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Previous Presentations

* LHCHWG meeting March 6, 2026

* Will be talking about the following 3 processes:
* qq — 4+ (background and Higgs production)
* gg production

* There 1s fully fleshed out documentation internal to
CMS; will flash screenshots sometimes

Mohit Srivastav - Johns Hopkins University
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1. The qq — 44£ non-Higgs process
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Previous Efforts .

= Compact Mu

* This is the dominant background above the 2m, threshold, and a major background
above the m, threshold in 4¢.

* For analyses in higher mass regions, the uncertainty stemming from this k-factor was
the dominant theoretical uncertainty in the measurement, for example:
* VBS, I'y measurements in 4¢

* Higgs high-mass analyses
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.Compact IMuon Solenoid

Setup

s The exact values for cuts are shown in Table 1 amongst other quantities, which are also taken
ss from the cuts utilized in analyses shown in Ref. [10]. The photon AR becomes relevant once
s EW effects are included.

variable cut
muon pyr | > 5GeV
muon |7 <24

electron py | > 7 GeV
electron || <24
photon AR <05

Table 1: Cuts and other particle quantities for the K-factor setup
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Establishing a Baseline - N

Compact Muon Solenoid

* There are 2 k-factors applied to this process:
QCD and EW, starting from the NLO QCD

simulation using either Madgraph or 2 ol S
POWHEG T | — No.aco 1 2sf
. . 0208 I. NLO_QCDXNLO_EW | 20f
* Since the CMS cross-sections are taken orsf || R e I
from POWHEG, we use that as a reference .| |i|\ 1 _ rowres
: ! 1 1o NLO_QCD
I ] 5 — NLO_EW
EW QCD 1 N 17  NLO_GODNLOEW
O-NLO X o 000 — e 807000 c:oo B 1 S
K = QC DNNLO m2z (GeV) ' ' ' ' ' Gtoia
O-NLO Figure 1: A comparison of different values for the cross-section from POWHEG in my, (left,

* We then matched the cross-section in thagtsen-level) after making the same cuts.
region at NLO 1n QCD to the POWHEG
cross-section from monte-carlo

after reconstruction effects, so taken with a slight grain of salt), and the total cross-section (right,
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ArXiv:1001.3396 W4
= 1.0F AR~
* The old k-factor was a v |
function of mypand T 77 AT p vy 08l ST B gy, e —
an approximation of : |
t-channel momentum transfer 0.6/ -
0.4 i
* We utilize MATRIX to simply take a k-factor for ; - 2000 <My € 2050 |
my, and cos(6™) in 2-dimensions, since the o2 e e )
approximation is dependent on cos(6™) i o T es00smas om0
0.0 L L L L :
= | QeI T e e e S SRR e e =
S5 | .
* Considered other variables, but they did not add go.a'—*}ilit{'-
anything non-negligible compared to these 2 2 T T A
. — -1.00 -0.75 -0.50 -0.25 0.00 025 050 075 1.00
variables - o2
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https://arxiv.org/pdf/1001.3396

s Compact Muon Solenoid

Picking Observables

T
* Then we make sure we are doing the right thing!
T T T 1 LI — LI — LI —— LI — MATB.X PP ‘_)‘26.2’..1 . ‘13‘T6V
12 . o | ]
. - 0.110} =
-@ "3 i i
101 ArXiv:1208.4018 . |
. i 0.1051 my, € [110, 140] ]
8 . '
~ e ° | 4 0.100F .
6 - S | |
C . . t |
. °. ° il 0.095|- s
| [ ] ] I
4_ *ee PEPIPT Y T * i o o
- - 0.000[- .
21 . ' L
07 | | 1 1 I 1 1 1 1 ‘ 1 | 1 | | | 1 | 1 | 1 I 1 1 ] 00857 | | _._‘_._ | | ]
-1 -0.6 -0.2 0.2 0.6 1 1.0 05 0.0 05 1.0
cosO* cos(®")
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Dealing with EW Photon Emission

* This was by far our hardest problem to deal with
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* MATRIX emits an extra photon as either FSR or ISR, but does not distinguish the 2

for EW corrections

* Photons are merged back into the leptons around a AR cone, but are otherwise lost to

the user

* These FSR/ISR effects warp the m,, distribution!

 If we could differentiate FSR from ISR, we would not have this problem. Sadly,
MATRIX does not allow for that.
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Dealing with EW Photon Emission

* Large deviations seen on the left side of the Z-peak and 2m, threshold due to
EW photon emission.

* Peak gets shifted to the right due to missing energy from unmerged FSR for the
EW correction, and things look weird!

* We decided to check what we do in experiment. ..
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Dealing with EW Photon Emission

* You can see similar behavior in reconstructed Monte-carlo for qq4l!

. ]ZCMS Simulation 59.83 o' (13 TeV) CMS Simutation 59.83 fb! (13 TeV)
SO T T N I B SoaoE T
. @ [ Gen-Level w : 1 Gen-Level

¢ Nomlnally ﬂat %0_10 1 Reco Pre-FSR | %(]‘175 [ Reco Pre-FSR _

in off-shell region, s | L] Reco I Sow [ Reco :

but makes a large £ e ecomsmution 1 Zons :
dlfference at the = 0.06- here, true GEN- - E :

F level not available 1 0.100f E

Z and 2mZ thI'GShOldS i for sample | 0‘075: E

(1.05[):
qq—ZZL— 47

qq— 2L —4¢ =
70 <myz <220 GeV ] 0.0251-

220 <mgzz <1000 GeV .

* MATRIX not exactly
the same, since

GEN-level distribution
looks different

L L L ‘ Il L 1 | L L 1 | L 1 L | L L Il | 1 L L | L Il Il 1 L 1 L | L Il 1 L ‘ L Il 1 L ‘ L Il L Il | L L L Il | L L L 1 ‘ L 1 L 1 ‘ Il 1 L L |
80 100 120 140 160 180 200 220 300 400 500 600 700 800 900 1000
myy (GGV) myz (GBV)
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* The normal on-shell analysis region is also relatively

Dealing with EW Photon Emission

CMS,

=~ Compact Muon Solenoid

flat in reconstructed MC

CMS Simulation 59.83 fb! (13 TeV)
—~ T N e B L e e L
z |
= 0.()030j —
2 0.0025}
= Note: all events
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=~ Compact Muon Solenoid

Dealing with EW Photon Emission

> F- T L AL DL L B ] > LI DL L L L R AL LA B
.. . . . 8 1_302_ — Multlig\icative_; 8 1.15:_— New Calculation
* We have the original distributions for G e 108
AR = 0.1 el 1 g
' < e 1 1 €.
1.15E E 1.05:—
11 ety | ]
1.05F . ] ' :
e Talked to MATRIX authors and 1'00;2:__— LHC 13 TeV —_H_:; o.85f LHC 13 TeV ]
95F MATRIX & I MATRIX |
changed the code such that the photon ] bl '

P I IR NI R R M R R ST R SR
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Dealing with EW Photon Emission | ~—

.Compact IMuon Solenoid
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Dealing with EW Photon Emission

* Including every photon from ISR/FSR i1s probably the wrong thing to do

AR = 0.005 1s too small, probably too much missing energy and/or unable to
pass cuts without photon

* In our analysis, the value for AR = 0.5, so that 1s what we will do moving
forward

e Feedback from the LHCHWG affirmed that a AR of 0.5 1s fine as a choice.
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How to Proceed? P A

* Previous k-factors for this process assumed the EW k-factor to be 1 below the
2my threshold, thus being QCD only.

* Since the EW k-factor 1s being convolved with effects from shape distortion
due to the photon emission, we ignore the EW k-factor below 200 GeV, since
that 1s about where shape effects from the threshold go away

* Otherwise, we would be “double counting” the shape distortions, since photon
merging is done at reconstruction anyways

» Afterwards, utilize both the QCD and EW k-factors together.

* For the off-shell region, this means that the QCD and EW k-factors work
together

Mohit Srivastav - Johns Hopkins University



The actual K-Factor p A

e 2-d k-factor
 cos(67) is spline into 8 uniform bins between -1 and 1

* My, 1s as follows:

split into regions of varying bin width in m,, (with the number of bins for cos(6*) remaining
constant at 8 bins):

e From 70 — 200 GeV with bin-width of 2.5 GeV, 416 bins total in 2-d

e From 200 - 600 GeV with bin-width of 20 GeV, 160 bins total in 2-d

e From 600 — 1000 GeV with bin-width of 20 GeV, 160 bins total in 2-d

e From 1000 - 3000 GeV with bin-width of 50 GeV, 320 bins total in 2-d
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The K-factor in 1-D

._
<

» Take the k-factor for
myp only first, since
we know that is the
primary observable

,_
S
(g

do / dmyy (fb)
&

107*F — NLO QCD E
105 _ — NNLO QCD

- — NNLO QCD + NLO EW
10-°F — NNLO QCD x NLO EW

1,50

1.25}

M 100k

0.75F

my, (GeV)
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The “final” plot also showcases the
old k-factor used

The QCD x EW uncertainty kicks
in when that k-factor 1s used

The old k-factor used the muF and
muR variations of the native
sample, which are more
conservative anyways

We also show the equivalent of the
green uncertainty bands for the old
k-factor in fuchsia

1.2

0.4

0.2

0.0 i | I

The K-factor in 1-D

act Muon Solenoid

ATRlX pp - eepp

SPER
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" Compact Muon Solenoid

The K-factor in 1-D

MATRIX pp - eeppy 13.6 TeV
* The “final” plot also showcases T — ' ' _
the old k-factor used A B E

* The QCD x EW uncertainty J—
kicks in when that k-factor is - e e B
used 0.9 :_ i _

M [
0.8 ]
N - .
- : SK(QCDXEW) _ |KmuIL2— Kadal R \ N
o6 + P my N
0.5 - IE | o 2l‘mz | | | | o _:
102 103
my, (GeV)
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— .bompac! IMuon Solenoid

The raw

.00

* We know from GEN-level studies that o7
cos(6™) is fully symmetric around 0

0.50
 Slight asymmetries fixed by averaging ]

around 0 in cos(6%) 0-25;

cos(8")

0.00F

* Yield mnaccuracies per mass slice
introduced by the introduction of the
second dimensions mitigated

* matching mass-slice yields in 2-d to the
more precise 1-d calculation 075

0.25]

-0.50}

-1.00

my, (GeV)

Mohit Srivastav - Johns Hopkins University



do / dmy, (fb)
S

The raw K-Factor

-1700 gl cosl(B ‘*) < -=0.75

NLO QCD
NNLO QCD

NNLO QCD + NLO EW
NNLO QCD x NLO EW

do / dmy, (fb)
3

107°

T=ulNHNI

0.5

-0775 Slcosl(e ‘*) < -0.50

-

CMS,

.Compact IMuon Solenoid

— NLO QCD
— NNLO QCD

— NNLO QCD + NLOEW
— NNLO QCD x NLO EW

8o Ul el el il
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The raw K-Factor

-0.50<cos(0")< —0.25 -Q.25 < CQS(Q ")<0.00

L T L — N T L 3
10-'E | . 10 .
10~ — _ 1072 .
— 10—3 - _i é\ 10—3 [ _;
é B E ~ = E
Y 10E - g Lo~ E
—S : 3 o st ]
~ 10*5 — - — 10 3 3
L [ — NLOQCD | § |~ NLOQCD ]
10-°F — NNLO QCD . 107°F — NNLO QCD E
S NNLO QCD + NLO EW ] 107 — NNLOQCD + NLO EW i
0 NNLO QCD x NLO EW F — NNLO QCD x NLO EW
: | | | 1078f L L ‘ L L L L L L L L ‘ L
1‘5 T T 1.5 [T T ] T T T T T T T T

\|\||ﬁ
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Smoothing Procedure

* These k-factors were then smoothed
using LOWESS and smoothing splines

(Cleveland, W.S. (1979) “Robust Locally Weighted Regression and Smoothing
Scatterplots”. Journal of the American Statistical Association 74 (368): 829-836.)

* We ensure that the z peak 1s maintained
by excluding that bin from the
smoothing procedure

Mohit Srivastav - Johns Hopkins University
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CMS,
Smoothing Procedure

.Compact IMuon Solenoid

-1700 S. cosl(B ‘*) < -=0.75

-0775 Slcosl(e ‘*) < -0.50

L6 — KM e my

— K(NNLOGepXNLOgw) oo 2my

1.4
— K(NNLOQCD +NLOgw)

1.2

LOf---p-— - e e it
—— KMWLOG) my

—— KONNLOGepxNLOgw) e 2my

R .
0.8 i K (NNLOGcp +NLOgw)

1.05

1.00 [He

1 / Unsmoothed

1 / Unsmoothed

0.95
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1 / Unsmoothed

1.2

1.0
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0.4

1.05

Smoothing Procedure

-Q.‘SO < cosl(B ‘*) <-0.25

——  K(NNLOgep)
— K(NNLOQCDXNLOE“)

—_— K(NNLOQCD +NLOgw)

1.00 fetfria

0.95

1 / Unsmoothed

1.6

1.4

1.2

1.0

0.8

0.6

0.4

1.05

CMS,

.Compact IMuon Solenoid

-Q.25 < CQS(Q *)<0.00

—_— K(NNLOQCD)
— K(NNLOQCDXNLOEw)

— K(NNLOQCD +NLOgw)

Q,mz

100 Aot

0.95
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CMS,
Uncertainties o

mpact Muon Solenoid

MATRIX natively handles ug g in a 7 point variation
* (shaded regions in plots above)

The “smoothing uncertainty,” which 1s the difference between the raw and smoothed values, 1s its
own uncertainty

PDF and as uncertainties should come from the native samples
* PDF hypotheses would require an inordinate amount of compute

as would require a re-run of all MATRIX processes twice (up and down)
* While possible, this would take ~1 month to do

* Due to factorization assumption, the difference between additive and multiplicative is itself an
uncertainty
* We need to decide the procedure here.

* “use the comparison to the additive prescription to estimate higher-order uncertainties. but taking the full
difference will likely be too conservative” — last LHCHWG meeting
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Final Value

e As stated earlier, we will take the QCD value below 200 GeV

* Shown again in slices of cos(6™). Would be evaluated as:
1. Find appropriate bin of cos(6*)

2. Evaluate appropriate spline as a function of m,,
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Final Value
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0.9}
0.8}

0.7}

2

SK(QCDXEW) — [Kmutt — Kadal

_1.00<cos(8") < —0.75
| Opr. R N o OpF, R
: : 06| | |
! SK(QCDX EW) _ |KmnI[;Kadd\ i i
i """ mgz B | i """ mz
i ......... 2my | 0.4 i ......... 2my
|i | | , = [ |: | 5 |
10° 103 10
my, (GeV)
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Final Value

MATRIX pp - eeuu 13 TeV
BEE — | 1.2

1.2

f -0.50<cos(®@")< —0.25
1.0

i e e e e e e e -

08 | .
06 | ] ;
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Final Value

MATRIX pp - eeup 13.6 TeV MATRIXppeepp 13.6 TeV
: T |-‘ .I T T T T T T T T : :

L4 | I ' |
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2. The qq — 4¢ Higgs process

Mohit Srivastav - Johns Hopkins University



Use Case

= Compact Mu

* This k-factor exists for light-Yukawa studies of the Higgs boson at or above 125 GeV

* Never produced before!

* Most recently used for studies on CMS of light-yukawa production

* Done with SusHi for each quark flavor solely as a function of m,,

* LO cross-section agrees with Madgraph

Mohit Srivastav - Johns Hopkins University




K-Factor Ny A
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K-Factor

Compact Muon Solenoid
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3. The gg — 44 process
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Previous Efforts .\

* Analyses since Run-1 have utilized the same k-factors for gluon-fusion Higgs
production, diboson production, and their interference, coming off the
recommendations in Y R4

* This 1s a major background in just about any 4-lepton analysis like the gg — 44
process earlier

* Any analysis utilizing gluon-fusion production to VV utilizes this process
(2€2v,242q,474, etc.) since the k-factor is QCD production only

* An understanding of these k-factors 1s paramount to knowing what goes in the gluon-
fusion produced measurements made in HIG, for example

Mohit Srivastav - Johns Hopkins University


https://arxiv.org/pdf/1610.07922

T
Compact Muon Solenoid

Inputs

hmasses = ( ¥~
# be very precise in the H125 on-shell region
list (np.arange (100, 140, 2, dtype=int)) +
o USlng HNNLO with the NWA for every # between on—shell and off —shell don’t sample too much
: list (np.arange (140, 180, 10, dtype=int)) +
mass p01nt # starting at 2mZ start sampling a lot relative to the size
list (np.arange (180, 1000, 5, dtype=int)) +
# above a TeV things start to break down anyways

. list . 1000, 6000, 50, dt =int
* NLO pdf set used in the old k-factor y (nparange( ype=int))
does not match the PDF used in our Order Old PDF New PDF
: : LO NNPDF30_lo_as_ 0130 NNPDF30_lo_as_0130
NLO ggH SlmUIat10n9 SO that needed to NLO Some Unknown NLO PDF set NNPDF31_nnlo_hessian_pdfas
Change anyways NNLO Some Unknown NNLO PDF set NNPDF31_nnlo_as_ 0118 _mc_hessian_pdfas

Table 2: The PDF sets for different orders of calculation compared to what was used before.

* This changes the cross-section of NLO

production, as seen later _ S
s 3.2 Other Nominal Inputs and Systematic Variations

2

220 There are other input parameters given to HNNLO. They are listed below, and set according to
221 the values in either the LO MCFM simulated samples or the newest measured values:

* Slnce WC arc Calculatlng NLO tO NNLO 202 e QCD Renormalization scale (yx = 0.5)
anyways, w¢e get the LO 9 NLO k- 223 e QCD Fac:(orization scale (up = 0.5)
224 o T 172. \Y
factor for free. op quark mass (172.5 GeV)

Bottom quark mass (4.75 GeV)
* We might as well compute it! zs e Nominal PDF set (0)

Ncalls/nlterations (30/10000000)
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T
Compact Muon Solenoid

Systematics Ny

_ Cemmmmn ey —mmm -

235 ® g, ur Nominally set to %, this number is varied to % and myy. The 2 values are v
236 changed side-by-side to profile the whole space of Eq. 3.
237 , where {%, %} denotes the nominal case, in order to derive an uncertainty using
238 Eq. 4, where the maximum and the minimum cross-sectional variations are chosen
239 to define the uncertainty band around the nominal point.
11 11 1 11 11 1 1 1
’ - N EAYTE Y & -1z, Ar A rNArA (7 _;1 ’ 1;_ ’ l;_ ’ 1;1 ’
o {3 B 53 B2 ) B o )
3)
0 R/HF) — Omin\#R, HF
((SU)QCD_S(B]& — mﬂX(F 1u ) 2 mm(y 1u ) (4)
240 e PDF set Nominally PDF set 0 is used. However, in the hessian PDF sets chosen in
241 Table. 2, there are 100 extra sets to choose from. The systematic uncertainty is then
242 defined by Eq. 5, where o) denotes PDF set i, with 0 being the nominal case.
100 ’
(60)pppset = [ 2 (1) =) )
i=1
243 Seeing the sheer number of systematic variations required, only the NNLO PDF sys-
244 tematic uncertainties were calculated at specific values of m,,, and the overall shape
245 was interpolated between those values.
246 e & value The final 2 PDF sets (101 and 102) for the hessian keep the PDF the same
247 but change a5 from its nominal value of 0.118. There is a variation up (0.116) and
248 a variation down (0.120). These variations are simply taken at face value, with the
249 systematic variations up and down being the calculations from HNNLO.
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HNNLO v2.1 gg>H 13 TeV y
Q.85 T T T T T X \\
52 L O{d ---= Unsmoothed = —— Smoothed
891.80F" .. T .
. . X -
 Since the NLO values won’t be used in 17
analysis, the PDF uncertainties (the 170}
most expensive computationally) were |
not calculated for them
HNNLO V21 g 1aeTev
%1_1E, N E% ! | A - ‘Unsmolothed‘ —‘ Smocltthed:
* The change from NLO PDF set to an = 847 ]
NNLO one changes the NLO cross- "o ! o
section by essentially a uniform factor oo ] ;
0By 7o 80800 o E
. . my (GeV L
 Should they be required, we will oey 5 [T
calculate them, but for now we will not £ 1-2_\ : )
Ziaf .
L ;
* Calculated up to 6 TeV — just showing osf :
the values up to 1 TeV here for clarity o~
OB 765™300 0o
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CMS,
K-Factor

~ Compact Muon Solenoid

lall
HNNLO v2.1 gg > H 13 TeV HNNLO V21g95H  1367TeV
O N N I T 1. 1.1 | ™1 1T | ™1 17T | L | ™T T 7T I ™T T 1 ‘ ™TTT | T T T ] o | LI B I UL T 1T 1 7T T 1 1 1 UL LI B I UL L L I_
22_3 ~ ------- Oid ---- Unsmoothed — Smoothed — ; ---- Unsmoothed — Smoothed |
ot ] a7 N
89, .t : g9 ]
= 22_ N - ]
22 ) N ]
21F - j
2.0 E
i G
1-9_| Ll Ll I Ll 1 1 | 1 | L L ‘ L L L L ‘ L L L L | L Ll .l I Ll 1 1 | 1 | 1 L | L L L Ii
c_ﬁ T c—u [ LI B I I UL | T 1T 1T 7T ‘ 1 1 1 ‘ UL | LI B I I UL | L | LI I:
E 1101 g WFR - PDF - -
o 2
< 1.05F < -
1.00E - ]
E' Mo N S 7 =, L S LA RLAET \,lh = v n:\ A \W x "\-: .‘ "l:,‘u‘:~ 4'\ :-:"'{!V—rft}i
0.95[ - A P oA
0.90~" - 0.90 5
Coo ool Ll | L L T T A T A A R A i el el
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000

my (GeV) my (GeV)
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~ Compact Muon Solenoid

K-Factor

el
HNNLO v2.1 gg - H 13 TeV HNNLO v2.1 g9 H 13.6 TeV
9 1-300 L ‘ ™1 1.7 I 1 T ‘ 1 1.7 | ™TTT | ™TTT | ™TT"T | ™TTT | ™1 |__ 9 1.30 —_I L | L ‘ LI | 1T 1T | T T T I 1 1T T | T 1T 17T ‘ L I L I_—
z TR Old  --- Unsmoothed = —— Smoothed ] Z === Unsmoothed =~ —— Smoothed
~71.275F E 2128
8. _F ; 89
r - =Z
<Z 1250 5 3
1.2251- =
1.2005— ATV D Ea A AT 1
1175 e E
1.150F ‘ | ‘ | | | | s =
© [ | I | [ | | | ©
E 1.10 E
> E
< 1.05 <
1.00F z ] 1.00F
B - N s Y. W T Y . St ‘_,_L; N
[raiilys aramsdy > ATl Raw ) N H i U : 3
0.95} 0.95}
0.90f - 0.90} -
oo vy b by s b b s b b g Ly 0 Coe o o b by b b b b s Lo Iy 1
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
my (GeV) my (GeV)
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Continuing Efforts > 1

* Even if new calculations arise separating Higgs, diboson, and interference with
different k-factors, those calculations only go up to NLO

e The common NNLO k-factor would still be needed in that case.

* There are efforts to use MATRIX and POWHEG to do the NLO calculation ongoing
on CMS

* A presentation on MATRIX comes after this one

* POWHEG NLO monte-carlo 1s being simulated for CMS analyses, and this 1s another source to
compare LO and NLO production for the 3 modes split up.
* Our understanding is that both ATLAS and CMS were having trouble generating gridpacks for this.
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Conclusion

* 3 different k-factors were shown here today

* 2 of them are extremely important to the CMS physics program, and the
off-shell physics program in general, given the impacts these
uncertainties have in analyses

* Work targeted for inclusion into the Report 5 efforts from CMS
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ez A.1.5 Observable computation

esa This file exists in <MATRTIX-TNSTALL-DIR>/src/observable/xdistribution.observable.comput:
e Here we only provide the snippets used for the computation itself:

sso double calc_cosStar (fourvector 21, fourvector Z2) {

691 fourvector ZZ = Z1 + Z2;

602 fourvector Z1lInXFrame = Zl.boost (ZZ);

693 double ZlMagnitude = sqgrt(pow (ZlInXFrame.x1(),2) + pow(ZlInXFrame.x2(), 2) + ¢
694 double cosThetaStar = ZlInXFrame.x3()/ZlMagnitude;

695 if (abs(cosThetaStar) > 1.){ //just to force it to be between -1 and 1

696 if (cosThetaStar < 0){
697 return -1;

698 } else {

699 return 1;

700 }

701 }

702 return cosThetaStar;

74 The portion below is located where the observable if statements are located.

705 else if (xdistribution_type == "JHU_costhetaStar™) {
706 double costhetaStar = 1;

708 fourvector Z1 = particle_pointer[0] —> momentum;
708 fourvector Z2 = particle_pointer[l] —-> momentum;
710

71 costhetaStar = calc_cosStar (21, Z2);

712 observable = costhetaStar;
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The raw K-Factor (Run3)

-1.00<cos(0") < —0.75 _ 0.75<cos(®7) < —0.50

—
9
o5}
—_
e}
&

do / dmy, (fb)
S
do / dmy, (fb)
.

st
NLO QCD 10”F — NLOQCD

._

S
dn
\

F — NNLOQCD [o-of. — NNLOQCD
10-6L. — NNLO QCD + NLOEW F — NNLOQCD +NLOEW
= —— NNLO QCD x NLO EW 107 — NNLO QCD x NLO EW

F 15|
1.50

1.25

1.00

0.75_ L 0,5 el

my, (GeV)
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do / dmy, (fb)

_
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<

._
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S 3
bk
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-0.50<cos(@")< —0.25
! ' ' ! T

3 --.

E
F — NLO QCD

L — NNLO QCD
- — NNLO QCD + NLO EW
F — NNLO QCD x NLO EW

my, (GeV)

The raw K-Factor (Run3)

-

CMS,

.Compact IMuon Solenoid

£
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Se
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1 / Unsmoothed

Smoothing Procedure (Run-3)

-1700 S. cosl(B ‘*) < -=0.75

——  K(NNLOgep)
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Smoothing Procedure (Run-3)

.Compact IMuon Solenoid
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