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Final states at LHC

Final states at LHC:

C. CERN
n Oct 25 05.47 22 2010 COT
| SRITH0I9E

v A lot of particles produced
v Energy of particles is deposit at the calorimeters

v Admit description in terms of the energy distribution on the celestial sphere
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Energy flow operators

Angular distribution of the energy
(R, ..., Z| (in| X))2E16 (Qp, — Q,) .. ELd® (Qp, — Qi)
Particles with momenta p; = (FE;, p;) enter calorimeters located in the direction 77;
Energy flow operator [Sveshnikov, Tkachov] 7" To; (t,ri)
E(R)|X) = ZEa 5 (Qz, — Q5)|X)

Expression in terms of the stress energy tensor

o0

E(n) = lim dtr? i@ To; (t, vi1)
™00 O
Correlation functions of the flow operators [GK,Sterman],[Belitsky,GK,Sterman],[Hofman,Maldacena]

F(@1, ... AL = (in|E(71) ... E(RL)|in)

A powerful approach to computing QCD observables [Chen,Moult,Zhu]

What are symmetries of the energy flow operators?
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Covariant definition and generalization

Energy flow operator in d—dimensions

E(n) = lim rd—2/ dt Ty o (rn + tn)nt1nk?2

™00

n = (1, 77) points towards the calorimeter, n auxiliary null vector, (nn) = 1.

Introduce energy resolution w

oo .
Ew(n) = lim rd_2/ dt e T, o (rn +th)akl .. aHs
— 0

™00

Generalization to higher spin conserved currents Jy,; ... ¢ ()

Global charges
/dd_2n5w(n) =P_ —iwM,_ + O(w?)
P_ total momentum, ML _ Lorentz boost; satisfy Poincaré algebra

The goal is to establish the algebra of the flow operators 7, s(n)
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What we expect

The detectors are located on the celestial sphere n = (1, 77)

T () J(#A")

The flow operators are space-like separated for n # n’

Their commutator should be localized at n = n’
(Jww,5(n), Tt g0 ()] ~ 5972 (n,n)

Which operators appear on the right-hand side?
For n = n’ the effective dynamics takes place on the light-cone

Relation to low dimensional symmetries?

-p.5/14



Warm up example

In d = 2 dimensions

w .
Eo = lim dt e T__(rn + tn)
r—oo [
Commutation relations of T__ =T, ;,, n*1 nH2

[T (@), T w3 )) = 01 = B2) (T ()07 —25)) = 58" (ap = 3)

The algebra of the flow operators in d = 2 dimension

[Ewy Er] = (W — w)Ey o — 1—620035(00 W)

Formal expansion

N\ k
1w
Ew = E ( k') Ly , Generalized ANEC operators
. !

Virasoro algebra

C
[Lm, Lk] = (m — k)Lm—l—k —|— Em(mQ — 1)5m—|—k,0

The energy flow operator is a generating function of the Virasoro modes
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Warm up example li

Extention to higher spin currents

o0

Jw,s = lim_ dte™ J,. . us(rn4tR)akl .. pks
— o0

Generalized Zamolodchikov algebra

S1+S9—2

_ _ o N — - . Cs -
[Js, (2] ), Js, (x5 )] = — Z fngQ (101,102) (J53 (2] )6(x] — x5 )) — 105, 5, ﬁg(%‘ﬁ—l)(xl — )
S3==Smin

Algebra of higher spin flow operators

S+5"—-2 -
/7 CS
[Jw,5, Tt 51] = Z fgsw (w, W) Tt 57 — 0557 0(w + W w?S ! 12
S""=Smin
Formal expansion
(iw)* ims—o
jw,S — zk: X Vk
Weo algebra [Pope,Romans,Shen]

. . | Sy )
Vs Vil = Zg;@(m,n)V,},{Tn e ci(m)d* dm+n,0
£>0
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Leading twist operators in d dimensions

Conserved currents in a free U(1) gauge theory (fermions 4 photons)

T~y (10-)5"Np + . .

T P (i0-)ST2F_ M 4.

All Lorentz index are contracted with n#

Conformal symmetry fixes form of the operators built out of ® = {¢, F_,}

Js(z) = (z)Ps (D, i0_)®(x)

271 —
Ps(p1,p2) = (p1 + p2)SC’ Sj 2 (pl pz) Gegenbauer polynomial
p1 + P2

Conformal spins j,, = d/4, jq = (d+2)/4
Stress-energy tensor T _ = m{gfg + Jégz)Q

Generalized energy flow operator

Jo.s(n) = lim 742 / dt e 1 Jg(rn + tn)

T— 00 5o
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Commutation relations

[T, (0), Tt 50 ()]~ Torr g (")
Insert inside the correlation function
(@(21)Tw,5(n) T 51 (0" )P(x2)) — (P(21)Tr 57 (0) Tos, 5 (n)P(22)) ~ (P(21) Ty g0 (n)P(x2))
Three-point function
(®(x1)Tw,s(n)®(z2)) =
a1 (e %)

1 2

Transition amplitude: xo — Detector — x1

The particle enters the detector with the energy a2 and leaves it with the energy a1 = as + w
(®(21) T .5 (n)D(22)) ~ / do (o (a1 — w)) P 10(a1 — w) e~ W ne2)—ia1(n@12) po (o, —ay + w)
0

Pg is the energy dependent weight
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Commutation relations i

Four-point function (connected part)

a3 a3

(®(21)Tw,5(n) T g/ (n)P(x2)) = g \

xr1 i) xr1 xro
Particle goes subsequently through the two detectors

<(I)(331)[jw,s(n), jw/,sl (n,)]@(x2)>c ~ 5(d_2) (’I’L, ’I’L/) e—iw”(nxg)

X / doy (o1 (a1 —w”)710(a — W) e 1 ("®12) Q(ay)
0
Total energy w’’ = w + w’, polynomial Q(«;) is bilinear in P’s

Q(ozl) :(ozl — w)2s_1PS (041, —1 + w)PS/ (al —w, —a1 + w”)
—(01 — w")* 1 Pg/ (a1, —a1 +w')Ps(a1 — ', —a1 +w”)

j | s are conformal / Lorentz spin of the field
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Algebra of the energy flow operators

Expansion over orthogonal (Gegenbauer) polynomials

S+S'—2 ,
Q(a1) = Z Cgs, (w,w)Pgr (a1, —a1 +w)
S’ =2s
Algebra of the flow operators
S+S’—2 ,
[J,s(n), Tor 50 ()] = 69" D (n,n') >~ Clgr(w,w)Ttwr 57 (n) — 6556w + 0w 1 Qg (n,n’)
S’'=2s

The central charge comes from a disconnected part of 4pt function
QS(”? n/) ~ <\7w,s(n)jw’,5” (n,)> ~ [5(d_2) (n7 n,)]Q

It is finite for d = 2 and diverges atd > 2 ( = Vol;_2)
Structure constants

/ /7
1 1 S48’ 8" S+S"—-S" -1
ng/ (w,w') = + ( )2 Z I wk(w/)S—i—S’—S”—l—k
k=0

Satisfy Jacobi identity, vanish for odd S + S’ — S”/
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Virasoro and 1V algebra

Spin—2 flow operators £, (n) = Ju,s=2(n)
[Ew (1), Er (n)] = 6972 (n,n) (W' — W)€y () — W?8(w + w')ea(n, n')

Take a universal form for any d

Virasoro algebra in d dimensions [Casini, Teste, Torrona]

Cd (n7 n,)

(Lo, L] = 6992 (n,n/)(m — k) Ly 41 + T

m(m2 — 1)6m+k.0

Higher spin flow operators

[ (n), Tr g1 (n')] = =692 (n,n/)((S" — 1)w — w') Ty 40rr. 5 (n') + [lower spins]

S+5'—2
[J,s(n), T 50 (n)] =61 (n,n') > Clg(w,w)Tpiwr s (n) — dg5/8(w + w)w? " 1Qg (n,n)
S/'=2s

W algebra in d dimensions

[VI VJ] — §ld— 2) (n,n’ Zf% m,n) Tln—:_]n 2¢ + cm (n, n/)éij5m+n,0
£>0

The structure constants depend on d p. 12/14



Fromd=2tod =14

The structure constants of the algebra

’/ 1 1
Char™ (w,w’) ~ / dt (t(1 =)t = 2)* ! Ps(t,e —)Por(t— e, 1 = H)Psn(t,1-8)|
0 o

T w4w!
Depend on d through conformal spin of fields j = (Ag + s¢)/2 and their Lorentz spin sg

Scalars in d = 4 versus fermions ind = 2

The structure constants in d = 2

(),8"
Cssr

= W1+ algebra

Intriging relation between the structure constantsind =2 and d = 4

C(w)vs//

SS’ SS’

= [a+ e?s 4a_e 9 +by e9s 4p_ e—asu] C(cb),S”

d=2 d=4

Involves a finite-difference operator
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Conclusions and open questions

The flow operators are interesting objects in a gauge theory

They form a closed algebra in a free gauge theory

For d = 2 this algebra coincides with the W —algebra in CFTo

In d = 4 dimensions the structure constants are related to those of the W —algebra by a linear

finite-difference operator

What happens with the algebra in an interacting theory?
The U (1) current and the stress-energy tensor are protected, high spin currents become

anomalous
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