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Summary of CTEQ activities on HFs

* Impact of Heavy-Flavor (HF) production at hadron colliders on the structure of
the proton:

- tt @LHC13, c/b production @HERA, (this talk)
- ¢/b production @LHCb13, Z+c/b @LHC13 (Keping Xie)
* Nonperturbative charm in the proton (Tim Hobbs)

* HF treatments in precision theory predictions at the LHC

e Keping Xie and |, will show results of recent studies beyond CT18



Motivations | (what are data telling us?)

Goals:
» Assess the impact of heavy-flavor (HF) production on unpolarized collinear PDFs
» Improve PDF uncertainties in global QCD analyses (in particular, constrain HF PDFs)

»Probe QCD dynamics at small and large x
Important for: precision BSM searches, precise and accurate theory predictions (pQCD),...

Heavy-flavor treatment in theory predictions (GMVFN schemes):

e DIS: S-ACOT-y (default in CTEQ analyses) based on Collins’ HF factorization in DIS

* Extend S-ACOT to PP collisions: S-ACOT-MPS. Now at NLO. NNLO needed.

* Implemented for inclusive charm [FPF, 2109.10905, 2203.05090] and bottom [2203.06207] production.
* S-ACOT-MPS can be extended to other processes (See Keping Xie’s talk).



Motivations Il

Heavy-quark production at the LHC at small pr and large rapidity y of the heavy quark:
sensitive to PDFs at both small and large x (especially true for c/b production)

In this kinematic region PDFs are poorly constrained by other experiments in global PDF fits.

In particular, ¢/b production inthe 4 < |y| < 4.5 rapidity range in pp collisions at the LHC
13 TeV can probe x < 107°. When py = 40 GeV, it can probe x > 0.2

Top-quark pair production @LHC can probe the gluon PDF already at x = 0.01

c/b prod. @HERA: sensitive to intermediate and small x



Motivations Il

* Probing this regime (and beyond, at future facilities) will further shed light on interesting
problems: (nonperturbative) heavy-flavor content of the proton (See Tim Hobbs’ slides), and
on small-x dynamics.

* LHC delivered precise measurements for these observables, (e.g., tt prod. at ATLAS and CMS;
D-meson prod. at LHCb).

* |n addition, we have the HERA legacy: most recent ¢/b production combination in DIS
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PDF Kinematics: the Q-x plane
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Experimental data in CT18 PDF analysis
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HERAB'06
HERA-FL'11
CMST7EASY'12
ATLTWZ'12
D02EAsY2'15
CMSTMAsY2'14
CDF2JETS'09
DO02JETS'08
ATLASTIETS'15
LHCB7ZWRAP'15
LHCBS8ZEE'15
CMS8WasY '16
LHCB8WZ'16

A ATLSZPT'16

O x «

CMS7JETS'14

CMSS8JETS'17

CMS8TTB-PTTYT'17

ATL8TTB-PTT-MTT'15

ATL7ZW'16

Jet and tt complement
each other in the
kinematic plane.

They impact the gluon
PDF at large x. Important
to disentangle the effect
due to jet production and
top-quark data.

Top and jet Data in CT18

Top-quark

1511.04716 ATLAS 8 TeV ttb ptT diff. distributions
1511.04716 ATLAS 8 TeV ttb mtt diff. distributions
1703.01630 CMS 8 TeV ttb (pT, yt ) 2d diff. distrib.

Jet production

1406.0324 CMS incl. jet at 7 TeV with R=0.7
1410.8857 ATLAS incl. jet at 7 TeV with R=0.6
1609.05331 CMS incl. jet at 8 TeV with R=0.7

CT18 includes two tt 1D differential observables from ATLAS (using
statistical correlations) and double differential measurements from

1 CMS in order to include as much information as possible.

Some of the observables are in tension with each other.



How constraining are tt data @LHC run Il (and beyond)?

3 ab™ (14 TeV) o | ,
Q 1.2_ [ T IIIIII | T IIIII| I T IIIIII I | IIIH— PrOJeCtlonS Wlth AX — 1 tolerance
E’: - CMS Phase-2 - predict strong constraints on the gluon
S - Simulation 1
- Preliminary 1 and other flavors.
1.1 1
- 1 Such projections effectively emphasize
—\ - a given measurement over the other
1;/,// 4 experiments.
, 9: xg(x) 2= 30000 GeV? NLO :
' i CT14 1 Figure: An estimated reduction of the
. CT14 + fi relative uncertainty on the gluon PDF by
0.8_ | | lllllll | 11 llllll | I 1 Illlll | [ | llll- prOfiIing CT14 PDFS USing SimUIated tf
1074 107 1072 107" 1 measurements at the HL-LHC [CMS-PAS-

X FTR-18-015].



How constraining are tt data: CT18 analysis

CT18 NNLO + unfitted ATLAS 8 TeV top single-diff. data

30

(Ay* Jexpt.

| Total (CT18)

{ATL8ttb yy (abs)

| ATLSttb v, (nonn)]
|- CMS7 jets

I ATLS ttb y; (abs) |

JATLS ttb yg (norm)

* | HERALTI

1 ATLAST7 jets

| €MS8 tth pTiyt |

| eMss jets

D02 jets

| ATLS ttb ptMtt |
| ccrrRE2
| 'BCDMS d

+ - CDHSW EF2

0.25 0.30 0.35
g(0.3, 125 GeV)

QCD report @ Snowmass'21 EF meeting

More realistic estimates account for multiple
PDF functional forms and some disagreements
between the measurements.

They predict milder impact from tt data

In the figure, pulls on the gluon from ATLASS8 y;f and
y¢ distributions (absolute or normalized) agree with
HERA DIS, oppose ATLAS8 d“a/(dpr dm;z) and

CMS8 d%a/(dpr Ayt ave)



Impact of LHC 13 TeV tt production beyond CT18

ePump updated Chi2/Npt Global fit Chi2/Npt ~ /~ \\
Exp Obs Npt HT/4 HT2 [/ HT/4
mtt 1.601 532026
HTtt 1.74098
ATLAS hadronic channel 36.1 fbA-1  [ytt \ | 107351
pTtl 1.33326
pTt2 1.59056
mit 3.22675
CMS dilepton channel 35.9 fb”-1 ;’?‘t (3)2228(1);
” 1.002635
mtt 0.826805
ATLAS lepton + jet 36 fbA-1 ;It”;t (1):47;3132;
yt 1.161363
CMS lepton + jet 137 fb-1 ;‘ﬁt e scs 166676
ATLAS all hadronic, JHEP 01 (2021) 033, arXiv:2006.09274
ATLAS lepton + jets, EPJC 79 (2019) 1028, arXiv:1908.07305
CMS dilepton, JHEP 1902 (2019) 149, arXiv:1811.06625
CMS lepton + jets, PRD 104 092013 (2021), arXiv:2108.02803
Correlated Systematic Uncertainties: ATLAS -> nuns?nce paran.1eters ) ]
CMS -> Covariance matrix representation (converted to nuisance param. )
9

Statistical correlations not provided » data added one at a time



Theory predictions: setup

e CMS: FastNNLO grids — (Czakon et al. 1704.08551)
* ATLAS: bin-by-bin NNLO/NLO K-factors generated by MATRIX (catani, Grazzini, et al.

PRD2019)

The NLO QCD calculation is obtained using our in-house APPLGrid fast tables
(carli et al. EpiC 2010) for the public MCFM calculation (campbell, eliis JpG 2015)

* ms(pole) =172.5 GeV
* Fact/Ren scale choice:
Mg, pT,ttl VYtt, V¢ USE: HT/4 (Or HT/Z), pT,tl use MTI pT,t avg use MT/Z (Czakon et al. JHEP 2017)

pr = pn = Hr/d = (y/m} + g, + /m? + p;) /4 prr = Mh/2 = /mi + /2

* EW corrections considered: negligible impact on our fits.

10



Global fit: Impact on g(x,Q) from ATLAS lep+jets
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Global fit: Impact on g(x,Q) from ATLAS all hadronic
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Global fit: Impact on g(x,Q) from CMS lep+jets
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Global fit: Impact on g(x,Q) from CMS 2-lep
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Figure from CMS publication, arXiv:2108.02803
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Messages from the ttbar 13 TeV analysis

* First comprehensive exploration of LHC 13 TeV ttbar impact on PDFs

* Most of the impact: high-precision data from CMS

* Pulls on the gluon not in the same direction for some distr. in ATLAS

e Scale uncertainty: the recommended scale choice is not always the best

* Interplay between jets and ttbar (we have partial results, work is in progress)

* Optimal baseline: ATLAS hadronic: ytt absolute, CMS dilepton: ytt absolute,
ATLAS lep+jet: ytt, CMS lep+jet: mtt absolute.

e ttbar 13 TeV data seem to prefer a softer gluon at large x.

* Interplay with the most recent DIS charm and bottom production
measurements from HERA



Impact from new combined c- and b-quark production at HERA
(H1 and ZEUS Coll. 1804.01019)

/ WORK IN |
\PROGRESS/

We fit these data using the SACOT-y heavy-quark scheme at NNLO.

In all tried scenarios, we get )(Z/Npt no less than 1.5, reached when the combined HERA
HQ SIDIS data is included (even with large statistical weight )

%2/ Npy as a function of m¢ (pole) in CT18XNNLO
2.2

148 Qp=1 GeV ]
149Qp=1GeV ---- ]
148 Q)= 1.3 GeV ]
149Q)=1.3GeV ---- ]

These data prefer a harder
gluon at intermediate and
small x.

148 Q0 = 1GeV
charm
Npt =47 sc0-130e

18 F

%21 Noy

Our y? values are similar to 16 PN
X bottom P
those found by MSHT20 and to <
predictions from other groups 1afp P .
reported in Table 4 of the L SN
HERA publication. 2k 149 00 = 1.3GeV
1 1.1 1.2 1I.3 1.4 1.5 1.6

m¢ (pole)



eV; g(x,Q = 2 GeV)

Ratio to CT18X NNLO
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Points of discussion

* We explored the impact of 13 TeV tt LHC 1D measurements on CT18 PDFs

 MATRIX theory @NNLO implemented via K-factors with NLO Applgrids from MCFM:
We gained flexibility for the binning, but K-factors may introduce extra uncertainty.

* ttbar 13 TeV fastNNLO grids available but not flexible (mt, bins, scale, ...).

* We studied 1D distributions in full phase space.

* Impact from data in fiducial PS? Again, we need even more flexible fast tables.

* How CPU/time consuming is to generate flexible fast tables for theory predictions?
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