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The LHC and its Experiments

* ~16.5 mi circumference, ~300 feet underground

* 1232 superconducting twin-bore Dipoles (49 ft, 35 t each)

* Dipole Field Strength 8.4 T (13 kA current), Operating Temperature 1.9K
» Beam intensity 0.5 A (2.2 10°° loss causes quench), 362 MJ stored energy
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AND A PRECISION MACHINE

Z’ exclusion reach v. lumi
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Naive extrapolation suggests LHC has long-term
potential to do Higgs physics at 1% accuracy




NNLO hadron-collider calculations v, time

W/Z total, H total, Harlander, Kilgore VBF total, Bolzoni, Maltoni, Moch, Zaro
H total, Anastasiou, Melnikov WH diff., Ferrera, Grazzini, Tramontano
H total, Ravindran, Smith, van Neerven Y-y, Catani et al.

WH total, Brein, Djouadi, Harlander Hj (partial), Boughezal et al.
H diff., Anastasiou, Melnikov, Petriello ttbar total, Czakon, Fiedler, Mitov
Z-y, G ini, Kallweit, Rathlev, T
H diff., Anastasiou, Melnikov, Petriello Y, farazzini, Rafwel, Rathiev, forre
jii (partial), Currie, Gehrmann-De Ridder, Glover, Pires
W diff., Melnikov, Petriello
ZZ, Cascioli it et al.
W/Z diff., Melnikov, Petriello _ .
_ _ o ZH diff., Ferrera, Grazzini, Tramontano
H diff., Catani, Grazzin WW . Gehrmann et al.
' 3 ttbar diff., Czakon, Fiedler, Mitov
Z-y, W-y, Grazzini, Kallweit, Rathlev
Hj, Boughezal et al.
Wij, Boughezal, Focke, Liu, Petriello

explosion of calculations
In past 24 months

ZZ, Grazzini, Kallweit, Rathlev
Hj, Caola, Melnikov, Schulze
Zj, Boughezal et al.
WH diff., ZH diff., Campbell, Ellis, Williams

Y-y, Campbell, Ellis, Li, Williams
WZ, Grazzini, Kallweit, Rathlev, Wiesemann
WW , Grazzini et al.
MCFM at NNLO, Boughezal et al.
piz, Gehrmann-De Ridder et al.
MCFM at NNLO, Berger, Gao, C.-Yuan, Zhu
MCFM at NNLO, de Florian et al.
P, MCFM at NNLO, Chen et al.
piz, Gehrmann-De Ridder et al.

Zj, Gehrmann-De Ridder et al.
2002 2004 2006 2008 2010 2012 2014

ji, Currie, Glover, Pires

as of April 2017, let me know of omissions yX, Campbell, Ellis, Williams
Yj, Campbell, Ellis, Williams
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how well do we know
the parton distributions?




PDF uncertainties (Q = 100 GeV)
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PDF uncertainties (Q = 100 GeV)
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PDF uncertainties (Q = 100 GeV)
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» one other parton, the photon, has been debated.
Until recently the only model-independent
determination (NNPDF23qged) had O(100%) uncertainty



IT MATTERS FOR DI-LEPTON, DI-BOSON, TTBAR, EW HIGGS, ETC.
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| di-lepton spectrum
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do/dMy, [ftb / TeV]

IT MATTERS FOR DI-LEPTON, DI-BOSON, TTBAR, EW HIGGS, ETC.
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IT MATTERS FOR DI-LEPTON, DI-BOSON, TTBAR, EW HIGGS, ETC.
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where else does the photon come in?

» Electroweak corrections to almost any process

» Largest uncertainty on VBF Higgs and WH (*few %)

LHC-HXSWG YR4
> top production Pagani, Tsinikos, Zaro, arXiv:1606.01915
» constraints on tqy Coupling Goldouzian & Clerbaux, 1609.04838

» VV production 1409.1803, 1510.08742, 1603.04874, 1601.07787,
1605.03419, 1604.04080,1607.04635, ...
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100000 397 .WW[./e.]’\/g. -
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Iyy (NNPDF) 100X larger than qq
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photon-induced corrections to pp - HW™

pp > HW* (= l*v) + X at 13 TeV

non-photon induced contributions 91.2+18fb

photon-induced contribs (NNPDF23) 6.0 +44_54 fb

non-photon numbers from LHCHXSWG (YR4)
including PDF uncertainties
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model-independent y PDF fit (c. 2013)
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model-independent y PDF fit (c. 2013)
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PHOTON PDF ESTIMATES (not exhaustive)

elastic inelastic LHAigDF?
Gluck Pisano Reya 2002 dipole model X
MRST2004qed X model 4
NNPDF23qed no separation; fit to data 4
CT14qed X S mOGEL v
CT14qed_inc dipole AEMGEL v
240312:'“ RYSkm (onlydeilepctorilcelllart) mOdel x
:a;:g:dz'o']asng' S dipole model X

elastic: Budnev, Ginzburg,
Meledin, Serbo, 1975 :&



YOU SHOULDN'T NEED A MODEL
ep scattering (1.e. structure functions) contains all info about proton’s EM field



YOU SHOULDN'T NEED A MODEL
ep scattering (1.e. structure functions) contains all info about proton’s EM field

study hypothetical ("BSM") heavy-neutral lepton production process
Calculate it in two ways

(1) In terms of structure functions (known)
(2) in terms of photon distribution (unknown)

Equivalence gives us photon distirbution

Manohar, Nason, GPS & Zanderighi, arXiv:1607.04266
(use of BSM inspired by Drees & Zeppenfeld, PRD39(1989)2536)



calculation
(one approach)



STEP 1

work out a cross section (exact) in terms of F2 and FL struct. fns.

L’  heavy neutral lepton L

(mass M)
neutral lepton |
(massless)
Uy leptonic tensor,
k L (k ) Q) calculate with Feynman diag.

9
AN S
proton \ :

W,uz/ ( D, C_I) hadronic tensor,

known in terms of F» and F

]. d4q 9 2
— AW, LMY 2 —q)? — M?
‘ 4p - k / (27T)4q4 6ph(q ) [ TV (k,q)] X W&((k Q) )

17
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STEP 1

work out a cross section (exact) in terms of F2 and FL struct. fns.

L’  heavy neutral lepton L

(mass M)
neutral lepton |
(massless)
k LR (K, ) ittt wieh Feymman diag
q / Line = (/AT o# Fy 1
Lo (k) =52, (q®)/A%) T (K [g.2"] (F + M) [17.g])
p

/ Q* = —¢°

— QQ
I TR = ——

' 2pg
proton \ : .

—guFi(zg), Q) + 2 Fy(wp;, Q%) + - -

W hadronic tensor.
w (D, q)

known in terms of F» and F

]. d4q 9 2
— AW, LMY 2 —q)? — M?
‘ 4p - k / (27T)4q4 6ph(q ) [ TV (k,q)] X W&((k Q) )



Cross section in terms of structure functions

> Lagrangian of interaction: Ly = (¢/A)L oM F, 1
(magnetic moment coupling)

» Using leptons neutral and taking A large, ensure that only
single-photon exchange is relevant

» Answer is exact up to 1/A corrections

I 2:::;7271229 j. Z;f; B Q;gz ) zxzj\isz?)&(x/z,@z) k 21
+ (—ZZ - 22]\3222 | jcjf) FL(x/ZaQ2)_ - <
co = 1672 /A2 | kWW(p’Q) ’



STEP 2

work out same cross section in terms of a photon distribution

hard-scattering cross section
calculate in collinear factorisation

(M,
O~ Ea:u

MS photon distribution:
TO BE DEDUCED

fv/p(mv MQ)

19 a



Xy;

» Hard cross section driven by the photon distribution at LO

20



#)
fv/p(xa/ﬁ)

= =
» Hard cross section driven by the photon distribution at LO

'

/

» Quarks and gluons come in at higher orders

21



ACCURACY AIM

» Take quark and gluon distributions ~ O(1)
> o is QED coupling, a5 is QCD coupling, L = In p*/m*
» Take L ~ 1/as, so all (asL)™ ~ 1
» Think of o ~ (og)?
» To first order, photon distribution ~ (o L)
» we aim to control all terms:
» o L (og )" [LO]
» o5 oo L (asL)™ = o (o L)™ INLO — extra og or 1/L]
> o L? (asl)"” INLO — extra o L]

» Matching done at large M? and p? to eliminate higher twists

22



STEP 3
equate them to deduce the photon distribution (LUXqged)

23



STEP 3
equate them to deduce the photon distribution (LUXqged)

with Fy ~ Z eczla:q(a:) this is just (LO) DGLAP-like piece
q

24



STEP 3
equate them to deduce the photon distribution (LUXqged)




STEP 3
equate them to deduce the photon distribution (LUXqged)

Terms at boundaries are suppresed by 1/L (NLO)

26



STEP 3
equate them to deduce the photon distribution (LUXqged)

terms at boundary ~ u? ensure MS fact. scheme

27



STEP 3
equate them to deduce the photon distribution (LUXqged)

QED running of o accounts for most («L)? effects (NLO)
(others come in the way we match to normal PDFs)

28



cross-checks



Cross checks & literature comparisons

» Repeat calculation for a different process (yp—H+X, via yy—H).
Intermediate results differ, final photon distribution is
identical.

» Repeat calculation using an operator definition for the photon
PDF (no intermediate BSM process), identical answer

» Substitute elastic-scattering component of F, and Fi:

Gr(Q)) + [Gu(Q7)]*r
1+ 7

0(1 —x), T = QQ/(ZLm}%)

and reproduce widely-used Equivalent Photon Approximation
with electric (Gg) and magnetic (Gy) Sachs proton form factors

Fe = 6(1 —x),

Gr(Q%)]

T

Fel _

Budnev et al., Phys.Rept.15(1975)181

30



Cross checks & literature comparisons

» A core part of our answer

2

_ o
(Zp,yq@) - TP)F2<m/z,Q2>—z2FL(j,Q2)

Q

appears in literature for QED compton process ep — eyX
(but with inexact treatment of the upper and lower limits for
Q’ integration)
Anlauf et. al, CPC70(1992)97
Mukherjee & Pisano, hep-ph/0306275

» [NB other literature has an expression for photon distribution
in terms of F, and F; that doesn’t reproduce DGLAP limit]

Luszczak, Schifer & Szczurek, arXiv:1510.00294

31



Cross checks & literature comparisons

» u* derivative of our answer should reproduce known DGLAP
QCD-QED splitting functions

» At LO, this is trivial.

> At NLO we get relations between QED-QCD splitting functions
(P) and DIS coefficient functions (C)

Pv(;l) = €, [P ® C2g = h @ Crg + (yg — h) ® Pq(;’o)] :
PO = €2 [pyg ® Cog — h ® Crg + (Drg — h) @ PO

7,9

PO = (27)°P6(1 — 2) = —CpNe » €26(1 — )
q

h(z) = z and pyy(2) = pyg(2) lnl—iz

» These agree with de Florian, Sborlini & Rodrigo results

for O(a o) terms, arXiv:1512.00612
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data inputs



data sources in x,Q2 plane

> x, Q* plane naturally
breaks up into regions
with different physical
behaviours and data
sources

» We don’t use F, and Fi
data directly, but rather
various fits to data

34



data sources in x. piane TINIRRL L Z 1 4

» Elastic component of F, /.
lives at x=1

» Express in terms of Sachs
Form factors

Gu(@)] + [Gu(Q°)PT

el _
G 2\12
le _ [ E(TQ )] 5(1 o Zlf), __ QQ/(LLmZ%)

‘ Use global

[ : : : : [ ﬁtS from
0.85 F| 1 Atfit(nopol)y | the
| 1 A1 fit(withpol) |
0.8 | | | | 11 | 1 | | | | Al COllab.
0O 02 04 06 08 1234567

35
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data sources in x,Q2 plane RESONANCE COMPONENT —

>

> proton gets excited, e.g. to

A— prt and higher resonances

relevant for
(mp+mr[)2<W2<3.5GeV2
035 | N(I 520)
03 |, A (1232)
025 A
02 | Use fits from
o 7 | CLAS expt.
0.15 and Christy &
0.1 Bosted
005 Q> = 0.775 GeV? +,
99 0.10203040506070809 1



BRI A e AP, CONTINUUM COMPONENT E.%

» Much data

» For Q* — 0, oy, indep. of Q?
at fixed W?

| |
- [
5 10°F — GD11-P (@*)[GeV?] ¢
0 F 43
- 00 1.4
(3] 0.3 1.4%
07 1.4
1.3  1.4%
23 1.4%
3.7 1.4%
58 1.4%7
91 1.4%
143 1.4%
231  1.4%
o 36.9 1.4%
™ 58.7 1.4%
<C 96.9 1.4%
O 159.0 1.4%°
-— 261.3 1.4%
% 446.4 1.4%®
E al 759.4 1.4%
4 |Use global . vERA
* JLAB
f’ f > real photon
1t Irom ¢ BCDMS
0 E665
Hermes « Nmc
A SLAC
1 1 b o HERMES
C vl ool 1l Ll L
O a S 3 104 105 106
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LRI g A P e A E e CONTINUUM COMPONENT —

» Less direct data for F» and Fi
at high Q*

» But we can reliably use PDFs
and coefficient functions (up
to NNLO) to calculate them

» Qur default choice is
PDF4L.HC15 nnlo 100 (and
zero-mass variable flavour-
number scheme)

As a PDF we use
PDF4ALHC15 _nnlo_100

from LHAPDF

38



data sources in x,Q2 plane EMPTY AREA

» kinematically inaccessible
region: hadronic final-state
mass W in range

m, < W <m,+m;

> i.e. the QCD mass gap

» [at higher order in QED, beyond
our accuracy, can be filled with

photon radiation]

39



Final assembly of F,(x, 0)

100

Q2 [GeV?]

' Fp (X0, Q)

resonances
[ 11 [ [ 1 1 IIIIII [ [ 1 1L 1Ll
107 104

0.1 ST
1072 0.1 1
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data sources in x,Q2 plane

INTEGRATION REGION

» depends on momentum
fraction of the photon (x,)
and factorisation scale (u?)




104 gration regic
u? =100 GeV?
103 x# = 0.4
102
N
D 10 |
O
(Q\|
O
1|
0.1 |
I ! ! [
0.1 0.5
XBj
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INTEGRATION REGION

» depends on momentum
fraction of the photon (xy)
and factorisation scale (u?)

- Photon distrib. .

0.02 | u? =100 GeV?

C\I:: B ]
£
a

'-|—>- 001 B N

>_ .

>< -

O | ! !\lﬁ_.l_l_l__

0.1 0.5 1

Xy



Integration region INTEGRATION REGION

» depends on momentum
fraction of the photon (xy)
and factorisation scale (u?)

- Photon distrib. .

0.02 p? =100 GeV?-
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L4

Integration region

t =100 GeV?

INTEGRATION REGION

» depends on momentum
fraction of the photon (x,)
and factorisation scale (u?)

Photon distrib.

0.02 p? =100 GeV?-

C\I:: B 1
X
2

~|—>- 001 B ]

>. .

>< -

O Coa | \!\.‘_‘__

0.1 05 1
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Integration region

u° =100 GeV? -

INTEGRATION REGION

» depends on momentum
fraction of the photon (x,)
and factorisation scale (u?)

Photon distrib.

0.02 p? =100 GeV?-




104 . Integration region INTEGRATION REGION
_ g [

» depends on momentum
fraction of the photon (xy)
and factorisation scale (u?)

Photon distrib.

0.02 p? =100 GeV?-
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SEPARATE CONTRIBUTIONS TO PHOTON PDF

photon distribution, reweighted by 1000 x0%4/(1-x)4-5

LUXqged, y =100 GeV

without MS conversion |
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photon uncertainties (aim to be conservative & pragmatic)

linearly stacked uncertainties by source

0.05 |
uncertainties on R (R) ===
higher orders (HO)
pdf errors (PDF)
0.04 error on elastic component (E)
error on resonance region (RES) s
matching PDF and fits (M)
twist 4 correction to R in PDF (T)
0.03 sum in quadrature
LUXqged, y =100 GeV
0.02 |
0.01 |
O n L = i A A M > ||||NM"‘||||" .........
10°° 107 1073 1072 0.1 3 5 7 91
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photon uncertainties (aim to be conservative & pragmatic)

linearly stacked uncertainties by source

0.05
uncertainties on R (R) ===
higher orders (HO)
pdf errors (PDF)
0.04 error on elastic component (E) m——
error on resonance region (RES) s
matching PDF and fits (M)
twist 4 correction to R in PDF (T)
£ 0.03 sum in quadrature
>
e LUXqged, y =100 GeV
o 0.02 F
0.01 wll'“’l'
O ||||||||||||
10°° 10'4 103 102 3 5 7

uncertainty on

elastic component |

(quoted @ |
unpol /pol )




photon uncertainties (aim to be conservative & pragmatic)

0.04

0.01

uncertainties on R (R
higher orders (HO
pdf errors (PDF
error on elastic component (E
error on resonance region (RES
matching PDF and fits (M

twist 4 correction to R in PDF (T

)

sum in quadrature

LUXqged, y = 100 GeV

« i

103

0.1

| Iﬂllm---'

,|IIIII|||||||Il

E

~ replace CLAS |
resonance fit with |
‘ Chrlsty—Bosted

uncertamty on |
elastic component §
(quoted @

unpol./pol.)




photon uncertainties (aim to be conservative & pragmatic)

linearly stacked uncertainties by source
0.05

uncertainties on R (R)
)

higher orders (HO
-| ,|III|||||||||||

pdf errors (PDF)
error on elastic component (E)
)
)

+50% on R (~F./

(F,-FL)) in low-Q?
continuum and

resonance regions

0.04

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

twist 4 correction to R in PDF (T)
sum in quadrature

LUXqged, y =100 GeV

0.02 |
or | —— 7 .| oy
| ‘ fit with |
“‘“mll resonance ;J
jy — |||I|||I|m||I|||I|I‘lI“I|III-IIIIII‘ fl el | Ch rlsty—Bosted
107 103 102 0.1 3 5 7 B e —

X

uncertamty on |
elastic component §
(quoted @

unpol./pol.)




photon uncertainties (aim to be conservative & pragmatic)

linearly stacked uncertainties by source

uncertainties on R (R)
higher orders (HO)
pdf errors (PDF)
error on elastic component (E)
error on resonance region (RES)
matching PDF and fits (M)
twist 4 correction to R in PDF (T)
sum in quadrature

0.05

0.04

LUXqged, y =100 GeV

0.02 | ||

/
M— II |||||||I||Il!
|\ E

| |WWMMMMMIMM|M M| Ml
= B T S m—— e N
- ] ] . - - N

0.01 |

standard PDF
uncertainty

+50% on R (~F./

(F,-FL)) in low-Q?
continuum and

resonance regions

replace CLAS |
resonance fit with |
| Christy-Bosted

uncertamty on |
elastic component §
(quoted @

unpol./pol.)




photon uncertainties (aim to be conservative & pragmatic)

linearly stacked uncertainties by source
0.05

uncertainties on R (R)
)

higher orders (HO
-| ,|III|||||||||||

pdf errors (PDF)
error on elastic component (E)
)
)

+50% on R (~F./

(F,-FL)) in low-Q?
continuum and

resonance regions

0.04

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

twist 4 correction to R in PDF (T)
sum in quadrature

LUXqged, y =100 GeV

0.02 |
— .| RO
5 “mll resonance fit with |

| ||||||||||ﬂ||..;II\IIHIIIIIIIIIIH““ oy, AR

|o4 10°  10% 0.1 3 5 7

uncertamty on |
elastic component §
(quoted @

unpol./pol.)

| treatment of |
standard PDF | | upper limit of |
uncertainty J{ Q? integral ‘




photon uncertainties (aim to be conservative & pragmatic)

linearly stacked uncertainties by source

0.05 |
uncertainties on R (R) ===
higher orders (HO)
pdf errors (PDF)
0.04 error on elastic component (E) m——
error on resonance region (RES) s
matching PDF and fits (M)
twist 4 correction to R in PDF (T)
£ 0.03 sum in quadrature
=
e LUXqged, y =100 GeV
o  0.02 |
0.01 |
O e 1 a1y M  wn—

1070 1074 10'3 10 2

| final total

uncertainty
~1-2%

(sum in quad. of 4
all sources)



Uncertainties included in LUX

Added members with variations in photon PDF calculation:

» (0-100:

original PDF members (PDFALHC15 nnlo_100)

» 101: Replace CLAS parametrization of resonance region with
Christy-Bosted one. (Becomes particuarly crazy al large x).

» 102: rescale R in low Q7 region by 1.5.

» 103: rescale R in high-Q? region with a higher-twist
component.

» 104: U
fit to |

se 'World" elastic fit from Al: no polarization data, no
'wo Photon Exchange effects.

» 105: U
» 106: S

se lower edge of elastic fit error band.
tart using PDF's from Q? = 5 rather than 0GeV?.

» 107: Upper limit of integration in £, formula changed to 112
instead of 112 /(1 — z), with suitable correction of MS term.

All errors are taken as symmetric.

PDF valid for p > 10 GeV (related to PDF4LHC15 issues)
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PHOTON PDF ESTIMATES (not exhaustive)

elastic Inelastic LHAigDF?
Gluck Pisano Reya 2002 dipole model X
MRST2004qed X model 4
NNPDF23qged no separation; fit to data 4
CT14qed X S moge v
CT14ged_inc dipole EEUEL. v
gdoirzt,in jidie (onlyd eilepctorilcepart) model X
gs;:g:dz'o'fsng' Ao dipole model )
LUXqed 2016 data data 4




examine result



photon PDF results

> Model- | up valence === %
independent photon x 10 == |
uncertainty £
(NNPDF) was 5
50-100% E;

x f:/p (X, U°)

» Goes down to
O(1%) with
LUXged
determination

0.001 0.01 0.1 1



PHOTON UNCERTAINTY (1-2%) COMPARED TO OTHER FLAVOURS

PDF uncertainties (Q = 100 GeV)

1 1 1 | L L III 1 1 1 | L IIII
BN photon (Luxged)
I strange (PoFaLHC15)
BN up (PDFaLHC15)

100% |

10% E

1%

0.0001 0.001 0.01 0.1 1
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other PDFs v. LUXged

100 F——T— ratio to LUXqed == ———

30 E NNPDF2.3
1.0 3

03B . | .

100F 1t~ Tt "~ Tt~ T T e
3.0 E NNPDF3.0

1.0;‘
03 fF y=100Gev
10° 10% 103 10° 0.1 3 5

LUXgqed s
the red band

central NNPDF result much higher at large x

(but consistent within errors)
at small x, with corrected evolution (NNPDF30), about 20% smaller
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other PDFs v. LUXged

Others are

numerically

12 | CTi4qged_inc (0,11)

closer

Error L
oF:Igleb-Welelglhd 08 [ B =100Gev
= WWEVA
overlap
with  — — »
LUXqged,
but within ERCAERCAEER SR (Vs 0.1
~10-20%

1.5 F MRST2004 (0,1)
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ratio of HKR (1607.04635) to LUXqed

o HKRmm
| HKR (incoh. LUX) ——

1.2 +

REARAIR AR AR i Hinn

Ilnmmmmmm

\\

\
‘ ‘
Al
\
1 1

0.8 -

0.6 Figure provided by L. Harland- Lang

00001 0001 00l 01
I

HKR based on elastic contribution (dipole approx) + model for
inelastic part + evolution



ATLAS photon (1606.01736): DY-driven reweighting of NNPDF23

NNPDF23
ATLAS arXiv:1606.01736 == |_
LUXqged

0.06

0.05 h coverage of ATLAS m data

0.04

X fy/p(x)

0.03

0.02
0.01
O a1 L L L L L a1 1 1 1
0.01 0.1 1
X

ATLAS result based on reweighting of NNPDF23 with high-
mass (M; > 116 GeV) data
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later fit (1701.08553) to same data

E Q@”=10000 GeV> i
— 44 xFitter_ epHMDY SR
T [ ~<LUXqed fit to

Q%)

++H HKR16
— NNPDF30qed » HERA combined data

» ATLAS DY
— Fit is above LUXqed

0.06
0.05
0.04
0.03
0.02
0.01

U




ATLAS DRELL-YAN DATA (1606.01736)

Theory/Data

TP ra—
1
0.9|

MMHT2014 QCD partons

_ .~ +NNPDF23 photon
.~ (and full uncertainties)

TS MMHT2014 without
photon-induced

\AU ‘ contrib
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MATCHING PROCEDURE FOR FULL SET OF PARTONS

» evaluate master eqn. for u=100

GeV (with default
PDFALHC15_nnlo partons)

» Do O(aas) photon evolution
down to u=10 GeV (other
partons: pure QCD evin.)

» Adjust momentum sum-rule by

rescaling gluon
2(x)—>0.993g(x)

» Evolve back up with NNLO-
QCD & O(aas) QED for all
partons



MATCHING PROCEDURE FOR FULL SET OF PARTONS

ratio of gluon to that in base (non-QED) set
0.3
0.2

» evaluate master eqn. for y=100
GeV (with default

L L U
...100GevV

name = LUXqged_plus_PDF4LHC15_nnlo_100 :

d on = PDF4LHC15_nnlo_100 -~ .

= -Qlo 10 -dption 5 -mt 1é9 -iy-inc -1

0.1

- PDF4LHC15_nnlo partons)

0.01

:8;8Z | | » Do O(aas) photon evolution

005 duced by 0.7% & down to p=10 GeV (other

M| tofixmomentum [ME partons: pure QCD evln.)

-0:3 _ - : i_5 - s i_4 - - i_3 . : i_2 : : I .

e e 2 2 T8t . Adjust momentum sum-rule by

rescaling gluon
2(x)—0.993g(x)

» Evolve back up with NNLO-
QCD & O(aas) QED for all
partons
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MATCHING PROCEDURE FOR FULL SET OF PARTONS

A — f T » evaluate master eqn. for u=100
don=PDFALHC15 nnlo_100 o GeV (Wlth default

= -Qlo 10 optlon5 mt1e9 |y inc-1

PDFALHC15_nnlo partons)

» Do O(aas) photon evolution

gluon reduced by 0.7%} down to u=10 GeV (other
to fix momentum Peem partons: pure QCD evin.)

-0. A el el el el . 1 . -
1076 105 10 1073 102 0.1 3 5 7 91

. » Adjust momentum sum-rule by
ratio of up quark to that in base (non-QED) set .
03 g —— ————— rescaling gluon
ame = LUXqged_plus_ PDF4LHC15 nnIo 100 , : ,
0.1 n PDFZLHCp15 oL R AN RO S g(X)%Ogggg(X)

0.05

0.02
0.01

» Evolve back up with NNLO-
QCD & O(aas) QED for all
partons

-0.01
-0.02

aaadd up-quark reduced by [
-0.1
w 0.5-1% by QED DGLAP &

03 - evolution N
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MATCHING PROCEDURE FOR FULL SET OF PARTONS

don = PDF4LHC15 nnlo_100 T
= -Qlo 10 opto n5 mt1e9 y inc-1

gluon reduced by 0.7%
to fix momentum iR

-0. A el el el el . 1 .
1076 107 10 1073 102 0.1 3

ratio of up quark to that in base (non-QED) set

— —
0.2  100Gev

Jme = LUXged_plus PDFALHCA5_nnlo_100
0.1 ON - PDF4LHC15 nnlo_ 100 N R R

0.05

0.02
0.01

-0.01
-0.02

-0.1

aaadd up-quark reduced by -

-0.2

0.5-1% by QED DGLAP [igzemr—s

0.3 = evolution

60

» evaluate master eqn. for y=100

GeV (with default
PDFALHC15_nnlo partons)

» Do O(aas) photon evolution
down to u=10 GeV (other
partons: pure QCD evin.)

» Adjust momentum sum-rule by

rescaling gluon
2(x)—>0.993g(x)

» Evolve back up with NNLO-
QCD & O(aas) QED for all
partons

better approach would be full PDF
re-fit for QCD partons incl. EW/QED

corrections & LUXqged photon



photon momentum [%]

61

MOMENTUM CARRIED BY PHOTON

% of proton's momentum carried by photon
1.4

momentum (p = 100 GeV)

46.8 + 0.4%

18.2 £ 0.3%
7.5 £ 0.2%

20.7 = 0.4%
4.0+ 0.1%
25 +0.1%

d photon 0.426 + 0.003%
1000 10000

U [GeV] LUXqged_plus_PDF4LHC15_nnlo_100

(1+107 members, symmhessian, errors
handled by LHAPDF out of the box,

227 NNPDF30
MRST2004 (0,1)

- CT14qed_inc 90%cl (0,14)

0 LUXged

1.2

up valence

0.8 down valence

0.6 light sea quarks

0.4 charm

0.2

10 100

PDF valid for gy > 10 GeV (related to PDF4LHC15 issues)



applications



APPLICATION TO RIGGS PHYSICS

pp > HW+ (= l*v) + X at 13 TeV

non-photon induced contributions 91.2+1.8fb
photon-induced contribs (NNPDF23) 6.0 +44_24 fb
photon-induced contribs (LUXqged) 4.4+ 0.11fb

non-photon numbers from LHCHXSWG (YR4)
including PDF uncertainties
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YY luminosity

—— LUXged
—-—-- NNPDF30

003 01 03 1 3
M [TeV]
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ratio to QCD result

di-lepton spectrum with 3ah”

1.5

1.4

1.2

11

0.9 L | -
1000 2000 3000 5000

pp — I*I", 13 TeV (QCD only at LO)

| | = with QED, incl. yy (y PDF uncert. only)
[ | = with QED, no vy (full PDF uncert.)
|| —e— stat. error with 3ab™

i LUqud_plus_PDF4LHC15_nnloT 100
13

r

M [GeV]

LUXQED photon has few 7 effect on di-lepton
spectrum and negligible uncertainties
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ratio to QCD result

di-lepton spectrum with 3ab”"

1.5

pp — II, 13 TeV (QCD only at LO)

pp — II, 13 TeV (QCD only at LO)

1.4

| | = with QED, incl. yy (y PDF uncert. only)| [l
[ | = with QED, no vy (full PDF uncert.) ]
|| —e— stat. error with 3ab"’

1.3 |

| LUXqged _plus_PDF4LHC15__nnloT 100

1.2 |

11 |

09 L

1000

2000 3000
M [GeV]

1.5 i
| | = with QED, incl. yy (y PDF uncert. only)
[ | = with QED, no vy (full PDF uncert.)
1.4 Tl —e— stat. error with 3ab™
[ NNPDF30_nn
S 1.3
> I
o
8 I
& 1.2 _
IS
ke I
S 1.1 |
]
0.9 L
5000 1000 2000 3000 5000
M [GeV]

LUXQED photon has few % effect on di-lepton
spectrum and negligible uncertainties
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conclusions & resources



RESOURCES

» LUXqged_plus_PDF4LHC15_nnlo_100 set available from
LHAPDF (for p > 10 GeV)

» Additional plots and validation info available from
http://cern.ch/luxged

» Preliminary version of HOPPET DGLAP evolution code with
QED (order o and aog) corrections available from hepforge:

svn checkout http://hoppet.hepforge.org/svn/branches/qed hoppet-qged

(look at tests/with-lhapdf/test_qged_evol_lhapdf.f90 for an example;

interface may change, documentation missing; NB: APFEL code also has QED
contributions in the evolution)
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http://cern.ch/luxqed

CLOSING REMARKS

» Distribution of photons in the proton depends on the non-
perturbative QCD physics of the proton

» But perturbative QED enables you to deduce the photon
density from measured (non-pert.) proton structure functions

» QOur public results are just to NLO (equiv. aas in splitting
functions), but higher theoretical is in the pipeline (e.g. a?, a
as’) — open question of whether data can follow (and whether
we need it)

“If you think about it, it's awesome: we are made of protons, and protons are, in
some part, made of light... And now we know how much of it.”

blog post by Tommaso Dorigo
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http://www.science20.com/a_quantum_diaries_survivor/how_much_light_does_a_proton_contain-176396

extra slides



1606.0664 6y B Acomandol s uri Fiaschi * | Francesco Hantmann %
. Stefano Morett171,2,§ and C.H. Shepherd-Themistocleous® 2 T

300

: 8¥+PI \/g =13 TeV

)
O
o

N
o
o

APDF / do [%]
o o

100
0 2 3 4 | 5 | 5 .
M, [GeV]
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Input data &
procedures




ELASTIC COMPONENT & COMPARISON TO “DIPOLE™ MODEL

0.95 [t - N

ratio do Al world pol.

ss| )k

71 Al world | -
0.8 - e PR |
Al world pol g ; 5 5 ;

—— dipole z -
0.75 T S T R T T R M M T BT BT
10° 104 103 1072 0.1 3 .5 .7 91




The elastic contribution to f7 IS

X
@,
2
=
>
||
|

Dipole approximation,
(1 — oo in figure.)

» Mostly Gg at small x.
» Mostly Gy at large x.

» Mostly from
Q? < 1GeV.

A (@) [ Pmp ) 2(1-x)GA(@?)
@ o) |\~ @U-x) 1+r
2emy | Gi(@)r
Q- 1+7 f'
4 T T T T " " T T T T T T T T T 1

O I

Red: Q%< 0.2, 0.4 .. 1 GeV?
Blue: all Q2

10

104 103 104 0.

X



CLAS DATA

12

s H
- e
H )
..... I
--l--+= e pn s - S R e e
. —_—— HEHE- ol g o T - -

F2(x,Q2) + 7 (Q/GeV)

CLAS F2 ——
CLAS F2 parametrisation
] ] ]

0.7 0.8 0.9

1
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= — GD11-P

c
< 103
Qo
3)

<Qz>[GeV2] c

00 1.4%
0.3 1.4%
07 1.44
1.3 1.4%
23 1.4%
37 1.4%
58 1.4%
9.1 1.4°%
143 1.4
23.1 1.4%
369 1.4%
58.7 1.4*
96.9 1.4°
159.0 1.4%°
261.3 1.4%°
446.4 1.4%
3| 759.4 1.4%
i » HERA
I % JLAB
10 L o real photon
- + BCDMS
i 0 E665
5| # NMC
10 A SLAC
: o HERMES
paaal o1 vl R EET SR EEET | SR EEET | o1 vl 11
2 3 4 5 6
10 10 10 10 10

10
W2 [ GeV? ]

0.001

T ]
= AL 1.225,2.225,
- W 3.225, 4.225 GeV4
i CLAS Fp 1 1
3 CLAS fit E
B I I I ]
2 3 4
W2 (GeV?)

Fitted data from Q% = 0.225 to
4.725 in steps of 0.05 GeV?.

Hermes fit: we are interested in the region Q% < 10 GeV>?.
Continuum data region: 4 GeV? < W? < 10°GeV? (x — 107%).
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Inelastic Data coverage

— . -
10 U high Q2 continuum region (PDFs: PDF4LHC15 nnlo /
> Low QZ continuum & low Q2 continuum
essentially covered by data. E L region (Hermes GD11-P) y
» F> and F; must vanish as & | 5 '
Q? and Q* at constant W : \NVA o
(by anaitcty of W), 03 ot |
0.1 . 0.5 1
Also:
1 Q%1 — x) o~p(W)
2y — 2 2 P
Fo(x, Q°) = ir2a ] 4X2,2n% (o7(x, @) +o(x, Q7)) = Qz—>0 47r2 :
Q

At small Q%, o1 = .,(W), becoming a function of W only
(the CM energy in photoproduction), and o vanishes.
Photoproduction data included in Hermes and Christy-Bosted
parametrizations.



MATCHING PROCEDURE FOR FULL SET OF PARTONS

don = PDF4LHC15 nnlo_100 T
= -Qlo 10 opto n5 mt1e9 y inc-1

gluon reduced by 0.7%
to fix momentum iR

-0. A el el el el . 1 .
1076 107 10 1073 102 0.1 3

ratio of up quark to that in base (non-QED) set

— —
0.2  100Gev

Jme = LUXged_plus PDFALHCA5_nnlo_100
0.1 ON - PDF4LHC15 nnlo_ 100 N R R

0.05

0.02
0.01

-0.01
-0.02

-0.1

aaadd up-quark reduced by -

-0.2

0.5-1% by QED DGLAP [igzemr—s

0.3 = evolution

77

» evaluate master eqn. for y=100

GeV (with default
PDFALHC15_nnlo partons)

» Do O(aas) photon evolution
down to u=10 GeV (other
partons: pure QCD evin.)

» Adjust momentum sum-rule by

rescaling gluon
2(x)—>0.993g(x)

» Evolve back up with NNLO-
QCD & O(aas) QED for all
partons

better approach would be full PDF
re-fit for QCD partons incl. EW/QED

corrections & LUXqged photon



forthcoming theory steps



Operator definition for unpolarzied & polarized photon

Frt) = =g [ dwe ™ (pIE a7 (0) + 17 (0)1 om) ),

firbo ) = o [ dwe ™" (I (um)E",(0) — F™(0)F (wom) ),

47rprr

~

Fop = 5€aprck*®

Makes it easier to go to higher orders
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higher-order contributions

NLO and NNLO (in ag) photon extraction and scale dep.

_pdf)

ratio to NLO (

""" "~ " "~ '
' | LUXqéd full error band | | | |
5 § —— NLO MSbar from struct.func
1.0z ~“ < \ """""""" ——— NLO MSbar from struct.func (u? as upper lim.) |
£ “ S —— NLO MSbar scale band E
‘5 101 E=om oo ' _____ . ST NNLO_ MSbar scale band | | | :_.;". 1
= e | | e i _ . . . . o
g o ) i
=
’
099 b y=100Gev. S —— B SIS s S
Thick solid/dashed/dotted 1y = 100/50/200 GeV : : : :
Thin da;shed/dotted é,uo = 71/141 ;GeV ; ; ; ;

0.98 :
1070 1074 1073 1072 0.1 3 5 7 9 1



comparisons to others



YY luminosity
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photon distribution, Q = 100 GeV

0.04 S
NNPDF23 =—— -
NNPDF30 = -
0.03
<
q i
X 0.02
o i
q_>-
X
0.01
0
0.01




