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Consistent with the Higgs, but could
also be something else.

Neutral pion decays to two photons and
four electrons, but its much more boring.
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Study h — 4e/4p/2e2u:

Each event is characterized by five different variables.

Compare to h — v.
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Distributions encode

Information about tensor

structure.
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VIA 1 RIA MENT IV 1UL

Fora given h — 4/ event, can compute probability of
that even given underlying theory.
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P(gg\@i) —

M)
N\ [ dG1M(3)

Phase space Underlying
point model



VIA | KIA MENT V 1UL

For a given h — 4/ event, can compute probability of
that even given underlying theory.

s IM(9))?
P HTVIIE

For N events, can compute likelihood for different
underlying theories.

L(a;) = H P(¢; |ai)

7=1
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Can do pseudo-
experiments to see
separation power of
N events.

Example for 50 events:
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NINECIVIA

Get better discrimination with more events.
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Evidence for
the Higgs:

Pseudoexperiments

CMS preliminary s=7TeV,L=5.1fb"' \s=8TeV,L=19.6fb’
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ATLAS Prelim.
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At discovery, rate measurements pointed to 4 lepton
coming from tree level and 2 photon at one loop.

Could imagine a tuned model:

cg HYH B*'B,, cw H' HW*'W,
Worthwhile to test SM and rule out all

other logical possibilities.

Techniques become extremely important if
there is an anomaly.



Kinematic distributions can reveal more than just
rates measurements can.

Put this to use with loop processes.

— |
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Start with just top, keep all other couplings fixed.

Can probe CP nature of top Yukawa coupling.
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JM BUUNL

Depend on knowing Higgs coupling to first generation.
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Measurement gets
better with more
events.

Better sensitivity to
pseudo-scalar
coupling.

Need large number of
events.
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CMS cuts optimized for

discovery:
My > 40, Mo > 12, My > 4

Want to gain sensitivity
to NLO effects.
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CMS cuts optimized for
discovery:

My > 40, Mo > 12, My > 4

Modified “Relaxed - Y”
Mgy > 4,

M (OSSF) € (8.8,10.8)

S/B gets worse, but
sensitivity improves.
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800 events ~ 300 fb' = | —
sl T Golden channel (Relaxed - Y, Signal-only)
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8,000 events ~ >
3,000 fbT

Better constraint.

If there iIs anomaly,
will help characterize.
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Can measure
deviations from
custodial symmetry.

Can rule out \yy = —1
at LHC.
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Can use Higgs coupling to stop to directly probe other
fields that couple to Higgs.

Independent of decay, do not have to carry color.



HIGGS PRODUCTION



Dominant Higgs
production mechanism
via loop process.

What if other colored
particles couple to the
Higgs?

Naturalness is a guiding
hint...
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u(gg — h) — 1] < 20%

Can use this diagram to
exclude light stops.

Have to make
assumption about
mixing angle.
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Di-Higgs production also
loop process at LHC.

Two diagrams, strong
destructive interference

—amplitude vanishes at
threshold.

Perhaps can be sensitive
to new physics?
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Preliminary studies by experiments show that
measurement is possible but difficult at high-lumi.
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H(bb)H(yy)(A/Asy = 1) 8.4+0.1 | 6.7+0.1 | 1.8+0.1
H(bb)H(yy)(A/Asy = 0) 13.7£0.2 | 10.7+£0.2 | 3.1+0.1
H(bD)H(yy)(A/Asy = 2) 4.6+0.1 | 3.7+0.1 | 0.9+0.1
H(bb)H(yy)(A/Asy = 10) 36.2+0.8 | 27.9+0.7 | 8.2+0.4
bbyy 97+15 | 52+1.1 | 4.5+1.0
ccyy 7.0+1.2 | 4.1£09 | 2.9+0.8
bbyj 8.4+0.4 | 4.3+0.2 | 4.1+0.2
bbjj 1.3£0.2 | 0.9+0.1 | 0.4+0.1
Jivy 74+1.8 | 52+15| 2.2+1.0
t1(> 1 lepton) 0.2+0.1 | 0.1+0.1 | 0.1+0.1
try 32422 | 1.6x1.6 | 1.6x1.6
ttH(yy) 6.1£0.5 | 49+04 | 1.2+0.2
Z(bb)H(yy) 2.7+0.1 | 1.9+£0.1 | 0.8+0.1
bbH(yy) 1.2+0.1 | 1.0+£0.1 | 0.3£0.1
Total Background 47.1+£3.5 | 29.1+£2.7 | 18.0+£2.3
S/ VB Asy = 1) 1.2 1.2 0.4

ATLAS bbyy
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Theorist studies are more optimistic (still need HL).

Studies in bbyy, bbTT, bbWW, 4b,

ranging from 2-60 significance.
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Most studies focus on
measuring Higgs self
coupling.

Here | will assume 1ts SM
like and focus on new
physics in loops.
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No cancellation in
the presence of
new physics.

Effects could
be large.
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Di-Higgs sensitive
to different
couplings than
single Higgs.




Often get spectra
with huge
enhancements at

low Invariant mass.

They are almost
always excluded.

do/dmy, [fb/ GeV]
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If usual rules of EFT apply: g h

C1 C2 2
(F\HIQ + S H ) G G*

descends down to: \

g h
e e
CSM + +... |G VGMV‘|_
V20 ‘ A% g g h

h? 2c1v?  12¢9v?
2 \ 7MY T T

Run I implies this must be small.

Won't see big effects in di-Higgs.
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Stops can be non-decoupling:

LD (146[: [logdet /\/12] G, G"
gives
L=— \/_WU(/{?—I—/{?)h G GH 48(;‘; (KM 4 KEPYR2 G GHY
ﬁ?:img(ml,r:%;jg XQ) K?h:/{?(&i?—l) m?’;ig)

Small effects if at least one stop is heavy.



Deviations in single
and di-Higgs are
anti-correlated.

Non decoupling
theories can give
larger effects.

Ohn/SM [1b]




No stop mixing = no
effects in di-Higgs.
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Equal soft masses.

Tuned region with ~30%
modification.

my [GCV]

Larger modifications
excluded.
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Fix heavy stop mass. N N PR
- S~ ——— 260 < myn < 2000 GeV !
s my = 1000 GeV |
. . 1.0¢F Do'hh
Tuned region with ~50% | o & |
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g 00
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Can do better with S sy

260 < myy, < 350 GeV ]

. . - my = 1000 GeV |
different invariant L0} 00 G
mass cuts. 30% = e
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A:m = 325,500 GeV
sin® = 0.4

&
N

B: m=200, 1000 GeV
sin©=0.223

do*/dmhh lfb/ GCV]
O
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C: m=150, 1000 GeV
sin©=0
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Kinematic distributions in h — 4¢ can provide
iInformation that is independent from and
complimentary to rate measurements.

NLO contributions make this channel sensitive to
large Higgs couplings.

Can measure CP violation in top Yukawa or violations
of custodial symmetry.

Use to place model-independent bounds (or discover)
new fields which couple to Higgs.
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Higgs produced in loop process at LHC. Production
rate can be sensitive to colored new physics.

Measurement of rate in Run | already puts strong
constraints on new physics.

EFT arguments say it will be difficult to see large
effects in non-resonant double Higgs production.

Future measurements can place constraints on
difficult regions of parameters space.
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o 115 GeV < My, < 135 GeV
e pr > (20,10,5,5) GeV for lepton pp ordering,

o |10y < 2.4 for the lepton rapidity,
o My, >4 GeV, MM(OSSF) §é (8.8, 10.8) GeV,

L p(tth) p(h = v7) p(h — Z7)
Current | 2.8+£1.0 [5] |1.14 +0.25 [103] NA

300 fb~' [1.0 £ 0.55 [105]| 1.0 4 0.1 [104] [1.0 % 0.6 [106]
3000 fb~|1.0 & 0.18 [105]| 1.0 & 0.05 [104] |1.0 £ 0.2 [106]

p(tth) ~ y7 +0.42 57
w(h = yy) ~ (1.28 — 0.28 y;)° + (0.43 ;)
w(h = Z~) ~ (1.06 — 0.06 y;)* + (0.09 )2,
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