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Future collider: Our only hope

“An electron-positron Higgs factory is the highest-priority next collider. For the longer term, the European particle physics
community has the ambition to operate a proton-proton collider at the highest achievable energy.”

— 2020 UPDATE OF THE EUROPEAN STRATEGY FOR PARTICLE PHYSICS




Precision 1s key for future colliders

e Proposal to measure sin? 0\ and a,,, at FCC-ee using forward
backward asymmetry Agg and the ratio between the number of

electrons and the number of muons produced at a fixed angle 0,

R o-1,-(0)

« BSM electroweak symmetry breaking at a scale A leave an

imprint on sin” @y A = myy, g-! =
X

§ sin? O¢it 10-5 ~ O(a ) omy S ng
sin? g1 ~ 1073 65MeV 5 x 106 =

e The main bottleneck is the top mass uncertainty:

- With om, ~ 380 MeV expect sensitivity at FCCee only up to
10 TeV

e We must bring down the top quark mass uncertainty using the

HL-LHC data .
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The Standard Candle approach in nutshell

3.

Holguin, Moult, AF, Procura,
Schéfbeck, Schwarz 2023-24

e Remove the shared energy scale

o Calibrate M, using the W mass : my, = 80.377 £ 0.012 GeV
e Exploit the W inside the top jets as a standard candle I

Projected EEEC

ipzlj%tIX | | | | | | | | IT(IC’ ()I, Cx!) | | | | :
DT, jet € [5007 525] GeV - T(C90°19m?/pg”jet) X 1@
Pythia 8.3 ]

My X TNw
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EEC on boosted heavy resonances

| ' I ' | ' I ' |

Z boson at rest

by
Ill-llr

1/oy dX/dx [1/rad]




EEC on boosted heavy resonances

. o Back-to-back limit
Collinear limit

Boost
T ' T T T T T T T " 1
Z boson atrest = Q=91.2GeV posteq Z decay
—_— ES(Q) = (0.118
. _ . Z
=) |
o
o , |
T— -
& Collinear limit ! 4 |
— unchang I - my |
e e - peak _ |
X Z
. pT I
180 !

Goal of this work is to make this intuition concrete and initiate study of boosted heavy boson jet

substructure with EECs.
Also see A. Gao, K. Lee, X. Y. Zhang 26



Boosted event shapes

e Our work is inspired by Feige, Schwartz, Stewart, Thaler 1204.3898 B R SRRARRIRERE
3 —— Q=0GeV
e Two-jettiness measured on boosted Z jets from rest frame distribution: Sl N 0 = 50 GeV
1 do dcos6 e do 10:_ . 8388 giz
pon P — H 5 dsidsodkidks cdt | Q=400GeV -
. —— Q =1000GeV .
X S(k‘l,kz,{ni},M)J(Sl,M)J(SQ,M) 5:' ~~~~~ -
1 Sq S9 | — T e
< 5( (k ko : )) 1 -
( 21 Pg_ ! . 2E1 2E2 (()) 0 0.02 0.04 0.06 0.08 0.10 0.12
121
 Key ideas: universality of collinear physics + relation of the soft function .. —7—+7 —
to the hemisphere 2-jettiness soft function: 2000 N\ Pythia vs. N\LL/NNLL
9 10.0 | Q=0GeV
S(k17k27n1 -TLQ,,[L,A) :593(59k1759k2727M7A) 50k — Q=1000GeV
= Shemi (K1, k2, 1/ 8o, N/ Ba) | ldd" ol
9 \/mzz + 2 sin” 0 1.0}
Bo = \/m Ny my ’ 0.5}
 We will see that EEC admits such a boosting property for the entire 0.2

. 000 005 010 0.5 020 025 030
distribution 9



Energy-Energy correlator

Consider boosted Zs in the e "¢~ — ZZ — hadrons + ¢~ process

dofho(T)  Lina(q®, Pet - ¢, P - q,T) ! Higpc(4,9)

df@de 2B ¢* — ME]" +[PzMz]” @

g: Z momentum

weighted by energy

Hgc(q,0) i Z. 5(6 — 055) /dx (O[T ()| X ) (X | T%(0)]0),

’LJEX

Project on unpolarized Z decay

The LHC observable: pp — Z + X:
dogec _ Winel(¢%, Pu - q, Py - q) 1 Hrrc(q, X)
"ady 2 ¢* —M3]" + [PzMz]” 41

For pp change n, - n, - y = AR and LE; — PrPr

10
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A new approach to boosted jet substructure

The screen perspective :

The bulk perspective : « Consider observables that can

- Compute scattering amplitudes and be thought of as assigning a

observables as a function of particle
momenta

weight factor w(X)

Represent the weights using
operators living at celestial

Integrate over the phase space to get

the cross section infinity — “Detector operators”

I (n,)

g: Momentum of the resonance decayin'g into X

dO'((J) Z(Zﬂ')45(4) (@ kx)5(’lf1(X) — w) ‘M(Q—)X i2

dw

Express observables as
correlation functions of sources
and detector operators

differential in some

. 2(277)45(4)((1 _ kx)’w(X)|Mo_>X\ Compose the weights in terms

of detector operators
* weighted by w | *
/ d*z e'?* (0|0 (z)w (X)O(0)|0) W ~ / D1(n1)D2(n2) ... Dn(nnN)
12

observable w



Belitsky, et al. Nuclear Physics B 884 (2014) 206-256

Observable as a correlation function

L—
« The energy weighted hadronic tensor Hgg- also describes e e~ — Z — gg process S

[S—
e Rephrase as a correlation function: —

\

gW) / d*z eld® <0\J;“(x)z X, ) (X Z E,E; J4(0)[0) 6(8 — 6,5),

guy) /dindQng/d4Qj LR <OJ;’LL(:IZ ‘O> 9 (912

Represent the EEC using
energy flow operators

@\Xn) = Y EidP(n)—ni)|X,.)

. Xn
This is an example of 8€

a detector operator

13



Defining the detector operators (free theory)

e For a free massless scalar, S. C. Huot, M. Kologlu, P Kravchuk, D. Meltzer, D. Simmons-Duffin 2209.00008

Hoc/dSpa /d2 / dE E? o' (En)a(En) = /dQnE(n)

e One can generalize this to define an operator measuring E7=1 flux:

Ej(n) /Ooo dE@aT(En)a(En)

e Define n* = (1, 7). Under Lorentz boost along the direction 7', we have n — pn. The powers of p under boost

Ej(pn) = J(n)

e For &,(n’) we have mass dimension, —A; = J — 1, collinear spin, /, = — 1 —J

define the collinear spin J; :

» For energy flow (J = 2) we have J; = — 3
14



Detector operators in interacting theory

* Instead of using creation-annihilation operators, define the detectors in terms of light-ray operators:

. k, Si -Duffin 201
Spin of the local operator Kravchuk, Simmons-Duffin 2018

Oz, n) ~ @(x)0Hr 0" ... 0" @()npy, Npy - - - T,

Integral of a local operator (0, along null ray

B The starting point of the integration
& (n) - 2@@’ n) (Here at spatial infinity)

For energy flow operator J = 2 this is equivalent to:

. TN 2 > T_L,uﬁl/

Energy momentum tensor

E(n)

o ForJ # 2 interactions renormalize the detector dimension A;: A; = A, (Jp) + 7,.(Jp)

e The detector spin J L remains exact nonperturbatively S. C. Huot, M. Kologlu, P Kravchuk, D. Meltzer, D. Simmons-Duffin 2209.00008
15



https://link.springer.com/article/10.1007/JHEP11(2018)102

Why 't h 'i_ S 'Fa n Cy rl 'i_ g ma rl O -I_ e ? Holguin, Moult, AP Procura, Sule 2601.20923

» Correlation functions have nice theory properties:
>~ Not IR divergent like scattering amplitudes
-~ Easier to capture their symmetry properties

~ Can give new insights completely missed out in the bulk picture

(E(1)E(n2))y = ;O(‘% gW) / Atz 0% (0TI () E(n1)E(n2) T4 (0)]0)

* Recall the re-parameterization symmetry of the operator: 8(pn) — p_38(n)

 Constraints the correlator to a unique form: A unique Lorentz invariant combination

Dimensionless EEC Shape function with no collinear spin of g¥, n” and ng invariant under

A2 9 rescaling n, — p.n:
<g(n1) n2 _” /q CD/q ) 5

m2|(ny - n2)? | z|= 4 T

y,
20-N1 N
Form fixed by the collinear spin of &(n) q 19 2
16 (In a CFT): Belitsky, et al. Nuclear Physics B 884 (2014) 206-256

Power fixed by the dimensions
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E E C 'F 'om b 0O0S t 'i_ N g Holguin, Moult, AP Procura, Sule 2601.20923

* In the rest frame of the Zwe have Z7 =z = (1 — cos 6)/2

 Use high precision calculation of EEC in the Z boson rest frame to get the EEC shape function

A? Q3
QCD < 2 2
Fee |2 | = 72 | dad ne (E(1)E(n2)) z-pole (2 — 01 - n2/2)
Z Z
| NLO + N°LL/ | |
1.5/ — NLO + N°LL °| NLO + N°LL/
= | . OPAL s= M, ? — ol _ NLO + N°LL/ + NP
W | = 1.0 !
= | [jiﬁ | . OPAL /s = My,
0.5/ |
| |
T T,
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.9 0.4 0.6 0.8 1.0
1+ cosf 1+ cosf
l —2= Il — 2z =
2 2

Nonperturbative corrections: We include the linear €2, effect in the fixed order region and use the
dispersive model in the back-to-back region. 18



E E C 'F 'om b 0O0S t 'i_ N g Holguin, Moult, AP Procura, Sule 2601.20923

* In the rest frame of the Zwe have Z7 =z = (1 — cos 6)/2

 Use high precision calculation of EEC in the Z boson rest frame to get the EEC shape function

A? S
.Fgg (Z, ]\C}%D) — M—% /d2n1d2n2 <5(n1)5(n2)>2_p016 5(2 — N1 7”L2/2)

5 1000
NLO 4+ N°LL/
1007 — NLO + N°LL/ + NP | ol
o . OPAL /5 = M, =
S| 10 = NLO + N°LL/
~ GO 0.1
so S .
— NLO + N3LL/ + NP
1_
0.001f +OPAL +/s= M,
0.1t | | | |
0.001 0.01 0.1 | 0.001 0.01 0.1 1
o 1tcosd L 1tcost
2

Nonperturbative corrections: We include the linear €2, effect in the fixed order region and use the

dispersive model in the back-to-back region. 19



Holguin, Moult, AP Procura, Sule 2607.20923

EEC from boosting

* Numerically compute the EEC for the boosted frame by modifying the argument of the EEC shape function

Zee I Linc M2 M2 '
d d6’( ) :N/dQn/dindzng 1(7'L) 4 3 fgg( z 1 "2 ) 5((9—(912) :

4772%2 (nl'nz) 2q-n1 q-no
3
__ 22
Vs =28 + 1My » Compute this for
6f fy=0 —pfy=02 —fy=1 . ee — Z7Z — hadrons + ¢~ for
. —pPy=3 —pPy=6 Ecm=2Q=2qundq2=M§
LD
@ O At e e” = ZZ = jet + 1717 | B
— | b NLO + N°LL/ + NP » Average over the Z boson direction n relative
to the rest frame
2_
* Peak location determined solely by the boost:
\ - 2 _ 7\ 2
0 \ — f\ Zpeak ~ 1/(:57/) — (MZ/pT)

/4 7TI/2 /* 37TI/4 7

20



EEC from boosting

* Numerically compute the EEC for the boosted frame by modifying the argument of the EEC shape function

Zee I Linc M2 M2 '
d ( ) — N/dQn/dindan l(n) 4 3 Fgg ( z 1 "2 ) 5((9—(912) :

do A72q8 (n1 - n2) 2q-m1 q - No
* Restrict EEC only on jet constituents in simulations

- Boosted OPAL data agrees well with simulations. Jet radius effects only visible after z > 0.06

50¢ — NLO + N°LL/ { 50[ ° — NLO+N’LL/ + NP 1 50 | — Boosted OPAL data
40:_ o Herwig7 parton level 401 o Herwig7 40:_ [ o Herwig7
N | ;"-._ = Pythia8 parton level N [ -= Pythia8 N [ -= Pythia8
an; < 302_\ ete” — 77 — disjet | Eﬂ; < 302_ ete” — 77 — di-jet | Eﬂj@ = 302_ t ee” = ZZ — di-jet
ﬁ'bﬂ)\ Yo /5=930GeV, R=06 - ﬁlb%i \ Vs=0930GeV, R=06 | Hlb%i L Vs=0930GeV, R=06 |
105— \

Y 10} { 10}
.';\“W"i‘m:,.:‘,. [ e TS 1 [ M TR
0 ! . . . ! . . . ! . . . ! . . . ! i T T O ! . . . ! . . . ! . . . ! . . . o " o ou) O ! . . . ! . . . ! . . . ! . . . ! h-. el
0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08
1 — cosf 1 — cos@ 1 — cosf@
z = z = z =
2 2 2



EEC from boosting

« Computation for pp collisions require integrating over ap% bin. Extract /V(p%, 1,) from Herwig.

d> d¢Z M2 M2 1 - N9
= N (p7, 1z / /d2n1d2n2 A Jee - 0 (X — X12) ;
dx dp dnz g 47T2(p%)2 (”fl1 °n2)3 2pz N1 Pz - N2 ( )
' : dZFake— 1
» Model fake Z jets background as a power law: ~ =

dxdp4dnz  x

. Ignore power corrections from underlying event ( ~ R?) and momentum lost by the jet ( ~ M,/ (p7 ZR))

100 [ _ 100 [ _ 100 [ _
- — NLO + N°LL/ - — NLO + N°LL/ 4+ NP - — NLO + N°LL’ + NP + Background |
80 o Herwig7 parton level 80 o Herwig7 80 o Herwig7
11 s 60f = Pythia8 parton level 1 91 = 60_‘% -= Pythia8 1y = 60_‘% -= Pythia8
@IS j pp — 4+ X —jet+ X 'wli It pp— £ +X —jet + X ] @fé | pp — £ +X —jet + X
407, 2 c[8.5,9M;, R=04 ] 407} 2 c[8.59M;, R=04 40T} Z e [85,9My;, R=04
20f 20f 20f
O R R R T = P Y= n r == O P O T W o, L1 T=—y—rr—=r=—r—wr=rr=r=" — O R O S T SNl I Sysr ey PP —p——
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.00 0.01 0.02 0.03 0.04 0.05 0.06
2 2 2
X /4 X /4 X /4



Migration of EEC features with boosting

2
ny-n
* Peak location: Qanl . .22 ~ 1 = Zpeak < 1/W2

» Boosting the Z boson compresses features from their rest-frame angular positions to smaller angles

. Dominant contribution of each feature at Zg e X 2o L 2™¢/y* but exhibits a substantial tail due to integration
over allowed boosts.
1006,
50 — Interpolated OPAL data segments - — Boosted OPAL data segments
s Vs =91.2 GeV
= 10f Colours match the right panel ; y
3 [ ] O
! 2
A —
O
— ',' B
0.0 0.2 0.4 0.6 0.8 1.0

z =
9 23
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Explicit derivation of boosted EEC Sudakov

L . Moult, Zhu 2018
* The factorization for back-to-back EEC Sudakov was derived by Moult and Zhu, 2018.

‘Pa =Q+ O\

po=Q + O(A
* Their derivation is somewhat hard-wired for rest-frame kinematics. Here we present an \ /
alternate derivation working explicitly with lab frame kinematics making the role

of the Z boost manifest.

SOV NPy

* Expect a more straightforward generalization to the boosted top case.

* Key idea: phrase EEC on boosted Z jets in terms of di-hadron distribution: /

EmEm), = Y /¢MMQCHEWW) ))1cwm

oo AP '
hi,ho€Ejet 0 hi,ha

do(q) Qudv i d c(d
= y 245D (P _
dq)hl,hQ ( M% I ( ﬂ-) ( Xo P T Pha Q)
X0

< (0| JI*(0)| X, b1y ho) (i, hay X0 | J%(0)]0) .

. The distribution factorizes in the Sudakov region when X, — X, -+ X, + X
25



Born configurations of Z decay

» At the born level, Z decays into g(p,)g(p;)
Pa — Eang 9 Pb — Ebn’g 9 Nag.b = (17 na,b) -

 Work with rescaled reference vectors:
1

\/ “ab

» The born level partons and the Z carry momenta:

(1,na) , ny, =

pg — (vaaa OJ—)(ab) ; p'(l; — (wlﬂ 07 OJ—)(ab) 9 q,u — (waawlﬂ OJ—)(ab) )

- Q—Pzn-ny
\/ “ab

* |n this configuration the cross ratio is pinned to its maximum value:

) M2ng -ny M2
Zab = — =1
2 -Ngq-Np  WeWp

- Q—Pzn-n,
\/ “ab |

Waq = (q - Ty 9 Wp = (g - Ng

20



Formation of the Sudakov feature

* To describe the situation beyond leading order, work with "hadron frame decomposition”

1 1
\V/ <12 \/ <12

* The detected hadrons are exactly aligned along these directions:

T ~ [ T ~ [
Py, = v z12bp, 07 Py, = v Z12Eh,M5 |

1 - N9 1—n1-n2

(L n2) ; 212 — 5 — 5

~ U ~ L
Tll —

(1,n1), Ny =

« But, the Z boson acquires a transverse component fixed by deviation of Z;, from 1:

~ ~

N . n _ _
q,u — {q - 12 S - q - Ny 2 | Qﬁb_ — (w27 Wi, Qﬁb_(lg))(lg) 9 qi(lQ) — M%(l — 212)/212 .
%) Wi

 The Z boson recoils in the transverse plane against the collinear and soft radiation which is all that is allowed
in the Sudakov region:

¢ 1oy =Px, 109+ Px,0 00 T Px. 12 ~ MMz,

. Px, ~ Mz(1,2%,))

27

Px, ~ Mz (AN

(12) (12) 7



Consistency with the EEC shape function

* The di-hadron distribution neatly factorizes in the hadron frame decomposition:

1 dO’(Q) 16 27’(’ C1C2 ‘GJ ‘2 + |”U ‘ 0
- (d 2) Z ! > ! > H( )( M)
00 d@hyny  MIH O or. S 2 (lap [P+ v [?)

0 D 0 NG (520

b, conjugate to the g soft function

hadron-frame g (15,

* |Integrating over hadron energies, and inclusively summing over hadrons, we can extract the shape function
and see that it's explicitly a function of 7,

A¢ 4° ag]® + [vy]?
_ QCD \ 2—2¢ f f (0) /A 2
Fee (»212, M% )— — M7, E 5 Hf (M7)




Holguin, Lee, Moult, AE, Procura [2603.xxxxx]

Next steps: Squeezed trihadron distribution ¢

Squeezed EEEC region: | /75 ~ /1 =23 ~ /1 =23 ~ A < 1

] " " le
We derive a new factorization formula: ; 5
f ﬁ 223
I doggec 1 / > q; -
—_— — d 5 1 S Z T /(j_Qb 6_1quT 1OALEPHe+e',vI§=91.ZGeV, Work-in-progress
oo dz13dz19d 293 8 ar L3 QQ s = Arhived MC + detector
X ZH]E(QM“)J];EEC(QbTa {Zij}7Lb7 )J EEC (Lb7 V)SJ_ (bT,/L, V) %—5 3 E
- d y E
The squeezed EEEC jet function involves dihadron TMD + contact term: o
F1) ) 1 g
JepEc = J5(12) (br@Q. {215} ¢) Dij(z,b1,€) ~ — T e
1 < 0
d 1 1
_|_ 6(212)5(223 - 213) / dZ Z [D;/)q(z’ bJ_j E) _|_ Dé/)q(z7 bJ_, 6)] ALEPH e*e, Vs = 91.2 GeV, Work-in-progress
O ° - Arch,ived MC‘+ dete;:tor 3
(e 1) & g :
Key takeaways: /0 dz z [Dg/q(z,lu) Dq/q(z b1)] 2-—510_2 , E
SUTPRENY - (2 an, - 10) +o0mny (2 - 2m @ e ;
e Rapidity divergence only in the = CF\ TR T g T T A Ehel 5 T Ay o 3
105 | il =
3 2 37 1.451. Mm{ A f
contact term J® = Or ( -2 -3 e 2F9§2)Z12(bTQ)> (212)0(223 — 213) | o 12
* Non-trivial cancellation of IR poles Lo [F@(bTQﬁQ,())] @(m)/dg(z) . ol i
g d 212 LT d=2 "#23 y %

29



Conclusions

Presented the first comprehensive theoretical study of EEC
measurements on the hadronic decays of boosted heavy neutral
particles.

EEC on boosted Z decays can be computed directly from measurements
of the EEC performed 1in e+e- collisions at the Z pole

Complemented this symmetry-based picture with an explicit SCET
factorization of the EEC 1n the laboratory frame, starting
directly from the di-hadron distribution 1n boosted Z jets.

30
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Nonperturbative corrections

Korchemsky, Sterman 1998;

* |n the fixed order region we have Schindler, Stewart, Sun 2023;
Lee, AP Stewart, Sun 2024
2~0.5 pert. 2
dzee—)hadrons _ dZee—)hadrons | 1 () O AQCD
dz dz [23/2(1 — 2)3/2Lr @, Q)? ’

* |n the back-to-back region, one needs resummation. Matched distribution at parton-level:

NLO+N°LL’ NLO N3LL’ b2b NLO
dzee—)hadrons _ dzee—)hadrons | dzee—)hadrons dzee—)hadrons
dz N dz | dz dz ’
z—1

» Include nonperturbative corrections in the z — 1 region via the dispersive model:  Dokshitzer, Marchesini, Webber 1999

dZNLO—l—NBLL’—l—NP dZNLO—|—N3LL’
ee—hadrons _ fNP(Z) ee—hadrons
dz dz
z2~0.5 NLO Dokshitzer et al. NLL b2b
f ( ) _ (1 o ( b)) dzee%hadrons dzee—)hadrons | ( b) dzee—)hadrons dzee—)hadrons
NP\R ) = g\z,a, - g\<, a,
dz dz dz dz

» 9(z,a,b) smoothly interpolates fora = 0.93 < z < b = 0.998 and preserves the sum rule
33



