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Motivation

» Experimental motivation

e C T T ]

= |U1.3FATLAS « Data 3

o]\ Fie— 1 _ b

S[E  FVs=8TeV,203fb . SM ]

% 1.2t Powheg+Pythiaé —

H‘g E = Flipped tt ]

[=] C Powheg+Pythiaé J

11 ¢ -

0 Powheg+Herwig 7

1+ = E

0.9+ =§={

T F 1 1 1 1 .

© 1.05—— 0 =

[a) e

O 0.95- -
095 | ‘ ‘

0 0.2 0.4 0.6 0.8 1

All particles ep(Jl,Jz) [rad]/Tt

0.9

T T T
r ATLAS + Data
E/s = 13TeV, 36.1 fo-' Statistical Unc.
C Total Unc.
—+ Powheg+Pythia8
- Powheg+Pythiaé
-=- MG5_aMC+Pythia8
——
o

Powheg+Herwig7
Sherpa

il

%

0 01 02 03 04 05 06 0.7 08 09 1
Charged particle 0p (j}¥, /%) [rad]/=

difference between state-of-the-art simulations and data[ATLAS, 1506.05629,1805.02935]




Motivation

» Experimental motivation

AN C T T T ]
= |2 1.3fATLAS e Data |
=) L ]
B[ [Fs=8Tev, 203" __ smi ]
% 1.2———ro Powheg+Pythia6 —
H‘E 5 = Flipped tt +
[=] C Powheg+Pythiaé J
11 ¢ -
0 Powheg+Herwig 7
1 —— =
[ Il Il Il Il 1
S T T T T
< 1.05=———— 0 =
[a] e
=
@] - ]
s 0.95 :

0 02 04 06 08 1
All particles ep(Jl,Jz) [rad]/Tt

difference between state-of-the-art simulations and data[ATLAS, 1506.05629,1805.02935]




Motivation

» Experimental motivation

r T T
FATLAS o Data

~ 7]
2|13 -
o N il
8% [=8Tev, 203 _ swd ]
Ies) E e i
T 1.2F—t—— Powheg+Pythiaé —
\—I‘E E £ Flipped tt 3]
[=] 1 1: Powheg+Pythia6 ]
' :—O— Powheg+Herwig E
1+ = E
T F 1 1 1 1 .
L —_— ]
< 1.05=———— —
a e
5
@] - ]
s 0.95 :

| | |

0 0.2 0.4 0.6 0.8 1
All particles ep(Jl,Jz) [rad]/Tt

difference between state-of-the-art simulations and data[ATLAS, 1506.05629,1805.02935]

» Theoretical motivation: challenge of IRC unsafe observable
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Flow

> difference between colour singlet (signal) and colour octet (background)

q§ — H — bb and q§ — g — bb [Gallicchio, Schwartz, 1001.5027]
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Definition of Pull

» Construction of the jet pull

Ab=6-a;

J2

Legend
=¥ Jet-pull vector P (j;)
= Jet-connection vector
6 Jet-pull angle (j; w.r.t. jz)

ue
weighted by pr)
N

Ay=y-—y;

[ATLAS, 1805.02935]
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» Construction of the jet pull » Definition of pull:
Ap=6-; - E;sin®0;
i p £= 5 BT (cong sini)
J

i€ Jet

> One dimension projections:
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IRC safety vs Sudakov safety

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

On(p1..-pi---pn) = On—1(p1...pi—1, Pi+1..-Pn), if pi — 0
On(py---pis Pj---Pn) = On-1(py.-.pi + pj---pn), if pi || pi
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IRC safety vs Sudakov safety

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

On(p1..-pi---pn) = On—1(p1...pi—1, Pi+1..-Pn), if pi — 0
On(py---pis Pj---Pn) = On-1(py.-.pi + pj---pn), if pi || pi

» [IRC unsafe observables:

m Ratio Observable:[a, Larkoski, J.Thaler,1307.1699]
do d?c «
ch:/dadﬂdad56(r_ﬁ)

do d’c _qtye
T% = / tdtdd)pﬁ(s (¢p — COS ?)

m Pull angle:

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

Formalisms for the calculation:

» Approach 1: Double differential NLL resummation

1do™ d’b iB-Eg—R(b)

5 = s€
o dt (2m)

» Approach 2: Joint probability
p(0) = [ dt prs (6)pic (510

2 _fo
_ —r(p) 0
—/dte dtdo,
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Sudakov safe techniques

Formalisms for the calculation:
» Approach 1: Double differential NLL resummation X

1 do™ / d’b 5t —Rep)
— =5 = > € e
o dt (2m)

» Approach 2: Joint probability v/
p(90) = [ dt prs (6) P (510

2 _fo
_ —r(p) 0
—/dte dtdo,

We can avoid the puzzle from the double differential resummation, by just resum the
pull magnitude

C. Wu (UniGe) Jet Pull 12 Jun, 2019 7/ 22



Outline

@ Theoretical predictions at small g1
@ standard gr resummation formalism
@ pull angle: comparison with MC and data
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Review: qr Resummation formalism

For the general gt like observable V (E) k= Zla,-, the all-order differential cross

section is

d*c .

WV Z/Hd[k] WGt P R Bl (v — 7 (ks ko)
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Review: qr Resummation formalism

For the general gt like observable V (E) k= Zla,-, the all-order differential cross

1
section is

dQJ o0 n -
v Y EOZ/I [ d [k 1M (r, p2s ko= ka) [216(V — V (K - - k)
n= i=1

n-particle final state real emissions can be factorized as

1
M (pv, p2, ki -+~ ka) |* = [Mo (p1, p2) IZEIM(k:‘) - IM (ka) |*
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Review: qr Resummation formalism

For the general gt like observable V (E) k= Zla,-, the all-order differential cross

1
section is

dQJ o0 n -
v Y EOZ/I [ d [k 1M (r, p2s ko= ka) [216(V — V (K - - k)
n= i=1

n-particle final state real emissions can be factorized as
M (o1, p2,Ka k) = Mo (pa, p2) [P [M (ki) - M (ko)

Simplify the QCD amplitude with single gluon emission:

soft part: collinear part:

2 2 _)?
MU= Craniizn M (2) P = P(2) = G20

z

Jet Pull 12 Jun, 2019
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Review: qr Resummation formalism

» Collinear n gluon emissions, with R = 0.4:
n

t= Z ti (ki)
i1
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Review: qr Resummation formalism

» Collinear n gluon emissions, with R = 0.4:
=D (k)
i=1

» The all-order formalism for collinear emission becomes:

d20'_ > 1 “ (2) — > —
?71/”}::05’1}1[&]/3(2,)5 t—;t,(k,)

» Sum over all emissions can be done as
1 d%c 1 o= JBE —ib-f

_ 1 27 iB-F_—R(b)
=2 d"be'" e
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Resummed results (pull magnitude)

> Recall the definition of pull E,

E,

o E:sin®0; .
= Z i G (cos¢i, sing;)
i€ Jet
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Resummed results (pull magnitude)

> Recall the definition of pull E,

t= Z Esm b (cosi, sing;)
et

> In collinear limit, the single gluon emission pull is

fi =z (1 — z)|1 — 22|60 (cos, sing)

» The radiator becomes
* do?
R(b):/ / dz22 P (2) (1 4o (b26%))
0
» For the pull magnitude, simply integrate over the b-space azimuthal angle and the

pull angle ¢,

1do o —R(b)
g t/o bdbJy (bt) e

Jet Pull 12 Jun, 2019 11 / 22



Fized-order result

» Double differential distribution

Fo oGy bl 3
dtdgp, w2 t t 4
tan > .
1 ot sin ¢ tan’ £ tan &
+2cotgp tan T ———2——— —log(1 + - cos ¢p)]
tan 5 tan? 912 n 012
1— —%% cosgp 2 2
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» Double differential distribution

Fo oGy bl 3
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d-order result

» Double differential distribution

d*c _as C o 4tan2§ 3
dtde, =2 t & 4
tan &
1 ot sin ¢ tan’ £ tan &
+|2cotpp tan T ———2——— —log(1 + -2 cos ¢p)]
P tan & 2 612 612 P
1— 22 cos ¢ tan® 5= tan 5=
tan 212 P
> Magnitude of pull 1- tan? B
0
do Qs Cr | 1 3 o tan2 =12
d  r t t 4 & 4tan? B

12 Jun, 2019
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Fized-order result

» Double differential distribution
o _asCrp At 3
dtde, =2 t &1 4

tan B
_1  tan 77 Sin p tan® B tan =
+2cotgp, tan™t ———2————— —log(1 + 2 _ 2 cos ¢p)]
tan 5 tan2 012 2%
1—“1912 cos ¢, 2
2
> Magnitude of pull _ wan? %
do as Cr | tan? 9%
=5 g2 =2 o
dt Tt & t 4 g 4tan2§

40

do
o dlogt

1

30

)
=]

Hemisphere Pull Magnitude |
— Resummed: Full NLL
— Resummed: Collinear

© EVENT2: (N)LO ]

do
o dlogv

1

EVENT2: (N)LO
— Jet Mass
— Pull Magnitude




ed-order result

» Double differential distribution

d’*c s Cr flo 4tan2§ 3
dtde, =2 t &1 4
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Higher order comparison

For the higher order(NNLO) comparison with EVENT2:
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Perturbative joint distribution

> Relation between subjet angle and boost angle:

2m’ 1
m® = 2E,E> (1 — cosbhy) = costiy =1 — o

E?2 1 — 32cosf

2
= O12min = —
Y
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Perturbative joint distribution

> Relation between subjet angle and boost angle:

2m’ 1
m® = 2E,E> (1 — cosbhy) = costiy =1 — o

"E2 1— B2cosf
2
= O12min = —
vy
» The subjet angle distribution is
1 (S) (1 — % — cos@lg)

p(cosbz) = —
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Perturbative joint distribution

> Relation between subjet angle and boost angle:
2
m = 2E1E2 (1 — C05012) = C05012 =1- ?m

2m? 1

2
= O12min = —
Y

> The subjet angle distribution is
O (1— 2 — cosbr
1 v

72 (1 — cosbp)*? \/1 — %\/1 — % — cosb12

> By convolve with the result of Sudakov safe calculation, the full perturbative joint

distribution is —0.18
Pperp (t, @) = / dcos012pres (t) pro (t|p) p (cosbi2)
—0.62

p(cosbr2) =

Pull Angle
1.6 8 TeV LHC

W boson from pp - tf
14 + Pythia parton level

— Theory parton level
Theory parton level, 6,
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Non-perturbative correction

» In non-perturbative emission region:
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Non-perturbative correction

» In non-perturbative emission region:

Aqcp

t <
E,

» we choose the non-perturbative distribution as

1 A .
Pnp (t,¢p) ~ tanh (m) ) (t — ZjD Sln2R) , a € (0700)
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Non-perturbative correction

» In non-perturbative emission region:

Aqcp

t <
E,

» we choose the non-perturbative distribution as

1 A .
Pnp (t,¢p) ~ tanh (m) ) (t — ZjD Sln2R) , a € (0700)

» The angle dependent part:

1.0

Shape of Tanh Function
—a=0
038 —a=1/4
—a=1/2
—a=1
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0.4
0.2
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Compare with MC and data

Finally the pull angle distribution can be obtained by

p(%e) = / dt/ ar’ / " as / dt” / hdznpperp (£',6') pu (¢, 8")

5 <¢p o COS_IM> ) (t _ \/t/2 L2 L 2t't" cos (¢/ _ ¢//))
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Compare with MC and data

Finally the pull angle distribution can be obtained by
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Outline

@ IRC safe observable
@ analog from ar distribution
@ resummed result




Compare at with g7 distribution

» Definition of t, and at distribution [A. Banfi, M. Dasgupta and R. M. Duran Delgado, 0909.5327]

ar Z‘ Z kt,-sinqb,-|
i

t =| Z ticos¢il
i
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Compare at with g7 distribution

» Definition of t, and at distribution [A. Banfi, M. Dasgupta and R. M. Duran Delgado, 0909.5327]
ar Z‘ E kt,-sinqb,-|
i
t =| E ticos¢il
i

» Fixed-order result

T dé Mising| 3, Ml|sing|
s (ar) ~as / = log? 2 — Zog
(ar) ~asCr o | fo8"— 5

0 T ar
oM 3, M 7P
—O‘ScF( 8 22y 28 **3)
o) N d¢ a|cosp| 3 |cosg|
> (k) asCF/O . ( g T 2log n
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Compare at with g7 distribution

» Definition of t, and at distribution [A. Banfi, M. Dasgupta and R. M. Duran Delgado, 0909.5327]

ar :‘ Z kt,‘SI'an),'l
i

t =| Z ticosoil
i

» Fixed-order result

27 . i
W (ar) NOésCF/ d¢ <Iog2M - %IOgM)
T

0 27 aTt

M 3 M 7
=asCr ( log> — — Zlog— + —
s F("g 2a7 20g2ar+12>

27
s (t) ~as CF/ % (/Og2 |cosd| _ §/Og |COS¢|)
0

[2% 2 tx
» Similarities between ar and t
2

¢h) _y@ (PTY ™
2(ar) - (2) asCr
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Compare at with g7 distribution

» Definition of t, and at distribution [A. Banfi, M. Dasgupta and R. M. Duran Delgado, 0909.5327]

ar :‘ Z kt,‘SI'an),'l
i

t =| Z ticosoil
i

» Fixed-order result

27 . i
W (ar) NOésCF/ d¢ <Iog2M - %IOgM)
T

0 27 aTt

M 3 M 7
=asCr ( log> — — Zlog— + —
s F("g 2a7 20g2ar+12>

27
s (t) ~as CF/ % (/Og2 |cosd| _ §/Og |COS¢|)
0
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» Similarities between ar and t
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Resummed result for t,

» Resummation formalism for t,

+oo
do _ 1/ dbcos (bt,) e 2D
dt, mJ,
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Resummed result for

tx

» Resummation formalism for t,

do _
dt,

» Comparison with EVENT2:
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Resummed result for t,

» Resummation formalism for t,

400
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Resummed result for t,

» Resummation formalism for t,

do 1

+oo
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» Comparison with EVENT2:
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Resummed result for t,

» Resummation formalism for t,

do 1

@ =

™

> Comparison with EVENT2: (N)NLO without C1
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Resummed result for t,

» Resummation formalism for t,

+o00
do _ l/ dbcos (bt,) e~ RUED
dt T Jo

> Comparison with EVENT2: (N)NLO with C1
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All order results
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» (@O—i-NLL matching with EVENT?2

@ 25
2 20 . ".-.
15
5‘5 :
Tlix .
=150
5
0

Hemisphere Pull tx

0.001 0.010
X

200

150

1 do

[ 100
I

50

Hemisphere Pull Magnitude

107

0.001 0.010 O.IOO

t




All order results

» (@O—i-NLL matching with EVENT?2
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> Non Sudakov suppression for ty:

o0 asC, S asC
do —3/ dbcos (bt,) e 37 18P = l/ dbe™ 37 1o8%" [1+ o) (tﬁ)]
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Summary and Outlook

Summary:

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

» Qur calculation sheds light on the difference between MC and data.

> Precision calculation of jet pull may also help to study Higgs and BSM physics, by
explore the pattern of colour radiation.

New IRC safe observable, while maintain the same sensitivity of color flow. as pull
angle.
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> Precision calculation of jet pull may also help to study Higgs and BSM physics, by
explore the pattern of colour radiation.

> New IRC safe observable, while maintain the same sensitivity of color flow. as pull
angle.

Future works:
» Need to account the W boost by match to the W boson decay matrix element.
» Monte Carlo study to check the robustness of our new observable.
> Go higher order and accuracy: full (N)NLO+NLL' result, with NGL.
>

Complete theory predictions: factorization with arbitrary color flow.
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Summary:

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

» Qur calculation sheds light on the difference between MC and data.

> Precision calculation of jet pull may also help to study Higgs and BSM physics, by
explore the pattern of colour radiation.

> New IRC safe observable, while maintain the same sensitivity of color flow. as pull
angle.

Future works:
» Need to account the W boost by match to the W boson decay matrix element.
» Monte Carlo study to check the robustness of our new observable.
> Go higher order and accuracy: full (N)NLO+NLL' result, with NGL.
>

Complete theory predictions: factorization with arbitrary color flow.

Thank you for your attention
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Backup: Double differential NLL formalism

For t = (t, ¢p) For t = (t., t,)
» Missing NLL term for pull angle > t, from the joint distribution
doNLO as Cp 4tan2§ 3 do 2 4o
e 2 Z - /d 5 (te —
tdtdp,  2n2 12 [’og PRRACE 912)] dt / Cdiag T tes?)

[N

does P as Cp 4tan? 3 .
log —, Tlet—a(Ren)| > Compare with resummed result

tdtd g, 22 2 t

Hemisphere Pull tx: (N)LO
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® Resummed

» Check pull magnitude
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Backup: (N)LO+NLL

Improvement for the fixed-order results:

ldowyorne _ 1 [dowyo | dome  donia,
o dlogt o | dlogt dlogt dlogt
Matched end-point:
lo, 1 —lo 1.1 + LBq
8 t € t tmax 4

with tayr = 4757 tpa ~ 0.2

Result for (N)LO+NLL:

Hemisphere Pull Magnitude
Resummed: Expand
— Resummed: Matched Ep

Hemisphere Pull Magnitude
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— EVENT2: (N)LO
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Backup: Sudakov factor at LL

The Sudakov factor at LL is

_asCpy 2
A (t) —e o log“t
And the Sudakov safe calculation becomes

do /dm(t)" ~ 0(v/a3)

doy, dtd ¢,
Pull Angle
Lor 8 TeV LHC 1
W boson from pp - tf
L4r + Pythia parton level 1
wls — Theory parton level
33 12 Theory parton level, 6y |
—1b
10+
0.8F
0.6 s s s N
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