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NOTATION

Light-like vectors:

nt = %(1,070, 1)
= %(1,070, -1)

" =n=0,n-n=1.

v

p* can be decomposed in terms of its light-cone components:

plr=p.attp ot +p = (p,ppi)m

with Py =n-p, p—=n-p,
{ p?=2p.p-+pi2=2p.p_—p-
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NOTATION

Expansion parameter \:

P~ £~ N2QP

Regions with a non-null contribution (see INTRODUCTION TO SOFT-COLLINEAR

EFFECTIVE THEORY, T. BECHER ET AL. [1])

e Hard Region, h — k* ~ (1,1,1)Q.

o Collinear Region, ¢ — kM ~ (12,1, ))Q.

o Anti-Collinear Region, ¢ — kM ~ (1,2, ))Q.
o Soft Region, s — kt ~ (), \, \)Q.

o Ultra-Soft Region, us — kM ~ (12,2, )2)Q.
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FROM QCD TO SCET |

Main problems:
e 1(x) (quark field) and A, (x) (gluon field)
scale with different powers of ).

o We should check that the theory does not
modify the fields dependence on .

@ The non-local operator require Wilson lines
to preserve the gauge invariance.
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FROM QCD TO SCET |

e Gluon fields:

Al (x) — Al(x) 4+ All(x)
o Quarks fields:
P(x) = e(x) + Vus(x)

— — f
where () = €03 + (4 {i A ¥
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Quark fields

o Good collinear fields — [£(x) ~ A

o Bad collinear fields — |n(x) ~ A2

o Ultra-soft fields —» |1),e ~ A3
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Gluon fields

d* [ . [T
(0] T{A"(x)A(0)}[0) = (27:)’4 sz’rl_Oe—,p.x [—g”“rg%]

(n-Al) ~ )\
o Collinear fields § (- Ac) ~ A°
(AC)J_ ~ )\

e Ultra-soft fields —s A ~ )2
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SCET effective Lagrangian

Gluon field: | A (x) = (n- Ac(x) + n- A ()" 4 (A - Ac(x))n" + (AL) L(x) |

SCET | Lagrangian

T, / I us,a c,a
Lscet| = 'Gr’us’musld/‘us - 4(Flu/ ) o _(F )2

+ & |i(n- D)+ (D)L~

1 .
m'(wch §

o iD, = (i0, + gA,.)
o iDF = i(n- D) + i(A- De)n" + (D).
o i(n-D)=i(n-0) +g(n AL )+ g(n- AlX))
o igh = [iD,iD"]; igF{, = [iDy,iD,]

pv oo
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Wilson lines

We define an infinite Wilson line for each of both fields which form

SCET:
0
o W.(x) =[x, —oon] = Pexp |ig / ds - Ac(x + si)| (collinear)
0
o 5,(x)=Pexp |ig / ds n- Aus(x+sn)| (ultra-soft)

W(x) = V)W (x)VI(—o0i) = x(x) = W' (x)(x), ¥(x) = d(x)W(x)

gauge invariant
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Fields decoupling in SCET

Lagrangian with collinear and ultra-soft fields interaction:

c+us f’(n D)f

We will consider the following transformations:

o £(x) = Sa(x)EO(x),
o AL(x) = Sa(x ) A" (x)Sh(x0).

Thus,
i(n-D)¢(x) = i(n- D")Sp(x )¢ (x) =
= (in- 0+ gn- Sa(x )AL (x)SHx-) + gn - A ) Salx-)EO(x) =

= 5(x)i (n- DO (x)) €0 (x).

" 2024 14 / 40
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Fields decoupling in SCET

We will work with SCET 11, which implies: SCET | + soft fields.
Ps + PSceTi = (>\7 )\7 )\) + (>\> 17 )\2) = ()\a 15 )‘)

This result does not match any of the variables which defines our
cross section (real modes) and, when it comes to the Lagrangian,
we do not consider the virtual modes, but the real ones = The
collinear and soft components are independent from each other.
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© rp— V 4+ X FACTORIZATION
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pp — V 4 j + X FACTORIZATION

Our processes of interest:

I v g |4

fy

Figure 1

Aplications:
@ Obtain some fundamental parameters.
@ Physics beyond the SM.
@ Improve our hadronic radiation knowledge.
o

Study of the enviroment where the event happens: quarks and gluons
plasma (QGP).
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Other processes of interest
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dijet LO process:

(9 of)

heavy meson pair at LO:

M= %Qﬁ“ = %(q.n.n. -Q)
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Factorization Theorem

We rewrite the cross section as

3 a3 3
/do:/dp‘// pf/d"x” s d= 20
2pv 2pj 2pX dnvdnjdx;dx;dxodrrdpr

with

rT=Pr,v +P1, , lrr]
b, = PLVPL, lrr| < |p7|, where we define \ = oo
=72
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Factorization Theorem

Factorized cross section:

dé6 = d6? + déP + ds©

IbrTFf(Xla s My Cl)

o d67 = Z Hir (8, 2
F

X Ff(XZa 7M’C2)Sff 5 1y ClaCZ ( b R :U’ XjapTaRau))

R v e A n d’b
° ds* = Z Hg;—>w(5? t,u, “)/ (2m)? ™ Fr(x1, b, 11, (1)
f

X Fg,pu(X% ba H, <2)ng(ba M, Cla <2) (Cf(ba R) ,LL)J((XJ, pPT, R) ,LL)) .

o d6° = d6"(f & g)
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Soft function calculation

1o Splb) = ! o OIS Ib, +90)ar Tr{S, (b, ~0) T x
A

x ST(b, —oo)sﬁ(o, —0) T?51(0, —50)}S,, (0, 400) ¢ |0)
1b—>5fg(b)_ ! <0|5 (b, —00)ca TH{ S} (b, +00) T? x

x S1(b, —oo)sﬁ(o, —00)T25,(0, +00)}ST(0, —00)4c0)

Wilson lines

Sv(+0,8) =P exp[— ig / d\ v - A()\v+.£):|
0

0
S (7)(—00,€) = P exp {ig / dx n(A) - A(An(A) + €) eo‘*(é’)*)]

— o0
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Soft function calculation

Soft function perturbative expansion!

§= 3 gl s 5= 25 gl (3.1)
m=0 i#j

Coefficients for each interaction?:

CF =2Cr— Ca, CZ=Ca,
G = Ca, = Ca,
CY™ = Ca, Cf = 2C¢ — Ca.
1 e 2

— ar ) (4m)2 "
2c, = (Ne—1)

s Y Ca = N, for SU(Nc) algebras with (N2 — 1) generators associated to
N x N. matrices.
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Soft function calculation
é (+00)0 ;
(=o0)a

Figure 2

(2b) — S = 2(47)%(n- v)(xIR +il))) + h.c.
(2¢) — SW = 2(am)2(A- v)(xIR +il)) + h.c.
(2d) —s SH = 2(an)2(n- A)(=IR +il)) + h.c.
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Soft function calculation

Soft function for ( ):

S5re(b) = Sfte(b) + 235{ - Ca

1 1 (v-b)?
— 4+ 2| In(Bu2eE In| =
€2+€<n(ue )+n( 2v+v_B>

o2 (woer-vssa)] | o (%)

+
2

+2CF

+

Sgn/'te(b) _ 1_235{CA 2viv_B

—:—:—I—In (Bp,ze'YE) <In <— (v: b)2 )—l—% In (Byze'“?) )

+2Cr

2
% + |n(B,ﬁve)(|n(25+5— Bee) — % In(Buze_'VE)):| }
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Soft function calculation

Soft function for ( ):

Spare(b) = S/ (b) + 2as { Ca

eiz n % (m (Bu2e™ ) — In (“:i) - In(2(5_)2B)>] -

_ l n(st E n _,'v'b
2cF€[| (5+VBeE) + | ( v+\/§)]}

Sire(b) =1 2as{2CF In(Bp2eE) |:In(6+\/Ee'YE) +1In (—i +

ve)

1 Ca :—: + In(Bu2e'*E)(In(2(6‘)2Be75) +ln (\‘%) - % In(B;/,Ze_'YE)):|
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TMDs definition

| Bf(X]_,b, 122 Cl)éi(XQ,b, Hy C2)§fl'(buu7 6+76_) = Ff(Xl,b“LL, Cl)Ff(X2’ b, 1y CZ)sﬁ(b’ 1y C].’ C2) |

BY(xq, b, u, 6t
o Frla, by, 1) = ot CL B 0T)
sz (X17 ba 122 (51)2)
B¥™(xa,b, p, 6~
O e = )
S2(x2,b, 1, (62)?)

~§fi(b’ 122 5+7 6_)
1 1
S7 (b, 1, (01)2)S7 (b, 1, (62)2)

L sfi(b7/~l‘7cla <2) =

We fix: 61 = (pil)25+, 5 = (pC_2)26,; GG = (p1+)2 (p;)2.
1 2
June 14" 2024 26 / 40
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TMDs definition

Renormalized soft function for ( ):

o Sir(b, 1, ¢, ) = 1 — 2as4 2Cr In(Bp?eE) In
G162

w2 (v - b)? 1
— — +In(Bp?eE) | In( — ~In (BuleE
13 tin(Bue )<"( 2v+v_B)+2n( we)

(PT)Z(P{)2> N

+ Ca

} +0(22)

Renormalization function for ( ):

11 K
5+ E(In (Bu?e™®) +1n (_2(\‘/I+v_)3>>

4 2CF1 In <(pl+)2(p2_)2> } +0(a?)
€ €1¢2

.Zg(b7/1‘5C17<2):1—2as{CA +
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TMDs definition

Renormalized soft function for (

):

—)\2 2
o Si(b, 1, C1,C0) =1— 2as{CA In(Bu2e ) [m <"—+> +21In (“’”) T -y
v_ & 12
+ In(Bp?e ) ( 21In (p{)* +2In (—i v-b ) +1 In(Bu2eE) +O(a2)
G V+\/§ 2 s
Renormalization function for ( ):
—)\2
.ng(baHHChQ):l—zas{CAl|:|n (v+)+2|n((p2) ) aF
€ v_ &
1.1 5 (P )? . v-b
+ Cr E2-l—€<|n(B#2e’Y )+ 2In (21 +2In (—lv+@) +(’)(a§
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Soft function anomalous dimension
Soft function anomalous dimension® soft

. d
VS = (Zf?) 1m2i?

w

We can write the perturbative expansion of the anomalous dimension as:

y=>_ alyl"
n=1

3Each element of the factorized cross section satisfies the RG equation:

d_ G(u) = v5(1) G(1), since they depend on the factorization scale .

d In
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Soft function anomalous dimension

(1) — %) =—4as{2C,:In <_(P1+)2(P2‘)2>+
' GG

In (Bu?e™) +In <_ 2(\‘/I+\:J_);> ] }

+Ca

(16) — o V[slfi = —4aS{CF lln(B/Lze”E) +2In (—i v-b ) +

v, V2B
+2In <(p§1)2>

—)2
Vi p
+ Calln[ =) +2In ()
V— G
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CONCLUSIONS

o For the full calculation, we should also consider:
o All the TMDs involved in the process — gluon and quark TMDs
(polarized /non-polarized up to NNLO and NLO).
o Jet structure — Winner-Take-All (WTA) scheme: 4-momentum
null mass limit and it points towards the harder particle direction of the
pair.
@ Our initial solution for the soft function is compatible with Ec. (3.29)

obtained in yournaL OF miGH ENERGY PHYSICS, Y. CHIEN BT AL, [2].
@ As in journaL oF niGH ENERGY PHYSICs, v. cnien BT AL, 3], the final results
have a dependence on the angle v - b.

o Aim: To estimate the non-perturbative effects of QCD in the
TMDs factorization formalism.
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SCET effective Lagrangian

e =Ef=0, fin=7f=0 ED. =0y qP.n=0({hD.}={AP.}=0)

Collinear Lagrangian

Le = Peildpe = (E+ )i [(A- D)p+ (n-D)fi+ D] (€ + n)

Through Euler-Lagrange equations:

P b, ——ép, "

NG (7 D)’

<

Lo = Ei(n- D)E + &Il o5 =il e

( D)

Gloria Tejedor Garcia Soft function study in pp — V + j 4+ X processes



Wilson lines

Finite Wilson line

Sz o
[z,y], = Pexp ig/ds%Aﬂ (x(s))| with y = x(s,), z = x(s).

Sy

L9,a(x)

Gauge transformation: V/(x) = ¢l = A, — A/ (x) = Au(x)+
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Finite Wilson lines

[z7y]A — [Zvy]A’

p p
_exp |ig / ds%Au (x(s)) + i / dsddisapa (x(s))
7 dx*
= exp ’g/dSIAu (x(s)) + ia(2) — iafy)
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Wilson lines

Finite Wilson lines

[x +sA,x] = Pexp ig/ds’ i A(x + s'm)
0

[x 4 s, x] = V(x + sA) [x + s, x] VI(x) = (x + s7) [x + s7, x] 1b(x)

gauge inveriant

Gloria Tejedor Garcia Soft function study in pp — V + j 4+ X processes June 14 2024 38 / 40



Factorization toy model

(0]J(x)J*(0)| p1p2) — (0| Psy*1bn (X)), 7" 1a(0)| p1p2)

FIERZING: (0%, 1°(x) 7172407 (0) | prp2)

If we consider: |v5,7¢y = Z CrYadYeb
r

= (0] X o (CP(x)7agx(0)) (1°(0)7%,1°(x)) |p1p2)

= (0] 2or er (V5 (x)7*94(0)) (,(0)7"%n(x)) |Prp2)
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Factorization toy model

Gauge transformation:
'ﬁﬁ — ~_9ﬁfﬁ
o)y — fﬁsrip

> cr(0]S1S,(x)S]S5(0)[0)
g

x (0€,,(0)7"&,(x)|p1) {O[€ 5(x)"€5(0) | p2)
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