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O

Motivation and introduction

~ 3 | Why the community should care about precision???

|

HEP community (specially BSM people) should be aware of the importance
of higher-orders (and properly deal with them)

By definition... BSM is “Beyond” Standard Model...

SO...
WE MUST BE ABLE TO PROPERLY
DESCRIBE SM PHENOMENOLOGY!!

Properly describing SM implies focusing on precise theoretical calculations

If theoretical errors (and their definition) are not under control, we won'’t
be able to distinguish these scenarios:

Data-theory discrepancies are due to:
o Improper SM computations (we don’t know how to solve SM...)

0 Improper theoretical model (SM is not suitable...)




O

Motivation and introduction

More precise experimental data is available!! We need to include
(previously neglected) small theoretical effects!!

NLO QCD is the entry-level; NNLO QCD is the ‘‘standard”

QED effects might compete with NNLO QCD (since (x%'v(x)
Inclusion of QED beyond LO could lead to novel effects:
O Quark-gluon interacting with leptons and photons
0 Charge separation
o Dependence on the photon content of the proton!
Manohar, Nason, Salam, Zanderighi, ‘17
O Enhanced contributions at high-energies (due to the running EM coupling)

0 QED radiation effects at low-energies (resummation needed)

Thus, QED corrections MUST be taken into account!




- Part 1: Effects on PDFs

Evolution of PDF plays a crucial role for precision
measurements, and the importance increases for
higher energies/luminosities

PHOTON PDF! We need to think about the
presence of photons inside hadrons = crucial within
the precision physics program!

Modify evolution equations, redefine PDF basis (to
solve them) and find the evolution kernels (splittings)



Splittings and DGLAP within QCD-QED

~ 6 | Extending DGLAP equations

-1 DGLAP equations dictate the evolution of PDFs

- QED interactions connects QCD partons with photons and leptons.

New PDFs New splitting Modified DGLAP
(leptons & photon) functions equations

- Extend original DGLAP equations to deal with new objects:

. d
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de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056



O

Splittings and DGLAP within QCD-QED

Splitings: expansions in QCD-QED

71 Perturbative expansion in QCD and QED couplings (non-trivial counting...)

Pj=as Py +a Py + a3 PS” +asa Py +a? PJ + |

1] 17

1 Well-known LO results:

[ 1422 3 3 OD () = ¢2 5
(LO) () = 25(1—12)| = 25(1 — P = —40(1 —
Py (x) = Cr EORE. o(1 ﬂ?)] =Cp [pqq(l‘) +50(1 :r)] , Prpi(@) =ej [qu(ﬁ'?) + 50 E)] :
0,1
Py @) = Tr [#" + (1 = 2)"] = Trpe(), Pi"(2) = €7 pgy (@),
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Standard QCD AP-kernels at LO LO QED splitting functions

o Terms proportional to Dirac’s deltas are originated by virtual (loop) corrections

o Color factors in QCD replaced with EM charges in QED ‘ Motivates
Abelianization algorithm!

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056



O

Splittings and DGLAP within QCD-QED

8 [ Splittings: quantifying QED effects
1 We define a ratio to quantify the effect of H.O. QED corrections
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- Part 2: NLO QED fixed-order

Effects of QED corrections in hadronic cross-sections

I)-Implementation of fixed order NLO QED to
diphoton production

ll)-Proper treatment of photon radiation

lll)- Description of novel features due to mixing
QCD-QED



O

NLO QED corrections to pp — yy
o JGeneralromars

-1 Application of Abelianization techniques to recover NLO QED.

71 Full NLO EW corrections recently computed ‘ Non-negligible effects
found in the high-invariant mass regionl!!

Chiesa et al, arXiv:1706.09022 1 Some comments about previous works:
B o Fully automatized but partial inclusion of EW

% . °

S 1o- corrections (only virtuals).

! I

5 O Neglected contributions may play a relevant

5 phenomenological role (in particular, in the high-
1 energy region) Z radiation accounts for 2-4%
o correction!

O Lack of a consistent framework for W,Z radiation.

1 Our motivation:
O Perform a fully consistent calculation within QED.

O Explore the phenomenological consequences of
dealing with extra-QED radiation.

dﬁ'/ dO’LO
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O

NLO QED corrections to pp — yy

_11_J PDF dependence: explanation ..
- Diphoton production is sensitive to photon PDF (at NLO QED)

71 Originally, NNPDF and LUXqed use(d) very different approaches. NNPDF
does a full global fit with NN (no assumptions), whilst LUXqed uses an
analytical formula to describe photon PDF (modeling structure functions)

More info available in Zanderighi et al’ 17

71 Recently, NNPDF3.1QED adopted LUXqed strategy to reduce errors, and both
sets leads to compatible results.
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O

NLO QED corrections to pp — yy

A bit of phenomenology

1 Some effects due to QED corrections:

O Photon-ordering: presence of photon radiation, cuts imposed on the
two hardest photons
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O

NLO QED corrections to pp — yy

~ 13| A bit of phenomenology

1 Some effects due to QED corrections:

0 LO and NLO QCD dominates. But... total NLO QED introduces percent
level effects in the high invariant mass region (>1 TeV)

O The qgbar channel dominates QED corrections;
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O

NLO QED corrections to pp — yy

1 Some effects due to QED corrections:

A bit of phenomenology

O QED running: only on-shell final state photons are present at LO; no
need to include full QED running. Running could (artificially) enhance
QED corrections (non-negligible differences).

O We include QED running to estimate missing higher-orders.
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- Part 3: QCD-QED resummation

Mixed QCD-QED corrections in hadronic cross-
sections due to resummation (+matching with f.0.)

I)- Development of a formalism to deal with
mixed QCD-QED computations

ll)- Application to Z production (NNLL+NNLO
QCD plus NLL+NLO QED plus NEW non-trivial

mixing)



O

Mixed QCD-QED resummation

Introduction and qt-formalism

Case of study: Drell-Yan (W, Z,photon production at hadron colliders)

Soft photon radiation could provide non-negligible effects in the low q;
region ‘ Extend gt-resummation to deal with QCD-QED radiation!

Some formulae to introduce qt-resummation in QCD:

O The singular (i.e. divergent) part has an universal structure:

d (sing) . M Q) M2 d2b :
O (p17p27qT7 Y5 ) _ Z [daég,)F} /(— sz-qT SC(M, b)

d?>qr dM? dy dS2 5 L= 271)?
le dZQ
<3 / / HECLCa] o o (0128, B0 a2/ 22, B20°)
ail,a2
o The resums all the soft/collinear-emissions from the incoming legs; it is

process independent

O The “hard-collinear’ coefficients H and C are related with the hard-virtual and collinear
parts, and also contain the process dependence.

Catani et al, Nucl. Phys. B881 (2014) [arXiv:1311.1654]



O

Mixed QCD-QED resummation

Introduction and qt-formalism

1 More details about the resummation formula:

O The Sudakov factor contains the logarithmically enhanced contributions. It can be

resumed to all orders within perturbation theory!
00 g\ ™
Afag) = :(—) A
(as) —) A

M? dq2 , M2 , n=1
5000 = e = [ D[4 fas(a?) 02+ Bifas(a?) )
bi /b = As\" pm)
Be(as) = ; ( T ) e
O A, and B, depend on the leg responsible for the emission. They are related to the
splitting functions!
o Also, C and H are calculable within perturbation theory! C is process independent (H
contains the virtuals, i.e. loops):

Loop information (finite

o a n
H(f(mpl, Top2; s as) =1+ Z (?S) Hf(")(:vlpl,xzpz; Q)— parts)
n=1

_ Radiation from incoming

= EE >
an(z; aS) — 5qa 5(1 - Z) s Z (?) Céa)(z) legs (transitions)

Catani et al, Nucl. Phys. B881 (2014) [arXiv:1311.1654]



O

Mixed QCD-QED resummation

Path to QCD-QED resummation:

Step I: Transform all the QCD coefficients into the QED ones with the
Abelianization algorithm (donel!). Obtain QED resummation formula (donel).

O Subtlety |: Charge separation effects due to up and down sectors.

O Subtlety Il: Photons and leptons must be included (closed loops), as well
as the photon PDF ‘Non trivial dependence!
SOLVED!

Step ll: Deal with QCD-QED radiation simultaneously. We need to
Abelianizate all the coefficients, and perform the perturbative expansions
with two couplings!

O Subtlety |: Check of factorization formulae and its functional structure
O Subtlety II: Compute all the coefficients, including the mixed ones!

o Subtlety Ill: Applicable for color-less neutral final states...

Cieri, Ferrera and GS, JHEP 08 (2018) 165



O

Mixed QCD-QED resummation

19 | Abelianization of the qgt-formalism

1 Our (explicit) formulae (in b-space)
o Originally, in the QCD formalism, the resumed component is given by

d,\(res) - M2 00 b
%(QT,M,&#F) = T/o b= Jo(b ) Wayay (b, M, 5 pir)
T

and we extend it by “exponentiating” photon/gluon radiation:

W;\I:(baM;U )_UF)(M)H (Ofs’& M2/JU’R7M2//JJF:M2/Q XeXp{gN as, o, L MZ/IU’RJMZ/Q )}

Hard collinear part Logarithmically-enhanced

contributions

O The hard-collinear part is expanded in a power series:

00 a\” .
i (as,0) < Hilas) ¥ 21y U+ 0 (5) Ay —
/ =2 Pure QED part
as 1F (n,m)
Pure QCD + ) ( ) (_) Hy T Mixed QCD-

nom=1 QED
Cieri, Ferrera and GS, JHEP 08 (2018) 165



Mixed QCD-QED resummation

~ 20 | Abelianization of the qgt-formalism

1 Our (explicit) formulae (in b-space)

O The Sudakov factor is also expanded:

G (as, @, L) < Gy(as, L)-+a@igD(al) + ¢ (aL)+Z( ) g (@L)—" oen
n=3
~1 _
Pure QCD (1.1 g (2) (nm) 7 T
+9° (gL, al) + Z ( ) T gn " (asl,al) (New) mixed
n—l—m7é2 QCD'QEDI!

O The g-functions for QED are:
AN £ In(1 - N)

"D
—  Large (1) 1(2) /
N=Lgal e A (A
=20 log!l! (aL) = 50 In(1—\)— 7\ T +1In(1 —\)

I(l) ’ ’
AgUBL (1 / In(1—)) A
——— | =1In*(1 — A\

63 (QH( )+ 1_)\, +1—A"

Cieri, Ferrera and GS, JHEP 08 (2018) 165



Mixed QCD-QED resummation

21| Abelianization of the qgt-formalism

1 Our (explicit) formulae (in b-space)

O The new mixed first-order g-function:

0D (asL,aL) = ALy ey A Ty o
ﬂo 0 ﬁ /80
, N N Y N1 - )
MAA) = =3 I = A+ Inl = X) l(l —No-w (ﬁﬂ

A A=)
_le(/\_A')—i_le( A_A’ ),

o New A, B and H coefficients:

B = _3, 2 2w e 2 8 4 72
5 -2 WeadN 9 \N(N +1)
A _ 2 A — 2 2 A
q —eq q - geq (3+ Q’D(N—Fl)) F() F() 362

~,1) o qq 4 2N( N +1) HogevgN = HogeagyN = NIV 12
B B + 2 qq N 3 N2 LN

) 22 tN+2 1F (1) IF (1) 1F (1)

awN = 5 % H =H _ =H - =0

2 N(N +1)(N +2) a3y, N qG4—qq,N q3+-qq,N

Cieri, Ferrera and GS, JHEP 08 (2018) 165



O

Mixed QCD-QED coupling evolution

~ 22 [ Mixed RGE equations

1 Coupled differential equations: Crucial to recover non-trivial mixed terms in

g-functions
S = st o) = -3 0 (2)7 - 3 an(2)(9)"
d?l;ng) = B (a(p?), as(p’)) = — iﬁ; (%)RH - i Brm (%)nﬂ (%)m
n=0 n,m+1=0

1 Mixed beta function coefficients:

1 Nq(z) They appear in the definition of
50:5(110,4—2%): Bo1 = — g

N® CrCaN®

r_ I I
}80_ ) )81 4 ) 180,1 A 9

the purely mixed g-functions!

Cieri, Ferrera and GS, JHEP 08 (2018) 165
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Z production with mixed NLL QED

Motivation & some previous results

Pythia 8 QED ISR

il

QEDISR on/off

1

2102 0 ‘.19 Z/M #0 seipnis,, ‘ppipwpn)) *§

o

October 2, 2017 Stefano Camarda



O

Z production with mixed NLL QED
S fsomeplots —

O

do/dqy (pb/GeV)

RATIO to (NNLL+NNLO)oep

Case of study: Z production (implemented in DYqt)

BOO T T T T | T T T T | T T T T | T T T T : T T T T | T T I T T | T T T T =
i ] 1.02 — Hp=pp=2Q=pp=2Q'=Mz, 1/2<fup/Mz}<2 —]
600 - - = - (NNLL+NNLO) gep+ (L) gep ] 1.01 g
- —— (NNLL+NNLO)gep+(NLL+NLO) gy~ 1.00E
- y E 0.99 |
400 — g -
- : ra
4 ¥ 098F
4 - | 1 1 | 1 1 L 1 | 1 |
g
n z : T T T T | T T T T T T T T T T _ I__ — = -':
200 — g 102~ Hr=ptn=RQ=p=2Q'=Mz. 1/2<t2Q/ Mg} <2 —]
pp ~Z%+X, Ve=1.96 Te"~NNPDF3.1_luxqed 7 o - = B
[ b= pg=2Q=pth=2Q'=M,, i S 1.01F ]
[ 1/2<lph /My Q /Mg, Qi }<2 1 :
1.04 ———— | —— | ; 1.00 |
o2~ L ooeommmTTTT 0.99f —
1.00F L . 1
E - 0.98 —]
0.98 1 1 | 1 L 1 [ E | | 1 1 1
30 40 30 40

qr (GeV)

o Collider: Tevatron at 1.96 TeV

O Z production, using the narrow with approximation, with NNLL + NNLO QCD as
reference to compare the QED effects. NEW NNPDF3.1QED (uses LUX’s method)

Cieri, Ferrera and GS, JHEP 08 (2018) 165



O

Z production with mixed NLL QED
s Jsomeplots —

1 Case of study: Z production (implemented in DYqt)
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o Collider: LHC at 8 TeV

O Z production, using the narrow with approximation, with NNLL + NNLO QCD as
reference to compare the QED effects. NEW NNPDF3.1QED (uses LUX’s method)

Cieri, Ferrera and GS, JHEP 08 (2018) 165
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Z production with mixed NLL QED
i fsomeplots —

1 Case of study: Z production (implemented in DYqt)
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Conclusions
e

In the context of precision HEP, mixed QCD-QED are cruciallll
Step 1: splittings and DGLAP equations within QCD-QED

v Fully consistent treatment of IR factorization

v Percent level contributions to PDF evolution and crucial effects in the
determination of photon PDF

Step 2: fixed order effects
v Physical example: NLO QED corrections to diphoton production

v Additional subtleties due to photon radiation (ordering, merging,
identification)

Step 3: resummation within QCD-QED (mixed effects)

v Physical example: Z production

v Non negligible (few percent) effects at low ptlll
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Splittings and DGLAP within QCD-QED

Extended DGLAP equations (easiest ones)

New optimized DGLAP equations! They become completely diagonal at
some perturbative orders (due to vanishing kernels).

dqv, - ng S S nr, d{AumAct} . P—|- ® {A A }
=Py ®qu + > APS, ®qu, +APY® | > L, |, o = uer Dt}
j=1 j=1 d{Ags, A,
t ddt o} = Pf @ {Aus, Awp}
dl,. i ZL l
Yi — P ®1,, AP? ®q,. +AP3 L. | . dA
j= j=
Valence PDFs Diagonal equations

There are some remaining equations to describe the full coupled system, but they are
more complicated (... much more complicated...)

These equations are usually solved with Mellin transformations. The coupled
differential system is reduced to an algebraic one for the Mellin momenta.

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056



Splittings and DGLAP within QCD-QED

~ 31 [Introducing new PDFs

1 Change PDFs basis to simplify the system of coupled integro-differential
equations Roth, Weinzier| ‘04

New lepton distributions! Ap=u-+t—c—c,

ng
2= it i),
f S —dtd—s—5. Z¥q+QJ

_ - - nr B
Bcz{u,u,...,t?t, gf](} Agp=5s+5—b—0>, EI:ZU;“F[@'):
//// Ay=e+é—p—]i =
Photon distribution! AUD:UJrﬁ—i—C—f—C—d—Cz—S—E—b—B

Ab=e+e+p+p—20r+7),
CANONICAL BASIS

Q=G —G,l,=1; —1I Valence

distributions
O Photon and gluon distributions are not altered

O Straightforward extension to deal with n.=6

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056



2,0 1,1
P — PV

Non-observable
gluon leads to non-
equivalent diagrams
contributing to the
same kernel

Pig® = PyyV & PigV
Replacement of
external gluons
leads to different
kernels (no need of
factor 2)

What does “Abelianization’” mean?

The Abelianization is an algorithm that we defined to extract QED corrections from
QCD ones. Moreover, mixed QCD-QED corrections can be recovered with the
same strategy. Even if it seems easy, the structure of mixed corrections is not
trivial (involves expanding in two different couplings, potential crossed terms might

appear...)



O Use two-loop QCD results as starting point; keeping track of the different
topologies contributing to the splittings is crucial to check the results

Curci, Furmanski and Petronzio, Nucl. Phys. B 175 (1980) 27
Furmanski and Petronzio, Phys. Lett. B 97 (1980) 437
Ellis and Vogelsang, hep-ph/9602356

0 Mixed QCD-QED contributions (i.e. (’)(a Q/S)) obtained through the
replacement of one gluon with one photon.

0 Two-loop QED contributions (i.e. O(a2)) involve replacing two gluons;
internal fermion loops could contain leptons:

2 S
nF—>Z€f with Zf’f—l\cz +Z€.’Z_
[ 7 j=1

O Results have been cross-checked independently by another group!

Manohar, Nason, Salam and Zanderighi, ‘16 and ‘17

What does “Abelianization” mean?

The Abelianization is an algorithm that we defined to extract QED corrections from
QCD ones. Moreover, mixed QCD-QED corrections can be recovered with the
same strategy. Even if it seems easy, the structure of mixed corrections is not
trivial (involves expanding in two different couplings, potential crossed terms might

appear...)



