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Introduction

How to distinguish different particle-initiated jets?

Look into jet substructure!
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Introduction

Jet Substructure as a New Higgs-Search Channel at the Large Hadron Collider
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It is widely considered that, for Higgs boson searches at the CERN Large Hadron Colider, WH and ZH
production where the Higgs boson decays to bb are poor search channels due to large backgrounds. We
show that at high transverse momenta, employing state-of-the-art jet reconstruction and decomposition
techniques, these processes can be recovered as promising search channels for the standard model Higgs
boson around 120 GeV in mass.
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Jet Substructure

SM measurement, Search for BSM, anomaly detection

e Limits for light Z’ through jet substructure [CMS, 267]
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Jet substructure
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Can we do precision physics inside jets?

How to compute jet substructure through first principle QCD?



Can we do precision physics inside jets?

How to compute jet substructure through first principle QCD?

Use energy correlators!



CMB v.s. Collider

Correlation function

A,

2, [uk?] D= L+1)C/2m [uK?]

One event at a lepton collider
(generated with Pythia)

E(n) :/ dt lim r*n"Ty;(t,r7)
0 r—00
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Introduction to Energy Correlators

- Energy flux & One point energy correlator [Sterman, "75]

states. To make this idea more quantitative we define for any state a,an g(’fi) /,.-----"’
"angular energy current'" in the ete” CM frame: ‘ | '/ng \\\\
"a / EH
AL S (1) - ______\.,:;

where the sum is over the n, massless particles in a, with energies

{‘ni} and momentum directions {wi} (w; stands for angles 8, and w,). Jet- \ / \

- The Energy-Energy Correlator (EEC) —
<5(n1)8(n2)> [Basham, Brown, Ellis, Love, 78]

do EE,
= do,,—_, o(cos(d,,) — cos(0
dcost ;J et XZ Q- (0080 e

a,beX




Introduction to Energy Correlators ~ (€(n1)€(n2))

- The Energy-Energy Correlator (EEC)

[Basham, Brown, Ellis, Love, 78]

do EE,
I - Z Jd0e+e——>x Z 52 o(cos(8,;,) — cos(y))
X X a,beX
Zgec | a OPAL

1 b [OPAL collaboration, ‘98.]:' T

N .
Collinear limit 10 | Back-to-back limit

- Moult, Zhu, "18; ...
[Dixon, Moult, Zhu, "19; ...] - ' [4 , ] o
et e g g a1 NTLL [Duhr, Mistlberger, Vita, 22]
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Introduction to Energy Correlators

The Energy-Energy Correlator (EEC) [Basham, Brown, Ellis, Love, " 78]

do EE,
Tcoss - Z Jd0e+e——>x Z 0 o(cos(8,;,) — cos(y))

X a,beX

Extensions: transverse EEC, multi-point
energy correlators, different processes, ...

Exciting for theory: perturbative calculations,
non-perturbative effects, jet substructure,
connection to CFT, gravity...

Probe for phenomena: SM parameters

like o, and masses, perturbative QCD
dynamics, confinement, heavy-ion physics,
nuclear physics, ...




Motivation

Jets substructure for heavy particle through ECs

 Want to study the decay of heavy particles (H, Z, W, t) in high
energy colliders (LHC, future e+e- collider, ...)

 Why? Precision QCD & EW, constraining BSM, searching for new
physics
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Motivation

e Sensitive to polarization of W
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Motivation

Setting bounds to BSM models?
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Motivation

e Improve top mass measurement using EEEC at the LHC
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Boost for Higgs EEC

1 dl’ %E—()JX X —_ 1 dl’ %E—()JX X

/derest /C’y (eresta (9) FXX derest — FXX d(g




ﬂ N 2
= !
Outline b
— ¢
1 dFEEC 1 dFEEC
- Higgs EEC AN R / Arest Koo (Brest ) - —— 0= =

O Deriving boost kernel
o0 Rest-frame EEC

O Boosted EEC

e Extensions: vector bosons (Z/W), multi-point energy correlators
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o Deriving boost kernel
o0 Rest-frame EEC

O Boosted EEC

e Extensions: vector bosons (Z/W), multi-point energy correlators
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boost

EEC(z) — EEC'(7))

1dl 1 LIy
Id: ;i Z WTH (pr) > X ({p:}) (2iex Ei)25(z — i 1j/2)

X 1,7€X
E'E’
1 dI" 1 iy / / /
N —_ — dO- / / 5 Z — n’L . n . 2
T d7 G%Z;}( H(pH)%X({pz}) (Z’LGX E;)Z ( 3/ )

What is changed under boost?
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boost

EEC(z) — EEC'(Z)

E'E’
i > onE) x5 s 0 — i nj/2)
1,7€X (ZiEX z)
, A - n; _ 0 L
« Under boost A, n; = n; = 2G1) where A(n;)) = (A -n)" =yl +pf-n)
. 1 —cosé@ n; - n; / 1 —cos@ I”t{-lft]{ 7
{ = — > = p— = = =
2 2 2 2 A

. Energy weighting E/E; = A(n)A(n)EE; = —EE;
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boost

EEC(z) — EEC(Z)

* Need to integrate over dQ = d¢ dcos ©

e In the rest frame, Higgs EEC depends only on &

r 7+ Boost direction

[figure from Riembau, Son "25]
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Boost kernel

o1 /d2ﬂi ) z
G2 =5 | 20\ P T ad@ai)
3/2 e /

N 2 Y2 /y2 — 1 2/5/2 3/(1 — 2)(1 — 2) \/WK(l/\/m(z,z’)), m(z,z") > 1,

K( m(z,z’)), 0<m(z2z2) <1,

! di
K (k) :/0 Ji-ma_wpe CElipticintegral of the first kind

N2Vl =2Vl =2 2+ 42 (P —1) -2
iz 7) = WI—a/1—7

e Very symmetric under 7 < 7’

 Two branches (one closed curve v.s. two curves)
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Aside: EEC Sum Rules

 EEC sum rules (energy & momentum conservation)

1 1
1 dT 1 dT
dz—— =92 | dez="2 =1
/o “Tdz /o CTdz
e ltrelatesz = QO withz —» 1

- [%jf +hi+ hﬁ’]é(z) + CF{(—2§2 —4)6(1 —2) + g[i_]+ —2 {

1 do(z,p=Q)
o)y} dz

ln(l—z)} 3
a 1—z |, [l—2z],

+ 21? [—92% — 62° — 4227 4+ 362 + 4(—2* — 2° + 32° — 152 + 9) In(1 — 2)] } :
[Dixon, Moult, Zhu, "19]

24



EEC Sum Rules

 EEC sum rules (energy & momentum conservation)

1 1
1 dI’ 1 dI’

dz =— =2 | dzz=—=1
/o “Tdz /o CTdz

 First sum rule: obvious from definition,

1 dI’ | FE, E.

—_— g do | 5z —n; - /2

Cdz o i Hlpm) =X (1p:}) (2 iex Bi)? ( i/2)
X

1,J€X

n; - N, _ Pi " Pj
2 2(E; - Ej)

, then Z Di*Dj = mi;
ijeX

« Second sum rule : replace z =

e Boosted EEC sum rules
L 14r 1 1 dl
/__:2 2/ / /__:1
/Odz I' dz2’ 7 OdZZFdz’

Can our boost kernel reproduce it?
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Boosted EEC Sum Rules Checked!

1 dF 1 ,1dl
e Want to check / dz — —— _27 / d 2/ ——— =1
0 Fdz
. Compute
1dP_ ! , 1dr (! 2(y2 — 1) 1 1dl'
1 d L 1dr 1

1
1 dI 1
/Odzz T = dz [dz' 2/ K, (2, )]fd_: dz— — —

26



Boosting fixed-order EEC

At born level (back-to-back decay), %j—z = % 0(2) +0(1 — 2)]

O(y%2' — 1)

: 1 /
5(1 — Z) contributes to §IC7(Z =1,2) = 472\/727_175/5/2\/’722/ 1

5 ;
4
: l y=1.5
3
:
1

0.0 0.2 0.4 0.6 0.8 1.0
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Boosting fixed-order EEC

1 do(z,pu= 1 31 In(1 — 3
* Atone loop “=2=9 al=[§Jf+h§+h§]5(z)+cp{(—2@—4)5(1—Z)+§m+—2{ng_;)L— .
n 21? [—92% — 62% — 4222 + 362 + 4(—2* — 2° + 322 — 152 4+ 9) In(1 — 2)] } .
[Dixon, Moult, Zhu, "19]
Rest-Frame EEC
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Boosting fixed-order EEC

1 do(z,p=Q)
0o dz

* At one loop

%=ﬁ%ﬁ+4ﬁ+hﬂM@+Ih{G2@—4ﬁu—zy+gé;—z{mg:;q+_wlid+

1 . , .
+ — [-92* — 62° — 422° + 362 + 4(—2* — 2° +32° — 152+ 9) In(1 — 2)] } :

225
[Dixon, Moult, Zhu, "19]
* After boost
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Back-to-Back Peak from the Boost kernel

Back-to-back peak — peak near 7z’ = 1/y?

1 AU xx | == (W |&(,)E(7)| ¥ ) (NNLL oy +NLO+N*LLyz) ]
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~ N ]
. I e e
. 1 r"rJ -
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H N i b ]
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-1 E . J
10 |- ;
: 2 :
A 1 | .
YR T T N T R T W B S S S T U i i ]
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O Deriving boost kernel
o0 Rest-frame EEC

O Boosted EEC

e Extensions: vector bosons (Z/W), multi-point energy correlators
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Rest Frame Higgs EEC

1072 back40 ek g
1073
1074
105 = (VZ|E(51)E(72) [T ) (NNLL oy +NLO+N*LL,) Higgs at Rest
10-6 (Ui |E(1)E (o) |W1h) (NLLeou+NLO+N*LLjg,) myp = 125 Ge\_/
—— (W& (711)Ep (712) | ¥1E) (LO+N*LLyyp) XX =gg or bb
r 3 3 el r 33l r 33l | P AR R P A R P R
1073 1072 107! 10° 109 107! 1072 1073
0 T™—0

. Hard channels H — gg, H — bb

» Inclusive energy detectors & v.s. heavy flavor detector & o,
(using heavy flavor track function)
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Rest Frame Higgs EEC

1072 back40 ek g
1073
1074
105 = (VZ|E(51)E(72) [T ) (NNLL oy +NLO+N*LL,) Higgs at Rest
10-6 (Ui |E(1)E (o) |W1h) (NLLeou+NLO+N*LLjg,) myp = 125 Ge\_/
—— (W& (711)Ep (712) | ¥1E) (LO+N*LLyyp) XX =gg or bb
r 3 3 el r 33l r 33l | P AR R P A R P R
1073 1072 107! 10° 109 107! 1072 1073
0 T™—0

« Wide-angle region 8 ~ 1,ueec ~ mu, fixed-order O(a?)
» Collinearregime @ < 1, prec ~ myl/2 < my

« Back-to-back regime 7 — 0 < 1, weec ~ mu(r — 0)/2
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Rest Frame Higgs EEC

1 dF%E—CLXX L L L LA LERELELELEL LRI

I'xx df 10°
107!
10-2 ack-to-bac I RNt
1073
1074
1075 == (UZ|&(7)E(75)| ¥ T ) (NNLL oy +NLO+N*LLy) Higgs at Rest
(0-6 (T E(7 ) E(9) W) (NLL oy +NLO+NLLy 1) L :_125 Ge\_/
— <‘If£§|57{(ﬁ )E3(782) | W) (LO+NALL 1) XX =gg or bb
1073 o 1()I2 | 1()I_1 | 1(')01(')0 | 1()“_.1.”” | 10I_2 | 1073

v, T—0

Collinear regime 6 << 1, my, Aqep < purec ~ mpl/2 < myg

© Classical 1/0 scaling + DGLAP res. log 6, anom. scaling

O NNLL for H — gg, NLL for H — bb X

[Dixon, Moult, Zhu, "19]



Rest Frame Higgs EEC

xx df 109

107!

10_2 Wdefnlgld

1073

10~*

10-5E == (2|&(7,)&()| U ) (NNLL oy +NLO+NLL ) Higgs at Rest

106 (W H|E(71)E(72) W45 ) (NLLeoy+NLO+N*LLyg;,) my =125 Ge\_]

== (Vi) Eu()|¥3) (LON'LLin) XX =gg or bb
L1 | L3 o vl L3 o vl I PRI P A A I O A
1073 10‘2 107! 10 10° 107! 102 1073
0 T—6
Collinear regime 6 << 1, HEEC ™ mp0/2
. . EEC

O UEEC ~ My, massive emitter supp., “deadcone effect”,“— o const x 6

dFEEC

O MEEC ~Aqep, confinement, “g;— o const x §

34




Rest Frame Higgs EEC

[Moult, Zhu, 18]

» Back-to-back regime 7 — 6 < 1, double log series log?(z — 6)

« TMD resummation to N*LL
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Rest Frame Higgs EEC

1072 back40 ek g
1073
1074
105 = (VZ|E(51)E(72) [T ) (NNLL oy +NLO+N*LL,) Higgs at Rest
10-6 (Ui |E(1)E (o) |W1h) (NLLeou+NLO+N*LLjg,) myp = 125 Ge\_/
—— (W& (711)Ep (712) | ¥1E) (LO+N*LLyyp) XX =gg or bb
r 3 3 el r 33l r 33l | P AR R P A R P R
1073 1072 107! 10° 109 107! 1072 1073
0 T™—0

» Back-to-back regime 7 — 6 < 1, double log series logzn(n — 0)
» TMD resummation to N*LL

e For B-correlation, use track function
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O Deriving boost kernel
o0 Rest-frame EEC

O Boosted EEC

e Extensions: vector bosons (Z/W), multi-point energy correlators
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Boosted EEC

1 dF%E—(SXX E
FXX do

TH

— <\If§fg|5<ﬁ> (ﬁz)\\lf5g> (NNLL ;i +NLO+NLLy,) -

(WE|E(7)E7) | WE) (NLLou+NLO+N*LLy)
— (W& (71)Ex(712)|WE) (LO+N*LLyy)

Boosted Higgs (7 =4) " ,’:’,f»‘ll
my =125 GeV L "L 0
| e
XX =gg or bb *L\.‘:’\ml
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Boosted EEC

Mass sensitivity
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Boosted EEC

y = Ey;/my; dependence . S
(W3 | E(71 ) ETL ) [5)

NLL0011+NLO+N4LLb2b
EEC mppg — 125 GeV

1 dl'g 5
——— ()

-
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0.0
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Higgs Production

Separation of production with the EEC

EEC EEC
Otot d9 FXX d@
—H+X
dappd (fb] —
K —— NLO
3 —— NNLO
10° 1
pp — H + X Production at ygz =0
107 1
10! -
100 ]
1071

1 2 3 4

N
As an example, we used NNLOJET program
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Outline

 Higgs EEC
o Deriving boost kernel
o0 Rest-frame EEC
o0 Boosted EEC

e Extensions: vector bosons (Z/W), multi-point energy correlators
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Extension to Vector Bosons

* Need to include different polarization contributions

 The most generic EEC hadronic tensor [Riembau, Son '25]

oA, = /d%eiq'm (JMx) Eny .- Eny J7(0))

Hi = HER(2) % + Hie()

l—2 2 2 3

Hab ( 1 n¢+n2nd+nd 5“b>

1 n® — na nb _,nb 6ab
Hb -1 2 %1 2 Y .
+ Hee(2) (z 5 5 3

Isotropic part H:2(z), two anisotropic ratios

_ Hge(2) — gHZe(2)

. ffgg(z)
Hg2(2)

a(2’2)(2) = e

(2,0) —
a (2) HE9(2)
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Extension to Vector Bosons

* Need to include different polarization contributions

* |n helicity basis, define w,, (9, ¢, ®;2) =

v, )\|5(ﬁ1.)5(ﬁ2) [V, X
Hgg ()

Wop =1+ a(20) (2) (3 cosZ 1) — 1) + §oz(2’2)(z) sin” ¥ cos 20,

2

Wi =W__ =1+a20(z) (g sin? 9 — 1) — Za@’z)(z) sin? ¥ cos 2¢p,

3
2

W, _ = e 2 [__a(2,0) (2)sin 9 — Za(z,z)(z)(l + cos? 19) cos 2 + %a(zg)(z) cos ¥ sin 24 ’ AZ\ . BOOSt direCtion

W_o = —6@M [Sa@’o)(z) cos ) — ga@’z)(z) cos ) cos 2 —

. The full EEC = p, 7,

» P, describes polarization states produceg

44
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3%
27 (2,2) 1
5 @ (z) sin 2@} :

[figure adopted from Riembau, Son "25]



Extension to Vector Bosons

w] 1 [d*Q z , 2
e =5 5 597 = g ) 1@

+Z . Boost direction
* Need three kinds of complete elliptic integrals,

* and Hyperelliptic integrals

[figure adopted from Riembau, Son "25]
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Extension to Vector Bosons

e Search for new physics?

1 I 1 1 1 1 T I 1 1 00.06
_ L
St mem Spin 0 : 1 W
) — | 0.05
= 4t spin 1 : -
= | 0.04
p— —
R
= 3r 1 o003
o 0.5
W 2F - 0.02
LY
~— 10, -
1F 1 0.01
—0.5

35.9 fb”' (13 TeV)

I I I I I I I I I I I I I I I I I I I

pp — Z'y

EEC (total background), Inclusive
— EEC (total background), Inclusive + grooming
==== EEC (total background), CMS selection
== Zyycev™ A0

== Z'55gey— A9

Cu e e ————

T

I I I I

Illllllllllllllllllllllllllll

[Ricci, Riembau, Son "26]
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Extension to Multi-Point Correlator

N-point energy correlator depends on 2N-3 independent angular variables

In ={12,23,...,N—1N}U{13,14,...,1N}

1 — cos 0;; ,  l—cost ~ij
o g
i > A > NN (7;)

Boost delta function

< P
OaN-—3 = H 5(2” )\(ﬁz‘))\(ﬁj)>

ijEIN

Boost kernel

KN ({5} () = / ) dans

1=1
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Three-Point Correlator (EEEC)




Three-Point Correlator (EEEC)




Coordinate of the EEEC

[Yang, Zhang "22]

1 —cosd; 0,
Zij — = SiIl2 —
2 2 1  cosf, cosb;
 Allowed region: Gram determinant det|cosf, 1  cosfy;| >0

cos 05 cos by, 1

0.0
231
0.5

1.0
1.0

Z120.5

0.0

0.0
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Coordinate of the EEEC

Yang, Zhang "22]

1 —cosd; 0.
I . 2
2 2 1  cosf, cosb;
 Allowed region: Gram determinant det|cos6, 1  cosfy;| >0
o cos 0,3 €o0s0,; 1

Z31

1.0
1.0

Z120.5

0.0

¥R zong-zi

0.0
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Celestial Parametrization for the EEEC

) Ql]
Zij = Sin ?

2¢1+¢2
2

Zy3 = K(s) sin? 71 , 231 = K(s) sin® 72 ,  Z1p = k(s) sin

(s) = 45
TR
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Celestial Parametrization for the EEEC

) gl]
Zij = S1in~ —
2
: . | n
i3 — K(S) SlI'l2 21 , 23] = K(S) SlIl2 2 , Zp = K(S) SlIl2 ¢l ¢2
2 o) 5
4s
K(s) =
(1 + 5)?
2
7. = Sin2 Qlj _ |yi _yjl
ij

2 L+ ]y + 1y

y = \/Eei¢1, Vs = \/Eei(¢1+¢2)’ Vy = \/E

{9129 9239 613} — {)’1a)’2>)’3} — {¢19 ¢29S}
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Boosting EEEC

E2
VA 6
K ({zi},{21;}) = S12725751 5(p 12
! ! ’ 16m72\/2 — 1 21229375, () E, 03
One delta function left »
E3

S symmetric under Z;; © Zi/j

. Boost (s, Py, P,) = (s, 1, P5), rewrite K (s, 61, d2;', 81, 65)

P = (212223231) Q(212, 223, 231) + (212%3231) Q(212, 223, 231)
— 4(72 — 1)212223231212253,2?)1 + (d1d2 + d2d3 -+ dgdl)

/ / / / / /
+ 27\/212223231212323231 [(212 + 223 + 231) (219 + 293 + 231)

/ / /
— 2(212212 + 223293 + 231231)] :

2 2 2
Q(z12, 223, 231) = 219 + 253 + 237 — 2219293 — 2293231 — 2231212,

/ / !/ / / /
d1 = 293231 — 231293, do = 231219 — 212231, d3 = 212293 — 2232719

AG: —4(2%2 -+ 233 + Z%l) + 8(2122’23 + 293231 + 231212) — 16219293231
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Boosted LO EEEC

: - Hazma direct LO
: - Corrected boundary curve
|
8 !
!
!
I
9 !
o 6"
e
("]
©
)
N
© I
£ 41 i
5 '
g |
!
!
21 |
!
!
!
0 i I = e —
|

0.2 0.4 0.6 0.8 1.0

« Plug iﬁ o(1 =) f(¢y, q§2) and booét

» Fixed ¢1, ¢, (e.g., = 2n/3)

. Lower bound on s'(y) = (y — \/},2 —1)>=0.1459 fory = 1.5



Boosted NLO EEEC

 |n the rest frame

|[Yang, Zhang "24]

1000 - - . |
E ¢1 — 5, ¢2 — g
100§ by — 27 by — 37 E
E 1 — 3 9 2 — 5 E
10; b, — 27 by — Ly ay:
| AP /
1 . oo /// E
E ¢1 — Ea ¢2 — /////’ .
0.100 - = 2
0.010: E
0.001 S - - ' '
0.0 0.2 04 0.6 0.8 1.0
S
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sity

den

our x1/6 / Event2

(2]
o
1

w
o
1

5
o

w
o
1

N
o
1

=
o
1

o

=
N
1

=
o

o
o

Boosted NLO EEEC

. After boost (y = 1.5, ¢! = qbz— T si=(y — \/y = 0.1459)

Below sprime_min: Event2 raw vs our x1/6 .- triangular-chart Event2 vs our x1/6

5.0 1 —4— Event2 - our
[ A A AN N g . A A AR A LA A g i /4\{/\
NI VAL A = A PARVA LS , M)‘AM\{M"' K
—2.5 A w Y \(
0.62 0.64 0.66 0.68 0.‘10 O.I12 O.‘14 '
prime

« Need to work out mismatch (bug?) for s’ > s.

« Need to include resummation at s — 1 (s’ ~ 1) [AG, Yang, Zhang *24]
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Conclusions

| | ' ' ' | ' ' ' | !
1 AU Sxx | == (W[I|E(i11)E(71>)| ¥ L)) (NNLL oo +NLO+N'LLy,)
Pooxd0 7;' (WHIE(1)E(02) W) (NLLeu+NLO+N'LLy) ]
«H = (Ul Ex (1) En(72)|P4)) (LO+N*LLy,) E
: '
i oy
. 5: Boosted Higgs (y=4) o ,\,f*’:’,:‘“ -
* Higgs EEC A\ meg=125Gev \EI)\/\%\WQA@’Q"
XX =gg or bb | {L“H I
3 | -
 Boost kernel : ]
oA —:
* Rest-frame Higgs EEC 1 :
O: i i 1 1 1 | L i L | L 1
0.2 04 0.6 0.8

 Boosted Higgs EEC

* Boosting EEC for vector bosons (Z/W)

 How to boost for multi-point energy correlators
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