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Following the work by M. Deak, F. Hautmann, H. Jung and K. 1e+08 ‘
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Collinear factorization in QCD O oTer =
@ Automated calculations up to NLO since | PruPi2>35 GeV ]
over decade. R A S
@ Excellent descriptions of non forward jets. q: § =3 |
@ To have a distribution of the angle between B 100000 | i 9
to jets in pp — 2j, one need NLO accuracy. i jl ]
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Hybrid k factorization in QCD i
@ Calculations only up to LO. 1000 L
@ As initial state already has transverse 0 05 lﬂ'fp 2o 3
component, the final state jets in pp — 2j are
not necessary back to back. Fig. 1: Distribution of the azimuthal angle.
@ Necessary framework to description forward From A. v. Hameren, P. Kotko, K. Kutak and S.
jets_ Sapeta: Small-xdynamics in forward—central dijet
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correlations at the LHC
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Collinear factorization in QCD

Collinear factorization in QCD
Automated calculations up to NLO since over decade.

dx;, dx;- = v
do* :/ x,-,:n ~ fin(Xin) 5 X77) B (Xin, X75) ()
n
initial states: K p
in = Xin "
N 2)
k% = XEP
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Collinear factorization in QCD at NLO

Collinear factorization in QCD
Automated calculations up to NLO since over decade.

axi, dX=—
dULO:/ In_/nm( ln) ( )dB(X/na /n)
Xin X7

initial states:
k" = xinP"
—u
k%:me
dxin dX— -
do™O = / S 20 bl i) (K [ AV (i, X) + IR X5)] | (3) Not finite
n i

n
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Collinear factorization in QCD at NLO

initial states:
adxip dX+ u
Lo _ [ Z2nZ7in g (y. Vf(X— - k" = xj, P*
do —/ Xin 75 fln(Xm)f,n(Xm)dB(Xm,Xm) kg - Y;TDM
in
dxin dX5; _ _ B
dUNLO = f T;;n Y%” {fin(xin)fm(xm) [dV(Xim Xm) + dR(X,'n, XE)} cancelling
+ |:fin(xin);7_ra: fJ, ﬁpﬁ(?)fm(iﬁ/f) Not finite at all

—Qg

(%) e [y, GZPin(2)in(Xi /z)] dB(Xin, x,.n)}
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Collinear factorization in QCD at NLO

initial states:
dx;, dX— X B y
010 — [ S LB, 1, 5B ) i
SNO dX/n av dR
f fin X/n) ( ) [ (Xln’ /n) + (Xm’ )} cancelling

+ ,,,(x,,, f dZP(2)f-(X5/2)

as fxn dzPin(z) ,,,(x,n/z)} dB(Xin, X7;)

Finite at all

+H(X5)
+ [f,.?(x,-n)f,-;(?m) + fnxn) £ )| 52 0IB X, x,,,)}

B 1 Ny = = -
i (%) — - | dZPH(2)(X5/2) = finite
Xin

n

1 1 -
i) (Xin) — Z/ dzPin(2)fin(Xin/ 2) = finite
Xin
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Objective

Hybrid k+ factorization in QCD

Establish the same within hybrid kr-factorization, for which the LO cross section formula is:

dxin a2k X
dJLO:/ . T X— InFln( Il’hkT) ( m)dB*(Xinvavxﬁ) ()

Xin T in

@ The amplitudes inside B*(xis, kT, X7;) depend explicitly on k7.
@ They involve a space-like initial-state gluon with momentum k' = x;,P* + k&

7
kin

We define kt as:
P-kr=0
P-kr=0

@ Such amplitudes need care to be well-defined, to be gauge invariant
@ We apply the auxiliary-parton method, and our objective is within this constraint
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Auxiliary parton method

Introduced by A. v. Hameren, P. Kotko and K. Kutak in Helicity amplitudes for high-energy scattering.
We put our interest on process with one space-like gluon. w(pr) = g(p1)/q(Py)
9" (kin)wiz (ki) = wi(pr)wz(p2) - - - wn(Pn)-
This process is obtained via named auxiliary parton method from process
q(ki (N)wi(Kz) = q(ka(N)wi (p1)w2(p2) - - - wn(Pn)
with light-like momenta parametrized with A
“(T|2 /_DH.

K= AP I = Ph = (N Xn) P — K o gt
: — Ain

ki Kin

b,

A—»0
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Auxiliary parton method

We put our interest on process with one space-like gluon. w(py) = g(p1)/q(Py)
9" (Kin)wiz(kz) — wi(p1)w2(p2) - - - wn(Pn)-
This process is obtained via named auxiliary parton method from process
q(ki (N)wiz(kz) = q(ka(A))wi(p1)wz(p2) - - - wn(Pn)
with light-like momenta parametrlzed with A
|kr|?
2P1 - P (A = xin)

KI' = APH kY = pi = (A — Xin) P* — K&+ P".
Their difference is
ki' — K = KI' + O(N"") = xinP" + kit + O(A™T)
Taking A — oo one will obtain the matrix element with space-like gluon
xalkr[?

—aUX o /\ oo
m“\/’ 2(AP, K o Pns AP L) —— - |M 2 (kin, K, s AP i=1) (5)
s Yaux
As auxiliary partons we can choose quarks as well as gluons. Then
N2

Cauqu =N, Caux g= = 2N;.
c
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The NLO contributions - schematically

dX,n d kT X5
X,n T Xm {Fm(X/na |kT|) ( ) [dv (Xm, kT7 m) + dR (le kT7 m)] (6)

[ P12 Ot KV (X) + Fin(xin e A (%7)| 0B (i, K X))

do‘NLO — f

Virtual contributions

dv* = dy*fam 4 gy unt

@ Familiar contribution conserve smooth on-shell k+ — 0

@ Unfamiliar contribution dV*“"" = a. N,Re(Vux)dB* g = Qs _(4m° - 4—adim
2rT(1—¢) 2

Vo = (2N [20 + Vaux | + O(e) + O(AT)
- - €
aux |kT|2 e X ™ aux

ax-a= g T3 18 N2 |2 2¢ N 3¢9
— 1 72
Vaux—g:—:z"‘?

Details in E. Blanco, A. Giachino, A. v. Hameren, P. Kotko: One-loop gauge invariant amplitudes with a space-like gluon.
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Real radiation

Real contribution we defined as

% n a. n n
dR fam(k/rh in {p/ +1) - : Ik |2 dzn+1( iny ”—,1 {pl ! )JR({pI +1) (7)
_as (4m)° . _ wl—e
T ri—g T RI-e

@ One parton more in a final state (compared to Born)
@ One collinear pair and / or one soft parton
@ The singularities look the same as if the initial-state gluon were on-shell

@ Independent of the type of auxiliary partons
@ No /nA

Did we miss something?
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Real radiation

Real contribution we defined as

% n a. n n
dR fam(k/n’ in {p/ +1) - : Ik |2 dzn+1( iny ”—,1 {pl ! )JR({pI +1) (7)
_as (4m)° . _ wl—e
T ri—g T RI-e

@ One parton more in a final state (compared to Born)
@ One collinear pair and / or one soft parton
@ The singularities look the same as if the initial-state gluon were on-shell

@ Independent of the type of auxiliary partons
@ No /nA

Did we miss something?
dR* = dR*fam + dR*unf

Came from phase space where the radiative gluon take part in consumption of the A
@ depends of type of auxiliary partons
@ violates the smooth on-shell limit and smooth large A limit
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Unfamiliar real contribution

familiar real unfamiliar real

In the unfamiliar case the radiative gluon participates in the consumption of A kr=qr +r7

x2|qr + rrf?

+58UX >
gg Caux\? |M | ((A + Xm)P

s X NP + 17 + X P, XgA\P + qr + XqP, {pi}7_;)

> Ry

/\—>oo

QaUX(Xq;QTvxrarTNM (xinP — qr — rr, K APi} 1)

The phase space also factorizes, we can perform analytical integration, the result is:
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Unfamiliar real contribution

familiar real unfamiliar real

In the unfamiliar case the radiative gluon participates in the consumption of A kr=qr +r7

x2|qr + rrf?

+58UX >
gg Caux\? |M | ((A + Xm)P

s X NP + 17 + X P, XgA\P + qr + XqP, {pi}7_;)

> Ry

/\—>oo

QaUX(Xq;QTvxrarTNM (xinP — qr — rr, K APi} 1)

The phase space also factorizes, we can perform analytical integration, the result is:

2\ 2, 2P.- P\
dR*unf( ins m'{pl}n+1) {aeNc <|I5T|2> [ —In——— ‘kT‘Z + Raux

+(9(e,/\1)}dB*( ins K ADIYy)
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Unfamiliar contributions - completed

Collection of virtual and real unfamiliar contribution brings

Aunde* _ dR*unf + dV*Unf

general unfamiliar contribution is given by

aeN 2 € 2P . 1‘3)(‘
Aunf = TC <|£T|2> jaux + juniv + Juniv - ZInT‘gm
where
11 ne K . 67 7T2 5nf
oot A h =Ne|5-% )~
junlv 6 3Nc Nc( 6) wit K Nc (18 6 > 9
11 n n 3 1
Jaro =5 *3ng T eng ) Jan-g =5~ 5(7)
* No InA

 Target impact factor corrections as in Ciafaloni, Colferai 1999.

 Other terms also known in literature (Regge trajectory, renormalization of the coupling
constant)
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Familiar real collinear singularities

The dR*™@™ has a singularity when a radiative gluon becomes collinear to P which leads to

divergence A—; with splitting as 2 — 2+ z(1 — z) included.

1
coll m

Grzegorz Ziarko (INP) NLO for hybrid k -factorization 24.11.2023



Familiar real collinear singularities

The dR*™@™ has a singularity when a radiative gluon becomes collinear to P which leads to

1
z(1-2)

divergence A—; with splitting as — 2+ z(1 — z) included.

coll

Tree-level matrix elements with a space-like gluon still have a singularity when a radiative gluon
becomes collinear to P.

r—x.P 2Ng X2

P rx(Xin — Xr)

|M*|2 (XinP+kT7 ln'r {pl}l 1) 2|M |2 ((X’n Xr)P+kT, [n'{pl}l 1) (8)

Similar to usual collinear gluon splitting with only the part.

1
z(1-2)

This leads to a non-cancelling divergence similar to the collinear case given by

;

Qe 2N 2N X

Don(Xins K1) = —?/ az [[1 — ;]+ + ?C +790(1 - Z)] F (ﬂ kT) 9)
Xin
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General NLO formula

) _
oMo _ %M"@n{ﬁn(x,n,kr)fm( ) [dR* (Xin, k7. %) + AV* (Xin, k7, %)]

Xin T - cancelling

[/
o+ [P0 in, k) + Fin(Xin, K7) Bt (Xin, K7) + B (Xins k)| F(%) 9B (i, K, X7
|NOI(XE) + D] Fin(Xin, kr)dB" (Xin, ki X7) | (10)

The collinear divergences A, and A_;
f’\’Lom( =) + Agy; — finite as in collinear factorization

F O(x,n, k7) + Fin(Xin, K1) Aunt(Xin, K1) + A%,y (Xin, k) — finite ? still necessity for scheme for
regularization

Details in A. v. Hameren, L. Motyka, G. Ziarko: Hybrid kT-factorization and impact factors at NLO. J. High Energ. Phys.
2022, 103 (2022). https://doi.org/10.1007/JHEP11(2022)103 [SPRINGER]
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https://link.springer.com/article/10.1007/JHEP11(2022)103

Thank you for listening!
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