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Motivation - ow

PDF description in BSM analysis

Precise knowledge of the parton densities inside the proton is crucial, in
particular, for the full exploitation of the physics potential of the LHC.

Parametrizations of the parton distribution function (PDF) of the proton
are based on the QCD (DGLAP) analysis of the available data.

H1 and ZEUS measurements of deep inelastic e p scattering (DIS) cross
sections at HERA are the crucial input to all available PDF sets.
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PDF description in BSM analysis

Precise knowledge of the parton densities inside the proton is crucial, in
particular, for the full exploitation of the physics potential of the LHC.

Parametrizations of the parton distribution function (PDF) of the proton
are based on the QCD (DGLAP) analysis of the available data.

H1 and ZEUS measurements of deep inelastic e p scattering (DIS) cross
sections at HERA are the crucial input to all available PDF sets.

HERA measurements can be sensitive to BSM contributions even at scales
far beyond the center-of-mass energy of 320 GeV.

If BSM physics effects existed in the HERA data, the current PDF sets
would have been biased by absorbing unrecognized BSM contributions.

Also, PDF uncertainties estimated with the SM analysis would have been
significantly underestimated...
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PDF description in BSM analysis

Precise knowledge of the parton densities inside the proton is crucial, in
particular, for the full exploitation of the physics potential of the LHC.

Parametrizations of the parton distribution function (PDF) of the proton
are based on the data.

NI  Vew approach needed! — SEEEEGESIp—-
sections at HERA )F sets.

HERA measurements can be sensitive to BSM contributions even at scales
far beyond the center-of-mass energy of 320 GeV.

If BSM physics effects existed in the HERA data, the current PDF sets
would have been biased by absorbing unrecognized BSM contributions.

Also, PDF uncertainties estimated with the SM analysis would have been
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Contact interactions and leptoquarks at HERA o

Outline
0 Introduction

© Contact Interactions

© Analysis method

© Results
© Conclusions

For details refer to:
H. Abramowicz et al. (ZEUS Collaboration),
Limits on contact interactions and leptoquarks at HERA,
Phys. Rev. D 99, 092006 (2019), arXiv:1902.03048
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Introduction - ow

HERA
electron(positron)-proton collider at DESY

et/e~ p
27.5 GeV 820 GeV
920 GeV

HERA |  1994-2000
about 100pb™! collected per experiment i
mainly e* p data, unpolarised 100

Status: 1-July-2007
400 ——————————

[ — electrons
[ — positrons
o lowE

200 -

HI Integrated Luminosity / pb™

HERA Il 2002-2007 .

1 . 0 500‘ — ‘10‘00‘ — ‘15‘00
about 400pb™" per experiment Days of running

similar amount of e~ p and e*p data
with longitudinal polarization of e* beams (30-40%)
and small samples collected at reduced proton beam energy
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Introduction

Deep Inelastic e*p Scattering

1 Rup 122145 Event 69500 Date 19/06/1985

N C D I S QT = 25030 GeV', y =056, A =211 Gev .

L

oty

Kinematic variables:

e(k) e, v(k')

P

P-(k

Main process studied by H1 and ZEUS

Q? = —(k—K)? |virtuality| of the exchanged boson

Q’ fraction of proton momenta
2P (k—k/) carried by stuck quark

0
—K) fraction of lepton energy

-k transfered in the proton rest frame
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Introduction %

QCD analysis of HERA measurements

All DIS data from H1 and ZEUS
combined into one set of cross
section measurements.

Good consistency between experiments
and different data sets
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Eur. Phys. J. C 75 (2015) 580, arXiv:1506.06042
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Introduction

QCD analysis of HERA measurements

All DIS data from H1 and ZEUS ) Hland ZEUS
combined into one set of cross * 12 =10 GeV
section measurements. B ]
Good consistency between experiments \ = -

and different data sets y - Zm::m;Abmo

Parton Density Functions (PDFs)

parametrised at a starting scale of
Q2 = 1.9 GeV2.

Fit to combined H14+ZEUS data
using QCD evolution equations to
evolve them to arbitrary Q? scale.

= HERAPDF2.0 Eur. Phys. J. C 75 (2015) 580, arXiv:1506.06042
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Introduction -

SM predictions from HERA
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10°

NC and CC DIS cross sections
comparable for the highest Q2 values

Q® ~ M3, My,

N\,
W2
. W o5

Combined QCD+EW analysis shows
good agreement with SM predictions

Phys. Rev. D 93 (2016) 092002, arXiv:1603.09628
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SM predictions from HERA
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High precision data could also be used to look for possible BSM effects...

NC and CC DIS cross sections
comparable for the highest Q2 values

Q® ~ M3, My,

However, new approach to PDF analysis is then needed...

N\,
W2
. W o5

Combined QCD+EW analysis shows
good agreement with SM predictions

Phys. Rev. D 93 (2016) 092002, arXiv:1603.09628
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Contact Interactions

Framework
For many scenarios of “new physics” at much larger energy scale,
BSM interactions can be approximated as eeqq Contact Interactions (Cl)

eeqq contact interactions (Cl)

K=}
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Contact Interactions

Framework
For many scenarios of “new physics” at much larger energy scale,
BSM interactions can be approximated as eeqq Contact Interactions (Cl)

Effective Lagrangian for vector eeqq
contact interactions:

Lo = Z 772% - (8" ea)(q57198)
a,B=L,R
q
7]2?3 - 4 possible couplings per flavor q eeqq contact interactions (Cl)

related to the coupling strength 7 or
the “new physics” mass scale A by:

47
"7045 — gaﬁ.n = Eaﬁ.ﬁ

Different Cl scenarios assume
different helicity structure of new
interactions, given by set of .3
where ¢,5 = +1
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Contact Interactions

General models
Models violating parity:
Model €1l €ILR E€RL E€RR

Also referred to as compositeness models
(A - compositeness scale)

LL +1
Family universality assumed: LR +1
RL +1
o = e = Moy = M = ap =y KR =

Models conserving parity:
Parity conservation require: VW +1 +1 41 +1
AA +1 -1 -1 +1
VA +1 -1 +1 -1

LR R~ MRR = O T R
X2 +1 +1
X3 41 +1
X4 +1 41
X5 +1 +1
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Contact Interactions

Scalar leptoquark models:
Model  Coupling structure

Heavy leptoquarks
For high mass leptoquarks

St % = 41
LL
SR g%t — i
Mg > s 52? agz B +i
RR
L eu __ _f
virtual LQ production/exchange results 5%2 T2
in an effective LQ coupling: 5";1/2 aR; - aml -T2
e
S1/2 dr = T2
Ao\ St ayl =41, ay = +3
ne = Mg Vector leptoquark models:
VOL a¢d = 1
AL@ - leptoquark Yukawa coupling VR Jed 1
Cl couplings can be then written as: VR a:e:g -1
eq g Vlzz afg =+1
Nap = dap TLQ \/1/2 aiif =a% = +1
\7L eu _ 19
14 LQ types considered based on general VIL/2 aé’; +1 w_ o
classification by Buchmiiller, Riickl and Wyler 1 S T
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Analysis method o

QCD+-CI fit procedure

Approach used for HERAPDF2.0 determination extended to take into
account the possible BSM contribution

. . .12
, [m’—i-zjfyj’-m’sj—,u(’)}
X (posin) =) ; ,.
i <6i,stat + 5i,uncor) (iu“O) J
p and s are vectors of PDF parameters p, and systematic shifts s;,
7 is the parameter describing BSM contribution (77 or 77,¢)

= we fit them simultaneously to the combined HERA data

= coupling value resulting in best description of the data, n"*

pé and mi(p,n) are measured and predicted (SM-+BSM) cross sections,

'\/}, 0i stat and d; uncor are the relative correlated systematic, relative statistical and
relative uncorrelated systematic uncertainties of the input data point /
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Analysis method

ﬁjs
QCD+CI fit results

Improved description of the data for four models (3CI+1LQ): Ax? < —4.

ZEUS ZEUS
= . - s o -
Zel ] Gl ]
5T ayaf 5T ayaf E ]
© 1+ HERANC e'p 0.51b" © - HERANC e'p 0.5fb"
F =3 | HERANC ep 04107 | P lpeerrrssssrerer=r=F | HERANC ep 0.4b”
L ook j ZCIPDF i L oo 11 zcipoF
10 10* 10 10* 10°
1 F e -J';,-,—,----,:i 1 F
7\ L ] 7\ L
3 3 4
10 10* Q@ (GeV) 10 10 Q@ (GeV?)
Z5[ ‘ ] 25 ]
% [ b)rif ] g [ b)rif 4 ]
I 47— full QCD+X6 fit | L . 2 — full QCD+s! fit |
¢ * -.-. SM part of QCD+X6 ffit ¢ - SM part of QCD-+S" fit
o oo0oF B Eoo0oF 4 B
10 10° IR‘M 10* 10° 10*
1F e 1F
7\ L ] 7\ L
10° 10* 10° 10*

Q (GeV?)

X6: change dominated by Cl contribution

Ax? = —6.01

Q (GeV?)

Sk: significant change in proton PDF !
Ax? =111
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Analysis method -

Limit setting
Limits derived using the technique of MC replicas (frequentist approach).

Replicas are generated sets of cross-section values that are calculated for
given 7" and varied randomly according to the statistical and systematic
uncertainties (including correlations) of the input data.

,”Dut a ,”Tru(:

. . w

Each replica is then used as an £ 160 ' SEpanEae-

; . 5 1a0f et e

input to QCD+BSM fit B e e

= T]Fit 120;7 Mean = 14035 x 107 Gev? E

1 100F RMS = 05708 x 107 GeV?

805 Fraction of 7 < 1™ ; E

g 479 % &=

. 60F- Fraction of 1< 1™ E

Number of replicas for each 93 L

considered 1" value ook E
:> dIStrIbUtlon Of 77F1t 0 0 0‘.1 0.2 0.3 014 017 102

N/ GeV?

ne s tested by comparing 1" distribution with the value of 1Pt
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Analysis method

Limit setting

BTVl e B S I O 7% Y% S S B

Use replicas to calculate: £7F C .o E

g [ VVmodel L° ° . :

. T - . . :

PI‘Ob(?’]Flt < nData) E F - 3 “ il

= 10 LR -

for n >77Data E K °°° ..‘ E

r . .

. [ 9 s ¢ ]

PI‘Ob(?]Flt > nData) [ ¢¢ §° t ]

Data 1 —

for n<n E %é + Prob(n < o) i E

C % o Prob(mf > nPaa) |

. [ o Fit SM B

for different »'rue g H Prob(n™> ™) b
101 b L ol e b b b L 1 k10

015 01  -0.05 0 0.05 0.1 0.15 0.2
Tlan (Gev-l)
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Analysis method

Limit setting

. R [ il S I U T 7 S S B I R I I

Use replicas to calculate: £7F M L E

g [ VVmodel L° ° . ]

. E [ el ° ° ‘. n

Prob(nft < ;Pta) Pl L ]

f Data &0 L o . —

or n>mn S o0 & 95%wClLalowed % 3

F 5 3

. F 9 . § ]

PI‘Ob(?]Flt > nData) [ ¢¢ §° i i

Data 1 —

fOI' n < Ui E ‘} i « Prob(nfit < nPata) t 3

C % o Prob(mf > nPaa) b

. [ o Fit SM 7

for different n'e - H Probin™> 13 -
gorbe LTl b i v i e k10t

2015 01 005 0 005 01 015 02
Tlan (Gev-l)

Excluded on 95% C.L. are ™" resulting in probability below 5%.

The limit-calculation procedure was repeated for systematic variations considered.
The weakest of the obtained coupling limits was taken as the result of the
analysis and used to calculate the final mass-scale limits.
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Contact Interaction limits ZEUS

HERA e®p 1994-2007 95% C.L. limits (TeV)
ZEUS Observed
HERA ep 1994-2007 95% C.L. Limits Model (exp+mod) Expected Psm
LL |[Dexp T T ‘7 A= AT A~ At (%)
R | expeotod | i 1 L | 128 45| 59 63 | 7.0
N —— . RR | 147 44| 57 61 | 59
w| F= ] LR | 47 55| 57 63 | 34
ARl —— _ RL 5.0 5.3 5.6 6.5 42
" R — . W | 139 90| 112 114 25
I
xe| - 1 AA | 157 42| 79 7.8 | 06
X3 — | VA 3.6 35 4.2 4.2 5.8
ot e . X1 32| 54 55 | 04
———
xsi‘”_”“””HH‘HH‘H“* X2 10.4 6.4 7.8 8.3 24
oo e X3 179 62| 83 87 | 73
N= +41/A* (TeV?)

X4 7.2 7.5 8.0 8.6 39
limits calculated without and with modeling X5 9.5 6.4 .7 7.7 27
uncertainties compared with the expected ones X6 3.1 5.3 5.5 0.3
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Results -

ZEUS
Heavy Leptoquark limits AL@/Miq 95% C.L. limits (TeV—1)
Observed
ZEUS Model (exp-+mod) Expected PSsM
HERA e*p 1994-2007 95% C.L. Limits S¢ 0.28 0.56 9.0
Sk&“”“”“”“”‘mexp Sé? 1.03 0.72 55
! —— Borperes | SR 1.71 18
K= g S5t/ 0.83 0.76 43
S\, | —
o 7 58, 1.04 0.92 39
S ] 56 1.66 1.39 38
o p— - st 1.18 062 | <0.01
o [
Vo — : VOL 0.44 0.5
) — | 74 1.47 0.99 1.8
= . VR 0.18 0.53 5.5
Vi, | — B L
., — 1 Vi 1.19 1.29 38
VOl VIR/2 0.67 0.57 39
0 0.2 04 0.6 0.8 1 1.2 14 16 I.Ez 2 VL 0 59 0 49 43
A
Lo % 0.41 0.25 32
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Conclusions - ow

High-precision HERA inclusive data allow searches for “new physics”
effects up to TeV scales.

New method developed for BSM analysis of HERA data:
simultaneous fit of PDF parameters and BSM contribution.

Even small BSM contribution can significantly modify PDF fit results!!!
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High-precision HERA inclusive data allow searches for “new physics”
effects up to TeV scales.

New method developed for BSM analysis of HERA data:
simultaneous fit of PDF parameters and BSM contribution.

Even small BSM contribution can significantly modify PDF fit results!!!

Limits for Cl compositeness scales in the 10 TeV range obtained.
Limits for LQ mass scales are in the TeV range.
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Conclusions O

\

High-precision HERA inclusive data allow searches for “new physics”
effects up to TeV scales.

New method developed for BSM analysis of HERA data:
simultaneous fit of PDF parameters and BSM contribution.

Even small BSM contribution can significantly modify PDF fit results!!!

Limits for Cl compositeness scales in the 10 TeV range obtained.
Limits for LQ mass scales are in the TeV range.

For some of the considered Cl and LQ scenarios QCD+BSM fits provide
improved descriptions of the HERA inclusive data!
Difference from the SM at the level of up to 2.7¢ (X6) and 40 (S))

Unlikely to result from statistical fluctuations alone.
Might be explicable by a combination of modeling uncertainties in the
fitting procedure and statistical fluctuations.
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Physics Letters B 757 (2016) 468-472

Contents lists available at ScienceDirect

Physics Letters B

Limits on the effective quark radius from inclusive ep scattering @msm

Thank youl!
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at HERA

ZEUS Collaboration
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HERA limits
Cross section deviations corresponding to the coupling limits for selected

Contact Interaction scenarios Heavy Leptoquarks
ZEUS ZEUS
UES F i ] zF T 3
' a) E R ) ]
© + HERANC e’p 0.51b" 5 T . HERANC e'p 05" b
r + HERANC ePp 0.41fb" B E . HERANC ep 0.41b" g
L ZCIPDF i ZCIPDF
1r : . n _— o
7‘3 ‘4 1 :\ Il :
10 10 Q (GeV?) 10° 10° @ Gev)
Fsl ] 5T i
<L Limits at 95 % CL 1 50 . ]
L W A =139TeV i © Limits at 95 % CL
| X‘/I\ AT=9.0Tev | <8t UM=118Tev!
A =157 TeV 7 L 4
< AA AT=42TeV : VB UM =147Tev!
1 st 4 1 — =
b ‘ ] N ‘ ]
4
10° 10 Q* (GeV?) 10° 10 @ GeV?)
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Modeling uncertaintie

Input parameter variations considered to evaluate model and
parametrization uncertainties of the fit

Nominal Lower | Upper
Variation Value Limit Limit
Q2 [GeV?] 35 2.5 5.0
charm mass parameter M. [GeV] 1.47 1.41 1.53
beauty mass parameter M, [GeV] | 4.5 4.25 4.75
sea strange fraction fs 0.4 0.3 0.5
starting scale /‘12‘0 [GeV?] 1.9 1.6 2.2

A.F.Zarnecki (University of Warsaw) Cl and LQ at HERA July 11, 2019
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Comparison with LHC

ZEUS

95%C.L. limits (TeV)

Coupling structure HERA ATLAS CMS
Model [€,,,€,0€m1 €xpl | A~ AT I\ AT A~ AT
LL [+1, 0, 0, 0]| 128 45 24 37 135 183
RR [ 0, 0, 0,41 ]| 147 44 26 33
LR [ 0,+1, 0, 0]| 47 5.5 26 33
RL [ 0, O,+1, 0]| 5.0 5.3 26 33

M. Aaboud et al. (ATLAS Collaboration), J. High Energy Phys. 10 (2017) 182.
A. M. Sirunyan et al. (CMS Collaboration), J. High Energy Phys. 04 (2019) 114.
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Backup

Simplified fit procedure

Limit setting in the replica method is very time consuming.
Full fit of HERA data: QCD evolution of PDFs repeated at each iteration.

Rq analysis: 3000-5000 Monte Carlo replicas for each value of Rf, True
= over 200’000 fits to set final limits

Processing time was a limiting factor

& L R N R Rl L R RN R

for including more models E ok — Fullfit |
kb — Simp. fit ]

Simplified fit method, based on the ool 3
Taylor expansion of the cross section o E
predictions in terms of PDF parameters 3 E
= reduce the limit calculation time s,,f: :
by almost two orders of magnitude. “r E
For details see arXiv:1606.06670 = :

lOng(tCPU / S)
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Simplified fit procedure
New procedure was validated by repeating Rg limit setting procedure.

; ; ; 2 True _ ( pLimit)2
Comparison of results for replicas generated with Ry *"¢ = (R ")

x? of the fit Fitted value of Rg
o —— <
:< 13505— E % 15 -
S a0l / E e : / ]
=3 L i a . 4
B aso g E f i 1
2 r ] g 10 ]
1200 3 =% L ]
: E E I 1
11505— ; E 2] 5l _
1100~ i 3 L ]
10502— / é ot b
1000 , - L ]
. i ]
o T T TR SRR PR FUUE PR S B S N I SRR HRRRN PN X [
900 950 1000 1050 1100 1150 1200 1250 1300 1350 5 0 5 10 15
Full fit 2 Full fit R} (GeV?)
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