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Motivation

As you heard in the previous few talks, a completion of the
(pseudo-)scalar mediator Dark Matter model is needed

9

The scalar mediator couple to fermions hierarchically, likely to
decay dominantly to tt or DM pairs

>

gg — S — tt is an important channel for heavy scalar
discovery and identification

>

This channel is challenging in some interesting way and we
try to seek for physics opportunltles through this challenge
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Challenges (interferences)

(5—m2) +ilsmg = TgA4AZ+1

with A

Background real

Re. Int.— Interference from the real part of the propagator

(normal interference, parton level no contribution to the rate, shift the mass peak)
(When convoluting with PDF, may generate residual contribution to signal rate;
conventional wisdom, interference only important when width is large)
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Once across the threshold, imaginary piece
arises drastically and the real piece

decreases.
Background real
Re. Int.— Interference from the real part of the propagator A strong phase
(normal interference, parton level no contribution to the “insensitive”* to phase in the Yukawa
rate, shift the mass peak) as the signal amplitudes is

Im. Int.— Interference from the imaginary part of

2
propagator (rare case, changes signal rate) 1%
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o H
85F|)=ermllab

* . . .
4 12/15/16  Zhen Liu LHC Dark Matter WG public meetl%td bJ_eCt to difference in |
functions



Challenges (interferences) 3 (GoV)for top-iop
0

500 1000 1500 2000
. Co T T T
3 \\ - R
g t ; . Triangle loop— Absolute
! 2.0¢ 1 . ]
HA s .\ function Redl |
...... Q i \ . !
f% 1.5}F R — Imaginary ]
o Y ]
g F é ok- , : : ]
g | ‘
0 1 2 3 4 5 6
T
Once across the threshold, imaginary piece
arises drastically and the real piece
decreases.
Background real
Re. Int.— Interference from the real part of the propagator A strong phase
(normal interference, parton level no contribution to the “insensitive”* to phase in the Yukawa
rate, shift the mass peak) as the signal amplitudes is

Im. Int.— Interference from the imaginary part of

2
propagator (rare case, changes signal rate) 1%

proportional to |y;

* "
85F|)=ermllab

* . . .
5 12/15/16  Zhen Liu LHC Dark Matter WG public meetl%td bJ_eCt to difference in |
functions



Challenges (interferences) 3 (GoV)for top-iop
0

500 1000 1500 2000
2.5 A L I -
- \\ - ;
g t | + Triangle loop— Absolute |
! 2.0¢ 1 . ]
HA s I 1\ function Reg! |
""" < 15} % —— |maginary
© [ ~ :
) L -
& F =10k : | ‘ ]
€ sl ‘
B.W.

— Re.lnt, —— .
———— Interference effect from this |¢ o :
. ' o eshold, imaginary piece
Imaginary partis important, |4 the real piece

regardless of the width!

Background real

Re. Int.— Interference from the real part of the propagator A strong phase
(normal interference, parton level no contribution to the “insensitive”* to phase in the Yukawa
rate, shift the mass peak) as the signal amplitudes is

Im. Int.— Interference from the imaginary part of

2
propagator (rare case, changes signal rate) 1%

proportional to |y;

* "
85F|)=ermllab

% . . .
6 12/15/16  Zhen Liu LHC Dark Matter WG public meetl%td bJeCt to difference in |

functions



Challenges
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e Gray lines, Breit-Wigner contribution (subtle differences between B.W.
the scalar case the pseudoscalar case); A
 Colored lines, total BSM signal lineshapes; —— -
* (Left panel) for 550 GeV scalars, the loop function has comparable
real and imaginary components. The imaginary interference
“cancels” the Breit-Wigner, leaving only Bump-dip structure;
* (Right panel) for 850 GeV scalar, the loop function is almost purely
imaginary and the total lineshapes become a pure dip.
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7 12/15/16  Zhen Liu LHC Dark Matter WG public meeting



Challenges

30f /
20f

13 TeV LHC

B.W .+Interference

-----------------

13 TeV LHC
B.W +Interference

Special line shapes:

. |a) Bump search not designed/optimized for this, have to modify

our current search;

harder.

b) Smearing effects erode the structure, making this signal much

“cancels” the Breit-Wigner, leaving only Bump-dip structure;
* (Right panel) for 850 GeV scalar, the loop function is almost purely

imaginary and the total lineshapes become a pure dip.
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Opportunities * Nearly degenerate CP-even

£ 292090909,
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and CP-odd scalars

 CP phases (new interferences
emerges proportional to the loop-
function difference between the even
and odd one for nearly degenerate
ones)

* Bottom-quark contributions

HA (large tanf, changes the relative
phase)

* New colored particle
contributions and threshold

effects (stops, VLQs, etc., reduce the
relative phases and recovers the bump
search)

e New channels (associated

production with top(s), bottoms, jet(s), etc.
Potentially reducing the interference effect.)

~|
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dasig/dmtt (fb/GeV)

Opportunities— Stop contributions
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SUSY TeV scale stop quarks are highly anticipated through naturalness argument;
Green curves are top contribution only, orange curves are stop contribution only and
blue curves are with both top and stop contributions.

For 850 GeV scalars, we show two benchmark scenarios:

Stop zero L-R mixing, the stop contribution is only a small perturbation;

Stop large L-R mixing, mh,,,, scenario, the heavy Higgs to stop quark pair coupling is
dominated by the mixing term, and significant changes could occur.
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Opportunities—nearly degenerate with CPV
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(left panel) 540 and 560 GeV scalars
(right panel) 840 and 860 GeV scalars
The signature—bumps and dips—roughly doubled, increasing the potential
sensitivity;
With CPV, new interference between the two heavy nearly degenerate scalars
occurs (although the effect might be small) but unique.
& Fermilab
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LHC perspectives

Amy; | Efficiency Systematic Uncertainty
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different Yukawas are generated
{(because the signal is line-shape and does not
{scale as simple powers of Yukawa couplings).

{After smearing, using bins near the
iscalar mass window, taking both
excess and deficits, exclusion
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LHC perspectives—2HDM projections
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For the case of nearly degenerate heavy scalars, the physic reach is improved, especially for

heavy heavy masses.
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Sienal Modeling (A/H—tth Event Selection / Mass Reconstruction (A/H—ttbar)
Igna ode Ing ( tt ar) ®  Analysis targets the ttbar lepton+jets channel (one W to hadrons one to leptons)
®  The signal process is simulated using the generator MadGraph5 v2.0.| with the Higgs Effective ®  Single electron or single muon triggers are used—2 categories (one for e; one for )
Couplings Form Factor model (implements the production of scalar and pseudoscalar ®  One high pr electron or muon; high MET from the escaping neutrino; presence of at least
partlcles through loop-induced gluon fusion) 4 high pt jets in the event;at least one jet originating from b auarks must be tagged (70%);
Loop contributions from both bottom and top quarks are taken into account Sum of MET and mt > 60 GeV (multi-jets suppression) my = :
®  Signal shape is distorted from a simple Breit-Wigner peak, to a peak-dip structure ® A chi-squared fit is used for assignment of the decay products, then m« is reconstructed
® Statistical interpretation of measured event rates in data are compared to the total sum of ®  Events further classified depending on the b-tagged jet(s) assighment—3 categories
P P 4 8!
i + + + 1+ o 2 P 2 o —my, P L
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e mass of the SM-like Higgs boson, h, is chosen to be eV and sin(B-) is set to oW Tow oy (2 lepton types) x
2
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High-mass Higgs Search Results (A/H— ttbar)

*  No significant excess over Standard Model background expectations is observed
We set upper limits on the signal strength parameter U as a function of the parameter
tanf for a neutral pseudoscalar A with a mass of 500 GeV and 750 GeV

* ™ ® NB:The blue line at u=1 corresponds to the signal strength in the Type-ll 2HDM u

Cc

pal vk
. A
e = 10°E = 10°E
- Vs=8TeV,[Ldt=203f"  ATLAS Preliminary - V{s=8TeV,[Ldt=203f"  ATLAS Preliminary
o " gg—-A-th, m, =500 GeV o " gg—A-th, m, =750 GeV
10°E 10°E
3 = sin(B-a)=1, Type Il 2HDM = sin(B-)=1, Type Il 2HDM
Sy - -
i 8 10 10
6| - -
4 N -
2| 1 E— 1 E_‘
’ u —e— Observed - —e— Observed
0 ColE e Exp. 95% CL upper limit T Exp. 95% CL upper limit E{
107 ) 107" ) 60
2 - Exp. * 1o uncertainty o - Exp. * o uncertainty pvI
s :] Exp. £ 20 uncertainty - :] Exp. £ 20 uncertainty
10—2 s d el sa g da e o g o e a g s s la g laa gl 10-2.l.,,ll..l..,l.l.lA..l...l‘.Al.,,l‘
0 1 2 3 4 5 6 7 8 9 04 06 08 1 12 14 16 18 2
tanp tanp

®  For a neutral pseudoscalar A, with a mass of ma=500 GeV, parameter values of tanf3 < 0.85
in the Type-ll 2HDM are excluded at the 95% CL. No tanf values can be excluded for the
higher mass point at 750 GeV.
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Summary and outlook

16

gg — S — ttis a well—motivated channel for the hunt of heavy scalars

The interference effect augmented by the strong phase generated by the top loop
generates interesting shapes. (The effect is always there regardless of the width!)

Opportunities to increase the observational aspects resides on both the theoretical side
(including nearly degenerate bosons, CP phases, additional contributions form light quarks, and heavy colored

particles) and experimental side (reducing the systematics with copious tops produced at the LHC, starting

to face this challenge by using line-shape profile search ATLAS-2016-073, and move on from there.)
Also see the several later talks in this meeting.

Other channels and effects, including ttH, tH (see in N. Craig, F. D’Eramo, P. Drapper, S. Thomas, H.
Zhang arXiv:1504.04630 and J. Hajer, Y.-Y. Li, T. Liu J. Shiu arXiv:1504.07617, S. Gori, |.-W. Kim, N. Shah, K. Zurek
arXiv:1602.02782 , N. Craig, J. Hajer, Y. Li, T. Liu, H. Zhang, arXiv:1605.08744, B. Hespel, F. Maltoni, E. Vryonidou

arXiv:1606.04149), H+jet, charged Higgs searches, and how stable such effects are against
QCD corrections(see a case study in W. Bernreuther, P. Galler, C. Mellein, Z.-G. Si, P. Uwer arXiv:1511.05584),

may have more potentials. Also other decay channels may have such effect large (seein
Jung, Sung, Yoon, arXiv:1510.03450, arXiv:1601.00006).

& Fermilab
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For scalar mediator DM cases, consequences are:

Additional decays into DM pairs might change the Branching
fractions; but it is not a bad thing (comparing to our
conventional wisdom of reducing the signal strength), as we
can no longer do zero-width-approximation;

We need to translate the direct scalar searches into limits on
the simplified DM models (as we do for many other DM
simplified models);

All the additional channels we talked about heavy scalar
ttbar searches help: tt+j, tt+t+x, tt+tt, tt+bb 2 j+MET
(done), t+x+MET, tt+MET, etc. Or even pair production, pp->
SS->tt+MET, and no need to worry about interferences.

All the additional modifications we talked about heavy scalar
ttbar searches apply: bottom-loop, nearly degenerate, CPV
effects, heavy vector-like-quark contribution, heavy SUSY
particle contribution.

19”4
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Backup
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m? + cos 23(D E/R sin” 0; + D¢, R/L cos? 0;) & im; X;sin20; , for S=h

z \/5 2
95,2(5)7 = t;r;ﬁ sin 2ﬂ(D2/R sin? 6; + DR/L cos? 0;) F 3m;Y;sin20; , for S = H
:F2tht sin 260; , for §=A
U 1 2 1 2
D} = §mW(1 - gtan Ow ) cos 23
B = %m%v tan? Oy cos 23
D¢ = —lm%v(l + lta,n2 Ow ) cos 23 > 2
2 3 Aj 7 1
1 XeYe = G0 " tanp ~ A1 T )
D% = —gm%,v tan? Oy cos 23
7
Xy = Ay —
tan 3
Xy =Ag—ptanp
Ay
Yu = tan 3 T

Yy = Aptan B+ p,

zero LR mixing : mg, = 900 GeV,m;, =400 GeV,X; =0
mhy .. 0 mg, =900 GeV,my, = 540 GeV,Y; = 2X; = 3415 GeV
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9sg9(8) = 2\/— me 2(7't)7 Gsgg(8) = 2\/_7TmtII(Tt) (2.3)

2

where 1 (1¢) and I ! (7¢) are the corresponding loop-functions and*

s — arcsin?(/7) for 7 < 1,
_ S5 _ 2
t 4m?’ 1) i (log mi::i — z'7r) for 7> 1
1 - f(r
La(r) = 50+ (= Df@), Lpm =17, (24)
_even — 2] ( ) Acdd 7.5 = 2] ( ) (2 8)
X YtGsg9g = Yt 1 Tt), X YtGsgg — Yt 1 Tt)- .

We can define the phase of the resonant amplitudes as,

8

A_

Alet4 ith 67 = arg(A). 2.9
S_mSHFSmSI e wi 4 = arg(A) (2.9)
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683 T) (g9 = S — tt) = 634 (3;T1) + 6032(3; 5r)

624, (35) 30282 gt 11 (me)
dz 4096m3v2" |3 — m% + imgTs(3)
~ A~ ~27T
6hul(6sge) _ o2 B o G 11 (me)
dz 641 1 — B222 8 — m% + imgIs(8)

opsm (8 y)(99 = § — tt) = 68 (3 e) + 61t (55 4t)

do %‘.’%I\}.(g  Yt) _ 304332 3 yfI% (72)
dz 40967302 |8 —m?% + imslg(8)
dof™(8sye) _ _of B o yi 1y (71)
dz 64m 1 — 3222 § —m% +1imgl'g(8)
doISr}t__S2(§)(gg — 81,82 = tt)  3a?§? (
dz 20487302 |

|2

€

(Yt,9,Yt,80 |1 1 (1e)% + Ut.5 371t,52|1~ (76)|12) (B%yt,5,91,55 + Tt.9,9t.55)
A m2
Sa

1
2
(8 —m% +img,T's, (8))(3 — 1mg,I's,(8))
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First interference studies at ATLAS

\s=8TeV, [Ldt =203 fb"
gg—A-fit, m, = 500 GeV
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ATLAS-2016-073
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Events / 10 GeV

Events / 10 GeV
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(c) m4 =500 GeV, tan S = 0.68 (d) m4 =750 GeV, tan 8 = 0.70
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LHC perspectives

Amy; | Efficiency Systematic Uncertainty

Scenario A | 15% 8% 4% at 30 fb~!, halved at 3ab™!
Scenario B | 8% 5% 4% at 30 b1, scaled with v/ L
osf ~:
g | 5
§ 00f '.
o [ el ]
L osf .;
ke ! Scenario B 1
g":’_m-_ LHC 13 TeV @3 ab™’ ]
© Tl yi=1, mg=550 GeV 1
-15F ]

400 450 500 550 600 650 700
mg®° (GeV)

Blue curve, the signal lineshape before
mearing;
Red Histogram, the signal after smearing and
binning;
Gray and blue histograms, the total and
statistical uncertainties;
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LHC perspectives

Amy; | Efficiency Systematic Uncertainty
Scenario A | 15% 8% 4% at 30 fb~!, halved at 3ab~?
Scenario B | 8% 5% 4% at 30 fb~!, scaled with v/L
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LHC perspectives

Amy; | Efficiency Systematic Uncertainty
Scenario A | 15% 8% 4% at 30 fb~!, halved at 3ab™!
Scenario B | 8% 5% 4% at 30 b1, scaled with v/ L
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Scenario B

LHC 13TeV@3 ab™’
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different Yukawas are generated
{(because the signal is line-shape and does not
{scale as simple powers of Yukawa couplings).

{After smearing, using bins near the
iscalar mass window, taking both
excess and deficits, exclusion
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LHC perspectives—2HDM projections

SFT 7 ForaType ll 2HDM, the bottom quark
13TeVLHC 1 effects are mainly in modifying the
Type Il 2HDM production vertex and provide some
2L CP-odd Scalar | decay branching fraction suppression;
. Scenario B@ 3 ab™ Regions below the curves are excluded;
\‘ \

In general can only cover the very low
tanf regime, optimistic LHC
performance scenario B could cover up
to tanf around 1~2 up to 1 TeV.

Scenario A@ 3 ab™’
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