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Motivation

Processes with colour-singlet final states particle play a particularly important role in
high-energy physics

> Better tools: Soft Drop|Larkoski, Marzani, Soyez and Thaler, 1402.2657]

> Better observables: Jet vetoes[ATLAS, 1203.5015], [Marzani, 1205.6808]

Understanding whether (new) particles carry colour charge:
> Largest BR for Higgs decay: H — bb
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Seeing in color with jet substructure

» Colour connection
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Seeing in color with jet substructure
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» One dimensional projections
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Outline

@ Basics of resummation
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Beyond fixed order perturbation theory

> In the region of soft-collinear, fixed order calculation spoiled by large logarithm
enhancement af'log®™ 1/t ~ 1, need to be resummed at all-order
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> From order-by-order to accuracy-by-accuracy
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Principles of resummation

> Infrared and collinear (IRC) safety

The complete cancellation of infrared and collinear singularity require the IRC safe
observable as

O,,(pl...p,-...p,,) — Onfl(pl..‘p,-,l,p,-+1...p,,), ifp,- —0
On(p1-.-pi; Pj---Pn) = On—1(p1...pi + Pj...pn), if pi || pj

> Globalness: an observable is defined to be global if it is sensitive to radiation
anywhere in phase-space.

(®) : (b)

[Dasgupta and Salam, 0104277]
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Transverse momentum resummation

Traditional approach: RGE approach:
> Simplify QCD amplitudes in » Factorization of the various scales
soft/collinear limits involved
> Example: collinear section do
—— =H(u, QZ)/dzkcdzks
do 2014 dar
— = — || d[ki > - R P
dgy ~ V2w 1141kl xJ (1K) S (k) 0@ (gr — ke — k)
oo
Xp(zi)g(z) Gr — Z i (ki) > Solve the RG evolution between two
P scale:
oF E
Hon =F
Resummation in Impact parameter space:
d 1
do —/deleo(quT)e*R(bﬂ
qu 2w
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Transverse momentum resummation

Traditional approach: RGE approach:
» Simplify QCD amplitudes in

soft/collinear limits

» Factorization of the various scales
involved

> Example: collinear section d
o

a9 _ 2 2, 2
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xP(z)6® ( gr — Z ari (ki) > Solve the RG evolution between two
=0 scale:
oF
Resummation in Impact parameter space: “a =7FF
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The NLL exponent is
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e Challenges for precision QCD
@ Non-global logarithms
@ Sudakov safety
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Non-global logarithms

> BMS equation: [Banfi, Marchesini and Smye, 0206076]

066 (1) = [ G2 W, [Uny (1) 2 (1) 5 (1) ~ g5 (1)

dQy
Unpj (L) = exp [L/R o (Wi - wy - Wﬁ,)}

> Fixed-order result: [Schwartz and Zhu, 1403.4949]

gnﬁ(L):1_§L2+®L3+ L L4+(17C(5) _7T3C(3))L5+.”
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IRC safety vs Sudakov safety

» |RC unsafe observables:

m Ratio Observable:[Larkoski and Thaler,1307.1699]
do d%c «
— = [ dad olr——
dr / adb ndp (r 5)

do d’c 1tk
qusp = /tdtd¢pﬁé <¢)p — COS ?>

> Sudakov safety: with the help of all-order resummation, the Sudakov factor will
act as the regulator for the double differential cross section

m Pull angle:

» Formalisms for the calculation:

res 2 -
1 dcr_‘ _ d b2 &b Ea—R(b)
o dt (27)
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IRC safety vs Sudakov safety

» |RC unsafe observables:

m Ratio Observable:[Larkoski and Thaler,1307.1699]
do d%c «
— = [ dad olr——
dr / adb ndp (r 5)

do d’c 1tk
T% = /tdtd¢p?5 ((Z)p — COS ?>

> Sudakov safety: with the help of all-order resummation, the Sudakov factor will
act as the regulator for the double differential cross section

m Pull angle:

> Joint probability approach:
p(90) = [ dt prs (6)pe (510

2 _fo
_ —R(p) d”0
—/dte dtdo,

We can avoid the puzzle by just resum the pull magnitude
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© Probing colour flow with jet pull
@ Theory predictions for the pull angle
@ Safe projections of jet pull
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Resummation of the pull magnitude

> Consider the resummation of the magnitude of a vector

rl 4

IEJet

> For single gluon emission, scaling similar to the jet mass
t=|t+b|=z(1-2)1-22/6°

» NLL resummation:

1do o evE
=t /0 bdbJo (bt) e" NN )\ — o Bolog <b7)
m situation very similar to well-known g7 resummation

m the radiator fi and f. have the same functional form as jet mass

» Perturbative calculation 6 Pull Angle
; ¢

W boson from pp — tf

Ppert (t, ) = / dcosbi2pres (t) pro (t[dp) p (cosbr2) Pt paron el

— Theory parton level
Theory hadron level

Ppert (¢) = /dtppert (t7 (b) 10

[
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Comparison to the data

> Non-perturbative correction:

Pnp (t, ¢p) ~ tanh (M) 5 (t - AZ_SD) , a€ (0,0.25)

» OQur calculation is in fair agreement with the data, however it suffers from large
theory uncertainties

m perturbative uncertainties: Sudakov safe observables can't expand in
terms of Feynman diagrams

m non-pert. uncertainties: Lack of IRC safety prevents separation
between perturbative and non-perturbative region

Pull Angle Pull Angle
16 8 TeV LHC 8 TeV LHC
W boson from pp - {7 1 W boson from pp - t7 ]
14 + Pythia parton level o Theory
R x Pythia hadron level 12 x x Pythia hadron level
3512 ~ Theory partonlevel | 5|§ 0 o ATLAS data
~ls Theory hadron level | ~| & 10 $ ]
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Safe uses of jet pull

> The new variable t and t; are IRC safe: analog from ar distribution
[Banfi, Dasgupta and Duran Delgado, 0909.5327]

ar = ‘Z kiisingil, tH = |Z ticosd;|

i

» NLL resummation with NGLs

o dt“
» Measure the pull between the H subjets

q§ — H(— bb) Z(— ITI7).

B Impact of the different contributions
® Non Sudakov suppression for t
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/ dbcos ( bt”)e S5 log?b
dtH

e 0 ()

asCr

m R? corrections to the NGLs
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Towards phenomenology

» Non-perturbative effects: standard shape function

d20.np %S} 27 d2o.pert L.
—5 = dk d F(k 3 ——— (t — k; s
772 /0 o), 9% (ke, ) Fi) (t— tnp(ke, ©))
21 d d2 pert
p d°o -
= - = (t — tnp(kt,
/o 2w dt? ( (k> 2))
Theoretical predictions are affected by large uncertainties, the situation can be improved
by matching with fixed-order result
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Towards phenomenology

» Non-perturbative effects: standard shape function
d20.np %S} 27 d2o.pert L.
—_— = dk d F k 3 —_— t— 1t k s
o= ke [ doFlkeo) S (k)

21 d d2 pert
© ol S o
= — ——— (t — tnp(ke,
/o 2w dt? ( np (ke @))

Theoretical predictions are affected by large uncertainties, the situation can be improved
by matching with fixed-order result

» Comparison to the Monte Carlo:
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» The magnitude of safe projection leads to a loss of information
» Fully exploit the radiation pattern: difference between towards and away from the other

jet of interest

Ay =140 E‘L"‘ ,
o dt” Eﬁ||>0 o dt” F-ﬁ“<0
_ty do t, do
'AJ‘_?E FAL>0 o dty |tAL <0

» NLL Resummation

400

k
0 -0.010

The soft radiation is crucial. precise prediction

.............

Safe Projection of Pull

~0.005  0.000 0.010

needs higher accuracy (N)NLO+NNLL
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Asymmetries

» The magnitude of safe projection leads to a loss of information

» Fully exploit the radiation pattern: difference between towards and away from the other
jet of interest

02!
Asymmetry Distribution
t do t do ° ® 1, parton level
A” =1 — 77‘ s 0.20] ) © 1, hadron level
o dt” t-A) >0 o dt” t-A) <0 ©
t, do t, do
A= -

o dt) It4; >0 o dt| It4; <0

» NLL Resummation
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Joint distribution of asymmetry

Asymmetry distributions:

Ay = asCr [ﬁ cos 3sinh Ay + sin Bsin A¢p
=" ™ cos A¢p — cosh Ay

AL = asCr [ﬁ cos 3sin A¢ — sin Bsinh Ay
T T cos A¢p — cosh Ay

+ o(R3)] +0(a?)

+ O(R3)] +0(a?).

Based on the discussion above, we can also define the asymmetry cross section by subtracting
the pull angle averaged result from the joint distribution.
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Outline

@ Conclusions and outlook
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Conclusions and Outlook

Summary:

>
>

>

v

Jet pull is an interesting observable that can probe colour flow

With the help of Sudakov safe techniques, we present the first theoretical prediction for
the pull angle.

Safe projections of jet pull: theoretical predictions are affected by large uncertainties, the
situation can be improved by matching

Fully exploit the radiation pattern can be achieved with the azimuthal asymmetry
Asymmetries can play an important role in assessing subleading colour correlations
in Progress:

The asymmetry introduces a new boundary in phase-space which renders the all-order
structure of these observables richer

Double differential resummation for the joint distribution
Probing the full radiation pattern require higher order and accuracy: (N)NLO+NNLL

Complete theory predictions: factorization with arbitrary color flow.

Thank you for your attention
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Perturbative expansion of the BMS equation

Leading NGLs arise from the strongly ordered gluon emissions
EE>E>E>--->E

The multi-gluon emission amplitude is simplified, and at large N, limit:
1.--m|2 2
’Mab :‘(plpm ’O)‘

Néng2m Z (Pa : Pb)

(pa-p1)(p1-p2)--(Pm - pb)

perms of 1---m

And the expansion of BMS at 3-loop reads:
L2
063 (1) = 5 [ 1203e Wi, (Wi — Wi — WE) (W3 — Wi — Vi)

[ 1w [ 0+ 0 - )]
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Validation with EVENT?2

» Double differential distribution:

2R
Lo _osCry dtan®y 3
dtdgp w2 t t 4
R
tan 35
—%2= sin
_q tan L2 S tan2 & tan £
+2cot¢p tan”t ———2—— —log(1 + ST T1s cos ¢p)]
- 202 cos tan® 5% tan
tan 9%2 P

» Structure of NLL' resummation:[M. Dasgupta G.P. Salam, hep-ph/0104277]

> Validation with EVENT2: (N)LO

40F T T T T T T v T v v v T
Hemisphere Pull Magnitude EVENT2: (N)LO
— Resummed: Full NLL i — Jet Mass
30l — Resummed: Collinear 12F — Pull Magnitude
N e EVENT2: (N)LO 10F
- -
NE; NS
S |2 200 <2
—lb —1s 6f
10} 4
2f
Oh " " n 0h
-14 -12 -10 -8 -6 -4 -2 0 -14 -12 =10
logt logv
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Validation with EVENT?2

» Magnitude of pull:

1_ tan? B
do as Cr | 1 3 | tanze%
7 s =F 2 og | — 2 =2
dt  « t t 4 ¢ 4tan2 &

» Structure of NLL' resummation:[M. Dasgupta G.P. Salam, hep-ph/0104277]

> Validation with EVENT2: (N)LO

40F T

Hemisphere Pull Magnitude 14 EVENT2: (N)LO
— Resummed: Full NLL — Jet Mass
30l — Resummed: Collinear 12F — Pull Magnitude
N e EVENT2: (N)LO 10F
- o
NE; R "
N 1 Ao 2log -
-14 -12 -10 -8
10} 4
2f
Oh " " " 0h
-14 -12 -10 -8 -6 -4 -2 0 -14 -12 -10 -8 -6 -4 -2 0
logt logv
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Validation with EVENT?2

» Magnitude of pull:

tan® £
do as Ck 1 3 tan2 ~12
— =——|log—— - —log a3
dt  « t t 4 4tan2 &

» Structure of NLL' resummation:[M. Dasgupta G.P. Salam, hep-ph/0104277]

20 = 1+ [ s(atyeetescro) . [N

> Validation with EVENT2: (N)NLO

x102

300
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Hemisphere Pull Magnitude: CF?

Hemisphere Pull Magnitude: CFCA

Hemisphere Pull Magnitude: CF Nf
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Double differential NLL resummation

> Missing NLL soft term for the joint distribution:

dUNLO

2R
as Cp 4tan® 5 3

= — | los - = +f ,R, 0
tdtdg, — 2m2 t2 [ € 4 (¢ 12)

tdtdp, 272 t2

2

do ' &P as Cg 4tan? B
i =2 g1~ a(R,022)

» Check pull magnitude

/ZW dop f(09) +log (1-2%) _ /% dp £ (as 00) _
o 27 t2 “Jo 27 t2

» The missing term in conjugate space:

dd)b —ibtcos(pp—p) _ asCr g(¢p)
/bdb/ (27r)2e M (as, éo) = 22 12
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Soft gluon emission

» one-loop level:
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Soft gluon emission
> two-loop level:

PO

[Monni, Gehrmann and Luisoni, 1105.4560]
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