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Fermi and Los Alamos

Valles Caldera, near Los Alamos, May 8, 1 945
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My charge

“QCD theory developments
over the last ~2 years”



Two years ago
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EFTs
SCET, NRQCD,
HQET, XPT
Parton
showers,
Monte Carlo

Unitarity,

Amplitudes PDFs

quasi-PDFs,
nPDFs

AdS/CFT
AdS/QCD Lattice QCD

Phases of QCD
Confinement, QGP

New observables
Jet algorithms, substrucure,
grooming



Outline

Soft Collinear Effective Theory

N-Jettiness, SCET| N3LL resummation

SCET) and NS3LL resummed TMD distributions
Subtractions and NNLO cross sections
Non-Global Logarithms, fixed order and resummed
Jet substructure and SCET+

Outlook



Formation of Jets in QCD

. Hadronization at late time
Perturbative soft and

. - .. at low energy scale
collinear splittings happen S &Y
at intermediate time , / as > 1
probability }
of splitting Eg ( O

4 A\
4 1
4
4 ~
4
’ ‘ e
‘ S Sup=
4 SN \‘.‘.. -
/ L JOSISSSIS ISR
. P e
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soft and collinear Eg
enhancements
.  Need to resum large perturbative logs
corp - Separate pert. and non-pert. physics

 Both are problems of scale
separation: a job for EFT

.—> Production of a new jet suppressed by
\\\‘\ X g << ]-

eorp



History of Jets in QCD

 Existence of gluons:  Measurements of strong coupling:

April 2016 . . -
(04 (QZ) vT CIECZIYS (NSLO) ALEPH (jets&shapes) it D
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Separation of scales

Large logs in QCD arise from large ratios of physical scales defining the
measurement or degree of exclusivity of a jet cross section.

For jet cross sections, these are precisely ratios of hard to soft scales

and ratios of collinear momentum components.
2 2 2

my mjy mj;
* e.g. measurement ofjet mMass ps ™~ ( Q' Q Q)
2 2 2 2
pJ_(pC+pS) — My ch(Qa%vm«])

p=({@m-p,n-p,pL)

Hierarchy of
» scales

Factorize cross section
into pieces depending
on only one of these
scales at a time.




Soft Collinear Effective Theory

* Modern tools for high precision resummation, factorization of
Bauer, Fleming, Luke, Pirjol, Stewart

perturbative and nonperturbative effects (1999-2001)

QCD: collinear SC ET:

' C(Q, 1) X

Power hard
| expansion T decoupled collinear
collinear match.lng jet/bezm finctions decouplgd soft
to n coefficient function
e RG Evolution e Resummation of large logs
)
hard scale pi = Q =~ an(T) ~oa
+ o In7)
+ o In?
jet/beam scale 11 = QT ¥ S T
+
soft scale ps = Q1 \ 2 | |
Leading Next-to- NNLL N3LL

Log (LL)  Leading Log
(NLL)



Bauer, Fleming, Luke (2000)

Bauer, Fleming, Pirjol, Stewart (2001)
Bauer, Fleming, Pirjol, Rothstein, Stewart (2002)

Soft Collinear Effective Theory

- SCET)

Theory for jets constrained by mass

Remove hard modes
from theory

' 2 244
: P~ QA

Q)\2 Q B — Pz

Hard, collinear, soft all separated by virtuality

Collinear/soft decoupling and factorization

Dim. Reg. regulates all divergences

SCET\

Theory for jets constrained by transverse momentum
or for exclusive collinear hadrons

Remove
hard modes

an @n Q b — Pz

Hard separated from coll. and soft by virtuality,
collinear & soft separated by rapidity

Inherits SCET, collinear-soft decoupling

Dim. Reg. regulates virtuality divergences but not
rapidity divergences gy need additional regulator

Chiu, Jain, Neill, Rothstein (2011,2012)



Challenges to Precision Jet Cross Sections

® Jet cross sections typically depend on
® choice of jet algorithm
® |et sizes
® jet vetoes (for exclusive jet cross sections)

® These parameters generate a number of logarithms (non-

global logs, logs of radii R, etc.) in perturbation theory which
are challenging to resum

® N-Jettiness:a global observable picking out N-jet final
states by measurement of a single parameter, logs of which
can be resummed in perturbation theory by standard RGE



N _j etti n e S S Stewart, Tackmann, Waalewijn (2010)

* A global event shape measuring degree to which final state is N-jet-like.
(small N-jettiness vetoes events with more than N jets.)

2 .
™ = G > min{qa - p,qB Pk q1 - Prs-- -GN - Pi}
k # beams # jets .

groups particles into regions,
according to which vector g;
is closest.

Factorization and
Resummation-friendly




N3LL resummation with SCET

Compare fixed order:

Fixed Order .
e O(a?) .
s O(a?) -
Olay)

+ o=
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High precision strong coupling

present extractions
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o (Q?) v Tdecays (N’LO) ALEPH (ietstshapes) | | f— | P
S - I +
s DIS jets (NLO) OPALj&s) I o 1 iy
0 Heavy Quarkonia (NLO) JADE(s) | o : | '
03| o e'e jets &ishap_es (res. NNLO) _ Dissertori (3j) I—:o-—l %
® ¢.w. precision fits (N3LO) JADE @3j) I I —e | 3.
v PP —> jets (NLO) from SCET .DWm ____ F—e—— =
v pp —> tt (NNLO) . (__Abbate ) -o— : )
predictions " Gehrm. —e——) =
02} 1 for e*er  (( Hoangi—e— 1' i S
event shapes GFitter Ji "; ,  electroweak
ey L lmgent, o precisionfits
cMS LT J ' " hadron
01l . (tcrosssection) v  e=pml . collider |
= QCD 04(M,) =0.1181 = 0.0011 0.1 0.115 0.12 0.125 0.13
QCD o(M,) , , PDG, RPP (2015) 2
1 10 100 1000 o
Q [GeV] S( Z)
a,(mz) from global C—parameter tail fits
.,....,....,....,.....3......3......_ B | ]
N°LL' + O(;) + (R.p) L .
BNl + 0@ + QI(R#)- 0.135 I Below error bars & + — perturbative ermror | —
1 a4k 7 o ENrsoerarke ] aymz) [ O(a?) fixed—order All errors: @ (mz) = 0.1123 + 0.0015 .
' . Full Results N ? 0.1317 £ 0.0052 I i
N\ 0.130— I —
1.2- | :‘- - : I :
b e 0.125 -
20, | “\\. 5 ...':,.': - I -
' TR X S AL A B ) . -
GeV | \\\ SN Ry ~ + N°LL' summation + Power Correction T
Lok N - 01201 0.1219 + 0.0028 I 0.1117 + 00016 .
\ B I ' R Scj]\eme + hadron mass effects
' - 0112300014 01119400013 ]
0.8f 1 0.115- | _
- 0.110— I + -
0.6} 1 1 1 L L

PRI R T W R T N MR M PR M
0.1000 0.1025 0.1050 0.1075 0.1100 0.1125 0.1150

a,(mz) Hoang, Kolodrubetz, Mateu, Stewart (2015)



NNLL resummation for generic observables

* We do not always have a factorization theorem available to make SCET
and its RG evolution to achieve resummation

* Monte Carlo implementation ARES (successor to NLL CAESAR) of

emission amplitudes needed for NNLL . Thrust Major
. P NLL+NNLO
. ¥ A0 e NNLL+NNLO s
@ All NNLL corrections can be written in terms ofdinite integralSin four = 4t
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Q . 9&2(/3;25)
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High precision pr resummation at LHC

/,//v do- bd — — — — — —
/ ' 2 — UOH(Q27 :u) /d2QTsdQQT1d2QT25(qT2 — |QTs + qr1 + QT2|2)
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\\I Q Q
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Chiu, Jain, Neill, Rothstein (201 1,2012)



New rapidity regulator and 3-loop

anomalous dimension

do
dg.dy

:UOW(QW)zH(Qzaﬂ)/dbbJO(bQT)g(bvﬂ7V)EJ_(baanlauay)ﬁJ—(baan27uay)

TN dZQT ib- g 5 TN 1 ~ 7
0= [ Goe™ e f#)=5-f6), b=
> dkT

Computation of beam or soft functions requires regulation of rapidity divergences: ‘/0 k_"‘

Regulator: shift separation of soft Wilson lines defining soft function in Euclidean time

lim |
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,
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| |
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| [
| |
|
- - - ] |
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Li, Neill, Zhu (2016)

-1k, di-1k, O
+ |In momentum space: H/ 21\0 2,,- /2]‘0(2*‘ eXp _Z I/J



N3LL resummed pr spectrum

» 3-loop soft function diagrams:

%EE[ ~ T -0 - o<fo< 4 <&

f 7
(Q\ —</§

T oy o (<K< <€A
XX >@£ T < T T< S
(o DXL 3 TAL

Image by C. Duhr

+ All three-loop integrals for threshold soft function known

Anastaslou et al, 2015; Y. Ll et al, 2014

3-loop rapidity anomalous dimension:
VR =0
i =CoCy ( 8¢ — 820?) i 112;?”
o =cac,'~;( 10 oo + 25022 | 1295868 4 pag, — 109, - —297720929)
(S Wy, S
3 1856 304 1711
-r Can%(—% — ﬁ) -r CaCFNf (— 943 164 + 57 )

(pb/GeV)

do (ug) /dqr

mp) /dqr

do (ug

N3LL resummed results:

06—

0.1

=== NLL+NLO

] ]

= N3LL+NNLO

0oL

o — NNLL+NNLO -

13—

12¢
11
10
09§
08

- = envelope of all scale variations

10 20 30 40 50 60
gr (GeV)

New three loop resulis!

Li, Neill, Schulze, Stewart, Zhu
(SCET2016,Argonne Advances in QCD 2016)



NNLO Subtractions

e NNLO: Moult (LoopFest 2017)
Real-Real Virtual-Real Virtual-Virtual
\‘ | A/ \* | */ ~ : /*/
W/ R | - ™~ | P
/® ® /® ® /@ ®
A -~ | Sa >4 | Sa

e Local Subtractions: Colorful NNLO, Sector Decomposition, Antenna
P
Subtraction [Del Duca, Duhr, Kardos, Somogyi, Trocsanyi, Tulipant]

[Anastasiou, Melnikov, Petriello]
[Gehrmann-De Ridder, Gehrmann, Glover et al.]

e Global Subtractions: g7, N-jettiness, ... [Catani, Grazzini]
[Boughezal, Focke, Petriello, Liu] [Gaunt, Stahlhofen, Tackmann, Walsh]

TCUt
d do(X
a(X):/de(;(;_() = /dT Z(;()Jr / dT C;(T)
0 'O T cut




N-Jettiness Subtractions

» Exploit factorization and 2-loop computations of ingredients for small 7p;

’TCUt
do(X do(X
o(T") = /dT (;(T) /dT d(T)
0 'fcut

Compute using factorization

. . . Additional jet resolved.
in soft/collinear limits:

Use NLO subtractions.
do

T = HB;® B,®SQ® ”h®---® Iy_1 Boughezal, Liu, Focke, Petriello (2015)

Gaunt, Stahlhofen, Tackmann, Walsh (2015)

* High precision, numerical stability requires power corrections:
Leading Power Power Corrections

cut n=o00 2n—1 n=oco 2n—1

o(Tecut) = / dT— Z ( ) Z C(O)Iogm cut) + Tcut Z ( ) Z C(2) Iogm (Tcut) + - -+
b —

n=0 x



Subleading Power Corrections

Moult, Rothen, Stewart,

+ SCET well formulated to compute power corrections: Tackmann, Zhu (2016)
Soft Gluon Collinear Gluon Soft Quark Collinear Quarks
e Jis pY |
O((;)// /I,é:\xg(o) 0(224(;:}?)3\\0(0) O(O)//i : . O(O) O(l) /izl*\x\\ (’)(1)
& ® T o= e | T | e e T eF >
L( 2) T_/ ~ K8 ! o ':5:}_--_:'

\—/—/

1 2 1 % 1 u? 1 u?
—8Cr |-+ 8Cr | — +1 ACe | - +1 —4Cc |- +1
F[e+og(Q'~72)]+ F[€+og(02’_>] F[e+og(0373>] F[e-#-og(Q:-T

= 8CF log(7) = —4Cp log(7)

+ Also computable in fixed-order QCD, dramatic improvement in 7Tcut independence:

W*: with LEP and MET cuts, w/o Power Correction v s. fit v.s. w Power Comection
1.6

| Illlll] | | llllll] | | lllllll | IR L

14— ~ =

= — -

12— - —

—_— - — —

= E ananuni -

Z 10p— e — - D e —— = = . . . . e —

zZ -

= 08— —— w Power Correction —_

— —=a— w0 Power Comrection -
os|— ly(lep)| < 25 + MET > 30GeV -~ -~ - Fitted w/'o Power Correction Boughezal, Liu, Petriello

Y = N L1t L1l I 1 1 1111B (2016)
10-% -2 o-! 1P

Ty|GeV)



doMNLO 7 dy" [pb]

doNNLO /dyl’ [pb]

* N-jettiness subtraction method

40

35

30

25

20

15
40

35

NNLO Results V+jet

vs. antenna subtraction:

pp—Z+=1jet

N-jettiness
NNLOJET (low statistics) +——

N-jettiness
NNLOJET (low statistics) ——

25 2 15 -1 05 0 05 1 15 2 25

yl"

Boughezal, Campbell, Ellis, Focke, Giele, XL, Petriello

Gehrmann-De Ridder, Gehrmann, Glover, Huss, Morgan

dold(AR) [fb]

Pred./Data

Pred./Data

vs. data;
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25

3
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AR(U, closest jet)

do /dH (jets) [pb ! GeV)

MGSDaa

SHERPAZData TheoryData

CMS 19.6 o' (8 TeV)
-
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Boughezal, Liu, Petriello
(2016)



NNLO Revolution

W/Z total, H total, Harlander, Kigore
H total, Anastasiou, Mealnkov
H total, Ravindran, Smith, van Neerven

VBF total, Bolzoni, Maltoni, Moch, Zaro
WH difi., Ferrera, Grazzini, Tramontano

WH total, Brein, Djouadi, Harlander y+y, Cataniet al
H diff, Anastasiou, Melnikov, Petriello Hj (partial), Boughezal et al.
H diff., Anastasiou, Meinikov, P ttbar total, Czakon, Fiedler, Mitov
W diff., Meinikov, Petrielio Z-y, Grazzini, Kallweit, Rathlev, Torre
WIZ dift., Meinikov, Pe il (partial), Currie, Gehrmann-De Ridder, Glover, Pires
H difi., Catani, Grazzini
/ Wiz et af
o o) o
%o
—_—

ZZ, Cascoliitet al
ZH diff., Ferrera, Grazzini, Tramontano

WW ., Gehrmann et al.
tthar diff., Czakon, Fiedler, Mitov
Z-y, W-y, Grazzini, Kallweit, Rathlev

explosion of calculations

Hj, Boughezal et al.

in past 18 months

2002 2004 2006 2008 2010 2012 2014 2016

N

X. Liu DPF 2017

Wj. Boughezal, Focke, Liu, Petrielio
Hj, Boughezal et al.
VBF diff., Cacciari et al.
Zj, Gehrmann-De Ridder et al.
ZZ, Grazzini, Kallweit, Rathlev
Hj, Caola, Meinikov, Schulze
Zj, Boughezal et al.
WH diff., ZH diff., Campbell, Ellis, Williams
y-y, Campbell, Ellis, Li, Wilkams
WZ, Grazzini, Kallweit, Rathlev, Wiesemann
WW , Grazzini et al.
MCFM at NNLO, Boughezal et al.
Pz, Gehrmann-De Ridder et al.



Non-global logs

 Global observable:
(thrust, N-jettiness)

* Non-global observable:
(double hemisphere mass,
jet vetoes)

Energy

Energy

A

+Q

T 1

D. Neill SCET 2017



Non-global logs

Dasgupta, Salam (2001)

o \% - Start to spoil “global” resummation at 2 loops:
R".
A ! B A 042 7_‘_2 muy
| oc(mg/mp) = oa(meg/mp) |1 + ——=CpCp—In* — + - ..
(mp/mr) = og(mu/mr) [ D CrCag
50 .
With non-global logs
40 + .
" Q=579 GeV, x=0.11 Conjecture / fit to Monte Carlo resummation (large N.):
(oY [
B 30 t+ | . 2 2
B | _ 7™ (14 (at
s | oMz) = 0118 Sng = exp [‘CFCA ( @ H
= 20 | ‘q No matching, no NP 3 1+ (bt)c
1 1 m
10 _, i 471'50 1 — 250043[/ mry,
)i e e | a=0.85C4 ,b=0.86C,,c=1.33
O | | |
0 0.02 0.04 0.06
PE

Dasgupta, Salam (2002)




Fixed-order computations

» Soft functions for non-global observables in SCET, two-loop computations,

and subleading (single) NGLs Kelley, Schabinger, Schwartz, Zhu (201 1);
Hornig, CL, Stewart,Walsh, Zuberi (201 )

2 - 4 2 -
. : Ty 1 T o C(3) ;3 U 1 om ¢(3)  17¢(5) ,5
5 loops: |gm(L) =1 24L T L +34560L + 260+ 180 L°+...

Schwartz, Zhu (2014)

1.0 — T
* |2 loops! -
P 0.8
| — 2-Loop
0.6} === 3—-Loop
= - = 4—Loop
S " === 5-Loop
Z
2 g4l = 6-Loop
"| === 7-Loop
8—Loop
- 9-Loop
0.2F — 10-Loop
| --- 11-Loop
0ol — 12-Loop Caron-Huot
00 05



Factorization and Resummation of NGLs

Match To Factorize Factorize
A 0 . SCET Soft Function  Boundary Softs
A < 7 .
@) @)\3 Tlsi Soft Subjet H . . H o~ Q
€3 K | ey : 1/2
o@) B Jn, I p~Q (eﬁ, )
2 2 )
85 - ~ Qe
‘ "‘ Snﬁ Hnﬁ. E‘Q: H 2
A% e
jet axi : N 2 2\ 1/2
Jet axis A\ Jn: Jﬁ - eg“)
= po~Q ﬁ
) R J; Jej 7 9
; o
' B < ey 2 3’
Sn jMaj —_ K Egz)Af)s]
, (2)
o Sniin j K Qe?—g)
€2
Larkoski, Moult, Neill 4+ —
’ ’ e’e 2; + 1g4:
(2015) 45 T s
do i
_ i (@) (B) (B) B)
(@) ;7 (B) 7 (B) — Hﬂ-ﬁ-Hnﬁ(62 €9 )']nsg (63 ) @ Ng;jiMNs; (83 )
dey 'dey 'dey 'dB
(B). (B)
® SnnnS] (63 ? ) ® J (6 ) ® ']ﬁ(B)

RG evolve, integrate over to obtain original
non-global distribution, now resummed!



Resummed computations

: Two—Dressed Gluon Approximation
L e mmmeee Dasgupta—Salam Fit -
08} — MC Implementation .
i = 3-Loop Fixed Order 1
I = 4-Loop Fixed Order ]
0.6L — 1-Dressed Gluon ]
i 2-Dressed Gluon
= }
b3 L
04t
02 I
00 2 1 1 1 1 .\ Y
00 05 10 15 20 25 30

120————

1.15

1.10

105

SNG(L)DS

B

095

Larkoski, Moult, Neill (2015)

Two—Dressed Gluon Approxmmation
Ratio To Dasgupta—Salam Fit
MC Implementation
= 3-Loop Fixed Order
= 4-Loop Fixed Order
— 1-Dressed Gluon
2-Dressed Gluon

oo

05 10 15

20 r A" 30



Singularities and Buffers

myg > my, e Boundary Soft RG implies:
tanzﬁ L
Uabj X (1 )

1 Tbuffer/~/\ .

Tvsi
2

tan2§
@ Cross-section for
jet axis production of a jet at the
J. Jr boundary vanishes!
» Buffer region and singularities in L
reproduced by resummed calculation
"@e.%\ with jets, but not fixed-order calculation
AN O .
€, with partons
» Take fixed order series and apply © gab(L) = gab(u).

o gap(u) =14 byu+ bou? + ...

Example u’s:

conformal mapping obeying proper

singularities in L and buffer region:
In(1 + L), log mapping
u(L) = { n( ); log mappin

% , disc mapping

Larkoski, Moult, Neill (2016)

Determine b’s by matching taylor series at L = 0.



SNS(L)

Conformal improvement

of fixed-order NGLs

A

Caron-Huot

08l

SNG(L)

10

06

04

T T T T T T

Conformal Improvement of
Fixed Order Convergence:
Disc Mapping in Log(S¥¢(L))

o
(W]

L
Larkoski, Moult, Neill (2016)
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Jet Substructure

Collinear

e Soft

‘ /’

I —

| -prong

Collinear | 7

—

3-prong:

Collinear

2-prong

— Soft
Collinear
—— C-Soft

e
= -



cf. Basham, Brown,
Ellis, Love (1978);

Energy Correlators Lyt

(2013)

vegs) = Z 2i1Zig - - - Zip, ﬁ I(nngl {Hft}

1<y <ineoin<ny 1 s<te{11,i2,...,in }
Moult, Necib, Thaler (2016)
good discriminants:

definite power counting, amenable to factorization and precision calculation

RN
3-prong (top): 3 (1eP)2
(5)

2-prong: MQ(B) = L%
oP)

1€

lprong (s g UP = 1)



Grooming and Soft Drop

Perturbative
Radiation

Out-of-Jet perturbative
contamination: radiation re-emission

. Tr‘ Underlying Event .

. fail il Larkoski, Marzani, Soyez, Thaler (2014)
grooming: . pass

ST

min|pr;, pr;] - ( Ry )3
Zeut
PTi T PTj o R

Soft Drop:



Soft Drop

- Simplifies theoretical calculations:

p< Z cut p fat Prllning




Groomed substructure

- Top tagging:

Moult, Necib, Thaler (2016)

| Groomed N{ ]
1.5 . L. — T T T T T T T 7 L L E e R R R
Pythia 8.219, Soft Drop: =0, z,+=0.1 L Top vs. Light Quark (Groomed) ,/::" - Top vs. Gluon (Groomed) //' -
R=1.0, pr>500 GeV, mgp>80 GeV 0.8l Pythia 8219, Soft Drop: =0, zey=0.1 g 0 g | Pythia 8:219. Soft Drop: 5=0. Zaw=0.1¢" A
é‘ : R=1.0, pr>200 GeV. msp>80 GeV . s /' ’ R=1.0. pr>200 GeV. msp>80 ny’ e
2} r= ] i s ~ T
= - - | &N on J e
2 10 ¥ —top ] Fog 1 Zodf s
> | Jrd, ====b—Quark E - E i A i
. 4 2) oo 7 ,/'
A | ====[ight Quark S 04f - _g 04+ l‘?) T S _
:-5 m—— Gluon o i ) i ! 2) ’/' ,/' i
_8 .'Vé" — // ,,l
0.2 - 0.2 7 —
£ 05 : _ L |
= P I T R
0. 1. 0. 0.2 04 0.6 0.8 1.
- Top Efficiency Top Efficiency
I iy ]
OO 1 . . "";:h.._
0 | 2 3 4
NP
3
° "I A I l I 1 1 . T I I I I I T I T
’ q VS g' ]402_ Ugo'z) - Quark vs. Gluon /,/
2 120F Pythia 8.219, R=0.6, pr>500 GeV : 0.8|- Pythia 8219, R=0.6, pr>500 GeV
= [ My ]
g 100f o ] o [
N ™ —— Quark 2z 0.61
g [ 7, ====Gluon | E -
5 60 . ; S 04+
< [ Iy _ &0
S 40f T ; -
= 20 5 N 0.2
0 PRI (T SR ST S N S ST ST S N S S ]
0.000 0.005 0.010 0.015 0.020 0.025 0. 0.2 0.4 0.6 0.8 1.
(0.2) ark Efficien
Us Qu cy



Groomed substructure and SCET +

»  Soft drop groomed energy correlators:

Factorize
Jet Function

el « zewt < 1 1 Match to SCET

. log — 4
{ i 56 (zeut) : [ sott
M.’ » _—
: o pA c ‘\‘
Wteg ))

;)(éH So

SCET :: Bauer, Tackmann,
Walsh, Zuberi (201 1)

Frye, Larkoski, Schwartz,Yan (2016)
d’o

degfg degfxl)%

= H(Q?)Sa(zcut) [Sc (zcutegfo)) ® J (eéf“i)] [Sc (Zcuteéf%) ®J (eg,xz)z)]

free of NGLs; correlated hierarchical emissions groomed away



NNLL substructure calculations

Frye, Larkoski, Schwartz,Yan (2016)

| Soft Drop Groomed Mass ] | Soft Drop Groomed Mass
[ Soft Drop, Zewe = 0.1, =0 ] [ Soft Drop, zge =0.1,8=0 _
03] 13TeV, pp = Z+j, pry > 500 GeV,R =08 ] 03| 13™eV,pp - Z+j, pry > 500 GeV,R = 08 ]
b ., * 7 .'_é' i ,'. .‘0 |
E i ":0 ‘... ".' .E ::' Y
.§ ;':c -.‘. _g .‘:
£ 02 | - £ 02f -
2 4
S S
L L
(=" (=4
01 [ S mm== Herwig++ (no had+ue) ) 01 ==== Pythia8 (no had+ue) ]
s ===e== Herwig++ (had+ue) ====s= Pythia8 (had+ue)
[ we: NNLL matched [ m—e. NNLL matched
00 - : : - 0.0 : : : :
1073 10~ 0.001 0010 0.100 1 103 1074 0.001 0010 0.100 1
e e
(a) (b)
035, : : : : 035, : : :
- Soft Drop Groomed Mass - Soft Drop Groomed Mass
- 030 i

030F Soft Drop, zewe = 0.1, B = 1 [ Soft Drop, zeu = 0.1, 8= 1

02sp 1P TEV-PP=Z4.pr>S00GeV.R=08 02sf L3TeV-pp = Z+.p > S00GeV.R =08
020 & — ] 020Ff g ]
— -: ’- g

L

4

0.15}

Relative Probability
Relative Probability

0.10
mmm= Pythia8 (no had+ue)

mmm= Herwig++ (no had+ue)

0.05 ===s== Herwig++ (had+ue) ] 005EF ====== Pythia8 (had+ue)
=== NNLL matched === NNLL matched
0-00 s PP | PR N Om-' M| PP ) ]
10~% 0.001 0010 0.100 1 10~# 0.001 0010 0.100 1
e &

(c) (d)



Many other EFT directions

Connection of NGLs and small-x evolution (BFKL)

SCET with Glauber modes for factorization violating

effects, small-x resummation, forward scattering
|. Rothstein and I. Stewart (2016)

SCETg for jets in heavy-ion collisions A.Idilbi and A. Majumder (2008)
G. Ovanesyan and |.Vitev (201 1)

SCET + NRQCD for improved description of quarkonia

in jets, discriminate production mechanisms

Baumgart, Leibovich, Mehen, Rothstein (2014)
Bain, Dai, Leibovich, Makris, Mehen (2016-17)

SCETEew for resummation of electroweak logs in colliders,
dark matter production and annihilation Chiu, Golf, Kelley, Manohar (2007)

Ovanesyan, Slatyer, Stewart (2014)
Baumgart, Rothstein, Vaidya (2014)
etc.



In the last several years, we have gained a
collection of EFT and other powerful tools for
high precision calculations of observables in
multiscale jet-like processes, making possible
fixed-order and resummed calculations to
orders previously unachievable and the solution
of problems previously intractable in QCD.



The future holds great promise

Y
.




Extra slides



* Example: e*e" to two jet cross section:

* One-loop cross section in QCD:

Jet Algorithms and Radii

__Jet veto

Eo

jet radius

R

* in a cone algorithm:

02-jet OéSCF ( 2EO 1 )

=14 4In—InR—-3InR — — In 2
o - nQ n n 2—|—3n

* in a kT-type recombination (or Sterman-Weinberg) algorithm:

02-jet OéSCF < 2E0 7'('2 5)

=1 A 4ln — InR—-3InR - —
o T nQ N N 3 2

 Natural to use SCET to factorize and resum, but structure of logs is
surprisingly subtle.



Chien, Hornig, CL (2015)

Soft and Soft-Collinear phase space

» collinear and soft phase space for cone and kT algorithms:




Ellis, Hornig, CL,Vermilion,Walsh (2010)
Chien, Hornig, CL (2015)

Soft and Soft-Collinear phase space

» Soft phase space splits into two, single-scale-sensitive regions:

Py iy =1y /R
2E
pa = fin,
...................... o
2Fq
Sveto(EOa Ra /L)
a;Cr 1 272
8In R1 — —
in ( PUUAEZR T 3

SCq

SCn,

SS (E07 :u)

a,Cr 2 I > asCp o u T
8In® —— — —8&1 —
A ( . 2F " ) 47 . 2E0R i 3

—QSSC(E()R, ,u)




S C ET+ -4 Chien, Hornig, CL (2015)

Hard scale

Jet scale

Csoft scale

Global soft
(veto) scale

Soft-collinear
scale




Chien, Hornig, CL (2015)

Resummed jet thrust cross section

* Integrated jet thrust in e'e

With s-c refactorization No s-c refactorization

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

101 R=02A=10 GeV,Q = 100 GeV |

0.8

oc(1, A, R)

NLL

NNLL |
0ol R=02,A=10 GeV,Q =100 GeV |

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

T T

* Improved perturbative convergence thanks to additional logs resummed
after soft-collinear refactorization



Resummed jet thrust cross section

* pp jet angularity differential distribution:

A. Hornig,Y. Makris, T. Mehen (201 6)

25000 F

60000
50000 20000
40000 .
15000 [
30000 i
10000
20000 i
10000 5000 .
00000 00005 00010 00015 00020 00025 0.0030 00000 00005 00010 00015 00020 00025 0.0030

d&(’f‘a) d_c?,(?-q).,......---I----.-----'---'

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
14000 i
R=0.8 8000 R=1.0
12000 i
10000 6000
8000 s
6000 4000 -
4000 [
2000 -
2000 i
""""""""""""""""" 0 llllllllllllllllllllllll-Tazo

b :
00000 00005 00010 00015 00020 00025 00030  (ooo0 00005 00010 00015 00020 00025  0.0030

» Larger impact on differential shape

without soft-collinear
refactorization

with soft-collinear
refactorization



* Reminder: Dokshitzer-VWebber model <6>

NP Corrections

1/0 do/dt

20

—
(9)]
T

—
o
T

Decay scheme (udscb)

Q = Mz
O ALEPH
X DELPHI

—— SF
— — shift
-- PT (DGE)

1
0.05 0.1

1
0.15 0.2

<>pT+c%

Ce observable dependent,

calculable coefficient

()1 universal
nonperturbative
parameter

(one for each of ee, ep, pp)

 SCET: First rigorous proof (and field theory definition df); )
from factorization theorem and boost invariance of soft radiation:

1 _ —
Q) — N—Tr{O\YT YTST( )Y, Y 1 |0)

C

L

“energy flow

operator

conjecture from single
soft gluon emission:
Dokshitzer, VWebber

(1995, 1997)

proof to all orders in
soft gluon emission:

CL, Sterman (2006, 2007)

£ L

soft radiation sees only direction, not energy, of original collinear partons, invariant to boosts along z



Belitsky, Korchemsky, Sterman (2001)
Bauer, Fleming, CL, Sterman (2008)

Momentum Flow Operators

. 1 i
generic form of event shapes: ¢(X) = é Z fe(n:)Pr|  e.g angularities f. (1) = e Inl(1—a)
i€ X

.. 1 [~ .
operator action in terms of elX)=e(X)|X) = 5/ dn fe(m)Er(n;t) | X)
transverse momentum flow operator: —oo

Er(n)|X) = 1p|o(n — )| X)

e X
construct out of energy-momentum tensor of QCD:

1 2T . o0 ) )
ST(n) — COSh3 / dgb lim R2/ dt niTOi(t, Rn)
nJo 0

R—o0

measures total transverse momentum |pr|
flowing through slice of sphere at rapidity 77
from collision time t=0 to detector at t — o¢

R — o

since Lagrangian of SCET factors into collinear and
soft sectors, so does the energy-momentum tensor:

Ty =T, +T,,+T,,




CL, Sterman (2006, 2007)

Proof of universality

* In general NP part of soft function must be modeled and is observable-dependent:
S(e,u,A) = / de' Spr(e — €', u)Fnp(e', A)
0

* The universality of the first moment, however, can be proven exactly:

) s Q/ dn fe(n —Tr0|TYTY Er(n >

Lorentz boosts by rapidity «
%%% %% along z:

Yn:Pexp[ig/OOOdsn As(n )} e Y,
0) =l |0)
Er(n)  welie E(n+ )

» Ateh = g [ dnsn) Y 5 TOITI Valer )Ty Vo) |

Ce Ql

eg. Cr =2 coc=3m Cr, = for e*e" scaling is obeyed well by LEP data



eTe  Thrust: Precision extraction of

(2-jettiness) 1 do

NNNLL perturbative prediction +

nonperturbative soft power correction led _
to most precise extraction of strong 1.2
coupling from event shapes

Q=my, Sum Logs Wlth S —|— gap |
s NSLL -
e NSLL

NNLL’ ]
Abbate, Fickinger, Hoang, 08 | NNLL
Mateu, Stewart (2010) s NLL'
0.6 [

NNNLL resummed
perturbative distribution Becher, Schwartz (2008) 0.4 -

0.2 | T
as(m z) from global thrust fits 0_0:.............................‘
i i 0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30
0.135[ + — perturbative error - Compare fixed order: T
i 0(a?) i l _dO'
0.130F ¢ 0.1300+0.0047 — o dr
i + multijet boundary - 1.4 Q:mZ Fixed Order j
0.125F 0.1245+ 0.0034 - 1.2 e O(a?) .
i -75% shift from NP - o 5 ;
- power' corrections - 1.0 m— O(ay) .
0120__ rections — 0.8 - O(Ozs)
) PA . . L
- 0.1192 o - eschen i :
- ‘ o +b-mass &QED +
-+ N3LLsummation 0.1140+0.000 +0”’;‘;5+500(300 ) 0.6 |
0.115f * : ~{~— S = ol
i i 0.2 F
0.110 — [
Abbate, Fickinger, Hoang, Mateu, Stewart (2010) 0.0

0.16 0.18 0.20 0.22 024 026 0.28 0.30
T



0.135

0.130

0.125

0.120

0.115

0.110

eTe  Thrust: Precision extraction of

(2-jettiness)

NNNLL perturbative prediction +
nonperturbative soft power correction led _
to most precise extraction of strong 1.2

coupling from event shapes

Abbate, Fickinger, Hoang,
Mateu, Stewart (2010)

NNNLL resummed

perturbative distribution Becher, Schwartz (2008) 0.4
0.2 f

as(m z) from global thrust fits

0.0

O(a?)

¢+ 0.1300+0.0047
+ multijet boundary
0.1245+ 0.0034
-7 5% shift from NP
power' corrections
rrections
0.1192
+ N3LL summation ]

+ — perturbative error

no +b-mass &QED +

0.1135+0.0009 _]

Sum Logs Wlth S

0.8 |
0.6 |

s NS
I N3
NNLL'
NNLL
NLL'

Compare fixed order:

Abbate, Fickinger, Hoang,

: )
(Generlcally, better perturbative

calculations + rigorous

treatment of nonperturbative
corrections gives smaller (¢g

Fixed Order
e O(a?)
e O(0?)
O(as)

0.22 0.24 0.26 0.28

+gap ]




Beam Function and PDFs

transverse momentum dependent beam function:
O(w) [ dy”

n

B(WkJrvx?kinu) - / Eeik+y_/2<Pn(P_)|>_Cn (y_§)5(ajp_ —n- 7))5(]{3_ o Pi)Xn(O)‘Pn(P_»

w

* match onto PDF

(WP (P7)[Xn(0)0(xP™ =7 - P)xn(0)| P (P7))

k) fi(6n)

Measure small light-cone momentum k+ =¢/P~
and transverse momentum k |
of initial state radiation



Generalized Beam Function to |-loop

now known to 2 loops;
J_a ,U) fg (513 ,U) anomalous dimension

known to 3 loops

Gaunt, Stahlhofen, Tackmann (2014)

—
00
Tt 2, K2 1) = %5@)5(1 —2)5(K2) + “8(2‘7‘3201“‘ 9(2){#22 [9(” :1/15‘2/ #2)] S(1_2)5(k2)  JainProcuraWaslewin (2009
' +
1 10() 3. (1 —2)t
" L/#? ) [qu(z) - 3aa —z)] o(ki - )

—_ 2

~

(162a)
ot ) = 0 23 | 20| P12 - E2) 46050 | Pug(e 22 4 2001 = 2120 - )| |,
! ,,

2 . 1 -
- ] (1+22)—%O(l—z)—l—@(l—z)(l—z— 1+z lnz)]}
~ -

A

(162b)
Tells us that PDFs should be evaluated at the beam radiation scale t

ordinary beam function: B(t7 T, ILL) — / d2 kJ_B(t, x, ki, ,u) Stewart, Tackmann, Waalewijn (2009)



PCNVVER CORRECTIONS N PP ANLY DIS

Universal nonperturbative shift in 3 versions of DIS |-jettiness:

| 0=80GeV Using factorization theorems and

x¥=02 | boost invariance properties of soft
NNLL PT + NP 0=0.35 GeV - . .

— ' o Wilson lines, can prove that:

OF = QY = Qf

D. Kang, CL, I. Stewart (201 3)

V(s by) /577 Bosumomion  SET¥,0.0)  Boost

Y-
ﬁ ..’._.. i “ee

Yn Yﬁ Yn
Y, (In £,0)
jet boundary

For R < 1, the beam Wilson lines fuse and 2 = £ Qg + . ..

o
o
o
o
o

Stewart, Tackmann,

M dbiea ) The universal 2§ can be extracted from DIS event shapes



Experimental Coverage

Preliminary: Kang, CL, Stewart

(2016)
A
preliminary theoretical

100 uncertainty (NSLL) 1
: 3% i
70- BN S EIC|.
i AL high) -
>0 existing HERA event N J 1
shape analyses Y v ]

RN EIC

30 S

- (low

20F S5 4
10

0.01 0.1 1.

X

New analyses of HERA data for | -jettiness
under way!



TMD resummation

o (b, 21, 295 i, Vi 1y V) = Usor (13, vis 1y v) H(Q?, 1z ) S(b; oz, v )

X ﬁ(b, ZlENLaVH)fL(ba 225 WL, VH )

Usot (i, Vi, 4, V) = eXp{4KF(NL7 pr) —4nr(pr, pe)In % — K, (1, )

+ {— Anr(1/bg, pr,) —I—fyRs[ozs(l/bg)H In —}

Standard scale choices: Ur = vy = PoE = bo g =vg = Q




TMD resummation in momentum space

Kang, CL,Vaidya (2017)

Our scale choices: * —14+n
vy, = vi(krbo) e ~ v~ Q
1% ~YJ
L .'uL 1 s o vy automatic damping of b integrand
chosen in momentum n=—-\1- log | — . .
2 I Ur using terms actually in

space, after b integration perturbative series

20 — i
Analytic formula: Iy = W Z Im{CZnHQn(aa CLO) - %dQn—l—lHZn—l-l(ﬁa bO)}
T

n=0
[n/2]

—A(L—in/2)? 1 (—1)"n! 1 1 m
H, (a,ap) =e  TaoA Z { A(a? — ag) — 1](1 + agA } 20020 )" 2™
(e do) VT oA (14 apAyn 2=l (= 2y ALY~ 00) Z 1L+ aod) - (2020)
1.0j b space . NNLL +NLO
resummation i Illl b space -
I p space 410 l' res[:lmmation NNLL+NLO |
0.87 resummation I NNLL +NLO ' j ... _
o o , p space : ]
E 0l \\i 3.x 1070+ ll... resummation ]:[[ NNLL+NLO 1
= : > .
2 » 3 -
1‘ s ] .||||| P+P— IT+I+X
Tlw 04" o 21:) 2.x107 ....l. \',-@ =13 TeV
| o \N Q =125GeV
02" = Lx1070
0.0 ] '
I L - L A L P T S TS S SR | 0_1 1
0 10 20 30 40 30 60 70 0 10 20 30 40 50 60 70

Pt (GeV) Pt (Ge"f)



