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Jets 1n deep-inelastic ep scattering at HERA
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Boson-gluon fusion QCD Compton Trijet leading-order

DIS kinematics:
Q2=-qg2=-(e-e’)? virtuality
x =Q%2(pq) Bjorken x
y =(pqg)/(pe) inelastisity

Jet production in DIS:

- defined in the Breit frame
(e.g. k- algorithm with R=1)

Breit frame: - sensitive to g, already at LO
- dominated by boson-gluon fusion
Q2 _goo-a /" and directly sensitive to gluon

- leading order for trijets is O(a,?)

V. Chekelian, Jets in DIS and 2
alpha_s at NNLO



Eur.Phys.J.C77(2017)4,215

New jet measurements 1n DIS by H1

Inclusive jet, dijet and trijet production cross sections in ep NC DIS
at low Q? (Q? < 100 GeV?) with scattered electron in Spacal (E > 10.5 GeV)
at high Q? (Q? > 150 GeV?) - an extension to the low P bin: 5 < P/t <7 GeV
- HERA II data (290 pb!, /s=319 GeV);

- in the Breit frame using k; algorithm with R=1
- as a function of Q? and P; at the hadron level
- also jet cross sections normalised to inclusive NC DIS

Low-0? extended

phase space

3
Low-0Q~ measurement

phase space
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High-Q- measurement

phase space extension

Application Used for event Phase space of Phase space of
selection and unfolding jet cross sections jet cross sections

NC DIS phase space 3 < 0% < 120 GeV? 5.5 < 0% <80GeV? 150 < Q% < 15000 GeV?

0.08 <y<0.7 02<y<0.6 0.2<y<0.7
Phase space common -15< 7]{::) <275 -10< 7]{:;) <25 -1.0< 71::) <25
for all jets P',Ft > 3GeV P’;t > 4 GeV
Inclusive jet P > 3GeV 45 < P5' < 50GeV 5< P <7GeV

(7 < PE' < 50 GeV published in [26])

Dijet Njer > 2 Njer > 2

(Pr)2 > 3GeV 5 <(P1)2 < 50 GeV asymmetric cuts <PTJ'>2’3>> Piet
Trijet Njet > 3 Njet > 3 } to avoid IR sensitive regions

(P1)3 > 3GeV

5.5 < (Pr)3 <40GeV

in the theory calculations
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inclusive jets, dijets, trijets and N

Simultaneous regularised unfolding of

Detector effects like migrations, acceptance, effiency
are corrected for in regularised unfolding by minimising
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Detector level

—> two times more bins in P - combined later
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Bin dijet

Bin trijet

- all stat. correlations are provided

- systematics. total & eight correlated unc.
- normalisation/lumi uncertainty - 2.5%

- hadronisation corr. to compare to theory

0.8
k<
06 ©
©
0a 8
[&]
5
—0.2 E
o
-0 o
o
0.2
0.4

4



Events

Jets

Control distributions
Incluswe NC DIS

«10° A10° Extended phase space - grey areas
T T T T T T T T T T T
350 | NCDIS sample 'g ‘ | NC DIS sam‘ple 4
* ul:‘iﬁ‘;ngom 2 12 LIS © Two NC DIS :
3000 & . MF: (Rapgap) w [ M‘C (Rjapg?ap) 2 WO generatOrS-
050 —E;p;a; d 1; - Dfangon - Djangoh (blue) / Rapgap (red)
- — Backgroun 0.8  Background - reweighed to describe data well
150 0.6 1 - half a difference is asigned to syst.
g Background (green): Pythia
100 0.4¢ . .
& oo 1 normalised to bkg enriched sample
O_“T‘m.w.-._".‘ﬁ“--— PR ST SR o’\ = | ] I % . .
3456 10 20 30 107 01 02 03 04 05 06 07 - good overall description of data
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o/ (AQPA(P

o/ (AQPA(P

Doble differential dijets cross sections

),) [Pb/GeV’]

T
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T

10° gy 55<Q'<8 GoV? ‘% j2b 8<Q<11Gev? ‘%102 11<QP<16 GeV? o(bin) | AQ2 AP,
10k 5 10k 18 10f
1} | { =) .
107} [ Tio} - as a function of Q2 and
. 12 (Pryg = (Poiett + PIet2)/2
e B - . I S with Petl2 > 4 GeV
6 10 20 30 40 6 10 20 30 40 6 10 20 30 40
(P;), [GeV] (Pr), [GeV] (Pr), [GeV]
| 16<@<22Gev % b 22<@<30Gev? |3 .l 30<@P<42Gev? 5.5 < Q%< 80 GeV?
10 3 10 1 g 10
g 10k g 10f 5 < (Pp, <50 GeV
S = T2
{5109 1 G107} - compared to calculations
R 1210 at NLO, aNNLO, NNLO
i ' i ' 107 .

o e a0 mas e @ (NNPDF3.0, a(m,)=0.118)
joff  4e<a<e0cev: 1%,  eo<ai<socev: ] H1 Dijets mul’rlplled by hadronic corr.
10} g 10} | 4 H1HERA-I o
) ~ \\systematic uncertany > 1"€asonable description
10—2 N< NLO ® hadr COrr. Of fhe dIJeT dafa OVer'
10 _ | — aNNLO ® hadr. corr. 4-5 orders of magnitude
T ?g )3([)G4e0V] 6 10 ?g )SC[)G‘LOV] %4 NNLO ® hadr. corr.
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Dijets:

6 10 20 30 40
(P.), [GeV]

6 10 20 3040
(P),[GeV]

6 10 20 3040
(P,), [GeV]

Low x meeting
Bari 14.06.2017

ol S0

ol Ouio

aNNLO & NNLO calculations

o/ O\

aNNLO (approximate NNLO)
Phys.Rev.D92(2015)7,074037

NNLO
Rev.Lett.117(2016)042001

20 30 40
(Py), GeV]

ol S0

6 10 20 30 40
(Py), [GeV]

- scale unc. from variation
of u.and y; by factors 0.5/2,
excluding (0.5,2) and (2,0.5)

20 3040

( PT)2 [GeV]

* " %k > aNNLO and NNLO
H1 Dijets improve P shape dependence
$ H1HERAII -> NNLO
\\ Systematic uncertainty  reduced scale unc. at high Py

. NLO ® hadr. corr. Comp(]r'ed to NLO
— aNNLO ® hadr. corr.

20 30 40 ZZZNNLO ® hadr. corr.
(Pp), [GeV]
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Normalised dijet cross sections

_ . divided by oy
(o _ (J; - Jetcross sections 11<QP< 16 GeV?
i SNC . A
O " - incl. NC DIS in Q? bin ®
'q
< = ' N
) C ]
i H1° |
S = - 6 10 20 3040 20 30 40
G = 3 (Pr), [GeV] (Pr), [GeV] (Pr), [GeV]
< - 1 E£o £Q Eq of
\O N Sty o B sz &2 &2 3
S 102 4 H1NCDIS 4 7 : T 16k
= 7/ Syst. uncertainties 3 % % S AR
~ —— NLO (ZM-VFNS,NNPDF3.0) ] T
~ -+ NNLO (FONLL-C,NNPDF3.0) .
o 1.1 -
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ke 2 Z e HHE 1 &2 B 42<0%<60GeV? 22 1 60< Q<80 GeV? H1 Normalised dijets
[ Lo DL L IHR B A A RTITITITITIT n -OfF E
o =1 A A T {1 £ 16 1e 1
0.9- . gb b3 3 i 1 ¢ H1 HERA-II
— * * * * — 1.2 z 1 N Systematic uncertainty
6 7 10 20 30 40 5060 . &
Q° [GeV? 82 82 S .NLO®hadr. corr.
d . f gi (())i — aNNLO ® hadr. corr.
- some reduction o eﬁp'unc' ) 6 10 20 3040 6 10 20 3040 L NNLO @ hadr. corr.
- NNLO overshoots dijet data a bit (Pr), [GeV] (Pr), [GeV]
- best suited for possible "PDF+a." fits together with inclusive NC & CC DIS data
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Double diff. inclusive jet cross sections

o(bin) / AQ? APt

New measurements:
- low Q2: 5.5 - 80 GeV?
45 <P+<50 GeV

- high Q% 150 - 15000 GeV?: !

5 <P;<7 GeV
7 <P, <50 GeV published in
Eur.Phys.J.C75(2015)2,65

Similar to dijets:

- scale unc. from variation
of u,. and y; by factors 0.5/2,
excluding (0.5,2) and (2,0.5)

-~ aNNLO and NNLO

improve P+ shape dependence
- NNLO

reduced scale unc. at high P+
compared to NLO

Low x meeting
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divided by oy
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Normalised inclusive jet cross sections

oloyc | APJet

New measurements:
- low Q2: 5.5 - 80 GeV?
45 <P+<50 GeV

- high Q2: 150 - 15000 GeV?% g

5 «<P<76GeV -
7 <P, <50 GeV published in

Eur.Phys.J.C75(2015)2,65

Similar to dijets:

- scale unc. from variation
of u,. and y; by factors 0.5/2,
excluding (0.5,2) and (2,0.5)

-~ aNNLO and NNLO

improve P+ shape dependence
- NNLO

reduced scale unc. at high P+
compared to NLO
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Trijet cross sections (Ppy,=(P et +Pje2+P jet3)/3

absolute

(divided by oy )
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- good description of the data by calculations at NLO
= NNLO is not available yet
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Extraction of o, at NNLO from jet data in DIS

H1prelim-16-031 H1 collaboration and
V.Bertone, J.Currie, T.Gehrmann, C.Gwenlan, A.Huss, J.Niehues, M.Sutton

Input jet data in DIS: 5 inclusive jet sets and 4 dijet sets published by H1

Jet cross section Z Z / dz fi(z, pr )6 )(a ILR, ) - Chad.i
& a.-dependence: n=1 k=g.q,g PDFs ME

NNLO calculations for ep DIS jet production (2016):
y, My,

= JF
G e

Double-real Real-virtual Double-virtual

using antenna subtraction technique
J. Currie et al.,, Rev.Lett.117(2016)042001; arXiv:1703.05977

Low x meeting V. Chekelian, Jets in DIS and 12
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o/ o (NNLO)

o/ 6 (NNLO)

Input H1 jet data compared to o, NNLO fit

H1 inclusive jets

L ARRARREES Y 3 DA e ame mne ] D inclusive jet cross section sets
151“+"*+++TT + + + NNLO . . J
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Vo 11 T YU waioa | - data period:
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1000000¢.¢¢..00. 0000.0..¢¢.0 ¢00+ +++++ + } + hlgh-Q2 (150'15000 Gevz)
Y b et

1.5 [T + """""" v moner 1 - P ranges:
o;..."".“""H‘"."l+++ ....... Hlwa pommy] — 4-3/5/7 <Pp <50 GeV

5 10 15 20 25 30 35 40 45 _ Common for. a” SeTS:
-1 <n <25, 02<y<0.7
H1 dijets
150 0 Tl e ¢ Hijetdata Y5=300GeV high-Q? ] . ]
ol tholudtypyite o pomesn | 4 dijet cross section sets
1:5'========================================I-:E:RA=I=I;W=Q=2=
esne,’, ¢ 4 ++ ]

O;OOOOOOO*+*.*¢++++ ] <PT>2 r‘anges
151

1 5/7 < (Pp,< 50 GeV
(m,, > 16/18 GeV)

15

HERA-II high-Q2 T
1 |[eeoeege by o+++0 ..Q++ + H1 7
05 ] et al. (preliminary) . . _ ) 2
5 10 15 20 25 30 35 40 45 > open points with #_\/Q +PT < ZInb

Bin ID (ordered in it per data se) are excluded from a, NNLO fit



Scale dependence of jet cross sections at NNLO

Inclusive jets Dijets

H1 HERA-Il phase space  H1 HERA-Il phase space Scales (renormalisation and
oF 1 T g - factorisation) are chosen to be
- L 16<Q2<22 G.ev2 1 16<02<22 Gev2 ]
4 o 7<P. <11 GeV 7<(P;)<11GeV ] 9 9 9 9
5 el 1 i Pr = Hp = Q" + Pr
1l L i
=
o _ :
2 | 1 . ] sca.le.dep.endence by varying
s | “~-.___ | mulfiplicative factors to ug, ur
o I | in four phase space domains
O8] i T (low & high g, incl jets & dijets)
. 20 400<Q?<700GevV? 1  400<Q?<700GeV? |
- 30 < P_ <50 GeV T 30<(P 50 GeV 1 .
:o ST | (P <6V 1 > reduction of scale dependency
- 1o o, TN ) at NNLO compared to NLO
5 [ ", _ u_ variation (0.5,2)
= T-- mo—==—————1 > Sstill relevant scale dependence
s | T e o at NNLO at low scales
05] r ]
10 . 5 a4 2010 . 234 - ur dependence small (green band)
Mo Ak Mo Aoy
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Methodology of the a (m,) determination

The strong coupling constant is determined in a fit of theory to jet data with

free parameter a(m,) by minimizing x> based on log-normal probabilities
S

— Zlog; exp""‘had""‘PDF) 1()0
a1 1

“J
0j

- experimental uncertainties (stat. & syst.)

- scale uncertainty (varying multiplicative factors to uy by 0.5,2)
- PDF uncertainties (repeating fits without Vppe in x2)

- hadronisation unc. (repeating fits without V, 4 in x?)

Theory: a. dependences of the jet cross sections (factorisation theorem)

g; = Z Z /dﬂfk T, JiF) ,k(l’ KR, [LF) - Chad,i

n=1 k=¢.q.7
explicit dependence in hard ME: implicit dependence in PDFs:
~(n) 1) P& splitting kernels P
O-i.y;'»“ — a”(pg)d" ( (l IR, LF) of _ P f dea g
‘ L) Xg 1'3 ® = 8
perturbative expansion in orders of o, s ' a dp? = Blas)
Low x meeting V. Chekelian, Jets in DIS and 15
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0.118)

)=

G/ O(og(m.)

0.118)

o/ GO(0g(m,)

ME & PDF dependencies on o c’(mz) o f(mz)

_ e

o, = f (as (mz)) ® 6;
ME: orders of o ™
Inclusive jets Dijets
H1 HERA-Il phase space  H1 HERA-II phase space
LA L IO B LN IO BN BN B
16F 16 < Q? <22 GeV? + 16 < Q2 <22 GeV?

[ 7<P, <11 GeV ] 7<(P;)<11GeV
14r . . T

- jet cross sections at NNLO
1.2 <<
10 et ST
0.8 . [

R R B B e B e A AR
16  400<Q@2<700GeV? 4  400<Q?<700 GeV?

i 30 <P, <50 GeV T 30 < (P;) <50 GeV
141 T af(m) = ol (m,)

C T - vary only o (mz)
12 -+ =----varyonly a’s(mz)
0.8 I8 NNLO

L T f (II-’DF) NNFI’DF3.0_InnIo_as_O1I18

0l (mZ)

v b e b b
0.11 0.115 0.12 0.125

0.11 0.115 0.12 0.125

(v (mz)

aZ(mz)) - Chad,

mz) from fit

of (

ol (m_) from fit

f
s

- cross sections are sensitive to both o >f(m,)

PDEF: by integration of ()Q.S 3
=~ (ref)
~ - 1 (% do! .
or| f(n) = fF(VEp),exp [5 /mn m] = VA
H1 inclusive jets S(mZ) of PDI H1 dijets
013  u<i5Gev 1 pu<i5Gev
'simultaneous fit t0 ‘
- a%(my) & ag(my)
0.12 ,’% -+ .
i ~ T Fits using in %2
011F | —exp. uncertainty only
68% C.L. + - - exp., had. & PDF unc.
e e e B —
0.13 u>15GeV T u>15GeV —
0.12F -+ :
0.111 -+ —
- H1 et al. (prelilminary) | | | 1
0.11 0.12 0.13 0.11 0.12 0.13
(xg’(mz) from fit oc'g(mz) from fit

- both a>f(m,) from fits are consistent
within unc. using NNPDF3.0_nnlo_as_0.118



(mz) from fit to H1 jets

Og

Variations of the scale and the scale choices

H1 Jets

' ' ' T T T T T T
0.13 - Scale varlatlon ag-fit NNLO - @2 914l Scale choice a-fit NNLO b
¢ o, NNLO total unc. I Q 7L e ogfit NNLO ]
— =y — | Scale uncertainty 1
R L . O NLO ]
i W variation o 0130 A
012L variation | = i ]
- e — O e
................................ £ © 0 U
............................................ 2 0.12r .
_ Pt _ N L O _
.- i ® o |
0.11F -~ - E . ° . _
H1 etal. (preliminary) S _|'||1 etal. (preliminary) -
A [ a < Ql
05 1 2 4 o B or ol R R
c ol o Bk~
u ! Q%+ P2
, o - Scale choice (u? )
- our choice of scales: p% =pu3 =Q*+ P} R/F
. . - Q? as scale is disfavored (larger x?2)
- Hg variation ha; more impact than yp - other choices are within scale unc.
- theory uncertainty related fo scale - NNLO has smaller scale uncertainty
from variation of uy, us by 0.5 & 2.0 compared to NLO
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Variation of the input PDF sets

a (m,)=a.°(m,)-c.(m,) and x2ndf

H1 inclusive jets H1 dijets o : _ :
o 013[ POFssedionatfinie L ] from repetitive fits with dlfferent
] ¢ g NNLO total unc. T 1 input PDF sets as a function of
— - === NNPDF3.0 T 1 p ”
I -~ - ABMP T 1 Gs(mz) of PDF
2 ool —-cTi4 1 P )
£ HERA2.0 /+/ _ _
£ MMHTX' ] | -> different PDF sets obtained
= I I for our default a,(m,)=0.118
£ onr g T ] deliver very stable fit results:
o] L - _
_ Niy=136 | Ny =102 | additional PDF unc. “PDFset’:
121 + . 72 max.[A(all PDFs at 0.118)]
< ! y 1 - the a,(m;) results are sensitive
X 10f e + . to input “a (m,) of PDF”
' | . | - minimum of ¥2/ndf is obtained
H1 otal prelimnary | | around our default value 0.118
0.11 0.12 0.13 0.1 012  0.13 o ) .
o (mz) of PDF 0 (mz) of PDF additional PDF unc. PDFCIS .

7 [Aa (m;)=0.004]
(2nd largest unc. after scale unc.)
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Strong coupling from jets in DIS at NNLO

T[T T T[T [T T TTIoTT
H1 et al. (preliminary)

H1 inclusive jets [al NNLO]

300 GeV high-Q? —e
HERA-I low-Q? —+o-—

HERA-I high-Q? —+—o——
HERA-II low-Q? —+o—
HERA-II high-Q? ————

H1 dijets [all NNLO]

300 GeV high-Q? —e
HERA-I low-Q? ————
HERA-II low-Q? ——
HERA-II high-Q? +—o—+

H1 inclusive jets [NNLO] —io—

H1 dijets [NNLO] —H—
H1 jets [NNLO) —io-p

World average [2016]
II|IIII|IIII|IIII|IIII

0.11 0.115 0.12 0.125
as (M)
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Results for a(m,) at NNLO using

- 9 individual H1 data sets separatly
- all H1 inclusive jets data
- all H1 dijets data

- all H1 jets (excluding dijets HERA-I
since no correlations to incl. jets)

all H1 jet data sets are consistent:
- x2/ndf is around unity for all fits

all a(m,) results are consistent

H1 jets (203 data points, x?/ndf=1.03)

0'3(772'2) = 0.1157 (6)exp (3)118(1 (G)PDF
(12)PDFQS (Q)PDFset (tg'{)scalc

- excellent experimental precision
- still scale uncertainty is the largest
- in agreement with the world average
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Running of strong coupling using jets at NNLO
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H1 <Iat al. (preliminary)

' ' bt
B= World average 2016

@ H1 jets [NNLO]

» JADE 3-jet rate [NNLO+NLLA+K] ]
+ ALEPH Y, (Dissertori, et al) NNLO]

- OPALy_
+ CMS tt (nN

[NNLO]
LO]

GFitter EW fit [N°Loy

:
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Bari 14.06.2017

20 30

100

200

u. [GeV]

Fits are performed for groups

of jet data points at similar scales
and resulting o (m,) are transported
to the average u, of the group

- running of o, in one experiment
from 7 to 90 GeV is demonstrated

- in the full range a is in agreement
with other o, results at NNLO
and the world average
with a fendency to be a bit lower

- scale uncertainty is about the
same at all u, values

V. Chekelian, Jets in DIS and 20
alpha_s at NNLO



Conclusions

The last missing piece in the jet measurements by HI is on place:

Process HERA-I HERA-II

Low Q? Inclusive jets Eur.Phys.J.C67 (2010) 1 Eur.Phys.J.C77 (2017) 4,215
Dijets
Trijets

High Q2 Inclusive jets Eur.Phys.J.C65 (2010) 363  Eur.Phys.J.C75 (2015) 2,65
Dijets
Trijets

The first determination of the strong coupling constant a(m,) at NNLO
using ep DIS jet data from HI

31
a’s(mZ) — 0'1157(6)exp(i—26)theo
—> very close and nice cooperation of theoreticians and experimentalists

Jets in DIS: precision QCD phenomenology with NNLO accuracy

Low x meeting V. Chekelian, Jets in DIS and
Bari 14.06.2017 alpha_s at NNLO
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