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Physics with Jets

- Inclusive jet and dijet
at 13 TeV (pl*, m¥)
Submitted to JHEP

- Jet soft drop mass
at 13 TeV

Submitted to PRL

ATLAS

EXPERIMENT

-7 + jet at 13 TeV
Phys. Lett. B 780 (2018) 578
- v + HF jet at 8 TeV

Phys. Lett. B 776 (2018) 295

— v + jet: ET, ;t, |cos@*|, mY and A¢Y

- t 8 TeV . .
yyat8Te — 7 + HF jet: EJ for b and c-jets
Phys. Rev. D 95 (2017) 112005 . .

- Yy at 8 TeV - Y- m'y'yv pT(y'yv A(bny ar, |C059 | and A(b’y’y
Phys. Lett. B 781 (2018) 55 =YYV My, My, AP7Y, An77 and E%
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Physics with Jets

- Jet production is the dominant high-pr process at the LHC
- Jet observables play an important role in the study of:

— The structure of the proton

— The color interaction and its coupling strength a;

— Physics beyond the Standard Model.

Upp»jets=2fdxl ﬁ/l(Xl,Q)fdxz fifp(x2, Q) Fijmjets(x1,x2) (1)
iJ

- Experimental reconstruction:
— 3D topological clusters of calorimeter cells as inputs of jet algorithms
— Anti-kt with R = 0.4, 0.6
— Multi-step process to calibrate the energy of the jet

q A q et area-based pile- Residual pile-u
EM-scale jets Origin correction ) o (AP
up correction, correction
Jet finding applied to Changes the jet direction  Applied as a function of ~ Removes residual pile-up
topological clusters at to point to the hard-scatter event pile-up pr density dependence, as a
the vertex. Does not affect E. d jet area. function of u and Npv.
Absolute MC-based Global sequential Residual in situ
calibration calibration calibration
Corrects jet Reduces flavor A residual calibration
to the particle-level energy and energy leakage effects is derived using in situ
scale. Both the energy and  using calorimeter, track, and  measurements and is
direction are calibrated.  muon-segment variables. applied only to data.
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Inclusive jet and dijet production at \/s = 13 TeV

Dijet
- L=32fb"
- 300 GeV < mj; < 9 TeV

ly*| = |}%| < 3, in equal steps

Inclusive jets
- L=32f"
- 100 GeV < pr < 4.0 TeV
- ly| < 3, in equal steps of 0.5
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- 9 (8) orders of magnitude in central (most forward) rapidity region

- Adequate description (in log scale) of data by NLO QCD calculations
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Inclusive jet and dijet production at \/s = 13 TeV

- . .
Inclusive jets Dijet
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- JES uncertainties ~ 5% for pp < 1 TeV (15-30% at pp > 2 TeV)
- Small effect due to JER uncertainty

- Single-hadron energy response main uncertainty at high-pr
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Inclusive jet and dijet production at \/s = 13 TeV

5
E NLO QCD‘ (CT14 ‘PDF)‘ :0_-, 1 '10’ Vs= 13‘TeV ‘ —"'— ‘Py\‘hwa‘s ‘AU‘ZETID ' "]
g N\ Scale uncertainty S [ antik R=0.4 —a— Pythiag AU2-CTEQEL1 ]
3 B POF uncertainty s F lyl<05 —o— Pythia8 4C-CTEQ6L q
§ HEEEE o, uncertainty k] 1.1 —e— Pythia8 A14-NNPDF2.3LO b
£ [ Total uncertainty § r —8— Herwig++ UE-EE-5-CTEQ6L1 ]
E 5 + —H&— Herwig++ UE-EE-5-MSTW2008LO -
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p, [GeV] i S Simulati 1
 NLO (NNLO) pQCD with ool ATASSmugion |
2x10? 10°  2x10°
NLOJet++ (NNLOJet) e
- R = pF = jet ( ‘et,maX)
T \FT -~ Otheory = ONLO X knp X kpw
- PDFs: CT14, MMHT?2014, ~ knp = o(hadrons)
~ o(partons
NNPDF3.0, HERAPDF2.0 and (partons)

ABMP16 - Anp envelope of several LO MC

- PDFs, scale choice and « as

predictions.

. . - Kgw electroweak correction factor
theoretical uncertainties.
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Inclusive jet and dijet production at

[ —25<|y|<3.0

Vs =13 TeV
anti-k, R =0.4 |y[<0.5
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£ NLO QCD (CT14 PDF) 31.1‘;7\ ———
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P, [GeV] [
— NLO (NNLO) pQCD with 0.950 o -
NLOJet++ (NNLOJet) 107 20° 10° 210’
jet jet,max Pr [GeV]
" #r=pF =Py (Pr ) - Otheory = ONLO X knp X kEw
- PDFs: CT14, MMHT?2014, - knp = o (hadrons)
NNPDF3.0, HERAPDF2.0 and o (partons)
ABMP16 - Kgw electroweak correction factor:

- PDFs, scale choice and « as JHEP 11 (2012) 095

theoretical uncertainties.
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Inclusive jets (ug = Hr = P
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ig 1.0<l|<15 2.5 5 5<p1<3.0 T ! 0k Ok
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107 2x10? 10° 2x10° 10°  2x10% 10°  2x10° T MMHT 2014 NNLO
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- NLO pQCD above the measurements for pr < 200-500 GeV

- Toward higher pr NLO pQCD closer to data

- pr > 300 GeV and high y rise of NLO pQCD with respect to data (>20%)
- Similar behaviour for different PDF sets

- Good description by NNLO
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Inclusive jets (ug = iF = pJet max

Theory/Data
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ATLAS
L=81nb™*-3.2fb*

Vs=13TeV

anti-k, R=0.4

Data

3 NLO QD

3ok Ok
4 NNLO QcD
T Okey O ke

—y =pmax
He =H =Py

¢ NLO
MMHT 2014 NLO

+ NNLO
10°  2x10% " MMHT 2014 NNLO

NLO pQCD describes the measurements within uncertainties.
Toward higher pr NLO pQCD closer to data
pr > 300 GeV and high y rise of NLO pQCD with respect to data (>20%)
NNLO above measurements for pr < 500 GeV
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Inclusive jet and dijet production at \/s = 13 TeV

Dijet (1ig = piF = pr-e®*Y")
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- Good description of data by NLO pQCD within the uncertainties.

- Similar shape predicted by the studied PDF sets.

- For |y*| > 2, tendency for the NLO pQCD prediction to overestimate the

measured cross-section in the high pp range.
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Soft-drop jet mass at /s = 13 TeV
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— More dependence on soft radiation at higHEr B.
— Resummation region -3.7 < log;,(p?) < -1.7.
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Photons
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Physics with Photons

- Photon production allows to test pQCD and PDFs information.
- Prompt photons represent a cleaner probe of a hard interaction than jet

production.
- Inclusive photons can be produced by two main mechanism:
— Direct-photon: ~ produced in the hard interaction
— Fragmentation: v coming from the fragmentation of a high-pr parton

OppoyiX = Lijp | a1 fin(xi, Q) [ dxa fip(x2, Q) Fijyp +
ok Somin @2 D3 (2, 16) [ dxt fij1(x1, Q) [ dxa fija(x2, Q) Gijmvany

- Essential to require the photon to be isolated; E*° < E®®* in a cone of
radius R=0.4 (suppress 7°(n°...) = v and fragmentation contribution)
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v + jets production

v + jet, /s = 13 TeV ~v + HF jet, /s = 8 TeV

- E] > 125 GeV, p* > 100 GeV - E]>25GeV, pk'> 20 GeV
- E¥° <4210 E] + 10 GeV - E¥°<4.2.1073-E] + 4.8 GeV
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107 © - f 4
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10°E 3,/ + 8 O i
o' F ; ; S os £
g 1.5 « |
® 156 E
o Q ! E;, ,,,,,, U =P )= -
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-+ jet: Dgys ~ 5% (10% at pi* ~ 1.5 TeV)
- 7 + HF jet: Agys ~ 15% — main contribution due to jet flavour
determination (stat. dominated in the EJ tails 13-37%.).

- Good description within the uncertainties.
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v + jets production

-
v + jet, /s = 13 TeV ~v + HF jet, /s = 8 TeV
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- v + jet: JETPHOX (NLO) and SHERPA (NLO @0j and @1j) used for QCD
calculations. (A, ~ 10%-30%, dominated by ur and ur choice.)
— Tend to be above the measurements at high p

- v 4+ HF jet: MG5_AMC@NLO (NLO) with several PDF sets — different
IC content/model and 5F /4F flavor-schemes comparison.

— 4F worse description at high EJ (large log(my,/E}) terms).
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~v7 and vy production

vy + X, /s =8 TeV vy + X, /s = 8 TeV
- E] > 40 GeV and 30 GeV - E] > 27 GeV, 22 GeV and 15 GeV
- EFX° <11 GeV, AR > 0.4 - EF° <10 GeV, AR > 0.45
3 10 C arias 5=8TeV, 202fb‘* g% ‘
(O] E +-Data + stat. unc. = eob ATLAS ]
5 10°F gﬁhf?f'ﬁﬁcﬂm 3 g b (s=8TeV,202fb" E
_}'1027 Pt +SHEHPA22|(ME PSaINLO) 3 50F ¢ Data(sys., tot. unc.) =
£ F E ) b S sMG:Pye E
3 107 o, E E
° E - E £
o ® ., 3 30-
E 4 0, E E *
E £3 - 3 20j
107" "o = 4 :
0
S 4 5F T I § 15F
8 ' I § 1 | | Il 1 1
= 1—4—%"%;;%%—{— g T T T )
g & ost
g %%k pre o 0 i 5 3
m,, [GeV] M)Wz [rad]

- vy Dgys ~ 4.5% (Pyy ~ 74%) — ~-ID data-MC differences (2.5%) and
~-iso modelling (2.0%).
- yvy: Asys ~ 13% (P4 ~ 55%) — dominated by uncertainties on vy~ yield

estimation.
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~v7 and vy production

vy + X, /s =8 TeV vy + X, /s = 8 TeV
TP TP T T T PR T
: : ATLAS
T T T _ -1
----Data (16.8+ 0.8 pb) ATLAS -8 Tev. 20210
[+ 1o band Vs=8TeV,20.2fb" PP — Y17+ X
[J+2cband

Gua=T73 1110
Sherpa 2.2.1 (ME+PS merged at NLO)

Name and type of computation

16.473) pb MADGRAPHS_aMC@NLO —e—
Onionps = 4715 b
DIPHOX (qa/qg at NLO, gg at LO)
07 %pb °
MCFM
RESBOS (full NLO + NNLL) Gyo=32£31b
12.1pb i
2yNNLO (NNLO)
14273 pb —3
T N I RN FETE RUUTS RS R R i A e
0 5 10 15 20 0 10 20 30 40 50 60 70 80 90 100
Integrated fiducial cross section [pb] Inclusive fiducial cross section [fb]

~v: NLO (DIPHOX and RESBOS), 2y-NNLO and SHERPA
(NLO @©Qj and @1j).

— NLO underestimate the measurements by 40-50%.
— Adequate description by beyond NLO calculations.
¥yy: NLO MCFM and NLO+PS (MG5_AMC@NLO).
- NLO underestimate the measurements by 36-55%.

- Beyond NLO calculations not available.
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Conclusions

Measurements with jets or photons produced in the final state in pp
collisions at /s = 8 and 13 TeV have been presented.

- NLO QCD calculations overestimate jet measurements at low pr
jet
(1F = pr = P];' ):
— good description by NNLO calculations

— Using pr = pg = prt™* data/NNLO agreement gets worse.

Adequate description by NLO within uncertainties of do/dm;; and jet
soft-drop mass.

Adequate description by the NLO of do/dE7] for v + jet and v + HF jet
processes.

— NLO tends to overestimate the measurements at high p]f_’t
- NLO predictions underestimate 0., and o.y,~:

— Addition of PS effects improve the description of A¢™” in yyy
production.
— Beyond NLO calculations improve the description of o, .
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Photon + jets production
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Photon + jets production
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Photon + HF jet production
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Photon + HF jet production
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v + jets production

v + jet, /s =13 TeV ~v + HF jet, /s = 8 TeV
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- v + jet: good descrition — spin of %0517 prot f'**?$;:?ij
exchanged particle compatible with = “30 40 100 200 360
fermions. E! [GeV]
- v 4 HF jet: cancellation of syst. uncert. on the ratio (higher stat.
uncertainty)

— Sensitive to IC content of the proton (higher contribution at high 1)
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~v production
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~v production

= T T = T a Y J T T ) o T
g 104k ATLAS {5-8TeV, 202 E 10 £ 10°F arLas V5=8TeV, 202 fo
~+4-Data + stat. unc. * ~4+-Data + stat. unc.
= 10? 3 Total exp. uncertainty = ., ’*\ 3 Total exp. uncertainty
2 2/NNLO (NNLO) £ 10 S 10°F ', | 2{NNLO (NNLO)
— -+ SHERPA 2.2.1 (ME+PS atNLO) { — 0 E '® —+SHERPA 2.2.1 (ME+PS at NLO)
F10 ., Froeh oo s ",
£ =4 o ", 10°F .
T 10F° ., <2 E -
8 " 3 . " e -
1E 2 o - 0Ty E 15 =
o "v. “a 0P b, *
1078 L e e 10 he
> 050 300 . 50
10 ‘ 3 102k .
o]
£ 15F ' ' g 1sETT ' LR
o o o
3 e **N***H**WW‘ H 5
8 ost - 38 ost ‘ d o Bosb . . —
10° 10 10 102 GVl 102 107 1 10 107 10° 10° ,
m, [GeV] Pryy [GeV] o
— 5 3 [ard
> ATLAS | G-gTov,202'] — X107 . . . L3 4Data salwe | ATLAS
Q 10ty Py £ sop S [ s E-s e 20207
= : = .
o 3 2/NNLO (NNLO) * e 25% s=8TeV,20210" 2 ~+SHERPA 2.2.1 (ME+PS at NLO)
= 10 L°_+-—M+SHERPA 2.2.1 (ME+PS atNLO) a =
] ooy E PRk
S 42 L2 8 20; § 0% oo L
8 T s * 5 S
L 5} E 9
10E 1009 ° E +Data+statunc 2 3 + **+
b ',..\. 10F & Total exp. uncertainty _+_++ 1
E 3L
. 5E 2yNNLO (NNLO) 10 q:%
107"k % E - SHERPA22.1 (ME+PS at NLO)
. . U= . . . . ] . . 4
" - ©
£ 15F 3 g g 15F T T E
a 8 a
= = > 1
z 1 > g
8 S 8
£ O 3 £ % ; : 5
10°

a; [GeV] Ao, Irad]

Josu Cantero (OSU May 8, 2018 19




do/dE; [fb/GeV]

Pred./data

do/dm " [fb/GeV]

Pred./data

vy~ production
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vy~ production
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~v7 and vy production

vy + X, /s =8 TeV vy + X, /s = 8 TeV
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- ~vv: NLO (prpHOX and RESBOS), 2y-NNLO and SHERPA
(NLO @©Qj and @1j).
— Description highly improved by including beyond NLO terms.
- vyy: NLO MCFM and NLO+PS (MG5_AMC@NLO).

- PS allows to improve the description as function of A¢,,,, Ag, .+,
and Agn,,.
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Inclusive jet and dijet production at \/s = 13 TeV

- Quantitative comparison

Pops

Rapidity ranges | CT14 MMHT 2014 NNPDF 3.0 HERAPDF 2.0 ABMP16 between the measurements

P

[y[<05 67% 65% 62% 31% 50%
0.5< |y <10 | 58% 6.3% 6.0% 3.0% 2.0% and the NLO pQCD for
1.0< |y <15 | 65% 61% 67% 50% 55% ;
15< |yl <20 | 07% 0.8% 0.8% 0.1% 0.4% different PDF sets.
20< |yl <25 | 2.3% 2.3% 2.8% 0.7% 1.5%
25< |yl <30 | 62% 1% 69% 25% 55% - Syst. and theor.
ot
<05 % % % 5% % uncertainties incluced in
05<|yl <10 | 7.4% 8.9% 8.6% 3.4% 2.0% 2
LO<|yl<15 | 69% 62% 68% 45% 54% the x“. Asymm. and
15< |yl <20 | 1.3% 1.6% 1.4% 0.1% 0.5% .
20< |yl <25 | 8.7% 6.6% 7.4% 1.0% 3.6% correlations also
2.5 <y <30 | 65% 72% 72% 28% 59% .
considered.
-111X| J“isifl 1| CT14 | MMHT 2014 | NNPDF 3.0 | HERAPDF 2.0 | ABMP16 - Each syst. a nd theor.
PR [419/177 | 431/177 404/177 432177 475/177 uncert. uncorr. among
Pt 399/177| 405/177 384/177 428/177 455/177 ’ ’

each other and fully

P correlated across pr, |y|.

y* ranges CT14 MMHT 2014 NNPDF 3.0 HERAPDF 2.0 ABMP16

y* <05 79% 59% 50% 1% 1% .
0s<yo10| 7% 2% 0% 399 3% - Correlations of stat. uncer.
10<y" <15| 66% 55% 48% 66% 69% . . .
L5<y <20 | 26% 0% 28% 9.9% 5% considered using covariance
20<y* <25 43% 35% 31% 4.2% 21% -
25<y* <30 | 45% 16% 10% 25% 38% matrices.

all y* bins 8.1% 5.5% 9.8% 0.1% 4.4%
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