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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:
Juqop = D ea 7"V - Jiopr = e, C(Q ST ST
q1 q
e Wilson Line (gauge invariance):
S;]]; — Tsn S-n.
0
Sp(x) = Pexp [ig / dsn - Al(x + .sn)ta‘]
e Cross-section factorization e



SCET factorization

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

d()‘ —1q1 21 —1q222+1q1 23 T e’ I5] / 1 v
Fadia; EX: / dzy g ge” MR (TIN[T{J1(2)) I (20) ) X N') x (X N'|T{J*(23)J"(0)}|TIN)

e Matching to SCET current

e Particles assigned to sectors
N —=-nlIll—>n X —>s,n

Y IX WX = 1 Xa ) Xal x Y [Xs ) (X

e Decoupling of SCET sectors after fierzing:

do
digdiy, / dz19e70 ”"’“*"’”‘ZZCrCr' (Q*/ 128 0y (2) Fyion ()| (0, 25) frrn (21, 22)




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

P=(p+p)2 A=p-p’ k" =xp"



SCET factorization: Soft factor

e Factorized cross-section:

d POr231 iz s ity B i [ 5 .
g ZZCFCPH(Q2/IM2)/Lﬂe—“}ubu—Zq'szzLHQubs ®ppy ({b.})

— X
dxy2dyy 2dqi 21 T T (2m)S

J‘Tpion({ya EJ_})fNN’]EN‘N({x,EJ_}>

Figure 2: Double Wilson Loop
Soft Factor.

Vladimirov, A. (2018)

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

® Soft factor depends on b.:

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



Overlapping regions and divergences

do !t 111 ocfl[),lilm({y,EL})@11({1)}) 1[\}]]\;, }\}JN({l,gi})

e Rapidity divergences
e When doing loop calculations: remove overlapping between regions

e Subtracted cross-section (without rapidity divergences):

Fl1] A1) [1]
A (0)) (@2 ) 2 (o) TSl bid)
‘I’Dy(bu,bu)‘I’DY(O bu)

1
fi[)'i,lm. (I)ll Z%N’ [l] ({1 b—L})

= H(Q*/u?)

\/‘1’111

®py by, gZ.L)\/(I)DY(Oa b \/‘I’Dy (b1, [)‘ZL)\/(I)DY(Oa b3 )

= H(Q?/u*) x 2TMD x ®pewy x GTMD x GTMD'

e New ratio of soft factors term



Conclusions

e First factorization of Semi-Exclusive DDY cross-section into functions with different scales
e Semi-Exclusive DDY factorization gives access to GTMDs (and 2TMD)
e New ratio of soft factors not present before: important for pheno!
e Future work:
o More complicated structures (color, polarizations)

o Evolution: Resummation via RG equations

10



THANK YOU FOR YOUR ATTENTION!

36th Annual Hampton University Graduate Studies (HUGS)

.geff;?son Lab

11



Extra slides

12



SCET factorization

do
d4(11d4(]2

/d 21,936 A TRA % ZZCFCF’ (Q*/11*)®ppy (2) frion(2) fun (0, 23) farn (21, 22)

e Multipole expansion + FTs properties lead to:

do d2b W F OWFE. T N
C C JH 2 ‘2 1,2,31 ;—TQIJ_blL ZQZLsz+IQIJ_biL(I) b Dio Y. INY NN Y T
dxyody 2dqr 21 > zr:;: rCr H(Q/ )/ (27)6 ¢ ppy ({0L}) fpion({y, 0L }) fun: fuen ({201 })

Factorized cross-section in impact parameter space with:

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

e (@eneral correlator for GTMDs:

dz=d*Z
Wi (P Az k) = / g O RN W (=2 DT W a2/l Vg

e Subtracted correlator: Echevarria Et. al. Physics Letters B, 759, 336-341 [1] ¢u’ I

Free from rapidity divergences

r dz~d’z, ., B —i B I, _ 1
Wi _2/ (2m)3 e*ild=E “) S (0,27, 21) §2 ()

e Soft factor:

S(ZT) _ ik "

st ()5 (-3) 4 (3) 5 (3)
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Exclusive DDY

e (GTMDs: Exclusive Double Drell-Yan

7T (Pp) + N(Pas 2a) = Y1 (@1, 21) + ¥5°(q2, 22) + N' (D, Ay)

e Amplitude calculation at LO by Bhattacharya et.al.

7(Po)
¢
Y1 (g1, A1)
‘ 73 (g2, A2)
N(pa, As) N'(p,, A})
(a)

Figure 2: Exclusive DDY. Bhattacharya, S., Metz, A., & Zhou, J. (2017)
Physics Letters B, 771, 396-400 [2]

)")\2_ T 1+§ A ,AD (2 /70 0 0
dakal,xg, T 263/21 — g@@a +47 +43 — V's)

d*q, d*qy
X 3
(2m)4 2m)4

15



Exclusive DDY

iz
T,\a,,\;l

GTMDs: Exclusive Double Drell-Yan

7T (Pp) + N(Pas 2a) = Y1 (@1, 21) + ¥5°(q2, 22) + N' (D, Ay)

Amplitude calculation at LO by Bhattacharya et.al.

7(Po)
¢
Y1 (g1, A1)
‘ Y3(G2, A2)
N(pa, As) N'(p,, A})
(a)

Figure 2: Exclusive DDY. Bhattacharya, S., Metz, A., & Zhou, J. (2017)
Physics Letters B, 771, 396-400 [2]

L ; N L
- izeqei;eQ(Nﬂ) /dzku/d%u&z)(% — ka1 _kbL)q)?rq(fEb:kb2J_)

q,q9’

T L Tait - /1At -
[—Zé‘li (ng,)[\z ](xaakaL) _W,(\IZ’,\[Z ]<_xa7_kaL)>

i / + - / —+ —
- gfr_ (W;\]Z,)[\Z 75](55&7 kai.) t+ W)?j)EZ & (—Jfa, _ka_l->>:|

Y
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SCET factorization: 2TMD

e Factorized cross-section:

d(f d251 2.3 o 7 s 7 o 7 ~ — ~ ~ -
X CeCo H(O? /142 /— ,=1q11.011 —iG21 b2 1 +iq11 031 B b\ o oo (L2 b
dz1 2y 241 o1 EF:Z rCr H(Q™/17) (2m)5 ¢ ppy ({b1} vy v ({xbL})

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]

(ll'+ .+ - - - - I
2J e " YiPo <H|;\*,—,(1';, (,)_,I)QL)F"'_\‘,—,('I']L, (,)_,bu)/\%.,—,('l'_.f, 07,b3 )T "3/\",—,(())|H>
s

.fp'i.ml ({!/, EL }) - H /

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

e C(Consider color structure

dy,..., d —d- -7 L
Fli ) o (T (07, B )T

(11

Xn

(rf_v 0_7 gl_L)X;_iLB (T;—7 0_7 53_1_)]:‘ p

fne Fs D o (NIRSHOF, 7T, Bu)Tox@ (0%, g, Ban ) IN') { V|

OH e ({b}) = <0|S77;Tal ST (b, ST §Taz (py, | ) ST GTas (p | ) STTas GTds () |0>

dy

Xn

()T (0%, 73, By )N )

(0)/r)

18



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-})
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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:({[?}))



