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Introduction il

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 00

Status: 1-July-2007
400 —————————
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HERA Il 2002-2007 N e
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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 (i
AR yIVERS!

Two omni-purpose detectors

Both equipped with silicon tracking, drift chambers,
hermetic calorimetry and muon detector system
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3 A
Introduction

Two omni-purpose detectors

Both equipped with silicon tracking, drift chambers,
hermetic calorimetry and muon detector system

Combining H1 and ZEUS measurements
Different detectors
= complementary event reconstruction methods
= reduction of systematic uncertainties
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Introduction e st

Deep Inelastic e*p Scattering Main process studied at HERA

1 Rup 122145 Event 69500 Date 19/06/1985

NC DIS -

t

oty

Kinematic variables:

e(k) e, v(k') Q*

—(k—k)? |virtuality| of the exchanged boson
= spatial resolution A ~1/Q

= sensitivity to mass scales A~ Q
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Introduction =

Deep Inelastic e*p Scattering

1 Rup 122145 Event 69500 Date 19/06/1985

NC DIS '

Kinematic variables:

2 _ 2
e(k) e, v(k') @ =-(k-F)
. @
gl TSP = F)
/
44 P-(k—Fk)
p remnant = Pk

Main process studied at HERA

|virtuality| of the exchanged boson

fraction of proton momenta
carried by stuck quark

fraction of lepton energy
transfered in the proton rest frame
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HERA data

U O By

Combination of HERA measurements
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. Phys. J. C 75 (2015) 580, arXiv:1506.06042

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

2927 data points = 1307

Good consistency between
experiments and data sets

x?/ Ngr 1685,/1620

A.F.Zarnecki (University of Warsaw)

Quark radius and Cl at HERA

August 5, 2016 6 /24



HERA data

QCD analysis

DIS cross sections can be described ) Hiand ZEUS
S
in terms of the parton distributions " W2 =10 GeV?
in the proton. osl — ERAPDEONLO ]
- L'i'.ffi:i'?.:ii?
We parametrise Parton Density ' e X

. HERAPDF2.0AG NLO

Functions (PDFs) at a starting scale
of Q? =1.9 GeV2,

We then use QCD evolution equation
to evolve them to arbitrary Q2 scale.

Fit to combined H1+ZEUS data
— HERAPDF2.0 .

Eur. Phys. J. C 75 (2015) 580, arXiv:1506.06042
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HERA data

Resulting SM predictions
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Combined QCD+EW analysis shows good agreement with SM predictions

= see presentation by Amanda Cooper-Sarkar (ID: 314)
Phys. Rev. D 93 (2016) 092002, arXiv:1603.09628

Good description of the data also
at the highest Q? values

Q® ~ M2, My,

NC and CC DIS cross sections
comparable

Sizable contribution also from
v — Z° interference
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HERA data

Resulting SM predictions
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7O

10°

Q/ GeV?
High precision data could be used to look for possible BSM effects...

Good description of the data also
at the highest Q? values

Q® ~ M2, My,

NC and CC DIS cross sections
comparable

Sizable contribution also from
v — Z° interference

However, PDF fit may have been biased by BSM contributions!
= new approach needed
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Quark radius limits R

Quark form factor
“classical” method to look for possible fermion (sub)structure.

If a quark has finite size, the standard model cross-section is expected to
decrease at high momentum transfer:

e sm 2 2 2 2
s el R m g
q d@ dQ 6 6

Rq

where R, is the root mean-square radius of the electroweak charge
distribution in the quark.

We do not consider the possibility of finite electron size...

same dependence expected for e™p and e p !
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Quark radius limits :

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

. . .12
[m’ + > yim's; — ,u’}
TR 0
X (posn) =) . o+
i <6i,stat + 5i,uncor) (/“LO) J
p and s are vectors of PDF parameters p, and systematic shifts s;,

7 is the parameter describing BSM contribution (eg. 7 = Rg)

= we fit them simultaneously to the combined HERA data

Rg Data ™ _ _02.1073% cm?

pé and m'(p,n) are measured and predicted (SM-+BSM) cross sections,
fyjf, 0i stat and & uncor are the relative correlated systematic, relative statistical and
relative uncorrelated systematic uncertainties of the input data point 7
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Quark radius limits

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 RZ 1" and varied randomly according to the statistical and
systematic uncertainties (including correlations) of the input data.

2 Data p2 True
Rq Rq

. . 8 240:_ T T T T T E|
Each replica is then us_ed as an £ =0 — E
Input to QCD"—BSM f|t = 180 (R = 04786 x 10° Gev? ]
2 Fit 1602— RY™=6 x10° GeV? é
= Rq 140 Fraction of (R)™ < R)"™:
120;— 1.84 % —;
100 =
. 80F E
Number of replicas for each 50 3
. . 40 =
considered R " value n ENS
. ok L L L L3x10"
= distribution of R2 Fit o s 05w s
q R2/GeV-

Rz ¢ is tested by comparing R; "' distribution with the value of R P!
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Quark radius limits

Limit setting

, ZEUS
The probability of obtaining a R2 " § s
. o . e PDF +R,replicas -
value smaller than that obtained for Eote, pnnannp 1
the actual data S0 h ﬁ::g::m”"“s |
Ec:’ "*,\ “““““ 95% C.L. limit

2 Fit 2 Data E 10 ) e
Prob(R; ™" < R; =) N E
is studied as a function of Rg True i i 1
{ I by
Rj True values corresponding to the 1 R
probability smaller than 5% are S TR

excluded at the 95% C.L. 0 o8 of ofs 02 035

R; True ((10-16 cm)Z}

Ry < 0.43-10*°cm

limits obtained for fixed PDF parameters are too strong by about 10%
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Quark radius limits

Phys. Lett. B757 (2016) 468, arXiv:1604.01280
Results ZEUS
T
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Contact Interaction limits oS

Contact Interactions
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)
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Contact Interaction limits

Contact Interactions
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% : (éa'Vﬂea)(C_lﬁ'Yqu)
a,B=L,R
q
’flf;z; - 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
"7066 — gaﬁ.n = gaﬁ.ﬁ

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

General models

Also referred to as compositeness models

(A - compositeness scale) Models violating parity:
Family universality assumed: Model ci €ir €RL ErRR
LL +1
ey = 0% =0 =0 =0 RR +1

Models conserving parity:
W  +1 +1 +1 +1

Parity conservation require:

N0tk — 0k~ kR = O " E o ; o
X1 +1 -1
X2 +1 +1
X4 +1 41
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Contact Interaction limits :

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 Rg True

= over 200’000 fits to set final limits
Processing time was a limiting factor

ET T T T T
220~ -

#events

for including more models ok — Fullfit ]

mé — Simp. fit J
Simplified fit method, based on the ool 3
Taylor expansion of the cross section o E

predictions in terms of PDF parameters

= reduce the limit calculation time
by almost two orders of magnitude. o

For details see arXiv:1606.06670

IOgm(tcpu /5)
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Contact Interaction limits

Results

Same limit setting procedure applied to contact interaction models.

Use replicas to calculate:

PI‘Ob(?’]Fit < nData)

for n > pPata
PI‘Ob(?]Fit > nData)
for n < nData

True

for different 7
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Contact Interaction limits

Results

Same limit setting procedure

Use replicas to calculate:

PI‘Ob(?’]Fit < nData)

for n > pPata
PI‘Ob(?]Fit > nData)
for n < nData

True

for different 7

Excluded on 95% C.L.

are 7" resulting in

probability below 5%.

Probability (%)

applied to contact interaction models.
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Contact Interaction limits :

Results
Same limit setting procedure

Use replicas to calculate:

PI‘Ob(?’]Fit < nData)

for n > nData

Probability (%)

PI‘Ob(?]Fit > nData)
for n < nP

ata

True

for different 7

Excluded on 95% C.L.

are 7" resulting in

probability below 5%.
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Contact Interaction limits

Results

For AA scenario, QCD+CI fit gives improved description of the data

Fitted coupling

Data

n = 0.32 TeV 2

corresponding to

N\Data 6.2 TeV

-
=)
®

Probability (%)

-
o

107"
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Contact Interaction limits

Results
For AA scenario, QCD+CI fit gives improved description of the data

Fitted coupling ZEUS preliminary

@102? Teseefecesbesies n\..gaa‘.UQEE‘uumunwunmsg‘gggga‘aaaumnnw JE

_ z [ AA model il .;efom 3

nP = 032TeV? £ ¢ ]
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F QCJ °° I* 3

L ] —

@ ¢

APt = 6.2 TeV S it R

1= * ) —

Eogt . Prob(if™ < P2 t P

. C o Prob(nf > nPaa) ]

The probability of i ii = Prob(if > ot ]
obtaining larger best-fit 1o . } U $ SN 1. Joe

coupling for 5™ =0 ' ' ' T (Gev)

psv = 0.7% (2.50)
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Contact Interaction limits

Results
For AA scenario, QCD+CI fit gives improved description of the data

Fitted coupling ZEUS preliminary
@102; TeTe et eges ‘.;gEa‘.UQEE‘DDmuu‘uu:gg‘ggggé‘aﬁaumnn\ 42
nData — O 32 TeV_2 §> F AA model . of ;;eao E
H E 10— uu : °w° .'| —
corresponding to g K 3 ** o5% Gl allowed s E
L o ¢ 3 ]
APta = 6.2 TeV - ! h
1= * ) —
Eogb % Prob(n™ < n°%s) f} E
e £ o} Prob(nFit> nPata ]
The probability of - i L P:sz;lmzsm)) 1
obtaining larger best-fit o L } ‘li‘ $ ST A 1. Joe
coupling for 5™ =0 ' ' ' I (Gev?)
psm = 0.7% (2.5 (T) 49TeV < AT <104 TeV
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Contact Interaction limits L

Results
Improved description of the HERA data also for VA and X1 models

(models with opposite coupling sign for left- and right-handed quarks)
probability that the SM reproduces the data is psyy = 2.1% and 0.3% respectively

The fits suggest a positive deviation in NC e~ p DIS at highest Q?,
while a negative deviation is preferred for e p.
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Contact Interaction limits

Results

Improved description of the HERA data also for VA and X1 models
(models with opposite coupling sign for left- and right-handed quarks)
probability that the SM reproduces the data is psyy = 2.1% and 0.3% respectively

The fits suggest a positive deviation in NC e~ p DIS at highest Q?,

while a negative deviation is preferred for e p.

The discrepancy is unlikely to be an effect of experimental systematic
uncertainties, which were largely reduced by combining H1 and ZEUS data.
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Contact Interaction limits S

Results

Improved description of the HERA data also for VA and X1 models
(models with opposite coupling sign for left- and right-handed quarks)
probability that the SM reproduces the data is psyy = 2.1% and 0.3% respectively

The fits suggest a positive deviation in NC e~ p DIS at highest Q?,
while a negative deviation is preferred for e p.

The discrepancy is unlikely to be an effect of experimental systematic
uncertainties, which were largely reduced by combining H1 and ZEUS data.

Possible explanations, before we attribute it to “new physics”
@ missing higher-order EW corrections

@ limitations of the assumed PDF parametrisation/evolution scheme
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Contact Interaction limits :

Results
Cross section deviations corresponding to the allowed coupling range
for VV and AA models ZEUSprédiminary
Eﬁ ra) NC9+p DIS Contact Interactions
5 | 95% CL Limits N
L Y E
[ AA
No PDF variation included! T E
10 10° Q* (Gevd)
& [b) NCepDIS .
= i
e |
1 10f Q? (Gev))
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- . . ‘\‘12%’
Contact Interaction limits =

Results
ZEUS preliminary ZEUS preliminary
HERA 1994-2007 ¢p 95% C.L. HERA e*p 1994-2007 data

mm—Obsrved || e Expected 95%C.L. limits (TeV)
wl 1 Observed Expected | psy

= - Model | A~ AT A= AT | (%)
s . LL | 22.0 45 59 62| 65
Wi B RR | 32.9 4.4 57 61| 56
AA VW | 147 9.5 11.0 11.4|24.8
vl N AA - 48-104| 79 7.8 07
ol . VA - 36-101| 41 41| 21

- . X1 - 35-66| 57 56| 03
x| B X2 | 108 6.8 78 8.2 231
x4 L - L X4 | 7.6 9.2 8.0 8.6 |60.3

P I B [
-01 -008 -0.06 -004 -002 0 002 004 006 008 0.1

+ 1/A% (TeV?)
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Contact Interaction limits S

Results
ZEUS preliminary ZEUS preliminary
HERA 1994-2007 ¢p 95% C.L. HERA e*p 1994-2007 data
Cmmmm Oberved | mmem Expected | 95%C.L. limits (TeV)
wl 1 Observed Expected | psy
= - Model | A~ AT A= AT | (%)
s . LL | 22.0 45 50 62| 65
Wi B RR | 32.9 4.4 57 61| 56
AA VWV | 147 9.5 11.0 11.4|24.8
vl N AA - 48-104| 79 7.8 07
ol n VA - 36-101| 41 41 21
- . X1 - 35-66| 57 56| 03
x| B X2 | 108 6.8 78 8.2 231
T T X4 | 7.6 9.2 8.0 8.6 |60.3
0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 041
+ 1/A* (TeV?)
ATLAS limits from 13 TeV data: | LL | 252 178
arXiv:1607.03669 RR 24.6 18.2
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Conclusions Ve pae®

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.
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Conclusions =

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.

Limits on the quark radius in the form-factor approach

—(0.47-107"cm)® < R < (0.43-10 '®cm)?
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Conclusions =

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.

Limits on the quark radius in the form-factor approach

—(0.47-107"cm)® < R < (0.43-10 '®cm)?

Limits from the Cl analysis in the 10 TeV range

Cl models with opposite coupling sign for left- and right-handed quarks
give improved description of the data

= theoretical predictions need to be reexamined carefully
before any conclusions can be drawn
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Thank you!
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Backup

Simplified fit procedure
New procedure was validated by repeating Rg limit setting procedure.

Comparison of results for replicas generated with R2 ¢ = (RLimit)2,

x? of the fit Fitted value of R2
T o e A g 2 B L —
= ] BN ]
“:': 1300 / { < [ / 1
=] £ » B o L . 4
E 1250 A 4 E r T
@k ] £ 0 7]
1200 - o F 4
11502— —; 5} 5; 1
1100~ 4 L ]
o //, ] of ]
1000~ # 3 L ]
sso;— / E _5;/ n
Y| 2N I B NS N PV B PN S b S NI ENF RN BN B o [
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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