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Motivation

Simulating mono-photon events with WHIZARD

— new procedure for merging ISR structure function with ME

- ArXiv: 2004.14486, Eur. Phys. J. C (2020) 80: 634

New approach to DM searches with mono-photon signature

Preliminary results

Prospects
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Motivation

* Initial aim: preparation of background and signal + o -
samples for Dark Matter analysis using a mono- cc —VV
photon signature. Following issues would need to be 9 U = Y v =

e
addressed: \{/'/

- To avoid double counting of photons from the ISR (y'S}%) 7~ W W -
and those from matrix element (yMF) i NG

- To have the same procedure for all backgrounds and DM
signal, successful generation of all processess in the first
place: cutting out all of the singularities, stable cross sections
calculations etc

X
)
+
b
™
+

* Qutcome: procedure general enough for any BSM e _ _ e
searches with neutrino and Bhabha mono-photon 8 € &

events v, 7

- NOTE: one cannot properly simulate all matrix element
photons: t-channel W radiation events (mostly with high
photon multiplicity) are not included in WHIZARD
description of the ISR



Simulating mono-photon events with WHIZARD



WHIZARD mono-photons e OF WARSAW

* Lets define variables q* and q- calculated

for each photon in the event. e-/e* fixed as %'
beam energies: O, 402k
0 + F
q— = 2\/(Ee E’y) Slﬂ(%) =
0 10 '
d+ = QX/EEejL E’y) COS(i) E — BeamCal (E'>30 GeV)
2 [ — LumiCal (E'>10GeV) |
* Merging would be done for energy Emir - — Tracking (E>5GeV) .}
and qmr: generated YME should have q* TE s whoton e
and q- above g™ and energy above Emin f P00 1,10,1008eY
* ISR photons accepted only below given 1 10 10(; y
Emin and qminvalues q [GeV]
* Additional ‘hard photon’ selection: events q'/q- phase space for Vs of 380 GeV
with at least one y having pT > 5 GeV and (more cases in backup)

7°<0<173° 5
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Merging ISR and ME photons

Using CLICdet design one can see that preferred value of gmerseis ~ 1 GeV:
no ISR photons reach the BeamCal

s =
Q 3L -
(.2, 10 8 10° =
o] : — -
0'1025_ O‘N102:_
10F —peemonEisocen | case 10 F —Beamcal €30 6ev)
s oy F — LumiCal (E">10 GeV) ™. . ]
i iIﬂr;C:;;?o;Ec:ts Y ( [ — Tracking (E'>5 GeV)
1 o MEpnoon et b _ 1L+ ME photon i
- .....|T S ] F p!=0.1, 1, 10, 100 GeV
2 3 ronl Ll Lol N | !
1 1010 [(13%\/] 1 10 102 10°
9 q, [GeV]

q™ =1 GeV q™ =10 GeV 6



Neutrino sample

Z 10°

10?

10

— vV, 380 GeV, q=0.1

—— v, 380 GeV, g=1

— vV, 380 GeV, g=10
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Impact of q__ cut on cross section calculation: stable

50

150 _ 200
p;[GeV]

100

Whizard-2.8 c(e e~ — vv) [fb] ole’e” —vv)[fb
Vs[GeV] Gin[GeV] vV YV + YuE (VV + 2%k ! VvV + 3YuE afEer ISR reject)i([)n ]
G001 16500 2600 220 50000
380 Gpi=0.5 12600 1600 110 50400
Gmin=1 50900 10900 1200 55 50600
Goin=5 7000 480 15 50700
Goin=10 5300 270 7 50800
With ‘hard photon’ selection:
Whizard-2.8 6(e e — vv) [fb] o(eTe” —vv)[fb]
Vs[GeV] Gmin|GeV] W+ Yme | VWH+2¥ue | VV+3Yye | after ISR rejection
G pin=0.1 3200 910 120 3000
380 Gmin=0.5 3200 670 55 3000
Goin=1 3200 570 43 3100
Gpnin=3 3200 340 10 3100
Gin=10 3200 230 6 3100
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KKMC generator:

. S. Jadach, B.F.L. Ward, Z. Was
Comparlson of WHIZARD and KKMC generators for Computer Physics Communications 130 (2000) 260-325
neutrino sample at Vs = 380 GeV

. . . Th ‘h d h t 9 l to N d:
- Using generators with different € same "hard photon” selection impose

ISR/FSR descriptions = T el o
- no phOtOIl cuts ——— Whizard-2.8.2 v¥, 380 GeV 10* 3 3 f ]
Z E ——— KKMC vv, 380 GeV E | ——— KKMC v¥, 380 GeV
, 10° ¢ 3
0t ] ——— KKMC v¥, 380 GeV i 1 102 | =
i 10° ¢ E '
10° b i
: 10 E
107 g — 5 10 |- -
. ) . 1— EE— ! —1 1 P R A TR I
0 2 4 6 8 10 0 2 4 6 0 50 100 150 200
#photons #photons pY [GeV]
-

q™" set to 1 GeV 8
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Bhabha sample and ISR/y™" merging RELAEILE

10° 3 —— Bhabha, 380 GeV, g=0.1 3
* Comparison of pT spectra for energies of 102 — eatta el
380 GeV and 3 TeV for Bhabha 105 — habhn 330 Gev et
background as a function of different
merging parameters q™» 1) .
1M0'ed o T S
L. . 0 50 100 150 200
* Distributions show small impact on the P [GeV]
. pd T T T T i
shapes of the given spectra 10 a3 7ev, 0701
102 L Bhabha, 3 TeV, q=1 |
* For further studies qmi value set to 1 GeV 10l presne TR
10"
J5e. 9

piGeV]



New approach to DM searches with mono-photon
signature
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New approach to DM searches

* Common approach:
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setting limits on mediator mass for given coupling structure/values

* This approach is suitable,
1f we can assume

M, g » Vs

but this does not need
to be the case...

* Different approach needed
for mediator masses ~ s

HE-LHC

HL-LHC

gom=1, go=1

tt+MET

FCC-hh

LE-FCC

HE-LHC

HL-LHC

gom=1, go=1

Monojet

CLIC3000

| gom*ge=1

CLIC3g9

ILC

FCC-ee

CEPC

Monophoton

S
uropean Strategy) Scalar 1

0.1

05 1
M Mediator [TGV]
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New approach to DM searches

* Experimental approach: _ Y X
set limits on the DM production cross section

— as a function of the assumed mediator mass

and mediator width o X
DM mass not relevant, if sufficiently light

— depends on the assumed coupling structure,
but coupling values not relevant

— most model independent limits
can be then interpreted in different models

12



New approach to DM searches

* Experimental approach:
consider 2-D distribution of mono-photon event

* Main backgrounds (generator level cuts only) @ 3TeV CLIC:

ere- — vV ere- — ete

: T T T T T T T T T T T T T T T T T :‘ T T T T T T T T T T T T T T T T T

3 3
Iong [GeV] Iong [GeV]
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New approach to DM searches

* Experimental approach:
consider 2-D distribution of mono-photon event

* Main backgrounds & signal @ 3TeV CLIC
ete- —> v & ete- — ete Mp=50GeV M, =1TeV T, . =50GeV
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New approach to DM searches

* Experimental approach:
consider 2-D distribution of mono-photon event

* Main backgrounds & signal @ 3TeV CLIC
ete- —> v & ete- — ete Mp=50GeV M, =2TeV T . =50GeV

0.006

= =

o 0.005
1= 0.004
0.003

0.002

0.001

0 0.5
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New approach to DM searches

* Experimental approach:
consider 2-D distribution of mono-photon event

* Main backgrounds & signal @ 3TeV CLIC
ete- —> v & ete- — ete Mp,=50GeV M, =2TeV T __=500GeV

= =

0 0.5
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* For now one scenario studied =& F + e Li30GeV ]

. © 103 & R ® I'y=100GeV -

— Dirac Dark Matter of 50 GeV 2 ;a'i::.__ m =300 Gev

. . . - u :'o . |

- Vector mediator with different  1°fF , . e m E

masses and widths oL . + 9 :::-. ]

» Example of cross section : e tes

- - TF &

behaviour for different ; z
collision energies 107" 1('32 103

Vs [GeV]

Assumed mediator mass
of 300 GeV

17



Cross sections as a function of FACULTY OF
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mediator mass T
Without luminosity spectra With luminosity spectra
" L L L L e '_'102 _E' L L L A 'ﬁ_
gL ¢ oeremew ] 2 F .+ TGV
o § © Iy=100GeV 3 ° 10 [ o °® Iy=100GeV |
10 ¢ ﬁ m I, =300GeV — ML LLITTT W I,=300GeV 3
L. . E - p S -
- ° - 1
1|§—++¥;;:=== :.": E E ':_'. 3
; L B N
107 Wt m E 107 F +++.'-. "u E
= +"'+ S - - Yy © " ]
[ + s ] P L
102 e 03 107 £ + o 3
10—3 M BT BRI SRS SR 10—3 M BT BRI SRS SR
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
m, [GeV] m, [GeV]

For 3 TeV collision energy @ CLIC s
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* Limits calculated with CLs method ~ :°%f erees] 1] 1 Positive
. . . X e S * ] i ]
from 2D photon distributions TOTP I Lt 1L . .o pol
. . 206h L ; ] - Tt -
— Assumed luminosity: 1 ab-! 5 :
Eos| : -
- 3TeV CLIC v e
0.4 o ]
- Requl.re only one photon in the detector  —ar—rora—rrrat  ssn om0 0w 3100 3200
(LumlCal and BeamCal VetO) mediator mass mediator mass
— Consider electron beam polarisation — » { T T )
. . Negative
— Limits not corected for acceptance % 2r itk 1 pol
e Stable cross section limits for a wide &, =" 5 i :
range of mediator masses £ | ;
3 1 —— Vec med, rjt:o N 1k |
* Limits improve for narrow resonances |« emssm

0 1000 2000 3000 4000 5000 2800 2900 3000 3100 3200 19
mediator mass mediator mass
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Impact of assumed luminosity
Negative polarisation

1 ab™ 4 ab™!
T T T T T T T T T T T T T T T T T T T T T T T T T | T T T T

o T | T =) i T ]

> > -

+ + i ] Ll

X 2 = se"8ge® <~ 1F ....-i LR L

= i .. ...' = B _— om®,

T mm o.‘.* T i u * 2

' i [ ® ¥ ' 084.-..... ® ++\ N

+CD i ] " ° +* +m . L] L] ‘ + * +

(1))  mm gy By o ® st (¥) o ? * *

~— — + @ + ®

e156F .° °.° +* + — o ¢ + *

o ® e 3.0 * * c . }'

S - e ot + & N 00.6_ |

= + ¥ = +

€ €

4 1 —— Vec med, I'=30 3 0.4 —+— Vec med, T'=30 B
| —— Vec med, T'=100 i —s— Vec med, I'=100
+Vec med, T=300 0 2 —a— Vec med, I'=300 a
IIIIIIIIIIIIII - L L L 1 L L L L 1 | L L L Il

0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
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Ratios of limits

o
%)
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o

Ratio of limits
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Ratios of limits calculated for assumed luminosity of 4 ab™' with respect to 1 ab™

positive (open symbols) and negative (full) polarisation

F:

™ T
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- & —

B o - _
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) |
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gy 051
E
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Ratios of limits calculated for negative polarisations to positive
polarisation limits, for assumed luminosity of 1 ab™

I'=30 GeV I'=100 GeV I'=300 GeV
:‘g 3_' L ] _.2 3_' L ] "U__), 3_' T T T T T T T T ]
= i . e i £ i ]
8 $*; T T LS -u_: - .55!' ess®e®es g -4_: Tl LR LR LN
x 25} . = O 25+ e = o 25+ " =
* ‘E—u' | A. ‘EE I I-! i
s* m . P m i'.. ]
- @@$ L] -
2F . = 2+ = 2F =
1.57\ PO RSN NN T TN T TN N TN NN S AN NN T SO TN SN NHN RN \7 1.57\ PRSI T ST ST SN AN TS ST SN NN RN ST SR SN (RN SR | 15 oo b by b by
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
mediator mass mediator mass mediator mass

For the same luminosity, positive electron beam polarisation improves -
the sensitivitiy to DM production by about a factor of two
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* All results so far based on generator level cuts

* Delphes model of CLICdet has beed modified to allow for better simulation
of forward calorimeter acceptance

>
o 1 e
C —
2 -
'S L
= 08
L B
0.6[ ,
L 1500 GeV + i
- O EFlow track N
0.4 " s Electron P $ ]
- ® Photon ’ ) ]
® LumiCal » —
»

02F

BeamCal

23
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* Presented merging procedure allows to treat two main backgrounds of mono-photon analysis with the same
approach and obtain stable cross section calculations also for the Bhabha background. This procedure is general
enough to be used for arbitrary BSM scenarios with mono-photon signature

*  Working merging procedure allows to obtain model independent limits on Dark Matter production cross
sections for different experimental setups

— Only coupling structure needed

— Impact of the mediator width on signal-to-background separation
* Scans of upper limits for a single DM scenario

— Light mediators clearly distuingishable

— Positive polarisation beam setup gives better limits

* Preliminary results based on generator level cuts, study based on Delphes detector model will follow

24
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Backup
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S 10% Sl
Vs =250 GeV o | Vs=500GeV o ¢

10¢ . 10k .
[ — BeamCal (E'>30-GeV) E — BeamCal (E'>30 GeV)
[ — LumiCal (E'>10 GéV) [ — LumiCal (E'>10 GeV),_
[ — Tracking (E'>5 GeV) . | — Tracking (E'>5 GeV) d
1k ---ME photon cut 4 1k === ME photon cut e )
F ---Hard photon cut E E ---Hard photon cut ‘ g
[ p'=0.1, 1, 10, 100 GeV ] R p/=0.1, 1,10, 100 GeV ]
— T T
=10%s ‘
(O] £ L
S r :
Vs=15TeV otk Vs =3 TeV [
‘ 107 102k
10 £ — BeamCal (E'>30 Gev) 1Q | — BeamGal (E'>30 Gev) 4
F —LumiCal (E'>10 GeV). ! E — LumiCal (E'>10 GeV)-. 1 3
F — Tracking (E'>5 GeV) l [ — Tracking (E'>5 GeV) ‘ ]
[ === ME photon cut . . [ --- ME photon cut : 1
1 E --- Hard photon cut TroreEeeenaas -3 1§ ---Hard photon cut el -
FE - p’=0.1,1,10, 100 GeV ] E - p/=0.1,1,10, 100 GeV ) ]
Y T Y BT B Bl vl v 0l d
2 3

q [GeV]

q [GeV]



Merging ISR and y** for sample with

Pt > 5 GeV cut q" =1 GeV

Bhabha sample

+ wof T
—q1_vs_g2_ISR 200—
S B - o
= g1_vs_g2_ME C
2000 180
o0l b fE L
F Plots for | ¥i* .7
- : 3TeV oL B
500 — B . -
E b N S case -
(1= N e C
R T B B R S PR O [
00 00 00 2000 00 3000
Red — yISR

Black _ YME qmerge — 1 GeV




Merging ISR and y*"*
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Dependency of the neutrino sample on the merging parameter ™"
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Whizard-2.8 (e e” — vv) olete” = vy
Vs(GeV] Gmin|GeV ] V'A% WH+Ye | VWWH2Ye | VWV 3Yue afEer ISR seleczinn
Gprin=0.1 16500 2600 220 50000
380 Gypin=0.5 12600 1600 110 50400
Gmin=1 | 50849 | 10900 1200 55 50600
Qi =5 7000 480 15 50700
Gruin=10 5300 270 7 50800
Gpyin=50 1400 21 0 50500
Gprin=0.1 26200 6300 970 52200
3000 Gyrin=0.5 20700 4000 410 52300
Gin=1 53921 18500 3100 180 52400
Gorin =3 13000 1600 74 52700
Gpin=10 10700 1100 57 52600
G,y =50 5200 260 2 52800

28




Merging ISR and y*"*
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Dependency of the neutrino sample with a ‘hard’ y"“on the merging parameter q™"

Whizard-2.8 c(e"e™ — vv) clete™ = vv)

Vs(GeV] Gimin| GeV VWHYye | VWH2Ye | VV+3Yye | after ISR selection
7, =0.1 3200 910 120 3000
380 Gy =0.5 3200 670 55 3000
g =1 3200 570 43 3100
Gy =5 3200 340 10 3100
=10 3200 230 6 3100
Gpyin =50 1400 22 0 1400
g, =01 | 4200 1900 260 3700
3000 g,n=05 | 4200 1500 220 3900
g =1 4200 1300 140 3900
Gy =5 4200 850 66 3900
Gpyin=10 4200 680 31 3900
Gyyin=50 4000 240 2 3700
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Merging ISR and y*"*

Dependency of the Bhabha sample with a ‘hard’ y"'“on the merging parameter ™"
Bhabha background requires ‘hard’-photon approach to have the cross setion calculations
even converge

VG| | auulGev) |, V2B ol Se e iND folele See tAY)
e'e +Yye | e e +2yyr | e’ e +3yyr | after ISR selection
Gmin=0-1 139500 29100 650 119800
380 Gmin=0.3 139200 20700 630 124900
Gmin=1 139300 17200 540 125600
Gmin=23 139700 9200 310 129400
Gpin=10 139400 4900 140 130000
Gumin=50 11200 150 2 11000
Gmin=0.1 8800 3600 74 6200
3000 Gynin=0.5 9000 2800 73 6300
Gmin=1 8800 2700 33 7000
Gmin=23 8900 1800 30 7500
Gpin=10 8300 1200 22 7300
Gumin=50 7000 280 7 6000 30




Merging ISR/y™"

* Comparison of pT spectra for energies of
380 GeV and 3 TeV for neutrino and
Bhabha backgrounds as a function of
different merging parameters qmi»

* Distributions show small impact on the
shapes of the given spectra

* For further studies qm» value set to 1 GeV

ShapeNorm
S 39 3
w N -

1

ShapeNorm
2 2 23
w N -

1

—— Bhabha 380 q = 0.1

—— Bhabha 380 q =1

—— Bhabha 380 =10

50 100 150 200

— Bhabha 3 TeV, q=0.1

—— Bhabha 3 TeV, q=1

ShapeNorm
g

—
9
w

10
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— V¥, 380 GeV, q=1

— W, 80 GeV, g=0.1

— v, 380 GeV, g=10

750 100 150

7200
pT’

————— — W, 3 TeV, q=1

—w, 3TeV, q=0.1

—w, 3 TeV, g=10

Hﬂhﬂﬂ..i

1
500 1000
pT’



More on O and collision energy

Backgrounds o as a function of collision energy

Bhabha samples

neutrino samples

UNIWERSYTET
- WARSZAWSKI

Vs[GeV] N _Whizard-2.8_:r(f+c_ -+ °+°_++£VT) 0’(e+e_ —e'e + Nvy))after \,G[GEV] B Whizard-Z_.S C}'(e+e_ —>_V?) G'(e"'e_ — vﬁ)‘
e'e +Ye | e e +2%E | e e +3%e | ISR selection VvV + YyE VvV + 2Y¥yE vV + 3Yyg after ISR selection
240 233400 24900 480 216000 240 4200 730 37 4100
250 223600 24800 730 208100 250 4100 700 48 3900
380 139300 17200 540 125600 380 3200 570 43 3100
500 99300 14200 330 88800
1000 39900 7200 270 34000 300 3100 590 48 3000
1500 22900 4700 140 18800 1000 3500 780 74 3300
2000 2800 2700 33 7000 1500 3800 240 98 3600
3000 4200 1300 140 3900
Ji(Gev]  Whizard-28 o(e”e” - vv) ole’e” —vv)
vV VW+TYye | VW+2Yyg | VV+3Yye | after ISR selection
240 53900 12600 1300 64 53800
250 53300 12200 1300 60 53000
380 50900 10900 1200 55 50600
500 51200 11300 1200 75 51200
1000 52800 13600 1700 120 52200
1500 53300 15400 2200 170 52100
3000 53900 18500 3100 180 52400

w

N
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Merging ISR/y™" and beamstrahlung

Note: values in [fb], rounded

Bhabha differently for each order of mag.
Impact of beamstrahlung G | amiGer] | . Whizard 28 o(ee™ v e*e +Ny) seTe” sete +NY))

(BS in t abl e S) e'e +Yue | eTe 2 | eTe” +3%yr | e e +4yyp | after ISR selection
nolSR+noBS 128100 16700 1100 2 145900
on backgrounds’ Cross 380 BS 407600 29600 640 4 437800
. ISR 139200 17600 520 3 125100
sections: BS+ISR 144900 18200 530 0 131700

noISR+noBS 5800 2200 77 0 8100
3000 BS 221600 15100 88 2 236800

Cross sections for neutrino ISR 8900 2500 74 0 6900
BS+ISR 20400 3800 100 0 15900

background samples are not affected
by switching on the beam spectra Neutrinos
. Whizard-2.8 c(e e — vV) olete™ = vv)
Beam spectra crucial for 3TeV || V5GV] | @ulCeVT | (o0 1 5oy | w3y | vA4me | afier ISR selection
Bhabha background nolSR+noBS 3000 550 48 1 3600
380 BS 3000 560 45 1 3600
ISR 3200 570 48 0 3100
BS+ISR 3200 580 43 2 3100
noISR+noBS 4300 1300 150 4 5700
3000 BS 4100 1200 130 1 5400
ISR 4200 1300 140 2 3900
BS+ISR 4000 1200 130 1 380033
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KKMC generator:
. S. Jadach, B.F.L. Ward, Z. W,
Comparlson of WHIZARD and KKMC generators for Computer Physicas aCcommunica‘[i?):ls 130 (Zac(S)OO) 260-325

neutrino sample at Vs = 380 GeV

. . . Th ‘h d h t 9 l to N d:
- Using generators with different € same "hard photon” selection impose

ISR/FSR descriptions z = 3 N
no phOtOI] cuts 10 L T Whizard2.82 v, 380 GeV ] F —— Whizard-28.2 v¥,380 GeV -

——— Whizard-2.8:2 v¥, 380 GeV g

z 103 ;_ ——— KKMC Vv, 380 GeV

104;_ I ——— KKMC vv, 380 GeV 102 i é 102 é_ 4

103;* 10 ;7 é
102;— 17' '1'5‘124""'7 10;_||\||_Z

: ' - ° #ohotons 0 50 100 150 200
0 2 4 6 8 10

#photons pT[GeV]

q™" set to 1 GeV 34
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Comparison with KKMC

z b = Whizard28 v for 380GeV z o
Befo.re b e 10 3 Afte:r
selection ™ | 1ok selection
s | i g ]
10 ? E 102 E_ —;
102 ! 10F .
" | . 1 . .1 Whizard sample with I
0 2 4 6 8 10 : : 0 2 4 6
#photons basic merging #photons
z b e ] ZACE L
: o _ Selecting photons: i o ]
2 | |
10 ] 10° E
pT >S5 GeV i
7°<0<173° I
10 & - 10 F -
0 50 100 150 0 50 100 150 200 5



Comparison with KKMC

Before
selection

4

— - 10*

10?

10°

6 8 10
#photons

Whizard2.8 vv for 3 TeV

KKMC vv for 3 TeV

Whizard sample with
basic merging

Selecting photons:

pT >5 GeV
7°<0<173°

10°k

10°

1025

A N

4 6
#photons

10°
10%

10

THe

7500

1000
Pt'

% UNIWERSYTET
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After
selection
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