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Contact interactions (Cl)

General approach to describe low-energy effects due to physics at much
higher energy scales. Vector contact interactions considered in the
analysis correspond to a subset of Effective Field Theory (EFT) dimension-
six operators. Described by additional terms to the SM Lagrangian.

Cl Lagrangian: Considered Cl models:
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Heavy leptogquarks (LQ)

o Model Coupling Structure
In the limit of heavy leptoquarks (Mg > Vs), o | :
the effect of s- and u-channel LQ exchange Do L___f‘f_“_"__:__f_f_ _____________________________
Is also equivalent to a vector-typeeeqqg = 5 o +“RR=+§ _____________________________
contact interaction with the coupling of: SE | ag=+]
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SE  afl = +1,a8 = +%
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Buchmuller, Ruckl and Wyler. SR ..
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Reasons for the dedicated fit procedure

» We want to use combined inclusive HERA data to search/set limits
on the possible BSM contributions.

Precise and unbiased determination of SM predictions is crucial!

» Possible BSM contribution to the ep scattering could affect the PDF fit
and result in biased PDFs.

Use of the biased PDFs in the BSM analysis would result in
overestimated limits.

» This cannot be avoided, since all high-precision PDF fits include
the DIS data from HERA (MMHT2014, NNPDF 3.0, etc.).

» The proper procedure for a BSM analysis of the HERA data:

global QCD + BSM analysis
Including a possible contribution from BSM processes in the cross section
calculation within the PDF fitting procedure
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Quark form factor

Simplest Cl-like parameterisations of deviations from SM -
spatial distribution or substructure of electrons and/or quarks.

In @ semi-classical form factor approach cross sections are expected
to at high-Q?;

do :dGSM l—R—in ’ 1——3Q22
dQ° dQ’ 6 6

R.. R, - root mean square radii of the electroweak charge

distributions in the electron and quark. We assume R_,=0

Same dependence expected for NC and CC e*p and ep.

Positive and negative values of R?, can be considered.

This was the fist model considered in the new analysis approach...
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Quark form factor

Physics Letters B 757 (2016) 468-472

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Limits on the effective quark radius from inclusive ep scattering
at HERA

ZEUS Collaboration

New CI/LQ study follows the strategy developed for R  analysis
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Analysis procedure

The QCD analysis follows the approach adopted for the HERAPDF2.0
determination. The PDFs of the proton are described at a starting scale in

terms of 14 parameters. In the QCD+CI fit, they are fit to the HERA combined
data together with the CI coupling n.

The corresponding x? formula is: same as in the R, paper

[m + D 5m's; —/;0]2 2
(()2 T 551111(:(}1‘) ()”E])Z | ZS}F

z,stat ]

X (pos.n) =)

?

where:
u', and m' are the measured and predicted (SM+BSM) cross sections, p and s

are vectors of PDF parameters and systematic shifts,
Y 8% garr O are the relative correlated systematic, relative statistical and

l,uncorr

relatlve uncorrelated systematic uncertainties of the input data, respectively.

Denominator of the 2 formula differs from the one in HERAPDF2.0 paper...

I.Pidhurskyi, M.Shchedrolosiev, O. Turkot, K. Wichmann, A.F. Zarnecki Search for contact interactions at HERA



QCD analysis of the combined DIS data

arton Density Functions
ZEUS Parameterised at the starting scale of
1. | Q% = 1.9 GeV-:

zg(z) = Agz”s (1 - 2)% — Az (1 - 2)%

" i —— ZRgPDF NLO | zuy () = A,z (1 — 2)% (14 By, z°)
B cxperimental xu, _ zd, (z) = Ag, B (1 — )Ca

zU(z) = AgzPv (1 — )% (14 Dyz)
zD(z) = Apz®2(1 — z)“?

fixed or calculated by the sum-rules

HERAPDF2.0 NLO

set equal

Evolve to any Q? > Q2% with DGLAP at NLO.

We implement Cl effects on NLO cross
sections as:

104 107 107 10! 1 SM+CI( NLO
x GMrC _ M (pNLO)X[OLO Ew<p1 )]
Obtained PDFs for SM are referred to as ZCIPDFs NLO+LO = NLO QLD A H1 G%EW(I,IIVLO)

and are in a good agreement with the HERAPDF 2.0
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Fit results

Result of the simultaneous QCD+Cl fit to the HERA inclusive data, for X6
contact interaction model, compared to the combined HERA NC and DIS data
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Fit results

Result of the simultaneous QCD+CI fit to the HERA inclusive data, for S_*
heavv leptoauark model, comogred to the combined HERA NC and DIS data
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Fit results

Coupling structure

d
Coupling fit results (TEVQ)j v

Results of the QCD+CI | —T T : Ax®
: Model  [€,,, €., €n.:€nn 0o dexp | Omod Otot
fits to the HERA data, - v RLYRR
for general Cl models LL  [+1, 0, 0, 0] | 0.305]0.206 | “007 | T0300 | -2.06
RR [0, 0, 0 +1 0.338 | 0.210 | Tooss | To318 | -2.30
[ +0.212 +0.325
improvement is RL [0, 0, +1, 0] |-0.040 | 0.241 | £0-028 | *0312 1 _0.03
CO”S'SEegt with th1e VV o [41, 41, 1,41 | 0.041 | 0.061 | F9% | 005 | .45
expected Ay*= -
P % AA k1, =1, —1,+1 0.326 | 0.161 | T9322 | 10552 ‘ -4.67 ‘
Larger improvement N -0.594 | 0.225 | Toda0 | fosel | -1.21
V. 1, -1, +1,-1 |
for three models | 1 0676 | 0.200 o0 | T30 | -3.25
nPata uncertainties: X1 +1, =1, 0, 0 0.682 | 0.267 | To5ia | Toses | | -5.52 ‘
5,,, - from statistical and X2  [+1, 0, +1, 0 0.089 | 0.121 | To015 | T0435 | -0.52
systematic uncertainties of . +0.009 | +0.109 )
the input HERA data X3 +1, 0, 0,+1 0.158 | 0.108 | T0o% | To1%% 2.09
5 - from model and X4 [0, +1, 1, 0] |-0.029 | 0.116 | F00% | *o151 1 _0.06
parameterisation X5 |0, +1, 0,+1 0.079 | 0.123 | *oo0s | Toiss | -0.41
uncertainties of the fit _ 40192 | +0.334
(calculated as for HERAPDF2.0) X6 0, 0, +1,-1 -0.786 | 0.274 | Zya95 | Zola02 | -6.01 \
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Fit results

%
Coupling fit results (TeV_Z)%; Q

Results of the QCD+Cl Model Coupling Structure baa | 5 ; p Ay?
fits to the HERA data, "LQ exp | Omod | Ctot
for heavy leptoquarks Sk ™ =+ -0.258 | 0.196 | Tooas | o109 | -1.56
SE e =41 0.533 | 0.331 | Zoo61 | o | -2.53
For most model Sk gl = 41 2561 | 1.115 | 70957 | F13% | -3.98
improvement is Sty af = —3 0.054 | 0.341 | 7995 | Dol | -0.02
CO”S'Stent Wlth the SR (IEd — qft — 1 0112 0491 tﬂ.llB tU.BUB _005
ex eCtEd A o 1 1/2 RL RL 2 0.412 0.641
p X - gL ed __ 1 O 464 1371 +0.925 +1.654 O 10
12 4 p = T3 : : —0.264 | —1.396 -U.
St a® =41, a®™ =+35 | 0974 0.203 | To555 | 10505 |-11.10\
Larger improvement L d 0.0
V. ad = —1 -0.325 | 0.116 | 79920 | 701291 617
L © LL —0.101 —0.154
for >, mode’ VI el =1 1.280 | 0.558 | “0163 | Toos | -3.98
(V. - unphysical, only o Urp T ' 999 | —0.163 | —0.581 | 7O
positive n allowed) VE et =1 -0.267 | 0.165 | To030 | 10108 | 2,53
VE, el =+1 -0.232 | 0.685 | Toueo | Tosas | -0.10
Vi, el =at = +1 -0.056 | 0.246 | 70550 | Tooss | -0.05
Ve, at =+1 -0.027 | 0.171 | 79539 | 70322 | -0.02
VE  ad =1, @ =-2| 0.029 | 0.077 | 70015 | 09 | -0.14
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Statistical analysis with Monte Carlo replicas

Corresponding to classical (frequentist) definition of confidence intervals and limits

First, Monte Carlo replicas of the cross-section measurements for
some value of n™e were calculated as:

Cross-section prediction Correlated
from the ZCIPDF modified Measured cross-section .
) systematic
with nTrue value L
l uncertimtles

T 2 2 ot oo E T
H = [m[l + 5‘1,5th + 5‘i,uncnr Ho T’ﬂ] 1+ FYj T
Relative statistical and Random numbers from a

uncorrelated systematic normal distribution
uncertainties

Simultaneous QCD+CI fit is repeated for each Monte Carlo repllca
resulting in the distribution of nft values. e i =

800 Fraction of 47 = g% 0.75%

Consistency with SM: for nPate>Q

pSM —_ Prob(r]Flt< nData;nTrue=O)
where nP2; result of the QCD++CI fit to HERA data

600

Entries

Confidence interval for the coupling
based on the probability

T — Fi D NnT “a 2 n 2 a
p(n'™e) = Prob(n* < nPate;nre) ey
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Replicas scan example

ZEUS
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i - At |
1E } E
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. . . . . . : o PI’Ob(nFit < nData) :
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i I i True)-
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.E 2501__1 | — L R e AL L 7S N LS Y RS ST STV TGP O [T JFSRY, R O Y A= = .E 160!_ T T T ] [ T e s e e e [
= C Frac = 0.4269 x 107 GeV™ . = - M= 04269 x 107 GeV*? .
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- Hist : = B Histogram : _:
B 11:425:.3;“ -0.9832 x107 GeV? ] ey - Mean = 1.4035 x 107 GeV?>
E RMS =0.6184 x107 GeV?> | - RMS = 05708 x 107 GeV*
1501 ~ 100¢ :
B Fraction of Pt < 1 ; i B Fraction of nfit < mfrac; 7l
- 99.14 % | 801 479 % =
100— Fraction of 1Pt < 1™ : — 60— Fraction of nfit< ™ : L5
B 94.36 % ] - b .
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Replicas scan example

ZEUS
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Replicas scan example

ZEUS preliminary

Sh L = I LI U I T P S S I B R I L N
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General Cl coupling intervals

Results from the Monte Carlo replica scan analysis

ZEUS
Central 90% C.L. HERA e™p 1994-2007 95% C.L.
Model nPata | ey lintervals (TeV=2)| | [7 T s T 1
(Tev_g) (%) nmin e RF{_.Expected e —— E

LL 0.305 | 7.0 | -0.033 0.610 R| P el E
RR 0.338 | 5.9 | -0.017  0.649 AL — i
LR | -0.084 | 34 | -0514 -025 | W e :
RL -0.040 | 42 | -0.464  0.299 Ci —— i
VV 0.041 | 25 | -0.058 0.135 5 R —— &
AA | 0.326 0.116 0530 | g -

, 20.594 | 5.8 | -0.888 0 X3 - 5
VA1 0676 | 25 | 0092 0949 | xa S .
X1 | 0.682 0292 102 | * e :
X2 0.089 | 24 | -0.113  0.269 L SR Tee———
X3 0.158 | 7.3 | -0.018  0.320 n= +4uA® (TeVY)
X4 20.029 | 39 | -0.230 0.144 .

X5 | oro | o7 | 010 oz | Twolntenes causted for e v mode)
X6 -0.786 m -1.130 - -0.369 v? distribution for the HERA data.

I.Pidhurskyi, M.Shchedrolosiev, O. Turkot, K. Wichmann, A.F. Zarnecki

Search for contact interactions at HERA 17



Heavy LQ effective coupling intervals

Results from the Monte Carlo replica scan analysis

Ao /Mg
Model  Coupling Structure g DM 9?:{;5}‘
(TeV=2) | (%) | (Tev™1)
SL =41 -0.258 | 9.0 0.27
SH 3;; = +1 0.533 | 5.5 1.02
SE et = 4] 2561 | 1.8 -
St ah = —3 0.054 43 0.8
Sfy, all =afh = —3 0.112 39 0.99
Sty et = -3 0.464 38 1.51
St a =+1, a0 =45 | 0974 ||<0.01] 0.78-1.16
v et =1 -0.325 | 0.5 :
vVIiE et =1 1.280 1.8 | 0.56-1.44
VRt = -1 -0.267 | 5.5 0.16
Vi afh =+1 -0.232 38 1.11
Vi, ag =af = +1 -0.056 39 0.53
Vi, e =+1 -0.027 | 43 0.47
VE =1, e = 2| 0029 | 32 0.27

LL

Monte Carlo replica study
confirms earlier observations
based on the fit results.

For three Cl and one LQ model,
discrepancies between the HERA
data and the SM predictions are
not likely to be due to statistical
fluctuations only

Before any conclusions on the
BSM contribution to the HERA
data can be drawn, we need to
take into account model and
parameterisation uncertainties.
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Modelling uncertainties

The analysis is based on the HERA data combined in the HERAPDF2.0 framework.

The framework has its limitations, but we can not avoid using it without going
back to raw ZEUS and H1 data. All results are valid within this framework.

We consider uncertainties due to model parameters and parameterisation form,
as defined in the HERAPDF2.0 analysis.

Following variation were used to estimate modelling uncertainties:

- Variation of heavy quark mass parameters, M, and M_

- Variation of the strange see contribution, f,

 Choice of the minimum value of Q¢ for considered data, Q-
 Choice of the parameterisation starting scale, Q-

* Additional parameters in the PDF parameterisation,
In the description of:
- gluon density, D and E_

- valence u and d quark densities, D, , D, and E_
- see quark densities, D, and E,

min

I.Pidhurskyi, M.Shchedrolosiev, O. Turkot, K. Wichmann, A.F. Zarnecki Search for contact interactions at HERA 19



Modelling uncertainties

The QCD+CI fit to the HERA data is repeated for each model parameter and
parameterisation form variation considered.

Modelling uncertainties, 6__,, on the nominal coupling values, n"** , are
calculated from the nft variations (from the fits to nominal HERA data).

For each model we take variations resulting in largest shift in n® (up and down)
and repeat confidence interval calculation with MC replicas for these variation.

Final confidence interval for the Cl or LQ coupling is defined as the sum of

nominal 90% C.L. coupling interval and the two intervals corresponding to the
largest modelling variations (up and down)

This procedure does not require any assumption about the underlying probability
distributions for the systematic variations. In fact, one can not give any such
estimate for most of the considered variations...

How to estimate the probability that there is an additional parameter in the gluon density description?...
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Results ZEUS

HERA e™p 1994-2007 95% C.L.

Modelling uncertainties L | [ exp ] — A,
: : | { [ expected LN —
coupling intervals 'R I
RL R I N
Only for X6 model, Wi s B
Standard Model (n = 0) is AA ]
(just) outside the central VA | S — ;
90% C.L. interval. — —
X1 I R
X2 R
X3 I
X4 R
X5 R
X6 | ] | ] | ] ] | | |m | ] ] 1 | ] ] | |
-1.5 —1 -0.5 0 0.5 1 1.5

n= *4n/A* (TeV?)
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Results

Coupling intervals calculated with modelling variations (exp+mod)
and the corresponding mass scale limits

ZEUS vA g
HERA e*p 1994-2007 data <©>
Central 90% C.L. intervals (TeV—2) 95% C.L. limits (TeV) ~ V
Model | nPata | pay, | Measured (exp) [ Measured (exp | mod) Expected Measured (exp+mod)|| Expected
Tev2) | (%) | g g | e e L I A A
LL 0.305 7.0 | -0.033  0.610 -0.07 0.64 -0.367  0.319 ] 13.6 4.4 5.9 0.3
RR 0.338 5.9 | -0.017  0.649 -0.05 0.69 -0.390 0.337 | 16.5 4.3 5.7 0.1
LR -0.084 34 | -0.514  0.250 -0.53 0.46 -0.388 0.313 | 4.9 5.2 5.7 0.3
RL -0.040 42 | -0.464  0.299 -0.47 0.48 -0.397 0.302 ]| 5.2 5.1 5.6 0.5
VV 0.041 20 | -0.058 0.135 -0.06 0.16 -0.101  0.097 | 14.2 8.8 11.2 11.4
AA 0.326 0.6 | 0.116 0.530 -0.11 0.66 -0.200 0.207 | 10.9 4.4 7.9 7.8
VA 'g:g% gg 'gﬁg; 0_349 101 104 0.723  0.719| 35 3.5 42 4.2
X1 0.682 0.4 | 0.292 1.020 -0.10 1.23 -0.435 0.418 ] 11.1 3.2 5.4 5.9
X2 0.089 24 | -0.113  0.269 -0.12 0.32 -0.206 0.184 | 10.3 6.2 7.8 8.3
X3 0.158 7.3 | -0.018 0.320 -0.04 0.33 -0.183  0.166 | 18.8 6.1 8.3 8.7
X4 -0.029 39 | -0.230 0.144 -0.23 0.24 -0.194 0.170§ 7.4 7.3 3.0 8.0
X5 0.079 27 | -0.129  0.263 -0.13 0.32 -0.212 0.188§ 9.9 6.3 7.7 :
X0 -0.786 0.3 | -1.130 -0.369 | -1.30 -0.02 -0.454 04157 3.1 5.3 5.5

All exp+mod numbers preliminary, to be updated !!!
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o/ Tert

Results

Comparison of general CI limits with SM predictions

Plots to be updated for final (exp+mod) limits

o/ o g
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Results

Smaller influence of
modelling variations
for fits of heavy
leptoquark models

Deviation observed
for S1L model
persists...

All exp+mod
numbers
preliminary, to
be updated !!!

ZEUS A
HERA e*p 1994-2007 data 4@
TR
Ao/Mpg 95% C.L. limits (TeV 1)
Model Coupling Structure nf{jt“ PSM Measured Expected
(TeV2) | (%) (exp) || (exp+mod)

St e =+1 0258 | 9.0 0.27 0.34 0.56

SE e =41 0.533 5.5 1.02 1.06 0.72

Sk aed =41 -2.561 1.8 - - 1.71

Sty at =—3 0.054 43 0.8 0.83 0.76

Sty all =afh = —3 0.112 39 0.99 1.02 0.92

Sty atd =—4 0.464 | 38 1.51 1.77 1.39

St ad =+1, ¢ =+1| 0974 | <0.01]0.78-1.16 0.60-1.17 0.62

VE et = -1 -0.325 | 0.5 - - 0.44

vE e = -1 1.280 1.8 | 0.56-1.44 | 0.45 - 1.50 0.99

VE gt =1 -0.267 | 5.5 0.16 0.21 0.53

Vi, att = +1 -0.232 38 1.11 1.11 1.29

Vi, et =af = +1 -0.056 39 0.53 0.69 0.57

Vi at =+1 -0.027 43 0.47 0.61 0.49

VE el =—-1,a" =-2| 0.029 32 0.27 0.42 0.25
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Results

Comparison of heavy leptoquark M/\ confidence intervals with SM predictions

Plots to be updated for final (exp+mod) limits
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Conclusions

- HERA combined data used to search for possible deviations from
SM predictions within the eeqg Contact Interaction framework

* New procedure:
simultaneous fit of PDF parameters and the Cl coupling
crucial for unbiased new physics searches

* Significant improvement in the description of HERA data
observed for selected Cl and LQ scenarios

* Confidence coupling intervals calculated using Monte Carlo
replicas, taking into account data and modelling uncertainties

- Most significant discrepancy for S;t model is unlikely to be

explained statistical fluctuations or any of the considered model
and parameterisation variations.

* Theoretical predictions have to be reexamined carefully before
the observation can be attributed to any scenario of “new
physics”

I.Pidhurskyi, M.Shchedrolosiev, O. Turkot, K. Wichmann, A.F. Zarnecki Search for contact interactions at HERA 20



Additional checks

* As mentioned at the beginning, the analysis is
based on the HERAPDF2.0 framework and

assumes validity of the HERAPDF2.0
parameterisation.

* |s the PDF form flexible enough?

* We tried to use bi-log parameterisation, also
available in xFitter (completely different form,
more parameters)

* Results of QCD+CI fits for X6 and S1L models
are consistent within the modelling variations of
the HERAPDF2.0 approach
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Additional checks

Very different parametrisation form and fit results at the starting scale Q2
Consistent fit results for S, model coupling

HERAPDF2.0 variations: nP = 4+0.759 TeV2to +1.016 TeV-?

Bi-log fit: nPate = 4+0.737 TeV-~ Ay? ~ =9
o m 2 2 < 1.6 2 2
C - Q°=1.9 GeV e e . Q°=1.9 GeV v
% 94F s 1BiLog fit sLer % | —S_1BiLog fit sper
> - _Ii . p—d - T .
Y0355 — S_1 HPDF2.0-like fit S 4 4. — S_1 HPDF2.0-like fit
- E B
0.3F o[
- v 1.2
B > |
0.25F I
0.2F N
0.15;— 0.8_—
0.1 -
0.05F 0.6[-
0: | [ IIIIIII | | IIIIIII 1 [ IIIIIII 1 1 L L0l 0-4__ 1 L lIIlll[ 1 1 Illllll 1 L llllll[ 1 L L L LiLll
107 107 1072 107 ] 107 107 102 10~ .
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Public results  'ndicated by < -

Tables
* Fit results for Cl and LQ models (tables 1 & 2, see slides 11 & 12)

* pPsy Values and coupling intervals/limits for Cl and LQ models
(tables 3 & 4, slides 22 & 24)

Figures

* Fit result for X6 and S1L models compared with NC DIS data
(figures 1 and 2, slides 9 & 10)

* Confidence intervals for general Cl models (figure 3, slide 21)

* Comparison of limits with HERA NC DIS data
(figures 4 and 5, slides 23 & 25)

- Additional plots available for confidence interval definition
(slide 16)
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Simplified fit procedure

About 3000-5000 Monte Carlo replicas have to be generated and fitted for each value of n™¢ and
for each considered Cl scenario. With a single QCD fit to the full HERA data set taking on average
about 1.5 hour of CPU time, processing time was a limiting factor for including more models in
the analysis (single model analysis required about 30 years of CPU time).

We developed a simplied fit method, based on the Taylor expansion of the
cross section predictions in terms of PDF parameters, which allowed us to reduce the limit
calculation time by almost two orders of magnitude.

A note describing our simplified fit:

ZEUS-Note 2016-001 CPU time for single replica fit

arxiv:1606.06670 220

200
== it
180
160 — Simplified fit
140

120

100
80

60
40

20

III|II||III|III|III|III|III|III|III|III|III|II

1 I4..5I o] | I5
log (t__ [s])

10" CPU
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Simplified fit procedure

The simplified procedure was first tested for the R, model, perfectly reproducing results of the full
QCD+BSM fit.

Replica fit results for qu'Tr“e corresponding to the limit set in the analysis

F
L ) LI LI LI LI LI LI LI LI ||||||_ r\-..l—h K1|u T T T T T T T T T T T 1 T T T T T
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