
B 0.006 —/,"‘ " u g: o e
prT Zcut R2 . 0.005 :..&0% = l:lll::lI |
SD Groomed: Ug ™~ ——— 5 R %% “ea 4 B
R T S 0004 (A O © i
% ] o A
4 00031 1
with s = Aqcep ~ 1 GeV, o | _
Onset of NP physics 1 0001 1 1
—_ 0 | | |
Tgl" T Tungr RZ 0 0.05 0.1 0.15 0.2
pT cut Arobustness

* Extend range of validity by two orders for 1 TeV jet.

e Reduced robustness to NP effects and increased sensitivity to (X g

* Groomed angularities or energy-energy correlations provide
additional independent handles with “a’.

e Currently feasible to determine with 10% uncertainty.
y Y.

Les Houches 2017 I. Moult, B. Nachman, G. Soyez, J. Thaler (section coordinators)



Boosted Electroweak Objects

Electroweak scale objects as jets

* Hadronically decayed electroweak scale objects can
have sufficiently high D7 to appear as multi-prong jets.

.....
. .
o

.
''''''

.......

Boosted top

* Measuring jet substructures can help us distinguish
the origin of the jets observed.
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Boosted Electroweak Objects

Multi-prong jet substructures

* Construct an observable using a set of IRC safe observables to discriminate different
configurations.

* N-Jettiness as a basis :

T](Va) E DT mm{ARZ 1 ARZ 9y ARO‘N}
p
1eJ

2—a
Note that 7, = 7'1( )

65 GeV < mj <95 GeV

— 0.08 '
(j : : | =W jets
0.07¢} ; B R QCD jets|
o (87
7_1 >> 7_2 T{X ~ 7-204
(8%
a _ 12
To1 = Q
71

0 02 04 06 08 1

12/1: 1 of jet
Thaler,Van Tilburg " 10
Dasgupta, Schunk, Soyez " 16
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Boosted Electroweak Objects

Multi-prong jet substructures

* N-point energy ( pT) correlations as a basis :

Z PT,iPT,; AR&

z<]EJ
es = Z pr,i pr,; PT.k ARG AR, ARG
pT i<j<kelJ
Soft Haze Collinear Subjets

Soft
Collinear

) / a 904
- = €2 12
e 012
—

oY a n2a a
€5 ~ 00015 + 07925 + 075 205 + 23

Soft
Collinear

Larkoski, Moult, Neill *16-17
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Boosted Electroweak Objects

Multi-prong jet substructures

* N-point energy (P7) correlations as a basis :

Soft Haze Collinear Subjets

\“ (ﬂ) (@) T T T T T T T T T
(e ', e3 ') Phase Space oosl  Contours of D,
0.03} / S%
jet axis — [ = €3 o
% ey’ T e ( )3 ~
| R'/ 002~ 62 §
[ & o
. - Q
001} S
| e s
K K 000- ...................... ]
0.0 0.1 0.2 03 0.4
(8)y3 (8) (8)y2 (B) (8)y3 e
(e37)" <eg’ <(ey”) ez < (€3 ")
63 L] L] L] °
* Define Dy = (cy)? to discriminate the two configurations
€2

* Each regions require respective factorization for analytical computation

Larkoski, Moult, Neill *16-17
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Boosted Electroweak Objects

Factorization of different regions

Collinear Subjets

f—fafy
Pn —nz,Np

Z Hntn

de(a) f ot

) (ega)

dZ deg

Jna Jﬁ

* Gives resummation of large logarithms

* And likewise factorize 1-prong configuration, etc. s,,

48

Factorize
Jet Function

Match To
SCET

Y

|

(Z e( ))/degdegde§de3cs

c c S cs f, . .C fb . .C cs
— €63 — 63 — & — &3 )Jna (Z' e3)an (1 o Z' 63) ntnt(e3)5n ,Np Ay (6‘3 >

H

Pnt —MNa,MNp

SK.
Skl
<

S+

NagNpTt

Snt Nn¢

Increasiné Virtuality

Larkoski, Moult, Neill *16-17



Boosted Electroweak Objects

Discrimination

201 ;, PP = 2] Groomed D, Spectrum (NLE + L) -  Systematically improvable analytic calculations
_ R=10,7u=0.1
; m; € [80,100] GeV, pry> 500 GeV - of next-generation jet substructures.
E 15k Boosted Z - . . .
S 1\ Selection i * Gives separation of non-perturbative
2 Boosted Z ] .
o 105~ —— QCD Jets (Full ] : :
3 QED Jets (Full e Subject to extraneous effects of hadron colliders;
‘T‘o ’-‘ ° [ ]
o groomed, dichroic Ds, 701, -
B . 0.09 — . . . .
ool L o o v b e '’ : WW  dijets
00 05 10 15 20 25 30 0.08 Fuy o tight === ——
b | - o —
Larkoski, Moult, Neill *16-17 D2 007k e e ——
0.06 g & ’ .
8.9‘_' 0 '; R Pythia8(M13), anti-k:(0.8) |
g 0.05 Iy } Ptjet>1000 GeV
* Study of performance and robustness of S ooap f . 65<mugn<105 GeV |
various jet substructure observables as two-prong taggers. 0.03
0.02
Les Houches 2017 001
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Boosted Electroweak Objects

Low-mass resonance searches

LD 9.25,07"q

18.8 fb™ (8 TeV)
2.5 I T T T T T T T T T
* Low masses are hard to probe at - CMS \' coF 106 pb* (1967 CMS 19.7 fo-! (2015) ]
- | o5, /5= 1.8Tev,[23) op, /s = 8 TeV, [19] -
LHC due to backgrounds o \ _'
_ l CDF 1.13 fb™! (2009) i
B pp, Vs = 1.96 TeV,[23] 7]
Q 1 5 B ) __
so 1.9
> [ UA210.9 pb (1993) _
= = pp, Vs = 0.63 TeV, [23] -
S N i
o 1 —
®e 0o O : :
o [ === CMS 18.8 fb”' (Data scouting) ]
m ~ 50CGeV 0.5 -- CMS 188 fb " (Expected) @ ___-- N —
g ’ i + 1 std. deviation (Expected) iripedy {(12:;15) ]
- + 2 std. deviation (Expected) E)Gp'auss_‘aq reeonance shapee) -
: D € 0 I 1 1 1 1 1 1 1 1 I 1 L
®e 100 200 300 400 1000 2000 3000

MZ.8 [GeV]
CMS Collaboration 16
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Boosted Electroweak Objects

Low-mass resonance searches

] CMS 35.9fb" (13 TeV)
OBU E — Observed | 2"'-,_’ ------ UA2 | -:.
. o2 [~ esuse xpecte I S un 1 N
* Use jet substructure to probe small scales S . Bpeoed o R
° . . ) 3 ' + 2 std. deviation k "\ i :
within a high D7 jet. g 93
0.2 .
* Tagger :lyes/no|l Dy, 79;, - = =
. . . . : ATLAS13, 15.5fb™, ISRy :
* Look at mass distributions measured on a tagged jet. %/ ATLASIS, 1858, ISRt |
' Z Width (indirect)
0.02 ————— : ]
> S i 1 1 1 50 60 100 200 300400ZI (éOO\(})
() ®  Data 2011 ] / _ mass e
(C\D] 25000 ———Signal + Background fit __ L: D gq ZB)I/L q/)///l/q
P . R ] CMS Collaboration “17
§ 20000__ wees Signal fit component _—
15000 .
E 1 ATLAS i
10000~ Ns=7TeV,4.6f"
p,>320 GeV Iyi<19
- L>0.15
5000~ .
- I ‘I I || I l I I . —
gO 100 150 200 250

ATLAS Collaboration et Mass [GeV]

* Nontrivial correlation between tagger and jet mass

e Extended limits to 50-300 GeV low-mass resonances.
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Top Quark

Top quark mass determination

* Most precise determination with help of MC:

V%4 Tevatron : my'© = 174.34 4 0.64 GeV
o 0o CMS : mM© = 172.44 + 0.49 GeV
ATLAS : m}*© = 172.84 4+ 0.70 GeV

: o i MC
* Unclear which renormalization scheme definition 777;  relates to.

(Sensitive to the details of MC generator)

* Need an observable which has a systematically improvable theoretical description
and a clear connection to the field theoretic definition of top quark mass.
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Top Quark

Measuring top mass with jet

* Construct jet sufficiently large enough to capture all the decay products.
* Dependence on jet properties must be understood or eliminated.

e Multi-scale problems (gives large logs) : my, 1y, my, pr

e Effects in a hadron collider : ISR, UE, PU, hadronization, ...

0.2
B I | | I I 1 T I I I I | | I I I I | I |
- : Pythia8: pp — tf, Had+MPI .
— 0.16 | pr°=200GeV, pr >750GeV, R=1.0 _—
| - I -
% B | Had+MPI: peak = 180.83 GeV
e 0'12__ I Had: peak = 176.35 GeV ]
E : Partonic: peak = 173.89 GeV -
5 0.08 -
= N )
b B \
- = —
= 0.04_— ~
=i rrlz?/lc =173.1GeV :

0. 1 1 1 1 ] 1 1 1 1 1 ] ] ] 1 1 1
170.5 175375 180.25 185,125 190.
MJ [GeV]
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Top Quark

Groomed top jet

* Groom away to remove soft contaminations

Zcut Q
Y

(1,1, 1)
Global Soft
Collinear Soft
Non-perturbative

Ultracollinear Q
Decay products i} p/J ~ Ft ()\2 : 1’ )\) A

m

S. Mantry SCET *19 Py ~ m(hm, < , 1)
Q hm
O]S T I T T ] T 1 T 1 I T T T T I T T I T
- Pythia8 Had+MPI: pp — 17 Zeut = 020 7
- m)'C =173.1GeV, pr >750GeV, R = | Zout = 0.05
- i Pr° =200GeV, B=2 e Zout = 0.02 ]
2 0.1 —— Zewt = 0.01 ]
S Tl e Zeut = 0.005 |
~ | Zcut = ().(X)l _ ° Lo h . . .
§ i __ ——- Nosoftdrop | 1ght grooming removes most contamination.
5 r - == e Stable under further grooming
= 0.05- ==
R (decay products not groomed away)
~' p Ve _]
— - -
O. 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
170 175 180 185 190
M ;[GeV]
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Top Quark

Groomed top jet

* Groom away to remove soft contaminations

— N cut
Global Soft / pchs ~ Ft _()‘27 7727 )‘77) Q Ft
obal So m

Collinear Soft . m
Non-perturbative A= —
Ultracollinear Q Q
Decay products \ H 2
pucNFt_(A e )‘)
m
u hm @
S. Mantry SCET *19 Py ~ m( 7 , 1)
Q hm
* Radius dependence
0-12 | 1 T I l 1 T 1 T l ] |l T 1 I || T |l I 0.15 T T T T ] T T T T I T T T T I T 1 T 1
- ) - s - . N —_— R=0.7 -
_ Pythia8 Had+MPI: pp — 11 i Pythia8 Had+MPI: pp — 17
- MC . - MC —_— R=038 -
— i m, = 173.1GeV, pr = 750 GeV ] — - m; - =173.1GeV, pr > 750 GeV R=09 |
'> 0.09_— :C\l'l;tc): 0.01, p=2 R=0.7 ] '> | No soft drop, py™'° = 200 GeV R=10 4
& F pr =200Gev R=08 - & 0 —— R=12
= I R=09 17 = —— R=15
E 0.06— R=10 _| ;@ - \‘ ]
= i R=12 A S i == T
S R=15 ] 5 F N |
= I ] = 0.05-
= 0.03 _ b L |
0. 0. AR SR SN SR NN S TR SO T AN SN TR SR S NN S SR S |
170 175 180 185 190 170 175 180 185 190
M ;[GeV] M ;[GeV]
* With grooming * Without grooming
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Conclusions

e Factorization formalism for studying jet substructures was presented

e Discussed soft drop grooming and demonstrated its reduced sensitivity
to NP wide angle contaminations.

e Groomed jet angularity and its application to (rg extraction was discussed.
e Multi-prong observables and their’ application as taggers were discussed.

® Discussed low-mass resonance searches and top quark mass
determination using jet substructures.
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Thank you!



