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The hybrid model:

® Hybrid model proposed at LO in 2005 (hep-ph/0506308), NLO in 2011 (1 112.1061): large x
collinear parton which splits, rescatters with the target (eikonally) and fragments onto a hadron.

k* —
[quark] (zp; ,0,0) - E — z = — p", y [hadron]
(O: TaPa s kg-L)
qg" [gluon]
H > v
nucleus| p. 1405.63 1 |
BRAHMS n = 2.2 BRAHMS n = 3.2 STARn =14
® Cross sections turned ol RN ;;3% ool B =0 |
out to be negative at large _ .| I _ [ a8
I - | 10—3_
transverse momentum,a & | | | &
problem alleviated at larger % . | $
rapidities or energies. 7 o
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The problem (l):

® Several solutions proposed along the years:
=¥ Kinematic constraints (1505.05183)/loffe time restriction

(1411.2869) leading to new, BK-like te_(l’Pp+*oL) o
> X (62,P* k)

=¥ Choice of rapidity scales

(1403.5221,1407.6314,1608.05293). (1 —¢)cx, 1
=¥ Threshold (2004.11990) and Sudakov (2112.06975) 2

resummation.

e prb 00 <y <25 [epPb 25 <y <30 [epPb 30y <35 lepPb abcy<d0] |epPh i0<y<is
Z 10 | 1LO ! = [LO » =[O y [=LO = [LO
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descrlpthn Of data lqm? * p. ’Uf”y 25 _'; | 'm)' 25 y<3-0;_ | ‘pp‘SUI é 35 = [ep. 3 ‘,yf 10__ | 1m>1 10 < i/f’ 5]
10 == One-loop A : ()ne—lu op | == One- loup | == One-loop == One-loop

[m ll /GeV?]
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~ 10~
® %::10-2
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= jg4f + | . !
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wrong, or of
guidance on how to

Phy (GeV)

rectify it. 2004.11990 ™ ali2besrs.
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The problem (l):

® Several solutions proposed along the years:

=¥ Kinematic constraints (1505.05183)/loffe time restriction

(1411.2869) leading to new, BK-like te_’(l‘pwgou

=¥ Choice of rapidity scales
(1403.5221,1407.6314,1608.05293).

=» Threshold (2004.11990) and Sudakov (2112.06975)

resummation.

® They lead to a
successful

description of data
but lack of
understanding of
what was or still is
wrong, or of

— NLO+LLyyr
=== LO

guidance on how to
rectify it.
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The problem (ll):

o Any eventual problem of negativity at NLO should not come from large transverse
momentum: inelastic (real NLO) contribution squared (| 102.5327), the elastic one (LO+virtual

NLO) does not con\ib*ute unless the dipole has a large tail at ki > QSZ‘/

, ) o \1/
{ a@ PIB d 2 YN g '
r ) c |
&

2112.06975

5
)
3?

>
|

® The reason for the negativity is seemingly an over subtraction: the NLO is extracted collinear
pieces that go to the DGLAP evolution of the collinear PDFs and FFs, and a soft piece (through
the plus prescription) that goes into the BK evolution of the dipole scattering matrix. The
remainder turns out to become negative at large transverse momentum.

® Here we conclude that the correct framework to resum all large logarithms is not collinear
factorization for the projectile (the hybrid model) but TMD factorization.
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Our setup:

® We work in a frame in which the target nucleus moves fast.We find a TMD-factorized parton
model expression:

J 2,k2, Sz, 2
J;szkdq ( k aﬂT>P(k q)F (Gpr.(ky+q >;//t,%)+@(pl L )

Dilute projectile, P l ‘

P+ P+

h Dense target, rapidity Y
® Our scales are

//i% = Mmax {kz’ qi, Qsz} ~ Mmax {(kl T ql)z’ Qsz}a //11% = ((QJ_ + k) —Pl/f)z) ~ max {(QJ_ + kJ_)za (Pl/f)z}

50
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Our TMD distributions: one flavor PDFs

e TMD PDFs (single parton species to start with) are generated from collinear ones (large k):

2 1 _£)? q I=¢
xffq(x,kz;kz;fo)z S NCJ d§1+(1 o) _ X 61( A ) : M

27)3 2 £ 1—¢'#\1-¢) k2
0 g 5

® Evolution (diagonal in parton species and momentum fraction; the second term corresponds
to a loss due to the increase in resolution):

2 u’ 2 l 52
g NCJ‘ rdl J d<§1+(1 £) .

oa ’kZ; 2; =7 2—k2 g ,kz;kz;
XT (X, k75 175 Sp) (pe )[x > <0 Q2n)3 2 ), [I? & c

T (% k% 1% 50)}

) 2 " o1 _2\2
® At O(a,): xT (x, k% u*; &) = O(u” — k) xT (x, k% k% &) [1 ks [ﬂ e J = ]

(27[)3 2 k2 lz £, 5
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Our TMD distributions: one flavor PDFs

u?

e With xsz(x) — j ndk? xffq(x, k% u?; &), we recover DGLAP for the collinear PDFs and

0
their definition is independent of £, < 1.

® TMD FFs are defined analogously.

® These definitions can be generalised to 7, massless quarks and antiquarks, and gluons.

e It will turn out in the calculation that &, o 12%/s,, with s, an energy scale that comes from the
loffe time restriction (1411.2869).

® Relating these definitions and the corresponding evolution equations to more standard
implementations ( see e.g. 2304.03302) of the rapidity cut-off (s, in our case that acts as a
longitudinal resolution) is yet to be done.
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Our TMD distributions: one flavor FFs

® |MD FFs (single parton species):

2 1 Y
‘O}?{(Cakz;kzaf())z g NCJ d& 1+(1 5) 1 DY ( C ) 1

2n)? 2 ). £ 1—¢ HR\1_-¢) k2
2 u? 2 ¢l 2
_ _ ¢2 N.(* ndl L+(1 -8 _
F Y k1% &) = 0 ~ 1) [f%(xakz;kz;&)) o 2 J 2 J db———— F (k5154
k? 0
Iu2
Dg{’ﬂz(x) = L ndk? F X, k% u?; &)
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Our TMD distributions: all flavor PDFs

® For nymassless quarks and antiquarks, and gluons:

2

1

1-¢

2 T 1 2 .
2. . g° N 1+(1-&)° = T 1 12120y 9 , 3 x x
Tal K5k 60) = s /g A ( £>A2 ol B3k 80) = mys 21 go(b‘c[ e T1-¢ ¢ 5)] et ()
2 1 rl 1 g2 N. 1-|-§2 . [q(r> q(r )]
+(297r)3§/£ dg [¢° + (1 -€)°] 5 gfk ( T€> %) T2n)? 2 Zq: Cr—et—e /e 1=¢) Ve li=e)| &
rT(z, k% 1 &) = 0(p” — k%) |2To(z, k% k% &)
2 ar et o2 ol 2 ]
g~ Nc mdl +(1-4)° 2. 72
(27r)32/zl_2§d€ § = Ta (2,515 6)
oT, (@, k% % €0) = 0(u2 — k) |27, (2, k% K &)
_ 2 pu? 2 1 T 7
g ] wdl 1—-¢& £
2 om)? I\fc/ﬁ NP g dg : | = FE(1 =€) 1?7;(1’.,132;12;50)
p 2 o L -
:r.fg.z(:r):/ rdk? 1?7;(:1?,132;;1.2;50) 2 . e a2 gl | ]
# O _(297r)3 an / Wl_z ¢ d€ (€% + (1= €)%= T, (2, k%1% &o)
® The collinear PDFs satisfy DGLAP.
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Our TMD distributions: all flavor FFs

® For nymassless quarks and antiquarks, and gluons:

2 ar ol A2
g Nc/d£1+(1 §)° 1
€

f}q{ (C kQ kQ? 60) —

C 1 , 2 , 1—
D k2 (q) p ffg_l(m,kz;kz;fo)z J QNC/ d§ |:—€+L+§(1_ )

q
(2m)3 2 3 1-¢ (2r ) £ T 1_¢
2 N, [ 1+€& 1 ¢ 1
T2 / “1og 1og P (1—£> k2
Fiy(z, k% p* &) = 0(u® — k%) f}’f(:v,kg; k%; &)
u 7rd12 1+ (1—¢&)2 > o
"G T e /Odf g Tn(nE)
Fiy(z, k5% &) = 0(n” — k7) | Ff(z, k% k% &o)
_ 2 pu? 2 1 - ;
g I ﬂ 1_6 | 5 | _ g [, 2. 72,
(271,.)3 NC /k?- ]2 o d€ __ £ | 1 _€ ' 6(1 g)__ J:H (Iv k al 360)
2 2 p dI2 1 )
7 | g nf L 2 _ A1 19 (A 1.2.]2.
Dy () =/ ndk? Fi (z, k*; p; &) “@2n)® 2 /2 ), BT A= Fy (2.k5560) |
. ; _

® The collinear FFs satisfy DGLAP.
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g — g — H:initial expressions

® We start from the expressions obtained in LCPT in 1411.2869, before collinear subtraction,
and we do not implement the plus prescription.

® We work at large N_, and assume factorisation and translational invariance for the dipoles

S(r) SE(r).

® [he WWV factors with the loffe time restriction read

Al ( ) J 41!
L=z = — 1
=% 12<§(1_§)xp50 (271')2 [2

e 0T A~ = AL v — D) 2 AL (v = 2) for K2/ (xpsy) < 1.

. doq,_;q g° : ik-(y—g) L T (1-¢)
e hzy) = 5 / e / pik-y—g) L+ (1 = €)° Py 77 = _(2'”)3/0 * /y.y,zek( B
d2kdn " (27)3 e § I - | . .
- i X | X | Tp fZ?, (zp) {C’p _Afsfrp (y — 3)142’% (y — 2) +x‘12,$p(§ — 3)4‘12,% (¥ — 3)]5[31 — 9]
| 22e s (122 ) A -)Aé(g—s){CF sy-a+s[0-9w-n]| * , , -
2 , . N. _
- - - AL, (y— )AL, (y—2) [7 sly—2|s|(z-9) +&w-2)]
N ‘ -
—22[s[(1 - &)y — )] slg— 2] + s[(1 — )T — 2) s[y—s]} | | A 0
> |5l | | lsty—4) 1 AL, (- )AL, (0 - 2) 5 [z = 1] s[w - 2) - €w - 2)] >}
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g — g — H:initial expressions

® Our dilute projectile contains quarks with transverse momentum smaller than p, ~ Ay cp.

® The dense target sits at some rapidity with no need of further evolution (no large rapidity
logarithms found).

® We add fragmentation and Fourier transform to transverse momentum space:

d59-4 o do{? do{ ) ? dod=171 J’ 1 d¢ dci—1 ( D xF>

k. k. k. k. _ D¢ ,
idn = Pkan Pt oy & gy pdn 22 P a0z

s(k) = J : e KTs(r) => s(r) = J el"s(h) = s(r=0)=1= J s(0)
, 2m) z

[
dagaqﬁH - le_,' p
d?pdn = J 22 Ppi© ?fjo (?> (E)
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g — g — M:real terms

do?74H ¢> N, Jl & : I+(1-8  x [k — (1 - &)ql’

X
d 4 d ) k
;A ”0(5) L,q Lkz/(szo) 5 S (I =¢) f”O ((1 —&)C s(s(d) P 2

(E-) (--0n)

=S
d’pdy t(2n)3 2

® It can be written in terms of TMD distributions plus an NLO remainder:

dof] """ _ 4% N / / +(1-¢)? . ( vy )
d*pdn l(2“)3 A . C2 H”O k.q /(J:pso) § (1— £)¢ (1-&)¢

P _ | E—(1-¢&)k ¢ 4q ¢~ (=9
s(k)s(q) { | = C | |7, C
e Eomor (G Eramoy
1 (k—q)° =0 (k— g
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g — g — M:real terms

do?74=1 o 8 N Jl dc 1 1+(1-&% xp [k — (1 = &)q]”

X
- DC] d q F ) k
x &7 i) L,q LkZ/(szo) 5 S (1-2)¢ i ((1 — )¢ @) p :

(E-) (--0n)

d2pdn T (2n)3 2

® It can be written in terms of TMD distributions plus an NLO remainder:

dzpdn § (1 - ) (1—-&)C
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g — g — M:real terms

dof =M . g2 N, Jl de : 1+ =862 xp

X [k — (1 = &)q]°
DY d q r ) A
- Pisi) L,q Lkz/(szo) : S (1 - 5)Cf”0 ((1 —6)G (03 <p

G L) (2-a-oa)

® It can be written in terms of TMD distributions plus an NLO remainder:
2 1 2
T e R e ,3( - )i

dO'q—>q—>H (271')3 2 ; 5 1 _5 1 _5 12
dzpdn | e Tt e ————————_——————— S5 ———— P p———P o raess S -
Si/ / TF {Dq ()7, <TCF LZ AQ o=k C/(TF80)> + [ (TTF) Fir (€, kz A2 o=k C/(:lpso))}

T k2 >y0 2

><8( k+p/C) 1—/Aq 8( q p/C)

s lN // o (_zE >+(1£) :
(27‘-)3 T Cz HuO k(/(a:pso) 1_ ) Ho C(l_g) 5

x/s(k)s() p/C K p/C—( =8k || pP/C—4q p/(—(1-8)q
q (p/C—k)?* (p/C—(Q=8k)?]| [(p/C—9)?* @®/C—01-89)?]
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g — g — H:virtual terms

dq;q*H 2 N (! g ' o1 14 (1 — &2 E(l—f)—q—k I 1
012, - _9 g 3SJ_ C J g I?I (Z_:) dé ﬁfqz (ﬁ) + ( 5) J g (2) S(Q) pé . | .
d“pdi (27) G2 s hegsy € TN : ¢ \¢ (A= —qg-k2k Kk

® |t contains logarithmic divergencies that can be added and subtracted, to be combined with

LO providing the evolution of TMDs from ,ug to u°:

do?797H g° N, zp\ 1+ (1—¢)°
> = S1—4- Dq a2 (G / d’k / dg £ fq ( )
d?pdn (27r) =72 . QQ (©) u2 k2¢/(zpso) G q §
; ()'gl— )—a—k k1]
X/S ) (%(1—s>—q—k>2A2 iz

[ E YR
- (2n)° . 2 D1 w3 K Jiac/@eso) §

Gy
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g — g — H:virtual terms

daq—>q—>H 2 N (! g . -1 14 (1 — &2 E(l—f)—q—k I 1
= -2 J =G asL g (x—F> ree Js(3> @) | -+ —
pdi Q) =2 ), & T s sy € NG S g \& (A= —qg-k2k Kk

® |t contains logarithmic divergencies that can be added and subtracted, to be combined with
LO providing the evolution of TMDs from ,ug to u°:

2 N (% rdl2 (Y 14 (1 = &)
X7 q(x,kz;ﬂz;éo)=G(uz—kz)xeofq(x,kz;kz;éo)[1— d J = [dg (1-¢)
o

Qnr)3 2 ), 7 §

o d q—:q—)H ‘S uo . ey e ":

T [ E [ -.

- I L1l).m ‘_

xFi | ¢, 1% ;&0 = l—FT 2.6 = S s|—(k+1) +£ 1 (k+ g T s —m—l—z—?

AT ES S e ’- ey B Y b2 V\‘- ‘, - R SR - N

T /dz/ () 00

(2m) 2 /.. G k2¢/(zpso) ¢ "HO\ ( §

p () %(1_6)_(1_]” k 1

X/qS C S\q (%(1_£ _q_k)2k2 kQ-

9 g° N, lqu (¢ ):I:F (CBF>/ ko‘/ d 1+(1—€)2
(2m)3 7~ 2 [, ¢2 7 Hmo w2k Jr2¢s(arso) §

<[ +(8) s (-m+2)
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g — g — H:virtual terms

daq—>q—>H 2 N (! g . -1 14 (1 — &2 E(l—f)—q—k I 1
= -2 J =G asL g (x—F> ree Js(3> @) | -+ —
pdi Q) =2 ), & T s sy € NG S g \& (A= —qg-k2k Kk

® |t contains logarithmic divergencies that can be added and subtracted, to be combined with
LO providing the evolution of TMDs from ,ug to u°:

2 N (% rdl2 (Y 14 (1 = &)
X7 q(x,kz;ﬂz;éo)=G(uz—kz)x%(x,kz;kz;éo)[1— d J = [dg (1-¢)
o

Qr 2 ). I? ¢
i N
T T S -.
: i ELl)-m’ “_w
Qog 3SJ_2 2 / d2 / d€ fq (_hF) ( )
(2) zp G K2¢/(zpso) & PO\ G 3

x/s(g)s() c1=&—a—-Fk k 1
. C q (%(1—& —q_]x)2 k2 kQ- \they can be
2 N, [' d¢ \IF cq (TF C &2k 1+ (1—¢)? -
99 % pe ( )/ / combined
(271’)3 2 T CQ H’MO( na k? k2C/(xpso) d€ £
x/ s<£> 3(—7n+7>.
m Q g
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g — g — H:all terms

2 12 02 12
. . p 9 % S 2 //t
e Adding all terms we get, neglecting terms O
S
do.q—)q—ﬂ-] 0
d?pdn

s LS

-9
XfH(Q I*; 50— )m—FT( k5 15 &o = = )3(—(k’+l)+
TrSo G TRSg

2 N d(_, . $F TR (—’m+§P/C)
(°7r)3SL_ ey $2 D3 () ( >//
xs@) (- 3)

2
o [ 7
S -
(27")3 - 2 T QQ H#O Q) k2¢/(xp so) Q(l_ )

d2

, 0(a):

3)1
¢) |

2
e 1 a=9

k2¢/(xprso) §

ST R—k p/C—(1=9k
" / U [Py s ol y7y s purs TS o)

(1-¢)°

£ ) 1
é(l— §)
- p/C—q

&
p/C—(1—=¢)q

(p/¢ — q)?

(p/C—(1—=&q)?|
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g — g — H:all terms

p-, k2,

2 2
s> M

e Adding all terms we get, neglecting terms O

50

do.q—)q—ﬂ-]

___d*pdn

, 0(a):

, _s, / / / 21 / 25 TMDs for PDFs and FFs

.
X}—H (Q I*; 50— ) w—FT( k5 15 &o = = ) ( (Iv‘i‘l)‘l‘
Zpso) & _TrSo R

ra ' . 2r o (T (—m+Ep/C)2
(°7r)3SL_ o C2 D3 (©) ( >//
Xs@ (- B)

2
o [ 7
S -
(27")3 - 2 T QQ H#O Q) k2¢/(xp so) Q(l_ )

d2

d§

k2¢/(xprso) E

ST R—k p/C—(1=9k
" / U [Py s ol y7y s purs TS o)

(1-¢)°

£ ) 1
é(l— §)
- p/C—q

&
p/C—(1—=¢)q

p) 1 ( + ) m s(—’m-i-z—?) 7.
L+ (1-¢)"

(p/¢ — q)?

(p/C—(1—=&q)?|
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g — g — H:all terms

p° k%, QF u” 52 / -
. » O(a5); rNLO; O(a)
dod—a—H 0 77 B ._ ................

+
___d?pdn st INLO.
, _s, / / / 2 / Pr TMDs for PDFs and FFs 1, K

2. "7_F k2 2. Cp . o (k+1)-m B p

S R — (_m + €p C) 2 P R . PSR
2 3&& d—éDz e >‘”” (“W / d I '
, (27[-) 2 T Q #O m k2¢/(xprso) €

D NLO remalnders no large logs for our
XS | — m —+
( ) ( ) choice of scales
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g — g — H:final expression
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, O(a;), we get a parton model-like expression:
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g — g — H:final expression

p2, k2, s29//t2

, O(a?), we get a parton model-like expression:
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The other channels:

e TMD PDFs:
=¥ For quark: it gets contributions from g —- g and g — q.
=¥ For antiquark: it gets contributions from g — g and g — ¢.
=¥ For gluon: it gets contributions from g —- g,g — gand g — g.

e TMD FFs:
=¥ For quark: it gets contributions fromg - g - Handg — ¢ — H.
=¥ For antiquark: it gets contributions fromg - g - Hand g — ¢ — H.
=% For gluon: it gets contributions fromg - ¢ - H,g - g —> Hand g - g — H.

® The complete quark piece of the parton-like formula keeps the form with additional NLO
remainders.

® The gluon piece of the parton-like formula contains 3 dipoles in the fundamental
representation, and additional NLO remainders (in progress).
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Summary:

~ @ In view of the negativity problem and the recent LHCb data, we revisit the calculation of
single inclusive particle production at NLO in the hybrid model, avoiding collinear and soft (BK-

like) subtractions.VVe assume large N and factorisation/translational invariance for dipoles.

® We see that divergencies are absorbed into TMD PDFs and FFs defined from collinear ones.
® We get a parton model-like formula with a probability interpretation plus NLO, not log-
enhanced remainders.

a6 *F pi. ki, Q7 u°
J [dzkldqu T (?’ ki ﬂ%) P(k,,q) F (& py,(ky + q,); uz) + NLO remainders + O

4’2 30

® We conclude that the correct framework to resum all large logarithms is not collinear
factorization for the projectile (the hybrid model) but TMD factorization.

e Outlook: =¥ Complete the calculation for all channels and provide the final expressions.
=?» Relate our definition of TMD PDFs and FFs and their evolution equations with standard ones

(relation of our rapidity cut-off with other choices).
=» Implement numerically our results.
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