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Drell-Yan: Photon Induced Contribution
E. Accomando et al. arXiv:1606.06646
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Drell-Yan: Photon Induced Contribution
E. Accomando et al. arXiv:1606.06646
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The Photon PDF error is much larger than the statistical error.

Also needed for VBF and associated Higgs production, tops,
di-bosons, di-photons, EW corrections.

A better photon PDF is needed.



Photon PDF

Probability to find a photon with momentum fraction x

f a pf
/P 1) i 3 proton, in the MS scheme

Lis alarge log, L ~ log Qz/m,%. Expect

fyyp~ ol

Scheme dependence changes the order a (non-log) piece.
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Previous Results

@ Equivalent Photon Approximation (Fermi-Weizsacker-Williams):
Used for elastic scattering calculation, and to model photon as
radiated from quarks above some mass scale. [EPA gets the aL
term but not the full o term]

@ Fit to data (mostly Drell-Yan)

@ u, d quarks known to few percent, s to about 10 percent. v has
large uncertainty.
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Photon PDF from DIS

P P

Photon PDF DIS

So the photon PDF should be given in terms of F»> and F;, up to
kinematic factors.
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Then some algebra ...

Note limit L
——
e "/\2
1-—2z dQ 042 (Qz)
x2m Q2 phys

1—z

1 ' dz
x £ n(X, p? :—/ —
/(X 17) 2ra(?) Jx z{
——

1/a(u?)
2x2m? X X
[(ZPW(Z) + TP) Fz (E’ Qz) - ZzFL(E, Qz) ]

X
—a?(u?)Z2F; (E’ uz)} + O0(a?, aas),

no L

MS “conversion term”

Zpg(z2)=1+(1-22=2-2z+27°

include all aL(asl)”, a(asl)”, a?L?(asl)” terms
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We have a formula for the photon PDF

i.e. an expression given by an = sign with a controlled error of
known parameteric form

To obtain the photon PDF, evaluate the integral using measured
structure functions.

Overall o, so uncertainties get multiplied by «
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x, @2 plane and experimental inputs
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low Q2 continuum

region (Hermes GD11-P)

PDF4LHC15_nnlo_100)
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White region contributes at order « from states with invariant mass
between m, and m, + m,.

Use fits to the data in the various regions. -
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x, @2 Integration Region for 1 = 30 GeV
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x, @2 Integration Region for 1 = 30 GeV
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x, @2 Integration Region for 1 = 30 GeV
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Elastic Form Factors: Dipole Form

G(0
Gdipole(Qz) = %
(1+2)
d
My =0.84 GeV

My # M, = 0.77 GeV

note this is not VMD
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Elastic Form Factors

Elastic FF / dipole Magnetic FF / (up dipole)
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results from 1307.6227 results from 1307.6227
1.15 1.08
1.1 1.06
1.05 104
1 1.02
0.95
: 1
0.9 - [N fit to Mainz data [sp 0.98 I fit to Mainz data [spline]
0.85 | [ fit to World data [splin ’ [ fit to World data [spline]
[ fit to World+pol data [s| 0.96 |- [ fit to World+Pol data [spline]
0.8 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Q?[GeV?] Q?[GeV?]

J. Bernauer et al. (A1 Collaboration) PRC 90 (2014) 015206

=} = = = 12N Ge

Aneesh Manohar



Elastic Contribution to f,

rp, TPEe~ vs et
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Resonance Region

Christy and Bosted, PRC 81 (2010) 055213
M. Osipenko et al. (CLAS Collaboration), PRD 67 (2003) 092001

CLAS at Q2 = 0.775 GeV?
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S. Simula — CLAS fit code.
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Low Q2 Continuum
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High Q? Continuum

Region where Q2 dependence of F, ;(x, Q?) is given by QCD
perturbation theory. Can reliably use PDF fits to parton distributions
and QCD coefficient functions. Automatically includes RGE

constraints.

Fa(x, @) =Y Coal QP /12, X) ® fayp(x, 11?)
a

Use the NNLO results for C and PDF4LHC_nnlo_100
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Contributions to Photon PDF
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Uncertainties
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Final error given by summing the pieces in quadrature.
1-2% over most of the x range. - -



Uncertainties

uncertainties on R (R) =
higher orders (HO) mm—
pdf errors (PDF)
elastic unpolarised fit EUN —
error on elastic flt EFIT,
error on resonance region (RES) mms
matching PDF and fits (M) m—
ist 4 correction to R in PDF (T) mwws
sum in quadrature s

S fyip / fyp

LUXqed17, y = 100 GeV

EFIT: The uncertainty on the elastic contribution that comes from the
uncertainty on the A1 world polarised form factor fits.
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Uncertainties

uncertainties on R (R) —
higher orders (HO) mm—

pdf errors (PDF) s

elastic unpolarised fit (EUN) m—
error on elastic fit (EFIT) m——

error on resonance region (RES) mwmm
matching PDF and fits (M)

ist 4 correction to R in PDF (T) mss
sum in quadrature —

LUXqed17, p = 100 GeV

S fyp / fyp

EUN: The uncertainty that comes from replacing the A1 world
polarised fit (which includes a two-photon-exchange correction)
with just the world unpolarised data (which does not).
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Uncertainties

uncertainties on R (R) mww

higher orders (HO) mm—

pdf errors (PDF) s

elastic unpolarised fit (EUN) m—
error on elastic fit (EFIT) m—

error on resonance region (RES) mmmms
matching PDF and fits (M) m—

ist 4 correction to R in PDF (T) s
sum in quadrature —

Sty / fyp

LUXqed17, y = 100 GeV

RES: Difference between Christy-Bosted and CLAS fits
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Uncertainties

uncertainties on R (R) m

higher orders (HO) mm—m

pdf errors (PDF) ms

elastic unpolarised fit (EUN) m——
error on elastic fit (EFIT) m—

error on resonance region (RES) mmm
matching PDF and fits (M) m—

ist 4 correction to R in PDF (T) s
sum in quadrature —

LUXqed17, y = 100 GeV

8 fyp/ fyp

0 . — — !
105 104 10 102 0.1 3 5 7 91

R: +£50% uncertainty on R = o, /o1 in the low-Q? continuum and
resonance regions.
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Uncertainties

uncertainties on R (R) —
higher orders (HO) mm—

pdf errors (PDF) ms

elastic unpolarised fit (EUN) m—
error on elastic fit (EFIT) m——

error on resonance region (RES) ms
matching PDF and fits (M) m—

ist 4 correction to R in PDF (T) mwws
sum in quadrature

LUXqed17, p = 100 GeV

& fyip / fyip

HO: Neglected higher order terms, estimated by replacing x?/(1 — 2)
by 12 in the upper limit of the integral, and making a
compensating change in the MS conversion term.
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Uncertainties

uncertainties on R (R) m

higher orders (HO) mm—

pdf errors (PDF) ms

elastic unpolarised fit (EUN) mm—
error on elastic fit (EFIT) m——

error on resonance region (RES) mms
matching PDF and fits (M) m—

ist 4 correction to R in PDF (T) mws
sum in quadrature e

Sfyip /Hyip

LUXqed17, p = 100 GeV

PDF: Standard PDF uncertainties




Uncertainties

uncertainties on R (R) mwws
higher orders (HO) mm—

df errors (PDF) mn

elastic unpolarised fit (EUN) m—
error on elastic fit (EFIT) m——

error on resonance region (RES) mmmm
matching PDF and fits (M)

ist 4 correction to R in PDF (T) mwws
sum in quadrature s—

S fyp / fyp

LUXqed17, p = 100 GeV

105 104 10 102 0.1 3 5 7 91

M: Changing the transition between CLAS/CB fits and HERMES from
9to 5 GeVZ.
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Uncertainties

uncertainties on R (R) mws
higher orders (HO)

pdf errors (PDF) mms

elastic unpolarised fit (EUN) m—

error on elastic fit (EFIT) m——

error on resonance region (RES) mmm
matching PDF and fits (M) m—

ist 4 correction to R in PDF (T) mws
sum in quadrature —

S fyp / fyp

LUXqed17, y = 100 GeV

T: A potential twist-4 contribution to F; given by multiplying F; by
1+ 5.5GeV?/Q? for Q2 > 9 GeV2. Cooper-Sarkar et al. arXiv:1605.08577
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Comparison with Previous Results
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~v~ Luminosity
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~ Momentum Fraction

percentage of proton's momentum carried by photon
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Deep Inelastic Scattering (DIS) Structure Functions

K 1(k) 1(k)

cross section given by hadronic tensor

W, (p.a) = 4= [ 2 6 (p.s/1j,(x). 4O p.).
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Structure Functions

F> < p-qqu>< p-q%)
—"__ - ]/_
p-q\Pr G2 P G2

and Fq > depend on

¢=-q %= 2pq

Bjorken scaling: F;(x,, Q%) independent of Q. QCD shows this is
violated by In Q® terms due to calculable anomalous dimensions at
large Q2.
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Longitudinal structure function:

2 m2

2 4xsm; 2 2
FL(ij, Q ) == 1 + 02 F2(ij, Q ) - 2ijF1 (ij, Q )

In QCD, at large @2, F is O(as).
Will use F> and F; instead of F»> and F;.

In the structure function > , is everything, including X = p, the elastic
part.
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Derivation: BSM probe + Factorization

A massless neutral lepton / and a massive neutral lepton L with mass
M > m,, with a transition magnetic moment interaction

e-—
L= <Lo™Ful+he..

and work to lowest order in 1/A.

4 2
51+ — L+ X) = ooM6(s — M?) o0 = X,f

Aneesh Manohar
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Include EM corrections: No photon couplings to the lepton line. The
vacuum polarization bubbles give

1
11— n(qzv M)

a '(Mz) =127.94 a,'(0) = 137.036 ratio = 0.93

Renormalization of the the EM current: Collins, AM, Wise PRD73 (2006) 105019
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Define

 €A(p) 1 ~ am(9?)
BELCA LA )

aph does not depend on g, only on g2.

&n(q°)

Compute

do

_ ) 2 VY
a(/-i—p—)L-i—X)_/dxbj/dQ e

Function of

&= MP/(2p- k)
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Hadron side gives W,,,,

Lepton side gives

L = ST (g ] (K + M) [

Compute W,,,L* and integrate over phase space in x,, Q2 plane
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Total Cross Section
2xmp 2
1 1- M dZ Qax dQZ 2 )
U(/+P—>L+X)—m00/x Z/Q2 Faph(q)

PO oy
[(—22— e+ oy ) Fi(x/z, Q?)

2x2m2  2Q2 222 2x2QPm3
+(2—22+z2+ 02p+ R 7 >F2(X/Z @)
M2(1 — 2)
Q= =
2,2
2 o IMhX
Omm — Q¢ =1 _Z

neglecting power corrections, i.e. expanding limits in m,.



Take the green terms and define, with x of order M

dz 1de
X = gt [ $ [ b

2 2 2
[zz Fi(x/z,Q®) + <22Z+22+ . mp>F2(X/Zv 02)] :

02

ol +p— L+X)—aoxf/p(x )

a(u /

2 2 2
[—22 Fi(x/z,Q?) + (2 o424 mP)Fz(x/z, 02)} .

ph(q )

QZ

T // T2 @)

22 2t 222 2202 x202m2
{(2/\42 2M4)FL(X/ZQZ)<

e ) Falxz 02)]

08.11.2017 UCLA 33/53



In the remaining integrals:
@ Q?islarge, @2 > m2
@ We can replace Fi(x, @Q?) by Fj(x, 1i?) up to RGE corrections of
order as(), a(p) with no large logs
© F.is order as(i) and can be dropped
Q o,;n(g?) — a(u) up to corrections of order a(u)
@ The integrals are now elementary and can be done explicitly

’
a(p az
oll+p— L+ X) :UOXf”f/FP(X’”)_'_Q(W)UO/X -

M?(1 — 2)?

—z2+3z-2
zZu?

zp.q(2) <Iog Fo(x/z, 1) + O(a?, aas)og

without any large logs.

Zpyg(2) =1+ (1-2)2.
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Factorization

o(l+p—=L+X)=5(+7 =L+ X)®f p+5(+q— L+ X)®
4+ ...

Partonic cross sections:

51+ = L+ X) = aoM?5(s — M?)
g(l+v—= L+ X)®Fp =006, 0(8)

ool p§)=c(l+p—=L+X)-0c(l+qg— L+ X)@fyp
+...
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Factorization: Partonic rate

o(l+q— L+ q) = 50€? 2(“)[

1 M2(1 — z)2
zpw(z)<—£ + log (zu?)>+32 — 2]

a(p)

M2(1 — z)2
o(l+9g— L+ q) =09 eq o [zpﬁ,q(z)(log()

zZp2 >+32 B 2]
From 1/eg:

P = e?y Z(M)pwq( )

the log terms match up
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Factorization

a(/+p—>L+X)—8(/+C]—>L+X)®fq/p=00§f7(§,,u)
Fa(xy, MQ) = Z 93 Xoj fq/p(tha p) + O(as, )
q

(—22 +32—2) - (8z-2)=-22

a(p) 4 2 2
o) = x 70 + 2 [1 % (22 Rt
+ O(® (1), a(p)ars (1))
This is the photon PDF in the MS scheme

includes all terms of order (aL)™ (asl)", o (asl)"”

Aneesh Manohar 08.11.2017 UCLA 37/53



Scalar Production: Another BSM process

2 €
L _ e (K)/’L SFMVFMV

The spin-averaged v+ — S cross section to lowest order is

o(yy = S)=0a(yy—S) = UOM25(S — M2)
7Te4

272"

oo =

The cross section coefficient has again been called o, so the formulae
can be easily compared with the /| — L case.
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1 1_2)(# az Qr2nax sz 2 2
R T A Mt G

M2 M4
2x2m§ 2722@? 2zQ? 4x2m§
Q2 + M2 M2 + M2

2Q4  2XPQm?
+—a e p)Fg(x/z,Oz) :

(_22_22202 2204

) Fi(x/z, Q%)+

+<2—22+22+

green terms same as before
blue terms are different
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Integrate over phase space to get the total cross section:

;
o az
o(v+p— S+X) :UOst/';(XaH)‘FZ(—?T)UO/X 7[

M?(1 — z)2>_3

.0(2) (100 "L EE ) 31 - 22| Rau x2

first piece is same as before
second is different
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Y

iii%———- s
q q

o(v+q9—S+q)

o o(p)

~ %
1 M?(1 — 2)?
[vaq(z) (—a + log ( )

M1 —2z)° 1
zZu?
G(v+q — S+q) = 0065

3
2 _ v
22 +3z 2]
a(k) ME(1 — 2)
2r {Z ZOIC
first piece is same as before
second is different

2\ 1 3
2
—=2°+3z—-

zZu? ) 2 N 2]
=} = = E DaA®



Aneesh Manohar

[—2(1 —2)2] — [—;22+32— 2} S

Difference between ¢ and & is the same as before

Leads to the same expression for the photon PDF

2
1 Vdz [ [1= d@?
X £, p(X, y%) = W/x 7{ /er,,,z, Ea;%hys(az)

=
[(zpwq(z) + %) Fs> ()_z(’ Q2> _ ZzFL(;’ Qz) ]

X
= az(uz)zng <E,u2> } + (’)(oz27aas),

08.11.2017 UCLA
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PDF Operators
Collins and Soper

fv(x’ﬂz)

47rxp+ / dw & M (p| F™ () F7(0) + h.c. |p),

no Wilson line since a U(1) field

Define hadronic tensor in terms of one-photon-irreducible graphs.

Aneesh Manohar 08.11.2017 UCLA 43/53



20 2 2¢ D
£(x,p2) =~ & (ux)p(fu) (gﬂ;qD

[(n- Qg — qunu} [(n g™ — qum,}

1
@ o ) )

Photon interacts with the proton via an electromagnetic current j*
vertex.

[276(qt + xp™) + 276(qt — xp™)]

Aneesh Manohar 08.11.2017 UCLA 44 /53



87 1 1
fw(xaﬂz): xa(p2) (Sp)% ()P T(D/2—1)

dz [ d@? Dj2-2
/ /mzxz 02,0(eP) (@1 — 2) - x2m)

_ 2 2m,2)x2 o
2-2z+7%+ Fo.p(x/z, Q%)

{—zzFva(x/z, Q) + o

— 2ezxFy p(x/z, 02)}

This formula is exact.

Split the Q? integral into m3x?/(1 — z) — 42/(1 — z) and
p?/(1 —2) = oo

PF and conv terms
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First part is finite. Can set D — 4, and it gives " (x, 1i?).
Introducing

Q*(1 - 2)

s= ,
12

the second integral becomes
Su) 2 e dz [> ds
fcon ( / /
(x. %) = 2rxa(p?)pu2e T(1 —¢) 1 Shte

o2, (s s/(1—z)){ 2(1— FLo(x/z 12s/(1 - 2))

#2242 - ] Faol/z s/t - 1)

The factor of (1 — z)P/2-2 has cancelled.
Single scale integral with no large logs.
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Aneesh Manohar

Expand in perturbation theory and evaluate:

f’;:on(X’MZ) — %Mi)/; d;{% [2 —22+22} Fg(X/Z,,u2)}

_ 2R(x/z, u2>} ,

Can extend this to higher order.

08.11.2017 UCLA
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55’._\12 LUXqed17, y = 100 GeV

‘:-'10 LO result, py =

10°  10* 10° 10-2X 01 3 5 .7 9
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Scale Variation

121 (1-2)

=12 -
=p1(-2) ratio to NLO with M2(z) =

ratio to NLO with M?(z)

photon PDF scale dependence with M2(z) = p&/ (1-z)

LO ===
NLO =

0.5H < py <2u NLO o A
=100 GeV




p Dependence

o () ()7
r,s

)

@ Since we have an expression for £, (x, u?), can compute u
derivative

@ Derivative of 1/a(u?) gives Be f, with correct sign

@ integrand at upper limit

@ Derivative of MS conversion term

@ Write F,; interms of Gy 5 ® f, using QCD pert. theory at 4.
@ Compare both sides
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Get the order « splitting functions

14+ (1 —x)>?
PO = prg) = O pon — 0501 - )

and the order aag ones:
1,1) _ 5(1,1
P = g(15(1 - x)
7
PGV = Cre? [—3In(1 — X)Pyq(x) — IN(1 = X)pq(x) + (2 + 2x> In x
1\ 7.5
- <1 —2x> In“ x —2xIn(1 — x) — 2X_2]

20 4
P = Tk (Zeg) [—16+8x+3x2+3x — (6+10x)Inx

—2(1 +x)In? x]

agrees with de Florian et al Eur. Phys. J. C76 (2016) 282.
Two loop splitting functions from a one-loop calculation.
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Other results

The £, PDF equation is exact to all orders in QED and QCD.

Have computed:
@ The MS conversion term to one higher order
@ £, to one higher order (NNLO)
@ The 3-loop splitting functions P,
@ The photon TMDPDF

@ Polarized photon PDF fa,(x, ©2) in terms of the polarized proton
structure functions g ».
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Conclusions

@ Have a formula for the photon PDF which is exact to all orders in
QED and QCD

@ Determine photon PDF with high precision (1—-2%)

@ Involves high and low @Q? (including elastic) data

@ Derived the two-loop aas splitting functions using a formula with
one-loop inputs.

@ Available on LHAPDF

@ This is a calculation of the photon PDF, with an error reduction of
40 relative to older results.

@ Extended to one higher order
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