TPA —_—
AP AP

?ﬁz\;’}; High-lumi opportunities for Higgs physics fg‘/};

%% \iﬂ
Re

b/\”‘s
'CS AsTR

A,yys
'CS AsTR

US ATLAS Workshop
Pittsburgh - 07.30.2018

Dorival Gongalves




Motivation

L

@ Data tells us that we have SM-like Higgs boson

Ll_ T T T ] LI [ T T I T UL [ T T 1T [ T LI T L I T T 1 | T T T | LI T | T > IIII| T T T II\\Il T T T TTTTT T T T \III\‘
I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII L L. . | [ .
ATLAS Preliminary rot Total | Siot mm Svot B sp | 23" ATLAS Preliminary + Bestfit | E |§ 1L ATLAS Preliminary 4
’ o at yst - Vs=13TeV,36.1 - 79.8 fb~' —B68%CL 1 ¥ g ) Z 3
Vs=13TeV, 36.1-79.8fb - ’ 68% CL \s=13TeV, 36.1-79.8 b ot
- —_ [+) _ ~
m, = 125.00 GeV, Iy | <2.5 2_mH— 125.09 GeV, Iy | <2.5 ----g?/l/o CL - 5 [ m,=12500GeV,ly | <25 W ]
Total ~ Stat. Syst. - * - E"'-|> 10—1:— ---------- SM Higgs boson E
- - " E . =
ggF e 1.07= 0% (= 007 = gog ) 15 ] ~ -
VBF —e— 1212 322 (= 0% = 313 - ---—; i 10—2_ h b _
WH HE——— 1572 0% (= 0%+ 30) 1 ‘@ . "
0.42 034 0.25 — — Combined H—yy 7 - 3| B
ZH R | 074+ 282 (= 0% 4+ 02 L - 10 "
0 5__ — H—ZZ H—WW N e
ttH + tH == 122 950 (= 017, = 3% -~ i -
| | | | | | | l [ TH~bb A - -4 -
_0I5IIIOIIIIOSIIII1IIII15IIII2IIII25IIII3IIII35|III4 _Illll‘llllllllIlII‘lIIII‘IIIII‘IIIII‘IIII_ 10 IIII| | I\IIHIl 1 \I\\II\‘ | II\III\‘
. . ~ ~ . 0O 02 04 0608 1 12 14 16 1.8 2 P 5
Cross-section normalized to SM value Ky 10 1 10 10

Particle mass [GeV]

SM could be valid all the way to exponentially high scales

Maybe solutions to naturalness problem, DM... have taken a more subtle incarnation
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Directly Measuring ttH

@ ttH channel observation:

I I I I I I I I I | I I I I | I I I I | I I I I I
ATLAS B
6.30 observed (5.10 expected) — ATLAS e 1aTeV 361 Tem Stat. W Syst [ SM
Total Stat. Syst.
5.20 observed (4.20 expected) — CMS o | o e o
ttH (ob) H C :: 079+ g5 (+ g% »=0.53)
g > t ttH (multilepton) H=— 156+ 45 (= 039 »* o037 )
________________ . fH 1) me=— 189+ 0% (=35 .+ 0%)
fiH (Z2) o <1.77 at 68% CL
g Q000 ) < L
Combined H=—H 132x g5 (=018, = 70)
CMS Projection A B B R B
— 1 1 T -
Expected uncertainties on F— 3000fb™at s =14 TeV Scenario 1 1 0 1 2 3 4 SM
Higgs boson couplings — 3000 fb" at Vs =14 TeV Scenario 2 OttFI/OHH
K, : :
Ky : :
Kz — @ Expected precisions:
Kg : :
Ky % , mmm) Scenariol:systematic uncertainties same as now
K l I . . . . o
- | | m==) Scenarioll: theoretical uncertainty divided by 1/2
L o | and systematic by 1/sqrt(L)

l I L 1 I 1
0.00 0.05 0.10 0.15
expected uncertainty
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Directly Measuring ttH

@ ttH channel observation: R ————.

_ ATLAS e Total Stat. [ Syst. — SM
6.30 observed (5.10 expected) — ATLAS 5o 13 ToV. 36.1 - 750 1
Total Stat. Syst.
5.20 observed (4.20 expected) — CMS o | s e
ttH (ob) H C :: 079+ g5 (+ g% »=0.53)
g - > t ttH (multilepton) H=— 156+ 45 (= 039 »* o037 )
________________ . tH (ry) e 1392 3 (= 3%+ 02)
fiH (22) e < 1.77 at 68% CL
g Q200 ) < S e
Combined H=e=H 132+ 0% (=018, %)
1 1 1 | l 1 1 1 | | 1 1 1 | | 1 1 | | | 1 1 | 1 | 1
1 0 1 2 3 4
SM
OttFI/OHH

@ Can we go beyond and directly measure Higgs-top CP structure at the LHC?

my - Buckley, DG (PRL-2015), Lopez-val, DG (2016)
LD — ?Kt (CDS& + 275 sIn '-'1) tH ) glis, Hwang, Sakurai, Takeuchi (2014)
Boudjemaa, Godbole, Guadagnoli,Mohan (2015)

Dorival Gongalves Pittsburgh - 07.30.2018



CPV - collider constraints

@ At LHC CPV HVYV interaction is already extensively tested (clean target H>4leptons)

Gritsan, Melnikov Schulze, et al (2013)

(0) (0)

Lo=gO HV,V* - L gy, v B

AV, VH
; AV

@ While CP-odd HVV is loop suppressed, CP-odd Hff can manifest at tree-level:
m==) Mixture possible in some models, e.g.,2HDM

iy _ o
m== Not excluded from Higgs measurements Lo Tth(COS o +iyssina)f

===> Top quark is the first obvious candidate
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CPV - EDM constraints

Y
@ Indirect constraints from eEDM very strong, yet assume:
t
=== No other states in the spectrum / ,
S 7,

h
m==) Coupling strength/structure to light fermions - -
£ = L (ky Jf +ifs frsf) b de 16 « |
V2 f =3 @) V2Grme [de‘:ﬁt f1(zyn) + Eekiy f2($t/h)]
Ku,d,e—l
T Higgs prod. O\
0.4f
; Hg EDM
0.2

neutr. EDM

===) Model dependent interpretation Brod, Haisch, Zupan (2013)
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Direct CP measurement of Higgs-top coupling

@ Proposal looking only at the signal and at parton level via angular correlations
J. Ellis, Hwang, Sakurai, Takeuchi (2014);
Boudjemaa, Godbole, Guadagnoli,Mohan (2015)

A¢y = sign|py.(p1— X pi+)]arccos||(pi+ X Py).(Dr1— X D) ||l

@ Analogous situation to correlated vs uncorrelated top decays
Parke, Mahlon (1996,2010)

C IIII|IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIIII
(@) ~ -
T 1L ATLAS Preliminary 7
3 [ Vs=13TeV 36.1 f' NO Spin correlations;
! % 1.4[~ ATLAS-CONF-2018-027 Q -
5 | ]
o 12r .
8 - _
g N ]
S e :
0-8___\':_|—|7 — Powheg 7

- — Powheg (C=0) .

0 6__ -=-MCFM (nlo) N

L NLO QCD ¢ Data i

- === Fit result .
04_IIII|IIII|IIII|IIIIIIIIIlIIII|IIII|IIII|IIII|IIII_

"0 010203040506 070809 1

Parton level Ao(I",I')/x [rad/x]
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Direct CP measurement of Higgs-top coupling

@ Proposal looking only at the signal and at parton level via angular correlations
J. Ellis, Hwang, Sakurai, Takeuchi (2014);
Boudjemaa, Godbole, Guadagnoli,Mohan (2015)

A¢y = sign|py.(p1— X pi+)]arccos||(pi+ X Py).(Dr1— X D) ||l

@ Analogous situation to correlated vs uncorrelated top decays
Parke, Mahlon (1996,2010)

) mg - ..
i Ay L2 —?th(CDEﬂ+‘E’}"551HEE)tH
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Direct CP measurement of Higgs-top coupling

© Spin correlations of top and anti-top affected by nature of interaction

A¢s distribution directly reflects on A¢y:

Parke, Mahlon (2010) me . —
LD ——Kt(cosa+iyssina)t H

v
0.55:' T T T T T T T T T T T T T T T T T T T T ': 1 T 1 (l)_ 1 T 1 L |_ L 40__ T T T T | T T T T T T T T S
- 1 do_ —O"tt ] = H it —O0"tt, . ] - 0"t .
05 T, —0tt I < ttt;F:L‘ : M3 di% ) o*_itt;': E
0.45 = 0.8 — 0t pr s t O: it rR -
- . I Othpp o0 O tpm
0.4 E i Lab-frame ] . .
0.3- - A 1 20 -
=2 304 et e 2 : .
>0 5 - | T - 3
02;— Lab-frame pTH>10 GeV —; i | - ]
150 eden. 4 02- 4 10p E
R L E - : s T =
- : - 1 - p.. >200 GeV .
0 - ) ) ] O | | | | | | | | | | | | | | | | | | | O— ITH . . . | . . . . | . . . . | —
0 1 2 3 0 100 200 300 400 O ] 5 3
Aq)n pT,H [GeV] Aq)tt
Top mass effects in presence of a further massive H boson pushes chiral limit to higher scales
_ : At - Adit
MO+ttLR—|—RL X S1n <T Mo_ttLR+RL X COS 2

Buckley, DG (PRL-2015)
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Direct CP measurement of Higgs-top coupling

@ Spin correlations of top and anti-top affected by nature of interaction

A¢y; distribution directly reflects on Ag¢y;:

Parke, Mahlon (2010)

0.55
0.5
0.45
0.4
0.35
0.3
0.25

0.2
1.5¢

. _
LD ——K%t (cosa+ivyssina)t H

0.2k

v

1 L B —
L O

0.8l

0.6}

0.4l

I R
100

| | | | | |
200

| | | | | | |
300 400
p, , [GeV]

m==) Boosted Higgs (ptH>200GeV) nicely match with H>bb BDRS algorithm

Buckley, DG (PRL-2015)
Plehn, Salam, Spannowsky (2009)
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Direct CP measurement of Higgs-top coupling

—l

*

@ Spin correlations of top and anti-top affected by nature of interaction

A¢y: distribution directly reflects on Ady;:
Parke, Mahlon (2010)

0.55
0.5
0.45
0.4
0.35
0.3
0.25
0.2

1.5

m==) Boosted Higgs (

LD —%KE(CGE&—I—‘?}E sina)t H

i I‘HCHigh Lumi

. CP-a vs. CP-even

95% CL exclusion |
[ 1] (A¢”,A¢jj) .
[ ] (A¢IIH,A¢H) .

I | I I | I
-1 -0.5 0.5

R —

1
cos(a.)

-

thm

S Buckley, DG (PRL-2015)
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Multivariate analysis problem

@ Rich final state with many more relevant observables:

(1/0) do/do*

8

(Aq)i?}) eﬁ)parton
PR | I

CP—a vs. SM@957%CL /
bound based on /

(A3 6% Adt)
N T T R R S S T

0.0 .
0.0 0.5

1.0

1.5

9*

2.0

2.5

3.0

0.2 0.4 0.6 0.8 1.0

cos(a)

=) New powerful observables can be defined at tt CM frame, e.g, 6*

=== At the HL-LHC, we can probe the top Yukawa CP up to cosa=0.7

DG, Kong, Kim (2018)

Gritsan, Rontsch, Schulze, Xiao (2016); Amor dos Santos et al. (2017)
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Off-Shell Higgs Production

—

@ Hidden states could show up in the scale dependence of Higgs couplings,
or more broadly in Higgs production processes through quantum corrections

=== Off-shell Higgs carries information on the H couplings at different energy scales

a

R~

\
I

97 (m3)g3(mj,)
O-Ol'l
mpl'y,
— ——

Dorival Gongalves Pittsburgh - 07.30.2018



Off-Shell Higgs Production

——

@ Hidden states could show up in the scale dependence of Higgs couplings,
or more broadly in Higgs production processes through quantum corrections

=== Off-shell Higgs carries information on the H couplings at different energy scales

a

R~
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Off-Shell Higgs Production

@ Just recently, we start to recognize the importance of the Off-Shell Higgs

mes) since 'y /my ~ 3 x 107° one naively expects very small off-shell rates

a.u./0.5 GeV
o

0.06

0.04

0.02

4l- ATLAS Simulation Preliminary

® m,, = 130 GeV
— gaussian fit

H-ZZ-4p

o= (1.98 £ 0.03) GeV
fraction outside * 2¢: 0.15

8

0 90 100 110 120 130 140 15
My, [GEV]

@ However, at least 15% of the H—4l| cross-section comes from m4>300 GeV

Spectacular fail of Narrow Width Approximation

=== |Interference with background: gg—h*—ZZ with gg—~ZZ ;

wey //Z Threshold;

===) and top mass effects change our naive expectation

Dorival Goncalves
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Off-Shell Higgs Production

@ Carries information on the Higgs couplings at different energy scales

q Z 9 9 VA

P
-
'
- E ETE E E Eom
I

q

10 = T T T | | | [T T T 7]
E 4—lepton production, CMS cuts, Vs=13 TeV
107 qq » 4leptons
= — gg - h - 4leptons
Z — gg - 4leptons(cont)
10° - gg - 4leptons(total)
T F
2 107° —
% = _|—'_'_I_| 1
B 1 1 1
-E 10_4_ 1 1 1
> = ' I I
o — 1 ] 1
-5 | 1 |
— 1 1 |
[ 1 1 1
10° ' ' '
S |7| I '
- 1 ] ]
- 1 |
10— 1 1 | 1 : | Ly 1 v
100 200 500 1000 2000
my[GeV]

Campbell, Ellis, Williams 2013
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Case study |:Weakly Coupled Scenario RG Evolution

@ Couplings evolve with the scale S | —4— CMSRgratio  —(— HERA
S | —#— CMS i prod. —— LEP
i : 0.20 | X —4&— CMS incl. jet —\— PETRA |
=== Different running than the SM could be N —¢— CMS3jetmass —¥— SPS |
an indication of new physics (e.g., Gluino el v s,
mass bounds) Kaplan, Schwartz (2008) Tt !
w==>This probe works independent of 0.10| :

production or decay modes of the [ 0u(My) = 0.1171489% (3-jet mass)

new states, as long as they contribute 0,05 |- . Sat¥gin S ARt IR PReaERe

: : 10 100 1000
to RG evolution of couplings Q1GeV]

Alves, Galloway, Ruderman, Walsh (2014); Berger, Nadolsky,
Olness, Pumplin (2004);Sannino, Spanno et al. (2014)

Can we use the off-shell Higgs to probe BSM deviations on the running of H couplings?

200 2\ 2 (2 202\ 2 ()2
9; (mh)gf(mh) o X 9; (@) g7(Q%)

mhl“h Q2

| —

DG, Han, Mukhopadhyay (2018)

Dorival Gongalves Pittsburgh - 07.30.2018



Case study |:Weakly Coupled Scenario RG Evolution

SM NP
@ bGo=p83"+ > 6(1 — Ms)(NsBhp)
S: massive new states
1.0_' L B L T T T i
0.8+ , el Mo
\“ ne EXtra:b'i;]']"'-.-
0.6+ T
= i
™ 04l \ |
02+ |
el wo Extra-.Djm |
00- T :
7500 1000 1500 2000 2500 3000

p [GeV]

o N W AN

Suppressed Yukawa === small signal & interference s==) Larger off-shell rate

DG, Han, Mukhopadhyay (2018)

dm,, [ GeV] _ ggM ]

r —5D =
Z --- 6D -
§ 1/R=500 GeV, LHC@27Tev [~ "°°°° %

PR I T T MO T NN T SN M S R R N
3 -~ BSM/ISM . . E
1000 2000 300(
m, [GeV]
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Case study |:Weakly Coupled Scenario RG Evolution

@ Bo=063"+ > 0(1 — M)(NsBhG)

S: massive new states

1o
08! \ SM ]
_ “‘ ne EXtTa:b};ﬁ" .. _
06" \ ' =
p— L \ Ha)
E s ~
™ 045 Y ]
0.2- ]
\~~~ WO EXtra-_DI'm i
! IR HE-LHC 27 TeV
oo-  TTT==- g ]
T T N N T B 0 S NS SRR N N S ST N (ST S SR R Ll g
500 1000 1500 2000 2500 3000 500 550 600 650 700 750 800 850
u [GeV] 1/R [GeV]

Suppressed Yukawa === small signal & interference s==) Larger off-shell rate
DG, Han, Mukhopadhyay (2018)
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Case study 2: Off-shell probe to Higgs Portal

@ L£>D09,80*S* — u?|S|* — As|S|?|H|* with 2, symmetry

m==) The Higgs may serve as a “portal” to a “Hidden sector”

O od CMS Projection  VBF H — inv. (13 TeV)

, i i h 0.5

gl ,:' I:’ 14 TeV ] - - 7 0.45} — ECFA16 S1 -

i ] ¢ L=3ab” = N .

= / / 0.4F =
a2 /! ! s — ECFA16 S2 S
£ ] T 0.35 E
% 1 - . ]
DR R S 0.3f ——1/\L scaling -
4 = = ]

VY E 0.25f &

4711 / | = - i
T g 02p |

i S 015 1

2L/ i O - i

/ 20 VBF 2 01 St |

f ® 0.05F S~__1

0 R S S S S S RS SR S RS S S R :| L L N | =1

100 150 200 250 300 350 1' 5 1 (')2 1(')3 ¥

ms [GeV] Luminosity [fb’]

mmm) Mh>2mMs: strong VBF bounds

mmm) Mp<2ms: sensitivity BW suppressed

DG, Han, Mukhopadhyay (PRL-2017)
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Case study 2: Off-shell probe to Higgs Portal

@ 50,805 — u2|S|> — Xg|S|?|H|?

@ Separably renormalizable and gauge-invariant subset

@ Corrections are also at 50591—1811 o A% order

DG, Han, Mukhopadhyay (PRL-2017)

with Z5 symmetry

0.6
: ms=80 GeV
04 mg=120 GeV
I I mg=200 GeV
T 02¢ As(my,*)=4
a
S 00pnf TN e
= I R
D o2\ s
<
O
(a4
—04
06
200 600 800 1000
my|GeV]
0.6
f ms=80 GeV
0.5 - mg=120 GeV
o0 mg=200 GeV
5045
o : As(my*)=4
NV [
= 03"
R
T 020
é i
0.1
0.0 —L—
200 600 800 1000
my[GeV]
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Case study 2: Off-shell probe to Higgs Portal

@ L£>D09,80*S* — u?|S|* — As|S|?|H|* with 2, symmetry

@ New states could have a direct connection 10 B%Hinv<20%'li,' T
to Naturalness: f N S N
1 L
2 2\ A2

C\/]_\ L
m) If Ag(A2) = 6y2(A?) singlet is like stop S
Alleviate the “little hierarchy” problem = 0

R . yg W 4

Naturalness

Pt 2 50 off—shell
T | ) . 20 off—shell
"""" e TTTTTT 20 VBF
S O R T T S T S S S S EO S S N BN SR SR N
100 150 200 250 300 350
mg [GeV]

DG, Han, Mukhopadhyay (PRL-2017)
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Case study 2: Off-shell probe to Higgs Portal

@ L£>D09,80*S* — u?|S|* — As|S|?|H|* with 2, symmetry

@ New states could have a direct connection 10 BR,HWQOO/;f,' T
to Naturalness: f A S N
1 L
2 2\ A2
C? L
m) If Ag(A2) = 6y2(A?) singlet is like stop S
Alleviate the “little hierarchy” problem = 0
@ Scalar singlet presents connections to DM & 4
EWV baryogenesis (Ist order phase transition) | Naturalness

J. McDonald (2007); C.P. Burgess et al. (2000)
Batell, Gori, Wang (2011)... 2

50 off—shell

20 off—shell
' Works for the maximally hidden scenario!

20 VBF
O T S T T S T T S SO T R SR BN S R R
100 150 200 250 300 350
mg [GeV]

DG, Han, Mukhopadhyay (PRL-2017)
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Summary

L

— — S — - 5 r— —

‘The HiggsBosc;n is a new particle t)-'pe.Liker a por{:l to e hsi N

— e

® Analogously to the Higgs-top signal strength measurement, ttH provides a direct probe
Higgs-top CP-structure. Relevant target for the forthcoming experimental analyses

@ Off-shell Higgs can provide an important probe to new physics. Hidden states could appear in
the scale dependency of Higgs couplings:

——= Weakly couple running (RGE): Extra dimension asymptotically power law running!

~=» New probe to the maximally hidden Higgs portal scenario. May display connections to
hierarchy problem, DM...
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Thank you for your attention!
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