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What’s ResBos for?

CTE Q

Precision Electroweak Physics
at Hadron Colliders

Physics of
Drell-Yan, W, Z and Higgs Bosons
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What’s 1t for? An Example

e Transverse momentum of

q |+ q WJ_r
Drell-Yan >.7/.Z\< W= _
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4
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Including initial state QCD Resummation
(and final state QED radiation)

 Kinematics of Leptons from the decays
(Spin correlation included)



W-boson physics

@ W-boson production and decay at hadron collider

How to measure W-boson mass and width?

High order radiative corrections:

> QCD (NLO, NNLO, Resummation)
ww EW (QED-like, NLO)

ResBos and ResBos-A
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Resummation calculations agree well with data

PP — Z @ Tevatron

Predicted by ResBos: 700 ——T T o
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Transverse mass of the W-boson

@ Definition:

- lo?
U(S-l .1"“.=f.6GEV
2 / _od v r «[[ =21GeV
v) =2 w1 — cos £ 103 v
mi(€,v) =2 pp pr( bev) mg“' oTy=26GeV

!

from overall Py imbalance 1-°
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I unaffected by longitudinal boosts of fy system
(" sensitive region: )
[ not sensitive to q,}? =
My = My ~ 60 — 100 GeV
g tail knows about T, (direct measurement) I'w : My > 100 GeV
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What’s QCD Resummation?

» Perturbative expansion

do ’

— ~a {l+a_5, +og +e

d(fr | |

* The singular pieces, as o (I or log’s)

C} i_ila (72) - m) {Q}

q]: (]; n=1 m=0 _ QT _ S
1 O

~—1{ «a (L + 1) L= 111[ " 1

q; o

+a; (E + I +L+1)

+a'§(f* + L'+ LD+ L +L+l)

Resummation 1s to reorganize the results i terms of the large Log'’s.



Resummed results:

> Determined by A% and B

lo 1 , o ._
: - 1*1 - [a, (L+1) +{:f;[ﬁ—£‘]—g.;(ﬂ_ﬁ] TR
dgy gt T T |
+ +a.(L+1) +a; f—f] T
Determined by = | o - :“( |
A® and B + — 4@l (L+]) e ]
+ooe | 5 | '
3 Determined by

AB) and BG)

mmmmd> QCD Resummation

In the formalism by Collins-Soper-Sterman. 1n addition to
these perturbative results, the effects from physics beyond
the leading twist 1s also implemented as

[non-perturbative functions].




CSS Resummation Formalism

1 ‘?1' ~ “ 2
0 _Zs5.5(0"-M2).

dg; dydQ® S ‘ :
1

I(lzb e ’ Tfr(f.x().:r

2 = A

, x5 ) -[Non-perturbative functions]

i~ -

=" C®f(x,) C® f(x,)

Sudakov form factor S(5)= J‘(i_f di_f [ln{ g‘_) ]A (I)+B(IT)
) U

[Non-perturbative functions| are functions of (b,Q.x,.Xg) which
include QCD effects beyond Leading Twist.




[non-perturbative function] is a function of (b,Q,X,,Xg), implemented to
Include effects beyond Leading Twist.

Until we know how to calculate QCD non-perturbatively, (Lattice Gauge
Theory?), these functions can only be parameterized. However, the same
functions should describe Drell-Yan, W*, Z data.

m)> - Test QCD in problems involving multiple scales.
« Measuring these non-perturbative functions may help in

understanding the non-perturbative part of QCD.

[non-perturbative functions] , dependent of Q, b, X,, Xg, IS necessary to
describe g, — distribution of Drell-Yan, W=*Z° events.

exp{—glb2 —g,b’ In(;g2 )— 9,9;0° In (100, )

’ |
New term with BLNY parametrization
X-dependence hep-ph/0212159

The coefficients g,, g,, g; need to be determined by existing data.



® Example: for W=

472'20( (W) (W) 1 2
O, = S = — KM ) .
’ 3 ;Q” Qi 4sin’ @, (kM)

The couplings of gauge bosons to fermions are expressed
In the way to include the dominant electroweak radiative
corrections. The propagators of gauge bosons
also contain energy-dependent width, as done in LEP
precision data analysis.

>
[l
mQ
>
(9 9)
[l
MS
Y
R
~—
VSR

Note:

MS EM&;
S
T

7
S|

O
Il



Diagramatically,

o, |-6Q*-M] +
{ fo, (. QPrcq ® o ]xBQ %‘! g‘
[qeq ]xAQ ‘V( |
1y 50,0y, (6.Q) {2 ‘Z)}} )

To preserve transverse momentum conservation, we
Exponentlate have to go to the impact parameter space (b-space) to
perform resummation.

*

The Y-term is added to include
the full fixed-order contribution.

>1<
v |




Diagramatically, Resummation is doing

2

m==)> Resum large & '”m(cj—zj terms

T

o 2n-1
do | LS (Q j c:
qudy o —0 qT n=1 m=0 qT

Monte-Carlo programs ISAJET, PYTHIA, HERWIG contain these physics.

( Note: Arbitrary cut-off scale in these programs to affect the amount of
Backward radiation , i.e. Initial state radiation. )




Monte-Carlo Approach

Backward Radiation
W (Initial State Radiation)

v <—T Kinematics of the radiated gluon, controlled by
Sudakov form factor with some arbitrary cut-off.
( In contrast to perform integration in impact
parameter space, i.e., b space. )

mm)>  The shape of g+ (w) is generated. But, the integrated rate remains the
same as at Born level ( finite virtual correction is not included ).

<%  Recently, there are efforts to include part of higher order effect in
the event generator.



Event Generators (PYTHIA, HERWIG)

Note that the integrated rate Is the same as the Born
level rate ( a %Y even though the (. — distribution Is
different (i.e., not 5(af) any more).

dG Jidr b ,-S(b) 2
dg; J.d bJ E/_/ 0% (b)

d*h* (), - > latb=0

- Jd‘lr
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To recover the “K-factor” in the NLO total rate
=== To include the C-Functions

2

do >__’\
—— + E>-+
dQ°dy do

1
‘ ? dg, d ydQ q?
Finite + :[:; +>Q: [
d_a | Singular Oy
dg; I 5(qu)
|
|
|
[
o 1P; Oy

mmm)> The area under the g — curve will reproduce the total rate at
the order « if Y term is calculated to ol as well.



Include NNLO in high g+ region

® To improve prediction in high g; region
® To speed up the calculation, it is
iImplemented through K-factor table

which is a function of (Q, g+, y) of the
boson, not just a constant value.

ResBos predicts both rate and shape
of distributions.
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Precision measurements require accurete theoretical predictions |G NEDRWN,

o ResBos-A: improved ResBos by including final state NLO QED corrections
to W and Z production and decay hep-ph/0401026

Qing-Hong Cao and CPY

Resum+Born Resum+NLO

D e | P

+

@ andj] denote FQED radiation corrections, which dominates the W mass shift.



Need to consider the recombination effect

o Experimental: difficult to discriminate between electrons

and photons with a small opening angle %

. S
» Theoretical:  to define infra-safe quantities which are AN
independent of long-distance physics /

124

Essential feature of a general IRS physical quantity:
The observable must be such that it is insensitive
to whether n or n+1 particles contributed

if the n+1 particles has n-particle kinematics. ™~
» Procedure @ Tevatron (for electron)
= p,e = Pe + D~ = rejection
o AR(e,v) <0.2 » E,>0.15 E, for
s E, <0.15E, for 0.2 <AR(e,7) <04

0.2 < AR(e,y) < 0.3



Recombination Effects
for detecting electrons

Effects of QED correction
decrease significantly
after recombination.

ﬂ
- —— HLO £
30| ——  ResnNLO J."r "] n
———  HLO+Recomt
B — — —  EResan+NLO+Eeoomb //{ F I \
— NLO \\ ~
—  Resum+MLO ~
07+ -~ MNLO+Recomb —_
=== Resum+NLO+Recomb
. . L ﬂ EI ] | | ]
&0 0 #0 Rt .
60 70 80 90
m, (GeV)

¥ (Gev) infrared-safe
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ResBos?2

Version 2 of ResBos
(matched to NNLO in total inclusive rate)

Josh Isaacson, Yao Fu and CPY: arXiv:2205.02788
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ResBos and Fesummation

GFxY  Collins-Soper-Sterman Formalism

5
AP Pgrdyd | (2m)
W= 50 C®@ f(xa,Ca/b)C @ f(xp,Ca/b)

C3Q? f& C3Q°
Jo g [ (5 ) - |

S(b)

@ Sudakov factor
@ Collinear factors

@ Perturbative Coefficients (A, B, ')

[Colling, Soper, Smrman, "85 [...]

1. lzaacson W Mass: A Theory Onerview B/24 %% Farmilab



ResBos vs. ResBos?2

Anomalous Dimension

Order Boundary Condition (C)|v: (B) T'cusp (A) |Fixed Order Matching (Y)
LL 1 - 1-loop -
NLL 1 1-loop 2-loop -
ResBos | NLL’ (+ NLO) (s 1-loop 2-loop Qs
‘ NNLL (+ NLO) Qv 2-loop 3-loop Qs
NNLL’ (+ NNLO) o 2-loop 3-loop a?
—'{ N*LL (+ NNLO) o’ 3-loop 4-loop a?
ResBos2 | N°LL’ (+ N°LO) a’ 3loop  4-loop a’
N‘LL (+ N°LO) a’ 4loop  5-loop a’

TABLE I. The definitions for the accuracy of the resummation calculation. The accuracy used by CDF was NNLL + NLO,
while the state-of-the-art is N°LL + NNLO.

Josh Isaacson, Yao Fu and CPY; arXiv:2205.02788




CDF W mass measurement

SM prediction: 80,358.1 + 5.2 MeV

Quoted from CDF paper (Science 367, 170)

SM
DO | 80478 + 83 TS Simulated experiments are used to evaluate
— 04T & T8 R the statistical correlations between fits, which
are found to be 69% (68%) between my and
DELPHI 80336 + 67 —— P4 (¥ fit results and 28% between pf. and py.
L3 80270 + 55 @ fit results (43). The six individual My results
ESA] BAME & B are combined (111(Elud111g (:-:?1'1*elat10_ns) by
means of the best linear unbiased estimator
ALEPH 80440 * 51 — (66) to obtain My =80,433.5+9.4MeV,
DO I 80376 + 23 Lo with f/dnf = 7.4/5 corresponding to a prob-
ability of 20%. The mr, pt, and pY. fits in the
ATLAS 80370 + 19 —.— Y ° T P Pr .
electron (muon) channel contribute weights
CDF I 80433 + 9 > of 30.0% (34.2%), 6.7% (18.7%), and 0.9%
L 1 1 1 | 1 1 | 1 | 1 L 1 1 | | L 1 1 | | L 1 1 | 1 1 | 1 I 1 1 | [l - - - - -
79900 80000 80100 80200 80300 80400 80500 (9.5%), respectively. The combined result is
W boson mass (MeV/c?) shown in Fig. 1, and its associated systematic
Figure reproduced from CDF-Il measurement (Science 376, 170). uncertainties are shown in Table 2.

Also, LHCDb result: 80,354 + 32 MeV
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Study the impact of higher order effects:
from NNLL+NLO

to NNNLL+NNLO

FROM RESBOS TO RESBOS?
FROM W(321)+Y TO W(432)+YK(R)

Shorthand notation:
W(321)=W(321)+Y, with full lepton angular correlations to a order.
W(432)=W(432)+YK(R), with full lepton angular correlations to a? order.




from NNLL+NLO to NNNLL+NNLO

® Generate pseudodata, including pT(Z2), pT(W), mT,
pT(e), pT(nu), using W(432) and CT18 NNLO central set
PDF.

a, = 0.118
CT18NNLO.00 PDF set

® it the normalized pT(Z) pseudodata with W(321)
calculation and CT18 NNLO «a. series PDFs, in which
the g2 and « values are the fitting parameters. This Is
called tuned W(321) prediction.

as = 0.120
CT18NNLO as 0120 PDF set
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Comparison of tuned W(321) and pseudodata W(432)

1 do 1 do
odpr(Z) odpr(W)
__5|t'|,1 T I [ I T | | %|§ I T T I ] !
e — MNMNLL+MNLO CDF Tune =k 0.06 - —— MNMLL+NLO CDF Tune =
— NALL+NNLO —— NLL+NNLO
0-101 ] 0.05 - -
0.08 . 0.04 _
0.03 _
0.06 - -
0.02 - _
0.04 | -
S — S 0.01+ -
Sttt : e+ttt
g 100 =y __,_r—l—!__._ | g 100+ i
2 2 099 -
o 098 ] I I | ] I 1 - i1 | I | | 1 | 1
5 2 4 6 8 10 12 14 B i} 2 4 6 8 10 12 14
pr[Gev] pr [Gev]
Fit to normalized pT(Z) pseudodata W(432) Prediction of normalized pT(W)

distribution from the tuned W(321)

The blue band represents the statistical uncertainty of the CDF measurement.




My, template

» Generate My, template using the tuned W(321)

Template: From 80.336 to 80.435 GeV; step is 1 MeV

» Shift in My, from W(432) to tuned W(321)

Do x? fit to the normalized My, p7 (1), pr(v) distributions to find My,

Shift: Fitted My, — input M,,(80.385)



Shift in My, when using the tuned W(321)

8 g.05f
kB

—— NILL+NNLO

s = o e
i=] (=] o (=]
- ] w =

MNNLO
=)
=]
=}

—— MNNLL+NLO CDF Tune

T T T T T T T T T

T T T T —
—— NNLL+NLO CDF Tune ag-

—— NNLL+NLO CDF Tune
—— MNALL+NNLO =

—— NALL+NNLO

- 0,025

0.020

0.015

0.010

0.005

[}

. !
I
= l.02-

1.00

098 |

Ratio to N*LL+

20.000 =}
=

Z 1.02
-
=
4

b]
o 098 ] ! ! ! 1 1

1.00

Ratio to N3LL

1
65 70

1 I
75 80

! |
a5 90
mr [GeV]

Mass Shift [MeV]

Observable | REsSB0s2 | +Detector Effect+FSR
mr 1.5 £ 0.5 0.2+ 1.8 £+£1.0
pr(f) |31 +21| 43+27+13
pr(v) |45 +21| 3.0+34+22

42 a4 46 48

1 L]
prif) [Gev] = 32 34 36 38 40 a2 44 46 48

privi [Gev]

The blue band represents the statistical
uncertainty of the CDF measurement.

Uncl: statistical uncertainty of the generated samples

Unc2: uncertainty from different random seed of Gaussian smearing. It is estimated by
generating 100 different smeared pseudodata with different random seed, using the mean
value to determine the average shift, an the RMS to determine its uncertainty.

Another simple smearing model was also used:

5% smearing on pr(1) and 11% on p;(v), the main conclusion does not change.




Detector Resolution effect and FSR [IREEEEe:

5)g 0.030[ T
e

» Smearing the momentum of p; (1) and p,(v) 0.025 - .
O‘ - a 69 b @ C 0.015 _|
E T \/E E ? 0.010 ]

0.005

|
E 1.25 -

Gaussian smearing effect applied on p7 (1) and pr(v) gm_

[+
e 075 | | | 1 L 1

Same smearing was applied to both M,,, template and tuned W(321) predictions.

Consider the electron channel, for its smaller background and less final state QED radiation
(FSR) correction, as compared to the muon channel.




Angular correlation

ulE | | | |
=k 0.14 - — NNLL+MNLO CDF Tune —

— NPLL+MNNLO
012 - -]

| Ap(L,V) |

0.02 - —

=

o

=t
|
I

o -
o )
I I

|

Ratio to N*LL+NNLOD

2.5 2.6 2.7 2.8 2.8 3.0 3l
Ag [rad]

FIG. 7. Comparison of the generated pseudodata for A¢ us-
ing the N®*LL+NNLO calculation compared to the CDF tuned
prediction at NNLL+NLO. The blue band represents the sta-
tistical uncertainty associated with the CDF measurement.

W(432) has the correct
lepton angular correlations
at NNLO,

and W(321) at NLO.

m2 = 2 (pr(O)pr ) — Br(0) - Fr»))

=2pr(Opr(V)(1—cosA¢(£,v))



M, template for studying the width effect CTEQ

» (Generate My, template using the W(432)

Template: From 80.336 to 80.435 GeV, step is 1 MeV

Width: 2.0895 GeV (used in the CDF paper)

» Changing the width of W boson

According to the uncertainty of the W boson width reported by PDG, which is 0.042GeV

Three pseudodata are generated for:

My, = 80.385GeV, [}, = 2.0475GeV
My, = 80.385GeV, I}, = 2.1315GeV
My, = 80.385GeV, T, is determined by NLO calculation, which is proportional to M;,

Iw ~ g% My,, with g2 ~ GgM3,




» Generate My, template using the W(432)

1 do
o) me

1072

Shift in My, due to different W boson width:

Width |Mass Shift [MeV]
2.0475 GeV| 2.0 £ 0.5
2.1315 GeV| 0.3 £ 0.5

NLO 1.2 4 0.5

—
" (=]
=] 1

o w

Ratio to N°LL+NNLO

My, template for studying the width effect

| —— Tw=2.0475 GeV
—— Tw=2.0895 GeV
—— Tw=2.1315 GeV

65

70

my[GeV]

The red band represents the statistical uncertainty of the CDF measurement.

Propagator takes the Breit-Wigner resonance form, with energy-dependent width.
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PDF-induced shift iIn W boson mass
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My, template for studying the shift due to various PDFs

» Generate My, template using the W(432)
Template: From 80.336 to 80.435 GeV; step is 1 MeV, CT18NNLO central set PDF.

Study the shift due to various PDFs in higher order calculation

» Pseudodata generated by using W(432) + other PDFs

Do y? fit to the normalized My, p (1), pr(v) distributions to find My,

Shift: Fitted My, — input M,(80.385)



My, template for studying the shift in My, due to various PDFs

mr pr({) pr(v)
PDF Set | NNLO | NLO NNLO NLO NNLO NLO
CT18 [0.0]+ 1.3|1.8 + 1.2[0.0/+ 15.9] 2.0 + 14.3 [0.0]+ 15.5| 2.0 + 14.2
MMHT2014 (1.0 06|26 £ 0662 £ 7.8 | 36.7T = T7.0(3.9 75| 36.0 £ 6.7
NNPDF3.1[1.1|+ 0.3|2.1 + 0.4 2.1 + 3.8 | 13.5 + 4.9 | 5.4 + 3.7 | 10.0 + 4.9
CTEQeM | N/A (2.8 +£ 09| N/A [19.0 + 104] N/A 209 + 10.2

» The errors were generated by its own error PDF sets.

» Larger shifts are found when using the normalized pT(e) or pT(nu) distributions.
» Large shifts are found when using NLO PDFs.

» Gluon PDF can contribute to NLO and NNLO predictions.

» pT(e) and pT(nu) are more sensitive to gluon PDF errors than mT(e,nu),

hence, generate more shift in Mw.




Correlation cosine between the uncertainty of
the extracted My, and that of parton density

1 d 1 do 1 do
Extracted from = — Extracted from = Extracted from =
o dmr odpr() o dpr(v)
5% 508 o3,
é: 0,6: cl 100.0GeV 3_:} 0_6:— cifzivmoa:mo.osev pT ({) ..‘>-_<’: 0_53 ti1:NNLOO=100.GGeV pT (V)
s - = mT s ¢ :3 S -
T 04 §0.4* s g'PDF/f\ E 04 ! g'PDF/\
S © L @ \ s b m /
0.2 0.2 / 0.2 ! / \
0 - o A
-0.2 0.2— -0.2—
0.4 0.4 -0.4
-06 06 o6l d_PDF
0.8 ”", L | 0.8 0.8 —

» Gluon PDF can contribute to NLO and NNLO predictions.

» pT(e) and pT(nu) are more sensitive to gluon PDF errors than mT(e,nu),
hence, generate more shift in Mw.




PDF-induced correlations

W(432) predictions Kinematic cuts and event rates:

:,?530:_ ResBos WLLAANLO NNLO / The Z boson events are generated satisfying
sob e PDFs | pr(Z) <15 GeV, 30 < pr(f) < 55 GeV, [(¢)| < 1, and
O w L eor i / 66 < My < 116 GeV. The W boson events are gener-
5100+ criswo ated satisfying pr (W) < 15 GeV, 30 < pr(f) < 55 GeV,
E ¢ MMHT2014nio 30 < ;_I?T[lf) < hb GEV, |T}‘(E)| < 1, and 60 < mT < 100
500 ORI GeV. Here, mr 1s the transverse mass and is defined as

L A clegb
490 my = 2 (pr(O)pr(v) — pr(£) - pr(v)), (4)
480F- where pr(£,v) is the vector transverse momentum and
- NLO the dot product is related to the difference in ¢ angle be-
4700 PDFs tween the two vectors. These selection criteria are con-
SR EATRRN AN BRI B R A RN AR sistent with those used by CDF. After the selection cri-

! 07" o teria, CDF had a selection of 1,811,700 (66,180) W — ev
(Z — ee) events and 2,424,486 (238534) W — uv

FIG. 10. PDF-induced correlation ellipses, at the 68% con- ( 7 s p:p:) events [2]

fidence level (C.L.), between the fiducial cross sections of W
and Z boson production at the Tevatron Run II.
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FIG. 12. Fractional contribution of the three leading opti-
mized eigenvector PDF's (EV01, EV02 and EV03) to the vari-
ance of the mr distribution, normalized to each bin. obtained
from the ePump-optimization analysis.

ePump-optimization

arXiv: 1806.07950; 1907.12177

L1~ . . — . [ e — . — e
dix, ) at Q =100.0 GeV 68%C.L. (drupx, Q) at Q=100.0 GeV 687 |
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FIG. 13. Ratios of the top three pairs of eigenvector PDF's
and the original C'T'18 NNLO error PDFs, at Q = 100 GeV, to
the CT18 NNLO central value of d. d_/ﬁ s and g PDFs. These
eigenvector PDF's were obtained after applying the ePump-
optimization to the original CT18 NNLO PDF's with respect
to the mr distribution.

The three eigenvalues are 44.5, 3.0 and 2.4, respectively, with 50 bins in the m distribution.




ePump-optimization

arXiv: 1806.07950; 1907.12177

The three eigenvalues are 44.5, 3.0 and 2.4, Only need to use these
respectively, with 50 bins in the m distribution. 2*3+1=7,

not 2*29+1=59, PDF sets to
study detector effects, etc.
via Monte Carlo simulation.

7 - The combination of those top three optimized
error PDFs contributes up to 99.6% in the total PDF

variance of the 50 given data points, z.e., with 50 bins Note that the first leading

in m7 distribution. This ePump-optimization allows us eigenvector set already

to conveniently use these three leading new eigenvectors accounts for 44.5/50= 89% of
(with a total of six error sets), in contrast to applying the the PDF variance.

tull 58 error sets of the CT18 NNLO PDF's, to study the
PDF-induced uncertainty of the mz observable.




Ratios of normalized pT(Z) and pT(W) CTEQ
due to QCD scale variation

e [ [ [ .
318 3 201 — NNLL+NLO - ® CDF did not use ResBos code to study
T:l?, —— N3LL+NLO .
FRRECIS - the impact on the M, measurement
B 110k i from using uncorrelated QCD scales to
Losk _ model the pT(W) distribution, after
ool | using their pT(Z) distribution to fix g,
005l | and a, values. Instead, they used
. 0.90- _ DYQT code. | arxiv: 0812.2862;1007.2351
g 1.05 ® In this study, we have assumed a fully
2 1.00|- . correlated scale uncertainty between
2 oesl | | | | | | | pT(W) and pT(Z) when varying the
g v QCD scales in the ResBos calculation.
® \We find this ratio is not very sensitive to
FIG. 3. The ratio for the normalized Z transverse momentum h|g her order corrections even with this
to the normalized W transverse momentum in the region used : :
by the CDF experiment. The NNLL+NLO (red) prediction more aggressive estimate.
and the N?LL+NNLO (blue) prediction are consistent with

each other over this region. The scale uncertainty is treated
in a fully correlated manner.
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Learned from Prof. Joey Huston @ MSU

==== my answers to questions from Dr. Natascia Vignharoli =====

(1)

> What do you think about the CDF anomaly?

=>

Our paper only discussed the impact of higher order contributions to the extraction of M_W,
based on CDF’s data-driven method. We cannot answer the question about the difference
observed by CDF between their data and SM prediction.

If it is not due to new physics effect, then one could ask:

— Could there be some common systematic(s) among all six of the CDF analyses?

— Would it be worthwhile to do a W-mass analysis of Z -> ee, \mu \mu, though it will be
statistics limited?

(2)

> How about the ATLAS measurements?

=>

ATLAS has a much better detector, but as compared to CDF, it suffers from being “too
energetic’ — most W bosons are boosted (to both longitudinal and transverse directions)!
CDF has smaller PDF uncertainties, smaller QCD radiation (Sudakov) effects, and smaller
pileup, etc.



Conclusions and outlook

CTE Q

® Higher order effect in the ResBos calculation can bring the discrepancy from 7 o
down to about 6 ¢ , a shift around 10 MeV toward the Standard Model (SM)

prediction.

® |HC will further improve M,, measurement.

® A combined analysis of LHC and Tevatron M,, measurements will come in near
future.

® [f it is due to New Physics (NP), similar effect may also affect the measurement
of weak-mixing angle sin“8,, via the forward-backward charged asymmetry
(Arg) of Drell-Yan pair production at the high luminosity LHC. In this case, it is
crucial to be able to factorize the effect of PDFs in the Az measurement from
the genuine electroweak physics (in either SM or NP). arXiv: 2202.13628

® More collaborations among experimentalists and theorists are needed!




| essons learned from W mass measurements

{Experimentalists} + ETheorists}

2017 Featured Story #1: Million-dollar
gift establishes endowed professorship
in honor of the late Dr. Wu-Ki Tung

® Co-founder of CTEQ
(The Coordinated
Theoretical-
Experimental Project on
QCD) in 1989 — present

® Nowadays, many, like
this Mini-Workshop, are
doing precisely that.

:

ip in Particle Physics

" Dr. WubKi Tung Endowed Pféfeésorsh

1

Michigan State University
(1992-2009)

http://www.pa.msu.edu/node/5921

20
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Where Is It?

® ResBos: http://hep.pa.msu.edu/resum/
® Plotter: http://hep.pa.msu.edu/wwwlegacy

ResBos-A (including final state NLO QED corrections)

has not been updated.
Why? Because it was not used for Tevatron experiments.

The plan is to include final state QED resummation inside ResBos2.

Sorry, the website is temporary down and will be restored later.


http://hep.pa.msu.edu/resum/code/resbosa/

ATt Physical processes included in ResBos
W
7/, Z Including gauge invariant set amplitude
— Including the full NNLO contribution
vy, LL,\NW

New physics: W', Z', H*, A%, HO ...



Limitations of ResBos

® Any perturbative calculation is performed with some
approximation, hence, with limitation.

® To make the best use of a theory calculation, we
need to know what it is good for and what the
limitations are.

It does not give any information about the
hadronic activities of the event.

==> |t could be used to reweight the distributions
generated by (PYTHIA) event generator,
by comparing the boson (and it decay products)
distributions to ResBos predictions.

This has been done for W-mass analysis by CDF and DO




Conclusion

® ResBos Is a useful tool for studying
electroweak gauge bosons and Higgs bosons
at the Tevatron and the LHC.

® |t includes not only QCD resummation for low
g+ region but also higher order effect in high
g+ region, with spin correlations included via
gauge invariant set of matrix elements.
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PDF-Induced uncertainty

Hesslan Method
Hesslian error PDF sets
such as CT18 and MSHT20 PDFs



QCD improved parton model

.D. partons, |S-D- | L.D.

gauge bosons,

hadrons leptons, hadrons
_~ new particles ;-
Factorization ) ./‘ 1 Infrared safe
Theorem ; N observables
f;_":": SM and New | !
| physics ! frag. functions
(universal) hadronization models:
parton Distributions MC programs

Parton distribution function (PDF) fbm(r Q)

| % discribe the possibility to find a parton j. 1.e.
-P quark and gluon, 1n a nucleaon A.




PDF-induced uncertainty

Let X = X({a;}) to be the observable as a function of fitting parameter.
Using the linear approximation of parameter {z;} , the symmetry
uncertainty of X is,

N 1/2
AX = (): X({z) —x<{z5}>f) ;

=1

Where {z;"} = {£T,0....}, {z3 } = {0, £T,0....} and so on.
The asymmetry uncertainty of X is,

&

57X = \ 3 [max (Xfﬂ —Xo?Xf_) —Xo,O)ra

Na

—

[max (XO —x\ x, —X”,oﬂ g

i

O X =

\

=1

—

CTE Q



PDF-induced correlations

cos == 1 cosig == () cos i = —1

6y aY 9

Correlation ellipse for
observables X and Y

AN N

Correlation cosine

|
l
/ X Ky 5X \5}5
| | |
| |
|

In the framework of Hessian method., the correlation between two
observables X and Y, which are function of PDFs. can be worked out
as:

VX-VY 1 X _ _
o _ (+) (—) (+) (—)
‘ COS = Ay = JAXAT L (X“ — X )(Y“ —Ya )

=1

Where the AX and AY are their symmetric uncertainties. By this
correlation angle @, the tolerance ellipse 1s defined by

X =Xp+AXcos0, Y =Yy+AYcos(6+0),




ePump
(error PDF Updating Method Package)

» Atool to examine the impact of a new data set to further constrain the
existing PDFs without using a global analysis code.

» Atool to reduce the total number of error PDF sets relevant to specific
experimental observables.

» Atool to perform a simultaneously fit to the parameter of New Physics
model and PDFs.

arXiv: 1806.07950
http://hep.pa.msu.edu/epump/ arXiv: 1907.12177

Sorry, the website is temporary down and will be restored later.



Motivation for ePump CTEQ

* UpdatePDFs: With many data sets and NNLO calculations, global fitting can

be time consuming.

» Need for fast and efficient method to estimate effects of new data before doing global fit.

» Can estimate effects of difterent data set choices in real time.

* OptimizePDEFs: Experimental analyses may require many MC calculations,

using PDF error sets. Again, 1t’s time consuming.

» Optimize Hessian error PDFs to the observables, so nrelevant error PDFs may be

discarded, while PDF-dependence i1s still mamtained to desired precision.
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ePump Updating: Hessian Profiling

Plenty of new data from LHC need careful study on the impact to
PDFs. However, a complete global fitting take 1 to 2 days after
the implementation of applgrid/fastNLO and parallelization.

Hessian reweighting/profiling method predict the updated
PDFs and observables after including new data in global analysis
of given Hessian eigenvector sets.

MC(Z) = M Z) + (XF = Xi(2)) € (XT — X;(Z))
Updated best-fit PDF : £0 =+ AF-Z

Updated error PDFs : f +(r) = O AU () / V14 A0
Updated observables: YV =YY+ AY.Z

new

The Hessian reweighting method resulting as the program of
ePump (error PDF updating method package) (PRD98,094005(2018)
Carl Schmidt ef al, PRD100,114024(2019), T.-J. Hou et al)



How to use ePump CTEQ

It could be a theory prediction of New Physics model, such as
the Standard Model Effective Field Theory (SMEFT).

Theory Files:
Theory predictions for each
of 56 eigenvectors

New PDF set

ePump ¥ 56 eigenvectors

Data Files:

Standard Data file, including
Correlated errors

(Auxiliary Theory Files may also be included to update predictions for observables not included in fit.)



ePump-updating

An example to show the impact of jet data to
constrain gluon PDF in the relevant x region.

¢ Remove all CDF, DO, ATLAS 7TeV, CMS TeV jet data from
CT14HERAZ?2 and refit — CTI4HERA2mj.

® Add back the 4 data sets to CTI4HERA2mj by ePump and compare

with CTI14HERA?2.
]..2 — i | | 1 | 1.2 | Bk | — | | |
2(x.Q) at Q =100.0 GeV 90° ' 2(x.Q) at Q =100.0 GeV 90°
CT14HERA2mj g CT14HERA2mj
511 CT14HERA?2. 54 <11 CT14HERA? 54
v CT14HERA2m;Eail pg CT14HERA2mjEall
) -
o ho
_ =
T ; e _—F/—\
2 1.0 5 1.0 e
= e
o o
g 2
R o
509 g-PDF = 0.9 g-PDF
-
08 | — ] : - 1 [ [ [ [ 08 | — ] . _l- I- I- [ 1 Il
10° 10* 10° 107 10! 02 05 09 10° 10* 107 107 10 02 05 09

X X
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Optimized PDFs

Based on Data Set Diagonalization Pumplin, PRD 80 (2009) 034002
Maximize: 2(xﬂ(:)-xﬂ(0))3/|axa|' subject to constraint  z~ =1

Using Hessian approximation, X_ (Z) =X, (ﬂ) +AX_-z

. i i : - . : (r)
leads to matrix M" = zﬂXﬂ AX! / ‘&Xﬂ with eigenvalues/vectors. A" and U™

~ Newerror PDFs: [ = f=A f-U"
Order PDFs by eigenvectors  (note : E)Lm = number of observables)
Full set of optimized PDFs reproduces Hessian symimetric errors
Eigenvalue /’L(r)gives (sum of) fractional contribution of f =" to variances

Depending on precision required, keep reduced set of error PDFs. based on
eigenvalues.



Summary CrEQ

* The ePump package contains two functionalities

UpdatePDFs 1s a fast & efficient method to estimate the effect of new data on
the a current set of best-fit and Hessian error PDFs.

OptimizePDFs can be used to find optimized set of Hessian error PDFs for
specialized experimental analyses. It gives a simple method for reducing the
number of optimized error PDFs, while maintaining a specified precision.

» Atool to examine the impact of a new data set to further constrain the
existing PDFs without using a global analysis code.

» Atool to reduce the total number of error PDF sets relevant to specific
experimental observables.

» Atool to perform a simultaneously fit to the parameter of New Physics
model and PDFs.




