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Why jets

A

as Jets are constructed as IR-safe final state distributions: The jet perturbative expansion is highly
convergent

s% Several important nuances can be considered to improve convergence or phenomenological analysis (Standard
Axis, WTA, grooming, thrust..)

Al

< One can use jets in combination with hadronic distributions (hadrons inside jets, hadron + jets,

vector boson + jets,..)

AV

o 1t is possible to encounter new hadronic distributions that have never been classified



I'he I'MD evolution kernel and jets

The TMP evolution is per-se a relevant hadronic distribution that can be extracted from data, lattice and also
appears in factorization theorem with jets:
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How many jets?

P At EIC/Belle there is probably an energy limitation of 2 jets for a single process ...
2 At LHC one can achieve processes with many more jets
2 Can one build a factorization theorem for differential distributions for any number of jets (when

some energy scale becomes very small?)?



T'he di-jet (DJ) and heavy hadron pair (HHP)

C+h =V +J +J+X

dijet LO process: 4

l+h—>V0+H+H+X

heavy meson pair at LO:

§ n-p &
QxQn'u — %(anaOa _Q)

<
Kt =

EIC: pr € |5, 40], central rapidity
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Observables

do
dxdnidnadprdrT

All transverse quantities are referred to the beam axis in the Breit frame

- pir| + |Par]
2

e =Pl by PP

Small transverse momentum condition on the imbalance momentum

rr| < pr
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Kinematics in the Breit frame

1 . kt

P i target hadron

Pl L
20

QQ = 2pr cosh(n_)exp(ny); & = 2xcosh(ny)exp(—n4)

Mandelstam variables

3= (q+k)* = +4p7 cosh®(n-) ,
t = (g — p2)* = —4p7 cosh(n_) cosh(n, ) exp(n1) ,
i = (¢ — p1)? = —4p7 cosh(n_) cosh(ny ) exp(n2) ,
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E1C coverage
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Phenomenology: di-jet case

For the moment we consider the phenomenology of dob = doL(r*g)

do >~ bdb 7 do¥(b)  cos2d¢, dot(b)
— —J b d
dlldry  © /O i) /_ﬂ P - dlldb o dhab
dll = dxdmdngdp;p . dO’U o dO’U(’y*f) o dO’U(’y*g)

Unpolarized and linearly polarized gluons can contribute
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Factorization

TND

dO’U(*y*g) gU U A d2b |
H b b - 9d(¢ b
d:l:‘dnldngdedrT zf: 9—>ff( , fu) / (27)2 exp(ib - rr) f7(§, b, 1, C1)

XS’YQ(bv 77177727M7C2)(Cf(b7 R? M)Jf(pTaRv M))(C (b R U)J (pTaR :u))

NEW SOFT FUNCTION JET: COLLINEAR. SOFT AND JET FUNCTIONS
U * 5
g (’7 f) i’ U] i / d-b : f
. H* _Sataua C zb-r ,b’ ’
dxdnidnodprdrr 70 : S K (277)2 X r) fi (&, b, 1, C1)

XSy (b, m1,m2, 11, 2)(Cy (b, R, ) Jy(pr, R, 1)) (C5(b, R, 1) J7(pr, R, 1))

A NeEW SOFT FUNCTION APPEARS 10/23
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A new (measureable!) solt function

A 1

5..(b) = S (0[ST{b, - 00) ../ 1T [SU2 (400, b)T 83 (400,b)8,, (+00,0)TS] (+oo, 0)} S.[0, ool i

/N

No rapidity
divergences
in this graph
z W / \\ \\
X\ /X X\ X X\ /
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N

(d)

Only one rapidity regulator needed because we measure only momenta transverse to n
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Re-organization, zero-bin, ..

B (0.0 b 0
S(b, p, Vo+i~)

The zero-bin subtracted TMD R;(f bk o0p)—

DY/SIDIS soft-function as a product  S(b,p, Vé+é—) = S2(b,p,67v)S2 (b, 1,6~ /v)

Re-organization of the product of beam function and soft function in TMD and subtracted
soft-function
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Re-organization, zero-bin, ..

Re-organization of the product of beam function and soft function in TMD and subtracted
soft-function

(67 nuvk 5-|- \/764— fz g? nua<1) ( 7:“7<2)

. A‘t

We have a condition similar to DY case C 1 C 2

fz(fa b?/’L?Cl) =

: A —

b, 15b .k 0
Si(b7llL,5_/V) \/§k_/V—>\/a

S ) b7 7\/An 5+
Svi(bmuagé) el (1 2 ) U1 U9

Sz (b, u,67v) =
v/ 2An—>m(j2 An 2(n : Ul)(n : U2)
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Evolution

The anomalous dimensions now depend non-trivially on angles and develop imaginary parts:
the two facts are connected

d
T S’yi(b7 Ca:u) = s (bmua C)S’yz(ba Ca:u)a

d“ vi-b=wv;bcp ,with ¢, = cos ¢y
dl C ’77/( C? ) (lu7 )S’Yi(b7<=7ﬂ)7

Vi (b, 1) = Yeusp|s] (¢; 2In]| cos ¢p| — ¢; imO(pp)) + other ¢, independent terms

—1 : otherwise

N 5y @(¢b){+1 /2 < Py < 72
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New AD property

%[91,19 =4{—Caln(s + 2CF [In(Bp” ) —In§ + Inp7 + In(4cp)| }

v f

_ ; :
%[91] — 4 {(C’F + Ca) [IH(BMQGQ’VE) = hs } lnp?p o ln(4cg)} + (Cp — Cya) |In (5) i — Ol CQ}

W = 4C; [~ In (B2 €277) + In R? — In(4¢c}) + imes]

The sum of all anomalous dimensions cancel as usual but
Imaginary parts and angle dependence in the anomalous dimensions must be treated
carefully.
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EVOIUtiOHI Z: -pI‘GSCI‘ipti()H for new soft matrix element)

The objective of (-prescription is to define scale-independent matrix elements, re-absorbing the
evolution in a factor. Here we need a further step because of angular dependence

BT -
Syi (b, puy, Ca,7) = exp / (VSW
Y O

(¢)dIn u) exp

e ngz RS,Y,L Sfy@' (b7 MO? CZ;O)

¢ and ¢, do not mix in AD’s

d

K. e RS Ry =1
dinp. 75(9)8s,. dluc v
d d
Oi 5.0 O ..o
diny e ang D

C-prescription is independent from ¢, integration

/P (7571' (bv s CQ)dln:u B D’L(:uv b)dln CQ)

S~i (b, 1o, C2.0)
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Fivolution and angular integrations

Fixed order

dé(b) ~ | cos ¢p|** (cos(Bm) — iO(¢p) sin(Br) ) R({px} — 1) |1+ Z as(uk)f,gl](b, CoS ¢p)
ke{h,j,s,cs}

All imaginary parts cancel AFTER b-angle integrations

Caveat: Scale choice must respect the integration condition 24 > —1

17/23



Scale prescriptions: di-jet

do” (v*g) U -
dll drT - ZO'g H%g—)ff((g?t?u?lu o pT)Jf(pTa R7 MJ)J]?(]UT, R, ILLJ)

oo
X /o bdb Jo(brr) f1(€, b)R, (({Mk},ﬁ,o,(:z,o) o (pT,p%v 1))57;](57 R, {pi})

Scale independent gluon TMD
Defined on non-perturbative saddle point in scale space

R (({pn}s €0, C20) = (p1y 07, 1) = Ry, (g = pr)°Re, (e — pr)°RE ((1o,C1.0) = (07, 07)) RE (1205 Co0) -
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Scale choices and non-perturbative models

c | J | S
Bip (GeV™1) | 25 | 25 | 2.5
fZNP(b):exp( (B;p)2)’ =L

C | J
bmax (GeV™1) | 0.5 | 0.3
ny =prR
1 1
e 2 O I
e (b bmax>

C(b7 R7 pT) T RC (b7 R7 PT MC)CPGTT (b7 R7 :uC) é\IP(b7 R)7
S1i(b;pr, 1) = Rs({po, o} = {pr, 1})S%:™ (b5 1o, Co) S5 (b)
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Plot for di-jet production
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Plot for heavy di-hadron production

do[fb GeV 7]

Hard

do, x 10
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cos(2¢

angular modulation at L.P for di-jet
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cos(2¢) angular modulation at L.P for di-hadron
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Several features of di-jets
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o P

Conclusion

We have shown the factorization of two processes involving gluon TMD. A new soft
function appears, whose properties has been studied. This is a vacuum-to-vacuum
matrix element that cannot be reabsorbed in other functions. Is this problematic?

We have solved a problem of resummation with angular dependent complex anomalous
dimensions. All functions coded in Artemide.

Unpolarized and linearly polarized gluons appear together, but the latter has a
suppressed matching coefficient, and they are negligible

Angular modulation asymmetries around 5%

Testing on H1%“Similar processes?Higher perturbative orders?

R. E. Del Castillo, M.G. Echevarria, Y. Makris, 1.S., JHEP 03 (2022) 047, JHEP 01 (2021) 088
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BACK UP SLIDES



BNP

model] dependance
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T'he gluon TTMD quest

Gluon Polarization

- S GLUONS unpolarized | circular linear see Feng v“an la"(!
& = o™ :
25 . S h
O - 1 s
g y Lo
;é% @ ﬂ\gﬁle hy,
Qi T 1g ‘ g | h¥ hlg
\T ng \7? °IT

<+ Much effort in using unpolarized targets, unpolarized and linearly polarized gluons appear
together
The only color neutral particle available for this search is the Higgs

Perturbative calculations at NNLO for unpolarized nucleon distributions, p. gutierrez-Reyes, S. Leal-
Gomez, et al. JHEP 1911 (2019) 121, M.-X Luo, et al. JHEP 2001 (2020) 040

o« %
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HHP ‘t4+ps¢+H+H+X

In principle all very similar (we consider only the charm case for EIC)

Momentum imbalance Ty pqﬁf T ijf
H H :
Di-hadron Momentum Dp = |p i ‘ ; |pT ‘ vl k< pZI{,HY
do (v g) . / db ,
— H"Y (s 1 b - I il &, 0
dxdnpdngdprdrr 7*9—>QQ(S’ s 1) (27)2 exp(ib - 1) Fg (&, b, 11, C1)

o SVQ(bv s CZ) JQ—)H(bapTa mae, :u) JQ—)I:I (bapTa ma, :u)

Only gluons in initial state FH(¢,b) = f1(&,b) dgi =4 hi(e, b) ( o 1



Scales and bHOQET

r

New scales appear " . L L
Loy L = mgs e g

whose logs should be resummed DT

pg? t f :mQﬁM_'_kg? ngAQCD(lalal)va =
m? 2B my
o ~ | 2F = EE ~ A L]
pQ boosted frame ( L QEH’ QCD>U 7 o e ( M g : QEH’ >

v

2pT
mg

Typical scaling 1] AQCD



Matching bHQE'T to massive SCET

B is the collinear velocity of the heavy hadron and vl is the lightlike vector along the direction of the boosted quark.

ij gv v C1—|— (va /’L)Wghvﬁ+

. 2 mQ Shape function
Jgm11(b,pr,mq ) = Cs (g, ) g b, 22, ) ShaPE funch




Iragmentation Shape function/bHQET Jet

function connection

™m

s (b, i1 M) . / dr exp(z'b - r)jQ%H(r)
pr B
1

‘i jQ—>H( ) 9 N Z<O‘5(2) (’I“ Z’U( (9)) WThvB+|XH><XH‘hU 5+W ¢|O>
| Py No 5

| 1
f So-H(W) = N (00 (w —1v2D - 5’)W7h05+ |HgX)(HgX |hy g, W

-
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e sulrl = /dw exp(twT)Sg— (W)




Soft function AD up to 3-loops

Vs, = — (Ya,, + VF, + Yo + 77 (01) + 77 (v2) + 274 )
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