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Jets & Jet functions

Jet functions Ji:

* Enter in factorization theorems with final state partons
» Describe collinear radiation of final state partons

* Various types already studied: Exclusive, semi-
inclusive. .... [Ellis, Vermilion, Walsh, Hornig, Lee: JHEP 1011 (2010) 101]

[Kang, Ringer, Vitev: JHEP 1610 (2016) 125]




Jets & Jet functions

Jets require an algorithm to define
— How to cluster final state particles?

Here we use the anti-kr
algorithm.

[Cacciari, Salam, Soyez:
JHEP 0804 (2008) 063]
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Jets & Jet functions

Consider R <« 1 with no other scale hierarchies.

d d i
7 _ Z dz dpr Tppo X+ Ji(2)0(pr,s — 2p1,i) + O(RQ)
de> J 1Epartons ! f

Energy fraction z = pr,7/pr.i

Specifically
Leading-jet functions
Track energy fraction of leading jet

Subleading-jet functions
Track energy fraction of leading and subleading jets

Use the jet functions to resum (asIn R)".



Leading-jet function

Final state partons fragment into jets.

Leading-jet function: probability that the hardest jet has energy
fraction zi.

Energy
fractions
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NLO calculation: quark

Treat radiation as collinear
Definition in terms of Soft Collinear Effective Theory (SCET) fields

Light cone components: »n* = (1,0,0,1) nt =(1,0,0,-1)
L J U )
N Y
" . Collinear to Anti-collinear to
p'u:fflp7_|_np7+p/j_ parton parton
167T3 7/i _ 2 _
Tz prR,p) = oa= > Te| L(016(2pr — - P (P1)xa(0) [ X) (X |%a(0)[0)]
2N. 4 2
« 5(»‘65 _ MaXjex pT,J)
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NLO calculation: quark

Treat radiation as collinear
Definition in terms of Soft Collinear Effective Theory (SCET) fields

Light cone components: »n* = (1,0,0,1) nt =(1,0,0,-1)
L J 1§ )
Y Y
.y . Collinear to Anti-collinear to
p'u:fflp7_|_np7+p/j_ parton parton
1673

Jz,q(Zz,pTR, ,LL) — Z Ir [%<0|5(2pT —n: 7))52(PJ_)Xn(O)|X> <X|)_(n(0)|0>]

2N,

X 5(zl _ Hatjex pT’J) Xn - Collinear quark field
pr
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NLO calculation: quark

Treat radiation as collinear
Definition in terms of Soft Collinear Effective Theory (SCET) fields

Light cone components: »n* = (1,0,0,1) nt =(1,0,0,-1)
. J \ )
N Y
" . Collinear to Anti-collinear to
n n
p'u:fflp7_|_np7+p/j_ parton parton
1673

Tig(etpr R ) = S S0 T B 01520 — 1 )0 (P (0) X)X [ (0)]0)]

2N,

W 5 2 — SORIEX DT, \ Projects out correct
pr momentum for
Incoming quark



NLO calculation: quark

Treat radiation as collinear
Definition in terms of Soft Collinear Effective Theory (SCET) fields

Light cone components: »n* = (1,0,0,1) nt =(1,0,0,-1)
L J ' )
Y Y
.y . Collinear to Anti-collinear to
p'u:fflp7_|_np7+p/j_ parton parton
1673

Tig(erprRp) = oo S e[ B {016(2pr — 7 P)(PL)xa(0)1X) (X |2 (0)]0)]
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NLO calculation: quark

At NLO we find

7 =0(a-3) { (5 +m ) [Pag(z1) + Pyg(21)

ba 2/ | \2¢
In(1 — 2;) 13 72
—|—CF[—2[ 1—2’[ ]+—|—(4 — 3)5(1 Zl)
In z; 2 1
~2p— (3— z—l)ln[zl(l—zl)] - 5”

Features:
« Non-zero only forz; > 0.5
e Single In R term proportional to splitting functions



NLO calculation: quark

At NLO we find: SOFT LIMIT

Y SR TR
z1—1 [1 o Zl]‘|‘ pTR 1— <l +

3 L 13 7?
Cré(l — | _
+ Cpd( zz)(2 inR+ 1 3)

S

l,q

Features: SOFT LIMIT
* First line same for gluonup to Cr — C4
« Contains some InR terms




NLO calculation: quark

Plot keeping full,
Leading log (LL), and
soft terms

e LL: poor
approximation to full
jet function

» Soft approximation

07 works well
g 08 - ,
e e : .
= e -1« Similar results for
R gluon
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<l



Evolution: leading-jet function

Jl,q(zl, Hmax) = 5(1 — Zl)

1
«
s dz P L J(Clﬁl,ﬁl)
+ 2 [lar,e [ 5 ek
1 1
X/ d:Cl Jl,g(xl,Hl)/ dCCQJl,q(xQ,Hl) > 04
0 0
X 5(zl — max|zx1, (1 — Z)@]) \ Jy (2, 01)

Using a parton shower picture, one can write down a recursive
definition at LL.

[Elder, Procura, Thaler, Waalewijn, Zhou: JHEP 1706 (2017) 085]
[Waalewijn: Phys.Rev. D86 (2012) 094030]




Evolution: leading-jet function

Jl,q(zl, Hmax) = 5(1 — Zl)

1
s dz P oL J(Clﬁl,ﬁl)
+ 2 [ar,e [ G .
1 1
X/ d:Cl Jl,g(xl,Hl)/ dCCQ Jl,q(azg,ﬁl) > 01
0 0
X 5(Zl _ ma'X[lea (1 o Z)ZEQ]) \ Jq(:EQ,()l)

Usual angular integration. Emissions smaller than R finish in
the same jet, so they do not affect z.




Evolution: leading-jet function

Jl,q(zl, Hmax) = 5(1 — Zl)

1
«
s dz P L J(Qﬁl,(?l)
+ 2 [lar,e [ 5 .
1 1
X/ d:Ul Jl,g(ﬂil,@l)/ deJl,q(CCQ,Hl) > 04
0 0
X 5(25 — max|zx1, (1 — Z)@]) \ Jy (22, 01)

* Integrate over possible energy fractions of new ‘leading’ jets.
« At LL emissions are strongly angular ordered: 0, is new ™
for further emissions.




Evolution: leading-jet function

Jl,q(zl, Hmax) = 5(1 — Zl)

1
Zs | 4z P 1 Jy(z1,01)
+ 2 [lar,e [ 5 . S e
1 1
></ dx1 Jz,g($1,91)/ dxo Jp q(22,01) g 01
0 0
X 5(zl — max|zx1, (1 — Z)IEQ]) \ J, (w2, 07)

Ensures z; corresponds to the jet with the highest energy
fraction.




Evolution: leading-jet function

» Recursive definition allows us to obtain the LL RGE

* Jet function scale is set by pr R, evolve to hard scale pr

« Convenient to re-write angular integral in terms of pr
 Dependence on the scale ¢ explicit (lower bound on g integral)

Derivative w.r.t. u gives

d s

1 1 |
p——Jiq(z1, 1) = / dz qu(z)/ dz1 Jl,g(xlalu)/ dra Jiq(T2, 1)
dp T Jo 0 0

X (5(25 — max|zx1, (1 — 2)@])

Difficult to solve analytically.
Can generate LL solutions to higher order for the jet function.

I




LL terms at higher order

Using lower order solutions as input to the RGE:
Ji ) = 5(1 = =)

T2 (2, ) = %mQ ﬁ{@ (Zl N %> [%(RM(ZZ) + Paal2)) + /Zld_:qu (x ﬁ) ]

Mo
1 1 1:21 1 Z]
Ny L )

Fy(z,y) - products of splitting functions.

At O(as) only one splitting - leading parton must have z; > 0.5.
At O(a?) we have 3 partons. Implies z; > 1/3.



LL terms at higher order
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Subleading-jet function

Extend previous framework to also track 2" hardest jet Js.i(21, 25, 1)

Can be used to:
* Place (loose) jet veto - exclusive production
 Double differential analyses

At (N)LO z; dependence is trivial

Jig) (Zl7 Zs; :u) — J:g?:,) (Zl7 M)é(ZS)
T8 Gy 2y 1) = T8 Gty )0 (2 — (1= 22))

What about LL at NNLO in this case?



Evolution: subleading-jet function

As before we derive an RG equation for our subleading jet
function:

d s !
/'L@JS,i(Zlazswu) =2 (M)/ dz dxq; degy dos daas
0

7

X K i(T11, Ta1, T1s, T2s, 25 14)

X {@(zxu — (1 — z)xzz)5(zz — Z$1z)5(23 — max [les, (1 — Z)@l])

+O((1—2)v2—221)0 (21— (1—2)221) 6 (25 —max [zz17, (1 - 2)72s]) }

T1rL
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Evolution: subleading-jet function

As before we derive an RG equation for our subleading jet
function:

d s !
/'L@JS,i(Zlazswu) =2 (M)/ dz dxq; degy dos daas
0

7

X Ks,i(xlla L2l, L1syL2s, <5 ,LL)

X {@(zxu — (1 — z)xzz)5(zz — Z$1z)5(23 — max [les, (1 — Z)@l])

+O((1—2)v2—221)0 (21— (1—2)221) 6 (25 —max [zz17, (1 - 2)72s]) }

T1rL

A\

x1s

Splitting & jet functions. E.qg.

Ksq= qu(zl)Js,q(lea xlS)Js,g(@La T25) .
2

Y

ZTog



Evolution: subleading-jet function

As before we derive an RG equation for our subleading jet
function:

d . 1
p—=dJs (21, 25, 1) = s (1) / dz dzq; dooy dozrs dwas
d,LL Tr 0

X K i(T11, Ta1, T1s, T2s, 25 14)

- | RSN - - voxleov 1 - )o)

+O((1—2)v2—221)0 (21— (1—2)221) 6 (25 —max [zz17, (1 - 2)72s]) }

A\

AT

l Accounting for the subleading jet.
Depends on where the leading jet is.

Tor,

ZTog



Subleading-jet LL terms at NNLO

We can again derive LL results to NNLO (and higher orders) in as:

TEM () = 0 (L) IO (2 )

4 pTR
1 p
) In” (pTR)@(Zl — 25)O (21 + 22, — 1)O(1 — 21 — 2)
X [Fz-(zl,zs) + Fi(2zs,21) + Fi(1 — 21 — zs, Zl)} }

where for example

P [P(725) 20 (7))

+ Fyq(1 —a) [qu(%) T qu(%)] }

F,(a,b) =




Phenomenology: setup

Study the pr,; spectrum in exclusive H+1 jet production.
At LO:

d0(0>

dol
pp—>HJ pp— H1 2
dpr ; /dzdszSiz,zs, ) — zipt.i) + O(R
ot =3 [ St fate otz or = 2w + OU)
REASY
pp—H1 2
= ® Jsi + O(R
Z dez ( )
N\ J
Y
“Singular’




Phenomenology: setup

Study the pr,; spectrum in exclusive H+1 jet production.
At LO:

da(o)

dol
oot -2 / dpr,; —2 / dzrdzg Jo i (20, 26, 1) 0(pr,g — 2prs) + O(R?)

dpr. s

Simply the pp — H + 1 cross section at LO.




Phenomenology: setup

Study the pr,; spectrum in exclusive H+1 jet production.
At NLO:

do_sing,NLO d5_(0) .
pp—HJ veto pp—Hi (0)
— JN
dpr,s (pr™) Z dpr,; O s
e dél) (1) Ay i o)
As i g pp—~Hij o 7(0) o 7(0)
i [22: dpr.; O a +,LZ; de,ide,j® i O




Phenomenology: setup

Study the pr,; spectrum in exclusive H+1 jet production.
At NLO:

do_sing,NLO d5'(0) .
pp—HJ veto pp—Hi (0)
— JN
dpr, s (Pr™) Z dpr,i X
Qo dg ' Hi 1 da,) Hij 0 0
9 pp— Z®Js(i)_|_ pp—Hij o 7(0) o 7(0)
0 [22: dpr ; ST dprdpr; ~ " Y

/

Not just real correction to pp — H +1
e Contains virtual corrections
« Contains two widely separated partons

* Independent of R
» Can be extracted from known full NLO predictions




Phenomenology: singular cross section

0.5007
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R giigui‘“ iig‘i | Singular in good
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0.010¢ 4=mpp Is this captured by

0.005} the In R terms?
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Phenomenology: singular cross section

0.500— e
. p}ﬁ'“ = 40 GeV | Look atR — 04

— R=04 Full NLO |

= |

O 0-100g7 Only LL terms:

2. 0.050 Poor approximation
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Phenomenology: singular cross section
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R < 1 approximation works
extremely well, but leading
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Effect of NNLO LL terms?
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we see large effects




Effect of NNLO LL terms?
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Conclusions

Explored the R <« 1 limit and impact of a;In R terms

Introduced jet functions describing leading & subleading jet

Parton shower approach to construct non-linear RGE structure

Obtained analytic perturbative solutions for (sub)leading jet
functions at LL accuracy
 Well approximated in soft limit, but not by leading In R

« Examined the impact of these jet functions on exclusive
pp — H + J production
 Collinear approximation works well (even for "large R‘)
« Corrections from hard scattering essential




Backup: Full NNLO LL leading-jet

function

1
o) = () {@(zl )P [Per) + Pogla)]
1
+ @(zz — 5) (C7 A1+ CrCaAys+ CpngTpA,3)

+ @(% _ zl)@(zl _ g) (C2By1 + CpCaBys + CpnsTrB, 3)}

9 2 1—2z7—3
+(§_7T_) (1—2z) +( 4 = 3a) In 2

8z§3 + 17zl2 + 26z; — 40
122[




Backup: Full NNLO LL leading-jet

function

1
= ) {0 3) 2 e+ Bt
1

1 1
+ @(5 — zl)@(zl — —) (C%Bq,1 + CrCaBy 2 + C’anTFBq,g)}

3
2 (327 — 3z, +2) (1527 — 152, + 8) 3. (1—z
B,i=— In(1 — 2 1 2 ( )

2.1 a( =z Bl =24y mat gl

3(1 — 321)(2 — Zl)2

42[(1 — Zl)
32;—32?—2 —zf—|—zl—|—2 1— 2z
- In(1 — 2 Inz — 1 ( )

%2 Zl(l — Zl) n( Zl) + Zl(l — Zl) e (Zl + ) " 2

N —4520 4+ 9627 + 302 — 35223 + 45927 — 2362, + 40
12(1 — zl)4zl
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B . —9(1 1 ( ) z z z l z
a3 (142)In 22 i 62;(1 — 2;)4
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