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Motivation

: 1. . . 7 (pp) + N(Pa, 2a) = Y1 (@1, 21) + Y5 (G2, 22) + N'(p, A,
® Understanding multi dimensional inner (Pb) + NPa, Aa) = y1(q1. 41) +¥2 (42, 22) (Pa> %a)

structure of strongly interacting systems 7(ps)

e GTMDs absorb both GPDs and TMDs 7i(9 M)

75 (qZ’ A2)

® How toobtain GTMD:s in a cross-section usin g N(pe; Ao) @ N'(pz, X2)

S C E T; Figure 1: Exclusive DDY. Bhattacharya, S., Metz, A., & Zhou, J. (2017)
Physics Letters B, 771, 396-400



Soft Collinear Effective Theory

e Light-cone coordinates:
pt = (n- p)# + (n -/))L}H 4 p’i = p’_lF 2 p’i - p’i with n, = (1,0,0,1) and ny, = (1,0,0,—1).
e Dominant contributions from particles with collineal, anticollineal and soft momentum
L(d) =L (Pc) + L (Dz) + L (¢s) +Lets (Pc, Oz, Ps)
b R s
=L. =Lz =L,

o Jalid at small q,<<Q
e Each of the dominant regions have a dedicated field



Soft Collinear Effective Theory

e Each field scales differently: decoupling of SCET modes
Hard q“~ Q(1,1,1) i
Collinear K~ Q(2,1,1) \ = Ir
Anti-collinear k'~ Q(1,A*1) Pa
Soft K~ QOLAN)
e After matching: only effective operator(s) joins the fields:
J/,LQCD — Z 8(11 LV}“LJ > JgCET = Z e(IC(QQ/lLQ Y%S;—?T '\)’IS,Y;XZ
q1 q
e Wilson Line (gauge invariance):
SZ — Tsn S'n,
0
Sp(x) = Pexp [ig / dsn - Al(x + sn)t”‘]
e Cross-section factorization e



Semi-Exclusive DDY factorization

e Semi-Exclusive Double Drell-Yan cross-section:

d()‘ —1q1 21 —1q222+1q1 23 T e’ 18 / / L V(i
diq dig X ZX:/le-2~3G q 72227+ <HN|T{,]T (21)J" (z-z)}]XN> x (X N'|T{J"(z3)J"(0)}TIN)

e Matching to SCET current

N\

T )
e Particles assigned to sectors 5
N —=>nll—-n X —sn ~ V.z'

Z|X><X|:Z|Xﬁ><xﬁ‘XZ|X8><X3]:1 A
X Xa X.q

e Decoupling of SCET sectors after fierzing:

do —1iq1 21 —1q222+1iq1 23
(14(11(14(]2 /d 21,2,3€ ¢ e ZZCFCF’ Q /,u )(I)DDY( )fpz(m(

o
N

fNA«"(O, Z:B)fz\”f\"(zla 22)




Semi-Exclusive DDY factorization

do " S ; _
- ~ " —1q1 21 —q: Z’+lq1731 / - . > AT AT/ 7 rarl 2 ot
Todic / Ay e BRI Z Z CrCrH(Q? /1)@ ppy (2) foion (2) frnr (0, 23) v (21, 22)
e Multipole expansion + FTs properties lead to:
do d b - ~ " i r 7
Zz :C O H 2/,,2 / 1,2,31 ;—7<]ubu quLszHQubuq) ion (1, N INN (R T
dzy2dy 2dqi 21 > r rCrH@ /1) (27)6 ’ 20¥ (0L D3 L1 v S w02 0L))

Factorized cross-section in impact parameter space with:

(DDDY - Soft factor with 8 Wilson lines
Fla:by) = / &k e f(q: k) and I ion - Naive Double TMD
Soofun - Naive Two GTMDs



SCET factorization: Soft factor

e Factorized cross-section:

do 2/ 2 d251,2,3L —iq1 1 b1y —iGay boy +iqy1 b3 | F 7
ZZCFCF’H(Q Jp?) | =22t emidbi—id b Hidbs [ B (D))

— X
dxy2dyy 2dqi 21 T T (2m)S

J‘Tpion({:l/: EL})fNN'JEN‘N({x,EL})

Figure 3: Double Wilson Loop
Soft Factor.

Vladimirov, A. (2018)

Journal of High Energy
Physics, 2018(4), 1-46 [3]

e Same Soft factor than in DPS

ooy (11, b2, Ba) = (018K (B11)SF (Br)Sh (B2 )SF (Ba1) S (Ba1) ST (B ) S (0)SF (0)]0)

n



SCET factorization: 2TMD

e Factorized cross-section:

do d251 231 .7 .o T L P~ - ~ ~ .
X CrCr H(Q? /12 /_ B o101 —iG21 b2 +iq1 1031 G b\ o Foon (2 b
dy odyy 2d 121 XF:Z rCr H(Q"/17) (27) € ppy ({b1} v v ({201 })

I

e Pure Double TMDPDF (unsubtracted, with rapidity divergences):

Buffing, M. G., Diehl, M., & Kasemets, T. (2018). Journal of High Energy Physics, 2018(1), 1-112 [4]

(]l+ 4 - o — o 1
2J e " YiPy <H|X,—,(r;, (,)_.,bgl)F"'x',—,(v']L, (,)_,bu)x.,—,(rj, 07,b3 )T "'3/,\«',—,(())|H>
s

f})ion({ye EL}) - H /

where j=1,..,3 and y,=-y,



SCET factorization: GTMDs

e Factorized cross-section:

do d?b L. .
CrChr 2 2 /#ﬂ ;—TQubu Iqubu+lt?ubuq) b (L b
dry2dy1 2dqr 21 > Z;: rCo Q1) (27)6 poy (101 }) fpion ({9, DL}

where:

flaiby) = /d2/¥¢€i§”&f(l‘; kL)

e Two pure GTMDs evaluated in different positions (unsubtracted, with rapidity divergences)

One-loop calculation in Echevarria Et. al. Physics Letters B, 759, 336-341

dzd
o (P, A 2, FL) = /%M TR G N W(—/2) I“W,Iq(z/2|z+:0
, T

P=(@+p)2 A=p-p’ k" =xp* .



Color

e C(Consider color structure

f[dd geeey
J pion

P £ oc (NIRGH 0%, 77, BL )T xe (0%, 77, B IV ) (VI ()T xi (0%, 5, By )N )

DDY

d

1 X <H|>_(g2 (7‘;_7 O_a g‘Zl)F“ng,l (T'ii_, O_, gl.L))Z;_iLB (7’;—: 0_7 53_1_)]_'1/[3)(;_1{1 (O)|H>

(I)al veens@4,04,...,b1 ({b}) _ <0|SZ:T(11 S;—fdl (glJ_)ST_?TdQ S;fa-z (l—)’QJ_)Sgng S;G-:s (53_L)S§Ta4 S;_fd“ (O) |O>
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Color

e Obtain valid color structures using projectors

e (ross-section:

o (@t 5 Y2 t05) <o)

e Singlet term:

dot™ M oc £ ({y, 6.1 3) @1 ({0})

e Up until now: un-subtracted terms

[1]
NN’

[1]
N'N

({x’ EJ-})

12



Z.ero bin subtraction

do™ 0 o il ({y, 5L )@ (BN fion S ({51 ))
Remove overlapping between regions

Anti-collinear term without overlap with soft region (pure):

fpzon(7l+a 0, gjﬂ-)
®11(07,07,b51)

f;)lorz(rj_v 07 b}_L)
Collinear term without overlap with soft region (pure):

Fune (T brs, vy bat ) fnen (T3, bs L)

NN (rT bus,ry ot )N (ry ,baL) =
b ° ‘ ‘I’Dy(bu-,bu)‘I’DY(b:u)

where:

®py (b, b;) = <oyST’f(b \ST (b:) STt (b,)ST (b, )\o>

13



Subtraction of rapidity divergences

doM 100 oc (0 ({y, B 1)@ ({0} Fin Fa v ({2, 51 ))
® (Color summed cross-section term with subtracted functions:

£ )
A (0)) (@2 ) 2 (o) TSl bid)

D py (b, I)ZJ_)(I)DY (0, b‘u)

[1]
— H(Q?/u2 Jpion V@11 \ Z[VN’ ({1 bJ.})

Ve ‘I’DY(gu,gu)\/(I)DY(ngi3 \/(I)DY bu’b“)\/(I)DY(O’I;u)

= H(Q?/p*) x 2TMD X ® ey X GTMD x GTMD'

e New ratio of soft factors term

14



Conclusions

e First factorization of Exclusive DDY cross-section into functions with different scales
e Exclusive DDY gives access to GTMDs (+ DTMD!)
e New ratio of soft factors not present before: important for pheno!

e Future work:

o Keep studying color structures

o Check explicitly cancellation of rapidity divergences
o Polarizations
O



THANK YOU FOR YOUR ATTENTION!
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Extra slides
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Color

e Consider DPS color structure

e DPS projectors to get singlet states:

A A
]1 — 5(111 a4 5(1'2@3 — Qtal a4 t(lzag
N2 N /N2 -1

e Soft factor:
& D) — ] (I)[a.l,...,a,4][b1 ..... ba] b ]
mn({0}) = I X @ppy ({0}) x In
with:
DRy (b)) = (0[S ST (B1.1) S STo2 (B ) ST ST (B ) ST ST (0)]0)

[ P1({b}) P1s({b})
=  Pppy({b}) = <<I>81({b}) @8:({[?}))



