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Standard processes to extract TMDs

§ SIDIS, Drell-Yan, dihadron in e+e−

§ They have a well-established TMD factorization formalism
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Extremely active phenomenology

§ Examples: Pavia, Torino, EIKV, KSPY, DEMS, SV…
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Sivers sign change between SIDIS and DY

§ First experimental hint on the sign change in Drell-Yan
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How to move forward

§ Constraining ourselves ONLY to these three processes would limit 
the productivity of ourselves

§ It is opportune time to explore other opportunities

§ What are they?
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How to move forward

§ Back-to-back two particle/jet production in p+p/e+p collisions
§ jets as a novel probe: many other interesting ideas  

§ What is the status?
§ Theory – proposed in the past: Boer-Vogelsang 04, Qiu-Vogelsang-Yuan 07 

(dijet), Bacchetta-Bomhof-D’Alesio-Mulders-Murgia 07 (photon+jet)

§ Experiment – measurements available in the past at RHIC: STAR 08 (dijet), 
PHENIX has a proposal for photon+jet
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Early study on photon+jet

7



Issues: TMD factorization breaking

§ TMD factorization breaking for dijet and photon+jet in pp 
collisions

§ After this, many experimental efforts have been discouraged
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Collins-Qiu 07, Yuan-Vogelsang 07, Rogers-Mulder 10, …



Legitimate concerns and what’s needed

§ Experimentalists’ general concern
§ Since no TMD factorization formalism any more, if I performed a measurement 

(which takes lots of efforts), how am I going to interpret my results? 

§ What theory to compare with?

§ Recently there are experimental measurements pointing to probe 
factorization breaking
§ Is there factorization breaking? 

§ If there is, is it small or large? 

§ How do you assess?

§ All these concerns are due to the fact that we do NOT have a 
theoretical framework for TMDs in these processes
§ Such a TMD framework is urgently needed
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Opportunity, NOT a failure
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Motivations

§ Experimental measurements: photon+hadron, dihadron
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PHENIX 1805.02450, 1609.04769 

Even though factorization breaking is 
present from a theoretical side, we 
would like to develop a framework for 
handling such processes



Strategy on how to procced

§ Factorization breaking is due to Glauber region
§ Quote from Rogers and Mulders on original TMD factorization breaking paper 

1001.2977: “We remark that, because the TMD factorization breaking effects 
are due to the Glauber region …”

§ The proper strategy to move forward would be to ignoring the 
Glauber modes, and study the factorization properties based on 
the hard, the collinear, and the soft degrees of freedom

§ SCET is perfect for this purpose
§ The original SCET formulation has ignored Glauber modes, contains only hard,

collinear, and soft modes

§ Which has been criticized by conventional QCD experts, but nevertheless having great
success in applications

§ The Glauber modes are studied by Rothstein and Stewart 1601.04695

§ Our starting point: the original SCET formulation
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Soft-Collinear Effective Theory (SCET)

§ SCET: an effective field theory of QCD
§ Suitable for processes where there are energetic, nearly light-like (collinear) 

degrees of freedom interacting with one another via soft radiation

§ Modes in SCET

§ QCD factorization of modes
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Factorized form in SCET

§ Within SCET, one can derive a factorized form in terms of 
§ TMD PDFs: collinear d.o.f.

§ Soft functions: soft d.o.f.

§ Jet function: jet production

§ Two soft functions
§ Global soft function: soft radiation in full phase space

§ Like those in e+e-, SIDIS, DY, but three colored partons

§ Collinear soft function: no rapidity divergence
§ Soft radiation that happens inside the jet does not generate any imbalance

§ Should be along the direction of the jet pT at leading power, for R << 1
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Dijet: leading order - 1

§ Color structure is more complicated
§ Expand in terms of color basis

§ Example: qq→qq
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Dijet: leading order - 2

§ Color basis

§ Expand both diagrams

§ Total amplitude 
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Dijet: leading order - 3

§ Hard and Soft function matrices

§ Trace in color space
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Standard, nothing abnormal

§ The above formulation has been well established in the SCET
community (also from standard QCD people), for unpolarized
cross section
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ü Catani, Grazzini, et.al., transverse momentum resummation for heavy quark/top
pair in p+p, arXiv: 1408.4564, 1806.01601, 1901.04005

ü Li, Li, Shao, Zhu, top quark pair, 1307.2464
ü Shao, Li, Li, Vector boson+jet, 1309.5015
ü Chien, Shao, Wu, Z+jet, arXiv: 1905.01335: confirm our factorization for photon+jet



Phenomenology

§ No data as a function of imbalance, but lots of LHC data on other
variables for photon+jet
§ Pythia describes them well

§ Compare with Pythia
§ Extremely well

§ Indicate TMD factorization breaking small??
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The unsolved issue: gauge link

§ While all seem to be great, there are some caveat
§ The TMD PDFs in the above formalism has simple gauge link structure

§ Think of them as either SIDIS or DY: unpolarized TMDs are equal

§ This might be enough for unpolarized TMDs, but not for Sivers, in which gauge
link leads to process-dependence
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How do we handle polarized case?

§ Start with the generalized TMD formalism from Mulders and
collaborators
§ Gauge link is constructed (from collinear gluons)

§ But did not consider the soft gluon radiation yet

§ However, since soft function is spin-independent, we can just use
those from unpolarized case
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Bomhof, Mulders, Vogelsang, Yuan, 07, Qiu, Vogelsang, Yuan, 07
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Similar consideration for qq→qq

§ Three different gluon attachments

§ Perform the same expansion, one might factorize as follows
§ Each diagram has different color factor associated with Sivers functions

§ Perform this step continuously for all the cutting diagrams
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Phenomenology at RHIC

§ Prediction for Sivers asymmetry is around 1% level
§ Sivers functions in SIDIS from our earlier extraction 1401.5078

§ TMD evolution has a strong effect (suppress asymmetry), but not so much for 
unpolarized cross section

23

−0.03

−0.02

−0.01

0

0 1 2 3 4 5

p↑ + p → jet + γ +X

√
s = 500 GeV, anti-kT, R = 0.7

10 < p⊥ < 50 GeV, ηγ = ηJ = 1.0

A
N

q⊥ (GeV)

Buffing, Kang, Lee, Liu, arXiv:1812.07549



Open the door is good for us

§ Once you open this door (processes beyond standard ones), a new
world is open for you
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TMD fragmentation function in Z+jet

§ Recent measurements at the LHCb (also many others)
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Comment: differential in zh
§ The current jT distribution is integrated over the entire 0<zh<1

region
§ Low zh part tricky: not available in most FFs fits, driven by soft physics (ln(zh)

resummation)

§ Only the further binning in zh gives us direct connection to TMD FFs
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TMD study

§ Study on TMDs are extremely active in the past few years, lots of 
progress have been made

§ With great excitement, we look forward to the future experimental 
results from COMPASS/RHIC, as well as Jefferson Lab, of course 
also LHC, most importantly, the EIC

§ Back-to-back dijet/photon+jet in both p+p and e+p are new 
opportunities for TMDs
§ Note: dijet production in EIC has no factorization breaking issue

§ It is now the opportune time to develop the QCD formalism for them
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Thank you!


