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1.) 2.) cone jets,
gaps between jets

W% 1.) 2.) TB, Neubert,
% s ‘ hen, Shao 15’16

5.) isolation cones  1.) narrow cone jets

% ﬁ%\jﬁﬂ% :()) tE% Pecjak, Shao '16

4.) TB, Rahn, Shao '17
5.) Balsiger, TB, Shao, ‘18

3.) light-jet mass 3.) hemisphere
4.) narrow broadening soft function

Effective field theory for (hon-global) jet observables!
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e \/\Ve have obtained factorization theorems for a
variety of non-global olbservables, for both
single- and double-log problems.

e Achieve full scale separation

e Allow for resummation using RG methods, not
restricted to leading logs

e \erified In several cases, that we reproduce the
full logarithmic structure at the two-loop level

()

* |mplemented leading-log resummation

Now: resummation beyond leading NGLs 18
1901.09038 with Marcel Balsiger and Dingyu Shao

e —————CEEERE—
Effective field theory for (hon-global) jet observables!
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WIill discuss two simple jet observables in ete~ collisions
at center-of-mass energy QO

- &

C C N C

56 K

n © T nr = n
C

interjet energy flow jet mass

- gaps between jets double logarithmic — NLL’
single logarithmic — LL'

We now include full one-loop hard, jet and soft functions
into MC framework for resummation. | will first illustrate
our method for simplest case, interjet energy flow.
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Soft radiation In jet processes has in general a very
complicated structure.

fj% 22, /‘
| o

Hard partons inside jets act as sources: soft

radiation pattern depends on color-charges and
directions of all hard partons!
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Interjet energy flow displays complicated pattern of
“non-global logarithms” (NGLs) Dasgupta Salam ‘O

veto:
. Eout < QO ‘
‘\ A A

unrestricted Ein ~ Q \\

L e

— large logs a;" Inn(Qo/ Q)



Soft emissions in process with m energetic particles
are opbtained from the matrix elements of the operator

S1(n1) S2(n2) - .. Sm(nm)| Mm(1p}))

soft Wilson lines along the directions hard scattering amplitude
of the energetic particles / jets with m particles
(color matrices) (vector in color space)

To get the amplitudes with additional soft partons,
one takes the matrix element of the multi-Wilson-line
operators:

(Xs|S1(n1) ... Sm(nm) |0)



Factorization for interjet energy flow
1B, Neubert, Rothen, Shao '15 '16, see also Caron-Huot ‘15

Hard function Soft function
- m hard partons along squared amplitude with
fixed directions {n1, ..., Nm) with m Wilson lines

Hp < | M) (M, ]

N /

U(QaQD) — Z <Hm({ﬂ}anﬂ) & Sm({ﬂ}vQOmu»

" |

color trace iIntegration over directions

Achieves scale separation! Can resum logs by solving RG.
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“global” vs non-global” logs

Much of the SCET literature has been reluctant to deal
with complications from multi-Wilson-line operators.

Work with “factorization formula”
o(Q, Qo) = Ha(Q, 1) S2(Qo, 1) S™" 8P (Q/Qq, 1)

and then resum global” logs by solving equation

d
d:Il,MSQ(QO’ :u) — Vs SQ(QD? :u)

and evolving this from p ~ Qo up to scale y ~ Q.

e Non-global logs (NGLSs) first arise at two-loops.
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Not (even) wrong, but

e neglected NGLs are LL and parametrically of the
same size as the global logs (in double
logarithmic problems NGLs are NLL).

e RG equations are not consistent: Ho is double
ogarithmic, So single logarithmic.

® correct equations have operator mixing!

e Standard parton shower will have a better
description of soft radiation!

Same difficulties are present in double logarithmic
problems, though less immediately visible.

Time to deal with multi-Wilson line structure of soft emissions!
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Resummation by RG evolution

Wilson coefficients fulfill renormalization group

(RG) equations
d H,—1 O
Jln Z”Hz (Q, 1) Ty (Q, 1) " -
G)
1. Compute Hn at a charaoteﬂstlc high o
scale un~ Q é
2. Evolve Hn to the scale of low energy g-v
physics s ~ QO Sm 1 QO
3. Evaluate Sm at low scale us~ Qo

Avoids large logarithms as* In*(Q/Qp) of scale

ratios which can spoil convergence of
12



RG = Parton Shower

* [ngredients for LL [VaRy 0 0 ...\

ol = Q) = oo
_ _ ' = R 7
Ho (= Q) =0 for m > 2 00 0 V...
Sm(M:QO):l \ : : : c. )
o RG shower evolution time

d as(pn) dov o
L (1) = Hon (Vi + Honos () Ron1 . £ = (i 115) = /
dt ( ) as(ps) 5(0&) 47

e cquivalent to parton shower equation

t
Hon (1) = Ho (1)) / A Hoy 1 () Ry 1V

t1
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1-loop anomalous dimension

AUk 1k Hip X [ M) (Mo

4 4

Vie=2)» (Tir TjL+Tir- Tj,R)/
) T;.: acts on | M)

R,=-4) T, -Tjr W Oun(nmi)
(i5) Ti,R  acts on <Mm‘

e Dipoles — dipole shower

ni-nj

W) = product of two eikonal factors

Ty = N Ny - N
e RG has full color information, form as described by
Nagy and Soper '07,... Will work at large N.:

N
1; - T — > 0j,i41
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7‘12 (to) 7‘[3 (tl) — 7‘[4(t2)

(HY @ Us @ S)

e |

ULL(Q) QO) —

2

= (HY (1) + / LTy / o2 / Bhiggin )

LL shower equivalent to Dasgupta Salam '01. Have
flexible iImplementation for general k-jet processes

3
L

e uses LHE event files from Madgraph for LO Hx

e used different forms of collinear cutoff

e studied gap fractions and photon isolation cones,

both In ete~ and pp collisions
Balsiger, TB. Shao. JHEP 1808 (2018) 104
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https://arxiv.org/abs/1803.07045

Ingredients for NLL

1. One-loop matching corrections
1B, Neubert, Rothen, Shao ‘15

e Hard functions
7-[2:00(7'(50)—#24—;7{%1)—%“-), H3:Uo<j—;?t§1)+"-)

e Soft functions

S =1+ st
47

2. Two-loop anomalous dimension
('UQ T dg 0 \

0 V3 T3 dg
I‘(2) — 0 0 Vg Ty ... SEEe
0 0 0 vs... Caron-Huot ‘15

NI N BN
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Ingredients for LL’

1. One-loop matching corrections
1B, Neubert, Rothen, Shao ‘15

e Hard functions
HQZJo(Héo)—I—Z—;HS)—I-“-), ngao(j—;ﬁg)—l—“')

e Soft functions

S =1+ st
47

2. lwo-loep.anomalous dimension

T2 — | 0070 g v SEe
170 0 0 vs...| Gaxan-Huot 15

NE T I
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O(as) corrections at LL'

18
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Soft ¢

s 5

orrections

jet M
region gap >
region

e Shower stops w
region (evolutior

< =
_,M_,M?%

nen emission hits interjet

poroduces hard partons)

e Use the last emission for NLO soft function

2 g4 | 2 | sin ¢ ’
S(U {n} QO ,LL Zdzjﬂ:l/dy/ §b _41ni+41 ’ A ¢’ @})?Bs(y ¢)

QO fzg(¢7 ?j)

INn dipole rest frame

o cfficient and gen

eral method to get Smll)
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Hard corrections

Virtual corrections to ‘H, give trivial prefactor

(Ha2(Q, 1) ® S2(Qo, 1)) = 00 Ha(Q?, 1) (S2(Qo, 1))

standard SCET
2-let hard function

but H,(Mis a function of two angles

q(p2)
— S — s 11
N Y N
9(p3)

I: £y > Ey > E5 I1 : £y > E3 > E» I11: E5 > F1 > E»
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Hard corrections

In region |, we parameterize (
q(p1)
Hg 9_ - é
v = tan —, wv = tan —
2 2 A

Write angular convolution as

<H:(31)({7’L} Q :uh 0L 83 {n} /’Lh / du/ dv H U’ U,Q,Mh)gg(’UJ,U,Mh)>

MC over u and v, shower 3-parton configuration.

Complication: HY (u,v,Q, us) is a distribution.
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regular function S3(u,v=0) =&,

. . zero angle between
Use simple slicing method, e.V W”Sgon ines

1 1 P 1 d ~ ~ 1 d o~ ~
/ dv [—] S3(u,v) = / ke [Sg(u,v) — 82} = / —ng(u,v) + Invg So + O(vg)
0 V]y o U vo U

Works well for the simple case we consider. Checked
iINndependence on cutoft vy using alternate scheme

based on interpolating Sa(u,v).
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Gap fraction R(Qo) at O=M;,

1.0

0.8 0.8

LL

0.6 0.6 [;

LL'4+LO

R(Qo)
R(Qo)

PYTHIA (hadronic) -

0.4 0.4

_____ PYTHIA (partonic)

0.2 0.2

00 11111111111111111111111111111111

Qo (GGV)

Bands from variation of hard and soft scales by factor 2.

By construction R(Qp) = 1 at end-point Qp=0/2. we match to
fixed order and use a profile function function to switch off

resummation. Qo 1 d
| R(Qo) = / dEs 0
Unfortunately there is no exp. data. 0 Otot A5

Es = energy in gap
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Jet mass M2=p(?

left jet mass

PQ2:M2:(]?5—|-]?3)2 : o S

BN N — = —— S %rlgh.t hemisphere
\t = inside of jet

unmeasured

e Soft radiation resolves directions of hard
partons on the right: multi Wilson-line
operators

e New: jet function for branching of energetic
parton on the left.

24



Factorization theorem for jet mass
1B, Pecjak, Shao '16

Hard function
m hard partons along
fixed directions {n,n, ..., Nm}

Soft function
with m +1 Wilson lines

N /

C;\Z2 — Z / dwr, Jz(M2 _QCUL) Z< ({n} Q RS, {n}ij)>

integration over the m
directions

Jet function

standard inclusive jet function |
wL = (light-cone) energy of

soft radiation on the left
25



Jet mass M?2= pQ? is a double logarithmic variable

e Factorization in Laplace space p — 1 . Laplace
inversion can be done analytically. T8, Neubert ‘09

e Due to RG invariance
T ({n},Q, u) = T3 ({n}, 7, ) + D7 (7Q, 1) 81,

double logs are tied to jet function, have simple
structure

T ~
TS ({n},7 1) = 265 veuss m(;) Sim + Eom({n})

e Also soft function has double logs, sepaé\e\and

exponentiate analytically single-logarithmic

8., ({0}, 7, 1s) = Si(7, 1) S ({n}, 7, sy implemented in MC
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Numerical results for jet mass

S T e S s B _ 50— T :

f ] : PYTHIA (hadronic) |

40 [ A ] 407 N\ _ ]

: I e ALEPH : : VU PYTHIA (partonic) :
ldo | , | ldo ~ | / ]
il i ; — NLL'4+LO -3 L] — NLL'+LO |

20 [ — NIL 200 F — NLL
10 ] 10 ﬁ

A T N A N DU SO S
0.00 0.0l 0.02 0.03 004 0.05 0.06 0.00 0.01 0.02 0.03 004 0.05 0.06

Exp. data fromm combining ALEPH light- and heavy-jet mass.

Peak at p = 0.006 corresponds to us= 0.5 GeV. Non-perturbative
effects are important and shift the peak, see PYTHIA.

Bands from varying unrand us. Keep p; = \/is i . Bands are
narrow since soft variation changes sign after peak.

Partonic PYTHIA is close to NLL'
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Numerical results for jet mass

50_ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
401 10
; I * ALEPH
L 30:— I — L.O _
o I ] 1
odo — NLL'+LO | ldo
aap i 4 ] o dp
20 - L NIL . e ALEPH
I ] — LO
- 1 0.10 i
100/ i — NLL' + LO \
I : — NLL
o T ool b N
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.00 0.05 0.10 0.15 0.20 0.25 0.30

e Match to LO and use profile function ps(p) to switch off resummation at
end-LO end-point p = 1/3.

e Replace us(p) — us(p) + N\ to shift Landau pole to p = 0, exponentiate NLO
correction. The Landau pole is at A=230 MeV.

e Cosmetics, but avoids negative cross sections near p =0...
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Conclusions

Presented first results for non-global observables which go
beyond a simple resummation of the leading logarithms

e full one-loop corrections to hard, jet and soft functions:
NLL" for jet mass, LL" for interjet energy flow

e mplemented corrections in MC framework (an example of
a systematically improved shower!)

e NLO corrections significantly improve results

Next steps

e determination and implementation of two-loop anomalous
dimension for full higher-log resummation

e more complicated processes, hadronic collisions

29



Extra slides



= T T T T ] 50F
25 AL
' 10
i ¢ ALEPH :
20 {f RS 5 On IS global, see
1d [ ] 1 do . .
;% 15} — NLLU'4+LO | Gap ALEPH Chien, Schwartz 10
oo | 1§« ALEP
10} —- RLL 0.50 — 1,0 for NSLL.
53_ — NLL' 4+ LO
: 0.10
QR - 0.05+———to——modoua el oo LS ]
0.00 0.02 004 006 008 010 0.12 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Ph Ph
80T T ] 50 1
70} : .
ol " fixed order starts
VAN _5 5 2)
L ! SALEPH at O(OLS for 0y,
adp 107f l ‘ I — NLL/ _E o dp 1
SO ' - N 0.50
20 ]
:
1071 , : 0.10
0'} “““““““““““““““““ 005 .................... M N -
0.00 001 002 003 004 005 0.06 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
pe pe
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R(Qo)

1.0

Individual corrections, gap fraction

Soft corrections (s variation)

L T T T T T T LI B R | LI S N I B B B LA LA I B |

Hard corrections (py, variation)

T T T T | T T T T T T T T T | T T T 1T

R(Qo)

Qo (GeV) Qo (GeV)

Only include one correction and vary corresponding scale by factor 2

Largest correction from Hs. Hard corrections at large Qo get cancelled by
matching to fixed order.

No profile function etc. for these plots!
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Individual corrections for jet mass

Jet corrections (p; variation)
: ———

T T T T T T T T

Hard corrections (ju, variation)

T T T T T T T T T T T T T T T T T T T

T

0.40 - — NLL - 040} ]
035+ o NLL/f 035+
030 030

[ i [
025 PL9 45t

odp

0.20 0.20 -
0.15+ 0.15)
0.10+ . 0.10+ .

000 002 004 006 008 010 0.2 000 002 004 006 008 010 0.2

p p
Soft corrections (s variation) Power corrections

m -~ 1 ~ " ] " " T 1 " T T 1 T T 7 1 m 1 ~ [ 7 " T T 1 T T 7 T
045 ] 045 LL/ .
0.40 - ] 040F g 7 e NLL + LO -
035F 035F
0.30»- pdo 0.30»-
025- odp 0250
0.20 - 0200
0.15- 0.15- ]
0.10- ] 0.10- .

000 002 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12

p p
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Profile functions

1.0_‘ i 1.0_‘
0.8 0.81
: n — 1 - N = 4
0.6 . 0.6
Hs j ' Hs j
Hh ' : Hh i
0.4_‘ i 0.4_‘
02 : 02 -]
: our default choice
0.0~ 0.0 )
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Qo/Qmax Qo/Qm
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Dijet-mass configurations

left right Symmetric

T e M ~Mpr< Q

° ML~MR~Q

Asymmetnc — NGLS
o M« Mr~Q

o V) <« Mp« (QQ

/)

|
‘

|/
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Isolated photon production

L8 Q@
® EXp. needs isolation cones to Eiso = €4 B,
distinguish photon from hard
scattering from hadron A\ K
decays such as a0—yy. Sy

o ATLAS 16 imposes E;, = 4.8GeV +0.0042E; 0N
hadronic energy inside cone with R = 0.4,

e Large logarithms af In" €, with €, ~ 0.0

 GLs: (asR*Ine,)"NGLS: R?* x a”In" e, In" ' R

T

- see Hatta et al. 17/10.06722



Effects of v isolation at LHC

7,1 < 0.6, ATLAS isolation

5 | —LL ——
0.80F NLO
- —— NNLO R =04
0.75F ———-- Global

lllllllllllllllllllll

NLO: ~5% reduction, NNLO ~10%, resummed ~ 12%

NGLs dominate over global contribution since GLs are suppressed
by powers of R: naive exponentiation (dashed) not appropriate!

LL resummation has large scale uncertainty band
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L gap fractions compared to ATLAS

1 <Ay<2, 0p=20GeV 2 <Ay<3,210GeV <7y <240GeV
10— .
— ffs o € |Pr/2,2D7] * ATLAS
08wy - 15 € {Q0/2:2Q0) - -- T -
I b
— 06k e > .
e~ h o
g S
St =
o.z_—_LLLLL"‘\ 0.2 o ATLAS"
I — LL |
OO |||||||||||||||||||||| OO 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
100 200 300 400 500 20 40 60 80 100

PrlGeV] Qo [GeV]

e focus on central jets so that gap size is small, but even so In Qo/Q ~ Ay not
very large

e |LO fixed order gives a better description!

* Note: beyond the large N; limit Glauber phases induce super-leading
ogarithms Forshaw, Kyrieleis and Seymour ‘06
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