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Outline

® |[ntroduction to Jets, SCET, and Factorization

® Precision QCD: fixed order O(cf)and resummation of ) (o, In®)’
j

® Exclusive and Inclusive Jets: Jet Vetoes and Jet Mass

® Jet Substructure

® Power Corrections to Collinear and Soft limits

® Conclude

Cover a few examples here, for many more see SCET 2018:




Outline

® |Introduction to Jets, SCET, and Factorization

Jets are useful for:

. . 2\ 4

® Precision QCD: fixed ¢ ¢ measuring parameters: g, my,... )
® measuring non.pert. distributions:

® Exclusive and Inclusive J: PDFs, hadronization, ...

® studying QCD dynamics:
® Jet Substructure convergence of pert. QCD,
collinear & soft limits (jet dynamics),
jet constituents, fragmentation,

® Power Corrections to C power corrections, ...

® key ingredient in new physics searches

® Conclude

e

Cover a few examples here, for many more see SCET 2018:



Exclusive Jet Production with a Hard Interaction:
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Relevant Momentum Regions:

® C(Collinear Splittings
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® Glauber Exchange

“n-collinear”
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onshell: ptp~ = p?

® Hard Propagators (short dist.)
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EFT for collider physics = Soft Collinear Effective Theory
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Key Simplifying Principle is to Exploit the Hierarchy
of Scales

Hp
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Wilson coefficients
+ operators at Up
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do = / (phase space)
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— Z H; ® (longer distance dynamics);
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Key Simplifying Principle is to Exploit the Hierarchy

of Scales R QCD
(WO}
Hp
/ SCET
D . ,, 1B
Hi, LB
P
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Hard-collinear factorization QCD
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Operators are built of building block fields: | |
O = (BnaL)(BnbL)(BmL)(ina)(Xng) Hp

Wilson lines
xn = (WIE,) “quark jet” 0

v o T - “ IUOn .et,, W, = PeXp (ig [wds n - An(aj -+ 7_7,3))
BnJ_ T [WnZDJ_Wn] g J
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do = DB,, @ H; ® H J; ® (longer distance dynamics)



Soft-collinear factorization

nasJ

Hp o+

P /  HB

J3
1 H 0~

Soft radiation knows only about bulk properties
of radiation in the jets

(Sna Sannl Snz Sn?) )

QCD

U H

SCET

Ly, LB

Soft Wilson Lines
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eikonal line matrix elements for soft function 5
PDFs fa,b

Factorization: do = [,;, ® 1, @ H; & H J, ® 5
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Hard Scattering Factorization: J,

@ Py loo /4
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ldea of how factorization arises in SCET:

factorized Lagrangian:  LScpr, sy = £5 (U5, As) ZE(O) Enis A

Glauber Lagrangian:

(O) S‘ S‘ O:LBP_OBC O]C_I_S‘ S‘ OZJlBP_OJn
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Hard Scattering Factorization: J. QCD

EAMH
/ * al
@ P Ly L / / J,
7 = SCET
time g = /\ Wiy, LB
. < \ J s
3
/-
Hp

ldea of how factorization arises in SCET:
factorized Lagrangian:  Litpr,s.my = £5 (Vs As) + D LY (6., An,)

factorized Hard OPS: C® (BnaL)(Bnbl)(BmJ_)(an)(Xng)(ynaynbynlYnQYng)

factorized Measurement  §(t — 7., — Tn, — Tn, — Tno — Tny — Ts)

el factorized squared matrix elements defining jet, soft, ... functions



Hard Scattering Factorization: J,

=

QCD

HH
| 0+
@ P ./ Ve pHs = Esoft /
Hp = AQCD = SCET
time ) < g Hi, B
P Nup = pr \\\ 7
3
HH = MHiggs -
Hp
Nonperturbative: do = fafb X o R F\
hadronization
:up = AQCD (In some cases by Operators,

or is power suppressed)

Perturbative: Ofact = Lalp @ H ® HZ.J,,; ) 5 Used to Sum

HB H L LS

Universal Functions: beam hard jet pert. soft

Logs



Examples of Factorization:

® Inclusive Higgs production pp — Higgs + anything
B d&, d&p | | el mge’ mpge ¥
do = /dYZ/ ga 'Sb fl(gamu)fj(gbﬂu) HZ] (Ecm€a7 Ecmgb 7mH7:u)

(Collins, Soper, Sterman)

(PDFs contribute, No Glaubers, No Softs)

e Dijet production e

thrust 7 <1

e — 2 jets

soft particles

fl_a = ooH(Q, 1) Q/CM e’ Jr (Q27' — QV, ,u) Sr(0— 0, pu)F (1)
-
hard jet functions  perturbative
function soft function

(No PDFs, No Glaubers, Softs contribute)
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gluon fusion

Higgs qT spectrum

- ) €«
. o 4 I?
Higgs recoils against Jets ¢

%
1ol Resummation gr < mp )
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>
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@ _
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<= 04 Fixed Order qr ~my -
do
gr—— = ashy + aihy + alhs +
0.2 dqr |
LO NLO NNLO
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Non-perturbative

gr (GeV)



Small gt factorization in SCET

d*o My d2b B d*o
dQQ_’T — /daja,dajb 0-05(330,37[) _ T)/(Qﬂ')2 € q W(xawxb)mH)E) + d2q_,T ron_sing.

1+ = invariant mass scale

//C
v v = “rapidity” RGE scale

Chiu, Jain, Neill, Rothstein (1202.0814)

P

\ /' | Perturbative Ingredients from the literature:
\\ N I 3 loop anomalous dimensions
N h e —— 3 loop hard and soft functions, 2 loop beam fn + 3 loop logs
\“‘\\
T . In particular 3-loop rapidity anom.dim calculation:
f Li, Neill, Zhu (1604.00392, 1604.01404)
W(xaaxbamHab) — |OV(mt7mH7,UJ)| S(bvlua V)Bg/Nl(xaaQabnua ) g/N2(xb7Q )
BOP (2, Q. b, i, v § ;/ b ,v) fiyn (€ ) +O(Agepb?)
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Small gt factorization in SCET

2 2 AB2b - 2
dQ;, = /dil?adﬂl‘b 005(%% — %)/ eIt W(xa,$b,mHag) + dQCJi'Tr .

Single Scale Functions:

2
hard function In —
L
2

beam function ln(b2 ,uz) In —

soft function In(b*p®)  In(b%v?)

—

- 2 - -
W (o aoemn.B) = |Ov (mesmur, o) | S(B1,v) By, (was Qb 1, v) By, (6, Q. B, . v)

Resummation: MW =LY (a,L)" +) (L) + 0, ) (a,L)+0a2) (a,L)F
k k

k k
L = In(myb) LL NLL NNLL  N3LL
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do doresum | dO’FO dosing
— |
dqr dqr dqr dqr
resummation  fixed singular
order (overlap) e
S—— |
pr > 1 GeV NNLO Non-singular
nonsingular PDF4LHC15 NNLO Singular
Hr=Hp=1/2-my NNLO FO — |
17
use profiles to smoothly <
turn off resummation ﬁt
E 0.1
large fixed
ork logs pp—H+i0jet Order
...1IO ......... C';O4IOSIOSIO7I080
H
p7 |GeV]

guaranteed that shape dependence
only effects terms beyond N3LL+NNLO

22
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N ew N 3 LL+ N N LO resu It Chen, Gehrmann, Glover, Huss,

Li, Neill, Schulze, IS, Zhu (1805.00736)
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Compared to qT spectrum from ATLAS with H — ~v

ATLAS-CONF-2018-028  July 2018

T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T

i ATLAS Preliminary H—>}/}/, \[g =13 TeV, 79.8 fb-1 ]
-¢- Data, tot. unc. Syst. uncH

B gg—H default MC + XH
) NNLOJET®SCET + XH :
==+ XH = VBF+VH+ttH+bbH

doyy/ dp!" [fb/GeV]

—
<
|

—_l
<
N

L} -I- _

0 50 100 150 200 250 300 _ 350
pe [GeV]

Ratio to default MC + XH
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Jet Cross Sections

and Distributions

Inclusive Jet Cross Sections
pp — jet + anything

one or more jets

measure jet kinematics

(pT, rapidity)  do
dprdy

dOA',,;j
T eses

iJ

constrain PDF, measure o

Exclusive Jet Cross Sections

(o7 | 8 TeV
I_>I :_ T T T T T T T T .I I_ T T I_1I T I_:
o i il M Open:L =5.6 pb S
SR CMS Filled: L. = 19.7 b -
—_ int T
= —Qaae'@'&e.@,e ...... CT10 NLO ® NP ® EWK
= e e, .
108 Lo -A.-‘-'A ‘-.'.‘...l.' _:
.v.'v'-' ‘*-'A'. A~ -
AL L s “‘.v._v*‘l.‘. —
10° = . ""+:'*'-*- Vo —
10° = o1yl <0.5( x 10°) o]
~ = 05<lyl<1.0( x10°) o
107" =+ 1.0<lyl<1.5( x 10%) * =
= 1.5<lyl <2.0( x 10%)
104 & =—20<lyl<2.5( x 10?) ¥ Y
— —+-25<lyl<3.0( x10')
107 = - 32<lyl <47 ( x 10°)
C | | | 1 1 | | [ ] | |

21 30 40 100 200 300 1000 2000

Jet P, [GeV]

Theoretically have different

pp — N-jets factorization formula
Jet Bins:
H-WW H—rTT H — vy
o 0-jets o 0-jets H— Z/ Control backgrounds
o 1 jet o 1 jet e inclusive and enhance sensitivity
e 2-jets ® 2-jets ® 2-jets



Jet Veto

eg. pp— H — WW + 0-jets

Resummation of jet-veto logs

Factorization: pS* << my

Banfi, Monni, Salam, Zanderighi (1206.4998, 1203.5773)
Becher, Neubert (1205.3806, 1307.0025)

Stewart, Tackmann, Walsh, Zuberi (STWZ) (1307.1808)

25

W+
/l.ej‘ o jets here

restrict jets et Jeta
e
Jet < pcut p ==
~ |~
~
Soft
-

o_o(pcut) H g(mH) % [Bg(m ,pCU't R)]2 > Sgg(pcut )

By =Tyi(mm, p", R) @ f;

ATLAS-CONF-2018-028

dJZl o _dao(p%})

- gg — H (8 TeV)
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. R =0.4, m; EFT

/
HE=g NLL/, +NLO
----- NLL,,

B NNLL/ +NNLO

Ll I
_ - | ATLAS Preliminary H—yy,Vs=13TeV, 79.8 fb" ]
dp% 1 dp?F 1 % -¢- data, tot. unc. syst. unc.
= 16T 3
~ | B gg—H default MC + XH ]
2 =T gg—H NNLOJET + XH
_8'2 g A gg—>H SCETIib (STWZ) + XH |
101k s 7 ==+ XH = VBF+VH+ttH+bbH
antik, R=0.4, N =0
............
T 1072F -
]
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+
O
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—] ©
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Chen, Cruz-Martinez Gehrmann, Glover, Jaquier NNLOJET)
(1408.5325,1607.08817)



Jet Mass

w3 = (o)

depends on: soft radiation,
jet radius R, jet algorithm,

1e€J
hard process (q vs. g)
Exclusive Jet: es. R~ 1 o
Jet \\ mJ do.(Tcut) et
, — Jet-
/// Td = ;H,{H (@J)/dta B, (ta,xa)/dtb B, (ty, zp) m;
Jet | Jet
K cu ta Ly Tfl? ST . T Qa’chut
—_———— / A7 Ty (81)51 (7 T T ar q”'}’R> ,
QF) s s
IS, Tackmann, Waalewijn (1302.0846) pT
Soft 2 - AQCD
: R i
Inclusive Jet: , e 5 <1 — py
o Jet do_ Z o pTR
; | — fafb®HcCLb(xa,ba777pT/Z>
Jet /// Jet dm*]dq)J a,b,c — T J
e
P —r——-"73  ®» Hei(z,prR)Ji(m,s) ® Si(m7/pr. R) my
// / ) prR
// \ ®Fz Kang, Ringer, Vitev (1701.05839) AQCD

Kang, Lee, Liu, Ringer (1803.03645)



NNLL I‘eSU|tS alre available fOI‘ eXCIUSive jEtS Jouttenus, IS, Tackmann, Waalewijn (1302.0846)

do/dm; [normalized]

0.015

0.010

0.005

0.000

| T | T T T T | T T T T | T T T T |
i Y=0, 1,=0, p7=300 GeV, 7 "= 25 GeV |
l gg—Hg, Geometric R=1
i 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |_
0 50 100 150 200
my [GeV]

0.020 I L B
= - Y=0,1,=0, py=300 GeV, T"'= 25 GeV -
O - N NNLL, Geometric R=1 i
N 0015F° N -
< [
£ [
S 0.010f -
g U = gg—Hg -
S : == gq-Hq
< 0.005 .
N . ]
= - g T —— _

0.000 L S P ———T

100 200
my [GeV]

NLL results and Data are available for inclusive jets Kang, Lee, Liu, Ringer (1803.03645)

Vs =7T7TeV, anti-kT, R=1, |n| <2
300 < pT < 400 GeV

NLL ]
ATLAS +—eo—

| .
I ¢ < :
o l® Ll N \ETQ .é i‘.i.‘i
0 50 100 150 200
I g (GeV)

Vs =7 TeV, anti-kp, R=1, |n| <2
300 < ptr < 400 GeV

NLL
& NLL + NP(Q = 8) B

large
nonpert.
shift



Jet Substructure

® grooming jets

remove soft contamination
from jets

® tagging subjets

boosted particles have
collimated decay products

t — 9 \ or W/Z -~<: or g @
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SOft D rOP Larkoski, Marzani, Soyez, Thaler (1402.2657)

Grooms soft radiation from the jet

min(pT’iaij) > Zent (AR'LJ )6 < > Zcut 9/8
pri + P Ry
two grooming parameters
Groomed Jet Groomed
Clustering Tree
= Zg
[ I_ I—ngeg
More Grooming Less Grooming
: >

P e B<O B=0 B>0 B~ o0



SOft D I’OP FaCto r|Zat|on Frye, Larkoski, Schwartz,Yan (1603.09338)

Factorize

Match to SCET Jet Function groome d
jet mass
keep ,
keep ( g
drop
2
™
Q—g & Zeyt < 1
do
log%“ T o de :ZD&(Q27ZCU’G767"') [SC(m?]/Qancutaﬂ)@J(mJ)}
T N——— i
H % S, Soft-Collinear

function

Isolates measurement

enables NNLL precision

H(Q?) J(e5™) )
A 1 1 log 1
o %8 @) 6 31



Groomed Jet Mass (Soft Drop)

0.95 i ‘ ‘ ‘ m [GeV]
a L] L] II L] LI L LBl L] LB L] L] II L L |
—— plainjet  solid: mult. em.T‘ 600 Soft Drop Groomed Mass | I1I0 ZIO . 5,0. | ”1I00 2?0 | l5(|)0
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— B=-0.5 e 400; ===z =0.1,8=0 ‘*;\Ji 0.4 ] L
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R=1, pt>3 TeV 5 Sa L S 0.3 r S T N
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()
€,

m?/pt?

NNLL+LO

NLL+NLO

Pert. QCD at ~NLL

Larkoski, Marzani, Soyez, Thaler 2014 Frye, Larkoski, Schwartz,Yan 2016 Marzani, Schunk, Soyez 2017



Comparison with Measurements
ATLAS 1711.0834]
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Boosted TOP Jets ‘ Hoang, Mantry, Pathak, Stewart (1708.02586)

Soft drop also removes contamination

pp — tt for boosted top jets
o — == top decay products & radiation
T — left over soft radiation

>

0.2

. B | | | | I | | | | I | | | | I | | | | ]
I : Pythia8: pp — ¢7, Had+MPI i
— 0.16 | Py =200 GeV, pr =750 GeV, R = 1.0 N
S - | )
8 - l Had+MPI: peak = 180.83 GeV -
Ungroomed: - 0-12__ | Had: peak = 176.35 GeV ]
% B Partonic: peak = 173.89 GeV i
5 0.08 —
< :
b - _
~— | —
= 0.04_— _|
- e
- . — nﬁ\/IC = 173.1| GeV | i

O. | | | | | | | | | | | | | |

170.5 175.375 180.25 185.125 190.
M ;[GeV]



Boosted TOP Jets ‘ Hoang, Mantry, Pathak, Stewart (1708.02586)
Soft drop also removes contamination

pp — Tt for boosted top jets
= = == top decay products & radiation
o — left over soft radiation

0.2
B | | | | | | | | | | | | | | | | | | | ]
. — - 7% =200 GeV, pr =750 GeV, R = 1.0 7
Lightly =7 0.161- hr o ) =
> i Zeut = 0.01, B =2 i
Groomed: O :
— 0.12 Had+MPI: peak = 175.26 GeV —
= } Had: peak = 174.37 GeV i
E 0.08:— Partonic: peak = 173.37 GeV _:
S F :
b - _
~ L | _
— 0.04 | _
_ | nfll}ﬂc = 173.1 GeV | :

0.
170 175 180 185 190
M] [GeV]



Factorization formula can also be derived for

groomed jet mass for this case

Enables top mass measurement
in a short distance scheme
with control over soft effects

Tested by NLL
comparison with Pythia

0-3 I I I I l I I I I l I I I I l I I I I
- pp — tt 1 pr > 1000 GeV ]
_ : Zewt = 0.01, B=2, R=1, py™° =200 GeV :
'> i — — Pythia Had: m™€ = 173.1 GeV _
8 0.2— decay: mM*® =172.8 GeV| —
= T @', x") = (2.Gev, 0.1) .
% i - - = high pr: m, . Ge |
~ / QP x?) = (1.Gev, 0.3)
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M ;[GeV]
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pp—it: pr=1000GeV. -~ poy ;o Had+MPI:

(1/o)do]dM;[GeV ]

R =1, pi*® = 200 GeV
Zew = 0.01, B =2

- decay: m® =173.1 GeV
(QMPL X MPYy = (3.4 Gev, 0.3)




Power Corrections < 1

dg— ()oz IHT—I—Z( a71n*r+
d’r \ logs generated by power
L] corrections to
Leading Power  Next to Leading Power soft and collinear limits
Interesting:

® Formal questions: Factorization? Universality of functions!?
Universality of anomalous dimensions?

® Sudakov suppression at subleading power?

® Improve Fixed Order Calculations (subtractions)

® Examples where subleading power is needed (high precision, B’s)

EFT framework (SCET) is ideal for studying power corrections

[Stewart, Bauer, Pirjol] [Beneke, Feldman, .. .|
[Neubert, Becher, Paz, Hill]



Subleading Power in SCET

systematic power expansion

A< 1 O\

about soft & collinear limits / j

LsCET = Lhard + Ldyn = Z [’grd ™ Z £

120 120

Subleading Hard Scattering Operators Subleading Lagrangians
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N-Jettiness Subtraction Method for NNLO |  (for N jets)

@ IR divergences in fixed order calculations can be regulated using event
Shape Observa bles_ [Boughezal, Focke, Petriello, Liu], [Gaunt, Stahlhofen, Tackmann, Walsh]

TA(;Ut
do(X) / do(X) / do(X)
X)= [ d7; = d7; + d7;
7(X) / N dTn " dTn " dTn
0 0 TA(;ut
want predict with resolved, only need
(N)NLO factorization extra emission at (N)LO
error goes like: AN (1 Y s 7o I o can improve factorization

result by computing these

3
AO-NNLO (Tcut) ~ &3 Tcut ln TCllt
terms

rule of thumb: each log computed gains an order of magnitude in
precision (or computing time) [MCFM @ NNLO]



Power suppressed calculations for Z+0-Jets

. 5 3 Moult, Rothen, IS, Tackmann, Zhu (1612.00450)
calculation of: as7InTand as7, aog7ln"7 Ebert, Moult, IS, Tackmann, Vita, Zhu (1807.10764)

(validated with MCFM)
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First Subleading Power Resummation for an Event Shape

LL resummed result for pure glue H — gg thrust  Moul1sviea, zhu (1804.04665)

Sources:

e Power corrections to scattering amplitudes.
e Power corrections to kinematics.

@ The subleading jet and soft functions satisfy a 2 X 2 mixing RG

~ (D -

d g(*,l)”ﬁ‘us (v, 1) Y11 (Y ) Y12 Séy)Bus (y, 1)

M@ =
~ (2 -
sy ) 0 22y, 1) 2y, )
——r e

Res . It: 14; ---- LP Fixed Order E
NLP 120 e -
T dO-LL — %SCA InT 6_2_7?(4CA)1n2 T 10 (1) -

oo dT At -8 ‘% 8; | --.- NLP Fixed Order (x4) E
i - S i " — NLP LL a,(p) (x4) E
single log Sudakov
from like leading e e ;
mixing power i | 1 L



NNLOJET®SCET pp— H+=0jet m,=125 GeV Vs =13 TeV
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_nilarn ® Effective Field Theory is a
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