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Squark and Electroweakino Production

P In the MSSM R-Parity implies production of SUSY particles in even numbers
P Expect dominant production of squark pairs and gluino pairs
P Might be restricted by heavy masses

q(pa) q(p1) q(pa)

g(pv) X(p2) 9(ps)
P Squark and (lighter) electroweakino better LHC production candidate
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Resummation

P Massive particles are mostly produced close to threshold (M?/s = z — 1)1
P> Perturbative expansion in o, is spoiled by

Large Sudakov lograrithms (m < 2n — 1)

n oo™ (1 — - 2
== (52)" e (32)

P Solution: Resummation of all soft emitted gluons

1 21 2122 Z12223 2122 Zn

1—2z 1— 2 1— 23 1—2,

1Catani, S. & Trentadue, L. Nucl. Phys. B 327, 323-352 (1989).
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Resummation
P Transforming to Mellin space

F(N) = / dyyN1F(y) [logzl(_lz_ )
0

F
] —~log™ ™t N + .
+

factorizes the phase space
[ N0, (2) ~ 6, x 4o, (V)

P Dynamical Factorisation is achieved by the eikonal approximation

A vH
3

rt =¢gT9———
eik — I o v-k+ ie

ks a

Alexander Neuwirth Rencontres de Moriond March 23, 2022



Resummation
P From factorization theorem we split hard and long distance behaviour
o(M?,m?) = J(M? [ u3)S(m? [ i)
P Require independence on scale u

o(M? ,m?) = H(1)8(1) exp [—/

m2

M2
dk
ka’Ys(kz)]

P From applying the RGEs we get?:

1
oRe (N, M2, i3, u2) = J o (M2, 1%, u%) exp [Gop (N, M2, u2, u2)] + O (N)

with
Gup(N, M2, 1%, 1% =  LGQN)  +G0) . (N, M2, 2, y%) + ...

ab—ij

Leading Log ~log?(N) Next-to-Leading Log ~log(N)

ZKidonakis, N. et al. Nucl. Phys. B 525, 299-332. arXiv: hep-ph/9801268 (1998).
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Matching

P Fixed order calculation with CS-dipole subtraction®:

N /g[daR_daAL_o—i_l[dav+/1d0A} +/01 dx/2[ng(xp)®(P+K)($) .

P Hard matching coefficients Cc(tbﬂj(MQ,u%, 1%)

» L0:C® =1

e=0

0
}[Elb)g)ij (MQa ,LL%, :qu) = ab—n] (MQ)

M?)/'%  (M?) with suppressed 3 particle phase space

ab—ij

» NLO: compute C1) =
contributions

ab—n](

1
J[;b)—)ij(M2a /u’%"a :U‘%—E) = ab—n] (Mz) Cab—m] (Mz’ ,LL%, ,u‘%%)

3Catani, S. et al. Nucl. Phys. B 627, 189-265. arXiv: hep-ph/0201036 (2002).
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Re-expansion
P To avoid double counting in:

_ NLO Res. Exp.
Oab = Ogp + Oab — Oap
—— e ——

NLL
Tab

P Subtract expansion in a:

Exp. %(0)

Oap = ab—ij

(67 1 (075 0
(M27N2> + %ﬂéb)aij(Ma:u’Q) + %%ib)aij(M%,uQ)

— 2 —
X ((A&” + A,gl)) <logN A log&> — 2D¢<11b)—>ij> log N
s

P PDFs fitted in Mellin space

P Inverse Mellin transformation with the integration contour following the principal
value procedure and minimal prescription:

do 1 do
M? dﬁf (1) = 2m/dNTNMz d]\;’j (N).

Alexander Neuwirth Rencontres de Moriond March 23, 2022



Scenarios

pMSSM-11 scenario A [TeV]

pMSSM-11 scenario B [TeV]

M, M, M, M, M, M,
0.25 0.25 | —3.86 0.51 0.48 | 3.00
Mw.p.a), | Mupa, | * Mwpa,, | Mupas, |
4.0 1.7 1.33 0.9 20 | 94
Mgy, | Muwp, | tanp Mgy, | Mup, |tanp
0.35 0.47 36 1.85 1.33 33
M, A, M, A,
4.0 2.8 3.0 —3.4
mso mg mg ms my mg
0.249 4.07 | 3.90 0.505 0.96 | 2.94
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Current Limits

ATLAS*

CMS?

4 SqaWWEE, x = () - L)) /(M@ - mr)) = 12 CMS 137 fb™ (13 Tev)
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Invariant Mass
» /S = 13 TeV and MSHT20 PDF

0.6 pp~irX3 for scenario A pp-ir¥S for scenario B
— — LO - 7.5 1 — LO
> — NLO 2 —— NLO
o 0.4 - —— NLO+NLL O i —— NLO+NLL
o < 5.0
R o
§ 0.2 1 % 2.5+
2 5 ,
© 0.0 0.0/ =
o 15 // M ee—
= Floj e
© 1.0 — (NLO+NLL/NLO ——ﬁ - 0.8l = (NLO+NLL)/NLO 7
5000 6000 7000 8000 1500 2000 2500 3000 3500
M [GeV] M [GeV]

P Large resummation contributions very close to threshold
P Seven-point method around scale ;. = M to estimate scale uncertainties
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Scale Variation
pp-U. x? for scenario A

0.04 1 MR =10.0uo | Hp=0.1po HMF=10.0mo | __ .
AO’LO
% 0.031 — ONLO
o 0.02] Aonio
' — ONLO+NLL
AONLO +NLL
0.01 1 \ —— ONLL Exp.
107 100 100 100 10° 10° 10°
MR, F/Ho Helko Hr/Mo Hello Hr/Ho
pp-U. x? for scenario B
5.004 Mr=HMr | MR=10.0to | HF=0.1lo N He=10.0u0 | %o
\ AOLQ
. i — OnLO
| Aonwo
~— ONLO+NLL
i AONLO +NLL
g = 0.14o \ — owiem
101 100 100 100 100 100 10°

MR, F/Ho HelMo Hr/Mo Hello Hr/Ho



0.75

Total Cross sections

pp-i.x3 for scenario B

— LO
—— NLO

—— NLO+NLL

—— (NLO+NLL)/NLO

Ratio
=
o

1000 1500 2000 2500
myg, [GeV]

P NLL contributions of up to 6%
P Scale uncertainty reduced to <5%

3000

pp-U, x93 for scenario B

— LO
—— NLO
—— NLO+NLL

—— (NLO+NLL)/NLO

600 800 1000 1200 1400
my [GeV]
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Parton density uncertainties

pp-U, %3 for scenario B

pp—-¢ x93 for scenario B

1.159 — MSHT20NLO118
—— CT18NLO —— MSHT20NLO118
—— NNPDF40NLO01180 | — crmsnwo
1.101 5.009 __ \NpoFaoNLOO1180
» —— NNPDF40NLOPCH01180
1.05 4.00

1.00 =

0.951 \ 2.00
0.90 1 Lo e

1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
my, [GeV] me, [GeV]

P Up-PDF uncertainties at 90% CL are consistent
P For 2 TeV up-squarks they range from 4+3.8% to £7.05%
P Discrepancy in NNPDF40’s fitted charm and perturbative charm treatment.
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Conclusion

P Production of squark/gluino with gaugino relevant if squark and gluino pair
production are too heavy for the LHC

P We computed QCD-NLO corrections with CS-dipoles and 0S-subtraction for the NLL
matching of soft gluon emissions

P Resummation increases the o, by 2% to 6% for squark masses ranging from 1 TeV to
3 TeV

P Renormalisation and Factorisation
scale dependence is reduced from 20% (LO) to 10% (NLO) to <5% (NLO+NLL)

P Current PDF uncertainties are of the same order as Resummation
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Resummino

P Resummino 3.1 code published on HEPForge:

U 8 resummino.hepforge.org
Res u m m I n 0 Download Resummino 3.1.0
Resummation for BSM particles Documentation:

P approximate NNLO+NNLL for slepton-pair®, electroweakino-pair’, Z’ and '8
production

P NLO+NLL for gaugino-gluino® and gaugino-squark!® production

SFiaschi, ). et al. JHEP 04, 049. arXiv: 1911.02419 [hep-ph] (2020).

"Fiaschi, ). & Klasen, M. Phys. Rev. D 102, 095021. arXiv: 2006.02294 [hep-ph] (2020).
8Jezo, T. et al. JHEP 12, 092. arXiv: 1410.4692 [hep-ph] (2014).

9Fuks, B. et al. JHEP 07, 053. arXiv: 1604.01023 [hep-ph] (2016).

10Fjaschi, J. et al. arXiv: 2202.13416 [hep-ph] (Feb. 2022).

Alexander Neuwirth Rencontres de Moriond March 23, 2022 14


https://arxiv.org/abs/1911.02419
https://arxiv.org/abs/2006.02294
https://arxiv.org/abs/1410.4692
https://arxiv.org/abs/1604.01023
https://arxiv.org/abs/2202.13416

|
Thank you!
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Slepton pair production

pp— 77 @[S =13Tev

pp> 77 @S =13 Tev

1.010
-5 LO |
S 1.x10 E NLO ! 1005
> 5.x10" — NLOsNLL
0] aNNLO+NNLL | oo
-.'\9 Ay 1 ’
£ " N
1~ 1.x10 S 0.995
= 5.x107 <
S 0.990
© 7
1.% 1077} m;{=1000GeV 0.985 ANLOWLY)
1.14F " NLO+NLL/NLO m; = 1000 GeV 2,(aNNLOWNNLL) |
5 15= BNNLOANNLL/NLONLL 09805500 3000 3500 4000 4500 5000
,8 1.08f — —— M;; [GeV]
18—
x 1. - ) .
1.02 -~ Visible reduction of scale uncertainty
1.00 from about 1% to about 0.1%.

2500 3000 3500 4000 4500 5000
M;; [GeV]

~ Resummation effects at NLL are more important at production threshold.

» K-factor

increases from 4.5% to 11%

~ The increase from NLO+NLL to aNNLO+NNLL is about 1%
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Slepton pair production

pp—>77@w/8=13TeV pp—>77@\/s=13TeV
Lo 1.02:
0.050! — NLO | t
— NLO+NLL o101t
—  aNNLO+NNLL

0010
© 0.005!

0.001

A,(NLO+NLL)
A, (aNNLO+NNLL)
1.02
- 800 1000 1200 1400
o .
g - . m; [GeV]
¥ g0 I NOsNLINO - Visible reduction of scale uncertainty
0.98 . ) i | : :NNLQ:N,NLL_’NE(;_ _ From f'ew% to few 0.1%.
’ 800 1000 1200 1400

m; [GeV]

- These cross sections correspond to:
* more than 10 events at 700 GeV at current integrated luminosity of 739 fb~7;
* 3eventsat 7 TeVfor LHC Run 3 goal of 300 fb7;
* Few events at 7.5 TeV for HL-LHC goal of 3 ab™’

~ aNNLO(+NNLL) corrections increase the NLO(+NLL) prediction by 1% - 2%.
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Mostly Higgsino Electroweakinos

pp = )"(1_)"(2 @ VS =13 Tev

PP —>v)”(1_)22@v\/§= 13 TeV

03
0.50 ‘
B Lo m;- =203 GeV
> — NLO+NLL 1.02 Moo 208GV |
o 0.050 — aNNLO+NNLL | X
s A, 1.01

X1 X2
2
o
o
(5

m:- =203 GeV
X1

da/M--

m-o =208 GeV
X2

0.98 A, (NLO+NLL)
1.10/— aNNLO+NNLL/NLO A, (aNNLO+NNLL)
~ 1.08/— NLO+NLL/NLO 0.7 I | [
2 1.83 aNNLO+NNLL/NLO+NLL 500 1000 1500 2000 2500
o 1. o —
T 1,02 M- [GeV]
< 1,00
0'9200- T T e Visible reduction of scale uncertainty
from about from +2.1% to +1.8% (+0.6%
M-z 1GeV] to %0.4%) at low (large) invariant masses.

- NLO corrections enhance the LO cross section by about 30%.
- NLL corrections enhance the NLO cross section by another 3-5%.

~ aNNLO+NNLL give another +2 % correction to the NLO+NLL cross section.

18
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Mostly Higgsino Electroweakinos

~—~0
PP X@VS =13Tev o PP XiXo @ VS =13TeV
Lo, |
1000} — NLO+NLL 1
500% — aNNLO+NNLL & {0o
& ]
£ 100,
o 50
10}
5t [
f A,(NLO+NLL)
=~ " AN T os S i
5 104 = aNNLO+NNLL/NLO+NLL 200 300 400 500
©1.02 | mss [GeV]
¥ 1.00¢ °  ~ Visible reduction of scale uncertainty from
098 k| about from +4% to +2.5% (+1.5% and -2.5%
200 200 400 500 to +0.5%) for light (heavy) Higgsinos

m);z [GeV]

- NLL corrections reduce the NLO cross section by 1% to 2%. small, because of the relatively
light Higgsino masses)

(Scale uncertainties are not so

- aNNLO+NNLL corrections increase the NLO+NLL cross
section by up to 5% for low higgsino masses.
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Mostly gauginos Electroweakinos

pp - X X5 @ VS =13 TeV

pp—))"(;)"(g@\/g=13TeV

010
s Lo
= 1.x10 _ NLO
® 6 — NLO+NLL
0] 5.x10 — aNNLO+NNLL
& = By
S
i = 1:%907°
T 5.x107 I
© m:- =m-o = 1482 GeV
X X 0985} = A, (NLO+NLL)
' : my; = Myo = 1482 GeV £,(aNNLO+NNLL)
1.15[= aNNLO+NNLL / NLO 0,980 | i
= — NLO+NLL /NLO 3000 3500 4000 4500 5000
£ 1.10/— aNNLO+NNLL / NLO+NLL v G
= :::::::::::::::::::::::::::::::: i GV
T 1.05
< 1.00 - Reduction of scale uncertainty on the
' lower bound from - 0.9% to -0.6% at low

3000 3500 4000 4500 5000
M-- -0 [GeV]
X1 X2
- NLL corrections increase the cross section between 5% to 10%.

invariant masses.

- A decrease for all invariant masses is observed from NLO+NLL to aNNLO+NNLL.

~ This behavior is correlated with large ¢- and u-channel contributions and large

n ions of th red s-chann ntribution with its interferen rms.
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Mostly gauginos Electroweakinos

PP - Xife @ V'S =13 TeV

0.100

0.010

[fb]

o 0.001

1074

Lo

NLO
NLO+NLL
aNNLO+NNLL

Ay

— " aNNLO+NNLL/NLO

— NLO+NLL/NLO —
1 00/ =—2NNLO+NNLL /NLOWNLL ——

0.95
0.90

K-factor

0.85%

1500

2000
m)zg [GeV]

2500

pp > Ko @VS =13 TeV

1.00
)
S 0.99
|
0.98 |
0.97 Ay(NLO+NLL)
[ £, (aNNLO+NNLL)
0.96! —_—_—
1500 2000 2500
mo [GeV]

- Scale uncertainty gets reduced from 3% to
about 1% for light gauginos, while it is
stable at around 3% for heavy gauginos

- NLL corrections increase the NLO cross section by up to 5%.

~ aNNLO+NNLL corrections reduce the NLO+NLL cross

section by up to 4% for high gaugino masses.
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NNPDF40 charm

= Perturbative Charm
=== Fitted Charm
—-— Fitted Charm + EMC T

11Rojo, J. in 55th Rencontres de Moriond on QCD and High Energy Interactions (Apr. 2021). arXiv: 2104.09174

[hep-ph].

11
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ATLAS
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CMS

137 fb™ (13 TeV)

Observed £ 10,

Expected +1,+2 G,

99— 55,5 b 72 APpIOX NNLO-NNLL exclusion

CMS 137 fb™ (13 TeV) CMS
;n 1 m= 10 s\ 1
> P — T4, L7 Approx NNLO*NNLL exclusion >
o 1000] =Observed £ 1o, <5 1000
E’* Expected 1,20 . =1 é"
800~ - 800

95% CL upper limit on cross section [ph]

L
g
95% CL upper limit on cross section [pb]

CMS 137 fb™ (13 Tev)

PP G4, % Approx NNLONNLL exclusion

bserved £ 16,

xpected £1,£2 G
experiment

13Sjrunyan, A. M. et al. JHEP 10, 244. arXiv: 1908.04722 [hep-ex] (2019).
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PDF fitting

To perform our computation in Mellin space we still need to transform the PDFs. This is
achieved by fitting them in x-space to the function used by the MSTW collaboration

flz) = Aoﬂ?A1 (1—z)%(1+ Az + Ay + A5x%) + Agz? + A7x% ,

with the analytical result in Mellin space

1
F(o) = ACW)B' (A, + N,y) + A3 B/ (A, + N + 5,3) + A,B'(A, + N + 1,y)
3 5
+ AsB'(A; + N + §,y) + A¢B' (Aj + N +2,y)+ A, B’ (A, + N + §,y)

and
B'(z,y) = B'(z,A; + 1) = B(z,y)/T'(y) = B(z,y)/I'(y) .
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