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ep Scattering @ HERA

'
I(1)
Electroweak * Fix pQCD & PDFs
| Test Electroweak

>

* Fix Electroweak
| Test pQCD & PDFs

Factorisation
/

* Fix Electroweak & pQCD

| Determine PDFs

We can actually fix only one and determine the rest!
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@ Electroweak Physics @ HERA

(1)
Electroweak
[ . /

v/Z or W

* Fix pQCD + polarised DIS
| Determine PDFs & EW

Sensitive to EW
parameters (e.g. light
quark couplings & W
boson mass) in space-
like regime

o
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Polarised H1 data

L’_,,__ * _ ekt
"~ electron
* Neutral current * Charge current
d20'1:\l1: d2 G2
~Y, Fy FY_xF $9%c Mw
drd(Q)? 2 s drdQ? =l = )47m: [m%v
Fy ~ Fy — PogirzF37 + (8595 + 949%) 55 FY Wy, =z (.':0200 e;'U *:O'CS.QBD)
rF3 ~ —gjfsszgz + P.g% g4 k52 Ff Wy = x(ﬂcc egU Pcc qu)
- U=u+c o
A g . ) D=d+3s
F77 =22 Qq9% {q+} degree of longitudinal
q

; polarisation
zFf =22 gbg%{a— @}
q

Perform simultaneous
QCD + EW fit

* Longitudinal polarised lepton beams at
HERA-IT introduce additional terms

vd3aH @ Q20O J0 st

NNLO for QCD
« Terms containing g5, neglected NLO for EW




W boSOn mass Eur..Phys.J.C78 (2018), 777 ‘

[arxiv:1806.01176]

W-boson mass > 100" @ meory
) -H1(m ,m,,PDF) :
ﬁ_ll‘_EEg et &) © T 'H1(m,,m,PDF) 95%C.L. "
- IN 98— |:|H1(m ,PDF) with G_ as input - —
CDF Lot & e e 7
o | | ggl * PPG 2017 i
H1 ———— 92; G )
w7 6.=1.1663787(6) x 10° Gev? ]
P0G e HY g e, AT
80.2 80.3 80.4 80.5 80.6 80 82 o4 86 88
My [GeV_ mW [GeV]
Determination performed in on-shell scheme: ®
T
my = 80.520 &£ 0.070ga¢ £ 0.055gyst £ 0.074ppr|£0.115¢0401] GeV r’E

to be compared with HERA-I resulf:
myw = 80.786 % 0.205(exp) 0052 (th) GeV 5




Light Quark Couplings to Z Boson

| I I I I I I I | | I I | I |
68%C.L.7]

_| R
- L H1
[ ----LEP & SLD (d=s,u)
0.9F  poweoarny -
Sy u?fi.
o_> — | i
o 0
-0.5 -
—1_—| IR 'H1|_
-1 -05 0 05 1
q
9

results are competitive with
other determinations, especially
for u quarks

I | I I I 1 I I I I I | I I I I |
68%C.L. "]

o
i -H1 (g! +g2 +g? +off +PDF )
I -H1 (g:+g:‘,+PDF)
0'5:_H1(g:+gg+PDF) h
- * SM u
o_=> | . ]
o 0
-0.5 =
_1;| I I L ..t11;
-1 -0.5 0 0.5 1
9

* 2-coupling fit is more precise
due to the reduced correlation
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Jet Production @ HERA

>

V0

..

(1)

-q

* Direct information on gluon
distribution comes from jet
production

determination of parton
densities and o (m,)

LL q * Possible determination of
PW a(m,) and simultaneous
QCD
o

— theory predictions for ep
jets available at NNLO

o

UUDWY2IM
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Scale dependence of NNLO cross sections

Eur.Phys.J.C77 (2017), 791
[arxiv:1709.07251]

« Simultaneous variation of p,

and .
* At lower scales
* Significant NNLO k-factors

* NNLO with reduced scale
dependence

* Inclusive jets with higher
scale dependence than dijets

* At higher scales
* NNLO with reduced scale

dependence

* {. dependence very small

N
o

Vo)

R/F

o/ o (NLO,u

=\cE)

R/l

o/ o (NLO,

H1 HEHA Il phase space

Inclusive jets

\

Dijets
H1 HERA-II phase space

n o
o

—
&)

o
(3

—
o
=1 % "

—h
o

16<02<22 Gev2
7<P <11 GeV

16<02<2ZGeV2
7<(P y<11 GeV

—
o

~H1and NNLOJET
[ L bl

400 < Q% < 700 GeV? 1
30 < PT <50 GeV

~ NNLO b variation (0.5,2) ]

400 < Q? < 700 GeV? ]
30 <(P;)<50 GeV
=2 NNLD ==NLO =18 -

0.2

05 1 2

Hee / VQZ+P$

0.2 05 1 2 4

! V@2«P,?



Strong coupling in NNLO from jets

« a(m,) determined as free parameter to
NNLO theory prediction o in x> minimisation

Z log

. as(mz) from mdwudual data sets
* High experimental precision

Vs - Vigad =+ VPDF)_ log
oy

* Scale uncertainty is largest (theory) error
* All fits with good — consistency of data

* Main result
* Inclusive jets & dijets p > 286eV

* Moderate exp. Precision (due to p>286eV)
* Scale uncertainty dominates

* PDF uncertainties negligible

as(mz) = 0.1157 (20)exp (6)nad (3)pPDF (2)PDFas (3)PDFset (27)scale

o, results from H1 jet data in NNLO

I I I I I I 1 1 | I 1 1

H1ana NNLOJET

H1 inclusive jets

300 GeV high-Q? —e
HERA-I low-Q? ————

HERA-I high-Q?
HERA-II low-Q? —e—
HERA-II high-Q? —e—

H1 dijets
300 GeV high-Q° = .
HERA-I low-Q? —e—i

HERA-II low-Q? —e—
HERA-II high-Q®

Multiple data sets

H1 inclusive jets @>2m,) o
H1 inclusive jets @>28Gev)
H1 dijets @>2m,) o
H1 dijets @>28Gev)
H1 jets @>2m)

H1 jets @>28Gev)

(5 8 (mz)

H1 jets @>42aGev) ——
World average PDG16]
/ 2 2




Running of strong coupling constant ...

5  mWorld average Fooie
» e H1 jets INNLO]
S 0.20 o H1 jets [NNLO] (g<em,) —
» JADE 3-jet rate [NNLO+NLLA+K]
+ ALEPH Y, (Dissertori, et al) [NNLO]
= OPAL y,; INNLO] <+
0.15 GFitter EW fit (N°LO) a
. + CMS inclusive jets 8TeV [nLO]
Overall good description of
H1 jet data by NNLO
0.10
—_ 0.13 Y
E 012k
- - Great success of pQCD
g 0.11 —
0.10 .. L Ll
6 10 30 100

300 1000

o5
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Simultaneous fit of PDFs and a,
+ HIPDF2017 :
* High recision, x?/ndf ~ 1.01 (npts=1529) 5
« Despite free parameter o_, precision is competitive with global PDF fit
* Gluon at lower x values tends to be higher (than e.g. NNPDF3.1) §
* Gluon very similar o NNPDF3.1sx, which includes low-x resummation | &

' NNPDF31

e HIPDF2017
was- NNPDF31sx

T S o N2 ]
Gluon and singlet PDFs
— H1PDF2017 [NNLO]
B NNPDF3.1 (0, =0.118)
- NNPDF3.1 (0, =0.114) ]

n_=20 GeV g

xf
()]
I

Ratio to NNPDF3.1

X g:j

: ? ook NNPDF31sx with a,=0.1180 :
0 | H1us NNLOJET 1 0.9 H1as NNLOJET oo ihsash e I
- A R - T T = s o A
107 102 107 10 1072 107" 1 e i
QCD@LHC 2018, Dresden Daniel Britzger — a_(m_) in NNLO using H1 jets 22



o_ from simultaneous fit |

o determinations in NNLO H1ans NNLOJET
ABM : ® |
ABMP —e—
BBG : ° :
HERAPDF2.0Jets (nLo) —e—
JR = T :
NNPDF —e—
MMHT —e—i
Pre-average DIS ippai1e °
* All results from DIS data H1PDF2017 —e—t
tend to be lower than world H1Jets @>2m,) —e—t
| HiJets @>28Gev) e
daverage value H1Jets @>42Gev) : o
World average [rpbais] i
| | | | | | | | | 1 1 1 ] |
0.11 0.115 0.12
e (mz)

/ OKS(?TLZ) = 0.1142 (11)0Xp,had,PDF (z)mod (2)par (26)scale

12



@ Heavy Quark Production @ HERA

(1)
[ S /

LL * Final HERA charm and
s}/y C beauty data combined
Perturbative
QCD * QCD global analysis

— performed
*C

* Simultaneous fit of PDFs

and HQ masses

o

uuDWIYI1 M "M

QT ,MOXDJ)
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Combina’rion of charm & beauty

Charm

e HERA = HiVTX 4 H1D*HERA-I
¥ H1D* HERA- o ZEUS p 2005 ZEUS D* 98-00
A ZEUS D* 96-97 o ZEus D° ZEUS D*
+ ZEUS D* HERAAII % ZEUS VTX H1 and ZEUS
'SOE - Q2 = 2.5 GeV? la?=5Gev? la?=7Gev? '
0.3} -+ -+
0.2 T #
i (N ) i li%
N . . L4 -+ 'Rk
0.1 s * ; 75’ o A% 1 l %
.02=1ﬁZGeV; i ('.)2=1WBG«3Vzw Q’=312Gev"'1
0.4 -+ -+
N, ' ﬁ;a i .
0.2} ¢ 1 ., 1 %,
_ by, ] s, ém
0.6 9°= 60 GeV? ) Ja?=120Gev? ' 1 a?=200 GeV? '
04| & 1
| . | |
0.2} {‘{ + %'QQ* L4
[ ' . 2 , , % ] , , ,
0.6 [ a% =350 GeV? —+ Q? = 650 GeV? T Q% = 2000 GeV?
0.4
0.2} % . 1 .
1 ' f i l L L qt L l l .
10* 10 10?2 10* 10° 102 10* 10 10?2 x
Bj

F-]

0.01

0.005

0.04

0.02

0.04

0.02

0.04
0.02

EPJ C78 (2018), 473

jZEUS

* Datasets consistent and significantly reduced uncertainties

* Combined charm cross sections significantly more precise than those

previously published
* Combined data reasonably described by theory predictions

[arxiv:1804.01019] = _
~
Beauty: first combination =
L
2
e HERA ®m HIVIX o ZEUS u 2005
+ ZEUS p HERA-I ZEUSe  * zsusch H1 and ZEUS g
Q? =25 GeV? 02=s'Gev2 ' ' (:?='/Tav2 ' '
7\
| Py e 2
3 ’ =
| Q=12 GeV? le?= 18 Gev? l@? =32 Gev""1 <
—
i _ ;ﬁ @
Y 4 -0 . Jé‘ifi
| 92 =60 GV | @?=120 Gev* ' Q2 =200 GeV® ' §
R
i L 'f e
L *{ . 5‘
N —" % R A 'n
Q? = 350 GeV? Q? =650 GeV? Q? = 2000 GeV? g
&
SRS :
1 1 1 1 d 'l ‘ ﬁ 1 'l 1 ‘ O
10* 10° 10?2 10* 10° 102 10* 10° 10?2 - O
Bj o
®
XI
m
yvj
>

14



QCD global analysis & HQ masses  [#&

a:\ig
~
* HERA inclusive + HV data used in NLO QCD analysis in fixed-flavour-number =
. . . ey 0
scheme using MS running-mass definition 3
* Running heavy-quark masses determined — agreement with PDG and previous ones| 5
e HERA £ NLO HERAPDF2.0 FF3A
_ H1and ZEUS _ HiandZEUS e e . . . ok anld ZEUS =
“‘;‘0.9 p =1.9 GeV? “‘;‘0‘5 u =1.9 GeV? |u2 2 eV? laz= aV2 1 n2 eV? -3
;;o.a DIS only [fixed m_1 (@ % L DIS only [fixed m_1 (b 5 0.3 _—Q =25 GeV —_-Q 5 GeV ——Q TG v Qx
- — HERAPDF-| HQMASS 0.4}—HERAPDF HQMASS 0 2 i _-- _— g
e R 5
| Q% =12 GeV? | @2 =18 Gev? : : la%= :szc;ev2 : : ]
o4 1 ! -
o2 1 ,\’\: \ %
10° T T ' ] d ] o
X 5 : . . ; c
= — HlandZEUS _ . — H1 and ZEUS 0.6 |-Q* = 60 GeV* +Q%= 120 GeV? +Q? 200 GeV? - ‘_"n
§ 5 oisonly Ifixed m_] (© g 18 DISonIy Ifixed m_] (d 0.4—— 1 | g
3 —— HERAPDF-| HQMASS 1.4 —— HERAPDF-| HQMASS - 4 4 N
_ 0.2 \\- \ \\ n
' i i - o
: : , : f f f : -+
' 0.6 |- @ =350 GeV? 1 Q% = 650 GeV? + Q% = 2000 GeV? D
0.4} 1 { o
0.2+ + + 1 ®
. . \ . ; \.\\ ; i L e T
10* 10° 10?2 10* 10° 10?2 10* 10° 102 " m
Bj §

me(me) = 1.29019070 (exp/fit) 19 092 (model) 70037 (parameterisation) GeV

my(mp) = 4.04970-100 (exp/fit) 10035 (model) T0-09 (parameterisation) GeV

15



Prompt Photons @ HERA

Prompt Photon

o
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Where do isolated photons come from?

* Can be emitted from lepton (LL) or proton (quark, QQ)
* Emerge directly from hard scattering process
« Use dynamics to probe modes such as k.-factorisation and pQCD
approaches

* Assume lepton emission is well known

— Use photon to probe proton

Trick is to find these photons ...

o5

UUDWYI1 M

QT ,MOXDJ)

Vd3H ® QDD 30 52004 SNOIIDA
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Irreducible background

n— mor’m’ (vy)

T =y

Neutral-meson produce broader energy deposits




JHEP 1801 (2018) 032

* Template fit to energy-weighted mean width of calorimeter EM cluster

Entries

600

400

200

Single
photon

Dealing with background

N ! ! ! I | ! I ! ! | ! ! ! ! _
I m ZEUS 326 pb™'
- +|+L — Fit result ]
i QQ Pythia6s
I ; LL Djangoh 6 ]
:_ 7 w Hadronic BG _
B ¥ _
0 0.5 1

N
m
C
w

QO J0 S20D SNOIJUDA QT , MOXDUY UUDWYIIM fd

T'

(0Z

Fit produced in each analyzed bin



https://link.springer.com/article/10.1007%2FJHEP01%282018%29032

Comparison with theory A=

_:\7;
* BLZ S. Baranov, A. Lipatov and N. Zotov, Phys. Rev. D 81 (2010) 094034. 2
K, factorisation S
‘A NLO P. Aurenche, M. Fontannaz and J.Ph. Guillet, Eur. Phys. J. C 44 (2005) 395. g
,,,,,,, 3
P. Aurenche and M. Fontannaz, Eur. Phys. J. C 77 (2017) 324.
- e e _ a
; 80:— . :i:SSZGpb",10<02<350GeV2 _ ;-% 800:— E %‘3 0'25_ _E %
el TN z ; 3
o Bl T 5 .
20 F e 200 == 1 00sf = —
O oz o4 06 08 1 00507 0.02 0.03 0.03 0.05 0.06 0.07 0 50 100 150 §
s xobs AQ (deg) o
e e e 7
2 s5b 1 Zoast 15 | M
= 12 1o ok _ o)
3 4f ] ERCI 15 [ i S
g 3t e B LI SSEEL-INE e o
(R S=ii= LN %
S < 0051 S ] [ SN >
1 = E _ Ewm 8
L N T S 50100 150 0333 25 T aE T ®
an A¢™" (deg) A

=
* BLZ: shapes fairly described, some distributions off, ~20% too high normalisation| ¥

* AFG: excellent agreement in shape and normalisation for all distributions

* The same in two Q? bins, between 10 and 30 GeV? and 30 to 350 GeV?

20
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@Q Diffractive Prompt Photons @ HERA

I(l ‘ ) Direct photon
l
>
Prompt Photon
Y
> * > y
P X

rapidity
gap

Rapidity Gap

o
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Events

Prompt photons & rapidity GAP

ZEUS
120 ~—— T T

« ZEUS 374 pb™
/) Rapgap signal
1] Rapgap backgrou

100

-~ signal+background

nd

Phys. Rev. D 96 (2017) 032006

N
=
N

meas
T

Events/dx

a:\ig
~
2
O
>
3
S
ZEUS 5
BN RSREN RERAE BRERS KERRS RERES EERCE EREEN EAERS
1600 =, 7Eys 374 pb" 1 | ~
1400 - Rapgap direct x™*** I
B - ' meas S
- Rapgap resolved x’ /% g
1200 - —— direct+resolved x]"** / =
1000 /
800 [ i % S
- 3.
600 [ i / 2
400 én
: R N S
200 — o
0 R Y 5 | O
01 02 03 04 05 06 07 08 09 1 | 5
x?eas @
T
m
v
>
70:30 mixture of direct:resolved
22



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.032006

Diffractive prompt photon + jet

ZEUS

E :I TTT | TTTT f TTTT I TTTT I TTTT I TTTT I TTTT I TTTT IrTTT 'TT I:
2 6 . zEUS374pb" -
- o 2
o C H
Ba 5o PO b
.g [ owemees Rapgap reweighted I g
3 4C .
31 =

2 - =

1 .
hlllllllll!!l!llllll IIIIIIIIIII!IJIIJIJ]IJII|IIII:

0
0 0102 03 04 05 06 0.7 0.8 0.9

mea
/ z| P

Fraction of Pomeron energy given to
prompt photon and jet

w

Excess at low z,

observed predominantly in direct
photon channel
If RAPGAP reweighted by

7xdirect photon - agreement

— indicates presence of direct
Pomeron interaction (not present
in RAPGAP)

For example

4
hadrons Mx

rapidity
gap

ZEUS

&
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@Q Does factorisation hold
in diffractive DIS?

I(l)

Factorisation?
/

o
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o5

Charm production in diffractive DIS

7~
2
>
~10% of inclusive DIS 5
cross section at HERA is ML T Ly e AR e
diffractive at low x ]
Experimental signature: porle
. hadronic S |systemX
* Proton stays intact }své’temx ,,
* no activity in forward SN o ,a,,idi_w o
detectors . hadronie
» 71 hadronic P P system Y
oo P it P system Y V R
* large rapidity gap = My<t.o et |
predict .
Theory (Collins): Inclusive diffraction: Diffractive charm
QCD factorisation holds in  extract DPDFs production: test
- - 2 factorisation theorem in
dlffl."ClCTlve. DIS fl(Q ’ B, t, x[p) diffraction
— diffractive PDFs Y
>
(DPDFs)

25



Duffmc‘rlve D* cross sections

do/dQ? [nb/ GeV?]

data /NLO

x,) [nt]

data / NLO

dc/dlogm(

0.

0

0.

T EET

T
D*in d ffractlve DIS
¢ HiDaa

e NLO QCD, H1 2006 Fit B

zé_‘é Qz

[

Q? [GeV?]

i D* in diffractive DIS
- $ HiDaa

6T = NLO QCD, H1 2006 Fit B

o
«Q
—~~

X

fractionof p

3.0 25 20
log, (x.)

= N w h
L

F IP momentum

1
20 40 60 80 100

do/dy [nb]

data /NLO

[nb]

dc/dzf: s

data /NLO

1o @ Hipaa

i _‘{ —— ]

D in diffracti ve DIS

1.5— ¢  HiDat —

| s NLOQCD, H1 2006 Fit B

D* in diffractive DIS

|

| mmmmmm NLOQCD, H1 2006 Fit B

g momentum
} fraction of}IP ]

N

00 02 04 06 08 1.0

Diffractive varlables
|Og(XIP), ZIP

j Electron variables

-

EPJ C77 (2017) 340
[arXiv:1703.09476]

DIS phase space

5 < Q?

< 100 GeV*
0.02 < y < 0.65

D* kinematics

DPt,D* > 1.5 GeV
—15<nmp- <1.5

Diffractive phase space

rp < 0.03

My < 1.6 GeV

t] < 1 GeV?

* Good description by NLO QCD

* large theory scale uncertainties

* DPDF uncertainties similar to data
precision
* D* kinematic distributions also
described

— within large uncertainties
factorisation seems to hold in
diffractive charm production in DIS

Vd3H @ QOO J0 52504 SNOIUDA

26




Instead of summary:
thank you for your patience :)

=
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Extra slides



Halle NORD (H1)
Hall NORTH {H1)

Hall nord (HT)

Halle OST (HEAMES)
Hall EAST {HERMES)
Half est (HERMES)

p (920 GeV)

Halle WEST (HERA-B)
Hall WEST [HERA-E)
Hall ouest (HERA-B)

Halle SUD (ZEUS)
Hall SOUTH (ZEUS)

Hall sud (ZEUS) //

HERA: ep collider in Hamburg

Operation: 1992-2007

Colliding experiments: H1 and ZEUS

Collected ~1 fb! for both experiments together

o5
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ep Scattering at HERA

/v(K)
e()
O'=—q'=—(k—k')
2
v/2/W(q) X, = 0 y=L4
7 2 pq pk
xipy  S=(p+k) O =xys
p(P) — W2 = Q*°(1/xg;— 1) + m?

two regions: Q% # 0 GeV2 — photoproduction
Q%> 16eV? — electroproduction (DIS)

o5
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QT ,MOXDJ)

Vd3H ® QDD 30 52004 SNOIIDA

30



Deep Inelastic Scattering @ HERA

Neutral Current (NC): y, Z exchange
electron + jet

* NC/CC cross section expresses in terms of

-4 heutrino

Charge Current (CC): W exchange
missing p. + jet

structure functions

L Qo O eV
- j— . j— _|_ _x —_ —
nNC - dxdQ?  2malY. Ty, oy, ok

o5
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OF. NC

2

Neutral Current &oc _ 2m03
dxd@2  x@4

[Y+F2 F Y_xF3 — yzFL]

H1 and ZEUS Proton structure functions
C QP =150GeV' [ Q'=200GeV' | Q°=250GeV’ [ Q'=300GeV’
L L i - -
: i i i _ 2 =
el e L e R=x Y000 + 300
- - - i Q* =800 GeV’
F - \ * Sensitive to quarks
0 SSRINE S A T VTR SRR IS S S 1 S RTITT I .._.......I EETTT I, B
[T et gt
’ QLm'Gv T QLm'Gv T lesmlﬁv T Qiumﬂm * Sensitive to valence distributions
05 — - =
o i \ vl \ il T‘\ il .,J!\M FL - aS X g

[ Q?=20000GeV? | QF= 30000 GeV? W W W X,
02 [ . ® HERANCepPOSMH! * Sensitive to gluon
i i Vs =318 GeV
o C i e Ikl- e v lM == HERAPDF2.0 NNLO
Xpj * Gluon also from scaling violation and

charm+jet data

o5
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05

0.6

04

0.2

ooe ~ X[u+ €]+ x(1 — y)?[d + 8]

H1 and ZEUS

Q% =500 GeV? I Q’ = 1000 GeV* i Q= 1500 GeV?
—IIIII 1 IIIIIII| 1 181 I-II\-Il—\AI_ﬂl mll
I Q*=2000Gev? [ Q’=3000GeV: | Q*=5000Gev: [ QF=8000GeV’
M
© Q=15000 GeV? [
- - e HERA CCe¢p 04!
- = Vs = 318 GeV
2 a2 K == HERAPDF2.0 NLO
Tll IIIl| :Ill IIII| 1111 I
107 10" 102 107

+
O cc

0.08

0.06

0.04

0.02

e+

0o ~ X[U+T] + x(1 — y)?[d + ]

H1 and ZEUS
[ Q¥=300 GeV? Q*=500GeV: [ Q*=1000GeV’ [ Q7=1500GeV>
-llx‘-l Imﬂll
T Q*=5000GeV® | Q=8000GeV*
) II_IIIIII 1 Illmll_ﬂlul L1 IIIIIImﬂl
- - -2 -1 -2 -1
T Q*=15000 GeV® [~ Q> =30000 GeV> » H 2 " Xp;
F 3 e HERA CCe'p 05!
- o Vs =318 GeV
2 2 == HERAPDF2.0 NLO
—IIIII| 1 I:IIIIIII 1 1147 I:III'II. 1 I!IIIIJl 1 I&l
107 10" 10? 10!
Xg;
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CC: helicity effects

H1 and ZEUS
) " HERA HERAPDF2.0 NNLO
1075 Vs=318 GeV Vs =318 GeV w
B CCe'p05fh” === CCe'p
105 ® CCep04fb” === CCep \
104 ._— ‘4* X, =0.008 (x15000)
E =.==.:=___:' Xp; =0013 (x3000)
10° -.—
a =‘=_—_—_‘QE xg; = 0032 (x700)
102 L W Xy, =008 (x170)
0 b Ai_:_;_;_L-__\.\—'—-——'—— Xy =013 (x20)
1 L S am— . xyy =025 (2
L ;_ 4._.—.*-\\
2 : —L - . - - .
10 = [ ]
af Xp; = 040 (x0.1)
10
aF
10 1 1 | 1 1 1 1 1 11 | 1 1 1 1 l
10 10° 10° s

oo ~ X[U+ ]+ x(1 — y)?[d + §]

ooe ~ XU+ ¢l + x(1 — y)?[d + 5]

e'p: d, quarks are suppressed
at high Q2

e’p: helicity factor applies to
sea quarks only
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i
G nc X 2

@low7

104
103
10 2

10

H1 and ZEUS

T IIIIIII|
1 [l

L}

‘ \

.?

® HERANC ep 0.4 b’

B HERA NC e'p 0.5 b

s = 318 GeV

L) Fixed Target
ms HERAPDF2.0 ¢ p NNLO
mmms= HERAPDF2.0 e'p NNLO

Xp; = 0.00005, i=21
Xp; = 0.00008, i=20

. Xp. = 0.00013, i=19
. g = 0.00020, i=18
Xp; = 0.00032, i=17
xy; = 00005, i=16
Xp; = 0.0008, i=15
Xp; = 0.0013,i=14
Xg; = 0.0020, i=13
Xp; = 0.0032, i=12

Xp; = 0.005, i=11
. —.-/.'r._._.___-—'-—'l‘l—“ XBj =0.008, i=10
- - aoee x;=0.013,i=9

PY Xp; = 0.02,i=8

eerevametera=t x,=0032i7

sa—a-a-airif=

-gooT
N L o = Xp; = 0.05, i=6
—-pooo T
Xg; =10.08, i=5

Wh—a—-——-—-—-—-—mu-l-ﬁl’;i

@ moderate x
QCD scaling

10
10

10

Xp; = 0.13, i=4
Xp; = 0.18, i=3

electron-proton
positron-proton

e T ra— xp; = 0.25,i=2 -
w x3j=0'40!i=1
;_ Xp; = 0.65, i=0
_Il | | ||||||| | | ||||||| | | ||||||| | | | | ||||||| | |
2 3 4 5
1 10 10 1 )
t‘vf‘ e €
. 2 2
@ high @ . 7 GeV
P i

q q q q

@ high x

Text book plots of fundamental properties of particle interactions
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Polarised DIS

* Generalised structure functions depend on e-beam polarisation . =
R L
F2 = FY — (ve & Potte)xzFy? + (v2 + a2 £+ 2Pw.a.)x% FZ,
xﬁf = —(a. = B®.)xz2F7? + (2v.a. £ Bl + a2))x%zFZ
* Structure functions in QP model NC sensitive to sin?6,, via
NC o Q* 1
[F7, F5%, Ff] =) [€], 2e,u,,v; + aglz(q + @), A= i 20, M2 + Q1 — AR

q

[xF:;Z: iEF.BZ] = Z[eqaq: Vg04)27(q — ),
* Calculation in on-shell scheme

CcC o TOY 1
F Erm—
d2ooc(etp) GLM, - . V2 sin 28 ]\f[z 1 —-AR
Tdcp O P g ey el T (L) d s D)
dzO'CC e GQFM%/ 277 - T
d:chc(iQQP) = (=P et e T et )+ (L —y)(d+5+0) CC sensitive to sin?0,,
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HERAI+II determinations so far

LEP+SLC
CDF

DO

H1 (HERA I)

PDG14

ZEUS-EW-Z (HERA I+II)

HH-EW-Z (HERA I+II)

1 1 I | PR |

-1 -0.5

L] T I T L] T T
LEP+SLC

CDF
D0
H1 (HERAI)

PDG14

ZEUS-EW-Z (HERA I+II)

HH-EW-Z (HERA I+1I)

-1

-0.5

0

0.5

LA DAL T

LEP+SLC
CDF

DO

H1 (HERAI)

PDG14

ZEUS-EW-Z (HERA I+II)

HH-EW-Z (HERA I+II)
a1 PR S T i

-1.5 -1 -0.5 0 0.5

T T I T L T Ll
LEP+SLC

CDF
DO
H1 (HERAI)

PDG14

ZEUS-EW-Z (HERA I+II)

HH-EW-Z (HERA I+II)
1 1 1 1 L1 1

-2

-1.5 -1 -0.5 0 0.5
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A
i<y

Inclusive measurements from HERA are core of every parton

density extraction z
Final HERA data - exclusively - used as input to global QCD fit HERAPDF2.0 | =
* Parton densities parametrised @ Q? = 1.9 GeV? :

xf (x)=Ax"(1—x) (1+Dx+ Ex?)

xg(x),xu (x),xd (x),xU(x),xD(x)

* Evolution using DGLAP equations
*14 parameters determined in paramerisation scan

* Heavy quarks from Roberts-Thorne Variable Flavor Number Scheme

Vd3H @ QOO $0 52004 SNOIIDA

HERAF[tter QceD fits performed using HERAFitter package www.herafitter.org

38
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Color decomposition of uncertainties

H1 and ZEUS
L T O R R J SR R R |

u? =10 GeV?

—— HERAPDF2.0NLO

uncertainties:
I experimental
[ ] model

S xXu
[ parameterisation b

HERAPDF2.0AG NLO

¥ Parametrisation uncertainties
- largest deviation

W Modz] uncertaintizs

¥ Experimental uncertainties:

- Hessian method
- Conventional Ay~ =1=>68% CL

Variation Standard Value | Lower Limit | Upper Limit
02 [GeV?] 3.5 2.5 5.0
02 [GeV2] HiQ2 10.0 1.5 12.5
M,(NLO) [GeV] 1.47 1.41 1.53
M. (NNLO) [GeV] 1.43 5. ¥ 1.49
M, [GeV] 45 425 4.75
I 0.4 0.3 0.5
1y, [GeV] 1.9 1.6 Y.

Adding D and E parameters to each PDF

- all variations added in quadrature

o5
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HERAPDF2.0Jets a_ free

H1 and ZEUS

08

0.6

04

02

10*

u? =10 GeV?

—— HERAPDF2.0]Jets NLO, free as(MZ}

uncertainties:
B experimental
[] model

[] hadronisation

Xu,

a. determined from QCD fit

N

IC

| ay(M2) = 0.1183 + 0.0009(exp)

Experimental uncertainty below 1%

+ 0.0005(model /parameterisation)

+ 0.0012(hadronisation)

0.0037
T00030(scale)

Uncertainty dominated by theory
NNLO ep jet calculations needed

o
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Comparison to QCD predictions

* HERA £ NLO HERAPDF2.0 FF3A
----- NLO ABKMO9 ... NLO ABMP16
----- appr. NNLO ABMP16 H1 and ZEUS
%3 1.2f { . i1
¥ b il
\ - — / e, "":j"-'_--‘—-.'.....n
LA AR :
- Q% = 2.5 GeV? 1 Q? =5 GeV? Q% =7 GeV?
Q? =12 GeV? i a2=18Gev? 1 a?=32Gev?
N
1 ey
0.8f (] |

1 Q? =120 GeV?

Q? = 350 GeV? 1 Q2 =650 GeV?

10* 102 102 10* 10° 102 10* 102 102 x
Bj

e HERA

~— NLO HERAPDF2.0 FF3A

jZEUS

.

--------- NLO ABMP16 - ---- appr. NNLO ABMP16 H1 and ZEUS
[ 0?=25Gev? | a?=5cev? | a?=7cev?
Q% =12 GeV?

& || @?=18 GeV?

| Q*=32GeV?

-
L4 o
¥
"
-

wh e e = B A et — N
Q% =120 GeV?
e o
i g
e o7l

¢

Q% = 200 GeV?

Q? = 350 GeV?

. : ;
T | a?=650 Gev?

)

Q% = 2000 GeV?

10° 10° 10?2

10* 102 10?2

10% 10° 10?2

* NLO and approximate NNLO QCD predictions compared to the data

* fair agreement charm data

* Best description for NLO in fixed-flavour-number scheme

* beauty data, with larger uncertainties, well described by all predictions

Xpg;
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m(u) [GeV]

1.2

0.8

0.6

0.4

arXiv:1705.08863

Charm & beauty mass running

\J

o

NLO fit of HERA data (this work)
PDG with evolved uncertainty

my(v) [GeV]

III|III|III|III|III|III
w d
a B

-

25

—h

10

=
[3)
(]
S

jZEUS

Heavy quark masses run in agreement with pQCD

~

=

>

3

o

S

S

LI
L I _
- L
N u PDG with evolved uncertainty 4
. A ZEUS _]
- @  DELPHI 3-jets .
B *  DELPHI 4-jets NLO Bl
- A ALEPH ol
- O OPAL .
B O SsLD ]
B 1 I| I| ]
10 10?

U [GeV]

v

X

m

v

>
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Jet production @HERA

Jets at PETRA, 1979

* Direct information on gluon distribution
comes from jet production

* Possible simultaneous determination of
parton densities and o,

Jets at HERA

OT 35,768 PTRANS 29 964 TROUG p)3.708 chancE
15,169 PMOTON EMERGY ~ 4.893 NR OF PHOTONS 11

elweak coupling

X g

trijets

o
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DIS jet production In NNLO

re, et al. [RPL 117 (20
al 1ThuED 1707 ¢
J UL l' e, el :11 _k.:"'.i...:J 1707 (

m | |
00000000
Double-real Real-virtual Double-virtual
Antema PS reducfd PS
RR.S ‘. \ ~ “ gy —
doynio = X({px}) d®s({px}) x IM({pm})* d®m({pm}) x T ({Pm})
D b ~~ e ke o
antenna reduced ME jet function
A bit of history Antenna subtraction

. 1973 .. asymptotic freedom of QCD « Cancellation of IR divergences

I BE SRR £00e Stens) , _ with local subtraction terms
. 1993 NLO studies of DIS jet cross sections . construction of (local) counter terms
[Phys. Rev. D49 (1994) 3291] . .
. « Move IR divergences across different
gaile LNNL(? ﬁg”eEE'{?”ﬁfﬂf DI JBts phase space multiplicities
ICHEP2018, Seoul Daniel Britzger — a_(m,) in NNLO using H1 jets 8
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L

H1ana NNLOJET H1 inclusive jets ¢¢ Hijetdata [INNLO
_ 1.5 [ H1s=300GeV high-G? }.ﬂ it.i i :

1k L] ¢ !tﬁ H
05| ]
. 1.5 [ H1 HERA-l low-Q? 7
Compar'|son Of NNLO 1158858 o oeeegey hytety &H'ﬁi
. . @) 05 ]
= 1.5 [ H1HERA-I high-Q® i
predictions to da‘ra% | - e -
<, Q5 H
© 15[ HiHERAI low-Q? ot 7
1[oogo; Wheeeety Gttesess | otee mw i
05| +; ]
1.5 [ H1 HERA-Il high-Q? ]

1r e %"  ses seter F"" .l+++—+
0.5 | H
v 6.1 9.0 113 15.6 19.1 212 283 304 424 56.6 10¢€

ﬁ [GGV] (Axis and data points within a fi-range not to scale)

Overall good agreement H1and NNLOJET H1 dijets 444 Hijetdata [INNLO
1.5 [ H1s=800GeV high-G? ’ ]
ke o i‘L* ; # ﬂ# |
05 1
1.5 [ H1 HERA- low-Q? ]
9 1r neeng®s #hitene L™ :
2 05t .
v © 1.5 H1HERA-I low-Q? ]
T 1[4%0005 Setesstes sessgees & ot ooy Nyt H—*ﬁ # ]
Great success of pQCD| ost l :
1.5 H1 HERA-Il high-Q? T

Ll o o8 ."O!U' A o"‘ ¢++ *

05¢

6.1 9.0 113 15.6 19.1 21.2 283 30.4 424 56.6 10€

ﬁ [GeV] (Axis and data points within a fi-range not to scale)



H1 dijets with NNLO predictions

8<Q%<11GeV?

of S0

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

16< Q%< 22 GeV?

ol %o

'''''''
________

6 10 20 30 40

(Py), [GeV]

of O\io

::::::
'yry

6 10 20 3040

al %o

6 10 20 30 40

(P>, [GeV] (Py), [GeV]
bg 2 60<Q?<80GeV?
1.8
5 1.6
1.4
......... 1.2 s
1
0.8 3
0.6 . _
0.4 3
02k . . . .. E

6 10 20 3040
(P, [GeV]

6 10 20 30 40
<PT)2[GeV]

11< Q%< 16 GeV?

ol Ovio

13

6 10 20 3040

(Pr), [GeV]
c«; 2F 30<Q%<42GeV?
RE: 3
o 1.6 5
145,/ 3
5 127t ;
)
0.8
0.6
0.4 ik
02, . . . . A
6 10 20 3040
(P, [GeV]
H1 Dijets
+ H1 HERA-II

\ Systematic uncertainty
" INLO ® hadr. corr.
—aNNLO ® hadr. corr.
“4NNLO ® hadr. corr.
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Why study prompt photons?

Prompt photons emerge directly from the hard scattering process and
give a particular view of this

Use dynamics to probe modes such as k.-factorisation and pQCD

approaches

See if dynamics changes with virtuality

Combined photon/jet/electron variables give more detailed ways to
test the theories than with single particles and jets

B
-
1

G108

Check proton PDFs 7
Photons can be background to new physics
— DGLAP evolves HERA scales

to LHC scales

o

UUDWYI1 M

QT ,MOXDJ)

JDA

Single prompt variable already measured 0

(Phys. Lett. B 715 (2012) 88-97), |
this study complements previous analysis o’




do/dx;**(pb)

do/dAn™ (pb)

Comparison to AFG: low Q?

0 S e B B O
C e  ZEUS 326 pb ", 10<Q%<30 GeV?
20 F L | AFG E
15F
10 :_ ] .
: NS
5S¢ I E
N: . ]
0 0.2 04 0.6 0.8 1
X{,neas
[T oo L L L L B T T T
3F 1 I .
2F sy ]
1 - i —
0 _I PRI ST R U T S N (U N S T NS N N S AN SN SR N
-3.5 -3 2.5 2 1.5 -1
A"

do/dAd™" (pb/deg)

[T 1T T T T TTT T
300:§ .
200 § ]

N
100 | ~

m
0'....|....|..E.XX.XSFX.!.E.S.31....|.._..|....'

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

obs
Xp

> 2 9

= = =

%] =Y (]
I [T I

ot

=

o
|

PR T R T T
100

150
AG®" (deg)

&
sy

do/dA¢ (pb/deg)
s o
S S
=) =]

S
=
=

0.02

do/dAn (pb)

0.5

[ 3"
T

* Excellent agreement in shape and normalisation except for AN
« Possibly due to photon p_ cut in calculations

o i ]
0 50 100 150
A¢ (deg)
I LI I I I

NN :
- ' I_:
: 1 I. N N M | N L L 1 N /.I Lo N L :
2 1 0 1 2
An

m

yv)

>

48



Comparison to AFG: large Q?

S LN DL DL L AL L B L
& C e  ZEUS 326 pb ", 30<Q?<350 GeV 2
fos0f e |
= L ]
S~ B J
'g 20 N —
K oy
10 - —
B = - ]
0 L " lmgmlm!m ol ]
0 0.2 0.4 0.6 0.8 1
X&neas
—_ C T | | -]
2 3F :
§2.S — _E
S~ 4
2 -
< N @ :
1L5F AR E
3 o 4
NN :
0.5 =
FSgSs ]
0 | I | I PR PR '
-2 -1 0 1 2
An

do/dA¢™" (pb/deg)

7T | | T | |
400F 3
Ny
2
300 Lt § 3
200 .
100 F B 3
E [ A E
PEEET I AR R B R T B | | |
007"0.01 0.02 0.03 0.04 0.05 0.06 0.07
Xohs
P
F T T T T
0.08 |- -
0.06 N
B 3
0.04 N N
0.02 L 5 I m ]
AW ]
0 i L L | L L L | L L L L | L L
0 50 100 150
A¢*" (deg)

&
=
&%

do/dAo (pb/deg)
2

S
=)
=

S
=
o

do/dAn"™ (pb)

=]
T

L F =
RINEN
8§ NN
C m&x LEH
{ 0

0 50 100 150
AQ (deg)
- AR -
35 3 25 2 s a
AN’

* Excellent agreement in shape and normalisation for all distributions
* Also in lower Q2 bin in range between 10 and 30 GeV?

vd:
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