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The HypathESiS (from Run 1)  arXiv:1606.01674

1. The starting point of the 8
hypothesis is the B
existence of a boson, H, ~ P AN
that contains Higgs-like "

interactions, with a
mass in the range 250-
280 GeV

2. In order to avoid large
quartic couplings,
incorporate a mediator _
scalar, S, that interacts t

2

with the SM and Dark Lint D _Bgﬁtt_[_[ 4 BV ﬂg/ﬂ/ VEVYH
Matter. v v
3. Dominance of H>Sh,SS Lins = 5 0[AhhS + A, hSS + Ny HHS

decay over other decays + A, HSS+ A, Hhs}’

&t



The 2HDM+S

arXiv:1606.01674 Introduce singlet real
scalar, S.

2HDM potential, 7' (P, d,) 2HDM+S potential

= mi & D +m5 D) D, — mi, <q’;¢2"‘h°0') V (P, D) + lmg S> + @43345152
+%M (cbfcbl)z + %/12 (45;‘152)2 As 2 ;S :
: +ER B8+ =2 (B By +ho)S

+A3 (45;@1) (455452) + A4 )@fqbz ;
—I—%% [(Cpfb@z)z —I—h.c.] T %34 + W @I@lS—I—‘uZ(D;csz
+{[A6 (Qbrqﬁ) + A7 (4556152)} gbifqbz_*_h.c_} + U3 [¢I¢2 —|—h.C] S+uSS3-

Out of considerations of simplicity, assume S to be Higgs-like,
which is not too far fetched (see below) 5



The model leads to

S. No.

Scalars | Decay modes

rich phenomenology. D.1

h bb, Tttt ,utu",ss cc, gg, vy, Zy, WW~—,ZZ

Of particular D.2 H D.1, hh, SS, Sh
interest are D.3 A D.1,tf, Zh, ZH, ZS, W H*
rr_lultilepton D.4 H* W:th’ W:EH’ W:}:S
signatures D5 S D.1, %%
Scalar | Production mode Search channels
g8 — H,Hjj (ggF and VBF) Direct SM decays as in Table 1
— SS/Sh — 4W — 4¢ + Ef™

Eur.Phys.J. C76 (2016) no.10, 580

— hh — yybb, bbtt, 4b, YYWW etc.
— Sh where S — xx = 7Y, bb, 4¢ + EP

H | pp—Z(W5)H (H—SS/Sh) | — 6(5)l + EF™
—4(3)l+2j + Epss
— 2(1)I+4j + EP'ss
pp — tiH,(t+1)H (H — SS/Sh) | —2W +2Z + EP™ and b-jets
—» 6W — 3 same sign leptons + jets and E'sS
pp — tH* (H* — W*H) — 6W — 3 same sign leptons + jets and EJS
g+ | pp—tbH™ (H= — W*H) Same as above with extra b-jet
pp — H-H* (H- — HW?Y) — 6W — 3 same sign leptons + jets and EJ'sS
pp — H*W= (H= - HW*) — 6W — 3 same sign leptons + jets and E'sS
88 — A (ggF) e
A e

ge A — ZH (H — SS/Sh)

Same as pp — ZH above, but with resonance structure over final state objects

gg *A—->W=H (H" - WTH)

6W signature with resonance structure over final state objects
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Multi-lepton final
states



Expect di-leptons (m;<100
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Simple selection:
One DFOS lepton pair
At least 1 b-tagged jet

We fix the normalisation
of the SM by scaling it to
the data in the region my,

> 110 GeV
Scale factor: 0.984
A normalisation systematic
of 2% is applied
The fit is done to the region

below
110 GeV

Fit results:
By2 = 4.09 + 1.37

Discrepancy in ATLAS
Is localized at small
values of m;
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CMS PAS TOP-17-014
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Some MC describe m;, but fail the b-jet kinematics
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arXiv:1805.07399 CMS-TOP-17-018; CERN-EP-2018-074

@® Poor modeling of POWHEG + Pythia8 distribution is improved through rewelghtlng

@® We fix the normalisation of the SM by scaling it to the data in the region 8z

m, > 110 GeV
O Anormalisation systematic of 3% is applied to all but DY

O DY systematic = 6.8%. 3% systematic on m; shape in top
O The fit is done to the region below 110 GeV

@ Fit results:
O B2=279 £0.52
O Fitis extremely well constrained
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Used conservative assumption that l1+2b-jet final state is perfectly described by
the SM. The discrepancy comes from events with N,<2. Impacts h->WW-II 12


http://arxiv.org/abs/1805.07399

Top associated Higgs production
(Multi-lepton final state)s

b

Ve

ot S/h

Ve

S/h

Produces SS 2|, 31 with

Reduced cross-section of ttH+tH
b-jets, including 3 b-jets

is compensated by di-boson, (SS,

Sh) decay and large Br(S->WW). Explains anomalously
Production of same sign leptons, |arge ttW+tth cross-
three leptons is enhanced. sections seen by
Enhanced tH cross-section ATLAS and CMS 3



31 with Z->1l (ZW cross-section)

CMS PAS SMP-18-002

Errors in the plot are dominated by the 15%

uncertainty on normalization to account
NLO/NNLO differences. The uncertainty of
the shape is much smaller of order of few

%

Systematics
that will
directly
affect the
shape

—

Source

Combined eee eeu pupe uup
Electron efficiency 1.9 59 39 19 0
Electron scale 0.3 09 02 06 O
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Jet energy scale 0.9 16 10 17 08
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Nonprompt norm. 1.2 20 12 15 10
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VH norm. 0.2 02 03 02 02
tt V norm. 0.5 05 05 05 05
tZq norm. 0.1 01 01 01 01
X+ norm. 0.3 08 0 07 0
Total systematic 4.7 78 58 57 46
Luminosity 2.8 29 28 29 28
Statistical 2.1 60 48 41 31
Total experimental 6.0 108 80 75 63
Theoretical 0.9 09 09 09 09
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BSM inputs to the fit

e The following assumptions

are made:

a. The masses of Hand S are
fixed to m, = 270 GeV and mg
=150 GeV

b. The only significant
production mechanisms of H
come from the £+H Yukawa
coupling:

m Gluon fusion
m Top associated production

c. The Yukawa coupling is scaled
away from the SM Higgs-like
value by the free parameter B

d. The BR of H— Shis fixed to
100%

e. The BRs of S are Higgs-like

e Therefore, the only free
parameter in the fits is B,°

16



Selection Best-fit ,6’3 Significance
ATLAS Run 1 SS leptons + b-jets 6.51 + 2.99 2.370
ATLAS Run 1 DFOS di-lepton + b-jets | 4.09 4 1.37 2.990
ATLAS Run 2 SS leptons + b-jets 2.22 +1.19 2.0l
CMS Run 2 SS leptons + b-jets 1.41 £ 0.80 1.750
CMS Run 2 DFOS di-lepton 2.79 4+ 0.52 5.450
ATLAS Run 2 DFOS di-lepton + b-jets | 5.42 4+ 1.28 4.060
CMS Run 2 tri-lepton + Ess 9.70 + 3.88 2.360
ATLAS Run 2 tri-lepton + EIT’rliSS 9.05 + 3.35 2.520
Combination 2.92 £0.35 8.040

The simplidied model seems to describe the discrepancies
in different corners of the phase-space with large
differences in cross-sections, eg, OS and SS di-leptons

17



Combination of fit results
JHEP 1910 (2019) 157

e Simultaneous fit for all 27 R R e
measurements: S N emsmmenne — ssmorossansome
e To the right: (-2 log) profile ™[\ enossee: e oo s
likelihood ratio for each 5ol \ —— cvreorossenen
individual result and the -
combination of them all 40
e The significance for each -
fit is calculated as 0K
v/ —2log \(0) “L
o Best-fit: B, = 2.92 + 0.35 "°F
e Corresponds to 8.040 =
0

Interpretation: Measure of the inability of current MC tools to
describe multiple-lepton data and how a simplified model with 18
H->Sh is able to capture the effect with one parameter



Excesses in di-leptons with full-jet veto not included above
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Events / [8 GeV]

Run 1, J.Phys. G45 (2018) no.11, 115003
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arXiv:1910.08819
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Residual discrepancies at high m; will be fixed with

missing NNLO QCD and NLO EW corrections

Excess at low mll remains prevalent, indicating that effects seen in
Run 1 were not statistical fluctuations. Preliminary NNLO QCD
corrections do not fix the issue (see Mitov et al.) 20



Anatomy of the multi-lepton anomalies
JHEP 1910 (2019) 157

I*I- + jets, b-jets m;<100 GeV, dominated tt+Wt
by Ob-jet and 1b-jet

I*I- + full-jet veto m;<100 GeV WW

I=1*= + b-jets Excess with N_>2, ttv
moderate H;

I=1=1 + b-jets Moderate Hy ttv

Z(~>1*1)+l Prz<100 GeV ZWN

Anomalies cannot be explained by mismodelling of a particular
process, e.g. tthar production 21



Impact on Higgs

Physics

The presence of a BSM signal of the type H>Sh would lead to:
1 Elevated cross-sections
 Currently the measured h signal strength is
= 1.133 4 0.054(6Xp.)
[ The presence of extra leptons in association with h. Affects

the Wh measurement
1 Distortion of Higgs pr and rapidity (under study)

22
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Survey of LHC results on Vh (V=W,Z)
production (Y. Hernandez et al.,
in preparation)

The BSM (H->Sh) signal appears at
low p1,, and the SM signal is prevalent
at larger py,

Include those results from ATLAS and
CMS where no requirements on pq,
(or correlated observables) is not
done or used in an MVA.

Those results where the final state is
treated more “inclusively” display
elevated signal strengths for Wh
production.

,u]nc(Vh) — 2.51 +0.43

This represents a 3.50 deviation from
the SM value of 1. BSM signal
normalization less than expected
from multilepton excesses assuming
Br(H->Sh)=100%. Indicates that
Br(H->SS) > Br(H->Sh)

TABLE L.

Summary of ATLAS and CMS Vh results.

Higgs

Final

Used in

Ref. Experiment NG Category " Comments
decay state cambination
DFOS 2; 22+%13 v
2% SS 15 84543 v 2¢ combination: p = 3.7%1 7
S8 2 7658 :
7] ATLAS 78 TeV ’ S v .
1SFOS 29+3] < Sy el s Segrt
3¢ BDT discriminsting vanable
0SFOS 1744 v
WW 1SFOS 1SFOS channd o2z in th
I8 ATLAS 18TeV 8¢ 25+t v e by
0SFOS BDT but excess driven by 0SFOS
ny - p—— 2%  DFOS 2; 0.39? {_E:‘; v Discrepancy at low me
8¢ 0+1SFOS 036133 v
) 2%  DFOS 2; 302132 v Discrepancy at low mu
1) CMS 18 TeV :
8¢ 0+1SFOS  223+]}8 v
T 1.8+31
2l ATLAS 78 TeV ik v
2% et +m, 1.3+28 v
T BDT based on p7! + pi?
-2 CMS 78 TeV 083+ 1.02 * . omETE
2 Fptaem x Split py? + py? + pr at 130 GeV
T
CMS  183TeV TR gggties v
2 etpTim,
£ one-lepton
[24) ATLAS 78TeV fovy  EF™ 1.0+16 x EF™ > 70 — 100 GeV
jj  Hadronic P37 > 70 GeV
£ one-lepton Split FP™ st 45 GeV
28] CMS T8TeV frve  EF™ 0.16+ 097 x EF™ > 70 GeV
7 Hadronic pr > 13m,, /12
e
plr “¥ > 150 GeV
£y one-lepton -
pr T <150 GeV
Y .
) _ . 150 < EF™ < 250 GeV
[25] ATLAS 18TeV fovr  EF= 0.7:33 x
80 < EF™ < 150 GeV
7 Hadronic BDT used based on m,; and pTy
fv  onelepton v Split EF™ at 45 GeV (p = 3.011%)
27 CMS 18 TeV A 24*! 4
pwvy  EFe x EF™ = 85 GeV
ji  Hadromic v PY /myy not used (p = 5.1%3%)




Eur.Phys.J. C76 (2016) no.10, 580

CMS Preliminary

137.1 fb™ (13 TeV)
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V. Ravindran et al.
e 0. and resummed results for few benchmark values of y

v LO LO + LL NLO NLO + NLL NNLO NNLO + NNLL  NNLO + NNNLL

0.0 4435+1.145 6231 £1950 8.255+1.684 963242286 10329+ 1.088  10.938 £ 1.050 10.517 £ 0.820
0.8 4.134+£1.067 5833+1.831 75171530 8.820+2.124 9.407 +0.988 9.992 £+ 1.025 9.641 +0.718
1.6 3.189+0.819 4630+ 1468 5522+ 1.117 6.611+1.676 6.8774+0.744 7.380 + 0.849 7.045 4+ 0.563
24 1904 0492 2887+0942 2985 +0.597 3.715+£.998  3.683 £0410 4.040 = 0.501 3.821 +£0.305

Banerjee, Das, Dhani, Ravindran (‘17)

® Corrections from LL varies between 40% to 50% from LO.
e At NLL it is 17% to 24%;

e At NNLL 6% to 10%.

Scale uncertain oes down
¢ NNLO+NNNLL 5% to 5%. 129% 10 6% at NNLOAN3LL

* The result can be further improved with known NNNLO corrections.
Ajjath, Chen, Cieri, Das, Gehrmann, Mukherjee, Ravindran (in preparation)



Outlook and Conclusions

Discrepancies in multi-lepton final states at the
LHC with current MC tools are strong

dWhile significance is dominated by OS di-lepton
final states, discrepancies appear in SS Il and 3l

1They appear in corners of the phase-space
dominated by different processes: Wt/tt, WW, ZW

*Hard to explain with mismodelling of one process

Discrepancies interpreted with simplified model
where H>Sh, S is treated as SM Higgs-like and one
parameter is floated

dFeatures of the Higgs data from LHC agree
qualitatively with the simplified model used here

dFurther strengthens the need for precise
measurement of Higgs couplings in e*e’ (and ep) .
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_ arXiv:1506.00612
The Lagrangian  arxiv:1603.01208

arXiv:1606.01674
Introduce H and X fields with the
L=Lsy + LBsnm interactions listed below
Lpsym = L + L1 + [,Q + LHgg + Lyvv
1 1 1 1
Lx = 55‘#,X8“'X — 55*#}16#1{ — 5}\...1;?()(2 — 5]\...1]2{172
L L h*H L X?h L X?H
= ——U — — U — — L
T 2/ 1 2/ 2 2/ 3
1 2,2 1 272 1 2v2 1 2
Lo=—-MH"h" — X X°h" — - A\3H" X" — - \yHhX
4 4 4 2
1 y Vi v
LHgg — —1[39 Iﬁ:}?é\;GW/G# H

2M 3 M2
Luvy = VV,BVV W, WHH 4 ?Z,BZ Z,Z"H
)

(o)




. Can be embedded into
The Lagrangian :2xpom+s (N2HDM)
See also M.Muhlleitner et al.
arXiv:1612.01309

1 1 . .
L = 50,50"S — 5msSS, arXiv:1708.01578
1 aS auy a 1 Q v 1 Q v
‘CSI.."\.--'! = ZI‘CSQQ 1970 SG*H Gpu + ZKS_'_. - SF“ Fuv + ZK":ZZK_USZM Zﬂu
1 o' 1 20 P
+ er:,szﬂ ESZ“"FW - Zf{m.“. — vS‘V W,

w

mf -
Lspp= =D Ry SIF,
f

1
Cons = — 5 v AshhS + A, ochSS + A, JHHS + A, JHSS + AHLSHhS] ,
1 1
‘CSX - = § v /\qx_\SXX o 5/\5‘\\SSXX

Ls=Lk+ Lsyy' + Lgss+ Lnras + Lsy

Note that some of the effective quartic couplings shown earlier appear here as trilinear.
What was formerly a three body decay is now a two body decay. 30




The Decays of H

diIn the general case, H can have couplings as those
displayed by a Higgs boson in addition to decays
involving the intermediate scalar and Dark Matter

H — WW,Z2,qq, 99, Z,vY, XX
+ H — 5SS, Sh, hh

| e
Dominant decays l > Diboson decay
H — h(+X),S(+X)



The intermediate scalar, S

d Dark Matter is introduced in the form of a scalar and
the decay H->h\chi\chi via effective quartic couplings

1 1 1
LQ=—2A Hhxx — = A HHAh — — A hhxx — = A

2 Hhxx 4 HHhAh 4 hhxx 4 H Hxx

1 Due to gauge invariance we encounter an awkward
situation where a three body decay may be larger or
comparable to a two body decay. This can be naturally
explained by introducing an intermediate real scalar S

X

X " Also decays to SM 9A5>§3< -
H X g 27 Tx
.......................... e = — B 4
/\"'HXX )\Hhs



Masses in the 2HDM+S

/Hl\ 1\
\H3/ ps )

Mass-matrix for the CP-even scalar sector will modified with respect to 2HDM

and that /1eeds a 3 x3 matrix (three mixing angles). Couplings are modified.

\ —Coy SanSas T SarSas  — (Ca;Sas + SaySasCas) CasCan /

172
i\'[CP—even —

/2/\1'02 - 771.12”—2 m19 + A3450109 2,{11,11,5\
mi2 + /\34rz*112 —m12— + 2)\212 2K919US

1
\ 2K1V1Vg 2,‘1..2 V9Vg g)\sl»’s /
33



m}o‘ql = vg sin ag [A\7v cos a1 cos g cos B + Agv sin a cos ap sin 8 + Agvg sin as],

m%;,z = (cos a1 cos a3 — sin @ sin as sin a3) [cos (1 COS Q9 ()\3451)2 sin 3 cos B — m%Q)

+ sin a1 cos o (m%Q cot B + Aov? sin? ﬂ) + Agvvg sin as sin 5] :
m3;, = (sinay sin az — sin oy cos o cos az3) [cos a1 cos ag (miy tan B + Ajv? cos® B)

+ sin a1 cOS vy ()\3451)2 sin Bcos B — m%Q) + A7vvg sin ag Ccos B] : (2.17)

Perform scans after fixing masses of physical
bosons(m,=125 GeV, m;,=140, m;53=270 GeV, m,=600
GeV, m;*+==600 GeV) in addition to the constraints
described in arXiv:1711.07874, including the signal
Yukawa coupling strength of B,°=1.38+0.22 (translated

into tan?p)

34
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BR(S—xy)
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For simplicity we will assume that the S

decays like the SM Higgs boson



Impact on h boson measurements

(1The most prominent feature pertains to additional
production mechanism (i.e. H>Sh) of h with large jet
activity (from S—>jets, model dependency). Expect
distortion of the pt spectrum, as well.

o=t
~C3~O

At this point we are e
studying the contamination
of the H->Sh production
mechanism on
measurement with hadronic
final states: h+22j, VBF,
V(-2jj)h, Vh(=>bb) (not
discussed here) h signal
strengths

O.8_I TTT

— BSM2 mN e 1 TeV
BSM1: pp— H— Sh Vs =8 TeV
0.6— BSM2: pp— H— Sh

0.5

p— —_— i — e
S—s N> WH/Z— llxMet ete’/prut/e ut o

- | Opposite-sign

IIIIIIlI]IIIIIIIII|IIIIII[IIIIIlI]IIII[III_
- s my, = 270 GeV




EpS VS Er

miss

SE

,' ATLAS, arXiv:1706.03948
- Limits on h(2oyy)+MET
Category Requirements

Mono-Higgs
High- B
Intermediate- B

Different-Vertex
Rest

SEmlbb > 7 /GeV, pr’ > 90 GeV, lepton veto

Spmiee > 5.5 V/GeV, |26 — 217 < 0.1 mm

S pmies > 4 VGeV, ph““d > 40 GeV |zgi\g}h65t — 25y < 0.1 mm
SEmN > 4 1/GeV, phard > 40 GeV | |zp8"" — 227 > 0.1 mm
pr > 15 GeV

3
o Vs=13TeV, 36.1 fb"
~

[2]

21

c

(0] —— — — Z'g, Dirac DM m, = 1 GeV, m,_=200 GeV
= g

L

L e B e B B
7
10°e ATLAS
\s=13TeV, 36.1 fb'
Z'-2HDM, Dirac DM m, = 100 GeV,
m, =1TeV, m, =200 GeV, m. = 300 GeV

Z'-2HDM, Dirac DM m, = 100 GeV,
m, =1TeV, m, =200 GeV, m. = 300 GeV

Events / GeV
=

10° i
—— — — Z'5, Dirac DM m, = 1 GeV, m, =200 GeV

Heavy scalar, Scalar DM m, = 60 GeV,
m, =275 GeV

¢ Data Clyy Wy+et

[[]sM Higgs boson [l vy []Vyy
7)) Syst. @ Stat. Unc.

Heavy scalar, Scalar DM m, = 60 GeV,
m, =275 GeV

¢ Data Clvy Wy+jets

[[]sM Higgs boson [l vy []Vyy
7)Syst. @ Stat. Unc.

Data / MC

O 2 | \ : T I
=
| | |
£ % 50 100 150 200
a

Seres [VGeV] P [GeV] 39



95% CL limit on o(pp — H) x B(H — yyxy) [fb]

10

ATLAS, arXiv:1706.03948

—e— Observed ATLAS

....... Expected \s=13TeV, 36.1 fb”
| [ Expected t 1o

Expected + 26 ‘BT(S — XX) < 50%

B o, xB(H — yyxx)

I IIIIII.I_I L L1111l

pp - H — h(yy) + xx, Heavy scalar model

m,, = 60 GeV, B(H — hyx) = 100%

”

\
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Enhancement of tH production

dIn experiment, top associated Higgs production
is measured as a sum of single top and double
top cross sections

diIn the SM we find that O ¢th < O ¢th
9 2
A=L {(CF_cv)m \[ ( ) 5 §t7§b> (cvﬂer(QcF—cv) ﬂ) B (g%&@)]

mw?v mw?v

5" ’\/\/\/\/\/—>t—
W
A
h

dFor the heavy scalar considered nere, CyK Cg

1We expect a sizeable cross section to come
from top associated heavy scalar production

(Tt = O4r)

M. Farina, C. Grojean, F. Maltoni, E. Salvioni and A. Thamm, JHEP 1305, 022 (2013). 41



Eur. Phys. J C 77 (201 7) 804
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ATLAS-CONF-2018-027

Theory

Data

1.4
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1.0

0.8

1.05
1.00
0.95

L
- ATLAS Preliminary
| /s=13TeV, 36.1 b
- ¢ Data
| —— Powheg Pythia8
| = Powheg Herwig7
- ——— aMC@NLO Pythia8
- amssssss Sherpa
----- Powheg Pythia6
PowPy8 rad. down

Recent results from
ATLAS with di-leptons
with Run Il display same
tendency as Run |

|
0.4

|
0.6 0.8

Particle-level Ad(I*, )/ [rad/n]
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Events / 0.1

Data/SM

Fit results: ATLAS-CONF-2018-027

«10° ATLAS-CONF-2018-027: Vs = 13 TeV. 36.1 fb”

_l T T I T TTT I T TTT I T 1T l T TTT l T TTT l T TTT I T TTT l T TTT I T TT I_‘
20 . —@— ATLAS Data -
L —— sm i -

B Other SM backgrounds K
25~ Total SM syst. unc. ]
| ——— SM +BSM with p2=5.36 ]
20— m,, = 270 GeV / m, = 150 GeV ]
15— ]
10F —
S ~
0.9 01 02 03 04 05 06 07 08 09 1

A(I,[)/ [rad/]

Simple selection:
One DFOS lepton pair
At least 1 b-tagged jet

Normalisation systematic:
~6.2%

Shape systematic:
Discrepancy of SM prediction,
particularly at high A®
Choose SM prediction that best
describes data (aMC@NLO) —
systematic is percentage
deviation away from mean SM
prediction
Varies between 1% and 2.6%

Fit results:

B2 = 5.36 = 1.31
Somewhat higher, NNLO
corrections can potentially help

44




NLO/LO NNLO/NLO o 'do/d(A¢/w)

NLO/LO NNLO/NLO o 'do/d(A¢/w)

1.025 4

What is the impact of NNLO QCD?
aif'Xiv: 1901.05407

- 10 — NNLO Fiducial
—— NLO ® ATLAS
LHC 13 TeV m; = 172.5 GeV
. . Scale: Hp/4 PDF: NNPDF3Innlo
| S
et ¢
_'ﬂ:‘:\_‘_‘T
s .
-'—_._‘_._‘—‘——\_'_‘_'_\_.‘.l
0.2 0.4 I:Tli :}rh‘ 1.0
A¢(L,6) /=
vad o LO —— NNLO Inclusive
- NLO ® ATLAS
. . o = LHC 13 TeV m, = 172.5 GeV
Scale: Hr/4 PDF: NNPDF31nnlo
. . ' T
4._\+‘_._\—‘—\_'_‘_'_\—‘—
bt .
IIY'.‘ |nf'. IITS 0.8 1.0

First look at the NNLO QCD
corrections for the azimuthal
angle difference of two
leptons in tt production.
Discrepancy is alleviated. By
contrast the NNLO QCD
corrections will push mj to
higher values, increasing the
excess in the m; distribution.
This helps with the internal
consistency of the BSM
interpretation bringing the
normalization of both
excesses together
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Impact of NNLO QCD in WW
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2 [ i
The NNLO QCD '20.121 b =
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values. .08 . —
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A.Denner, M.Pellen,
arXiv:1607.05571

EW corrections are important at high p; due to Sudakov logarithms.
Effect is less than 1% for m;;<100 GeV, where discrepancies are seen.
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Results not included in combination as events

are already included in top spin analysis ATLAS-CONF-2018-004

Process Matrix Element PDF PS Precision o
(Alternative) (Alternative)
1t POWHEG-BOX v2 [38] NNPDF3.0NLO PYTHIA 8 [39] NNLO+NNLL [40]
SHERPA 2.2.1 (HERWIG 7)
Wt POWHEG-BOX v1 [41] CT10 [35] PYTHIA 6.428 [42] NLO [41]
5000 - x10° ATLAS-HIGG-2016-07: {5 = 13 TeV, 36.1 fbo'
> e L L L L L L L L L L L BN o 3 .
E . ata E = ATLAS dat
S 4500 ATLAS Preliminary R - & —+ ata
& 4000 HoWW*—evuv, N = 1 m ww E I 25 B twt
- E {s=13TeV, 36.1 fb" | v 3 ¢ - VV+DY+Fakes
€ 3500 [ Mis-ld = =
o - B zy = —
D 3000 . [ fwe —
- ‘ Bl Higgs
2500k ——
2000 - = B
1500 F- = 051
1000 - = =
500 £ 1 o
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Top control sample with exactly two leptons, one b-jet and no more jets. Expect strong
relative enhancement of Wt w.r.t. tt. MC studies in progress. 50
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Di-lepton invariant mass depends little on the b-jet multiplicity
Figure 9: Leptonic distributions produced by ¢t and tW processes (see text) as a function
of the b-tagged jet multiplicity. The di-lepton invariant mass (left) and the transverse mass
of the di-lepton and missing transverse energy system are displayed. Distributions are
normalised to unity. The insert shows the ratio of the distributions with exclusive b-tagged
jet bins relative to that obtained inclusively.



CMS PAS TOP-17-014, https://cds.cern.ch/record/2621975/files/TOP-17-014-pas.pdf

None of the MCs studied is able to describe simultaneously the kinematics of top decay
products. My of the dilepton and MET system is not shown

Table 3: The x?/ndof and p values quantifying the agreement between theoretical predictions
and data for normalised, particle-level measurements are shown.

POWHEG+PYTHIAS8 POWHEG+HERWIG++ MG5_aMC@NLO+PYTHIAS8
x?/ndof ‘ p-val. x?/ndof p-val. x?/ndof p-val.
pL (leading) | 244/4 <1073 5/4 0.332 75/4 <1073
‘plT (trailing) | 163/4 } <1073 ‘ 9/4 0.051 39/4 <1073 ‘
my 143/7 <1073 4/7 0.802 5/7 0.626
Ap(L]) 35/9 <1073 17/9 0.044 13/9 0.146
Aln|(,1) 7/9 0.635 5/9 0.798 7/9 0.626
Niets 13/5 0.022 38/5 <1073 90/5 <1073
p (leading) | 32/4 <1073 75/ 4 <1073 16/4 0.002
pP (trailing) | 28/4 <1073 135/4 <1073 19/4 <1073
1y, (leading) | 12/7 0.114 15/7 0.031 22/7 0.003
1 (trailing) | 16/7 0.024 16/7 0.021 12/7 0.105
pbP 25/4 <1073 326/4 <1073 38/4 <1073
Mg 3/3 0.371 17/3 <1073 1/3 0.751
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SS leptons: CMS-PAS-HIG-17-005

e CMS search for single top

+ Higgs production:
o At least 2 SS leptons
o At least 1 b-tagged jet

e The full analysis uses a
BDT, so we compare to
pre-selection plots

e Difficulty in estimating
the probability of HF
decay leptons to fake

signal leptons
o Not enough information in
paper
o Fit results:
o Bs2=1.41 = 0.80
® V\?eak measurement due to

lack of statistics and large
systematics

2 | —4— CMS data, L=35.9 "
%120 - SM background
= SM syst. uncertainty
i BSM (ttH)
1001— BSM (tH)
- BSM (ggF)

80 rrlH=270GeV/mS=1SOGeV
L ; [’)g =141
i CMS_PAS_HIG_17_005
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SS ll+b-jets: JHEP 10 (2015) 150

Definition . Name
efet + elL,ui + uiui + eee + eepn + eput + ppepS IV _ﬁ
N, =1 SRVLQO
400 < Hp <700 GeV | Ny=2 | E®S>40GeV | SRVLQL | SR4t0
Ny >3 SRVLQ?2 SR4t1

40 < B2 <100 GeV | SRVLQ3
Emiss >100 GeV | SRVLQ4
Hp > 700 GeV N, =2 10 < B <100 GeV | SRVLQb |  SR4t2
E3™ >100 GeV | SRVLQG |  SR4t3
Ny>3| E¥S>40GeV | SRVLQ7 |  SR4t4
etet, etput, ptu™, Ny € 2,4], Ady > 2.5
Hp > 450 GeV Ny >1 Ess > 40 GeV SRttee, SRtteu, SRttpup

Ny=1
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SS ll+b-jets: JHEP 10 (2015) 150

e Final state search topology:

o 2 or 3 leptons (must be
a same-sign pair)

o At least 2 untagged jets

o Efmiss > 40 GeV, H; > 400
GeV (binned into
different signal regions)

e Systematic uncertainty is
large:

o In the fit, treated as a
single normalisation
uncertainty correlated
over all SRs

e Fit results

o 6.51 = 2.99

e Ti'ns is relatively high
compared to other fit
results

VLQ Signal Region

SR Key:

@1 b-tagged jet:

@2 b-tagged jets:

SRs 0, 3, 4
SRs 1, 5, 6

@2 3 b-tagged jets: SRs 2, 7
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e
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—@— ATLAS data
Total SM uncertainty
@ BSMuith 3; =6.51

m, = 270 GeV/mS =150GeV |
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SS Il + b-jets: ATLAS-EXOT-2016-16

Regionname N; N, N¢ Lepton charges Kinematic criteria

VRI1b2( > 1 | 2 ++ or —— 400 < Hy < 2400 GeV or E{m” < 40 GeV
SR1b2( > 1 | 2 ++ or —— Hy > 1000 GeV and E%“” > 180 GeV
VR2b2( >2 2 2 +4 or —— Hy > 400 GeV

SR2b2( >2 2 2 ++ Or —— Hy > 1200 GeV and E%"i‘“ > 40 GeV
VR3b2( >3 >3 2 ++ or —— 400 < Hy < 1400 GeV or E}m‘“ < 40 GeV
SR3h2( L >7 >3 2 ++ or —— 500 < Hy < 1200 GeV and E%m“ > 40 GeV
SR3b2( >3 >3 2 ++ or —— Hy > 1200 GeV and E%m” > 100 GeV
VR1b3( >1 1 3 any 400 < Hr < 2000 GeV or E{I“““ < 40 GeV
SR1b3( >1 1 3 any Hr > 1000 GeV and Ef™ > 140 GeV
VR 22 2 3 any 400 < Hy < 2400 GeV or EM < 40 GeV
R3¢ >2 2 3 any  Hr > 1200GeV and EMS > 100 GeV
VR3b3( >3 >3 3 any Hy > 400 GeV

SR3M3C L >5 >3 3 any 500 < Hy < 1000 GeV and Elr“i” > 40 GeV

SR3b3( >3 >3 3 any Hr > 1000 GeV and EI"™ > 40 GeV




SS lI+ b-jets: ATLAS-EXOT-2016-16

% 40;_ —— :;L:s :ata, Ld=36.1fb"
s5E o sty e Run 2 version of SS +
o At least 2 SS leptons
=222 o At least 1 b-tagged jet
ATLAS_EXOT _2016_16 0O Large ETmiss and HI'
S e Fit to inclusive SR
E distributions
£ (auxiliary figures)
. m—— e Shows the strength
gE — SM+BSM Of the mOdEI tO fit
2.5F -
5 o N the 3 b-jet excesses
£ 155 i m
e [ e ¢ Fit results:
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 0 Bg2=2.22 + 1.19
0851 15 2 25 3 35 4 45 5 55
N
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Fit results: CMS-PAS-HIG-17-005

Events

Data / SM
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SS Il + b-jets: ATLAS-EXOT-2016-16

% 20— —¢— ATLAS data, L =36.1 fb™' E E —¢— ATLAS data, L =36.1fb"
COD E SM background o 35 - SM background
E 18— SM syst. uncertainty 8 - SM syst. uncertainty
n — — [
= - BSM (ttH) ) - BSM (ttH)
S 16— £ 30
3 C BSM (tH) o = BSM (tH)
14— BSM (ggF) wr BSM (ggF)
= m,, = 270 GeV / mg = 150 GeV 25— my, = 270 GeV / mg = 150 GeV
12 p2 =222 - p2=2.22
10— ATLAS_EXOT_2016_16 20— ATLAS_EXOT_2016_16
81— 15 :_
6 I —
_ 10—
a4 -
2 —
O 1 1 1 1 I 1 1 1 1 I
of —swsBsMm | o —smBsm
= F = F
< 1.5 e _e— < 1.5
N == s F ! — 4
-— EERERET S R -— ErErE—— TR
s L ] . . ~ =
o 1 l o 1t
0'50 100 200 300 400 500 600 0.5 500 1000 1500 2000 2500
E;r_nss [GeV] HT [GeV]
-g - —<— ATLASdata, L = 36.1 fb™’ -g —&— ATLAS data, L = 36.1 fb™
|_?>_|> 40 :_ SM background Lq>|j SM background
- SM syst. uncertainty SM syst. uncertainty
351 BSM (ttH) BSM (ttH)
- BSM (tH) BSM (tH)
S0 BSM (ggF) BSM (ggF)
25:_ my, = 270 GeV / mg = 150 GeV m,, =270 GeV / mg = 150 GeV
— |s: =222 ﬁz =222
20 E ATLAS_EXOT_2016_16 ATLAS_EXOT_2016_16
15F
10—
51—
e Y e ] O I Sl S
2 :_ — SM+BSM I
= = =
D15 L
< = <
= —————1————¢ B =
g : . & 60

&
[¢)]
O..
[¢)]
—
-
ol
NE
N-
[¢)]
w»
m..
6]
h.
IN
[4)]

jets



Events/bin

Data/pred.

CMS Preliminary 35.9 fb (‘IIS TeV) > Eamasroimmay e T 3
L ! _ O 10* _E s=13TeV, 36.1 fb" :lm‘szid(clggiggsNNLO)E—
1400~ Mo bat — 8 F -
Wz 3 I Others
N Ezz i % E (d) =rot e E
1200 — [ X+y — o 102L £t i
L B ttX — = (', ¢=eorp)
- AW - -
B I VH . 10
1000— Jizq — -
B ] Nonprompt N 1 B
B B2 total bkg. unc. ] E-
800~ With parameters _ o
B presented here ] = 15F
600 expect ~100 — 5 .
- events. ] - 4 5
B Working on the i 0-50'—4 T v =
400 model dependence— MV [GeV]
i of the mass ] T
B reconstruction ] q. S My T T
200 ] h 3 E —SM mH=270 GeV E
| o0 = 035 —pjiggs-like S mg =145 GeV
N T~ Heavy neutrino model my=1TeV ]
i I~ S% oaf I\f:7l=13TeV E
e Q_ o 025;_ U (" 1=eor u) _
1.4F [ total bkg. unc. E - o2 | E
1.2 oo o o ~ N o Sensitivity to
1.0 — . - g mass in 31
- . = : -
0.6 | o | E b4 0.051 = E
2 3 3 e = N
2x10 10 2x10" (1] %400 200 500 400 500 600 700
M(WZ) [GeV mbZ [GeV]



0.07

[pb/GeV]

0.06

Z
T

do/dp

Ratio to nominal
o o — —
CCw o—

0.05

cs:ocmocn_; Q1 OO
W |
I

100 150 200 250 300 350 400
- p? [GeV]

L
o

0.04

0.03

0.02

0.01

IIII|I{|I FTrrfreri lllllllll Illll

0 1 L 1 1 l L 1 1 1 l | 1 1 1 l 1 | 1 1 l L 1 1 1 l 1 L 1 1 1 | 1 1 : I ' ﬁ
400
pZ [GeV]

o
n
o
—
o
o
—A
n
o
N
o
o
N
)]
o
w
Ok
o
w
N
o

Figure 10: The effects of scale variations in the differential cross section of the SM W Z
process as a function of the Z pr. Here, aMC@NLO and Pythia 8 were used to generate
the events. The thick black line represents the spectrum at the nominal scale, and each

grey line is a variation of the scale. The insert shows the maximum and minimum relative
deviations for all scale variations.



The HistFactory method

K. Cranmer, G. Lewis, L. Moneta, A. Shibata, and W.
Verkerke, HistFactory: A tool for creating
statistical models for use with RooFit and RooStats,
CERN-OPEN-2012-016.

e Constructs a likelihood function from template

histograms

e Allows for a simple implementation of systematic
uncertainties that affect normalisation and/or

shape

P('n(;b. (l,p ’ (f)p.‘ (-}fps A}"b) _

H H P()iS(’I'l,(_,b’I/(_,b) ' G(L()’)‘ AL) ' H fp(ap\(_rp)

cEchannels bEbins

In our case,
each “channel”
is a different
measurement.

The Poisson
probability for
the “expected”
and “observed”
number of
events per bin.

Functional
form of
luminosity
and its
variations
(not
necessary
for us).

peS+T

Functional
form of
systematic
variation with
nuisance
parameter ap.
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The fitting procedure

The RooStats workspace is made by HistFactory
From the workspace, a profile likelihood ratio is
calculated,

\ (5 2) L(ﬁg |é> (here 6 denotes the nuisance
9) = L( Bz ’ é) parameters)

The best-fit value of B,? is then calculated as the
minimum of -2log(A), with an error corresponding
to a unit of deviation in this quantity from the
best-fit point

The significance is calculated as V(-2 log A(0)),
since B42 = 0 corresponds to the SM-only
hypothesis
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