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TEEC at hadronic colliders

TRANSVERSE ENERGY -ENERGY CORRELATIONS:
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The energy —energy correlation function, and its associated asymmetry, has proved a powerful technique for quantita-
tive tests of perturbative quantum chromodynamics in high encrgy ¢*e™ annihilation. Here we present the natural analogue
for the pp collider, constructed from the transverse energies and azimuthal angles of the final state hadrons. Leading order
QCD predictions are calculated. We show how the correlation function provides a measure of three-jet production which de-
pends only weakly on the parton structure functions, and should therefore allow a direct measurement ot the QCD coupling
constant ag.
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s a b
sum over all the jets
for each event

sum over all the particles
for each event
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TEEC = Z/da-pp—)a-Fb-FX
a,b

(cos pap — cos @)

@ sum over all the jets @® weighted cross section
for each event @ the soft radiation does not contribute
@ sum over all the particles directly to the observable at leading
for each event power

@ soft gluon contributes only via recoil
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TEEC at hadronic colliders

® the flow of radiation in a scattering event, as other event shape observables

® precision measurements of QCD parameters, such as the strong coupling
constant

® non-trivial color evolution and amplitude level factorization violation occur for
dijet event shapes
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Measurement of transverse energy—energy correlations in multi-jet
events in pp collisions at Vs = 7 TeV using the ATLAS detector
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TEEC at hadronic colliders
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EEC predictions

Recent progresses

Analytical NLO
NNLO

NNLL+NLO
NNLL+NNLO

3-loop soft function
Analytical NNLO
For higgs decay

Dixon et al arXiv:1801.03219

Vittorio Del Duca et al arXiv:1606.03453
Florian, Grazzini arXiv:hep-ph/0407241
Tulipant, Kardos, Somogyi arXiv:1708.04093

Moult, Zhu arXiv:1801.02627

Henn et al arXiv:1903.05314, see Kai’s talk
Luo et al arXiv:1903.07277
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EEC predictions

Analytical NLO

Recent progresses

NNLO
NNLL+NLO

NNLL+NNLO

3-loop soft function

Analytical NNLO

For higgs decay
NLO QCD corrections to the TEEC for jets
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Florian, Grazzini arXiv:hep-ph/0407241
Tulipant, Kardos, Somogyi arXiv:1708.04093

Moult, Zhu arXiv:1801.02627

Henn et al arXiv:1903.05314, see Kai’s talk
Luo et al arXiv:1903.07277

Ali et al arXiv:1205.1689

“Transverse EEC distributions in hadronic collisions, on the
other hand, are handicapped due to the absence of the
NLO perturbative QCD corrections.”

4 /18



Kinematics

2ET
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smaller corrections from the non-perturbative effects
compared to other event shape observables
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Kinematics

21 F
TEEC = Z / AT pp—satb+X | ZT ETT|I; 0(COS Pgp — COS @)
a,b ¢

Collinear singularity
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an extension of the jet calculus:
Konishi et al 1979

See Huaxing’s talk

e non-perturbative effects
compared to other event shape observables
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Kinematics

261 F
TEEC = Z / dopp—atbiX ‘ ZTETTIZ 0(cos pqp — cOS @)
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Collinear singularity Collinear and soft singularity
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an extension of the jet calculus:
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SeeHuaxingstalk [
I The purpose of our work is using SCET to improve the |
; predictions in the back-to-back limits
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Back-to-back limit

Select dijet events hi+ho — J1 + Jo+=x

Define scattering plane: x-z ny = (1,0707 1)7712 — (170707 —1)

ng = (1,sin0,0,cosf),ny = (1, —sin#,0, — cos )
1 4 cos(¢)

T = 5

The dijet limit is defined as

> (0
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Jet Functions

It is similar to the 1-dimensional TMD factorization
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factorization formula ...

Soft and collinear momenta , _ 9v Hn ~ PT
pr
Ps ~ QA A A A) pe ~ Q(1,A,1,1)
He ~ prA
2 242 2 242
Ps ~ QA Pe ~ QA fs ~ DT
Aqep

The exponential regulator was used to deal with the rapidity divergences
Li, Neill, Zhu, 2016

1
d 0 2 d 0 2\ —2k07eVE _
/d kO(k”)o(k*) — /d kO(K")o(k“)e 14 =

7 /18



factorization formula ...

Soft and collinear momenta , _ 9v Hn ~ PT
pr
Ps ~ QA A A A) pe ~ Q(1,A,1,1)
He ~ prA
2 242 2 242
Ps ~ QA Pe ~ QA fs ~ DT
Aqep

The exponential regulator was used to deal with the rapidity divergences
Li, Neill, Zhu, 2016

1
d 0 2 d 0 2\ —2k07eVE _
/d kO(k”)o(k*) — /d kO(K")o(k“)e 14 =

The factorization formula in the back-to-back limit is

(0) 1 d 2 oC db ;
do /d%dy‘l pT/ ——e PV G [RS8 1 (g g 1) S (b, Y, s v)

dr 167TS2(1 —|— 5f3f4 \/7 Z 1n1t

channels 51 52 2

’ Bfl/Nl (b7 517 22 )BfQ/NQ(b7 527 M V)Jf3 (bnu) V) ']f4 (balua V) .

The azimuthal angle distribution

1 4 cos(¢) ~ 27 LA e (q_)
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Factorization formula

The hard functions for all 2->2 process in massless QCD are known up to NNLO

For example LO, gg->gg Broggio,Ferroglia,Pecjak,Zhang 2014

a b c C b a
( )

b d ¢ ¢ d b
c e f 1 '
H'"Y = c e [ [ e c
b d ¢ € d b

a b c C b a
\ O(ix.‘i O.‘ix.’i)

Beam function: are identical to TMD beam functions b* = 1(0,0,1,0)

Gehrmann et al 2012 and 2014, Lubbert et al 2016, Echevarria et al 2016

1

b
Jet functions: J; = E / dx © Zij;j(—, %)
) 0 X
J

Matching coefficients of TMD factorization function

known up to NNLO
Echevarria et al 2016
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Soft function

S(b,y") = (01T [Onynznsns (04)]T1O] (6")]10)

nimna2mn3ng

()n1n2n3n4(x):::}fn1lzn21fn3}fn4(x)

One-dimensional Fourier transformation b* = (0,0,b,0)
scattering plane: x-z plane T, - b=20
2
S(b,y*, 1, v) =1+ 28O (y* Ly, L,) + (O‘—) S®)(y*, Ly, L) + O(a?)
4 47

. 1 Mg T
S (y 7LbaLu):_Z(Tz"Tj)SS_)(LbaLz/—l—ln 5 *7)

1<J

TMD soft function for color-singlet production at
hadron colliders

When 7i-nj; =2  the soft integral gives

S\ (Ly, L,) = 2L} — ALy L, — 2(

9/18



Soft function

NLO soft function S (y* L, L,) =-> (T;-T;) st (Lb> Ly +In~ an)
1<
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Soft function

NLO soft function S (y* L, L,) =-> (T;-T;) st (Ll» L, +1In— nj)

— 2
1<)
NNLO soft function

Double soft gluon emission limit Catani and Grazzini 1999

X 2 Catani and Grazzini 2000
‘Mg.g.al.....an (¢1,92, P15 - - - Pn)|” = (—177(_13,1_1‘6>

i j=1

convolution of the NLO soft integrals non-abelian contribution

In the soft limit, the 2-loop soft integral has the dipole form

It is also true for the soft qqgbar radiation and virtual real contributions
See Andie’s talk this afternoon
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1 2 Mg - 1y
S(Q)(y*,Lb,Lu) =5 (S(l)(y*,Lb,Ly)) — Z (T; - T;) SS_Z) (LbyLy + In 5 J)

1<J
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Soft function

NLO soft function S (y* L, L,) =-> (T;-T;) S(j)

1<J

NNLO soft function

Double soft gluon emission limit Catani and Grazzini 1999

X 2 Catani and Grazzini 2000
‘Mgg(ll(ln (ql' q2' p]. """ pn) |- =~ (47‘_(18[[—6>

i, j=1

convolution of the NLO soft integrals non-abelian contribution

In the soft limit, the 2-loop soft integral has the dipole form

It is also true for the soft qqgbar radiation and virtual real contributions
See Andie’s talk this afternoon

S(Q) y*,LbaLy = — S(l) y*,Lb,LV — T’I, . T i |
2| ) :

1<J
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Soft integral

For EEC (n-n=2)
/ dl 5T (12) et T = % / ditdl=d? 21y §(ITI —13) em(THT b L

For TEEC (n-n=1-—cosb)

1
= ——(I"n, + 7" + 11 I = lyngy + lav)

n-n

n-n n-n

[att @y etz = L faram i, o2t ) e e
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Soft integral

(n-n=2)
/ddl 5+(l2) 6’ibJ_~l_]_—2l0’f‘ — 1

5 / ditdl=di=21, S(ITI —12) e UTHTIFRbLL

For EEC

For TEEC (n-n=1-—cosb)

—

. [Tak) 4+ 11
n.ﬁ( n, +17nk) +

I
/ddl 5 (12) gibrli—2loF 1 /

lﬁL_ — lyn’?j -+ l@vﬁb_

n-mn

ditdl=d? 21, §(——1t- —12) SRS B
n-n

vanishes when we take the limit 7 — 0
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Soft integral

For EEC (n-n=2)
/ dUL 5F(17) et T = % / ditdl=d? 21y §(ITI —13) em(THT b L

For TEEC (n-n=1-—cosb)

n-n

/ddl 5—1—(12) eibL'lJ_—le% _ 1 /dl—i_dl_dd_ZlJ_ 5( 2_l+l— o li) e—%(ﬁ—l—l‘)%%—ibgu

1
= ——(I"n, + 7" + 11 I = lyngy + lav)

n-n n-n

vanishes when we take the limit 7 — 0

NNLO soft function

* 1 * ° i T
S(2)(y 7Lb7Ll/) — 5 (S(l) (y ,Lb7LV)) — Z (Tz . Tj) Sf) (LbaLl/ + In 5 ])

1<J

The first analytical soft function for dijet production

For N-jettiness soft function for dijet numerically,
see Bell et al 2018 (package SoftSERVE), Jin and Liu 2019
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Numerical results

TEEC Vs=13 TeV — NLO
P, P, > 500 GeV -.= NLO singular
PDF4LHC15_nnlo_mc NLO non-singular

do/dint [nb]
&
o
Ido/d¢l [nb/deg]

—_
o
il IIIIIII| T IIIIIII| T IIIIIII| [ TTTTm

TEEC Vs=13 TeV LO

- = LO singular
— ONLO

—-70 PDF4LHC15_nnlo_mc¢  -.- 3NLO singular

|
N
o
IIII|IIII|IIII|IIII|IIII|IIII|IIII|'IIII

—-60 pT1+pT2 > 500 GeV

o IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII IIII|IIII

1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1
160 165 170 175 180

g 1 1 1 | 1 1
12 -10 -8 —6 -4 -2
Int

_80 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1

Fixed order results are calculated using NLOJET++

This is the first time that the singular behavior for a dijet differential distribution is
under full control at this order.

It seems that the power corrections do not go to zero O(ky/pr) ~ O(180 — 9)

require more computation power to reach the limit
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Resummation

To deal with Landau pole A

b
IRV

,usz,uI:Vs:bO/b>I< Hn =V = PT

Hh

b*

>
Y
e OO
The resummation is achieved by

4 running the hard function from the hard scale >
to soft scale Vs v

4 running the soft function from the soft rapidity
scale to collinear rapidity scale.

Order |H,B,S,%,f ~% Fiusp 15,
LL LO 1-loop 1-loop
NLL LO 1-loop 2-loop 2-loop
NNLL NLO 2-loop 3-loop 3-loop
NNNLL NNLO 3-loop 4-loop 4-loop
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RG equations

RG Evolution

dH 1 ; s _ 1 /ni .
dlanZQ(FH‘H_FH'PH) dln/ﬂ_Q(Fs S+ FS)

0i;8;; + 10
I'g=—Y T; TjYeuspln - + 1+
H ; i * 45 eusp 12 22: Tt TV quad 3-loop soft anomalous dimensions

5 Almelid et al 2015 and 2017
vVeng - n; Ci
PS — Z Tz ' Tj7011sp In 2/1,2 L — Z 5751 ] ’7quad

i< i

dG; 1 4(p?)*

2 = (Tt i ) G
dln p ( o CiTeusp 2 +’YC,> M Beam and jet

Evolution associated with the rapidity scale

1 dG; y
:§(rg-s+s-ry) :‘_(

dnvz 2\ Jyzpe [t

/uf d_/%’}/cusp [()é,s- (/j)] — Tr [()zs(b()/b)]> G,
b /b 72
e </ %%“p s+ rlevs(bo/ b>]> D il +yxly", as(bo/b)]

possible factorization violation
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Resummed—Int

do/dint [nb]

14 -12 -10 -8 -6 -4 -2 0
Int

O It is divergent for fixed order calculations
O The resummation cures the divergences
O There is a reduction of scale uncertainties from NLL to NNLL
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Resummed—Int

6 f
: b o= 170°
4 )
s el ) = 175
= , |
£ 3 |
- ,
L= ,
2 2 S — 179°
s ?" ’
0 // g
Tl Z1i2 Ziol 8 kel -4 20

O It is divergent for fixed order calculations
O The resummation cures the divergences
O There is a reduction of scale uncertainties from NLL to NNLL
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Resummed —¢

_ or :

10 ELO g —

é” ‘ [ NNLLANLO & 0 E —
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® The transition range is [155,170]

® Itis divergent in the collinear limits

® There is no peak in the back-to-back limits for the resummed
distributions
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Compare with PYTHIA

Fixed order vs PYTHIA
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¢ The effects from MPI and Hadronization are small compared to other event shape

observables

¢ Normalized distribution agrees with the PYTHIA predictions, especially when MPI is off
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Conclusion

studied the TEEC in the framework of SCET
discussed the beam, hard, jet and soft functions
calculated the singular distribution up to NLO

present the NNLL+NLO angle distribution and compare with PYTHIA

There are many things to do

iInclude the non-perturbative corrections
try to improve the results in the collinear limit

predict NNLO singular contribution to TEEC using the 3-loop anomalous
dimensions

study TEEC in heavy ion collisions
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Conclusion

studied the TEEC in the framework of SCET
discussed the beam, hard, jet and soft functions
calculated the singular distribution up to NLO

present the NNLL+NLO angle distribution and compare with PYTHIA

There are many things to do

iInclude the non-perturbative corrections
try to improve the results in the collinear limit

predict NNLO singular contribution to TEEC using the 3-loop anomalous
dimensions

study TEEC in heavy ion collisions

Thank you
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polarized gluon beam function

The contribution from the traceless tensor structure vanishes

o0 ‘ kf_Qe k%ka/ gﬂLV
dk’xdk e—zbky Y ( 1L 1 ) s ()
/ ’ k2 k2 2

— OO

We have B* o« g'"
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