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Introduction

Motivation
First measurement of W-mass 120018
from LHC (2016) ATLAS + ous
[{s=7TeV,461" ‘%fv‘fe‘f‘a" ]

Wt ety [ Multiet

» Data from W — uv and the
W — ev channels

Events /2 GeV
>
o
(=]

» Mass determined using fits to
transverse momentum
distribution of the charged
leptons

> see ATLAS-CONF-2016-113

30 40 50 60 70 80
Electron P, [GeV]

my = 80370 + 7 (stat.) +11 (exp. syst.) £14 (mod. syst.) MeV
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Available Methods and Public Codes

Resummation from CSS to N3LL - Available Methods

Met

»
>
>
>
|
>
>

Event-based TMR

hods

Collins-Soper-Sterman (1985) [Nucl. Phys. B250 (1985) 199224]
Becher et. al. [1109.6027], [1212.2621]

Ebert, Tackmann [1611.08610]

Monni et al. [1604.02191]

Bizon et al. [1705.09127]

Kang et al. [1710.00078]
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Available Methods and Public Codes

Resummation from CSS to N3LL - Available Public Codes

Codes
» RESBOS (NNLL + NNLO), Balazs et al. [9704258]
» CuTe (N3LL + NNLO), Becher et al. [1212.2621]
» DYRes (NNLL + NNLO), Catani et al. [1507.06937]
» RadISH (N3LL + NNLO), Bizon et al. [1705.09127]
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Factorization Formula

Factorization Formula, Becher et al. [1109.6027]

dofM(qr) ~ dof(Q%, u) Hy( @, 1)
/ d2XJ_ e—l’qJ_‘XJ_(X%Q2)—Fi,j(LJ_7as)
Bi(§i7XLaM)Bj(§jaXLau)7

with

as ()
4r 7’

L ~In(<FE?),  aF =—q1.

ds —
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Factorization Formula

Factorization Formula: Becher et al. [1109.6027]

In short form, the factorization formula reads

o™ (qr) ~ dog(Q*) H(Q) Fy(qr)
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Factorization Formula

Factorization Formula: Tree-Level Amplitude Squared

First factor: the tree-level amplitude squared

NNLL(QT) ~ do} (02) i(Q%) Fy(ar)

> use an existing automated solution
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Factorization Formula

Factorization Formula: Hard Interaction to 1 Loop

Second factor: the hard interaction to one loop

dof™(gr) ~ dod(Q%) H;(Q?) Fy(ar)
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Factorization Formula

Factorization Formula: Hard Interaction to 1 Loop

dof"(qr) ~ do(Q) Hy(Q7) Fy(ar)

C Q2 Q2 7T2
2 o F 2
Hi(Q%p) = 1+ o as(p)In F +3as(p)In ? +O‘s(.u)(€ —38)
pp>Z
LL NLL NNLL
+0(a3)

We would like to evaluate the hard function H;;(Q?, 1) at a high scale
1~ Q. But the cross section depends on a low scale 1 ~ g7, with
g1 < Q.
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Factorization Formula

Factorization Formula: Hard Interaction to 1 Loop

Solve the renormalization group equation,

2

L (@) = (ﬂ(as) n % + fz(as)> Hi( Q).

dinp
and resum the logs to all orders using an evolution matrix U(up, 1),

Hi(Q 1) = Ulpn, m)H(Q?, 1)
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Factorization Formula

Factorization Formula: Hard Interaction to 1 Loop

do M (qr) ~ do(Q%) Ulun, ) H5(Q7, i) Fi(ar)

» U(pn, i) can be obtained analytically

> use an existing automated solution for H;;( @2, utp)
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Factorization Formula

Factorization Formula: Fourier Integral with Beam
Functions

Third factor: the Fourier integral with beam functions

doj"(qr) ~ do(Q®) Hy(@) Filar)
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Factorization Formula

Factorization Formula: Fourier Integral with Beam
Functions

dof"t(qr) ~ dof(Q%) Hy( @) Filar)

ge.e]

-/—"U(qL) ~ / d2XL eiiqi'xi(XiQ2)*Fi,j(LL,as)

J —oo

“Bi(&iy X1, 1) Bi(& x1, 1)
The Fourier integral can be evaluated using Bessel functions,

o0 . —+o0
/ d2XL e L~ —Im/ dXT XTKo(XTqT) .
— 0o 0
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Factorization Formula

Factorization Formula: Fourier Integral with Beam
Functions

oo

‘F"j(ql-v Qz) ~ / d2XJ_ e_"‘“'ﬂ (XJQ_ QQ)_F/'-J(LLﬁs)

— 00

. Bi(giaXJ_vﬂ‘) Bj(gjvxla:u)

» This term arises from the so-called collinear anomaly;
Becher, Neubert [1007.4005]

it can also be obtained using a rapidity RGE

> The exponent F;; is known to 3 loops
Li, Zhu [1604.01404]
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Factorization Formula

Factorization Formula: Fourier Integral with Beam
Functions

oo

]:ij(qJ_’Qz)N/ d?x; e L (x2 Q) Fiallia)

— 00

N Bi(fisXL»H) Bj(fjvxLa,u)

» The beam functions B;, B; encode collinear initial-state radiation
» They are similar to parton distribution functions (PDF)
» We have computed grids for the beam functions at NNLL

ééé,@ P, (2) Dycylz) / 5
O &/z ¢ O

&/z £

Event-based TMR AEC



Method
00000000000 e

Factorization Formula

Factorization Formula: Summary

doi™"(qr) ~ dog(Q%) Ulun, Y H(Q7, un) Fij(ar)

dag-(Q2): use MadGraph5_.aMC@NLO
U(pn, 11): analytical computation
H;i(Q?, 1p): use MadGraph5_.aMC@ONLO
Bi, B; (in Fjj): obtained from grids

vV v v v
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Implementation: Reweighting and Analysis of Tree-Level Events

Implementation: Reweighting of Tree-Level Events using a
Universal Reweighting Code

» Choose an arbitrary electroweak process and generate tree-level
events (using MadGraph5_.aMC@NLO [1405.0301])

» For each event:

> Read (kinematic) information from eventfile

-2 -1 0] 2] 0 501 +0.0000000000e+00 +0.0000000000e+00 +7.6620958000e+01 7.5620958000e+01

2 -1 o 0 so1 0 +0.0000000000&+00 +0.0000000000e+00 -2.5802382000e+01 2.5802382000e+01
22 2 1 2 ] 0 +0.0000000000e+00 +0.0000000000e+00 +5.0818576000e+01 1.0242334000e+02
-1l 3 3 e] 0 -8.8155621770e+00 -6.3265635933e+00 -2.4504323000e+01 2.65796866850e+01
11 1 3 3 ] 0 +2.,6273807259e+00 +8.3939951651e+00 +7.5322898000e+01 7.5834066303e+01

» Compute the hard function # at one loop (based on
MadGraph5_.aMC@NLO, Becher et al. [1412.8408])

» Choose a random transverse momentum gr
» Compute the Fourier integral Fj

» The combination gives the reweighting factor do/dqt (save in
eventfile)
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Implementation: Reweighting and Analysis of Tree-Level Events

Implementation: Evaluate Differential Cross Section of
Observables using a Process-Specific Analysis Code

» For each event of the process
> Read kinematics and event weight from eventfile
> Apply kinematic cuts
> Evaluate the observable(s) of interest, eg. (di)lepton gr,
dilepton invariant mass, (di)lepton rapidity... )
> Perform normalization etc.
> Fill into histogram

[d The ATLAS Collaboration (2016)
Measurement of the transverse momentum and ¢ distributions of Drell-Yan
lepton pairs in proton-proton collisions at /s = 8 TeV with the ATLAS- detector.

arXiv:1512.02192
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Results: pp > Z + X >

The g-Spectrum

Preliminary Plots forpp > Z + X > |4+ |- + X

Transverse Momentum Spectrum

> The scales i1 and p, are varied by a factor of 2 about the default
value to estimate the effects of higher order

pp—-Z+X-1"l" +X with ATLAS lepton cuts pp—-Z+X-1"l” +X with ATLAS lepton cuts
0.07f ! ! ! J E 0.07
0.06 0.06 NNLL
& NLL =)
3 3 ATLAS
= =
= &
slg s|g
—le —1b
000k . . . . E
0 10 20 30 40 50 ) 10 20 30 40 50
qr [GeV] qr [GeV]

[@ The ATLAS Collaboration (2016)
Measurement of the transverse momentum and ¢ distributions of Drell-Yan
lepton pairs in proton-proton collisions at 1/s = 8 TeV with the ATLAS- detector.
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Results: pp > Z + X > I+ - + X
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The Angular Observable ¢* and its Spectrum

The Angular Observable ¢*

Experimentally, angles can be measured more precisely than transverse
momenta. So define an observable that correlates with g, but depends
on angles only.

» Banfi et al. [1102.3594] [1110.4009] [1205.4760]

T—A

@ =tan (2(25) sin(6™)

cos(0*) := tanh <A277)

» A¢ is the opening angle of the decay products in the azimuthal plane
» Anp=1n" —n" is the difference in rapidity, p = —In [tan (g)} of
the decaying leptons
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Results: pp > Z + X > I+ - + X
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The Angular Observable ¢* and its Spectrum

The Angular Observable ¢*

> Our tree-level events were generated by MadGraph5_.aMC@NLO
assuming g7 = 0, so the decaying leptons are back-to-back
(A¢p =7), and ¢* ~ tan(0) = 0! (in the "labframe” of
MG5_.aMC@NLO)

> We need to go to the " physical” frame where we have imposed
gt # 0 to obtain the ¢*-spectrum!

» Can we achieve this?

Event-based TMR AEC



Results: pp > Z + X > I+ - + X
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The Angular Observable ¢* and its Spectrum

The Angular Observable ¢*

» The cross-section of the process p p > Z > |+ |- has a hadronic and
a leptonic part: do ~ L(q)H(q), where q is the four-momentum of
the intermediate state

> We have L(q) = [ dp; [ dp;|M|6®)(q — p; — p)

> L(q) is a scalar and therefore Lorentz invariant

>

Boost to a frame with g7 # 0: g, = A}q,

qr="0 qar#0
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Results: pp > Z + X > I+ - + X
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The Angular Observable ¢* and its Spectrum

Eventwise Correlation of ¢* and gt
» For each event i, read gr[i] and ¢*[i] and plot (g7,¢*)

p p > Z > mu+ mu-, correlation of qT and phi*

10° b

102}

10' b

phi*

10°

0 20 a0 60 80
qT [GeV]
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Results: pp > Z + X > I+ - + X
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The Angular Observable ¢* and its Spectrum

Reference forpp > Z + X > 1+ |- + X

D The ATLAS Collaboration (2016)
Measurement of the transverse momentum and ¢}, distributions of Drell-Yan
lepton pairs in proton-proton collisions at /s = 8 TeV with the ATLAS- detector.

arXiv:1512.02192

Leptons pr > 20 GeV n] < 2.4
Lepton pairs lyn] < 2.4
66GeV < m; < 116 GeV

Table: Kinematic cuts on leptons
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Results: pp > Z + X > I+ - + X
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The Angular Observable ¢* and its Spectrum

Preliminary Plots forp p > Z > |+ |-

Spectrum of Angular Observable ¢*

» The scales u and py, are varied by a factor of 2 about the default
value to estimate the effects of higher order

, pp-Z+X-1"I" +X with ATLAS lepton cuts pp—Z+X-1"I"+X with ATLAS lepton cuts
4
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Results: pp > Z + X > I+ - + X
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The Angular Observable ¢* and its Spectrum

Average gt per bin of ¢*

» For each bin of ¢* evaluate the average gt

pp >Z > mu+ mu-, correlation of qT and phi*

pp>Z> e+ e-, correlation of phi* and qT
10
10°
10? 8 .
.
3
s
10t 6
[ S =3 Phi* NLO
£ £
T e <qT>/10
10° 2
g 4
3
10"
2
10?
3 . o
10 0 20 60 80 08 10

40
qT [GeV]
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Results: pp > Z + X > I+ - + X
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The Angular Observable ¢* and its Spectrum

Average g>/Q? per bin of ¢*

» For each bin of ¢* evaluate the average \> = qu/Q2 to estimate the
magnitude of power corrections

pp—-Z+X-1"I" +X with ATLAS lepton cuts

» pp—Z+X-1"I" +X with ATLAS lepton cuts
NLL ok
tof s ] NNLL
10<q7r°/Q"> A
— sl 1 — 2/2
2 ATLAS 2 10 <qr7/Q™>
o ef o B o Ala
sl . sls ATLAS
—Ib 4 . b —Ie 4f .
2 . ] 2 Lt
oL . s . oo ecesssessesss®® 1 ok . + o P T T Lo
0.005 0.010 0.050 0.100 0.500 1 0.005 0.010 0.050 0.100 0.500 1
¢ ¢
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TODO: Matching to Fixed Order

Technique performs well for small transverse momenta < M,,, /2.

Combine with fixed-order NLO result for larger momenta,

dG‘NNLL dO‘NNLL N dO’NLO dG'NNLL
qu matched to NLO qu qu qu expanded to NLO

matching correction
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TODOs

» Matching to fixed order, model nonperturbative effects
(straightforward)

> Include Higgs production via gluon-fusion

» Extend to N3LL; NNLO Beam functions known,
Gehrmann et al. [1209.0682]

but need NNLO hard functions
» Make code public
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Conclusion

Conclusion

» We have developed a framework for event-based transverse
momentum resummation for arbitrary electroweak processes
including W-, Z- and Higgs bosons

» Cuts on final-state leptons allow for direct comparison to
experimental data

» We present preliminary results for the gr- and the ¢*-spectrum

» TODO: Matching to fixed order, modeling of np-effects, inclusion of
gluon fusion, extension to NNLO
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Conclusion

The End

Thank You For Your Attention.
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